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Abstract

Premixed and burner-stabilized CHy and H, flames with O, ratios from 21 vol.% up
to 100 vol.% were investigated using a Laser absorption spectroscopy (LAS) setup. It
was aligned through the center axis of the rotationally symmetric flame of a Flat flame
burner (FFB) to infer temperature via lineshape analysis from the absorbance spectra.
The targeted species is the CO molecule in a wavenumber range from 2008 cm~! to 2009
cm~L. Since H, is a C-free fuel, pure CO was added to the gas mixture in order to use the
same LAS setup for all measurements. Therefore, a method to calculate the right amount
of additional CO was implemented. Moreover, a 1D-simulation was performed in the
computational framework of CANTERA to compare the results with the measured data.
During the development of the simulation code, several reaction mechanisms were tested
and the results are presented in this work.

As it turned out, the expected theoretical behaviour did not always occur but the under-
lying reasons responsible for the deviations could be explained. However, the quality of
the measured data is decent which is expressed through low uncertainty and an overall
good agreement with the simulation in particular close to the burner surface.
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1 Introduction

In times of global warming, the reduction of greenhouse gas emissions, especially carbon dioxide,
is one of the key drivers in research projects all around the world. Many branches of our modern
lives are facing radical changes. Especially the Russian war in the Ukraine accelerated the
transformation to renewable ressources because the years of cheap energy in the form of natural
gas are over [1]. In particular, energy-intensive companies are at the mercy of this trend as they
cannot simply convert their natural gas-powered processes to produce industrial heat. Moreover,
changes in production processes are always accompanied by very high investments. For these
reasons, the transformation in this branch is very challenging.

Two approaches to reduce the carbon dioxide emissions in industrial heating applications are the
use of Hj as a fuel and higher O, ratios to increase the overall efficieny. These aspects are further
investigated in this paper from a scientific perspective.

The laboratory-scale FFB which can be seen in figure 1.1 serves as a plattform for the fundamen-
tal experiments. This burner type is characterized by a premixed, laminar, homogeneous and
rotationally symmetric flame. During the test series of this work, the ratio of O, was increased
from 21 vol.% (air conditions) up to 100 vol.% (pure O;). CHy and H, were used as fuels. The
thermodynamic state variable temperature T was chosen as the parameter to investigate and
compare the changes in the flame. Measuring temperature in this sensitive environment is not
trivial and needs a method which is not affecting the flame itself. Therefore laser diagnostic
methods are very well qualified because they are not only an in-situ and non-intrusive but also
quantitative measurement technology.

For this paper specifically, LAS has been choosen because it is a precise and well experienced
method in the field of temperature measurement in flames and gases [2]. The LAS alignment is
presented in figure 1.2. As the energy spectrum of CO provides a suitable linepair at wave numbers
between 2008 and 2009 cm ™!, it is the targeted species for this work. Theoretical analyses of the
absorbance spectra, validated by preliminary experiments, showed that there will be probably not
enough CO in some operating states. Past investigations solved this issue by seeding-in pure CO
directly into the fuel-oxidizer-mixture. They suggested a small effect on the reaction mechanisms
in the flame [3]. For this reason, the same method is applied in this work to enrich the species
concentration of CO to get an adequate absorbance factor but also presenting the calculation
procedure behind it.

Both literature and simulation were used to validate the experimental results of the present
work. A simulation code written in the CANTERA environment provides a solid 1D-approach
to investigate the species and temperatures numerically. The reaction mechanisms Aramco 2.0,
FFCM 2.0, GRI 3.0, GRI 3.0 highT, Hashemi, San Diego mech, Smooke were implemented, compared
to the experimental data of this work and the most suitable one was selected. Furthermore,
the simulation allows to estimate the influence of seeding-in pure CO into this particular flame
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configuration. This is specifically important for the H, flame, as its temperature could not be
measured with the same laser setup without the additional CO.

All results are summarized and dicussed at the end of this paper. Part of this final chapter is also
an outlook which provides ideas for further research areas.

Figure 1.1: Laminar and premixed flat flame (CH, with 21 vol.% O;) above the surface of the FFB.

Figure 1.2: Experimental setup showing the FFB in the center and the LAS alignment for measuring CO
with the laser on the right and the detector on the left side.
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In order to be able to estimate the test conditions, a simulation code written for this work was
executed in the CANTERA framework in advance. Figure 2.1 shows a simple schematic of the FFB
and its intial simulation conditions that needed to be predefined. As the result (outlet conditions),
CANTERA provides a 1D-profile for species and temperature along the vertical z-axis above the
burner surface.

Outlet conditions (resulted)
- CO-Species X
- Temperature T

Z
=
o ol o s Y )
PR Y B R P S S FOR B
porous plug

premixed fuel / oxidizer Inlet conditions (predefined)
- Total mass flow M
- Gas composition X

} ‘ - Temperature 7'

- Pressure p

Figure 2.1: Schematic of the FFB and the initial simulation conditions.

CANTERA offers several classes for various test conditions. The class BurnerFlame was developed
for a burner-stabilized and premixed fuel/oxidizer mixture which fits best the FFB and is therefore used
in this work [4]. The porous plug in the schematic is part of the real burner but not important
for the simulation which assumes a perfectly premixed fuel-oxidizer-mixture. The combustion
reaction begins slightly above the burner surface in the blue area and a specific mechanism must
be set in order to control the reaction kinetics. Several reaction mechanisms were applied in this
work.

In order to obtain a determined solution, the conditions seen in figure 2.1 must be initially set.
The total mass flow M will change during the test series as a result of the varied composition X
which contains the fuel and oxidizer ratios. The inlet temperature T and pressure p are specified
with normal conditions (293.15 K, 1 atm). Both values remain constant throughout this work.

CANTERA provides a damped Newton solver with internal time integration to approximate the
analytical solution. The numerical solution process is terminated when the residual of the solver is
smaller than the tolerances specified by the user. All general conservation equations are calculated
for perfect gas. Moreover the energy equation must be solved because initially no temperature data
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is available. The Soret effect is enabled while the radiative heat transfer mechanism is disabled.
The simulation code uses the multi-phase transport model [4].

The conservation equations calculated by CANTERA are presented more detailed in chapter
3.2.1.

2.1 Reaction mechanisms

As described above, various reaction mechanisms for CHy-H>-combustion were implemented.
During the selection of pure hydrogen mechanisms, many of them were rejected because they
did not incorporate CO reaction kinetics. However, this was a precondition for using the same
LAS setup throughout this work. To begin with, some important information is listed in table
2.1. Aramco 2.0, FFCM 2.0, GRI 3.0 and San Diego mech are mechanisms that can be both used for
CH4 and H». Hashemi and Smooke are primarily designed for CH, combustion. Smooke is the only
reduced mechanism which is derived from GRI 3.0. All other mechanisms have a large number of
species and reactions meaning that they are developed very detailed.

Table 2.1: Characteristics of the reaction mechanisms tested in the simulation code of this work.

Reaction mechanism Year Species Reactions

Aramco 2.0 [5] 2016 493 2716
FFCM 2.0 [6] 2023 96 1054
GRI 3.0 [7] 2000 53 325
Hashemi [8] 2016 68 631
San Diego mech [9] 2016 57 268
Smooke [10] 1991 16 25

The reaction mechanisms were investigated using two exemplary combustion cases. A 1 kW CHy
air combustion (21 vol.% O,) was the first case because air is the most widespread oxidizer and
with CHy as the fuel, it combines all species that are relevant for the combustion reactions: C, H,
O and N. It is important to mention that pure CO was also added in this combustion scenario
in order to increase the absorbance of CO to a solid level. More information on seeding-in CO
can be found in chapter 3.4. In figure 2.2 (a), the temperature data from the FFB experiment
along the vertical axis is plotted against the simulation data. All reaction mechanisms show
similar behaviour and fluctuate in a range of approx. 50 K but overestimate the experimental
temperature. When comparing the CO-concentration data in figure 2.2 (b), the consistency with
the Hashemi mechanism is noticeable, in particular, up to 5 mm Height above the burner (HAB). In
higher ranges above the burner the deviation increases because all simulated mechanisms predict
constant values but the experimental CO concentration decreases. In general, the simulaton data
differs among each other by approx. 0.3 vol.%.

