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1. Introduction

ABSTRACT

Combustion processes with pure oxygen (oxy-fuel) instead of air as oxidant are attractive for high tem-
perature thermal or thermochemical and gasification processes. The absence of nitrogen in such appli-
cations leads to higher temperature and species concentrations, which can stabilize even extremely rich
flames. Despite their benefits, there is lack of knowledge concerning the internal structure of rich oxy-
fuel flames, which feature reactions with largely diverging chemical time scales, namely, the fast oxi-
dation reactions and the slow endothermic formation of synthesis gas. In order to get a better insight,
the scope of this study was to determine axial H,O- and temperature profiles of flat, fuel-rich methane-
oxygen flames with equivalence ratios from 2.5 < ¢ < 2.9. A Heat-Flux-burner was used to stabilize
quasi-adiabatic one-dimensional flames. The inlet temperature of the gas mixture was kept constant at
Tp = 300 K and the inlet velocity equal to the laminar burning velocity, which was determined in a
preceding experimental study. The in-situ temperature and H,O-concentration measurements were per-
formed using Tunable Diode Laser Absorption Spectroscopy (TDLAS). Laser measurements were carried
out with three different diode lasers at center wavelengths As, = 1344.5 nm, 1392.3 nm and 1853.5 nm,
respectively, where multiple absorption peaks of the water molecule were investigated. Additionally, one-
dimensional calculations with detailed chemistry were performed using the PREMIX code together with
the GRI3.0 and CalTec2.3 mechanisms and compared with the experimental data. The results of the tem-
perature measurements showed temperature peaks in the flame zone and a temperature decrease in the
endothermic post flame zone, where synthesis gas is formed. The measured peak temperatures exceed
the calculated equilibrium temperatures by approximately 100-400 K indicating super-adiabatic flame
temperatures (SAFT). Both reaction mechanisms showed similar trends with respect to the decrease of
the temperature in the post flame zone and were in line with the measured temperature. In contrast,
the calculated decomposition of water in the post flame zone highly depends on the applied chemistry
scheme. Here, the CalTech2.3 mechanism showed excellent performance in comparison to the experimen-
tal data for ¢ > 2.5. For ¢ = 2.5 the GRI3.0 performed better.

hydrogen, which can subsequently be used in downstream synthe-
sis processes, such as the Fischer-Tropsch or methanol synthesis.

Combustion processes with pure oxygen (oxy-fuel) instead of
air as the oxidant are attractive e.g., for high temperature ther-
mal or thermochemical and gasification processes. In such appli-
cations, the absence of nitrogen leads to many advantages such
as improved flame characteristics, lower exhaust gas volumes, re-
duced costs, increased flexibility and improved product quality [1].

An example for the use of partial oxidation (POX) of methane is
the production of high purity synthesis gas with a high amount of
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In the case of such methane/oxygen flames (premixed, fuel-
rich in the equivalence ratio range of 2.5 < ¢ < 3.0 and with-
out any dilution of the oxidizer) experimental data are scarce. Li
et al. [2] measured temperatures and species concentrations in
methane/oxygen flames in the equivalence ratio range of 3.08 <
¢ < 3.64 using invasive measurement techniques (thermocouple
and mass spectrometer) and showed temperature and water con-
centration profiles.

The determination of temperature and water concentration
profiles in harsh environments (e.g., fuel-rich flames) is challeng-
ing because invasive measurements, such as thermocouple or gas
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sampling systems, have an effect on the flow field and disturb
the flame. Furthermore, in the case of heavily sooting flames (¢ >
2.5), soot deposition on the thermocouple has a strong impact on
radiation correction (emissivity coefficient and wire diameter) and
hence on the measured temperature. Additionally, soot deposition
may easily clog the sampling probe and a large inlet diameter has
to be chosen, which handicaps the rapid quenching of the sampled
gas.

Tunable Diode Laser Absorption Spectroscopy (TDLAS) is an
optical, in-situ, calibration free, integral (along the laser path)
measurement technique. This technique is suitable for measuring
species concentrations and temperature even under harsh flame
conditions, since soot radiation affects only the signal-to-noise ra-
tio (decreases) without imposing a systematic error. In literature
TDLAS, in form of direct absorption (DA) or wavelength modulation
spectroscopy (WMS), was applied for temperature measurements
and species concentration at different burner setups ranging from
lab scale burners [3-11] via pilot scale combustors [12-14] to in-
dustrial scale combustion chambers [15]. For the determination of
temperature profiles, in addition to the water molecule detection
[3,4,6,8-16] the carbon monoxide molecule [7] turned out to be a
suitable and interference free marker in combustion environment.

