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Abstract

Existing tunable diode laser absorption spectroscopy (TDLAS) sensors for
potassium (K) and for water vapor (H2O) and temperature were combined to
enable simultaneous measurements in combustion and gasi�cation processes.
In-situ real-time detection of the above mentioned combustion parameters
will improve the understanding of ash-formation during thermochemical con-
version of biomass. Simultaneous measurements facilitate the experimental
procedure and decrease the methodological uncertainty introduced by the
heterogeneous nature of the pellets. The K sensor is based on direct ab-
sorption spectroscopy (DAS), whereas the H2O system employs wavelength
modulation spectroscopy (WMS) together with two-line thermometry for
temperature assessment. Two methods for combining the laser beams were
evaluated, the �rst involving dichroic elements, the second using available
�ber optic combiners. The latter method was considered advantageous. An
existing LabVIEW program was modi�ed to allow for simultaneous signal
generation and data acquisition for both sensors. The sensors were then
tested separately in a low pressure K cell and in ambient air. The combined
sensor was applied to simultaneous measurements above various pelletized
biofuels during combustion in a single pellet reactor (SPR). Signi�cant dif-
ference in absolute concentration and time histories were observed between
fuels, in particular for K and temperature. Signi�cant K concentrations were
only observed during the devolatilization phase. The combined sensor will
be useful in fundamental combustion research.
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Sammanfattning

Be�ntliga sensorer för kalium (K), vattenånga (H2O) och temperatur, baser-
ade på laserabsorptionsspektroskopi med svepbara diodlasrar, kombinerades
för att möjliggöra simultana mätningar i förbrännings- och förgasningspro-
cesser. In-situ realtidsmätning av ovan nämnda förbränningsparametrar
kommer att förbättra förståelsen för askbildning under termokemisk omvan-
dling av biomassa. Samtidiga mätningar förenklar mätproceduren och min-
skar den metodiska osäkerheten som är en följd av att alla biomassapellets är
olika. K-sensorn är baserad på direkt absorptionsspektroskopi (DAS) medan
H2O-sensorn använder våglängdsmoduleringsspektroskopi (WMS) tillsam-
mans med tvålinjetermometri för temperaturmätning. Två metoder för att
kombinera laserstrålarna utvärderades, den första baserade på dikroiska el-
ement och den andra på tillgängliga �berkombinerare. Det sistnämnda al-
ternativet bedömdes som mest lämpligt. För att möjliggöra simultan signal-
generation och datainsamling modi�erades ett be�ntligt LabVIEW-program.
Sensorerna för K och H2O/temperatur testades separat i en lågtryckskali-
umcell respektive i omgivande luft. Den kombinerade sensorn tillämpades
för simultana mätningar av förbränning hos olika typer av biomassapellets i
en pelletsugn (SPR). Betydande skillnad i koncentration av både K och H2O
samt i tidsberoende mellan olika bränsletyper observerades. Ett märkbart
K-utsläpp observerades bara i förbränningsfasen. Den kombinerade sensorn
kommer att vara användbar i fundamental forskning om förbränning.
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Abbreviations

DAC Data acquisition card
DAS Direct absorption spectroscopy
DAQ Data acquisition
FGC Function generator card
FGen Function generator
FSR Free spectral range
FWHM Full-width half-maximum
H2O Water
HITRAN High resolution transmission (database)
K Potassium
PD Photodetector
SPR Single pellet reactor
TDLAS Tunable diode laser absorption spectroscopy
TEC-Lab Thermochemical Energy Conversion Laboratory
WMS Wavelength modulation spectroscopy
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Symbols

A Integrated absorption [cm−1]
c Speed of light in vacuum [cm/s]
C Mole fraction
E Energy [J]
f Scan frequency [Hz]
h Planck's constant [Js]
H Humidity ratio
k0 Boltzmann constant [J/K]
L Absorption path length [cm]
m Mass [kg]
M Molar mass [g/mol]
n Refractive index
p Pressure [atm]
P Power [W]
R Universal gas constant [J/K]
RH Relative humidity [%]
Q Partition function
S Line strength [cm−2/atm]
T Temperature [K]
T λ Transmission factor
v Velocity [cm/s]
α Absorption
∆νd Doppler width [Hz]
∆νc Collision width [Hz]
∆f Free spectral range [Hz]
γ Broadening coe�cient [Hz/atm]
ν Frequency [Hz]
χ Area-normalized lineshape function [cm]
χG Area-normalized Gaussian lineshape function [cm]
χL Area-normalized Lorentzian lineshape function [cm]
χV Area-normalized Voigt lineshape function [cm]
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1 INTRODUCTION

1 Introduction

1.1 Background

As a result of the negative environmental impact and �niteness of fossil fuels,
biomass becomes increasingly important as renewable energy source [1]. The
growing demand has led to the exploitation of not only woody materials but
also other biomass sources such as crops, agricultural residues and waste
[2]. The chemical composition and combustion characteristics of biomass
fuels are diverse and di�er from coal. In particular, the content of chlorine,
sulfur and alkali metals in biomass is high compared to coal. This may
lead to ash-formation, agglomeration and corrosion, which, in turn, results
in reduced energy e�ciency, operational problems and potentially harmful
emissions [2]. In order to reduce these issues, a better understanding of
the gas-phase reactions of the above mentioned species is needed. While
the secondary reactions and combustion end-products are fairly well known,
the knowledge about the primary reactions that occur immediately after the
volatile release is insu�cient. One way to gain a better understanding of
the primary reactions is to monitor ash-forming species, such as potassium
(K), as well as the main process parameters, such as water vapor (H2O) and
temperature, in the thermochemical conversion process of a biomass particle
under well-controlled conditions. A suitable analytical technique should hold
the features of in-situ detection with high accuracy, time resolution in the
sub-second domain, a wide dynamic range and the ability to operate in harsh
and sooty environments [3].