The second case is a 1 kW Hj air combustion (21 vol.% O,) which can be seen in figure 2.3.
Since this is a C-free combustion reaction, it was necessary to add CO. The agreement between
simulated and experimental temperature data strongly depends on the reaction mechanism but
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is in general better than for the first combustion case. Aramco 2.0 hits the temperature very well,
especially up to 5 mm. Among the mechanisms, the absolute deviation between the extreme values
is approx. 50 K. Figure 2.3 (b) shows the CO concentration for the H, flame. All simulations
are close together (~ 0.3 vol.%) but overestimate the experimental CO concentration data. The
deviation is almost 1 vol.% and it seems like that the mechanisms expect CO to interact less with
the combustion meaning the CO concentration remains constantly. However, the experimental CO
decreases almost linearly.

In order to find a compromise for a decent mechanism, the temperature diagrams are in the
foreground, the CO concentration is just a supportive argument because through LAS both
variables are measured independently. This means that the agreements of temperature and species
concentration between experiment and simulation are also independent. More information on this
behaviour can be found in chapter 3.3.4. The first combustion case suggests GRI 3.0 or Aramco
2.0 for temperature and Hashemi or FFCM 2.0 for CO species concentration. For the second case,
Aramco 2.0 seems to be a good choice for temperature. As described above, the simulated CO
concentration data for the H, flame is not be taken into account because none of the mechanisms
seems to be able to model the reaction kinetics in a suitable way. Computational time is another
important criterium. From this perspective, Aramco 2.0 is not adequate because the computational
time on the available computers is much longer and not justifiable for the small improvement.
This was to be expected when looking into table 2.1 again showing the level of detail based on
species and reactions. All other mechanisms could be solved fast enough.

Overall however, FFCM 2.0 is the best compromise and therefore selected as the reaction mecha-
nism for this work. It shows solid agreement when comparing to the temperature (both combustion
cases) and concentration (first combustion case) data in particular in the important area close to
the burner surface ;5 mm HAB.
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Figure 2.2: (a) Experimental temperature data from a 1 kW CHjy air flame (21 vol.% O,) compared with
various reaction mechanisms, (b) Experimental concentration data from a 1 kW CHj air flame

(21 vol.% O;) compared with various reaction mechanisms.
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Figure 2.3: (a) Experimental temperature data from a 1 kW H; air flame (21 vol.% O,) compared with
various reaction mechanisms, (b) Experimental concentration data from a 1 kW H, air flame (21

vol.% O3) compared with various reaction mechanisms.
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In this chapter, the underlying theoretical principles used in this work are presented. The focus
lies on the FFB, its characteristic flame, the methodologies of LAS and finally explanations on the
addition of pure CO.

3.1 Premixed flat flame

The FFB, also known as McKenna Burner in the literature, provides the premixed flat flame which
is investigated in this work. Figure 3.1 (a) shows a schematic of the burner. Following the path
of the fuel gas, it starts with the inlet where the fuel and oxidizer enter the mixing chamber.
Above that, the porous plug which is made from sintered bronze (excellent heat conduction
characteristics) acts as a porous barrier for the gas and a stabilizer for the flame. This is done by
mitigating any pressure surges, calming, distributing and homogenization of the gas components.
Moreover the channels through the plug are narrow enough that there is no propagation of
the flame through them due to excess heat loss. This ensures that flashback is prohibited. The
radiative heat transfer from the flame to the porous plug requires cooling. This is operated by an
Archimedian spiral cooling circuit with water at room temperature which also minimizes radial
temperature gradients. Coaxial around the mixing chamber so called shroud gas can enter the
shroud gas chamber. Above that a similar porous plug is mounted. It ensures an even distribution
along the circumference. Ideally the shroud gas creates an inert athmosphere for the flat flame so
that the environment has a negligible effect. Typical gases are N; or Ar.

Regarding the flame, the FFB yields conditions that are higly repeatable and ideally only change
along the vertical flame axis. Because of the 1D-character, the burner is a perfect calibration source
for combustion research [13]. Figure 3.1 (b) shows the change of the two variables temperature and
concentration along the vertical axis above the burner surface. As the flame has a laminar nature
up to 10 - 15 mm HAB depending on the conditions, the curves in the diagram are stationary in
time.

The reaction zone is the region where most of the chemical processes occur resulting in a typically
thin and well-defined flame front (see also figure 1.1). Fuel and oxidizer are coming from the
preheat zone and react to combustion products. This leads to a steep gradient in the species
concentration and a rapid temperature increase due to the exothermic character. Furthermore, this
region is populated by many intermediate species because combustion is generally a multi-step
process.

Two very important variables in the context of flame stabilization are the exit velocity v,,; of the
unburned gas leaving the porous plug and the free-flame Laminar burning velocity (LBV) vy.
Three different cases, shown in table 3.1, can be distinguished. Case 1 will eventually end with
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Preheat zone Flame front Post flame front
(reaction zone) | (burned gas zone)

Sintered bronze shroud o
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Oxidizer =
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o= | | nd

Shroud gas inlet

Concentration, Temperature

Height above burner
(a) (b)

Figure 3.1: (a) Schematic of the FFB used in this work [11], (b) Exemplary reaction schematic of a 1-D
premixed flame, adapted from [12].

the flame extinguishing and case 2 with a stationary and stable flame. However, case 3 is the
desired one with an upstream driven flame front. A flashback is likely to happen and will end
in an explosion in the worst scenario when the flame is propagating back into the supply lines,
except from the specific burner deck of a FFB. As described further up, the narrow channels of
the porous plug prohibit the flame propagating upstream and minimize the risk of a flashback.
As this specific type of burner ensures that the flame remains above the plug, the flames are so
called burner-stabilized. Indeed, the upstream driven environment is responsible for transferring
heat through conduction from the flame to the burner. This principle can be used to control the
flame temperature but was not used in this work as other goals have been pursued [12].

Table 3.1: Relation between v,,;; and v}, and the resulting effects on the flame stabilization on the FFB [12].

Flame front Flame on the FFB
Case 1: U,y > v; downstream driven blow-off
Case 2: U,yjt = UL, stationary stable

N

Case 3: U,y <vp  upstream driven  no flashback/stabilized

3.2 Calculating 1D flat flame structures

3.2.1 Governing conservation equations

Assuming the premixed flat flame of the FFB to be 1-D is the fundamental precondition for the
following calculation. It is based on the conservation equations of mass, gas phase species and
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energy. At constant pressure while neglecting the effects of viscosity, radiation and external forces,
the steady flame can be described with the following governing equations [14, 15].

Conservation of total mass:

d d, .
S (p0) = - (M) =0 (1)
Conservation of species mass:
d
55 LYip(0+ Vi) =R; (3-2)
where the diffusion velocity V; is:
1(c? 0X; DIar
Vi=—|—M;) M;Djj— - —+— .
i pi(p z%: iDiji5 =5 (3-3)
Conservation of energy:
4 > YipH(v+V;) —/\d—T =0
e AT (3-4)

where the thermal conductivity coefficient A is:

1
)\z%[;xﬂi+(z%) ]:0 (3-5)

i 1

Ideal gas equation of state:
Y:
=pRTY —+ =0 6
P=PRT Y 3t (3-6)

The conservation of total mass in equation 3.1 states that the total mass flux M is independent of
the vertical axis z. This is a result of the assumption that the total amount of mass is not affected
by any chemical reactions above the burner surface. In equation 3.1, p is the total mass density,
and v the mean mass flow velocity.

Equation 3.2 is the conservation of species mass where the species mass fraction itself is named
Y;. The source term R; on the right side is the production rate of the mass fractions of indiviual
species i. This means that Y; can indeed change in time due to chemical reactions while the total
mass flux M is constant. However, the ¥ R; which is the overall production rate considering all
individual species must be zero because chemical reactions can neither form nor destroy mass.
The last unknown component stated in equation 3.3 is the diffusion velocity V; which is relative to
the mean mass flow velocity. It results from the species concentration gradient (Fickian diffusion)
and the thermal gradient (Soret effect). Each species i has its own V; consisting of the mass density
pi, the molar mass M;, the multicomponent diffusion coefficients D;;, the species mole fraction X;
and the thermal diffusion coefficient D]. x is here the radial axis of the FFB.

Combustion usually consists of exothermic chemical reactions which cause a heat release and leads
to a steep temperature gradient. Therefore the conservation equation of energy stated in 3.4 must
also be taken into account. H; is the specific enthalpy of species i, and A the thermal conductivity
coefficient of the mixture. The first term quantifies the change in enthalpy resulting from the flow
of species and the second term quantifies the heat flux which comes from the transport of energy
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due to the temperature gradient. Equation 3.5 is an empirical law for gas mixtures which can be
used with reasonable accuracy for calculating A from the thermal conductivities of the individual
components A; [12, 16].