The development of reaction mechanisms for very rich flames
has turned out to be challenging [17] because chemical pathways
with slow chemical time scales are activated and lead to the for-
mation of higher hydrocarbons. Due to temperature conditions that
are intrinsically different, from stoichiometric or lean conditions,
time scales can differ significantly from those of high temperature
oxidation reactions. Such effects are very prominent in ultra-rich
oxy-fuel flames, where endothermic production of H,/CO rich
synthesis gas takes place downstream of the flame front. The dif-
ference in the time scales of the fast oxidation reactions and the
slow endothermic formation of synthesis gas leads to the so-called
super adiabatic flame temperatures (SAFT) phenomena. In this case
the peak temperature in the flame can exceed the equilibrium
temperature by several hundred Kelvins. SAFT was first reported
by Meeks et al. [18], when numerically investigating C,H;,/O0/H;-
flames. Bertagnolli et al. [19,20] experimentally determined SAFT
for this type of flames. Liu et al. [21,22] showed the occurrence of
SAFT in fuel-rich (¢ = 1.5) CH4/O,-flames numerically, stating that
SAFT strongly correlates to the local H,O overshot. Stelzner et al.
[23] performed a numerical study for CH4/O,-flames over a wide
range (0.5 < ¢ < 3.0), stating that the effect of SAFT increases
with higher equivalence ratios (¢ > 2.1). Also here, the SAFT phe-
nomenon in ultra-rich flames is induced by a local water overshoot
compared to equilibrium. This fact makes the local temperature
and H,O-concentration promising markers for the global diver-
gence of two chemical time scales; fast high temperature oxidation
and slow endothermic synthesis gas production, respectively.

Scope of this study is the experimental determination of tem-
perature and water concentration profiles in premixed laminar
fuel-rich CH4/O, flames using the in-situ measurement technique
TDLAS, to get an experimental insight into fast oxidation and slow
POX reactions in these flames. The acquired experimental data was
used to extend the numerical results presented by Stelzner et al.
[23].

2. Fundamentals of TDLAS

TDLAS is a laser-based, in-situ, integral (along the laser path)
and calibration-free measurement technique for the determi-
nation of temperature and species concentration based on the
Beer-Lambert law. The history, fundamentals and measurement
techniques of TDLAS in combustion are described in great detail
by e.g., Goldenstein et al. [24] and Bolshov et al. [25].

The measuring principle of TDLAS is based on change of
the emitted wave number of the diode laser by modifying its
temperature and the diode laser current. By adjusting the tem-
perature of the diode laser, the emitted wavelength is roughly set
to the center wavelength of the investigated range of wave num-
bers and kept constant afterwards. In a second step the range is
scanned by modulating the diode laser current (up to MHz rates
[26]) and therefore the emitted output power and wave number.

The optical density OD (Eq. (1)), given by rearranging the Beer-
Lambert law, is used in the TDLAS measurement procedure to de-
termine the species concentration.

OD:—1n<I(”)>:S(T).f(ﬁ;ﬁo,y)-zv.za (1)
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with S(T) denoting the spectral line intensity, f the form function.
In the case of a Lorentzian shape, ¥, describes the line position, y
the line width, N and [, the number of absorbers and the absorp-
tion length, respectively. The form function was normalized using
J f(P) dDV = 1. The spectral molecule data were taken from the HI-
TRAN [27] and HITEMP [28] databases.

In this study, a multiline thermometry approach based on a
Boltzmann plot analysis was used. This analysis technique is a
basic tool for the determination of temperature and concentration
using multiple absorption lines of a given molecule. The rele-
vant equation results from the integration of the Beer-Lambert’s
law (Eq. (1)), including the temperature-dependent spectral line
intensity S(T) via the wave number. Neglecting the term of the
stimulated emission leads to a linear dependency between the
integrated area term and the lower energy state Ey [29]:

In i exp _Gko =aEy+ag (2)
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Including the determined peak area A, lower energy state Eg,
spectral line intensity S, at reference temperature T, and the sec-
ond radiation constant c,. The temperature T is extracted from the
slope of the linear fit a;:

C
I = _Tz 3)

The y-intercept a, is used for determination of the number of ab-
sorbing molecules and therefore the volume concentration, using
the knowledge of the absorption length:

ap=In (Q(Tref) Nla) (4)

where Q is the partition function.

3. Experimental setup and data analysis

In this section, the experimental setup of the TDLAS diagnostic
system (Section 3.1), the burner system (Section 3.2) and the data
analysis of the measured TDLAS signal (Section 3.3) are explained
in detail.

3.1. TDLAS setup

Over the spectral range from 0 to 30,000 cm~! more than 108
absorption lines of the water molecule are listed [28]. A thorough
literature search showed, that for the determination of water con-
centration and temperature different absorption lines were used,
e.g., [4,8,16,29-32]. In addition to the recommendations from the
literature, several different criteria were used in order to identify
the most suitable absorption lines. As the expected temperatures
are in the range of 300-2500 K, the spectral line intensity S(T)
has to be sufficiently large (S(T) > 5 - 10-23) in the given range.