Optical techniques [4] hold the above mentioned features, in particu-
lar those based on laser absorption spectroscopy using tunable diode lasers
[5]. The most basic absorption technique is direct absorption spectroscopy
(DAS), whereas in wavelength modulation spectroscopy (WMS), the absorp-
tion signal is encoded and detected at a high frequency for noise reduction
and increased sensitivity [6]. Applications of tunable diode laser absorption
spectroscopy (TDLAS) range from research to industrial monitoring [5]. In
contrast to �xed-wavelength laser absorption spectroscopy, experimental pa-
rameters are deduced from theoretical models �tted to scanned absorption
pro�les which provides accuracy even in harsh, noisy environments [7, 8].

Recently, two separate TDLAS sensors for detection of K, H2O and tem-
perature in combustion and gasi�cation processes have been constructed at
the Applied Laser Spectroscopy Group at the Thermochemical Energy Con-
version Laboratory (TEC-Lab), Umeå University. DAS was used for detec-
tion of K and WMS for H2O and temperature detection [8]. A simpli�ed
schematic of a typical TDLAS sensor setup is displayed in Fig. 1a, and
obtained K and H2O lineshapes are shown in Fig. 1b and 1c, respectively.
These sensors are, for example, used for biomass fuel characterization and
ash-chemistry studies in combustion.
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Figure 1: (a) A simpli�ed schematic overview of a sensor with a distributed feedback
(DFB)-laser controlled by a function generator card (FGC). An optical �ber directs the
laser beam to the target region. For WMS, a computer with a lock-in ampli�er monitors
the signal from the photodetector (PD) acquired by the data acquisition card (DAC). (b)
A theoretical Voigt lineshape is �tted to a DAS signal from the K D1 transition line. The
concentration can thereby be obtained from the �t. (c) A typical calibration free WMS
spectrum of two H2O transitions near 1400 nm. Concentration and gas temperature can
be obtained from the �t.

1.2 Objective

In order to measure K and H2O with temperature using the existing sensors,
experiments had to be conducted with two di�erent biomass pellets in sep-
arate sessions. The objective of the thesis was to combine the two TDLAS
sensors to be able to simultaneously detect K, H2O and temperature. This
will help resolve the correlation between parameters since the measurements
would be done on the very same, instead of two similar, biomass pellets.
Combined measurements would also improve the experimental routine with
respect to time consumption and ease of use. To enable simultaneous mea-
surements, the two laser beams have to be united into a single beam path
through the analyte using optic �ber beam combiners or dichroic elements,
and thereafter separated using a dichroic element for detection with pho-
todetectors.

1.3 Scope

The goal was to analyze and implement the most suitable method for the
laser beam uni�cation. Existing LabVIEW code should be modi�ed to en-
able simultaneous generation and data acquisition for both DAS and WMS
frequency scan waveforms. The performance of the combined sensor should
be tested by measuring the K vapor pressure in a low pressure K cell and
the concentration and temperature of H2O in ambient air using a two line
thermometry method. Measurments of both K and H2O should be done us-
ing DAS and to extract parameters from the absorption spectra employing

2



1 INTRODUCTION

existing MATLAB code subject to modi�cation. Finally, simultaneous mea-
surements above di�erent types of biomass pellets should be performed in a
single pellet reactor (SPR) in order to evaluate the bene�ts of simultaneous
measurements and gather research data for TEC-Lab. The scope was not to
improve the existing sensors or validate their individual performance but to
combine them.
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2 THEORY

2 Theory

2.1 Laser absorption spectroscopy

The energy of a photon is E = hν [J], where h is Planck's constant [Js] and
ν is the frequency [Hz]. A photon can be absorbed by an atom or molecule
if the energy equals the di�erence between two energy levels ∆E = E2−E1,
such that [9]

∆E = hν. (1)

According to Beer-Lambert's law, the transmitted power of electromagnetic
radiation propagating through an absorbing medium can be expressed as [9]

Pt = P0e
−α, (2)

where P0 and Pt are the incident and transmitted power [W], respectively,
and α is the absorption, (Fig. 2).

P0 Pt

Medium

Figure 2: The incident light will partly be absorbed by the target species if the wavelength
is close to resonance of a atomic or molecular transition.

The absorption due to an atomic or molecular transition can be written as

α = CpS(T )χ(p, T, C)L (3)

where C is the mole fraction of the analyte, p is the total pressure [atm],
S(T ) is the transition line strength [cm−2atm−1] that depends on temper-
ature T [K], χ is an area-normalized lineshape function [cm] and L is the
absorption path length [cm]. The lineshape function integrated over the
optical frequency is normalized such that

∫
χdν = 1 [7]. For small absorp-

tion ful�lling the optically thin condition, (α� 1), the exponential term in
Beer-Lambert's law can be Taylor expanded,

e−α ≈ 1− α, (4)

so that the absorption can be written as the fractional absorption [6]

α =
P0 − Pt
P0

. (5)

To be independent of the lineshape, one can use an entity called integrated
absorption

A =

∫
αdν =

∫ (
P0 − Pt
P0

)
dν =

∫
CpS(T )χLdν = CpS(T )L, (6)

which is the integrated area under the area-normalized lineshape function.

4



2 THEORY

2.2 Lineshape pro�les

Broadening e�ects around the center frequency of a transition line are caused
by several di�erent phenomena. The two most signi�cant broadening e�ects
for the applications in this work are Doppler and collisional broadening [9].

2.2.1 Doppler broadening

Doppler broadening is the result of the Doppler e�ect due to the thermal
motion of the atoms or molecules. The Doppler broadened lineshape pro�le
has a Gaussian distribution [10]

χG(ν) =

√
4ln(2)

π

1

∆νd
exp

(
−4ln(2)(ν − ν0)2

∆ν2d

)
, (7)

where ν0 is the center frequency [Hz] and ∆νd is the full width half maximum
(FWHM) [Hz] called Doppler width. The Doppler width is

∆νd =

√
8kbT ln(2)

mc2
ν0, (8)

where kb is the Boltzmann constant [JK−1], m is the molecular mass [kg]
and c is the speed of light [cms−1] [9, 10].