The ideal gas equation of state, also known as ideal gas law, adjusted to gas mixtures in equation
3.6 completes the system of equations. R is the gas constant.

All conservation equations now build up a system of (z +2) linearly independent equations with
z standing for the number of species in the flame. The system is sufficient to solve because V; can
be calculated from the known variables at the inlet temperature and species concentration [17].
Finally, the unknown variables at the outlet T, p, v and (z — 1) independent parameters from the
set Y; can be calculated.

All previous considerations assume that the boundary conditions are choosen appropriate. For
burner-stabilized premixed flat flames, the total mass flux M is fixed. At the inlet boundary,
temperature and species concentration must be specified while vanishing gradients are defined at
the outlet boundary [12].

These fundamentals for calculating flat flames form the basis for chapter 2 in which the 1D-
simulation in CANTERA is explained in an applied context.

3.3 Spectroscopic methodologies

LAS was selected as the optical measurement technology for this work for several reasons. First,
very hot gases like flames can be measured due to the high intensities of the laser. They come
from the high collimation of the light which is another aspect, allowing the light to travel distances
magnitudes longer than needed in this work. And last, the lasers used in LAS are often spectrally
narrow and tuneable in wavelength. This leads to high accuracy for quantitative measurements of
absorption spectra which enables the derivation of species concentration and temperature. As an
introduction, figure 3.2 shows a simple exemplary schematic of the core setup.

Tunable Laser Detector

Flame

I, = incident laser intensity or power
I, = transmitted intensity or power
L = path length

Figure 3.2: Experimental LAS schematic, adpated from [18].

The theory of LAS is extensively outlined in literature but to clarify fundamendals and nomencla-
ture briefly discussed here [18].

10
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First, there are four separate possibilities when collimated light at frequency v enters a gas or
flame, illustrated by formula 3.7.

1 = absorption + reflection + scattering + transmission = a,, + Ty,
N  — (3.7)

Ky =0 =0 T,
All probabilities sum up to 1 and in the common case reflection and scattering are negligible
while the conservation of energy applies being responsible for the result 1 = &, + T,,. Transmission
T, and even more absorption «, are the relevant quantities for applying LAS in order to measure
thermodynamic properties of a gas/flame quantitatively.

3.3.1 Absorption

Absorption is by definition the quantum state change from a lower to a higher energy of an atom
or a molecule by absorbing a photon [18]. This means each quantum energy state has a discrete
amount of energy and angular momentum. Hence, molecular energy is quantized. The absorbed
energy can be stored in three modes, illustrated by equation 3.8.

AEjot = AEyot + AEyp + AEg,. 8
—_—— — — (3' )
rotation vibration electronic

Summed up, these modes are the total internal energy E;,; of an atom or a molecule. Note again
that the transitions between energy states are discrete meaning that just light with a specific
frequeny/wavelength is able to transfer the energy. This is where Planck’s law (equation 3.9)
comes into play. It connects the molecular transition (emission and absorption) between two
quantum states with the frequency v of the corresponding electromagnetic wave. & is Planck’s
constant.

AE = AEyot + AEyjp + AEejec = Eupper ~ Ejower = hv (3-9)

Figure 3.3 gives an idea which transition is triggered at which frequency. In this work, the red
marked range around a wavelength of 5 um is of interest to meet discrete energy states of CO.
This means that the wavelength of the laser must be in the Infrared (IR).

Moreover, figure 3.3 shows moreover that electronic transitions need the highest amount of energy
(UV /visible range), followed by vibrational (IR range) and at least rotational (microwave range)
transitions. In general, electronic transitions are accompanied by changes in vibrational and
rotational energy, so called rovibronic transitions. While vibrational transitions are accompanied
by rotational, so called rovibronic transitions. Just rotational transitions occur allone due to their
low energy.

11
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Figure 3.3: Electromagnetic spectra with the red marked range of interest in the IR, adpated from [18].

3.3.2 Beer-Lambert law

In the following, the derivation of the Beer-Lambert law is outlined, starting with «, which is
taken from equation 3.7 and further processed [18].

oy = # =kydx (3.10)
1 —‘?VI” _ [ kdx (3.11)
Beer-Lambert law: |
wy, =—In (—t) =kyL (3.12)
IO v

The spectral absorbance «, is the fraction of incident light I, that is absorbed for the frequency
range v — v +dv. It can also be expressed as k,, the spectral absorption coefficient per unit length,
see equation 3.10. Equation 3.11 shows the application of the integral over the path length L of the
gas/flame domain (see figure 3.2). The result of the integration using the boundaries x = [0, L]
and I = [I(x =0) = Ip,I(x = L) = I;] is stated in equation 3.12. This expression is also called the
Beer-Lambert law which may be the most important relation in absorption spectroscopy [18]. The
relation I;/I is the fractional transmission at frequency v consisting of experimentally measured
transmitted intensity I; and incident laser intensity Ip. The term k,L shows that the absorbed
intensity is proportional to the spectral absorption coefficient and the path length of the domain.

The Beer-Lambert law is not only the fraction of absorbed intensity but also relates the measured
absorbance spectra to thermophysical properties of a flow showed in equation 3.13. It consists of
the number density of species i, 1; [em™3], temperature T [K], and pressure P [atm], as well as the
path length L [em] [19].

0(1']'(1/) =-In (%) = nl‘xYPLSl‘]'(T)(Pl‘]'(V, P,T,Xy) (3.13)

1%
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3 Theoretical principles

Sij [cm™!/molecule cm™2] is the so called line strength and ¢;; [ecm™!] the so called lineshape.
Both contain temperature and pressure dependence and are described more detailed in the next
chapter.

3.3.3 Basic elements of spectroscopy

First, all elements of spectroscopy are based on so called lines. A line is the term for an energy
transition from one quantum state to another. It can be illustrated as a line in a molecular spectra.
Figure 3.4(a) shows the CO-lines targeted in this work.

The basic elements of spectroscopy are line strength and lineshape as well as line position. A line
position is the part of a spectrum illustrating a transition from one quantum state to another, e.g.
rotational line in a spectrum correponds to a change in a molecule’s rotational energy.

The lineshape function ¢;; characterizes the relative variation in the spectral absorption coefficient
with frequency. Broadening mechanisms (see table 3.2) in the medium are responsible for this
variation. This variable is of interest because it allows to determine properties of the medium such
as temperature, pressure, and velocity.

Table 3.2: Explanation of different broadening mechanisms which influence the lineshape function [18].

Broadening mechanism Explanation

Natural broadening Spontaneous emission without interaction with other
atoms.

Collisional Broadening Collisions with other atoms/molecules
(Pressure broadening)

Doppler broadening Molecule with velocity component in the same direc-
tion as the propagation of a beam of light causing a
shift in the frequency followed by absorbing a photon

Stark broadening Coulomb forces can perturb the energy levels causing
significant broadening

Instrument broadening Insuffiecient resolution, power broadening, transit-
time broadening

The last basic element of spectroscopy is the line strength S;;, also known as “integrated absorp-
tion”. This quantity provides a relative strength for a particular transition from one to another
energy state in a molecular band and thereby influences the shape of a spectrum [20]. It is
independent of the line shape thus independent from broadening mechanisms and in our case
simply a function of T. Through this, it is possible to derive temperature and therefore selected in
this work. A line strength diagam for CO can be found in figure 3.4.

The equation of temperature-dependent line strength is shown in 3.14. It can be calculated from
the molecule’s reference temperature line strength S;(Tp), the absorbing molecule’s partition
function Q(T), also known as Boltzmann distribution, the lower-state energy of the transition Elf’ ,
and the center frequency of the transition vp,. All these quantities are documented in databases.
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Just a short addition to the Boltzmann distribution Q(T): It determines the fraction of molecules
in a particular energy state i.

Si(T) = Si(To) QQ((?)) (%) P [_thcEl” (% - Tlo)]

[i-op (Ao 1-cp )
kT kT,

There are just two unknowns left in equation 3.14 which are the actual line strength S;(T) and the

(3.14)

associated temperature T. To solve this problem in order to obtain the temperature of a measured
medium, it is necesary to include another relation. This can be inferred from the absorbance
spectra using quantitative lineshape measurements which will be introduced in the next chapter.