Table 1
Identified and used spectral lines of the H,O molecule for the Boltzmann plot.

Diode laser Peak S(T) at Lower-state
position/cm™! Tretl Ntz energy/cm™!
A 1 7444.35 2.178e—23 1774.75
2 7444.37 2.516e—23 1806.67
3 7447.48 8.956e—23 1360.24
B 4 7185.59 8.000e—22 1045.05
C 5 5395.56 3.643e—23 1789.04
6 5398.47 1.226e-23 1908.01
7 5399.39 7.846e—26 3032.69
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Fig. 1. Scanned wave number range of diode laser A, including calculated spectra
at flame conditions (T = 1900 K, I, = 5 cm and cy,0 = 25% by volume) and ambient
conditions (T = 296 K, I, = 40 cm and cy,0 = 0.23% by volume).

For the determination of water concentration, the temperature de-
pendency S(T)/T should be constant. Another important aspect is
avoiding interference with the absorption spectra of other combus-
tion products (e.g., CO, CO,) and the spectral isolation to other wa-
ter absorption peaks. As a result of this line selection process seven
suitable H,O absorption peaks were identified (Table 1) and three
different pigtailed diode laser (NanoPlus GmbH), at center wave-
lengths of 1344.5 nm (A), 1392.3 nm (B) and 1853.5 nm (C), were
used in the current study. The nominal output power produced by
the diode laser is in the range of 3 mW to 5 mW and a line width
of less than 3 MHz.

The diode laser current was modulated in the form of a tooth
saw signal. Its frequency and sampling rate were set to 100 Hz and
106 samples per second, respectively, leading to a resolution of 10%
samples for one signal ramp.

The tuning behavior of each diode laser, with regard to its cur-
rent and temperature, is unique and was determined in a pre-
liminary investigation as described by e.g., Teichert et al. [15].
For all three diode lasers the current was modulated from 0 mA
to 120 mA. The correlation between the modulated laser current
and the wave number is non-linear and was determined using a
Fabry-Perot interferometer (SA200-12B, Thorlabs), with free spec-
tral range (FSR) of 1.5 GHz. By knowing the spectral position of at
least one absorption peak in the modulated signal and the relative
change in wave number, the measured signal can be transformed
from time to the wave number domain. In Figs. 1-3, two calculated
H,0 spectra of the scanned wave number ranges for diode lasers
A, B and C are shown. One at flame conditions (straight lines) with
a gas temperature of T = 1900 K, absorption length I; = 5 cm and
H,0 concentration of cy,o = 25% by volume and the other at am-
bient air conditions (dotted lines) with T = 296 K, I, = 40 cm
(diode A and B) and I, = 68 cm (diode C) and cy,o = 0.23% by
volume.
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Fig. 2. Scanned wave number range of diode laser B, including calculated spectra
at flame conditions (T = 1900 K, I, = 5 cm and cy,0 = 25% by volume) and ambient
conditions (T = 296 K, I; = 40 cm and cy,0 = 0.23% by volume).
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Fig. 3. Scanned wave number range of diode laser C, including calculated spectra
at flame conditions (T = 1900 K, I, = 5 cm and cy,o = 25% by volume) and ambient
conditions (T = 298 K, I, = 68 cm and cy,0 = 0.23% by volume).

The schematic view of the laser setup is shown in Fig. 4. All
three diode lasers were installed into laser mounts (LDM-4984,
ILX Lightwave), which were controlled by a laser control unit (LDC
3908, ILX Lightwave). A multifunction 1/O device (NI USB-6361,
National Instruments), was used for both generation of the mod-
ulated saw tooth signal and the data acquisition of the measured
detector signals. For diode laser A and B (Table 1) the same
fiber optics (SMF28, Thorlabs), Collimator (CFC-8X-C, Thorlabs)
and detector (PDA10CS-EC, Thorlabs) were used and alternated
in operation. Both diode lasers were coupled using a fiber com-
biner (TW1550R2A1, Thorlabs) and split into the measurement
and reference beam using a 50:50 beam splitter (TW1430R5A1,
Thorlabs). The experimental setup for the third diode laser C, is
similar to the first one, using components suitable for the selected
wavelength range: fiber optics (SM2000, Thorlabs), 50:50 beam
splitter (TW2000R5A1B, Thorlabs), collimator (FO28APC-2000,
Thorlabs) and detector (PDA10D, Thorlabs).

The beam profile of each collimated laser beam was measured
using a PyroCam IV (Ophir Photonics, having 320 x 320 pixels and
an effective pixel pitch of 80 nm), showing Gaussian profiles for
all three diode lasers (R2 fit > 0.998). The 10/90 knife-edge width
dpgo of the laser beam of diode laser A, B and C were 1013 pm,
1207 pm and 1671 pm, respectively. To further increase of the spa-
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Table 2
Beam profile parameters and spatial resolution of the laser beam of
diode A, B and C.