2.2.2 Collisional broadening

When atoms or molecules approach each other, they interact, which causes
their internal energy levels to shift [9]. Photons will therefore be absorbed in
a range around the center wavelength. The resulting collisional broadening
has a Lorentz distribution [9, 10]

χL(ν) =
c

π

∆νc/2

(ν − ν0)2 + (∆νc/2)2
, (9)

with a linear pressure dependence in the FWHM, neglecting the natural
linewidth,

∆νc = p
∑
j

(Cj2γj) (10)

called collision width [Hz]. The sum is over collisions between the probed
species and all species, including itself, with the corresponding broadening
coe�cients γj [Hz/atm]. The broadening coe�cient is a function of temper-
ature as

γj = γj(T0)×
(
T0
T

)nj
, (11)

where nj is a constant and T0 is the reference temperature for the tabulated
values [7].
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2 THEORY

2.2.3 Voigt pro�le

The presence of Doppler and collisional broadening results in a convolution of
the Gaussian and the Lorentzian distribution, which is called a Voigt pro�le
[11],

χV (ν) =
1

π3/2
b2

∆νc

∫ ∞
−∞

e−y
2

(y + a)2 + b2
dy, (12)

where

a =
√

4ln(2)

(
ν0 − ν
∆νd

)
, (13)

and

b =
√

4ln(2)
∆νL
∆νd

. (14)

Furthermore, y is de�ned as

y =
mv2

2RT
, (15)

where v is the particle velocity [cm/s] and R is the universal gas constant
[J/K].

2.3 Two-line thermometry

The gas temperature can be deduced by comparing the integrated absorption
of two nearby transition lines of the same species with di�erent lower state
energies E′′ [J], exploiting the temperature dependence of the line strengths.
The temperature dependence of the line strength with respect to a reference
temperature T0 can be written as [12]

S(T ) = S(T0)

(
Q(T0)

Q(T )

)(
T0
T

)
× exp

[
−hcE

′′

kb

(
1

T
− 1

T0

)]
× 1− exp(−hcv0/(kbT ))

1− exp(−hcv0/(kbT0))
, (16)

where Q(T ) is the partition function. Rearranging Eq. 6 to solve for S(T )
gives

S(T ) =
A

CpL
. (17)

Using Eq. 17 for the ratio R of transition lines j and k leads to

R =
Sj(T )

Sk(T )
=
Aj
Ak

, (18)

since C, p and L are equal for two transitions. Inserting Eq. 16, and using
the fact that if the two transitions lines are close in frequency, the last factor
of the equation can be neglected, which results in

R =
Aj
Ak

=
Sj(T0)

Sk(T0)
exp

[
−hc
kb

(E′′j − E′′k )

(
1

T
− 1

T0

)]
. (19)

6



2 THEORY

Solving for the temperature yields

T =

[
ln

(
AjSk(T0)

AkSj(T0)

)(
kb

hc(E′′k − E′′j )

)
+

1

T0

]−1
. (20)

By di�erentiating Eq. 19, the relative temperature sensitivity for R is∣∣∣∣dRdT
∣∣∣∣ =

(
hc

kb

)
|∆E′′|
T 2

R, (21)

where ∆E′′ = E′′k − E′′j is the di�erence in lower state energies for the two
transitions.

2.4 Etalon e�ects

Optical elements in an experimental setup may act as an etalon and create
a frequency dependent background signal [10]. If light propagates through
a medium and is partially re�ected and transmitted at each interface, sev-
eral di�erent optical paths are created. United beam paths is subject to
constructive or destructive interference depending on the di�erence in phase
of the combined light which in turn depends on its wavelength [9]. See an
example in Fig. 3.

Medium

Figure 3: Two parallel light beams propagating through a medium from an angle. As a
result of re�ections, one of the transmitted beam paths is partialy combined.

At the same time, an etalon with a well-known length, and thereby known
free spectral range (FSR), can be used in TDLAS to obtain the relative
frequency scale of a laser scan. The FSR is

∆f =
c

2nL
, (22)

where n is the refractive index of the medium inside of the etalon and L is
the length [cm] of the etalon.

7



3 EXISTING EXPERIMENTAL SETUPS

3 Existing experimental setups

3.1 Sensor architecture

A schematic diagram of the initial experimental setup of the two sensors
is displayed in Fig. 4. A �ber-coupled distributed feedback (DFB)-laser
(Nanoplus) operating around 1398 nm was used for H2O detection and a
DFB-laser (Nanoplus) around 770 nm for K detection. The latter had an
optical arrangement to couple the laser beam from free space into an op-
tical �ber with the help of two adjustable mirrors and a collimator. Scan
and modulation of both sensors were controlled by a function generator card
(FGC) (National Instruments, PXI-5402) connected to one of the two laser
diode controllers (ILX Lightwave, LDC-3724C), which generated the injec-
tion current for the DFB-laser in use. Fiber-based beam splitters1 (New-
port, F-CPL-B12351; OZ Optics, 12-780-5/125-50/50) enabled connections
to both the experimental site and to an uncoated solid fused silica etalon
(SLS optics) with an FSR of 1.5 GHz. The etalon was used to obtain the
relative frequency scale. The light aimed through the target medium was
focused by a lens into a photodetector (Thorlabs, PDA36A and PDA20CS)
chosen in accordance with the wavelength of the laser. To minimize interfer-

LabVIEW
Waveforms

Lock-in
DAC

Laser diode
controller

1398 nm

DFB-laser

Target region

Etalon

PD

Lens

Filter

FGC

Laser diode
controller

770 nm

DFB-laser

Flippable
mirror

PD

PD PD

Figure 4: Schematic of the two sensors with the 770 nm laser in use. The FGC sends a
waveform, speci�ed in LabVIEW, to the laser diode controller which in turn controls the
frequency of the DFB-laser by the injection current. The emitted laser beam is directed to
the target region and to an etalon via an optic �ber-based beam splitter. The transmitted
power of the etalon and analyte is detected by photodetectors and registered by a DAC
(and a digital lock-in ampli�er) in LabVIEW. To switch to the 1398 nm laser, the corre-
sponding beam splitter is connected to the etalon and target region and photodetectors
are switched.

1Fiber-based beam-splitters can also be used as beam-combiners.
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3 EXISTING EXPERIMENTAL SETUPS

ence from stray light and background radiation from the combustion process,
narrow wavelength band-pass �lters were attached to the photodetectors. All
detector signals was connected to a data acquisition card (DAC) (National
Instruments, PXIe-6356) that was synchronized with the FGC.

