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ABSTRACT

Light detection and ranging (lidar) is a well established optical remote sens-
ing technique with varying applications including atmospheric, environmen-
tal, automotive and other industrial applications. Lidar generally employs a
monochromatic light source, which typically restricts its measurement capabil-
ity to one observable at a time. The advent of a broadband light source termed
supercontinuum (SC), also known as "white laser", offers novel possibilities for
simultaneous multispectral analysis owing to its broad spectral bandwidth and
laser like properties such as spatial coherence.

This thesis presents a new lidar system employing spectrally tailored SC
light sources. The system exploits differential absorption between specific wave-
length bands of the SC spectrum, enabling the first experimental demonstration
of real-time simultaneous monitoring of flue gas parameters (including aerosol
particle distribution, water vapor temperature and concentration) in an indus-
trial biomass boiler. In the context of combustion diagnostics, this is particu-
larly of great interest as real-time analysis of flue gas parameters is central to
the optimization of the process efficiency and reduction of pollutants emission.

The technique is extended towards a more generic hyperspectral remote sens-
ing in the mid-infrared wavelength range, where molecules possess characteristic
absorption features known as the molecular fingerprints. Robust hypersepctral
identification of black plastic waste is demonstrated with the aid of a micro-
electro-mechanical system (MEMS) tunbale Fabry-Pérot interferometer filter.
This is significant for recycling processes, as detection of black plastics with
conventional near infrared sensors is tedious due to their strong absorption.

The results reported herein demonstrate excellent versatility and unique
capability of supercontinuum lidar for robust diagnosis in combustion units and
other industrial environments. Opening up novel perspective for real-time 3D

analysis of industrial processes and other hyperspectral sensing applications.
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1
Introduction

REMOTE sensing is an integral part of the sensory system of most, if not all,
living organisms. At least three of the basic human senses including sight,
hearing and smell execute their function remotely. The sense of sight is arguably
the most exceptional as it provides us with the richest information regarding our
surrounding. The functionality of the human eye is analogous to optical remote
sensing. Although the eye uses the visible part of the electromagnetic radiation,
optical remote sensors cover a much broader spectral bandwidth ranging from
the deep ultraviolet to far infrared spectrum of the electromagnetic radiation,
thereby avails one significantly more information. For instance, infrared cam-
eras and other night vision devices use infrared wavelength to enable vision in
the dark or low visible light conditions, where vision with the human eye is
otherwise infeasible. Beside mimicking visual sensing and representations, the
interaction of light with matter can lead to various other physical phenomena.
Yielding more unique and diverse information essential to understanding the

physical world.

Although, to exploit these physical phenomena, some remote optical sensors
rely on natural light source in the environment for target illumination, most
sensors utilize active light sources like lasers. The very low divergence of a laser
beam allows it to be collimated over long distances, making it very attractive for
remote sensing applications. One of the most common optical remote sensing
technique employing a laser as a primary transmitter is known as light detec-
tion and ranging (lidar). It measures backscattered light from a transmitted
laser beam with very high range resolution. Enabling it to extract localized

information about a probed volume, stretching over several kilometers, which
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is otherwise physically inaccessible. Lidar is a well established technique in the
atmospheric research community, where it has been used to monitor and char-
acterize e.g. temperature [1-3|, wind speed [4] as well as molecular [5] and par-
ticulate species [6]. Other applications include topographic mapping of land [7]
and oceans [8], vegetation monitoring in forestry [9] and other environmental
monitoring [10]. Lidar also lends itself to short range applications in cultural
heritage preservation [11], agriculture [12] and other industrial applications, to
name a few. It also recently gain significant attention for consumer devices

such as mobile phone cameras and autonomous driving.

Lidar have also begun to gain traction as a diagnostic tool for industrial process
analysis, especially in combustion power plants like boilers. The ever increasing
need for renewable energy alternatives, to address the environmental concerns
associated with energy production, have reinvigorated interest in combustion
schemes utilizing renewable fuels like biomass owing to its COq neutrality [13].
Additionally, biomass fuels are cheap and abundant as they are by-products
of other processes, thereby comprise a varying degree of composition. The
inhomogeneous fuel composition can often lead to certain adverse effects and
inefficiencies, compelling operators to compromise standard process routines
which consequently undermines process efficiency [14]|. Therefore, novel control
measures and innovations for monitoring of localized flue gas parameters in-
cluding temperature, molecular concentrations and fly ash aerosol particles are
essential for optimal performances. The dynamic and high temperature condi-
tions associated with combustion processes challenges the traditional analysis
techniques. Another bottleneck is the limited optical access in power plant
boilers, which complicates the use of other optical spectroscopic solutions. In
this context, the remote measurement capability and other aforementioned fea-
tures of a lidar makes it an extremely viable candidate solution. Various lidar
methods have been proposed for combustion diagnostics[15-18|. However, li-
dar typically employs light sources that are narrow band, thereby restricting it

to measurement of one parameter at a time.

Recent advances in fiber optics and laser technologies have led to the develop-

ment of broadband light sources with laser-like characteristics known as super-
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continuum [19]. Making it feasible to develop compact and cheap light sources
with broad spectral bandwidth [20]. This offers novel possibilities for the devel-
opment of a broadband lidar system with real-time simultaneous multi-specie

sensing capability.

1.1 Research objective and scope of the thesis

The overall objective of this thesis is to develop a novel broadband lidar system
for short range spectroscopic sensing applications, and demonstrate proof-of-
concept in both laboratory and industrial measurement context. Therefore, the

work in this thesis is mainly experimental in nature.

The specific research questions of this thesis are briefly summarized as follows:

e [s the supercontinuum lidar technique experimentally realizable?

Is it suitable for high temperature and dynamic environments?

How does it perform compared to existing methods?

Is the technique implementable in full-scale industrial measurement con-
text?

Can the technique be extended to versatile hyperspectral sensing in the

mid-infrared?

All the outlined research questions have been thoroughly investigated via rig-
orous literature and experimental inquiries in conjunction with numerical and
theoretical studies. The results are published in peer-review scientific journals
(PublicationI to IV) listed in the appendices. Further development of the
supercontinuum lidar especially in terms of optimization and miniaturization

is currently underway as this thesis is being written.
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Absorption spectroscopy

| HIS chapter introduces absorption spectroscopy as an experimental sci-
ence. And briefly discusses the origin of the so called absorption lines in
a spectrum and the specific associated transitions, and how they play a central

role in the analysis of atomic and molecular specie in a sample.

2.1 Background

The study of the interaction between matter and electromagnetic radiation is
referred to as optical spectroscopy. This interaction exhibits various physical
phenomena including scattering, reflection, transmission, emission, and absorp-
tion. The consequent distribution of the radiation intensity with respect to fre-
quency or wavelength, i.e. the spectrum associated with any of these phenom-
ena, encodes atoms or molecules specific signatures. Making these interactions
individually capable of serving as the basis for their respective spectroscopies.
In this context, absorption spectroscopy relies on absorption as the main ap-

proach to extract information regarding an investigated matter.

The earliest reported spectroscopy experiment can be dated back to the famous
1665 Newton’s dispersion of white light [21]. Where he spatially separated the
various wavelengths (colors) of the visible part of the solar radiation using a
triangular glass prism. Upon further analysis of the visible solar spectrum in
the early 1800s, it was discovered that the spectrum consists of many dark lines,
also known as the Fraunhofer lines. These lines represent selective absorption
of the solar radiation by various gaseous elements in the sun atmosphere as

shown in Figure2.1.
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Figure 2.1 Visible solar spectrum with characteristic dark lines representing absorption
by various elements present in the outer atmosphere of the sun.

This approach is analogous to the so called direct absorption spectroscopy
(DAS) technique, which is the simplest and the most basic method for absorp-
tion spectroscopy. A simple demonstration of DAS typically involves shining a
laser light through a cell containing liquid or gaseous samples and measuring
the output intensity. The light experiences exponential attenuation governed
by absorption at the laser wavelength, which is proportional to the parameters
of the sample as stated by the Beer-Lambert law [22]

1(2) = [H() exp{-No (1)}, (2.1)

where Ip(A) is the incident intensity, N is the number density of the absorbers,
o(A) is the wavelength dependent absorption cross section and / is the opti-
cal path length (i.e., length of the absorbing medium). The absorption cross
section further depends on other parameters such as temperature. This effect
is more active in high temperature conditions as discussed in Chapter3. The
probability of the laser light being absorbed by the sample is also governed
by the absorption cross section, which can be determined experimentally or

modeled using quantum mechanical perspective of light matter interaction [23].

2.2 Absorption spectroscopic transitions

The process of absorption involves transition of atoms or molecules from a

lower energy state to a higher energy state. Thus, absorption occurs when the

6



2. Absorption spectroscopy

transition energy between the states matches the frequency of the electromag-
netic radiation, i.e. resonance, resulting in the so called absorption line in a
spectrum. For absorption process involving atoms, the quantized energy states
are defined by the distribution of electrons in the atomic or molecular orbitals.
Yielding unique energy states structure, for individual elements, with specific
sets of electronic transitions permitted between them. Observation of electronic
absorption lines requires high energy photon, typically in the ultraviolet and
visible region of the electromagnetic spectrum, due to the large energy differ-

ence between the electronic states.

On the other hand the absorption spectra of molecules comprises additional
energy states attributed to their nuclear motions, such as rotation and vibra-
tion, which makes it rather tedious in comparison to the aforementioned atomic
absorption spectra. Therefore, in addition to electronic states, molecules also
have quantized energy states associated with their modes of rotation and vi-

bration as described below.

Vibrational transitions require less energy compared to electronic transi-
tions as the separation between the vibrational energy levels is smaller. Hence,
excitation of vibrational modes typically occur in the infrared spectral region.
Specific forms of vibrational absorption lines are present in different portion
of the infrared spectrum. In the mid-infrared, vibrational transition mainly
involves excitation from a ground state to the first excited state, which is also
known as fundamental transition. Whereas the near infrared allows excitation
to higher energy states as well as simultaneous excitation of more than one
vibrational mode. Thus, the names overtone and combination transitions for

the former and latter, respectively.

Rotational transitions require even smaller photon energy, as the rotational
energy levels are more densely packed. This is why rotational lines are typi-
cally observed in the microwave spectral region. Figure2.2 shows an example
of energy level system with arrows indicating pure electronic, vibrational and

rotational transitions.
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Figure 2.2 Energy level diagram with arrows indicating pure electronic, vibrational and
rotational transitions. Fy and E; are the ground and first excited electronic
states, respectively. The vibrational states are represented by v and the ro-
tational states are the densely packed thin lines within the vibrational states.

Besides the aforementioned pure transitions, other complex excitations take
place in the infrared. For instance, absorption of infrared photons can in-
duce both rotational and vibrational transitions in a molecule. Exciting the
molecule to a higher vibrational state while the final rotational state is subject
to the selection rule of the molecule, which defines the allowed transition be-
tween two quantum mechanical states. This kind of transition is also referred
to as rotational-vibrational transition or simply as ro-vibrational transition.
The absorption line of such transitions typically compose of a band structure
rather than a line. And the pure vibrational transition is located at the cen-
ter of the band, whereas the side branches corresponds to the accompanying
rotational transitions. Similarly, electronic transitions can be followed by vi-
brational and rotational transitions and this kind of transition is termed ro-
vibronic or rotational-vibrational-electronic transition. The absorption spectra
investigated in this thesis are mainly associated with ro-vibrational and pure

vibrational transitions.
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Figure 2.3 Spectral line intensity of water vapor covering transitions in the near to mid
infrared spectral region.

2.3 Infrared absorption band intensities

The strength of an absorption process is defined by the transition intensity,
which is subject to the change in dipole moment of the molecule involved with
the vibrational transition [24]. Generally, molecules demonstrate strong fun-
damental vibrational transitions in the infrared, hence, the term molecular
fingerprint region. And the weaker bands in the near infrared are attributed to
combination and overtone transitions. Figure 2.3 presents water vapor (H20)
spectral line intensity modeled using the HITRAN database [25]. One can see
that the line intensity around 1000 —2000 nm region is orders of magnitude lower
than that around 6000 nm. Although HITRAN is used for the water vapor in-
tensity spectrum, other similar databases including NIST [26], ATMOS [27],
PNNL [28], GEISA [29], and HITEMP [30] are also available. More informa-
tion about modeling molecular spectra using these databases can be found in

Ref. [25].
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Lidar

| \i1s chapter introduces light detection and ranging (lidar) and its opera-
tional principle. It also presents a brief overview of various lidar techniques
relevant to this thesis, which sets the framework of the work reported in the

subsequent chapters.

3.1 Background

Lidar is a remote sensing technique which operationally relies on the measure-
ment of backscattered optical frequency electromagnetic radiation [31]. Hence,
the acronym lidar meaning "light detection and ranging". It is also referred to
as "laser radar" owing to its similar functionality to radar, which operates in
the radio frequency. The invention of laser was the main prelude to lidar de-
velopment due to the peculiar properties of laser beams such as high intensity
and very low divergence. The very high spatial coherence allows the beam to
be collimated over very long distances, enabling remote sensing applications in
various fields including forestry, astronomy, autonomous driving, atmospheric

and environmental monitoring, and other industrial applications.