Diode laser dggo/um A min/Hm [Rayleigh/mm Ig25 mm/um
A 1013 168 16 312
B 1207 148 12 338
C 1671 140 9 416

Table 3
Determined laminar burning velocities for all investigated flames at am-
bient pressure and a preheating temperature of Tp = 300 K.

Flame Ox. [ Laminar burning velocity s;/cm/s
Exp. CalTech2.3 GRI3.0
P1 0, 2.5 241 27.5 38.9
P2 0, 2.7 173 183 26.5
P3 0, 2.9 12.8 12.7 19.4
Al Air 0.77 23.1 223 25.5

tial resolution, focusing lenses (LB1676-C, Thorlabs) were added to
the setup. Table 2 lists the 90% beam diameter before the lens, the
minimal diameter dg ,;, of the beam waist (center of the burner
plate), the characteristic Rayleigh length lz,yeign and the beam di-
ameter at the edge of the burner plate I 35 mm.

The absorption length was determined using a graphical analy-
sis of images of the flames. Therefore, a CCD camera (mvBlueFox-
223 G, MatrixVision with 1360 x 1024 pixels) was used with a
bandpass filter (FB430-10, Thorlabs) at 430 + 10 nm (CH* chemi-
luminescence) to block the largest part of the soot radiation. The
optical arrangement led to a spatial resolution of approximately
160 pm by 180 pm.

An example of a Boltzmann plot, for a CH4/O, flame (Table 3,
P3) at HAB = 7 mm is shown in Fig. 5. Here, the calculated area
terms of all investigated spectral lines (Table 1) are plotted against
their lower-state energy Eq and fitted using a linear function. The
calculation of error bars is described in Section 3.3.

3.2. Burner setup
All experiments were carried out using a Heat-Flux-Burner. The

Heat-Flux-Method was developed by de Goy et al. [33] for mea-
suring the laminar burning velocity and is described in detail in
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Fig. 5. Example of the Boltzmann plot analysis. The integrated area term [29] is
plotted against the lower-state energy of a suitable spectral line and a linear fit is
applied. This fit results in a temperature of T = 1868 + 117 K.

[33,34]. The diameter and thickness of the burner plate are 50 mm
and 2 mm, respectively. For the determination of the temperature
distribution inside the burner plate, ten type-E thermocouples dis-
tributed across the radius are used.

The burner was mounted on two linear axes (M-414.1DG,
Physikalische Instrumente, repeatability of 1 pm) allowing vertical
(Z-axis) and horizontal (X-axis) movement of the burner, thus to a
fixed position of the TDLAS setup.

The unburnt gases, methane and oxygen, were provided from
bottles (purity of 99.95%) and their flows were controlled with
an accuracy of at least 1% using thermal mass flow controllers
(Bronkhorst High-Tech). All inlet streams were conditioned to a
temperature of 300 K (at ambient pressure) prior to entering the
burner plenum.

3.3. Data analysis

Especially when investigating fuel rich (heavily sooting) flames,
radiation and scattering cause disturbances in the measured detec-
tor signal, such as an offset (radiation) and a non-uniform gradient
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Fig. 6. Illustration (flame A1 at HAB = 4 mm, diode laser B) of the determination of
the final peak area. The adjusted spectrum (straight line) is calculated by subtract-
ing humidity (dashed-dotted line) from the fitted spectrum (dotted line). A Voigt
profile (dashed line) is fitted to the adjusted spectrum. The raw measurement sig-
nal (squares) is illustrated as a cloud of points. The residuum of this fit is shown in
the lower graph.

(scattering) of the measured saw tooth signal. As a first step to
improve the detector signal, a 40 kHz low-pass filter was used to
eliminate high frequencies. In advance, the signal was cut into 100
single signal ramps, which were normalized and analyzed indepen-
dently. This includes the transformation from the time to the wave
number domain, using information given by the Fabry-Perot inter-
ferometer, and the baseline fit resulting in the filtered spectrum
(short-dotted line, Fig. 6). The measured raw signal is depicted as
a cloud of points in Fig. 6.

This spectrum is a result of the water that is formed as a com-
bustion product (with high concentrations at high temperature)
and water from the humidity of the ambient air (low concentration
at low temperature). Due to the experimental setup, the laser path
through ambient air (absorption length) was eight (diode A and B)
to 14 (diode C) times longer than through the flame. Therefore, it
is necessary to take the humidity of the air for each measurement
into account using a reference beam to determine the spectrum
formed by the humidity alone (dashed-dotted line, Fig. 6). Subse-
quently, the humidity spectrum was subtracted from the measure-
ment spectrum, resulting in the final water spectrum (straight line,
Fig. 6). Additionally, the edge region of the one-dimensional flame,
where the gradients in temperature and concentration appear, was
taken into account. Bosschaart et al. [35] determined this distance
to be in the range of 5 mm. The results show only minor influ-
ences (< 5% of the peak area) on the signal. This uncertainty was
taken into account in the data analysis, by subtracting an addi-
tional spectra at average temperature (Tavg = (Taame — Tambient)/2)
with an absorption length of 10 mm (twice the edge area). In or-
der to determine the peak area, a Voigt line shape was fitted to
the final spectrum. The residuum of the fit is also illustrated on
the bottom of Fig. 6 depicting a reasonably good quality of the fit
(lower graph) in the center area of the absorption. At the periph-
ery of the peak the absolute of the residuum increases because of
the rising influence of additional absorption lines. Finally using the
probability distribution, a weighted average was calculated for ev-
ery measurement from the determined peak areas of 100 signal
ramps. The whole procedure was repeated for all investigated ab-
sorption peaks at every HAB.