A LabVIEW program created the scan and modulation waveforms, record
the relative frequency scale, acquired and display the data and extract the
WMS spectra using a lock-in ampli�er. The frequency of the DAQ-loop was
slightly lower than the DAS or WMS scan frequency. The negative slope of
the triangular scan was extracted, averaged and saved in either a single spec-
trum or, for time dependent processes, in a sequence of spectrums. Figure 5
displays a schematic overview of the software functions.

Mode/settings
• Frequency scale
• DAS 
• WMS

FGC
PXI-5402

Laser diode
controller
1398 nm

DAS 
calculation/display

WMS 
calculation/display

DAQ-loop
Single or 
sequence 

spectrum save

DAC
PXIe-6356

Frequency scale

Laser diode
controller

770 nm

Figure 5: The FGC sends the speci�ed waveform to the laser diode controller and a
synchronization signal to the DAC. The data from the data acquisition (DA)-loop is
processed in a separate display/calculation loop and saved.

A set of molecular transitions was used for H2O detection [3] in the scan
range of the 1398 nm DFB-laser (Table 3.1). An atomic transition, presented
in Table 3.2, was used for K detection [13] in the scan range of the 770 nm
DFB-laser.

Table 3.1: The transition lines used for the H2O/temperature measurements
[8].

Wavenumber Line strength Lower state energy Airwidth Selfwidth nair nself
[cm−1] [cm−2atm−1] [cm−1] [cm−1] [cm−1]
7153.7207 1.9e-6 2552.88 0.0553 0.371 0.62 0.82
7153.7484 5.5e-6 2552.86 0.0537 0.371 0.62 0.82
7154.3533 9.3e-5 1789 0.021 0.215 0.57 0.65
7154.3534 2.8e-4 1789 0.0325 0.333 0.57 0.65
7154.5950 8.0e-6 2142.6 0.0414 0.281 0.41 0.5

9



3 EXISTING EXPERIMENTAL SETUPS

Table 3.2: The transition line used for the K measurements.

Wavenumber Line strength Lower state energy Airwidth Selfwidth
[cm−1] [cm−2atm−1] [cm−1] [cm−1] [cm−1]
12988.7596 7.43e6∗ 0∗∗ 0.7∗∗∗ 0.2∗∗∗

∗) Data by the Applied Laser Spectroscopy Group.
∗∗) Value taken from Ref. [14].
∗∗∗) Data d by the Applied Laser Spectroscopy Group.

3.2 Single pellet reactor (SPR)

Pellet combustion measurements were performed in a single pellet reactor
(SPR), see schematic drawing in Fig. 6. The heat is generated by two resistive
plates inside of the isolating walls. A thermocouple, positioned in the reactor,
is used for temperature measurements. A pneumatic cylinder is used to
switch between the two modes sample insertion and combustion. The SPR
is in lower position with a sliding hatch closed for safe sample insertion above
the combustion chamber. The sliding hatch opens in combustion mode and
the chamber is lifted in order to position the pellet under the laser beam
path. The height above the pellet (HAP) is adjusted using a micrometer
stage attached to the sample holder. A uniform carrier gas �ow can be
supplied through a hole at the bottom �lled with steel wool. To have a
clear beam path and visual inspection ability, small holes in isolating glass
windows are mounted in the front and back [3].

Figure 6: A laser beam propagates through the �ame of a pellet located inside of the
heated chamber.

To conduct experiments using the SPR, the �ber is mounted onto a
collimator aligning the laser beam through the SPR onto a detector. See
Fig. 7.

10



3 EXISTING EXPERIMENTAL SETUPS

Figure 7: The laser beam enters the SPR from the left. The transmitted power is detected
by a photodetector to the right.

11



4 METHOD

4 Method

4.1 Hardware modi�cations

For simultaneous measurements of the two existing sensors, the laser beams
needs to be aligned into the same path through the target area, followed by
separation for detection with di�erent photodetectors. The �rst alternative
to combine the lasers was to use a beam-combiner to lead the laser beams
to the experimental site and optionally also an optic �ber to increase the
distance reach. The second alternative was to export the lasers individually
through �bers to the experimental site and combining them using a dichroic
element. By mounting the dichroic element in a 45◦ angle between the nor-
mal of the element surface and the path of the laser with transmitted wave-
length, the re�ected laser beam can be aligned into the same path (Fig. 8).
For separation of the combined laser beams, the dichroic element was again

Figure 8: The 1398 nm laser coming from
the �ber to the lower left is transmitted
through the dichroic element. The 770 nm
laser departing from the upper left �ber in
the �gure is re�ected on the dichroic ele-
ment surface into the same beam path.

Figure 9: The laser beams propagate from
the left through the lens. The 1398 nm laser
is transmitted and the 770 nm laser is re-
�ected to hit each corresponding photode-
tector.

mounted in a 45◦ angle to the two beam paths. A lens was mounted in front
of the element to focus the beams onto the detectors, (Fig. 9).

The criteria for choosing the combining method were; attenuation, per-
formance and simplicity. The transmission at 1398 nm and re�ectance at 770
nm are labeled 96.7% and 98.7%, respectively, for the best suited dichroic el-
ement (Thorlabs, DMLP950). However, the available beam-combiners were
optimized for each of the wavelength ranges, thus it can be expected that
outside the speci�c range, attenuation is relatively high. The di�erent types
of beam-combiners and optic �bers are presented in Table 4.1.
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Table 4.1: Available �ber-based beam-combiners and optic �bers.

Item Type Alias Wavelength
Newport, F-CPL-B12355 Combiner 50/50 C1310 1310/1550
OZ Optics, 12-780-5/125-50/50 Combiner 50/50 C780 780
Thorlabs, P3-SMF-2E-FC-5 Fiber F1400 1400
Thorlabs, SM600 Fiber F780 780

The transmission factor for a laser with wavelength λ through a beam-
combiner or optic �ber was calculated using the ratio

T λ =
P λ

P λ0
(23)

where P λ0 is the input power and P λ is the transmitted power. To �nd the
arrangement with the lowest attenuation, the transmission factor was �rst
measured for all beam-combiners and optic �bers at both wavelengths using
a power sensor (Thorlabs, S132C) with the tabulated measurement uncer-
tainty of 5% (Fig. 10). The connectors were adjusted to �nd the maximum
transmitted power.