A lidar unit can be broadly divided into a transmitting and a receiving unit.
The transmitter comprises a laser, collimation optics and sometimes a beam
expander, while the receiver composes of the receiving optics and a detection
unit. The transmitter and receiver are generally combined as a single unit which
is also known as a transceiver. A simple lidar transceiver typically operates by
shining a laser light pulse to a target, and measuring the time of flight of

the backscattered light pulse upon incidence on the detector. The measured

11



3. Lidar
backscattered light can be expressed as [31]

P(R,2) = By B(R,2) ) 2 et an, (3.1)

where Py(4) is the initial power spectrum of the light source, (R, 1) is the
backscattering probability of the target, R is the distance traveled by the
backscattered light pulse during the time of flight, O(R) is the geometrical
overlap function of the laser beam and the receiver field of view. The backscat-
tered light further experiences exponential attenuation governed by the specific
form of the Beer-Lambert law for lidar. «(1, R’) is the extinction coefficient
and is subject to the physical phenomena (e.g., scattering and absorption) at
play. Thus, various physical phenomena can be exploited depending on the
application. Note that a measured lidar return typically comprises background
contribution in addition to the lidar signal described above. The lidar equation
presented in Equation 3.1 is used throughout this thesis with minor modifica-

tions in some specific cases.

3.2 Lidar techniques

Although there are several interesting lidar techniques, the discussion herein is
limited to techniques relevant and complementary to the novel supercontinuum
lidar developed in this thesis. More detailed description of various lidar tech-

niques and their methodologies can be found in Refs. [31, 32].

Elastic-backscatter lidar exploits elastic scattering i.e., a scattering phe-
nomenon where the wavelength of light remains unchanged. Its simplest demon-
stration involves transmitting a single wavelength laser to a target and mea-
suring the elastically backscattered light. This type of lidar is widely used in
atmospheric applications for aerosol analysis [33, 34| as well as cloud layers [35].
It is also extended to other 3D point cloud mappings in e.g. automotive sector

for autonomous driving [36].

Doppler lidar probes motion of scatterers along the incident beam path. The

interaction of the light with the scatterers Doppler-shifts the frequency of the

12



3. Lidar

incident light to a higher or lower value, depending on the direction of motion of
the scatterers. The resulting shift in frequency is extremely small and could be
measured directly using a set of narrow-band spectral filters. However, a coher-
ent detection scheme, also known as heterodyne detection, is usually employed.

This technique is commonly used for the measurement of wind speed [37-39].

Raman lidar takes advantage of the inelastic Raman scattering process, result-
ing in a change in the vibrational-rotaional state of a molecule. The scattering
induces a shift in frequency, of the incident light, equal to the energy difference
between initial and final states of the molecule. The intensity distribution of
the Raman band is proportional to population of states through the Boltzmann
distribution. Thus, encoding temperature information regarding the scattering
volume. Raman lidar have been demonstrated for atmospheric temperature
profiling [40-43].

Fluorescence lidar technique utilizes fluorescence process, which involves ex-
citing molecules or atoms by an incident photon to a higher energy level followed
by a subsequent relaxation via spontaneous emission. Fluorescence lidar have
been routinely used for studying cultural heritage [11, 44| as well as the envi-
ronment [45, 46].

Differential absorption lidar (DIAL) employs two single wavelengths or
narrow-band lasers, e.g. tunable diode lasers, corresponding to different ab-
sorption characteristic of the target of interest. Where one spectral channel is
absorbing and the other is off resonance. Taking the ratio of the backscattered
signal of the respective channels enables measurement of e.g., concentration of
molecular specie with relatively high sensitivity. The ratio also cancels out the
coefficients of the lidar return of both channels, making it a self calibrating
technique. DIAL is commonly used for the measurement atmospheric trace gas
concentration [47-50]. Besides the atmospheric applications, DIAL also lends
itself to environmental monitoring [51] and other short range industrial appli-

cations.

13



3. Lidar

3.3 Supercontinuum light source

Conventional lidar techniques require the incident laser line-width to be pre-
cisely in tune with the specific wavelength associated with the exploited physical
phenomena, thus, restricting them to the measurement of one specie at a time.
The advent of a broadband light source, with laser-like properties, termed su-
percontinuum, offers novel perspective for a robust lidar technique capable of
simultaneous multi-specie analysis. This section briefly discusses the history
regarding the origin of supercontinuum and, the various mechanisms involved
in supercontinuum generation. This set the stage for the development of the
various light sources which played a key role in realization of the subsequently

reported supercontinuum lidar.

A supercontinuum (SC) is generated when a narrow line-width laser experi-
ences a dramatic broadening upon propagation through a nonlinear medium.
The first observation of such phenomenon can be dated back to the 1970s
work of Alfano et al. where they observed a continuous spectrum, spanning
400—700nm, after highly intense laser pulses were focused into a borosilicate
glass [52]. In about a decade later the term supercontinuum was adopted [53],
highlighting the extent of the broad spectral bandwidth generated as a conse-

quence of the nonlinear propagation.

The nonlinear propagation is attributed to the nonlinear polarization of the
medium by the incident electric field, which brings higher-order susceptibility
into play. SC generation is mainly observed in materials with third-order non-
linear susceptibility, and the nonlinear dynamics are typically associated with
the optical Kerr-effect. In this context, the advent of single mode optical fibers
have paved the way for practical applications of supercontinuum owing to their
unique ability to tightly confine highly intense optical field over significantly
longer propagation distance. Thereby, enhancing nonlinear interactions as op-
posed to bulk materials in which light is prone to diffraction. The biggest mile-
stone was the emergence of microstructured fibers known as photonics crystal
fiber (PCF) [54], which allows tailoring the dispersive and nonlinear parameters

of the fiber [55-57|. This led to the generation of first octave-spanning super-

14



3. Lidar

continuum extending from the UV to NIR [58]. In addition to the significantly
large spectral bandwidth, fiber based supercontinuum allows single mode oper-
ation, thus, enabling the generated SC to maintain the same spatial coherence
as the pump laser. This is extremely attractive from a practical standpoint, as

it enables collimation of the SC beam over longer distances.

The nonlinear dynamics underpinning the mechanism of supercontinuum gen-
eration in optical fibers can be coarsely categorized by the pulse duration (long
and short) of the injected laser pulse and the dispersion regimes (normal and
anomalous) of the fiber. Although the short pulse (i.e., femtosecond) regime is
central for the generation of interesting coherent SC sources, most of the com-
mercially available lasers operate in the long pulse (i.e., picosecond to nanosec-
ond) regime and as continuous wave. Hence, making the long pulse regime
extremely crucial from applications viewpoint. All the SC sources in this work
are generated using long pump pulses, therefore, the following discussion is re-

stricted to SC generation in the long pulse regime.

In the normal dispersion regime SC generation by long pump pulses is gov-
erned by stimulated Raman scattering (SRS), extending the spectrum towards
the long wavelength range via energy transfer from the pump pulse to the Stokes
Raman. The Stokes waves are subsequently amplified, essentially acting as a
pump triggering new SRS process. This leads to cascaded SRS process extend-
ing the spectrum asymmetrically towards the long wavelength range[59, 60].
The SC sources in the work presented in Publication I and II are generated

via this process.

In the anomalous dispersion regime modulation instability is triggered by the
input noise, thus, breaking the long pump pulses into a large number of solitons
with random features in terms of duration and amplitude [61]. If the pump
wavelength is close to the zerodispersion wavelength (ZDW) of the fiber, the
spectrum extends towards the short wavelengths via dispersive waves triggered
by solitons crossing into the normal regime. The solitons also trigger SRS which
extends the spectrum towards the long wavelength. The SC sources in the work

reported in Publication IIT and IV are generated via this process.
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3.4 Supercontinuum lidar

This section presents a novel supercontinuum differential absorption lidar (SC-
DIAL) exploiting the exotic features of tailored SC sources and, discuses its
measurement principle. Its application to simultaneous analysis of flue gas pa-
rameters in combustion power plants is presented for the first time. The results

of this work are reported in Publication I, IT and IV.

The work reported here is among the earliest demonstration of a short-range
supercontinuum lidar (SC-lidar) [62-64|, and the first attempt to extending the
technology to combustion diagnostics especially in waste or biomass powered
boilers. The inhomogeneous nature of biomass fuel demands real-time moni-
toring of flue gas parameters for feedback and control, to enable optimal per-
formance of the combustion process. For this purpose, thermocouple probe [65]
and Fourier transform infrared (FTIR) spectroscopy 66, 67| have been conven-
tionally employed to obtain temperature and molecular concentration informa-
tion, respectively. These probes are typically intrusive, slow and point-wise in
nature, making them complex for in-situ monitoring of the dynamic flue gas
parameters. Further, the low penetration depth of the thermocouple limits
its measurements to the proximity of the furnace wall. This makes it prone
to thermal radiation, and the measurement is also not representative of the
rest of the furnace volume. In this context, the SC-DIAL presents a unique
contribution to the field of combustion diagnostics. Where it competes with
implemented solutions such as diode laser grids [68-72] and ultrasound |73, 74],
and other advanced techniques including optical spectroscopic [75-82| and li-

dar [15-18] methods being researched for combustion diagnostics.

In principle, the methodology of SC-DIAL is analogous to that of a typical
DIAL, however, the broad spectral bandwidth of the SC demands a special
treatment of the SC-DIAL equations. The SC-DIAL takes advantage of the
high temperature combustion process, which induces temperature dependent
change in absorption of a probed species. The physical basis for this phe-
nomenon is attributed to the effect of temperature on the population of higher

excited ro-vibrational states, which alters the absorption spectrum and yields
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Figure 3.1 Modeled transmittance spectrum of water vapor, under specific boiler con-
ditions, at typical extreme temperatures observed in the furnace. Overlay is
the corresponding full width at half maximum (FWHM) of Channels 1, 2, and
3, respectively. [Publication Il]

the so called "hot bands". We investigated the absorption spectrum of water
vapor (H20), which is one of the primary flue gas component in power plant
boilers, from one to eight micron to find suitable wavelength range comprising
these hot bands. For this purpose, transmittance spectrum of HoO under typi-
cal biomass boiler conditions is modeled with high spectral resolution using the
HITEMP database [30]. The region between 1.2 gm and 1.6 um was found to be
the most suitable, which also coincides with the best range for detector choice.
The resulting HoO transmittance spectrum for this region, convoluted to low
spectral resolution for better visualization, is presented in Figure 3.1. One can
observe a characteristic temperature dependent transmission in three specific
regions of the transmittance spectrum labeled Chl, Ch2 and Ch3, respectively.
The differential absorption spectrum can be exploited to deduce temperature by
comparing the transmittance ratio between the different channels as described

below.

The SC-DIAL measured backscattered signal for a given channel after a time
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of flight #,, can be expressed as

Om m @
S,(tn) = n ﬂz /Mn Py(A)T,(A) exp [ -2 ; Npop (A, T)Alk]dl, (3.2)

m

where O,, is the SC-DIAL geometrical overlap factor, R,, is the distance trav-
eled by the light pulse after a time of flight £, £, is the backscattering co-
efficient and is considered to be wavelength independent as we utilize a very
small wavelength range. Additionally, the primary scattering source in boil-
ers is fly ash particles with much larger dimension than the wavelength of the
light source. Py(1) is the power spectrum of the SC source, I',(1) is the filter
transmission function for the channel » = 1,2,3 and A1, is the corresponding
spectral width of a given channel. N} is the molecular number density of the
probed species and a;,(4, T') is the temperature dependent absorption cross sec-
tion. The path R,, traveled by the light pulse is split into discrete segments
wherein the gas temperature and concentration is considered constant. The
minimum length of a segment A/, = % is defined by the SC pulse duration 7
(¢ is the speed of light). The parameters of the first segment are derived using
initial spectrum of the light source. And calculation of the second segment
transmission demands modification of the initial spectrum by the first segment
absorption. Thus, the process is iteratively repeated as the absorption of all
preceding segments is determined. The total transmittance of a given channel

within a segment can be obtained from

Sn(tm+l)
Tym = —G7—>
’ Sn(tm)

where S, (,+1) and S,(%,) are the measured backscattered signal over time #,,41

(3.3)

and ¢,,, respectively. Taking the ratio of transmittance between two different
Om m
R,f2
that knowing the filter transmission profile, initial SC source spectrum and the

channels cancels out the effect of the coefficient

on the signal. Meaning

gas absorption cross section is sufficient to simulate the measured transmittance
ratios. Using the HITEMP database, the simulated ratio is devised to comprise
an array of values at varying temperatures and concentrations of the probed
species. The species concentration and temperature values can be deduced by

fitting the simulated ratios to the the measured ratios using
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where Agj,, and Asj, are the numerically computed difference between the

measured and simulated ratios.

The concentration and temperature of the

probed species corresponds to the point with minimum error solution.
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4

Integrating path supercontinuum DIAL

THIS chapter discuses two key proof-of-concept demonstrations of the SC-
DIAL measurement of average values of water vapor by integrating the
total backscattered signal across the optical path. The approach considers the
entire optical path, containing the gas specie, as a single segment. The first
part of this chapter exploits the temperature dependent differential absorp-
tion between two channels to show thermometry in a laboratory furnace. The
second part explores simultaneous analysis of water vapor temperature and

concentration in an industrial power plant boiler.