The fitting of all investigated peaks of diode A and C is depicted
in Fig. 7. For the sake of clarity, only the adjusted spectrum and the
according Voigt fits are plotted against the wave number.
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Fig. 7. Adjusted high temperature spectra (straight lines) and corresponding Voigt
fits (dotted lines) for the investigated peaks of diode lasers A and C (flame Al at
HAB = 4 mm). In the upper graph the reconstruction of the two absorption peaks
at 7444.35 cm~! and 7444.37 cm~! is depicted (dashed-dotted lines).

All peaks shown in Figs. 6 and 7 are results of flame A1l at
HAB = 4 mm.

Using these average peak areas, the Boltzmann-plot analysis for
the determination of temperature and, adding the additional infor-
mation of the absorption length, the calculation of the water con-
centration was performed.

For the linear regression, the uncertainties in each point were
considered using an error propagation, resulting in the final uncer-
tainties in temperature and water concentration. This includes the
uncertainties in the line intensity S(T) and lower-state energy Eg
given by the applied databases, uncertainties from the line shape
fit (Voigt) and the area distribution of all independently analyzed
signal ramps for each HAB.

3.4. Numerical approach

The investigated flames were numerically simulated as freely
propagating flames using the PREMIX code [36] of the ANSYS
Chemkin Pro 19.0 package.

Two chemical reaction mechanisms, GRI3.0 [37] (53 species and
544 reactions) and CalTech2.3 [38,39] (149 species and 1651 re-
actions), were used in this study. The CalTech2.3 was developed
specifically for modeling the formation of soot precursors such as
CyH,, C3Hy, C3Hg, C4Hg and PAH.

Approximately 300 grid points were used for the resolution of
the reactor length of 10 cm for all calculations. Multicomponent
and thermal diffusion were considered for the determination of the
laminar burning velocities (Table 3), the temperature profiles and
the H,0-concentrations. The CH4- and O,-feed were at standard
inlet conditions.

4. Results and discussion

In this section, the experimental results are shown and
discussed. In preceding investigations (Section 4.1), bound-
ary conditions for the investigation of laminar quasi-adiabatic
one-dimensional flames were experimentally determined and
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Fig. 8. Comparison of the water concentration profile of flame P1 between HAB and
residence time for the CalTech2.3 (dashed lines) and GRI3.0 (straight lines).

compared to numerical results. Additionally, the results obtained
by the TDLAS system were validated, using a lean CHg/air-flame.
Section 4.2 presents results for temperatures and species con-
centrations measured with the TDLAS system in the fuel-rich oxy-
fuel CH4 flames, which were the focus of this experimental study.

4.1. Preliminary investigations

As mentioned in Section 3, the major advantage of a Heat-
Flux-Burner is the possibility to stabilize one-dimensional quasi-
adiabatic flames. With this device, the laminar burning velocity s;
of each equivalence ratio was determined separately in preliminary
investigations. The results are shown in Table 3. The inlet condi-
tions were used for further TDLAS investigations.

Comparing calculated and experimental s; major, differences
are observed. In the case of flame P1, calculated burning velocities
were obtained using the GRI3.0 and CalTech2.3 chemical kinetic
schemes resulting in s; = 38.9 cm/s and s; = 27.5 cm/s, respec-
tively, which leads, in the case of this strongly fuel rich case,
to a deviation of 61% between the experimental results and the
calculations using GRI3.0. Due to the laminar burning velocity
differences of both mechanism and experiments, the divergence
of the residence time has to be considered in the comparison. In
order to estimate the residence time of the experiments, numerical
calculations with burner-stabilized reactor were performed using
the CalTech2.3 mechanism. Here, the experimental inlet velocities
and the measured temperature profile were used as boundary
conditions as suggested by Lin et al. [40].