Figure 10: The collimator output is connected to the power sensor.

The transmission factors for the beam-combiners with the power of the
770 nm laser at P 770

0 = 2.96 mW and the 1398 nm laser at P 1398
0 = 5.32 mW

are presented in Table 4.2. The additional attenuation from the collimator
is included in the results.

The transmission factors for the optical �bers with P 770
0 = 2.96 mW and

P 1398
0 = 5.32 mW are shown in Table 4.3.

Table 4.3: Transmitted power and resulting transmission for di�erent com-
binations of �bers and lasers.

Item Laser wavelength [nm] Pλn [mW] Tλn
F780 770 2.3 0.79
F780 1398 2.9 0.55
F1400 770 2.6 0.89
F1400 1398 4.9 0.93
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Table 4.2: Transmitted power and resulting transmission factors for di�erent
combinations of combiners and lasers.

Item Laser wavelength [nm] Pλn [mW] Tλn
C1310, input a 770 1.9 0.63
C1310, input b 770 0.27 0.090
C1310, input a 1398 2.0 0.38
C1310, input b 1398 2.0 0.37
C780, input a 770 1.0 0.35
C780, input b 770 1.0 0.35
C780, input a 1398 1.5 0.29
C780, input b 1398 0.06 0.011

In order to minimize the attenuation, the best choice for combination was
using C1310 with the 770 nm laser in input a and the 1398 nm laser in input
b and potentially F1400 as an extension �ber. To measure the resulting
attenuation for both methods, the power in front of the photo detectors
was measured with the power sensor, see Table 4.4. The input power was
P 770
0 = 2.766 mW and P 1398

0 = 5.16 mW.

Table 4.4: Transmitted power and resulting transmission for the two com-
bining methods using either a beam-combiner or a dichroic element.

Combining method Laser wavelength [nm] Pλn [mW] Tλn
Beam-combiner 770 0.77 0.28
Beam-combiner 1398 1.4 0.27
Dichroic element 770 2.1 0.76
Dichroic element 1398 3.4 0.66

The decision of combination method was weighted by the performance
with respect to beam alignment, the ease of use and a su�ciently high power
transmission. Using these criteria, the best method was found to be the one
employing the beam-combiner since it requires less equipment and the trans-
mission was su�cient. The use of only a single collimator facilitates the as-
sembly procedure and requires less space at the measurement site (Fig. 11).
The other method requires individual alignment for both beams which po-
tentially can result in a misalignment.
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LabVIEW
Waveforms

Lock-in
DAC

Laser diode
controller

1398 nm

DFB-laser

Target region
Etalon

FGC

Laser diode
controller

770 nm

DFB-laser

Dichroic element

PD

PD

PD

PD

Figure 11: The lasers are combined and directed to the target region using a beam-
combiner. The beam-combiner can be attached to the other collimator in front of the
etalon in order to determine the frequency scale.
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4.2 Software modi�cations

In order to enable simultaneous operation of both sensors, the exiting Lab-
VIEW program for waveform generation and signal acquisition needed to be
modi�ed. Two output channels were needed, one for the DAS scan and one
for WMS scan and modulation. However, the FGC (PXI-5402) had only a
single analog output channel. Fortunately, the DAC (PXIe-6356) had an in-
tegrated function generator (FGen) with an analog output channel that was
used. Both detector signals were acquired by available analog input channels
on the DAC.

4.2.1 Simultaneous signal generation

The DAC analog output channel was chosen for DAS due to its lower maxi-
mum sampling rate. See connection to the laser diode controller in Fig. 12.
DAS waveforms with independently speci�ed scan frequency and scan am-
plitude was implemented in the WMS mode in the LabVIEW program to
create a DAS & WMS mode for simultaneous operation. The sample rate
and number of waveform samples were the same for both DAS and WMS.

The LabVIEW node DAQmx trigger for the PXIe-6356 card encountered
an error when used for both the data acquisition and signal generation. Syn-
chronization between the two signals was for that reason not implemented.

Mode/Settings
• Frequency scale
• DAS & WMS

FGC
PXI-5402

DAS & WMS
calculation/display

DAQ-loop

Frequency scale

Single or 
sequence 

spectrum save

Laser diode
controller
1398 nm

Laser diode
controller

770 nm
DAC          FGen

PXIe-6356

Figure 12: The PXI-5402 FGC sends the WMS waveform to the 1398 nm laser diode
controller and a synchronization signal to the DAC. The PXIe-6356 FGen sends the DAS
waveform 770 nm laser diode controller but is not synchronized. The data from the DA-
loop is processed in a merged DAS & WMS display/calculation loop and saved.

4.2.2 Data acquisition

An extra analog input channel was included in the data acquisition rou-
tine and the DAS and WMS display and calculation loops were merged
(Fig. 12). The DAS scan frequency was only allowed to be integer multi-
ples of the WMS scan frequency in order for the acquired DAS waveform to
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have a stable phase2. The absence of a trigger function for the DAS signal
generation caused the acquired signal to be in random phase with respect
to the other channel upon initialization. The scan frequency for DAS (K
sensor) was intended to be about 3 to 10 times higher than for the WMS
(H2O/temperature sensor) and will therefore have a corresponding amount
of periods of the acquired signals. The negative slope of a WMS scan pe-
riod was extracted by existing code. See an example of acquired signals
in Fig. 13 where both function generators have been connected directly to
the DAC. The samples of a DAS period length were obtained by the func-
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Figure 13: The signal generators connected directly to the DAC. The extracted negative
slope of a half WMS scan period with an added modulation is displayed in black. The
acquired DAS waveforms is displayed in red.

tion fWMS/fDAS × (Number of data acquisition samples) where fWMS and
fDAS are the WMS and DAS scan frequency, respectively. To �nd the �rst
negative slope of the triangular scan, half a period was extracted from the
position of the maximum value in the �rst period, see Fig. 14.

The frequency of the DA-loop was slightly lower than the WMS scan
frequency, which caused the phase of the acquired DAS waveform to slightly
change during operation. To solve the problem, a function was implemented
in the calculation/display loop to create a global constant containing position
of the maximum value in the �rst period. The position for the maximum
value was averaged in response to noise.