4.1 Thermometry in a laboratory furnace

Proof-of-concept demonstration of the SC-DIAL thermometry in a laboratory
furnace using two spectral channels is reported in Publication I. The ex-

perimental setup, which is reproduced from Publication I, is presented in

Supercontinuum

1
1
: Pump
1
1

laser
tmmmmmm e Furnace
)
;—:[l LH R | 2nd scatterer
Oscilloscope " H o
2

band pass filters 1%t scatterer

Figure 4.1 Experimental setup for the laboratory scale thermometry measurements by
the supercontinuum lidar. [Publication I]
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Figure 4.2 Power density spectrum of the supercontinuum. The dashed rectangles in

the figure represents the FWHM of the bandpass filters for the respective
spectral channels. [Publication I]

Figure4.1. The SC is generated via a cascaded Raman process in a 500-m-long
SMF-28 fiber, pumped by a Q-switched laser operating at 1064 nm producing
2-ns-long, 1 kW peak power pulses at a repetition rate of 280 kHz. The power
spectral density of the generated SC is presented in Figure4.2. The furnace
temperature is remotely measured by probing, the temperature dependent dif-
ferential absorption of water molecules, of Chl and Ch2 wavelength bands of
the SC spectrum backsacttered by the two scatterers placed before and after

the furnace.

Figure4.3 (a) shows the resulting transmittance of individual channel across
the 1-m-long furnace comprising 100 % H20O. Chl shows negligible absorbance
with increasing temperature, whereas Ch2 demonstrates a linear response with
increasing temperature. The response of both channels is consistent with the
modeled transmittance values. The furnace temperature is deduced by tak-
ing a ratio of Ch2 to Chl measured transmittance. The result is presented
in Figure4.3 (b), which is in excellent agreement with the simulated transmit-

tance ratios. Yielding a temperature measurement accuracy of about 40°C in
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Figure 4.3 Measured water vapor parameters in a laboratory furnace. (a) Transmittance
of Ch1 and Ch2 at varying furnace temperature (b) Transmittance ratio of
Ch2 to Ch1 with respect to the furnace temperature. [Publication I]

the temperature range of 600—-900°C. The slight discrepancies at the lower
temperature range is attributed to losses originating from condensation on the
inlet window and nonuniform temperature distribution in the furnace. How-
ever, these challenges are somewhat nonexistent or negligible in industrial power

plant boilers.

The results of this initial proof-of-concept measurements set the framework for
real-time measurement in a full-scale industrial boiler. Opening up the possi-
bility of extending the technique to probe additional parameters of the probed

gas, like molecular concentrations, by utilizing additional spectral channels.

4.2 Combustion diagnostics in an industrial boiler

The work herein presents the first experimental demonstration of gas monitor-
ing in an industrial process using a supercontinuum lidar system. The results
of this work are presented in Publication II. The measurement campaign was
conducted at a 9 meters wide bubbling fluidized bed (BFB) biomass boiler in
Naistenlahti Tampere, Finland. The boiler has a thermal capacity of 190 MW
and utilizes a fuel mixture comprising peat and wood. One of the few avail-

able openings on the boiler side wall was used to optically access the furnace.
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Figure 4.4 Industrial measurement arrangement. (a) Schematic representation of the
experimental setup. (b) The opening hatch used as the inspection window.
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Figure 4.5 Measured Ch1(solid line), Ch2(dotted line) and Ch3 (dashed line) backscat-
tered signal from an industrial power plant boiler. [Publication 11]

Since HoO concentration in the boiler is unknown and very dynamic, the mea-
surement demands full use of the three spectral channels to simultaneously
probe average temperature and concentration of HoO across the furnace. The
SC-DIAL collection optics is modified to be collinear for all the three chan-
nels, as opposed to the laboratory scale measurement, in order to enhance the
collection efficiency across all the channels. Figure4.4 (a) shows a schematic
representation of the experimental setup for the industrial measurement, and
Figure4.4 (b) shows the opening hatch used as the optical access. Note that
the noise associated with the continuous thermal radiation, seen from the hatch
picture in Figure 4.4 (b), is negligible compared to the instantaneous peak power
of the SC pulses.
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Figure 4.6 Minimum error solutions for the difference between the measured and simu-
lated transmittance ratios As; and As;. [Publication Il]

An example of the recorded signal is shown in Figure4.5. One can observe that
the measured signal comprises three distinct peaks at -10ns, Ons and 60 ns
time delays. Corresponding to scattering by the instrument coupling mirror,
the naturally present aerosol particles and the sooth sintered back-wall, respec-
tively. Total transmittance, of all the channels, within the furnace is calculated
using the signal backscattered from the instrument and the back-wall. The
corresponding average temperature and concentration of HoO in the boiler are
simultaneously extracted from Equation 3.4 and Equation 3.5 with solutions for
Aoy and Agy presented in Figure4.6. The global solution lies at the point of
intersection between Aoy and Agp, corresponding to average temperature and
concentration values of 890°C and 20.3 %, respectively. The results are in ex-

cellent agreement with the reference readings of the boiler as shown in Table 4.1.

The industrial proof-of-concept measurement demonstrated a statistical accu-
racy of 50°C and 0.8 % for temperature and molecular concentration, respec-
tively. It is important to emphasize that the results are sufficient for indus-

trial process monitoring. Particularly for controlling the power plant air and
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Table 4.1 Comparison of SC-DIAL measured average temperature and H>O concentra-
tion with the reference values of the boiler. [Publication 1]

Measurement Temperature (°C) HyO Concentration (%)
Reference 850 20 - 25
SC-DIAL 890 20.3

fuel feeds for optimal operational conditions, which would in turn lower NOx
emissions. A brief comparison of the SC-DIAL technique with other selected

solutions is presented in Table 4.2.

Table 4.2 Comparison of SC-DIAL thermometry approach reported in Publication | and
Il to other selected methods. Techniques are compared based on measure-
ment time (7), accuracy (¢) and whether it has been implemented (Implem.)
in industrial measurement context. LIA: laser induced acoustic technique.

Technique 0 (°C) 7 (ms) Implem. Reference
SC-DIAL 50 230 Yes Publication I, II
Scheimflug lidar 100 8 No [16]
TDLS 25 2000  Yes [83]
LIA 7 5 No [84]
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5
Spatially resolved analysis of flue gas parameters

THIS chapter explores the feasibility of spatially resolving the distribution of
flue gas parameters in the boiler furnace, by taking advantage of the strong
backscattering by the aerosol particles. Specifically, HoO parameters in the
furnace are mapped using the SC-DIAL methodology introduced in Chapter 3.
Furthermore, the negligibly absorbing Chl backsacttered signal is utilized to
map aerosol concentration distribution along the beam path using the Klett
inversion method. Detailed discussion of the results of this work is presented
in Publication IV.

5.1  Water vapor analysis in an industrial boiler

The signal backscattered by the aerosol particles, shown in Figure4.5, is split
into discrete segments of 30 cm to simultaneously map the variation of HoO
temperature and concentration along the beam path. The optical thickness of
this segment is extremely small, therefore, a high signal-to-noise ratio (SNR) is
central to spatially resolve variation of the flue gas parameters. For this pur-
pose, the experimental setup is upgraded to comprise a field programmable gate
array (FPGA) for continuous averaging of SC pulses at the laser repetition rate,
and more sensitive photodetectors and filters with optimal bandwidth selection
of the differently absorbing spectral channels. The interference filters have a
FWHM of 50nm and central wavelengths of 1275nm, 1375 nm and 1475 nm,
respectively. Despite the aforementioned optimizations, the resulting SNR, of
the current measurement is insufficient to spatially resolve HoO temperature.
However, the gas concentration can be resolved by assuming a known temper-

ature, since the temperature induced relative change in transmittance within
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Figure 5.1 Measured real-time distribution of water vapor, along the beam path, in the
power plant boiler. [Publication IV]

a given segment is equivalent to the amplitude of the measured signal noise.
With that consideration, HoO concentration is spatially resolved using the ref-
erence average boiler temperature value of 850 °C, across all the segments, in
Equation 3.4. The resulting temporal map of HoO concentration distribution

up to 3.9m inside the boiler, limited by the SNR, is shown in Figure5.1.

5.2 Combustion aerosol analysis

This section extends the SC-lidar approach to measurement of combustion
aerosol particle distribution, and presented its application to real-time anal-
ysis of coarse aerosol particle distribution in a power plant boiler. The results

of this work are presented in Publication IV.

Besides aiding range-resolved measurement of temperature and molecular con-
centrations in the furnace, analysis of combustion aerosols itself can yield ad-
ditional crucial information regarding, for instance, fuel quality [85] as well
as boiler bed conditions [86] which plays a key role in terms of process opti-
mization. Furthermore, the presence of alkali chloride particles in power plant

boilers can lead to adverse effects and malfunctions. For example salt particles
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like KCl and CaCl can deposit on critical parts of the combustion unit like
heat exchangers. And their consequent reaction with the surfaces often leads
to corrosion [87-89] and fouling [90-92| which in turn can critically undermine

the convective heat transfer essential for the combustion process.

Monitoring of combustion aerosols have traditionally relied on extracting the
particles via a suction tube to a designated measurement instrument [93, 94].
Challenges associated with this approach including moisture, latency and possi-
ble nucleation or coagulation of the particles hinders its applicability to in-situ
monitoring. In this regard, the SC-lidar presents a novel possibility for robust

monitoring of combustion aerosol as demonstrated below.

As introduced in Chapter 3, the measured extinction « of a lidar signal broadly
depends on absorption by gaseous molecules «,;, and scattering by aerosol
particles ., such that « = a,, + 2,,. The aerosol extinction is generally
wavelength dependent especially in Rayleigh and Mie regime. However, con-
sidering homogeneous composition of aerosols dominated by coarse particles
in the furnace and relatively narrow band of the SC-lidar spectral channels,
&, 1s mainly proportional to the particle volume fraction on the beam path.
The presented SC-lidar return is modified to include the scattering effect which
yields

o) / Po(DT,(A)e2 o #as TR vauca (RYAR' gy (57
R Jna,

Su(R) = B(R)

Extinction of the signal by absorption can be neglected when using a negligibly
absorbing spectral channel, like Chl of the SC-lidar. Thereby reducing the

equation above to

O(R) . _o R 4R dR’
S1(R) = [@(R)Tple 2/ «(R AR’ (5.2)
where P; = /Al Py(A)T1 (1) dA. Note that for a homogeneous aerosol mixture
B = La|95], where L is a ratio of aerosol specific backscattering to extinction

coefficient. Equation 5.2 is analogous to typical elastic backscatter lidar equa-

tion, thus, one can estimate the aerosol distribution in the furnace by solving
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Figure 5.2 Ch1 range corrected signal (solid line) and the measured SC-lidar overlap
profile (dashed line). [Publication IV]

for the extinction coefficient using the Klett inversion method [95, 96]. This
method is commonly used in atmospheric lidar applications [97]. It estimates

extinction coefficient in a reference distance using

MV (R) =W (Rp)

#(R) = (5.3)

sy + 2y eV R R AR

2
where W represents logarithmic range corrected signal (ln[Slcgf])ef 1), Ry, is a

reference distance (such that R < R,,). The initial values of extinction at a

given reference distance can also be estimated using a simple slope method

suggested by Klett as a(R,,) = %@__VIIQ/;”, where the zero subscript indicates the

starting point of the slope. This implies that it suffice to know the geometrical
overlap function, the Chl aerosol backscattered signal and the measurement

distance in order to estimate the extinction coeflicient.

5.3 Aerosol distribution in an industrial boiler

The aerosol distribution in the furnace can be retrieved from the aerosol backscat-
tered signal at spectral channel with negligible absorbance in the beam path,
i.e. Chl in this case. This ensures that the extinction of the lidar beam is

mainly due to scattering by the aerosol particles. The overlap factor O(R)
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Figure 5.3 Measured real-time distribution of combustion aerosol particles in a biomass
power plant boiler. [Publication IV]

is evaluated by continuously displacing a hard target over a given distance R
and measuring the backscattered signal multiple times. The measurement was
done outside of the boiler furnace to exclude aerosol extinction effect inside the
boiler. The overlap factor of the SC-lidar and the measurement distance are
then utilized to cancel out the geometrical effect on the signal. The resulting
range corrected signal (solid blue line) and the overlap profile (dashed red line)
of the SC-lidar are shown in Figure 5.2.

The interval of 1-8m, with a clear slope and adequate SNR, in the signal is
used to calculate the initial values for extinction. Which are then used in Equa-
tion 5.3 to extract the aerosol extinction coefficient across the furnace. This
yields a dynamic aerosol particle concentration distribution across the furnace,
with extinction values in the range of 0.04-0.2m~! as shown in Figure5.2.
Our result can be used to complement flow measurements in the furnace due
to the correlation between air flow and particle distribution. It also offers novel

perspective for versatile real-time analysis of combustion aerosol particles.

32



5. Spatially resolved analysis of flue gas parameters

33



6

Hyperspectral sensing

RECENT advances in integrated photonics technologies enables miniaturized
tunable filters with rapid scanning capability, which is central to the real-
ization of robust hyperspectral remote sensing. Applications of hyperspectral
sensing have since been demonstrated in various fields including mineral ex-
ploration [98], agricultural survey [99] and medical imaging [100]. Most of these
conventional methods rely on passive illumination (i.e., ambient light) of the
probed targets, thus, making their spectral data prone to noise and instabil-
ities. Alternative methods employing a near infrared supercontinuum light
source for active target illumination have been demonstrated [101, 102]. Active
mid-infrared hyperspectral sensing, by a spectrometer employing a miniaturized
Fabry-Pérot interferometer (FPI), have also been reported [103, 104]. Although
the solutions proffered in these works [103, 104] are quite promising, the filter
and detector are integrated as a single unit. This limits flexibility of the sensor
in terms of design as well as choice of photodetector. Therefore, further study

is crucial to fully realize the potential of these sensors.