The water concentration profile is plotted against the HAB (bot-
tom X-axis) and against residence time (top X-axis) of flame P1
in Fig. 8. The peak concentration is found in spatial coordinates
at HAB =0.75 mm for both mechanisms. With respect to the res-
idence time coordinate, a shift is observed using the CalTech2.3
mechanism (dashed lines), at which the maximum of the H,0 con-
centration is reached 0.25 ms later in comparison to the results
of the calculations with the GRI3.0 mechanism (straight lines). In
the post flame zone (HAB = 10 mm), the water concentrations dif-
fer by approximately 3.5% by volume between both mechanisms.
In the time domain HAB = 10 mm is reached after 2.4 ms us-
ing GRI3.0 and 3.4 ms using CalTech2.3. The difference in the H,O
concentration between both mechanism in the time domain at
T = 3 ms is 2.4% by volume, due to the faster decrease of the wa-
ter concentration of the CalTec2.3. The experiments show in flame
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Fig. 9. Determination of temperature (left y-axis) and water concentration (right y-
axis) profiles of flame A1, using thermocouple and TDLAS compared to calculated
results.

P1 a slower decrease of the water concentration than both mecha-
nism in time domain.

In order to assess the accuracy of the measurement system, a
slightly lean methane/air flame (Table 3, A1) was investigated as a
reference case. The profile of temperature was determined exper-
imentally with two different diagnostic systems (TDLAS and ther-
mocouple) and compared with calculation results. The case of a
lean flame was selected to avoid any soot deposition on the ther-
mocouple, which otherwise would distort the measured tempera-
tures. Furthermore, the determined water concentration profile is
compared with the calculated results in Fig. 9.

Both mechanisms, CalTech2.3 and GRI3.0, lead to almost iden-
tical results in temperature and water concentration profiles. For
this reason, only the results of the CalTech2.3 mechanism are
shown in Fig. 9. After a steep increase in the flame front, tem-
perature and water concentration smoothly approach equilibrium
conditions (Teq = 1957 K, ceq = 14.9% by volume).

One type-S (Pt-Rh) thermocouple was used for the invasive
temperature measurements. The resolution of the axial tempera-
ture profiles was chosen densely with a step size of 0.5 mm. The
obtained data were corrected for radiation losses following the cor-
rection approach by Shaddix [41], using the emissivity values of
& = 0.22 (Pt-Rh).

A significant difference between thermocouple measurements
and calculated results was seen in the flame zone (HAB = 1 mm to
HAB = 3 mm), where measured temperatures overshoot the calcu-
lated by a maximum of 185 K (HAB = 1.5 mm) and decreases to
the calculated ones in the post flame zone. These differences can
be attributed to the catalytic effect of the thermocouple material.

Temperatures measured using TDLAS corresponded well to the
predicted ones with both mechanisms over the whole flame and
the measured ones with thermocouple in the post flame zone
(HAB > 4 mm). In contrast to the thermocouple measurements, an
overshoot of the temperature in the flame zone cannot be identi-
fied which is in agreement with the numerical calculations.

In addition to the temperature, the water concentration pro-
file was determined and compared to the calculated ones.
While matching the calculated results perfectly at the first HAB
(HAB = 0 mm to HAB = 2 mm), the experimentally determined
water concentrations are slightly higher than the calculated ones
(Acmax = 1.6% by volume), but well within the confidence interval
in the post flame zone.

Overall, the results of the measurements of the reference case
(flame A1) show that the experimental setup of the in-situ mea-
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Fig. 10. Determination of temperature (left y-axis) and water concentration (right
y-axis) profiles of flame P1 (¢ = 2.5), using TDLAS compared to calculated results.

surement technique TDLAS is suitable for the determination of
temperature and water concentration profiles in premixed laminar
flames.

4.2. Investigation of oxy-fuel flames

In the following section, measurement data of the oxy-fuel
flames P1, P2 and P3 are presented and discussed in the follow-
ing (Figs. 10-12). For each flame, the measured laminar burning
velocity (Table 3) is used as the inlet velocity.

For all three figures, the temperature (left y-axis, black symbols
and lines) and water concentration (right y-axis, gray symbols and
lines) are plotted over the HAB. Experimental results are illustrated
using symbols, while calculated results are displayed using dotted
lines for the CalTech2.3 and dashed lines for the GRI3.0.

The results of flame P1 (¢ = 2.5) are shown in Fig. 10. Compar-
ing the two mechanisms, several discrepancies can be identified
under fuel-rich oxy-fuel conditions: regarding the temperature
profile, a slightly steeper gradient in the temperature increase in
the flame front (HAB = 0 mm to HAB = 0.5 mm) is calculated
and slightly higher temperatures are predicted using the GRI3.0
mechanism. The temperature profile as determined experimentally
using TDLAS correlates to the calculated results. The steep increase
in temperature can be shown in three measured temperatures
(HAB = 0 mm to HAB = 1.5 mm) ending in the peak temperature.
The measured values are slightly below the calculated ones in the
post flame zone. In contrast to the results of lean CH-air flame
A1l (Fig. 9), a temperature overshoot above the equilibrium tem-
perature (SAFT) is observed, as numerically predicted by Stelzner
et al. [23].