3.3.4 Quantitative lineshape measurements

The species concentration, pressure, temperature, and flow velocity can be determined quantita-
tively from the size and shape of different transitions.

The area under the absorption transition is a possibility to calculate species concentration and
pressure which is stated in the following equations. Initial point is the Beer-Lambert law from
equation 3.12 giving the opportunity to get the absorbance from the attenuated intensity of the
laser light divided by the original intensity.

+00
4= [ Tawyay (3.15)
A;=S;PX|L (3.16)
A.
X, = L .
j S.PL (3-17)

The integration of the absorbance over the frequency in equation 3.15 results in the area A; under
the spectra. Equation 3.16 gives the correlation between the area and the variables of interest.
This formula resembles equation 3.13 but the integral causes the normalized contribution of the
line shape to disappear. The last equation 3.17 can be used exactly as specified here because all
quantities are known except the species concentration X;. If the species concentration is known,
this expression can obviously be transformed to get pressure.

The quantity temperature can be measured with two different lineshape techniques. The first is
suitable in Doppler-limited applications, where the pressure broadening is negligible. This does
not apply for the flame of the FFB.

Therefore the second method, the so called two line technique, is used in this work because it is
particularly suitable in pressure broadend regimes. Previously in equation 3.14, the temperature
dependency of the line strength was demonstrated. If now the integrated absorbance area of a
transition is taken from equation 3.16 and applied for two lines, the ratio of these two areas leads
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to the disappearance of pressure, species concentration and path length. Only temperature and
lower-state energy for the respective transition remain. Lower-state energy is typically known from
tabulations thus temperature can be inferred. The achievement of this mathematical operation
needs to be emphasized again. It is now possible to measure temperature without the knowledge
of pressure, species concentration or path length meaning all these quantities have no influence
on the temperature anymore. The associated equations are presentend in 3.18 and 3.19

_ ﬂ _ S(T,Ul) _ S(TOIVl) _ E " on l_l
R = = ST m) = 5(Ty, 1n) eXp[ ( k )(E1 £2) (T To)] (3-18)

ke (B - E)

E/—E! (3-19)
InRyp +1In gfgg; + %( ZTO i

T:

where S(Top,v1) and S(Tp, ;) are the strengths of the two lines at the reference temperature Ty,
v1 and v, are the linecenter frequencies and E{’ and E7 are the lower-state energies for the two
transitions. Induced emission terms have been neglected [18].

All previous lineshape measurement techniques are explained in a more applied way in the next
chapter 3.3.5. There are also other possibibilities to infer the presented quantities. For example, in a
collisionally dominated regime with the knowledge of the collisional width Av, and Doppler width
Avp the change in linewidth is linearly dependent on pressure, with an additional dependence on
temperature and gas composition. This method is not used in this work but more information can
be found in [19].

3.3.5 Wavelength selection

CO was selected as the targeted species. Since CO is ubiquitous in hydrocarbon combustion as a
stable intermediate/product it is perfectly suitable for CH4 combustion. Obviously it is not the
best choice for H, combustion because the chemical reactions are C-free. The workaround for H,
is to add pure CO into the flame which is explained in detail in chapter 3.4.

Furthermore, there are spectroscopic aspects making CO a good choice: (i) It is one of the strongest
absorbers in the IR enabling higly sensitive temperature measurement, (ii) CO provides well
separated lines due to its simple diatomic structure and singlet electronic ground state permitting
accurate fitting to spectral parameters, (iii) compared to other common species in combustion
gas (e.g. H O) CO’s broadening coefficients remain almost constant even in environments with
changing temperature, pressure etc. reducing the uncertainty in the spectroscopic broadening
parameters [3].

Specifically, the following two lines from the rovibrational band of CO near 5 um (v ~ 2008.5cm™!)
were selected: P(2,20) and P(0,31). P(3,14) must also be considered because it will influence P(0,31)
in its spectral lineshape. These lines can be seen in figure 3.4(a) with frequency v on the x-axis
and linestrength S;; on the y-axis. The large difference between the line strengths S;; of P(2,20)
and P(o,31) is noticeable enhancing sensitivity which is desirable for the two-line thermometry
used in this work. Figure 3.5 shows this sensitivity in respect to temperature and it is remarkable
how both transitions react. The Boltzmann distribution determines the population of the energy
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Figure 3.4: (a) Suitable lines from the spectra of CO to measure temperature in the FFB flame, from
HITRAN database [21, 22] (b) Comparison between the absorbance of all relevant molecules
under representative conditions, from HITRAN database [21, 22].
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Figure 3.5: Absorbance spectra of CO with a focus on how the Boltzmann distribution changes for different
temperatures [22].

states: For higher temperatures the left peak P(2,20) rises in population resulting in a larger
area and the right peak P(0,31) sinks in poulation leading to a smaller area. But there are limits
which must be considered. Figure 3.4(b) shows the absorbance of each transition: The blue line
in 3.4(a) corresponds to the left peak of the yellow CO curve while the orange line corresponds
to the right peak. The limit here concerns the absorbance itself: A rule of thumb is 0.1 <« <2.3.
Values below 0.1 describe an optically thin regime, values above 2.3 an optically thick regime,
both cases should be avoided in spectroscopy [18]. Moreover, an absorbance of « ~ 1 provides the
highest signal-to-noise ratio [23]. The two rules from practice are considered for all experiments
carried out in this work. In addition, figure 3.4 (b) reveals the spectral isolation of the CO line
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pair compared to all other combustion species that could occur making the measurement less
susceptible to disturbances. And a last aspect is the close spacing of the two lines making them
accessible for a single narrowband laser.

Finally, a look at the literature reveals that previous works [2, 3, 19, 24] have already dealt with
this line pair of CO. They have shown an excellent agreement with theoretical calculations thus
being very reasonable for the application in quantitative measurements.

3.3.6 Data processing and fitting procedures

The data processing forms the basis for the analysis of the measured absorbance spectra enabling
to extract thermodynamic quantities. Figure 3.6 shows the complete procedure starting with the
data acquisition with the Picoscope continuing with the data processing via MATLAB and finally
the solved absorbance in the red box. The individual steps generally follow the mathematical
considerations of the previous chapters.

Raw data: Raw data:

- Background data I, - Etalon data

- Measurement data I, (signal vs. time)
EFEE R EEEEEEE R EE R R R R E R R R R EE R R E R EEE =
I Averaging, Cropping, Scaling, Tilting | Averaging, Cropping, Fitting etalon peaks :

v ¥
I
I Single scan data: Single scan data: :
I - Background data I, - Etalon data I
I - Measurement data I, (signal vs. wavenumber) I
| \ I
: Beer-Lambert law :
I \ I
I Absorbance spectra 1
: (absorbance a vs. wavenumber) |
— ) e e e = L = = = = = NP |
. |
: I Guessing vy pi 31y AVepwsry Aorosy T | I
I L I

l l Initial/updated o :
I I values and residual I I
I [ ' I
[ I Least-squares fitting : I
I | . I
I I Solved absorbance and I I
| Mattap | Voigtfting rouiine|____ naliesidual | _ _ : |

Figure 3.6: Data processing schematic showing the acquisition with the Picoscope and the processing as well
as the fitting via MATLAB.
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The acquisiton in the yellow dashed box is explained more detailed in chapter 4. The actual
processing and fitting is done in MATLAB (blue dashed box). First, the raw data including
background, measurement and etalon data is averaged and cropped. In the left-hand strand of
the figure, the background data is then scaled and tilted in order to better fit the measurement
data. The Beer-Lambert law used for the measurement data (transmitted intensity I;) and the
background data (initial intensity Iy) results in the absorbance &, see equation 3.12. In the right-
hand strand, the etalon data is transferred from time to wavenumber domain through fitted etalon
peaks using a polynomial approach and the Free spectral range (FSR). The FSR is a constant and
determined by the etalon material, the resonator length and the wavelength of the incoming light.
In the absorbance spectra both strands are merged.