This chapter explores extending the presented supercontinuum lidar towards
a more generic hyperspectral sensing in the mid-infrared, using a stand-alone
MEMS based FPI filter. The MEMS-FPI filter replaces the multiplex filter
arrangement, while enabling rapid scanning across the broad SC spectral band-
width and collecting more light with a more compact and simpler setup. The
filter is part of MEMS-FPI solutions developed at VTT Technical Research
Center of Finland Ltd [105-108|. The filter transmission band is defined by
the FPI resonator air gap, separated by two highly reflective mirrors, which is

voltage tunable. Hence, the transmission band of the filter can be tuned contin-
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Figure 6.1 Tuning parameters of the FPlI filter. (a) The corresponding central wavelength
(blue dashed line) as well as the FWHM (red line) with respect to the tuning
voltage. (b) Transmittance spectra of the FPI as a function of the operating
voltage indicated by different colors in the figure. [Publication Ill]

uously across the spectral range of interest. Figure 6.1 presents the operational
parameters of the FPI. Figure6.1 (a) shows the resulting central wavelength
and the corresponding full-width-half-maximum (FWHM) of the transmission
bands as a function of the tuning voltage. Figure6.1 (b) shows the transmit-
tance spectrum of the FPI with respect to the corresponding operating voltage

range of interest.

6.1 Stand-off hyperspectral identification of plastics

This section ascertains the hyperspectral sensing capability of the SC-lidar by
experimentally demonstrating real-time remote identification of plastics. This
is also the first demonstration of the suitability of the FPI towards polymer

detection. The results of this work are reported in Publication III.

Recycling of plastic waste have been at the forefront of environmental sustain-
ability, owing to their ever increasing pollution of the environment. Among
plastic waste, black plastics tend to constitute a broader range of materials due
to their various technical applications in addition to household uses. There-
fore, recycling of black plastics is extremely valuable from both economic and

environmental perspective. The pigment in black plastics stems from the car-
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Figure 6.2 Experimental setup for stand-off hyperspectral reflectance measurement.
MT: mirror telescope, LP: longpass filter, DU: detection unit, FPI: Fabry-Pérot
interferometer and DAQ: data acquisition. [Publication IlI]

bon based additives, such as soot, to meet certain technical requirements [109].
Consequently making black plastics strongly absorb NIR light, which compli-
cates their detection with conventional NIR sensors [110, 111]. Solutions based
on FTIR[112-114] and LIBS[115] have been proposed, however, they are too
slow for large scale sorting applications. Other technique utilizing fluorescence
labeling have been demonstrated [116], however, the need for sample prepara-
tions makes it tedious for industrial applications as speed and ease of use are

among the critical prerequisite.

The strong reflectance of black plastics in the MIR coupled with the strong fun-
damental vibrational transition of hydrogen bondings, makes MIR, spectroscopy
extremely attractive for robust plastic sorting. The instrument reported in
Publication III is among the first reported MIR SC-based hyperspectral sen-
sors [103, 104], and the first experimental demonstration of its suitability to
robust plastic identification. Where it competes with established MIR, hyper-
spectral cameras, and advanced techniques based on photon up-conversion [117]

currently being researched.

The experimental arrangement for the plastic reflectance measurement, which is
reproduced from Publication III, is shown in Figure 6.2. Detailed description
of the spectrally tailored mid-infrared supercontinuum light source can be found

in Ref. [118]. The reflectance spectrum of a sample can be determined by
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Figure 6.3 Measured backscattered intensity spectrum from a diffuser (dashed blue
line) and the corresponding relative intensity noise of the measurement (thick
red line). [Publication IlI]

) o)
where Iz and Ig are the measured spectrum of the reference target and the
sample, respectively, Np is the background noise. Figure 6.3 presents an exam-
ple of the measured backscattered intensity spectrum from a diffuser (i.e. the
reference target), and the corresponding relative intensity noise (RIN) calcu-
lated based on 10 consecutive measurements. Note that the resulted spectral
shape is representative of the SC spectrum, as both the diffuser reflectance and

the detector responsivity are flat at this wavelength range.

Black polypropylene (PP) and polyethylene (PE500) are selected as the main
black plastic samples of interest, as they are among the primary black plastic
waste particularly among waste electrical and electronic equipment (WEEE) [108].
They are also difficult to distinguish owing to the extreme similarity in their
spectral absorption features. The reflectance spectra of the plastics are success-
fully measured. They are then compared to their reference FTIR spectra, as

shown in Figure6.4, in order to ascertain the reliability of the measurements.
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Reflectance (a.u.)

(b) Black PE500

Reflectance (a.u.)

(c) White PE500

Reflectance (a.u.)

CH

3.2 3.25 3.3 335 34
Wavelength (zm)

2

3.45 3.5

Figure 6.4 Measured reflectance spectra (red line with a marker) of plastics compared
to their reference FTIR spectra (blue line). [Publication Ili]
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The resulting reflectance spectra are in excellent agreement to their FTIR ref-
erence, and the plastics are clearly distinguishable. The reflectance spectra of a
white PE500 is also measured, and it shows negligible difference in comparison
to its black counterpart. This highlights the negligible effect of the coloring ma-
terial on the optical properties of the plastics at this wavelength range. Thus,

emphasizing the applicability of the sensor to differently colored plastics.

6.2 Future prospects of hyperspectral SC-lidar

Although promising results have so far been achieved by the hyperspectral SC-
lidar, further optimization in terms of SNR and miniaturization is central to
fully realize the commercial potential of this technology. This can be achieved
by employing advanced IR photonics and MEMS technologies. For example,
the pump laser could be replaced with a microchip laser or a high-peak-power
multimode fiber laser [119, 120]. The impact of the multimode fiber laser beam
quality is negligible since the detection range is relatively short. Moreover,
recent research results have also shown spatial beam self cleaning by supercon-
tinuum generation in multimode fiber lasers [121-125|, which further enhances
the beam quality. Further optimization of the scanning rate of the introduced
MEMS-FPI filter, by tailoring the temporal scanning profile to have longer in-
tegration time for the noisy part of the spectrum would significantly enhance
the SNR.

Finally, MEMS beam steering technologies currently under development for var-
ious consumer devices, most notably in automotive lidars and head mounted
displays among others, would enable robust 3D point cloud scanning. These
improvements along with others, would allow the supercontinuum lidar to fully
demonstrate robust real-time 3D hyperspectral remote sensing for versatile
short range industrial applications. While also paving the way for other long

range applications.
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7

Summary and outlook

OPTICAL remote sensing techniques are essential to analyze distant tar-
gets, enabling nonintrusive quantification or identification of substances
as well as monitoring of evolutive phenomena underlining dynamical physical
processes. Various techniques like light detection and ranging (lidar) are well
established and even commercially available for various applications. With
the ever-increasing demand for exploitation of broadband light sources with
novel spectral windows for robust and simultaneous multi-spectral analysis,
lidar techniques continue to be the subject of intense research efforts. Particu-
larly in the field of combustion diagnostics, where nonintrusive remote monitor-
ing of localized flue gas parameters is central to the optimization of the process
performance. Besides, this research is also of great interest to other short range
industrial applications. This thesis presents novel and original contributions
to the overall development of a broadband lidar system. The various concepts
developed in this work are demonstrated and experimentally validated, which

sets the framework for future technologies.

The thesis began with the development of a novel broadband supercontinuum
lidar system and the first demonstration of the technique to large scale com-
bustion thermometry. This type of data is of primary importance for biomass
powered combustion units, due to the inhomogeneous nature of the fuel. Precise
control, of for example fuel and oxygen feed, and management of the combus-
tion process demands localized real-time measurements. Enabling increased
energy production efficiency while decreasing the emission of harmful pollu-
tants. Various alternative methods have been demonstrated for this purpose,

yielding various results. Proof-of-concept demonstration by the supercontin-
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uum lidar demonstrated a temperature measurement accuracy of about 40°C
in a laboratory setting, which is far superior to the reported values with other

proposed lidar solutions [15-18].

After the laboratory scale proof-of-concept demonstration, the supercontinuum
lidar is extended to real-time measurement of flue gas parameters in a full-scale
industrial boiler. Average parameters of water vapor temperature and concen-
tration are measured with a statistical accuracy of 50 °C and 0.8 %, respectively.
The achieved accuracy is sufficient for industrial process analysis, especially for
fuel and air feeds which are essential for low NOx emissions. Taking advantage
of the combustion aerosol backscattering, variation of water vapor concentra-
tion in the boiler is also spatially resolved up to about 4 m into the boiler. Fur-
ther, combustion aerosol distribution in the boiler is mapped using the Klett
inversion method, yielding extinction values of 0.04—0.2m~'. The results of
this work offers novel perspective for versatile real-time monitoring of flue gas

parameters and other industrial process analysis.

The final part of the thesis explores extending the supercontinuum lidar to-
wards a more generic hyperspectral sensing in the mid-infrared spectral range,
to take advantage of the so called molecular finger print region where molecules
demonstrate strong and characteristic absorption features. The multiplex filters
of the SC-lidar are replaced with a MEMS-based filter, enabling continuous on
axis filtering of the supercontinuum spectral components, thus, yielding more
spectral data. Hyperspectral measurement capability of the SC-lidar is evalu-
ated by identification of black plastics. This is of great interest as black plastics
detection with conventional sensors is rather complicated by their strong ab-
sorption in the near infrared. The SC-lidar measured reflectance spectra of the
plastics are in excellent agreement with their reference FTIR spectra. A white
colored plastic reflectance spectra is also measured to highlight the potential ap-
plicability of the sensor to differently colored plastics. The results demonstrate
a unique potential in comparison to other methods like mid-infrared hyperspec-
tral cameras, which have seen implementation, and other advanced techniques
based on photon up-conversion [117] which are rather complex to implement in

industrial measurement context. Finally, the SC-lidar technology is currently
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being further developed for enhanced sensitivity and miniaturization, with an
ultimate goal of real time 3D point cloud mapping and analysis in industrial

environments.
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‘We developed a short-range light detection and ranging sys-
tem using a supercontinuum (SC) source spectrally tailored
to cover the ro-vibrational transition energies of desired
components of a flue gas. The system enables remote mea-
surements of the gas parameters, including temperature and
concentration which play a key role in the performance of
combustion power plants. The technique requires only one
inspection window and, thus, can be used in combustion
units with limited access. It exploits differential absorption
between specific wavelength bands of the gas absorption
spectrum. The transmittance of an individual wavelength
band is derived from the detected backscattered temporal
intensity of the SC pulses. We demonstrate water vapor
temperature measurement in the range of 400°C-900°C
in a laboratory furnace with the use of only two wavelength
bands. Using more than two wavelength bands, the tech-
nique can be further extended to simultaneously measure
temperature and concentration. By varying the direction
of the incident beam in a non-parallel plane, a full 3D pro-
file is also obtainable. ~© 2019 Optical Society of America
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Light detection and ranging (lidar) is a remote sensing tech-
nique [1] commonly used for the measurement of various
atmospheric variables, including temperature, pressure, humid-
ity, and trace gases concentration [1-6]. Lidar techniques have
also been demonstrated for combustion diagnostics [7-10].
Typically, most of these methods are limited to the measure-
ment of one species at a time as the laser wavelength is tuned to
the absorption line of the investigated species. Recent advances
in nonlinear fiber optics have led to the realization of spatially
coherent and broadband light sources known as supercontin-
uum (SC) lasers. Under specific pumping conditions, the SC
generation process exploits cascaded nonlinear dynamics result-
ing in highly directional broadband light [11]. This opens the
door for simultaneous detection of multiple observables. Thus,
supercontinuum light detection and ranging (SC-lidar) [12,13]
and SC-based hyperspectral lidar [14,15] have shown great po-
tential for simultaneous detection of multiple variables. To the
best of our knowledge, an approach based on short-range

0146-9592/19/174223-04 Journal © 2019 Optical Society of America

(~1-10 m) SC-lidar for temperature measurement in com-
bustion power plants is yet to be reported in the literature.

Temperature distribution inside a furnace is one of the main
factors affecting the performance of combustion units (CUs).
The ability to accurately measure the temperature inside a CU
would pave the way for precise control and management of the
combustion processes. Conventionally, thermocouples are used
for temperature measurement in CUs [16]; however, this
approach is inefficient because of its point-wise nature and
ineffective for dynamic temperature monitoring due to the
poor response of the thermocouple to fluctuating temperatures
[17]. Other prior art solutions besides the lidar approach in
Refs. [7-10] include spectroscopic methods such as thermom-
etry based on thermographic phosphors [18], two-line
thermometry employing wavelength modulation spectroscopy
[19-21] and atomic fluorescence [22]. Another important
technique is collinear photo fragmentation and atomic absorp-
tion spectroscopy, which utilizes chemical reaction kinetics to
measure temperature [23]. The aforementioned promising op-
tical spectroscopic methods detect signal transmitted through
the examined space, thus requiring at least two openings in
the furnace walls, which limits their detection area to the line
between those openings.