Concerning the water concentration, the calculated results
clearly differ in the decomposition of the water concentration in
the post flame zone. While only slight differences in gradient of
the H,0 production and peak H,O concentration can be seen, the
calculated water concentration decreases by 13% (HAB = 14.5 mm)
when using the CalTech2.3. However, both mechanisms predict an
overshoot in the water concentration as well. The experimentally
determined water concentrations are consistent with the GRI3.0
mechanism concerning water decomposition in the post flame
zone.

For flame P1 the phenomenon of SAFT is determined experi-
mentally with an overshoot in temperature (AT(P1) = Tiax — Teq =
120 K) and water concentration (Acy,o(P1) = 14% by volume).
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Fig. 11. Determination of temperature (left y-axis) and water concentration (right
y-axis) profiles of flame P2 (¢ = 2.7), using TDLAS compared to calculated results.
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Fig. 12. Determination of temperature (left y-axis) and water concentration (right
y-axis) profiles of flame P3 (¢ = 2.9), using TDLAS compared to calculated results.

The results of the second flame P2 (¢ = 2.7) and third flame P3
(¢ = 2.9) are shown in Figs. 11 and 12, respectively. The tendencies
of both mechanisms in terms of temperature and water concen-
trations are similar for both flames to flame P1. Moreover, with
increasing equivalence ratio, the discrepancies of the two mech-
anisms increase when it comes to the decomposition of the water
concentration.

For both flames P2 and P3, temperatures determined using TD-
LAS show a decreasing peak temperature for higher equivalence ra-
tios. Despite this decrease an increase in the overshoot of the peak
temperature (AT(P2) = 300 K and AT(P3) = 370 K) is observed.
This can be traced back to an even larger decrease in the equi-
librium temperature while increasing the equivalence ratio. This
fact indicates, that the time scale of the fast oxidations reactions
remains almost constant, whereas the reactions of the endother-
mic formation of the synthesis gas slow down in the post flame
zone. Contrary to flames P1 and P2, the experimentally measured
temperatures for P3 differ in the slope of the temperature increase
in the flame front. In the post flame zone, the measured results
show slight deviations around the calculated results for flame P2
and P3.

Examining the experimentally determined water concentra-
tions, the results show stronger overshoots with increasing ¢
(Acy,o(P2) = 16% by volume and Acy,o(P3) = 21% by volume).
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Contrary to the measured temperatures, the measured peak water
concentration is almost constant, ranging between 30% and 32% by
volume for all three investigated flames.

A shift can be observed, comparing experimentally and numer-
ically determined water concentrations. In the case of P1, calcu-
lations with the GRI3.0 are aligned with the experimental results,
whereas in the case of P2 and P3 the consistency between calcula-
tions and measurements is better for the CalTech2.3 mechanism.

In order to identify the differences between both mechanisms
the rate of production (ROP) and sensitivity analysis of H,0, with
emphasis on the post flame zone, were performed.

The sensitivity analysis for H,O showed 130 reactions sensitive
for the H,0 formation in the case of the GRI3.0 and 220 reactions
for the CalTech2.3.

The ROP drops to its minimum in the post flame zone where
it differs almost by a factor of two, with the CalTech2.3 predict-
ing lower values. Downstream of its minimum the ROP increase
for both mechanisms, where the CalTech2.3 again shows lower val-
ues of the ROP over the entire investigated range. This indicates
the more pronounced decomposition of H,O in the case of the
CalTech2.3.

With a share of more than 93% (CalTech2.3) and 85% (GRI3.0)
the reaction of OH + H, < H + H,0 in reverse direction is
mainly responsible for the H,O decomposition in the post flame
zone for both mechanisms. A comparison of the reaction rates k of
this reaction showed almost identical results for both mechanisms.
Therefore, all species participating in this reaction were further
investigated.

Figure 13 shows the concentration profiles of all four reactants
as a function of HAB for the GRI3.0 (straight lines) and the Cal-
Tech2.3 (dotted lines). In the flame zone, the total ROP of all shown
reactants is greater for the GRI3.0, due to the steeper gradients in
the concentration profiles.

In the post flame zone (HAB > 4 mm), the Caltech2.3 predicts
lower concentrations, except for H,, over the entire investigated
range and hence indicates a faster formation of the H,/CO-.rich
synthesis gas. The differences between the CalTech2.3 and the
GRI3.0 are in the range of 6-12%, 9-15%, 13--38% and 29-41% for
H,, H,0, H and OH respectively.