The so called Voigt fitting routine (green dashed box) is the iterative procedure that aims to
minimize the residual between measured absorbance spectra and the sum of simulated Voigt
profiles. First step is to guess the position vy, the collision width v,, the area Ay of the CO
line P(0,31) and the temperature T. The characteristics of the other lines P(2,20) and P(3,14) are
calculated from these initial values during the routine. A Least-squares fitting method provided
by MATLAB is used to fit the curve to the measured data. This fitting routine creates updated
values for another iteration loop until the residual is reached and the absorbance spectra is solved
by a mathematical function which can be investigated through line shape analysis. Major part of
this analysis is to extract the line areas from both transitions. This is done through integration
of the fitted function and subsequently the division of both areas enables the measurement of
temperature and species concentration (see equations 3.17 and 3.19). Such an absorbance spectra
with the measured data, the fitted Voigt profile, and the residual is shown in figure 3.7. More
detailed information on the Voigt fitting routine can be found in [25].

0.6
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0.4
=03

0.2

residual [%)]
o

'
—

-0.75 -0.7 -0.65 -0.6 -0.55 -0.5
v [em™!

Figure 3.7: Measured absorbance spectra (black markers) and a resulting Voigt fit (red line) with the
residual. The underlying data comes from an exemplary 1 kW CHj air flame in 1 mm HAB.
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3.4 Addition of pure CO

In order to use the same setup for all experiments in this work, some considerations had to be
made. The targeted CO molecules are just available in CHy flames as intermediate or product
species. However, H, flames do not provide this molecule. Nair et al. [3] have investigated the
possibilty of seeding-in pure CO for pressure measurement in shock tube test facilities. They
have not only reached a CO-enriched regime but also found out that the addition of pure CO has
negligible effects on ignition timescales. Of course, this application is not directly transferable to
the FFB situation but it offers the possibility to use the same experimental setup throughout this
work. Therefore H; flames are enriched with pure CO in order to obtain temperature data.

As described in chapter 3.3.5, the absorbance should be within a range of 0.1 < « < 2.3, in best
case close to 1. On the other hand, adding too much CO heavily impacts the reaction kinetics of
the original H, flame. In this field of tension a calculation routine must be developed in order
to achieve a decent amount of CO in the flame. In practice, the CO is then added into the fuel
supply lines thus takes part in the combustion reactions.

The first step is to push the absorbance of each spectral CO line in the targeted range by floating
the species concentration of CO. Figure 3.4(b) is a good example how such an absorbance spectra
should look like. The resulting species concentration for CO is added to the simulation code in
CANTERA. It calculates a volume flow which can then be set on a Mass flow controller (MFC) in
the experiments. This procedure is done for three cases: 21 v0l.% O;, 50 v0l.% O, and 100 vol.%
O and the values in between are exponentially fitted in MATLAB. The resulting volume flow for
CO is presented in figure 3.8 and in table 3.3. It can be seen from both that the CO volume flow
decreases with higher O, ratios. This makes sense because the overall volume flow is decreasing
as well and the CO species concentration should remain constant in a range of 1 v0l.% < Xcp < 2.5
vol.% thus not influencing the reaction kinetics too much.

Figure and table show also CO values for CHy flames. In the course of the preliminary tests, the
absorbances of these flames were at the lower end of the targeted range. Therefore, additional CO
is optimizing the spectra thus increasing the reliability of the data.

Table 3.3: Additional volume flow Vo depending on the O, ratio for CHy and H flames.
O, ratio in vol — % 21 25 30 35 40 45 50 75 100

CH4 flame: Vo in I/min 0.3 o0.27 023 0.2 018 0.16 0.15 0.11 0.1

H, flame: Vo in I/min 14 136 1.32 1.28 1.25 1.22 1.2 1.13 1.1

In order to pretest the influence of additional CO on species concentration and temperature the
simulation code in CANTERA was used. The results for H, flames are presented in figure 3.9. As
expected, the influence is significantly which is expressed in temperature differences of approx.
200 K from a HAB of 3 mm. The diagram in figure 3.10 is visualizing the simulated data of CHy
combustion. The results are very reasonable meaning negligible effect on temperature (~ 20 K)
but heavy impact on the CO concentration (increase of ~ 1 vol.%).

The previous considerations about adding pure CO into flames are from a purely theoretical point
of view, the experiment on the FFB will show if reality is behaving similar.
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Figure 3.8: Simulated data points for the additional CO volume flow and their corresponding exponentially
fitted curves (performed in MATLAB).
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Figure 3.9: Simulated data from CANTERA for a 1 kW H, air flame with 1.4 [/min additional CO and

without CO.
7 2000
1800
1600
1400

1 kW CH, air flame
1200

- - Xco without CO
- - Xeco with CO
—T without CO
—T with CO

110005
H

Xco [vol.%)]

Figure 3.10: Simulated data from CANTERA for a 1 kW CH, air flame with 0.3 //min additional CO and
without CO.

20



4 Experimental setup

All experiments of this work were performed in the Laboratory for Gas Dynamics and Laser Spec-
troscopy at UCLA. The FFB test stand existed already for flame analysis under vacuum with
appropriate low pressure housing but however, the LAS setup was individually ligned up for the
purpose of measuring thermodynamic quantities in the flame.

4.1 Flat Flame Burner setup

The FFB was already introduced in detail in chapter 3.1 but some application-oriented information
need to be mentioned here. First, the position in the experimental setup is illustrated in figure 4.1
with no. 3. It is mounted on a manually adjustable translation stage which offers the opportunity
to measure data along the vertical z-axis. The achievable accuracy by hand is in the range of
0.2 mm. The black lines in the schematic are the fuel/oxidizer and the shroud gas supply lines.
The incoming flow is adjusted by MFCs of type mks GE50A with different flow rate ranges and
sealants depending on the gas that needs to be regulated. The brown lines, representing copper,
are the cooling water circuit that is operated with laboratory water at ambient conditions. The
flow rate is fixed at 0.44 1/min for all experiments. No. 2, the black rectangles with grey knobs are
irises that are mounted on both sides of the housing. This ensures that the laser light is aligned
through the vertical center axis of the burner. The grey marked housing is from the vacuum setup
and helps to keep conditions stable and free from disturbances, e.g. ambient air/wind. At the
sides, the housing is open for the laser light and at the top for the exhaust gases thus ambient
conditions prevail.

On the left of the FFB is the laser and on the right the detector with several optical devices in
between. These are presented in the next chapter.

4.2 Laser absorption spectroscopy setup

The LAS setup is also shown in figure 4.1. More precisely stated, it is scanned-wavelength direct
absorption meaning this technique spans a narrow region of the spectrum from o.1 to 10 cm™! in
wavenumber to resolve one or more absorption transitions [26]. This region can be slightly shifted

through change in laser temperature or injection-current tuning.

The laser in this setup works exactly according to this functional principle meaning it is character-
ized through rapid tunability and futhermore, a compact size. It is a so called Quantum-cascade
laser (QCL) from Alpes Lasers and is illustrated in figure 4.1 on the left with no. 1. The laser
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Figure 4.1: Experimental setup showing the FFB and relevant devices for the LAS.

cooling circuit is fine tuned with a thermoelectric cooler integrated in the housing and supported
by an external cooling source (base with blue supply). The injection current is provided by a
power source which is then superimposed with a sawtooth function by an adequate generator.
The frequency used in this work is 6.25 kHz.

Following the laser light in the figure, silver mirrors would be the next optical device but are
neglected here for better visibility. The irises (no. 2) ensure a straight alignment through the
flame axis and on the other side of the FFB the original intensity is attenuated by the part that is
absorbed by the CO molecules. No. 4 represents a moveable etalon which is made of Germanium.
Between the entry and exit surfaces of the etalon a standing wave is created, which can be recorded
on the detector (no. 5) in a separate experiment. Ahead of the photovoltaic detector from Vigo is
another pair of irises which ensures a perpendicular entry of the attenuated laser light. Finally,
the detected intensity is transferred into a voltage signal and forwarded to the Picoscope which
displays the signal over time.

The data acquisition steps are roughly indicated in the figure with schematics but a detailed
description is given in the following chapter.

4.3 Data acquisition

The theory behind this procedure is shown in figure 3.6 while the focus here is more on concrete
steps for acquiring the data in practice.

In this work, the raw data is recorded over a period of 50 ms and then averaged to a single scan.
This is done with all signals meaning the background, etalon and measurement data and the
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results can be seen in figure 4.2. The flame is fueled with H; and air and shows a representative
voltage signal over time. The three signals correspond to the three major steps that are part of
every LAS measurment in order to acquire data: (i) First step is a background signal measurement
(black curve) which corresponds to the initial intensity Ip(¢). Therefore, the flame has to be turned
off and the unattenuated signal goes through the alignment and is recorded by the detector. (ii)
Next step is the etalon measurement acquired also with the burner turned off. The standing wave
can be clearly seen in the green signal. Calculated with the FSR, it gives the opportunity to switch
from time to wavenumber domain. (iii) The measurement signal contains the data of interest which
is specific for the targeted species. Obviously, the flame has to be ignited and become stationary
(~ 1 min). Then the absorbance features have fully formed and can be recorded. A general rule
of thumb is that the features should be in the right part of the scan for higher resolution and
larger reserve to saturation of the detector. The scan shows that the laser parameters are selected
decently.