Herein, we present a new method for non-intrusive com-
bustion diagnostics based on an SC-lidar using just one open-
ing. The approach is robust as the stringent requirement of a
narrowband laser linewidth being precisely in tune with the
absorption line of the probe gas, particularly in the aforemen-
tioned techniques, is mitigated by the broadband SC laser.
The technique exploits the gas absorption cross-sectional
dependence on temperature between wavelength bands.
Consequently, the absorption strength of water vapor (H,O)
varies as a function of temperature, as shown in Fig. 1. We
studied the temporal dynamics of H,O temperatures in a lab-
oratory furnace using just two wavelength bands. By measuring
the temporal intensities of the backscattered SC light, the cor-
responding transmittance of individual wavelength band can
be deduced, hence providing information indicative of differ-
ential absorption between the two wavelength bands. H,O
temperatures in the range of 400°C-900°C were inferred by
comparing the transmittance ratio between these two
wavelength bands.
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Fig. 1. Modeled H,O transmittance spectra for two temperatures
and an overlay of filter transmissions. Blue (—) and orange (- - -) are
the H,O transmittance spectra at 400°C and 900°C, respectively.
Green (- —) and purple () are the corresponding filter transmissions
for Chl and Ch2, respectively.

The SC-lidar signal (i.., the detected back scattered signal)

can be expressed as
CCFF

2
d;

where Py(4) is the initial spectrum of the SC laser; (1) is the
backscattering coefficient; C. g is the collection efficiency; 4, is
the distance travelled by the scattered light pulse at a given time
¢ and can be obtained from the time of flight of the light pulse; /
is the length of the absorbing medium, and the factor of two is
attributed to the round wip by an SC light pulse; % is
the molecular number density and 6() is the wavelength-
dependent absorption cross section (attenuation is considered
to be only due to absorption). ¢ further depends on temper-
ature via the line intensity in the spectrum and depends both on
temperature and pressure via the line profile.

When two wavelength bands are used to probe flue gas
parameters (as in Fig. 2), the corresponding signals detected
at an individual wavelength band at a given time can be written
as
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Fig. 2. Schematic diagram of the experimental setup. BS: beam
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where S; is the signal detected at the first wavelength band
(Chl); #; and £, are the times of flight of the light pulse in
relation to the first and second scatterers, respectively; 4,
and d, are the corresponding distances travelled by the light
pulse at the time 7, and £,; f is the backscattering coefficient,
which is considered to be constant because the scatterers are
large compared to the wavelength of the light; Cegy, Py (4),
0,(2), and 7' are the collection efficiency, initial spectrum
of the SC, absorption cross section, and transmittance at
Chl, respectively. Similarly, the transmittance at the second
wavelength band (Ch2) can be given as

(DN Poz(g)e(-azu)%zz) 4 o
i (d_2>  [Pedi

The transmittance ratio R of Ch2 to Ch1 is obtained by divid-
ing Eq. (5) by (4):

_ P2 iy
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Note that the process is self-calibrating, as the backscattering
coefficients, as well as the collection efficiency of both Chl
and Ch2 cancels out.

The transmission spectrum of H,O, one of the main
combustion products with a relatively high concentration
and a rich absorption spectrum in the entire infrared, was thor-
oughly investigated. Specifically, the transmission spectrum of
H,O corresponding to a 100% concentration, a pressure of
1 atm, and an interaction length of about 1 m was modeled
using the HITRAN 2012 database [24], as shown in Fig. 1.
Note that the aforementioned H,O parameters correspond
to an equivalent optical thickness of the ideal power plant con-
ditions. Typically 10% H,O concentration, 10 m interaction
length and a pressure of 1 atm. Based on the data presented in
Fig. 1, two wavelength bands, namely, channel one (Ch1) and
two (Ch2), were carefully selected. They are characterized by
different responses of absorption to the temperature variation
which allows for differential absorption measurement.

Figure 2 depicts the schematic of the experimental setup.
The SC is generated by a cascaded Raman process in a
500 m long SMF-28 fiber (Thorlabs), pumped by
KEOPSYS PYFL-KULT laser operating at 1064 nm and gen-
erating 2 ns long, 1 kW peak power pulses with a repetition rate
of 280 kHz. The output spectrum of the source is presented in
Fig. 3. SC light is collimated with a reflective collimator and
guided towards ~1 m long quartz tube furnace containing
100% H,O concentration at atmospheric pressure. Using a
50:50 beam splitter (BPD508-G, Thorlabs), part of the inci-
dent light is directed towards the Ist scatterer/diffuser (DG10-
1500-P01, Thorlabs), placed just before the furnace. The rest
of the beam traverses through the furnace undergoing absorp-
tion and, subsequently, scattered by the 2nd scatterer behind
the furnace. In an ideal combustion environment, the role

(6)
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Fig. 3. SC spectrum and the corresponding FWHM position of the
filters (Ch1 and Ch2) in the spectrum.

of the scatterers is played by the naturally present aerosol
particles which also provides sufficient scattering that enables
signal detection over relatively long distances within the
CU. Note that aerosol scattering is weak compared to that
of the scatterers used in this experiment; hence, additional
clectronic pre-amplification of the signal will be required.
The signal from the 2nd scatterer passes through the furnace
again on the way back. The backscattered light from both scat-
terers is collected by two lens sets (AC254-030-C & AC254-
075-C, Thorlabs) placed adjacent to each other, filtered by Ch1
and Ch2 filters (BP-1375-085 & BP-1240-050, Spectrogon)
and focused on to the active area of two biased photodetectors
(DET08C, Thorlabs). The temporarily resolved signal is re-
corded by a 12-bit oscilloscope (HDOG6054, Lecroy). An exam-
ple recorded signal is shown in Fig. 4.

The two distinct peaks separated in time represent the sig-
nals from the 1st and 2nd scatterers, respectively. The signal
plotted in the figure is an average of 10,000 backscattered
pulses, and the corresponding measurement time is about
40 ms. Furthermore, the measured temporal intensities of both
channels are converted into individual channel transmittance
using Egs. (4) and (5). Figure 5 shows the measured transmit-
tance of Chl and Ch2 at varying furnace temperatures of
400°C-900°C. The measurement at a given temperature com-
poses 20 sets of measurement, with each measurement further
composed of 10,000. Chl shows no change in transmittance
with furnace temperature, while Ch2 shows an increase in
transmittance with increasing furnace temperature, which is
in good agreement with the modeled H,O transmittance in
Fig. 1. The standard deviation of the transmittance measure-
ment, calculated based on 20 measurement repetitions of
10,0000 pulses, presented in Fig. 5 is 0.0024, with the
mean value of transmittance ranging from 0.4704 to 0.5837,
depending on the channel and temperature.

In order to infer the temperature of H,O, the transmittance
ratio R was calculated using Eq. (6). The mean value of all
20 measurements, which composes 200,000 pulses at a given
temperature, was used in the calculation. The simulated
and experimentally measured R as a function of the furnace
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2nd scatterers, respectively. The dotted line represents the Ch1 signal,

while the solid line represents Ch2 signal.
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Fig. 5. Measured Ch1 (blue line) and Ch2 (orange line) transmit-

tance with respect to furnace temperature. The measurement was car-

ried out for a temperature range of 400°C-900°C, with 20 sets of

measurement per temperature and each single measurement compos-

ing of 10,000 pulses.

temperature are compared in Fig. 6. We can see very good
agreement between the simulated and experimentally measured
ratios with a 50°C accuracy in the range 600°C-900°C.
However, at lower furnace temperatures (400°C-500°C), the
discrepancy between the simulated and measured ratios is more
pronounced. This is because the quartz tube (i.c., the gas cell)
extends a few centimeters outside the furnace heating zone
on either sides of the furnace, thus creating a colder interface
(i.e., temperature gradient) with respect to the internal part of
the furnace (i.e., the heating zone). The colder region was mea-
sured to be less than 100°C. As a result, H,O in these regions
begins to condensate which yields additional loses on the beam
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Fig. 6. Experimentally measured (circles) and simulated (solid line)
transmittance ratios as a function of temperature.

path that are not accounted for in our model. Moreover, the
temperature difference between the colder region and the heat-
ing zone was persistent, even at elevated furnace temperatures.
Hence, the assumption of uniform H,O temperature and con-
centration inside the furnace is partially violated by the pres-
ence of the colder regions in the test tube outside the
furnace heating zone. Therefore, condensations of H,O at
lower furnace temperatures (400°C-500°C) coupled with the
alteration of H,O concentration due to interference from the
colder regions at all furnace temperatures, have led to the ob-
served discrepancies between the simulated and experimentally
measured transmittance ratios in Fig. 6.

In summary, we have reported a novel technique based on a
short-range SC-lidar for temperature measurement in CUs via
a single opening. Water vapor with optical thickness equivalent
to combustion power plant conditions was mimicked in a lab-
oratory quartz tube furnace. H,O temperatures were inferred
from the transmittance ratio between two distinct wavelength
bands. The measured and simulated H,O temperatures were
observed to be in a good agreement. The 2 ns duration of the
spectrally filtered SC pulses should allow for a spatial resolution
of about 30 cm with this technique in a case where scatterers are
present all along the measurement path, as is the case in a com-
bustion furnace. In addition, the SC pulses have significantly
high peak power with a duty cycle of 0.0005, thus preventing
any potential interference by thermal emissions such as black
body radiations and chemiluminescence, from the furnace
environment. Moreover, the same technique can be employed
for simultaneous detection of temperature and concentration if
multiple (i.e., more than two) wavelength bands of the SC spec-
trum are utilized in the combustion diagnosis, e.g., by adding
an additional bandpass filter in the 1450—-1550 nm spectral re-
gion. Finally, we emphasize that the technique possesses a great
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potential for simultaneous 3D mapping of both temperature
and concentration, which can be achieved by varying the direc-
tion of the probe beam in a non-parallel plane.
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Abstract: Real-time monitoring of flue gas parameters in combustion processes is central
to the optimization of the process efficiency and reduction of pollutants emission. We report
simultaneous measurement of the average water vapor temperature and concentration over a 9 m
distance in a full-scale industrial boiler by broadband lidar employing a custom supercontinuum
source covering the wavelengths of ro-vibrational absorption of water molecules at 1.2—1.55 um.
The measured average temperature and concentration are in excellent agreement with reference
measurements. We also take advantage of the backscattering from the aerosol particles present in
the boiler to map the water vapor concentration profile in the boiler up to a distance of 2.7 m with
a spatial resolution of 30 cm. Our results open novel perspectives for 3D profiling of temperature
and gas concentration in industrial environments.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Global energy demand has tremendously increased over the years, raising environmental concerns.
This has led to new energy policies aiming towards renewable energy alternatives and zero net
CO, fuels such as biomass. The performance of a combustion power plant relies on the internal
distribution of its flue gas parameters, such as the temperature and molecular concentrations, and
accurate profiling of these parameters would pave the way for optimized combustion process
control, increased energy production efficiency and lower emissions.

Conventional approaches for the measurement of flue gas temperature and concentration rely
on thermocouple [1] or Fourier transform infrared (FTIR) spectroscopy [2,3]. However, both
techniques are inefficient in terms of pointwise measurements. Moreover, the FTIR approach is
extractive in nature, yielding significant challenges (latency, moisture content in the gas and ash in
the furnace) which makes real-time monitoring of the combustion processes particularly difficult.
Flue gas temperature monitoring with a thermocouple is inapplicable to in-situ temperature
probing due to the long time constant of the thermocouple response [4] relative to the dynamic
temperature distribution of the flue gas. Other optical spectroscopic techniques have been
proposed for combustion diagnostics [5—8], however, these typically measure the transmitted
signal across a given path between two openings in the furnace walls limiting the measurement
area and making them not well-suited to combustion units with limited optical access such as
boilers.

Lidar technologies offer novel perspectives for industrial process control and combustion
diagnostics. Lidar operation principle is based on time of flight measurement of backscattered
electromagnetic radiation [9], enabling remote characterization of flue gas parameters with
high spatial resolution [10—12]. Lidar techniques typically use a narrowband laser tuned to the
absorption line of the gas of interest, which restricts measurements to a single gas specie. In this
context, the development of spatially coherent broadband supercontinuum (SC) light source [13]
has opened up new possibilities for simultaneous detection of multiple parameters of flue gas
components as shown in a recent demonstration of a laboratory-scale combustion study [14].

#443244 https://doi.org/10.1364/OE.443244
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Here, we report real-time combustion diagnostics in a full-scale 9-m-wide industrial boiler via
single optical access using a SC-lidar system. Exploiting differential absorption SC spectrum,
we demonstrate simultaneous measurement of water vapor temperature and concentration. The
average water vapor concentration and temperature are determined using the strong backscattering
from the back wall of the boiler. Taking advantage of the backscattering from the aerosol particles
naturally present in the boiler, we further map the water vapor concentration along the beam
path up to 2.7 m with a resolution of 30 cm limited by the signal-to-noise ratio and SC pulse
duration, respectively. Our results demonstrates the unique capability of SC-lidar for diagnosis
in combustion units and other industrial environments and open up novel perspective for 3D
profiling of temperature and gas concentration in industrial environments.