The main difference between both mechanisms is observed in
the decomposition of the OH-radical. Since CalTech2.3 was de-
veloped specifically for modeling the formation of soot precur-
sors many reactions of the C;-, C;-, C3-, C4- and PAH-pathways
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Fig. 14. Comparison of calculated temperature profiles (left y-axis) and reaction
rate ratios (right y-axis) of OH + H, < H + H,0 for the GRI3.0 (straight lines)
and the CalTech2.3 (dotted lines), flame P3.
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Stelzner et al. [23] and CalTech2.3 mechanism of SAFT (temperature on the left y-
axis and water concentration on the right y-axis) in ultra-rich CH4/O,-flames.

consume OH-radicals. For the GRI3.0, only isolated reactions of
higher hydrocarbons are included. Furthermore, the reaction rates
and ROP for reactions, taken into account by both mechanisms,
vary strongly. In the case of the dominant reaction for the decom-
position of OH for both mechanisms of C;H, + OH « CH,CO + H
the reaction rate predicted by the CalTech2.3 is approximately 20%
higher than by the GRI3.0 and the ROP four times larger for the
CalTech2.3 in the post flame zone.

Figure 14 shows temperature profiles (left y-axis) and reaction
rate ratio RRR of OH + H, < H + H,0 (right y-axis) for the GRI3.0
(straight lines) and CalTech2.3 (dotted lines) of flame P3. The RRR
is defined as the coefficient of the backward r, and forward r; reac-
tion rate: RRR = r,/r. The elementary reaction is in partial equilib-
rium (RRR = 1) in the post flame zone for both mechanisms. The
decomposition of the H,O molecule is forced more using the Cal-
Tech2.3 than the GRI3.0 mechanism, since both mechanisms show
partial equilibrium in the post flame zone.

The experimentally determined values of SAFT in all investi-
gated flames P1-P3 are shown in Fig. 15 and compared with the
numerical results by Stelzner et al. [23] and the results of the



CalTech2.3 mechanism. The temperatures from the experiments
(Fig. 15, black squares) resemble the tendency of increasing SAFT
with increasing equivalence ratio, as observed by both mechanisms
(black lines).

Whereas the difference in AT between the results by Stelzner
et al. [23] and experimental results is below 45 K for flame P1
(¢ = 2.5) and P3 (¢ = 2.9), the largest difference is observed
at P2 (¢ = 2.7), where the measured AT exceeds the calculated
by 70 K. Over the entire investigated range, SAFT predicted by
the Caltech2.3 is approximately 65 K lower than for the GRI3.0.
Comparing the experimentally (dots) and numerically (line) deter-
mined water concentration overshoot (Acy,o), the largest differ-
ence again occurs at flame P2 with an experimental value of 1.5%
by volume below the numerical results (GRI3.0). The smallest dif-
ference (0.02% by volume) can be observed in the case of flame P2
(CalTech2.3).

The measured peak concentrations of water slightly increase
from flame P1 (Fig. 10) to flame P3 (Fig. 12) from 30% by vol-
ume (¢ = 2.5) to 32% by volume (¢ = 2.9). This is accompanied
by a drop in the equilibrium concentration from 18% by volume
(¢ = 2.5) to 11% by volume (¢ = 2.9). A similar effect is observed
for the temperature: a slight drop in the measured peak tempera-
tures from 2180 K (¢ = 2.5) to 1994 K (¢ = 2.9) and a larger de-
crease in the equilibrium temperature 2061 K (¢ = 2.5) to 1627 K
(¢ = 2.9). This similarity can be taken as an indication for the fact
that the increase in SAFT with higher equivalence ratios is mainly
driven by the decrease in the equilibrium state (temperature and
water concentration).

5. Conclusion

The in-situ measurement technique TDLAS was successfully
applied for the determination of temperature and water con-
centration profiles in laminar, premixed, fuel-rich, quasi-adiabatic
CH,4/0,-flames at equivalence ratios ¢ > 2.5.

The TDLAS setup was successfully validated at a lean CHy/air-
flame (¢ = 0.77) comparing temperatures measured using thermo-
couples and TDLAS and calculated using the GRI3.0 and CalTech2.3
mechanisms.

The results for all three investigated POX-flames show that in
the case of premixed fuel-rich CH4/O,-flames both reaction mech-
anisms show a similar trend in the decrease of the temperature
in the post flame zone and correspond to the measured tempera-
ture using TDLAS. In contrast, the calculated decomposition of wa-
ter in the post flame zone strongly depends on the applied chem-
istry scheme. Here, the CalTech2.3 mechanism showed excellent
performance in comparison with the experimental data for flames
P2 and P3. In the case of the least rich POX flame P1 (¢ = 2.5)
investigated in this study the GRI3.0 mechanism showed a better
performance.

A thorough analysis of both reaction mechanisms showed, that
differences in the decomposition of the H,O may be traced back to
the included soot precursor chemistry of the CalTech2.3 in general
and on the faster consumption of the OH-radical in particular.

The phenomenon of SAFT in fuel-rich oxy-fuel flames and its
dependency on the equivalence ratio, as numerically predicted by
Stelzner et al. [23] was experimentally determined using the local
temperature and H,O concentration as markers.
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