5

)

—Measurement

—Background
Etalon

4

signal [V]
[NV

0.14 0.16 0.18 0.2 0.22 0.24 0.26 0.28
t [ms]

Figure 4.2: Raw data of the measurement, background and etalon signal of a single scan before time-to-
wavenumber transition (1 kW Hj air flame in 1 mm HAB).

After accomplishing all data processing steps from 3.6, the final spectra of CO is presented in
figure 4.3. It shows the absorbance over wavenumber and the corresponding residual between the
data points and the fitted Voigt profile.

After extracting the areas under the CO absorbance features the temperature and species con-
centration can be determined. This is done from 1 mm up to 20 mm HAB. This range has been
defined because the flame behaves turbulently above it thus makes the measurements unreliable.
For higher O, ratios the experiments were discontinued at lower HABs because the transition
point moves closer to the burner surface. In order to meet the steep reaction gradients in the flame
zone at low HABs, a higher resolution was selected meaning more data points were acquired.
However at higher HABs, smaller changes led to the decision of reducing the resolution thus
reducing experimental efforts. Figure 4.4 shows the profile over the full HAB.
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Figure 4.3: The upper diagram displays the measured absorbance spectra, illustrated through black data
points, from a 1 kW H; air flame (1 mm HAB) and red Voigt line fit. The lower diagram

shows the resiudal between these two. The x-axis shows the relative wavenumber after time-to-
wavenumber transition.
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Figure 4.4: Temperature and CO species concentration for a 1 kW Hj air flame over the full measured HAB.
4.4 Test parameters and matrix

A lot of pre-tests had to be performed in order to find the right parameters for the main
experiments, e.g. finding a reasonable thermal output power for the flame of the FFB, validating
the calculated volume flow rate for the additional CO, measuring the absorbance in reliable HABs,
finding reasonable parameters for laser temperature and current, a suitable injection-current
function for the LAS setup, checking the reproducibility and many more. The main experiments
consist of varying the O, content in the oxidizer for various HABs in CH,; and H; flames.

The identified parameters for the main experiments are concluded and listed, at a glance, in the
following. They are the preconditions for the test matrices of CHy and H, which are presented
below in table 4.1 and 4.2.
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FFB:

1 kW thermal output power Py, for all experiments (neglecting additional CO)

Fuel: separated CH, and H; fueled flames

Oxidizer: synthetic air with increasing O, ratios from 21 - 100 vol.% O,

Equivalence ratio ¢ = 1.0

No shroud gas

Constant cooling water volume flow: 0.44 1/min

Measurement range above the burner: 1 - 20 mm if the turbulent transition point allows it
Additional CO volume flow for CHy: 0.3 - 0.1 1/min for higher O, ratios

Additional CO volume flow for Hj: 1.4 - 1.1 1/min for higher O, ratios

Mean injection-current: go mA with superimposed sawtooth function with 1.4 Vpeak-to-peak
Laser output power: 50 mW peak power

Thermoelectric cooling temperature of the laser: 10.0 °C

Wave length of the laser light: ~ 4.98 pm

Laser tuning range: here ~ 2008 - 2009 cm™1 (overall: ~ 2001 - 2012 cm™1)

Laser measurement rate: 6.25 kHz

Detector sample rate: 200 MHz

Software recording parameters: 62.5 MS/s for 50 ps on a 15-bit scale

Table 4.1: Test matrix for CHy flames. All experiments were performed (if possible) from 1 - 20 mm HAB.

vol -% O, 21 25 30 35 40 45 50 75 100

Vcn, in I/min 1.68
Vo, in l/min 3.35
Vn, in I/min  12.65 1006 7.82 6.23 5.02 410 3.35 1.12 O
Vecoinl/min 03 o027 o023 02 018 0.16 0.15 0.11 0.1

Table 4.2: Test matrix for H, flames. All experiments were performed (if possible) from 1 - 20 mm HAB.

vol -% O, 21 25 30 35 40 45 50 75 100

VH, in I/min 5.56
Vo, in I/min 2.78
Vn, in /min 1049 834 6.49 516 4.17 3.40 278 0.93 0.00
Veoinl/min 14 136 132 1.28 1.25 1.22 1.2 1.13 1.1
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5 Results and discussion

The following chapter is dedicated to the results obtained in this work. As mentionend in the
introduction, two specific cases are of interest: (i) O, enriched flames and (ii) the fuels CH, and H,.
In order to be able to evaluate the data, the basis is an analysis of uncertainty and reproducibilty.
After that, the aim is to draw conclusions and trends in the measured data and compare them
with the simulation. Furthermore, the results are checked on plausibility and critically discussed
thus methodological improvements can be made for future works.

5.1 Uncertainty and reproducibility

The knowledge of uncertainty and reproducibility is a relevant requirement to investigate the
changes in results when one parameter is varied. In this work, the most important sources of
errors are briefly outlined, more detailed uncertainty analysis is presented in the literature [2, 3,
23]. Kuenning et al. [19] have presented a decent uncertainty analysis for measuring temperature
and species concentration with the same CO lines. Figure 5.1 (a) and (b) are taken from their work
and give an orientation to be able to estimate the error range.

Total —

XCO
(%]}

Total
=~ S

S S

LN
N o

(a) (b)

Figure 5.1: (a) Representative uncertainty for the temperature T, (b) Representative uncertainty for the
species concentration Xcp, both figures (a) and (b) taken from Kuenning et al. [19].

The lineshape related uncertainty of temperature measurement primarily stems from the Boltz-
mann population fit which is heavily influencend by two major aspects: (i) uncertainty in the three
CO line areas A and (ii) uncertainty in the reference line strength So(T). Aspect (i) represented
through the blue error bar in figure 5.1(a) is considered through the fit residual. It is plotted for
every evaluation and is always < 2%. Among other things, this aspect includes the Voigt fitting
uncertainty and the assumption that all CO lines have the same line width. In order to quantify
aspect (ii), the concrete CO reference line strength uncertainties are: 5% for P(2,20), 2% for P(0,31),
and 10% for P(3,14) These errors are available in the HITEMP database [27] for most lines. The
cumulated error is illustrated by the green bar. The total error (black bar) is within a range of 3 -
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5 Results and discussion

4%. In this work the fit residual is even better in most cases (around 1%) thus a decent total error
should be around 3%.

The uncertainty of species concentration is a combination of the previously presented line
areas A and reference linestrengths So(T) with the temperature-dependent linestrengths St(T).
The temperature-dependent linestrength uncertainty is a result of the previously calculated
temperature uncertainty. In the work of Kuenning et al. [19], see figure 5.1(b), pressure is leading
to a higher uncertainty because it is one of the unknowns. This does not apply to this work
because pressure is a known variable since all experiments were conducted under athmospheric
conditions. Concludingly, the total error for species concentration is definitely < 7%. A decent
estimation would be around 5%.

Besides these more spectroscopic aspects, there are experiment related uncertainties caused by
the FFB or the LAS alignment. Therefore, an exemplary CH, air flame was investigated in 1, 3,
5, 10, 15 and 20 mm HAB five times without changing any parameters. This procedure allows
statements to be made about reproducibility. The results are presented in figure 5.2. In low HABs,
the reproducibility is best for species concentration as well as temperature. In higher HABs, the
uncertainty increases due to the turbulent behaviour of the flame. Since the timescale of this
turbulent behaviour is slower than the measurement timescale, the experimental data fluctuates.
For higher O, ratios the transition point from a laminar to a turbulent flame moves closer to the
burner surface because of a decreasing overall volume flow. Therefore, flames with 100 vol.% O3
were just measured up to 5 mm HAB. However, the temperature measurement is very valid, as
the uncertainty almost exclusively is of systematic origin while the reproducibility has a nearly
neglectible impact. For species concentration, the situation is different because the reproducibilty
dominates the uncertainty.