2. Methodology

We begin by illustrating the temperature and concentration measurement principle of water vapor
(H,0) which is one of the primary flue gas component in a biomass combustion boiler. The
transmission spectrum of H,O in the near-infrared with a typical 20 % concentration, pressure of
1 atm and for an interaction length of 9 m was modeled with high spectral resolution using the
HITEMP database [15]. Figure 1 shows the transmission spectrum for two different temperature
(400 °C and 900 °C) convoluted to a low spectral resolution for better visualization. One can
see how the transmittance depends on the temperature, and this can be advantageously used to
determine the gas temperature using three spectral regions as highlighted in the figure: Channel 1
(Ch1), Channel 2 (Ch2), and Channel 3 (Ch3) have corresponding central wavelengths of 1240 nm,
1375 nm and 1500 nm, and full width half maximum (FWHM) of 50 nm, 85 nm and 90 nm
respectively. Chl is used as a reference channel with negligible water vapor absorption, Ch2
and Ch3 wherein light experiences significant water vapor absorption and which can be used to
determine the temperature as described below.
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Fig. 1. Modeled H,O transmittance spectra at two extreme temperatures observed inside
a boiler furnace and an overlay of the corresponding wavelength ranges of three specific
bandpass filters Ch1, Ch2 and Ch3. Blue (—) and orange (- -) lines are the H, O transmittance
spectra at 400 °C and 900 °C, respectively.
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The backscattered signal S,(z,,) from Channel n = 1,2, 3 detected after a time of flight #,, can
be expressed as [9]

Ccffﬁm

Sn(tm) = 4.2
m

da, (1)

/ Po(1)(2) exp [—2 Z %O’k(l, T)Al
Ay, =1 k

where A, is the spectral interval of Channel n = 1,2, 3, d,, is the distance travelled by the
backscattered light during time #,,, Cesr is the collection efficiency, and S,, is the backscattering
coeflicient (considered to be wavelength independent as the technique utilizes a relatively small
wavelength range of 1.2—1.55 um). The main scattering source is the combustion related fly ash
aerosol particles with dimension much larger than the wavelength. Py(1) is the initial spectrum
of the SC source, I',(1) is the filter transmission for channel n, and o-(2, T) is the absorption cross
section dependent on wavelength and gas temperature. % is the molecular number density of the
probed gas. The travelled path d,, is divided into elementary segments wherein the temperature
and concentration is assumed to be constant. The minimum length of each segment Aly = ¢7/2 is
determined by the SC pulse duration 7 (c is the speed of light). The first segment parameters are
calculated using the initial spectrum of the light source Py(1). The second segment transmission
calculation requires the initial spectrum to be modified by the absorption it experienced in the first
segment and the process is then iteratively repeated as the absorption of all preceding segments is
known. The total transmittance of individual channels within a given segment can be calculated

from
— Sn(lm+1)
o Sn(tm) ’

where S,(#,,+1) and S,(#,,) are the measured backscattered signal at time #,,.; and time #,,
respectively. Taking the ratio of transmittance between two different channels does cancel out the
effect of d2, Cefy, and 3, from the SC-lidar equation assuming that their wavelength dependence
is negligible at our operation wavelengths. Knowing the absorption cross section, the light
source spctrum as well as the filter transmission spectrum is sufficient to simulate the measured
transmittance ratios. The simulated transmittance ratios are formulated to comprise an array of
values, calculated using the HITEMP database, and varying temperature and concentration of the
gas. The probed gas temperature and concentration are then deduced by fitting the simulated
transmittance ratios to the measured ratios using

(@)

T T>si
AZI = 2,m _ 2,Sim (3)
’ T Tisim
T T3.si
Agin = |72 = 222, “
’ T Tisim

where Ay; and As; are the resulting difference between the measured and simulated transmittance
ratios of Ch2 to Ch1 and Ch3 to Chl, respectively. Ay; and A3; are numerically computed based
on the simulations and the measured data, and the minimum error point corresponds to the
resulted temperature and concentration of the probed gas.

3. Experiment

Measurements were performed at a 9-m-wide fluidized bed biomass boiler with 190 MW thermal
power. A schematic illustration of the experiments is shown in Fig. 2. The light source is a
SC generating 2-ns-long pulses with 1 kW peak power and repetition rate of 280 kHz (more
detailed can be found in Ref. 13). The SC light is collimated with a reflective collimator and
directed to the sidewall of the boiler comprising an opening (hatch). Multiple combustion
gases including CO,, NO,, H>O and CH4 are present in the boiler as well as aerosol particles
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distributed throughout the entire volume. The SC light is scattered by the aerosol particles
and partially absorbed by the H,O molecules as it propagates through the boiler. The inside
of the furnace walls is covered with soot which strongly scatters the rest of the beam upon
incidence on the back end wall. The backscattered light is collected via a receiver telescope lenses
(AC508-075-C & AC254-030-C, Thorlabs) and split using a 50:50 beam splitter (BPD254S-G,
Thorlabs). Light transmitted by the beam splitter is spectrally filtered into Ch2 (BP-1375-085,
Spectrogon) and focused onto a photodetector (ET-3070, EOT). The reflected light by the beam
splitter is splitted using another identical beam splitter and spectrally separated into Ch1 and Ch3
with appropriate filters (BP-1240-050 & BP-1500-090, Spectrogon). The bandpass filters are

SC Laser 1:
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Oscilloscope

Boiler

Detectors & filters

Fig. 2. Layout of experimental arrangement. Abbreviation AL stands for Achromatic
Lens, SMF for Single Mode Fiber and BS for Beam Splitter. Chl, Ch2 and Ch3 are the
corresponding bandpass filters for channel 1, 2 and 3, respectively.
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Fig. 3. Measured backscattered SC-lidar signal from a full-scale industrial boiler. The
blue (—), orange (- - -) and purple (- -) lines represent the signals for Ch1, Ch2 and Ch3
respectively. The first and last sharp peaks in the signal corresponds to scattering from the
SC source input coupler and the boiler back wall respectively. The signal recorded between
10 ns and 60 ns originates from scattering by the aerosol particles.
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having optical density of 3 at the blocking wavelengths. The corresponding signals are measured
with identical photodetectors. The time window of signal collection is triggered by an optical
pulse generated by the laser, eliminating the influence of the laser pulse emission time jitter. The
signal from each photodetector is preamplified by an electronic amplifier (HSA-Y-1-60, FEMTO)
and the temporarily resolved signal is recorded by a 12-bit oscilloscope (HDO6054, Lecroy).
Note that SC pulse scattered from different positions inside the furnace arrives at the detector with
different time delays, thus encoding spatial dimension onto the temporal signal. An example of
recorded signal is shown in Fig. 3. The signal was averaged over sixty-five thousand backscattered
pulses recorded over a total measurement time of about 230 ms. Identical measurement time
and averaging was used in all our measurements. One can see that the detected signal exhibits
three different peaks at different delay times. The first peak in the detected signal near zero-delay
represents scattering from the coupling mirror placed in front of the boiler. The broad and slowly
decaying peak near 10 ns represents the scattered signal from the aerosol particles. The third
peak at around 70 ns delay originates from the boiler back wall reflection.

4. Results and discussion

The average temperature and H,O concentration in the boiler can be determined from the first
(coupling mirror) and last (boiler wall) backscattering peaks of the recorded signal in Fig. 3. The
total transmittance across the boiler is derived for the three channels using Eq. (2). Corresponding
gas temperature and concentration are then extracted from Eq. (3) and Eq. (4) with solutions for
Channel 2 to 1 and 3 to 1 transmission ratios (with respect to simulation) shown in Fig. 4. The
global solution is then found at the point of intersection between Ay; and A3z, yielding 890°C
and 20.3% for the average temperature and concentration of the water vapor, respectively. The
standard deviation based on 20 consecutive measurement is 50 °C and 0.8 % for the temperature
and concentration respectively.
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Fig. 4. Minimum error solutions for the difference between the measured (with SC-lidar)
and simulated transmittance ratios Ay and A3;. Orange (circle) and blue (dot) represents
Aj1 and Az respectively. The global solution can be found at the point of intersection
between Ay and Aszj.
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In order to evaluate the accuracy of our SC-lidar measurements, the results were compared
with that of a reference measurement performed using a K-type thermocouple with a maximum
penetration depth of about 1.5 m and a 1.045 radiative correction coefficient and the results are
shown in Table 1. The estimated average boiler temperature from the thermocouple is 850 °C.
The average water vapor concentration was estimated via heat and mass balance calculation [16]
utilizing the biomass fuel moisture content measured from oven drying and based on the ISO
18134-3:2015 standard. The resulting average H,O concentration in the furnace was in the range
of 20-25 %. These reference measurements agrees very well with the SC-lidar results. It is also
important to emphasize that the accuracy of the SC-lidar measurements is perfectly sufficient for
industrial-scale process monitoring.

Table 1. Comparison between the reference and SC-lidar
measured average temperature and H,O concentration values

in the boiler.
Measurement Temperature (°C) H,0 Concentration (%)
Reference 850 20-25
SC-lidar 890 20.3

One can take advantage of the backscattered signal from the aerosol particles to spatially
resolve the variations in the water vapor temperature and concentration. For this purpose, the
measured backscattering signal shown in Fig. 3 is split into discrete segment of 30 cm and the
transmittance of each individual segment is derived using Eq. (2). Spatially resolving the gas
temperature is infeasible with the current data due to poor signal-to-noise ratio. However, one
can solve for the concentration values of the gas by assuming a known temperature, as the relative
change in transmission due to temperature variation within a given segment is approximately
equivalent to the noise amplitude of the measured signal. Using the reference temperature value
of 850 °C across all segments, the H,O concentration profile in the boiler can be spatially resolved
using Eq. (3). The histogram in Fig. 5 shows the retrieved H,O concentration profile as a function
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Fig. 5. Spatially resolved H,O concentration profile and an overlay (- -) of the SC-lidar
measured average H>O concentration in the boiler.
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of distance with the measured average H>O concentration across the boiler marked as the dashed
line. The error bar in the histogram was calculated from twenty consecutive measurements. The
measured intensities had about 2 % variation between the measurements. The H,O concentration
values are resolved up to a distance 270 cm into the boiler. Spatially resolving the concentration
values at longer distances is limited by the current signal-to-noise ratio of our detection. One
can see from Fig. 5 that the H,O concentration distribution is typically low towards the boiler
wall. The hatch (inlet) was kept open during the measurement resulting in mixing with the
surrounding air, which in turn alters the initial concentration as well as temperature of the gas at
close proximity to the wall.

5. Conclusion and outlook

‘We have demonstrated robust real-time monitoring of combustion gases using a supercontinuum-
lidar. The technique enables simultaneous remote measurement of the gas temperature and
concentration via single optical access. Proof-of-concept measurements was demonstrated
in a full-scale industrial boiler using three specific wavelength bands in the supercontinuum
spectrum. Average temperature and concentration distribution of water vapor across the boiler
could be measured with a statistical accuracy of 50 °C and 0.8 %, respectively, which is sufficient
for industrial-scale process monitoring. The water vapor concentration profile was further
spatially resolved with 30 cm resolution up to a 2.7 m distance inside the boiler, limited by the
signal-to-noise ratio. The signal-to-noise ratio also did not allow to spatially resolve the gas
temperature as the temperature induced change in transmittance within a given segment is of the
same order of magnitude as the noise amplitude. The main origin of noise in this experiment
is attributed to the SC source spectrum instabilities, and the readout noise associated with the
detectors, amplifiers as well as the oscilloscope. Nevertheless, these challenges can be overcome
by optimizing the data acquisition scheme to enhance the signal-to-noise ratio. Specifically, this
can be achieved using a fast digitizer with real-time processing capability, enabling continuous
averaging of the SC pulses at the repetition rate of the laser as well as by employing a SC source
with higher spectral power density. Finally, we emphasize the unique potential of the technique
for simultaneous 3D profiling of flue gas temperature and molecular concentrations, which can
be realized by steering the incident probe beam using a single opening in a boiler or other similar
industrial environment.
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based on MEMS Fabry-Pérot
interferometer for stand-off
sensing applications
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Guillaume Genoud? & Juha Toivonen®

We report a novel hyperspectral sensor employing a Fabry-Pérot interferometer based on micro-
electro-mechnical system and a custom mid-infrared supercontinuum laser. The Fabry-Pérot
interferometer allows on-axis filtering, of spectral components of supercontinuum light backscattered
from a target, with a spectral resolution of about 25 nm. We demonstrated hyperspectral
identification of black polypropylene (PP) and polyethylene (PE500) using the 3-3.5 jum region of the
supercontinuum spectrum and a corresponding measurement rate of 62.5 spectra / s. The resulted
spectra show excellent agreement with the reference based on an FTIR spectrometer. Furthermore,
we showed that the coloring of the plastics has no effect on their identification at this wavelength
range.

A hyperspectral sensor measures transmitted or backscattered light from a target, probing multiple spectral
components of the light to enable analysis of the target. Hyperspectral sensors have been widely used in various
applications including agriculture', medicine? and mineral exploration®. Conventional hyperspectral sensors and
cameras rely on passive target illumination, typically ambient lightening, which make them prone to misinterpre-
tation due to any fluctuations in the illumination spectrum as it undermines the integrity of the signal. However,
recent advances in nonlinear fiber optics have led to the development of spatially coherent yet broadband fiber
lasers, termed supercontinuum (SC) lasers**, enabling active target illumination for robust multi-spectral®” as
well as hyperspectral®~' sensing applications with very high signal-to-noise ratio.