Averaging over the acquired multi-period DAS waveforms was imple-
mented by extracting the coveted number of slopes using the starting posi-
tion and period length. The number of averages was prevented to exceed the
number fDAS/fWMS − 1 in order to avoid the risk of addressing data points
outside of the waveform array. In addition, an existent type of averaging
function was implemented to average several DAS multi-period waveforms.

2The minor di�erence in DAQ-loop frequency compared to the scan frequency render
a corresponding instability in phase.
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Figure 14: The negative slope of the �rst period of an acquired DAS signal is highlighted.

Saving a single or a sequence of the raw and averaged data was also imple-
mented.
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5 METHOD VALIDATION AT ROOM TEMPERATURE

5 Method validation at room temperature

To test the combined sensor and to get acquainted with DAS and two-line
thermometry, room temperature measurements were made of the vapor pres-
sure of K in a low pressure cell and H2O concentration and temperature of
ambient air. The post processing of data for deduction of K cell pressure,
H2O concentration and temperature was done with MATLAB using existent
code as a guideline.

5.1 Potassium vapor pressure in low pressure cell

The method to calculate the vapor pressure in the K cell was to produce a
DAS signal to �t Voigt lineshape pro�les to using the pressure as a �tting
parameter. The K cell (Thorlabs, GC25075-K) was mounted in the laser
beam path and position adjusted to minimize the etalon e�ects from the
glass surfaces (Fig. 15). An optical attenuator element was used to reduce
the laser power in order to avoid optical saturation. The length of the cell
was L = 6.860 cm and the purity was according to the manufacturer 99.95%
potassium vapor, thus the concentration, C, was set to 1. The transition
line in Table 3.2 was probed with the laser controller o�set current and tem-
perature set to 39.48 mA and 36.67◦C, respectively. The measurement was
conducted using DAS with a scan amplitude of 100 mA and scan frequency
of 80 Hz. The room temperature was measured with an N-type thermocou-
ple element to 293.3 K. The temperature dependence of the line strength
was taken into account using Eq. 16 with parameter values for the partition
function taken from [15].

Figure 15: The laser beam propagates through an attenuator and the K cell and is detected
by the photodetector.

The frequency scale was obtained by connecting the beam-combiner to
the collimator in front of the etalon and using the existent LabVIEW soft-
ware. The exported format of frequency as a function of samples was post
processed in MATLAB. The frequency scale was �tted to the time scale us-
ing the known data acquisition sample rate and a polynomal �t in order to
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5 METHOD VALIDATION AT ROOM TEMPERATURE

obtain the frequency, expressed as wavenumbers, as a function of time. To
compensate for etalon e�ects in the DAS signal (Fig. 16), a sinusoidal func-
tion and a �rst degree polynom was least square �tted to the background
surrounding the absorption peak. The absorption in Eq. 3 depends linearly
on pressure and also the lineshape function includes a pressure dependence
through Eq. 10. An approximation of a Voigt function [16] was �tted to the
DAS signal, in addition to the background, using the pressure as the �tting
parameter. The pressure in the K cell deduced from the �t in Fig. 16 was
9.5×10−12 atm. From equilibrium calculations using Factsage 6.4 [17], the
value for the vapor pressure at 296 K should be 1.93×10−11 atm.
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Figure 16: A Voigt pro�le and background is �tted to the absorbed spectrum.
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5.2 Ambient air water vapor concentration and temperature

Two-line thermometry exploits the di�erence in line strength temperature
dependence of transition lines to deduce gas temperature. The transition
lines in Table 3.1 cannot be used because their line strength are too small
at room temperature. Strong peaks with major absorption at room temper-
ature and in the wavelength range of the 1398 nm laser, were found in the
HITRAN database [18], see Table 5.1. Figure 17 shows that peak I is the
sum of transition line number 2 and 3 and peak II is transition line 9. All
other transition lines were neglected due to the low line strength at room
temperature.

Table 5.1: Data gathered from the HITRAN database.

Number Wavenumber Line strength Lower state energy Airwidth Selfwidth
[cm−1] [cm−2atm−1] [cm−1] [cm−1/atm] [cm−1/atm]

1 7160.12700 1.70e-5 1204.1748 0.0456 0.265
2 7160.18724 3.05e-2 173.3658 0.0995 0.525
3 7160.23543 1.05e-1 222.0528 0.0990 0.510
4 7160.47514 7.25e-4 136.3366 0.0997 0.488
5 7160.58768 1.89e-6 1468.6122 0.0582 0.295
6 7160.65887 1.10e-4 488.1077 0.0838 0.439
7 7160.81210 1.34e-4 1874.9730 0.0420 0.310
8 7161.19158 1.70e-4 1446.1282 0.0423 0.300
9 7161.41010 2.91e-1 224.8384 0.0950 0.496
10 7161.60359 8.35e-4 503.9681 0.0799 0.340
11 7161.65149 1.23e-5 308.6157 0.0856 0.445
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Figure 17: Simulated spectrums using data from HITRAN with peak I to the left and
peak II to the right. A1, A2 and A3 are the areas under the line pro�les corresponding to
transition lines number 2, 3 and 9, respectively.

The 1398 nm laser was connected to a collimator facing the photode-
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5 METHOD VALIDATION AT ROOM TEMPERATURE

Figure 18: The laser beam propagates through ambient air and is detetected by the
photodetector.

tectors (Fig. 18). The measurement was done using DAS with the scan
amplitude and frequency at 700 mA and 80 Hz, respectively, and the laser
diode controller o�set 40.00 mA and 27.65◦C. The path length was 39.6 cm
and the pressure was assumed to be 1 atm. The frequency scale was mea-
sured and post processed by the same procedure as described above for the
K vapor pressure measurement.