92 - 1820
——Xco
18- ° $ —~T st
1.6 -11800
14 T 11790
-
= 1.2 i 11780
2 ik J1770 5
s} H
&)
>~ 0.8- { - 1760
0.6 f 11750
04 & { ~ 1740
021 1730
0 ! ! ! ! ! ! ! ! 1720
0 2 4 6 8 10 12 14 16 18 20 22

HAB [mm]

Figure 5.2: Reproducibility of temperature and CO species concentration of an exemplary CHy air flame
investigated five times at various HABs.

In order to get a total relative uncertainty both lineshape and reproducibilty must be added. The
results with the final values are shown in table 5.1 and 5.2.
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5 Results and discussion

Table 5.1: Total uncertainty for CO species concentration measured in this work.

HAB [mm]
) 1 3 5 10 15 20
Uncertainty [%]
Lineshape ~5.00
Reproducibility 0.14 1.06 242 4.85 9.10 16.59
Total for Xco 5.14 6.06 7.42 9.85 14.10 21.59

Table 5.2: Total uncertainty for temperature measured in this work.

HAB [mm]
. 1 3 5 10 15 20
Uncertainty [%]
Lineshape ~3.00
Reproducibility 0.05 0.14 0.07 0.29 0.57 0.56
Total for Temperature 3.05 3.14 3.07 3.29 3.57 3.56

5.2 General trend of the data

The test series conducted in this work dealt with CH4 and H; flames while increasing the oxidizer’s
O, ratio from 21 up to 100 vol.% O,. Through the increase of the O, ratio, the overall efficiency of
the combustion should also increase which is expressed through higher flame temperatures. The
reason for higher temperatures is less N, in the oxidizer. N takes part in the combustion reaction
and must be heated up, in order to reach an ignitable mixture. The heat energy is “lost” instead of
increasing flame temperature. In theory, a 100 vol.% O, flame consists only of fuel and oxidizer
and the highest flame temperatures are reached. Figure 5.3 and 5.4 show all data acquired in this
work. In the following, these diagrams are analyzed from the oxidizer and then from the fuel
perspective.

5.2.1 Influence of O, ratio

Figure 5.3 (b) shows data from the CANTERA simulation code for CH, flames and reflects exactly
the expected behavior. Lowest temperature for 21 vol.% O, and highest temperature for 100 vol.%
O,. Also the ignition point moves closer to the burner surface for higher O, ratios and a stronger
gradient can be observed which results in higher flame temperatures right from the start. Figure
5.3 (a) shows the measured data but however, the expected effects cannot be verified at all. A
contradictory behaviour is more likely to be seen here. Lowest temperature for 100 vol.% O, and
highest temperature for 21 vol.% O,. An explanation is that the overall volume flow decreases
with higher O, ratios which leads to lower flow velocities of the gas. This results in an ignition
point closer to the burner surface which causes the porous burner plug to heat up while reducing
the flame temperature. In fact, reducing the flow velocity is one method to reduce the flame
temperature. Better methods for flame temperature control are (i) the cooling waterflow through
the burner plug which simply transports the heat away and (ii) replacing the oxidizer’s N, with
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Figure 5.3: (a) Measured temperature data of oxygen enriched CHy flames, (b) Simulated temperature data

of oxygen enriched CH, flames.
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Figure 5.4: (a) Measured temperature data of oxygen enriched H; flames, (b) Simulated temperature data

of oxygen enriched H; flames.

Ar. These methods are extensively outlined in the literature [28, 29]. At this point it must be

stated that the FFB in this configuration is not the appropriate burner type to proove higher flame

temperatures due to higher O, ratios. Coming back to method (ii) meaning Ar instead of N, could

be a promising approach to investigate higher O, ratios.

The same behavior can be found with H, flames which are visualized in figure 5.4(a) and (b). The

simulated data reveals the expected phenomena but the measured data is contradictory.
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5 Results and discussion

5.2.2 Influence of fuel

The figures 5.3 and 5.4 illustrate more interesting aspects in particular when analyzing the
differences between CHy and Hj. At first glance, the measured and simulated data seems to
contradict coincidently the Adiabatic flame temperature (AFT) of CHs and Hj, see table 5.3.
Of course, it has to be considered that more CO was seeded into the H, flames lowering their
temperatures. But even for CO free flames CANTERA predicts higher flame temperatures for CHj.
This can be seen in figure 3.9 and 3.10. However, for a burner stabilized flame as it is simulated
and measured here, the comparison with the AFT is misleading.

Burner-stabilized flames work differently. As previously explanined in chapter 3.1, the LBV plays
an important role and it differs between CH,; and H; by a factor of approx. 6 while the flow
velocity v,,;; remains approx. the same, see table 5.3. Simply stated, the direction of the LBV is
opposite to the flow velocity of the gas meaning for a burner-stabilized flame that the reaction
front constantly tries to move upstream. The FFBs porous plug acts as a barrier so that the flame
front is stabilized above the burner surface. The higher LBV of H is leading to a stronger upstream
drive and an earlier ignition of the mixture meaning much closer to the burner plug. The burner
cooling removes more heat, which lowers the flame temperature. This phenomenon was also
evident during the test phase. For H, with 100 vol.% O, the burner plug started to glow but not
for CH4 under the same conditions, see figure 5.6 (b). The previous explanations also apply in
reverse to CHy which allows the flame to burn hotter. All physical properties listed in table 5.3
refer to air flames but the trend is generally applicable also for higher O, ratios [30].

Another aspect seen in the figures is the decrease in temperature at higher HABs. The CHy
temperature curves are nearly stable along the vertical axis while the H, curves decrease. One
explanation is again the higher LBV which is a result of faster reaction kinetics. H; as the fuel is
faster processed in a narrow reaction zone which is characterized by strong gradients. In greater
HABEs, the flame already cools down. A secondary approach are the combustion products H,O
and CO, which are formed by the elementary oxidation reactions of CHy and H, displayed in
table 5.3. Not only H,O has a higher heat emission coefficient € over a broad range of temperature
and wavelength also the species concentration is much higher for H, combustion [31]. This leads
to overall higher radiation losses causing the flame to cool down faster. The radiation effects can
not be seen in the simulation data because the radiation model was intentionally disabled.

Table 5.3: Relevant elementary physical properties of CHy and H, air flames, taken from CANTERA [4].

Fuel CHy H»
Oxidation reaction CHy; +207 - COy +2 HO 2H; + 0Oy -2 HO
Xn,0 [vol.%] 18 26

Xco, [vol.%] 9 0

flow velocity v, [cm/s] 11.46 10.89

LBV v [cm/s] 37.34 236.22

AFT T,4i0a [KI 2227 2382
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5 Results and discussion

5.2.3 Influence of additional CO

The influence of additional CO was already investigated theoretically in chapter 3.4 while the
focus here lies on the influence of CO in reality. Therefore in figure 5.5 (a), a CHy air flame with
and without additional CO is presented.
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Figure 5.5: (a) Influence of additional CO on temperature and species concentration in a CHy air flame, (b)
Changes in residual species concentration of H, when CO is added.

The results show that the addition of pure CO worked perfectly for CH,. While not influencing the
temperature too much (~ 50 K) the species concentration was increased by approx. 1%. This moves
the absorbance of the CO lines in the targeted range so that a valid measurement was enabled.
Furthermore, the simulation data from figure 3.10 agrees well with the measurement data shown
here. Obviously, such a comparison cannot be made for H, because the LAS setup used in this work
is customized to CO. But nevertheless, it can be concluded from the simulation that additional
CO is influencing the reaction kinetics of H; flames significantly. Figure 5.5 (b) demonstrates the
species concentration of Hy and CO along the vertical burner axis. With additional CO, a residual
content of H (~ 6%) and CO (~ 2.5%) leave the reaction zone unprocessed. This causes the flame
temperature to decrease because the full potential of the fuels is not utilized. It seems that H, and
CO compete for O, which is only available to a limited extent since the FFB flame is premixed.
Without additional CO, H; is completely processed.

For CHy flames CO is a decent molecule for temperature measurement but for future applications
burning H,, another molecule should be targeted.

5.3 Validation of the data

The validation of the data by other sources is the focus of this chapter. In general, the data situation
in the literature for O, enriched flames on a FFB is rather sparse. Many experiments were carried
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5 Results and discussion

out with other overall volume flows, fuels or equivalence ratios which affects the comparability.
Often the FFB was more a tool to demonstrate sensors instead of investigating the flame itself
meaning the goals of the works differ a lot from each other. Therefore the focus here was limited
to air flames where the data situation is better. In the further course of this chapter, the measured
data will be compared in detail with the simulation.