Furthermore, significant progress in terms of the SC spectrum expanding into the mid-infrared (MIR), have
been reported in the literature'"'?, with significantly high average output power', high repetition rate'* and
femtosecond pulse durations'>'®, opening the door for various applications in the MIR including spectroscopy'’,
imaging'® and optical coherence tomography (OCT)". The MIR spectral region offers novel perspective for a
more accurate analysis of a target as molecules demonstrate strong and characteristic absorption in this region,
termed the molecular fingerprint, due to the strong fundamental vibrational transitions®. The aforementioned
properties of MIR SC have opened up new possibilities for hyperspectral sensing applications in the MIR spectral
region. However, a fast and robust filtering of various spectral components of the MIR SC spectrum is required
to meet the demands of hyperspectral sensing applications. Some promising solutions based on a spectrom-
eter comprising a miniaturized Fabry-Pérot interferometer have been proposed in the literature®. However, the
integrated nature of the spectrometer limits the sensor design flexibility and photodetector choice as both the
detector and the Fabry-Pérot interferometer are incorporated as a single unit. Thus, further study is required to
fully realize the commercial potential of MIR hyperspectral sensors.

Herein, we present an active hyperspectral sensor (AHS) using a combination of a MEMS-based Fabry-Pérot
interferometer (FPI) and a spectrally tailored SC light source covering up to 3.5 um of the MIR spectral region.
The voltage tunable FPI enables compact, cost effective and on axis non-dispersive filtering of spectral compo-
nents of the SC light reflected from a target. The standalone nature of the FPI allows flexible instrument design
as it can be placed at any desirable location on the instrument. We showed for the first time, to the best of our
knowledge, the suitability of FPI for hyperspectral sensing of plastics. We demonstrated hyperspectral identifica-
tion of black plastics as their detection is tedious in the near infrared (NIR) due to the carbon based additives
which significantly absorb the NIR light. Black polyethylene (PE500) and polypropylene (PP) are specifically

*Photonics Laboratory, Tampere University, Tampere 33101, Finland. 2VTT Technical Research Centre of Finland
Ltd, Espoo 02150, Finland. ““email: abba.saleh@tuni.fi
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Figure 1. Tuning parameters of the Fabry-Pérot interferometer. (a) The blue line represents the corresponding
central wavelength with respect to the tuning voltage, and the overlay red (dashed) line shows the full-width-
half-maximum (FWHM). (b) Transmittance spectra of the Fabry-Pérot interferometer are shown as a function
of the operating voltage in the range of 11-29 V with constant voltage increments indicated by different colors in
the figure.
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pa (] —.I:%h_ / %
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Figure 2. Experimental setup for stand-off hyperspectral reflectance measurement. Abbreviations: MT—
mirror telescope, LP—longpass filter, DU—detection unit, FPI—Fabry-Pérot interferometer and DAQ—data
acquisition.

chosen as sample materials as they are one of the most important black plastic waste especially among waste
electrical and electronic equipment (WEEE)?'. Additionally, they have very similar absorption features which
makes them very difficult to distinguish. We successfully measured their reflectance spectra using the 3 - 3.5 um
spectral band of the SC spectrum. The resulting spectra strongly correspond to their reference based on an
FTIR spectrometer. The technique is further extended to detection of white plastics to validate its applicability
to differently colored plastics. This emphasizes the great potential of the technique for plastic wastes sorting, in
recycling processes, and other hyperspectral sensing applications.

Methods and results

Operational parameters of the Fabry-Pérot interferometer are shown in Fig. 1. The miniaturized MEMS-based
tunable FPI filter is part of the MEMS-FPI solutions developed at VTT Technical Research Centre of Finland
Ltd?>-**. The FPI resonator comprises two highly reflective mirrors separated by an air gap. Constructively
interfered light between the mirrors is transmitted, and the transmission band is defined by the air gap between
the mirrors. The air gap is tuned by applying a voltage between the mirrors and, thus, the transmission band of
the FPI can be tuned to the range of interest. Figure la presents the tuning parameters of the FPI. The operating
voltage of the FPI is in the range of 0 - 29 V which corresponds to a wavelength tuning range of 3000 - 3600 nm.
The full width half maximum (FWHM) of the transmission band remains in the range of 22 - 28 nm over the
whole operating range of the FPI. An example transmittance spectra of the FPI at a constant voltage increment
is shown in Fig. 1b.

The experimental arrangement is presented in Fig. 2. A custom SC light source®® producing 10 kW peak
power sub-nanosecond pulses at a repetition rate of 100 kHz (more detailed description of the supercontinuum
light source can be found in Ref. 26) is directed towards a black plastic target having a thickness of 3-5 mm and
located at a distance of 2 m. The SC light is partially absorbed upon incidence on the target while being scat-
tered. The backscattered light is collected via a mirror telescope arrangement (MPD399V-M01 & PFE10-P01,
Thorlabs) then filtered by a longpass filter (SLWP-2989-000453,NOC) to cut out wavelengths below 3000 nm.
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Figure 3. Measured backscattered SC spectrum (- -) from a diffuser and the corresponding relative intensity
noise (—) based on ten consecutive measurements.

The FPI scans across 3050-3600 nm spectral range at a frequency of 62.5 Hz. The light transmitted through the
FPI is focused onto a photodetector (PV-3TE-5, VIGO Systems). The measured signal is amplified with a custom
bandpass-filtered amplifier having a voltage gain of 250 and passband of 3.5 kHz - 10 MHz. The measured sub-
nanosecond SC pulses are temporarily stretched due to the 10 MHz cut-off frequency of the amplifiers. They
are digitized using a 14-bit analog-to-digital converter (LTC2145-14, Analog Devices, Inc.) which is a part of
a development board (STEMlab 125-14, Red Pitaya d.d.). The digitized signal is processed using a system on a
chip (SoC) solution (Zynq 7010, Xilinx). The SoC contains field-programmable gate array (FPGA)-based pro-
grammable logic (Artix 7, Xilinx) and a processor (ARM Cortex-A9 MPCore, Arm Holdings). The FPGA part
of SoC removes constant component of the signal and integrates all data samples related to one SC pulse into
one value while the processor send the integrated data values to the PC via Ethernet. The FPI voltage modula-
tion and SoC acquisition software are synchronized using the same external trigger as applied for the SC laser.
Although the FPI scans continuously during the measurement, the measured spectra seem to show discrete
values as transmitted signal is sampled by FPGA with 125 MHz-sampling rate, which allows to distinguish and
integrate individual SC pulses. And they are then averaged over 100-ps-long periods of time, corresponding to
independent spectral channels.
The reflectance spectrum of a sample can be derived using

Is—N

R= ,
h—N (1)

where Is and Iy are the measured intensity spectrum of the sample and reference target respectively, and N is
the background noise. As a reference target, we used a ground glass diffuser (DG10-120-M01, Thorlabs) having
spectrally flat reflectance of 97.5 % over the probed wavelength range.

Figure 3 shows a measured backscattered SC spectrum from the diffuser and the corresponding relative
intensity noise (RIN) based on 10 different measurements. The resulted spectral shape is mainly due to the
spectrum of the SC light source, as the diffuser and detector responses are flat over the probed wavelength
range. The RIN is calculated from 10 consecutive measurements, where a single measurement is an average of
two-hundred spectra corresponding to a measurement time of 3.2 s and an average of a thousand pulses per
spectral channel. The relative intensity variations between subsequent measurements can reach values as small
as 1 % at the wavelength of 3 um and increases to about 8 % at the wavelength of 3.5 um. The dramatic variation
in the 3.35-3.5 um region, which coincides with the long wavelength edge of the SC spectrum, is attributed to
the significant decrease in the power spectral density and large stochastic spectral power fluctuation of the SC
source. These intensity fluctuations are typical characteristics at both the short and long wavelength edges of a
supercontinuum spectrum?®’.

A black polypropylene (PP) sample is investigated using the developed active hyperspectral sensor (AHS),
and its corresponding reflectance is obtained using Eq. 1. The resulted spectrum is compared to a reference black
PP reflectance spectrum measured with an FTIR spectrometer (FT-MIR Rocket, ARCoptix) having a spectral
coverage of 2-6 um and a resolution of 4 cm™ . The comparison of the black PP reflectance spectra, measured
with both the AHS and the FTIR spectrometer, is shown in Fig. 4a. The FTIR and AHS spectra demonstrate a very
close agreement. The two reflectance peaks in the FTIR spectra between 3.3 and 3.45 um are ascribed to the CH3
functional groups while the peak between 3.45-3.5 um is due to the CH functional group?®. Note that the AHS
reflectance peaks are slightly broader in comparison to that of the FTIR. This is due to the relatively low spectral
resolution of the FPI. Similarly, the FTIR and AHS reflectance spectra of black PE500 are compared in Fig. 4b.
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Figure 4. (a), (b) and (c) compares the reflectance spectra of black polypropylene (PP), black polyethylene
(PE500) and white polyethylene (PE500), respectively. Solid blue line represents the spectra measured with FTIR
spectrometer and the red line with a marker represents that of the active hyperspectral sensor (AHS).

Both spectra are in excellent agreement as shown in the figure. The reflectance peak between 3.4-3.45 um spec-
tral region is assigned to the CH functional group. Although both black PP and PE500 have somewhat similar
spectral absorption features, their reflectance spectra are clearly distinguishable as shown in Fig. 4a, b respectively.

The AHS is further extended to the measurement of white plastics to ascertain the reliability of the technique
as well as the impact of the additive coloring material. Fig. 4c presents a comparison between AHS and FTIR
reflectance spectra of a white PE500. We can see a very good agreement between them. Moreover, the reflectance
spectra of both the black and the white PE500 are very similar as can be seen in Fig. 4b,c, respectively. This is
because the additive coloring material has negligible impact on the optical properties of the polymer at this
wavelength range. This highlights the potential applicability of the sensor to differently colored plastics. There
is a slight variation in the AHS spectra of the plastics. The cause for this is attributed to the fact that samples
used in this work vary in surface quality (glossy, matte or rough surface), which leads to different light scattering
properties. Nonetheless, all the absorption peaks are clearly present in the measured spectra and can be used for
the identification and differentiation of the plastic species.

Conclusion

We developed a novel hyperspectral sensor using a mid-infrared supercontinuum light source and a tunable
MEMS-based Fabry-Pérot interferometer. The FPI enables robust wavelength selection across the probed spec-
tral range of the SC spectrum. The FPI is engineered to be standalone, thereby enabling robust sensor design
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as positioning of the FPI on the sensor is flexible. For instance, placing the FPI in front of the laser would allow
target illumination with only the desired spectral components with relatively low power compared to the whole
SC spectrum, this is particularly important in applications where the target sample has very low damage thresh-
old. Our preliminary demonstration of line filtering with a FPI of similar principal mechanism operating in the
near infrared, with an aperture size of about 1.5 mm, showed a power handling of more than 10 W of continuous
wave of a 1-2 um SC laser. We demonstrated hyperspectral sensing of black polyethylene (PE500) and polypro-
pylene (PP) using the 3-3.5 um band of the SC spectrum. The measured reflectance spectra of the plastics are
compared to their reference measured with an FTIR spectrometer. An excellent agreement was observed between
the spectra. Furthermore, we measured the reflectance spectra of a white PE500 to emphasize the applicability
of the sensor to differently colored plastic samples. Our results showed, for the first time, the suitability of the
FPI for active hyperspectral identification of polymers. The sensor demonstrates a measurement rate of about
sixty-five spectra per second, limited by the tuning frequency of the FPI, and a relative intensity noise of 1-8 %
in the 3-3.5 um wavelength range. The main sources of noise in this work are the supercontinuum light source
spectrum instabilities and the readout noise associated with the detector, amplifier as well as the FPGA. It is
important to emphasize that the measurement speed and accuracy can be significantly improved by optimizing
the 0.5 duty cycle scanning frequency of the Fabry-Pérot interferometer to make use of the full cycle, which would
double the spectrum acquisition rate and enhance the signal level during the same acquisition time, and thus
increase the signal-to-noise ratio by a factor of +/2. Further improvement can be achieved by tailoring temporal
scanning profile so that noisy part of the spectrum would have longer integration time compared to other parts
of the spectrum. Furthermore, the biggest improvement can be realized by using better tailored supercontinuum
light source where the wavelength range of interest is not located at the far edge of the SC spectrum. This would
result in increase of average spectral density in that region, and significantly decrease shot to shot fluctuations
thereby enhancing the signal-to-noise ratio of measured spectra. The aforementioned optimizations would enable
real-time plastic wastes sorting and other hyperspectral sensing applications in the mid-infrared.