The di�erence in lower state energies between transition line 2 and 9
(Fig. 17) enables the temperature to be deduced from Eq. 20 by �nding
the corresponding areas A1 and A3. The fact that peak I consists of two
transition lines with di�erent lower state energy complicates the deduction
of the temperature. Two di�erent approaches were tested to obtain the
temperature:

Method A A theoretic spectrum consisting of the sum of Voigt pro�les
centered at the positions of the three transition lines was least square �tted
to the absorption spectrum. Each Voigt pro�le had amplitude and collsion
width as open parameters for �tting and a second degree polynomial func-
tion was also added to the pro�les to compensate for the background. The
Doppler width was �xed to room temperature since its temperature depen-
dence (Eq. 8) is in square root and will therefore have neglectable in�uence
to the lineshape around room temperature. Figure 19 shows the �t and
Fig. 20 displays all pro�les together with their sum and background. A1, A2

and A3 is the area between the corresponting Voigt �t and the background.

The sum of A1 and A2 were obtained with a small residual to the raw
data. However, the contribution from each term is subject to large uncer-
tainty. The ratio of A1 and A2 is dependent on temperature by the line
strength function in Eq. 18 and a better determination of A1 can therfore
be expressed as

A′1 =
A1 +A2

1 + S2(T )
S1(T )

. (24)
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Figure 19: A theoretical spectrum is �tted
to the raw data.
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Figure 20: The three Voigt pro�les and
their sum and also the backgound.

In order to �nd the temperature, a function including �rst Eq. 24 and then
Eq. 19,

T =

[
log

(
A′1S3(T0)

A3S1(T0)

)(
kb

hc(E′′3 − E′′1 )

)
+

1

T0

]−1
, (25)

was solved for a common temperature using Newton's iterative method. The
resulting temperature was calculated to be 450◦C.

For veri�cation purpose, the temperature and the relative humidity was
measured to Tref = 20.5◦C and RH = 28%, respectively, using a thermocou-
ple and a hygrometer (Marquant, Termometer/hygrometer). Using a Mollier
diagram with the known temperature and relative humidity, the humidity ra-
tio was found to be H = 0.0036 [kgH2O/kgair]. The reference concentration
Cref = 0.58% was calculated using

Cref = H
Mair

MH2O
, (26)

where Mair = 28.97 and MH2O = 18.02 are the molar mass [g/mol] of air
and H2O, respectively.

The concentration deduced from measurements was obtained by Eq. 17
using the area A3 and line strength of line 9:

C =
A3

pLS(T )
. (27)

By using the reference temperature for the line strength function, the con-
centration was calculated to C = 0.45%.

The error in temperature as a function of the error in the sum A1 + A2

was simulated for room temperature (Fig. 21). An error was added to the
sum whereupon the temperature was deduced using the method described
above.

In order to calculate the temperature sensitivity of the ratios R = A1/A3

and R′ = A1+A2
A3

, the areas were �rst substituted with Si(T )CpL from Eq.
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Figure 21: The temperature error as a function of the error in the sum A1 + A2. The
function is unde�ned for errors below -6%.

17 with CpL canceled to get the ratios as a function of the temperature
dependent partition functions. The sensitivity was calculated using the for-
mula

∆R

∆T
=
RT+1 −RT
T + 1− T

= RT+1 −RT (28)

in discrete steps of 1 K from 250 to 500 K (Fig. 22).
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Figure 22: The temperature sensitivity for the area ratios (A1 + A2)/A3 and A1/A3.

The validity of the optical thin condition was examined (Fig. 23) by
comparing

αlog = log

(
Pt
P0

)
(29)

from Beer-Lambert's law in Eq. 2 and

αt.a. =
P0 − Pt
P0

. (30)

from Eq. 5. The maximum value is αlog = 0.176 compared to αt.a. = 0.161.
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Figure 23: The optical thin approximation as the red line is compared to the DAS signal
as the black dashed line

Method B The second method to obtain the temperature and concen-
tration was to least square �t Eq. 3 for each transition to the absorption
spectrum with the temperature and the concentration as the open parame-
ters. The temperature dependence for the line strength, Eq. 16, and also for
both the Doppler, Eq. 8, and collision width, Eq. 10, was included in the �t-
ted function. The constant for the broadening coe�cient nj = 0.5 was used
in Eq. 11 [7]. A second degree polynomial was also added to compensate for
the background. The resulting curve �t is displayed in Fig. 24. The concen-
tration and temperature obtained directly from the �t were C = 0.53% and
T = 56◦C, respectively.
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Figure 24: A theoretical spectrum is �tted to the raw data.

The result from the K pressure measurements was 9.5 ± 3 × 10−12 atm
which is compared to 1.93 × 10−11 atm from equilibrium calculations. For
the H2O concentration, the results are C = 0.45 ± 0.05% for method A
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and C = 0.53 ± 0.05% for method B which is compared to the reference
concentration Cref = 0.58 ± 0.1%. The error estimation was performed
using Gauss error approximation formula with an estimation of the error in
each quantity. The error of the curve �t was simpli�ed by using the peak
value of the lineshape and its error.

For the temperature deduction, the results are T = 450◦C and T = 56◦C
for method A and B, respectively, which is compared to the reference temper-
ature Tref = 20.5±0.2◦C. The temperature sensitivity for the two transition
lines used is very low3, and as a result, the curve �t is the predominant source
error for the temperature, hence an extensive error analysis is excluded in
this study.

3The sensitivity is more than 100 times higher[3] when using the set of transition lines
used in high temperature measurements.
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6 Results from biomass pellet combustion in the

SPR

Simultaneous measurements of K and H2O concentration and gas tempera-
ture above biomass pellets during combustion were conducted in the SPR.
A total of 10 experiments were performed, two pellets of the same weight for
each biomass type listed in Table 6.1. The SPR temperature and air �ow
were set to 850◦C and 15 L/min, respectively, and the measurement height
above the pellets was approximately 4 mm. The results are presented as
temperature, H2O and K concentration as a function of combustion time.
At time 0, the inserted sample was ignited in the SPR. The pellet is immedi-
ately ignited and �aming devolatilization starts. The �ame was extinct when
H2O concentration and temperature decreased whereupon char combustion
started. Signi�cant amounts of K were only observed in the devolatilization
phase.

Table 6.1: Type, weight and general properties of the pellets.