5.3.1 Comparison with literature

A look at the literature (see table 5.4) confirms the temperature data obtained in this work. Yang
et al. [32] measured temperature with broadband absorption spectroscopy and Weigand et al. [33]
as well as Prucker et al. [13] used Coherent anti-Stokes Raman Scattering (CARS). The measured
temperature for a H, flame lies at 1300 K due to the additonal CO. However, the simulation reveals
that a pure H, flame temperature in this configuration is approx. 200 K hotter, i.e. 1500 K (from
figure 3.9). If this circumstance is taken into account, the data from this work looks much more
valid (deviation approx. 65 K). Therefore, the corrected value (*) is listed in table 5.4. The flame
temperatures of CHy flames show decent agreement with the literature and are in the uncertainty
calculated in this work.

Table 5.4: Comparison of exemplary CHy and H; flame temperatures with the literature.

Literature T (CHy air) [K] T (H; air) [K] T (Urban) [K] HAB [mm]
Yang et al. [32] ~1750 - 1790 3
Weigand et al. [33] ~1790 - 1810 15
Prucker et al. [13] - ~1565 ~1500% 15

*corrected value

5.3.2 Comparison with 1D-simulation

This chapter goes more into detail on the simulation performed in CANTERA to display strengths
and weaknesses. Therefore several diagrams (figure 5.7 - 5.12) were plotted starting from 21
up to 100 vol.% O, for both CH4 and H,. Temperature and the CO species concentration are
displayed because both variables are inferred independently thus allow an independent validation,
as already explained in chapter 3.3.4. For both measurement and simulation the addition of pure
CO was considered so that the comparability is ensured.

Figure 5.7 (a) and (b) show measured and simulated air flames (21 vol.% O,). For CHy, the
agreement is good for temperature and excellent for the species concentration, in particular close
to the burner surface. In higher HABs, a larger deviation must be noted due to diffusion effects
with the real environment. Moreover, all experiments were conducted without shroud gas. So
not only heat energy is released lowering the temperature but also CO lowering the species
concentration. In addition, the FFB might not be as homogeneous as assumed. In the course
of the preparation of this work, OH* chemiluminescence images were recorded. Figure 5.6 (a)
shows a CHjy air flame with an uneven OH* distribution which generally also indicates an uneven
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5 Results and discussion

temperature distribution. This could also lead to a deviation since in this work, temperature was
only obtained along the center axis of the burner. On the other side, the simulated scenarios
are performed in an ideal, closed, homogeneous and adiabatic reaction domain. This systematic
deviation explains to some extent the differences thus cannot be prevented.

It is rather the opposite for H,. The agreement for temperature is excellent and the same reasoning
as for CH, also applies to H; explaining the lower simulation temperatures in higher HABs.
However, the species concentration deviates relatively strong. Close to the burner surface, the
simulated CO is processed but above 5 mm the concentration remains constant while the reality
shows a nearly linear decrease. In conclusion, it can nevertheless be said that the deviation for
temperature is in a range of 50 - 100 K which is a decent value. CO species concentration is almost
perfect for CH4 but, however, worse for Hp. The fuel seems to have an influence here.
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Figure 5.6: (a) OH* image showing a slightly uneven distribution along the burner plane, (b) For H, flames
with high O, ratios the porous burner plug starts to glow.

For all other diagrams in figures 5.8 - 5.12, the deviations tend to become stronger. This is mainly
due to the fact that the overall volume flow decreases with higher O, ratios which reinforces the
already mentionend mechanism of heat transfer to the burner plug. In particular, the measured
CO species concentration in H flames deviates significantly. The reaction mechanism used in this
work cannot be the origin because the comparison from chapter 2.1 has shown that this occurs in
all cases. It seems that the mechanisms underestimate the reaction involvement of CO in C-free
fuels in general because the prediction of CO in CHjy is much better. Another approach could be
again mass transfer with the environment which would lower the CO species concentration as
well.

When taking a final look on the measured and simulated data, it can nevertheless be stated
that the similarities predominate. In particular, for the air flames the simulation shows decent
predictions. For higher O, ratios, the experimental setup should be adapted. Adequate suggestions
for improvement are presented in chapter 6.
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Figure 5.7: Comparison of simulated and experimental data of CHy (a) and Hj (b) flames with 21 vol.% O;.
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Figure 5.8: Comparison of simulated and experimental data of CHy (a) and Hj (b) flames with 30 vol.% O;.
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Figure 5.9: Comparison of simulated and experimental data of CH, (a) and Hj (b) flames with 40 vol.% O;.
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Figure 5.10: Comparison of simulated and experimental data of CH, (a) and H; (b) flames with 50 vol.%
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Figure 5.11: Comparison of simulated and experimental data of CHy (a) and H; (b) flames with 75 vol.%
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Figure 5.12: Comparison of simulated and experimental data of CH, (a) and H; (b) flames with 100 vol.%
0s.
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6 Conclusion and outlook

A premixed and burner-stabilized flat flame was investigated in this work using LAS to measure
temperature and afterwards validated through a 1D-simulation in the computational framework
of CANTERA.

The two initial goals were to study the influence of the fuels CH; and H; as well as O, enriched
oxidizers. The basis for the experimental part was a laboratory scale FFB which was located in the
Laboratory of gas dynamics and laser spectroscopy at UCLA. The LAS setup was aligned through the
vertical center axis of the FFB and targeted at CO. The test series started at 21 vol.% O, up to 100
vol.% O, for both CH4 and Hj. During such a test, the burner was translated vertically to measure
in a range from 1 mm up to 20 mm HAB. For each HAB, a CO absorbance spectra from 2008
cm™! to 2009 cm !
Moreover, all combustion scenarios were parallel simulated to validate the experimental results.

was recorded which allows to infer temperature and CO species concentration.

First of all, the uncertainty in particular close to the burner surface was very low which makes the
data reliable. In higher HAB, it remained constantly low for temperature but increased for the CO
species concentration. For future applications, it would be an advantage to know more about the
flow behaviour of the burner. This allows to better estimate where the transition point between
laminar and turbulent flame is because this influences the uncertainty of the data. A promising
workaround could also be to adapt the data acquisition, i.e. record data over a longer timescale
to average the turbulences. The timescale of this work was perfect for the laminar area of the
flame but could have been increased for higher HABs to better meet the challenges of a turbulent
flame.

Regarding the first test series with variable O, ratios, it must be stated that the correlation between
temperature and higher O, ratios could not be verified as predicted from the simulation. The
trend in reality was reversed meaning with higher O, ratios lower temperatures were measured.
This applies both to CHy and H,. The main reason for this behaviour lies in the FFB design with
its burner-stabilized flame. With lower O, ratios, the overall volume flow decreases leading to an
earlier ignition point and a higher heat transfer to the burner plug. This results in a cooler flame
temperature. Therefore it has to be said that the FFB is in this configuration not the right burner
type to investigate higher O, ratios. To avoid this problem in the future, the lower N, volume flow
in the oxidizer should be replaced with Ar which seems to be a promising way [28].

The influence of fuel showed a decent agreement with the simulation. The expected behaviour
occured meaning the H, flame was cooler than the equivalent CHy flame. This is explained by the
LBV which differs by a factor of 6 between both fuels. The higher LBV of H; causes a stronger
upstream drive of the reaction zone which must end in a higher heat transfer to the burner plug.
Therefore and as measured here, a cooler flame temperature must occur. In addition, the different
temperature development along the vertical burner axis could be explained. In the simulation all
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heat transfer mechanisms were intentionally disabled so that a comparability in higher HAB was
only possible to a limited extent.

The addition of pure CO was also critically analyzed and it has to be outlined that future
experiments investigating H, should target another species. The influence on the reaction kinetics
is too high. H>O lines seems to be a promising alternative to measure temperature [34]. Moreover,
this molecule is the natural product of the elementary combustion reaction of H,. However for
CHy, it was a perfect choice. It had a minimal effect on temperature but increased the CO species
concentration so that the spectral absorbance could be pushed in a reasonable range.

Opverall nevertheless, the results from the experiments and the simulations agreed well in particular
for air flames. For higher O, ratios, the deviations increased but the backgrounds could be
explained so that they can be prevented in the future.

Finally, the goals set could only be achieved with restrictions. But however, the data obtained
in this work is valid and reliable which is expressed in the overall low uncertainty and good
agreement with the simulation.
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