Data availibility
The datasets used and/or analysed during the current study are available from the corresponding author upon
reasonable request.
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Abstract: We report real-time monitoring of coarse aerosol particle distribution in a 9 m wide
full-scale industrial boiler using a broadband supercontinuum lidar. The technique utilizes
the light backscattered from the aerosol to map the extinction profile using the Klett inversion
method, with measured extinction values of 0.04—0.2m™! across the furnace. The technique
further exploits differential absorption of water molecules in the 1.25—1.5 pm region to map
the water vapor concentration profile in the furnace up to a distance of 3.9 m with a spatial
resolution of 30 cm. We also take advantage of the strong reflection from the boiler back-wall to
simultaneously measure the average water vapor temperature and concentration in the boiler in
good agreement with reference readings from the boiler. Our results open novel perspectives for
versatile 3D profiling of flue gas parameters and other industrial process analysis.
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1. Introduction

Owing to its CO, neutrality, biomass has gained significant attention as an alternative sustainable
source of energy and it is nowadays widely used as renewable fuel in combustion power plant
boilers. However, the exact composition of biomass can vary significantly such that optimal
performance of the combustion process generally requires dynamic monitoring of the flue
gas parameters, including temperature, molecular concentrations and fly ash aerosol particles.
Aerosol particles can further act as contaminants which may cause malfunction in the combustion
unit. For example, alkali chloride salt particles, such as KCI and CaCl, naturally produced during
the combustion process can deposit on the surface of heat exchangers or other critical components
of the combustion unit, and their reaction with these surfaces often leads to corrosion [1-3]
and fouling [4-6]. This in turn can critically affect the convective heat transfer essential for
the combustion process. Additionally, the aerosol size distribution and concentration can yield
important information regarding the boiler bed conditions [7] as well as the fuel quality [8].
The conventional approach to monitor combustion aerosols relies on extracting the aerosol
particles from the combustion unit via a suction tube to a designated measurement device [9,10].
A similar technique is also used to measure the molecular concentration of probed gases [11,12].
This approach however poses significant challenges such as latency, condensation in the tubes
and possible nucleation or coagulation of the particles, complicating real-time probing of the
flue gas parameters. Alternative methods based on optical spectroscopy [13—17] have been
introduced for gas-phase reaction studies in combustion applications, but they require at least
two openings on the furnace walls as they measure the transmitted signal through a particular
area. This makes their application to combustion units with limited openings, such as boilers,
unpractical. Techniques based on light detection and ranging (lidar) that are based on reflected
light do not require multiple opening and are particularly adapted to remote measurement of
flue gas parameters [18-20]. These techniques however are limited to probing one flue gas
component at a time. Recently, we have introduced a new lidar system employing a broadband
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supercontinuum light source capable of simultaneously probing the flue gas temperature and
molecular concentration in an industrial boiler [21,22].

Herein, we expand this recent work and demonstrate a supercontinuum lidar (SC-lidar) system
capable of simultaneously monitoring the spatially-resolved aerosol particle distribution and
measuring the water vapor (H,O) temperature and concentration in an industrial power plant
boiler via a single measurement port. The technique exploits differential absorption between
three specific spectral channels in the SC spectrum (Ch1, Ch2 and Ch3 in Fig. 1). Specifically,
we map the coarse aerosol particle distribution along the beam path from the signal backscattered
by the aerosol particles at SC wavelengths not absorbed in the boiler, and we characterize the
water vapor concentration distribution in the furnace up to a distance of 3.9 m by exploiting
differential absorption in the SC spectrum. Finally, the average water vapor temperature and
concentration in the boiler are obtained from the strong backscattered light from the back-wall
of the boiler. Our results highlights the unique potential of the SC-lidar for real-time versatile
sensing and process analysis in industrial environments.
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Fig. 1. Power spectral density of the supercontinuum light source with the corresponding
full width at half maximum of the SC-lidar spectral channels indicated by the rectangles.

2. Aerosol extinction estimation

The measured extinction coefficient @ of a lidar beam generally depends both on the absorption
by gaseous species @, and scattering by aerosol particles @, such that @ = @ups + @5cq- The
aerosol extinction is generally wavelength dependent especially in Rayleigh and Mie regime.
However, considering homogeneous composition of aerosols dominated by coarse particles in the
furnace and relatively narrow band of the SC-lidar spectral channels, ., is mainly proportional
to the particle volume fraction on the beam path. In order to obtain the extinction coefficient
from a measurement, we begin by including the a;,, into the known lidar equation for broad band
SC source [22]:

O(R)

R )’ 2 '
Sn(R) = BR)—5~ Po(D)T (e 2l @anWTR) + acaRVIR ) 1)
A,
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where n denotes the spectral channel and R is the measurement distance. The detected signal
is proportional to the aerosol backscattering coefficient B(R) and O(R) is the geometrical form
factor accounting for the fraction of backscattered signal from a distance R which is effectively
detected. Py(A) is the power spectrum of the SC light source and I',,(2) is the filter transmission
for a given channel n. The absorption effect on extinction can be neglected for spectral channels
which are outside the absorption wavelength range (Ch1 in our case). Therefore, Eq. (1) reduces
to

518 = R TR p 2 k10, @
where P; = fM” Po(A)I'1(2)dA. Note that for a homogeneous aerosol mixture 8 = La [23],
where L is the ratio of aerosol specific backscattering coefficient to the extinction coefficient.
Eq. (2) is analogous to the typical elastic backscatter lidar equation, thus, the aerosol distribution
in the furnace can be estimated by solving for the extinction coefficient using the inversion
method introduced by Klett [23,24]. The method is widely used in atmospheric lidar applications
due to its stability and tolerance to noise [25]. The method involves estimating the extinction
coefficient in a reference distance using

W R-W(Rn)

Ty +2 [RR WR)-W(Ry) 4R

a(R) = 3

where W is a logarithmic range corrected signal (ln[s‘o(l(%ez 1, R, is a chosen reference distance
such that R<R,,. One can also estimate the initial values of extinction at a given reference distance
by a simple slope method suggested by Klett as a(R,) = %%, where the zero subscript
denotes the starting point of the slope. This means that knowing the aerosol backscattered signal

Chl, the geometrical form factor and the measurement distance is sufficient to estimate the
extinction coefficient.

3. Experiment

The supercontinuum is generated by injecting sub-nanosecond pulses at 1547 nm from a gain-
switched fiber laser (Keopsys-PEFL-K09) producing 10 kW peak power at 100 kHz repetition
rate into the anomalous dispersion regime of a 30-cm-long silica dispersion-shifted fiber (DSF,
Corning, Inc. LEAF) with zero dispersion wavelength (ZDW) at 1510 nm followed by a 3-m-
long dispersion compensating fiber (DCF4, Thorlabs) with ZDW at 1583 nm. The 1510 nm
zero dispersion wavelength (ZDW) of the DSF enables noise-seeded modulation instability,
breaking up the long pump pulses into a large number of solitons. Subsequent propagation in
the dispersion compensating fiber allows for soliton dynamics for wavelengths above 1583 nm
(including dispersive wave generation, Raman self-frequency shift and cross-phase modulation)
yielding efficient energy transfer in the 1.1-1.6 microns region. The resulting SC spectrum
covers 0.8 —2.4 um up to the silica transparency window. The output SC pulses have the same
pulse parameters as the input pump pulses. Fig. 1 shows the SC power spectral density in the
1.1-1.6 um spectral range of interest for our experiments. The full width at half maximum
(FWHM) of the bandpass filters used as spectral channels for the lidar measurements are also
marked in the figure.

The lidar measurements were conducted in a 9-m-wide bubbling fluidized bed (BFB) biomass
boiler with thermal power of 190 MW. A schematic illustration of the experimental setup is
shown in the inset in Fig. 2. The setup is similar to that in Ref. 22 except for the bandpass
filters associated with the three spectral channels, which are different (87-852, 87-867 &
87-856, Edmund Optics) and are specifically selected to ensure optimal coverage of the differently
absorbing spectral channels. The setup also includes a field programmable gate array (FPGA)
board (EK-U1-ZCU111-G, Xlinx) which utilizes the built-in 12-bit analog-to-digital converter
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to digitize the signals after the amplifier at a sampling rate of 4 GHz. This process is repeated
iteratively averaging up to 3 x 10° signals per individual channel over a total measurement time
of 3s. Constant measurement time and averaging was used in all measurements. Figure 2 shows
an example of recorded signal where we can identify three distinct peaks at different delay times.
The first peak near —10 ns represents scattering from the coupling mirror placed in front of the
receiver optics. The backscattered signal from the aerosol particles corresponds to the broad
skewed peak starting at Ons and the peak around 60 ns originates from the boiler back-wall

reflection.
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Fig. 2. Measured SC-lidar signal from a full-scale industrial boiler. Chl (solid line), Ch2
(dotted line) and Ch3 (dashed line) represents the signal from the three specific spectral
channels used in the supercontinuum spectrum. Inset is the corresponding experimental
setup. DU: detection unit, DAQ: data acquisition.

4. RBResults

The aerosol distribution in the furnace can be retrieved from the Ch1 backscattered signal, which
corresponds to the spectral channel with negligible absorbance in the beam path, where the
extinction in the lidar beam is mainly due to scattering by the aerosol particles. The geometrical
form factor O(R) is evaluated by continuously displacing a diffusing hard target over a given
distance R, and measuring the backscattered signal multiple times. The measurement was done
outside of the boiler furnace to exclude aerosol extinction effect inside the boiler. A polynomial
piece-wise fitting is applied to obtain a continuous form factor function that applies to all data
points. The form factor and measurement distance are used to cancel out the geometrical effect
on the signal. Figure 3 shows the range corrected signal (solid blue line) and the corresponding
geometrical form factor of our SC-lidar system (dashed red line). The initial values for extinction
are calculated using Ry = 1 m and R,, = 8 m, representing an interval with adequate signal-to-
noise ratio (SNR) and a clear slope in the logarithmic range corrected signal W. The extinction
values are extracted using the resulting initial values in Eq. (3), and the corresponding extinction
map is shown in the lower panel in Fig. 4. It represents a 90 s extinction time series across the
furnace. The 90's time window is arbitrarily selected with respect to the furnace operational
timeline. The resulting extinction values imply a dynamic concentration distribution of the
aerosol particles. The extinction values at 1 —2 m distance in the furnace slightly fluctuates
around 0.1 m™! over time, with a standard deviation of 0.01m™", corresponding to a relatively
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moderate concentration of the aerosol particles. The variation in the extinction values (i.e. the
distribution of the aerosol particles concentration) becomes more pronounced at longer distances,
with extinction values in the range of 0.04—0.2m™!. The inhomogeneous aerosol concentration
distribution in the furnace can be attributed to the air feed for the combustion process, due to
the correlation between air flow and particle distribution. This in turn could be exploited to
complement flow measurements in the furnace. Further analysis of the aerosol concentration
distribution can also yield information regarding the fuel quality [8]. Finally, optimizing the
SC-lidar to enable particle size distribution analysis would pave the way for monitoring the boiler
bed conditions [7]. This can be achieved using multi-octave spanning broadband light sources.
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Fig. 3. Measured Ch1 range corrected signal (solid line) and the corresponding geometrical
form factor of the SC-lidar (dashed line). The bang in the corrected signal at around 9 m
originates from the boiler back wall reflection.

Analysis of temperature and molecular concentrations also plays a central role in the opti-
mization of the combustion processes as aforementioned in the introduction section. To map out
temperature and molecular concentrations in the furnace, one can further utilize the backscattered
signal from the aerosol particles in spectral channels corresponding to the absorption region
of HyO (which is one of the primary flue gas component with rich absorption spectrum in the
infrared). Specifically, variations in HO concentration were obtained from the backscattered
signal from the aerosol particles in spectral channels Chl and Ch2 and using a reference
temperature value of 850 °C in Eq. 3 of Ref. 22. The H,O concentration profile along the beam
path could be resolved up to a distance of 3.9 m as shown in Fig. 5, limited by the SNR of our
measurement. The SNR also restricts mapping of temperature variation in the furnace, as the
temperature induced relative change in the backscattered signal intensity is comparable to the
noise amplitude of the recorded data. In this respect, the detector, amplifier and FPGA associated
readout noise as well as the supercontinuum source spectral instabilities are currently the main
sources of noise in this experiment. In order to enhance the SNR and increase the probing
distance of our lidar system, there are several improvements which could be implemented. These
include increasing the continuous averaging during the detection, using a detector with better
noise performance, or using a supercontinuum with higher power spectral density and lower
relative intensity noise.

Nonetheless, one can also exploit the strong instrument and back-wall reflection in the SC-lidar
signal in Fig. 2 to extract both the average H,O temperature and concentration in the furnace
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Fig. 4. Bottom panel: measured extinction profile of the coarse aerosol particles in the
boiler over 30 consecutive measurements with a corresponding total measurement time of
90s. Top panel: an example of a single measurement from the time series extinction map.
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Fig. 5. Measured water vapor concentration variation in the boiler over 30 consecutive
measurements with a corresponding total measurement time of 90s.

by simultaneously solving for Eq. (3) and Eq. (4) of Ref. 22. This yields values of 830 °C and
20.6 % for average H,O temperature and concentration, respectively, in very good agreement
with the reference temperature value of 850 °C (measured with a K-type thermocouple) and
concentration in the range 20 —25 % (estimated based on heat and mass balance calculations
[26]). It is also important to emphasize that the results are consistent with earlier reported values
[22] appropriate for industrial process analysis.
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5. Conclusion

‘We have reported proof-of-concept demonstration of in-situ combustion diagnostics in a full-scale
industrial boiler using a broadband supercontinuum lidar system via a single optical access.
The technique utilizes three specific wavelength bands in the supercontinuum spectrum, which
enables versatile analysis of flue gas parameters. With this approach, we have demonstrated
spatially-resolved remote measurement of coarse aerosol particle distribution in the boiler, with
extinction values in the range of 0.04—0.2m™!. Our result can be used to complement flow
measurements in the furnace due to the correlation between air flow and particle distribution.
Average water vapor temperature and concentration in the furnace is also measured with accuracy
consistent with earlier reported values [22] and appropriate for industrial process monitoring. We
also mapped the water vapor concentration profile up to 3.9 m distance inside the boiler, limited
by the signal-to-noise ratio (SNR) of our detection system. A higher SNR would enhance the
probing distance and in principle enable spatially resolving the gas temperature. In the future,
we believe that supercontinuum-based lidar systems can be further expanded to perform full
3D mapping of flue gas parameters in combustion environments and other versatile industrial
process monitoring, by steering the incident probe beam using a special mirror arrangement or
other advanced micro-electro-mechanical systems (MEMS).
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