Type Weight Heat value Total K Expected total K release
[mg] [kJ/kg] content [g/kg] during combustion

Energy Wood 850 20290 0.738 50%
Wheat Straw 240 16560 14.60 20%
Salix 760 19670 2.060 N/A
Cassawa 850 18600 13.80 N/A
Soft Wood 770 20530 0.564 30%

Energy Wood The results of the 850 mg Energy Wood pellets in Fig. 25
show similarity in K concentration but 30% lower H2O in the second sample
and slightly di�erent temperature characteristics. A sharp peak in K fol-
lowed by a drop down to an insigni�cant concentration is observed with a
corresponding peak in temperature and change in the H2O slope. The time
span of the devolatilization phase is, in accordance with detected amounts
of potassium, the �rst 60 s [3].
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Figure 25: The concentration of K and H2O and also gas temperature for two experiments
in the SPR using Energy Wood pellets.
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Wheat Straw The results of the two 240 mg Wheat Straw pellets in
Fig. 26 show a major di�erence in K concentration and very small di�erence
for H2O concentration and temperature. The peak in temperature is followed
by a sharp drop in resemblance with the K concentration and a noticeable
change in the H2O slope. The devolatilization phase spans over the �rst 30
seconds [3].
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Figure 26: The concentration of K and H2O and gas temperature for two previous exper-
iments using Wheat Straw pellets.

Salix The results of the two 760 mg Salix pellets shows a major di�erence
in K concentration and very small di�erence for H2O concentration and
temperature. The maximum K concentration is recorded about 20 seconds
into the combustion process where the temperature is in a local minimum.
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Figure 27: The concentration of K and H2O and gas temperature as a function of time of
two experiments in the SPR using Salix pellets.
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Cassawa The results of the two 850 mg Cassawa pellets in Fig. 28 displays
similarity in H2O concentration and temperature and minor di�erences in
K concentration. A very sharp peak in K concentration followed by drop
down to insigni�cant levels is observed with a corresponding temperature
peak together with a change in slope of H2O.
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Figure 28: The concentration of K and H2O and gas temperature as a function of time
for two experiments in the SPR using Cassawa pellets.

Soft Wood The results of the two Soft Wood pellets are displayed in
Fig. 29 with similar H2O concentration and temperature and slight di�er-
ence in K concentration. The graph shows a sharp peak in K concentration
followed by a drop and a negative temperature slope at the same point in
time. A change in the H2O slope is observed as the K concentration reaches
insigni�cant levels.
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Figure 29: The concentration of K and H2O and gas temperature as a function of time of
two experiments using Soft Wood pellets.
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7 Discussion

Combined sensor The simplest method for combination of the sensors
with a beam-combiner proved successful. The transmission ratio of the in-
puts of the beam-combiners showed a signi�cant wavelength dependence,
where the general trend was that the attenuation was lower for the 770 nm
light propagating through the �ber elements suited for the 1398 nm laser
than vice versa. The inability to synchronize the DAS function generator
to the DAQ-loop led to an unnecessarily complicated routine to extract the
negative slope of the detected triangular signal. With a noisy signal or a
sinusoidal background due to etalon e�ects, it might be di�cult to �nd the
correct starting point and the acquired data set will as a consequence have
a frequency o�set to the absorption pro�le. Yet, biomass combustion mea-
surements could be made and the data could be analyzed successfully.

Demonstration at room temperature The pressure in the K cell was
determined to be about half of the value calculated for 296 K. An expla-
nation could be that the room temperature during the experiment (293.3
K) was slightly lower (thus the lower vapor pressure in the K cell) or that
impurities play a signi�cant role. The measurements of H2O concentration
in ambient air for the validation purpose provided results close to reference
measurements. The failure of the optical thin condition is most probably the
reason for the underestimated concentration. The deduction of temperature
in ambient air for the chosen transition lines employing two line thermome-
try with method A did not provided useful results. The temperature error of
426◦C can be explained by an area underestimation of only about 3.5% for
A1 +A2 which is likely due to the background signal. It was hard to �t the
background since the scanned frequency region was narrow. Another reason
for the poor ambient air temperature results is that the lineshape pro�les
for transition line 2 and 3 were hard to separate from each other and the
wanted area A1 was also about a third in size of A2 at room temperature.
The main reason was that the sensitivity for the chosen transition lines4 dis-
played in Fig. 22 was too low to give reliable results (more than 100 times
lower than for the transition lines used for the simultaneous measurements
[3]). The fairly correct temperature result of 56◦C obtained using method
B is therefore considered as unreliable. However, for the combustion experi-
ments in the SPR, the H2O sensor used a di�erent set of H2O transitions [3]
(Table 5.1) suitable for high temperature. Thus, the inaccuracy of the room
temperature demonstration was not important.

Simultaneous measurements While the detected H2O concentrations
and time histories are similar for all studied types of fuels, there are sig-

4The sensitivity is a function of ∆E′′ according to Eq. 28
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7 DISCUSSION

ni�cant di�erences regarding K concentration and temperature. For each
type of fuel, there are di�erences between the pellets indicating that they
are heterogeneous. Dependencies between the parameters, in particular at
the peaks and drops of K concentration with corresponding reactions in tem-
perature and H2O concentration, are observed. The correlation between K
and water temperature may partly be due to the temperature dependence
of the potassium vapor pressure due to other potassium compounds such as
potassium chloride (KCl) and potassium hydroxide (KOH). The shape of all
the temperature curves have the similarities with a local maximum in the
beginning and a slow increase followed by a sharp drop when the �ame is
extinct. An explanation is the change in �ame shape and pellet size during
combustion [8] considering the fact that parameters varies signi�cantly with
the measurement height above the pellet [3]. The highest K concentrations
are observed in Salix and Cassawa followed by Wheat Straw, Soft Wood and
Energy Wood. K concentrations measured do not correlate well with the
total K content in the fuels (Table 6.1). An explanation could be that the
di�erent types of biomass contain certain chemical substances that lead to
di�erent primary reactions.
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8 Conclusions

Combining the two sensors by modifying the software and employing a beam-
combiner and dichroic element enabled simultaneous detection of K, H2O and
temperature. The uncertainties due to sample heterogeneity and variations
in the experimental procedure are reduced, and possibly correlations between
di�erent measured parameters can more easily be resolved. The experimental
procedure is also faster and simpler. More pellet experiments have to be
conducted to further investigate the ash-chemistry close to the fuel. The
synchronization of the DAS function generator and DAQ is the primary
future work to improve the functionality.
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