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Abstract

The combustion regime transition in a sequential burner (SB) supplied with H, (48 kW) is experimentally
studied during steady and transient operation. The test rig is a simplified model of an industrial sequential
combustor featuring two-staged combustion chambers separated by a mixing section in which dilution air
and fuel are injected. The temperature, velocity and composition of the hot vitiated gas flowing through the
SB are defined by the products from the first stage (30 kW natural gas-air flame at equivalence ratio 0.7), and
by the mass flow of dilution air riips. To study the combustion regime transition during steady operation of
the combustor, rip, is fixed at several values between 22 g/s and 7 g/s. For transient operation investigations,
mpa 1s suddenly changed between 20 and 7 g/s, which triggers a fast transition of the combustion mode. High-
speed hydroxyl radicals OH* chemiluminescence is used to characterize the combustion process, and optical
emission spectroscopy (OES) and tunable diode laser absorption spectroscopy (TDLAS) are respectively used
to extract mean and time-resolved temperatures of the vitiated gas in the SB. In particular, we investigate the
transition from a propagation-driven turbulent flame anchored at the inlet of the sequential combustion
chamber, to a flame stabilized by autoignition inside the mixing section of the burner when the dilution
air mass flow is suddenly reduced. Zero-dimensional (0D) simulations are used to analyze the underlying
combustion regime transition. A 0D reactor network is developed and calibrated with the experimental data.
This simplified low-order model predicts well the flame location for both steady and transient operation.
Moreover, the good agreement between the numerical results and the experimental data demonstrates that
time-resolved TDLAS successfully enables measurement of small temperature variations in the vitiated flow
associated with non-perfect mixing of the different streams in the SB.
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1. Introduction

Supplying gas turbines with H, can drastically
reduce carbon dioxide emissions and provide a
solution to the energy storage problem of future
networks based on the massive use of renewable
sources and on power-to-gas-to-power technology.
In gas turbines, the reheat (sequential) combustion
concept offers high fuel and operational flexibility,
and is particularly well-suited for highly reactive fu-
els like H, while keeping low emissions. These char-
acteristics are thoroughly described in Pennell et al.
[1], Giithe et al. [2], Bothien et al. [3], Ciani et al. [4],
5]. A key advantage of the reheat concept is that
combustion in the sequential stage is defined by a
complex balance between autoignition and propa-
gation that is strongly dependent on the flow tem-
peratures, and that can be effectively controlled.
The complexity of this concept leads to a scarcity
of studies on combustion of pure H, in reheat
systems. Previous studies analysed flame stabiliza-
tion mechanisms in sequential combustion cham-
bers [6-12] but they were focusing on the combus-
tion of natural gas and air in the sequential stage.
In particular, it was shown that different combus-
tion regimes, namely autoignition and flame prop-
agation, can govern the flame stabilization [6] and
that these regimes can coexist. These findings were
confirmed with experiments [7] and other numeri-
cal simulations [8]. Fewer studies deal with H,-rich
fuels or pure H, used at reheat conditions. Some
numerical investigations focused on 0D, 1D or sim-
ple geometrical configurations [13-15], and flame
stabilization in second stage flames featuring a jet-
in-crossflow configuration was studied in Solana-
Pérez et al. [16], 17], where [16] used H,-rich fuels.
A series of experimental studies [18-20] were per-
formed with a reheat combustor that shares com-
mon features with the academic combustor used in
the present work. In the latter references, the com-
bustion of H, diluted with N, in a high pressure
sequential combustor was investigated, with a fo-
cus on the formation of autoignition kernels rather
than on combustion regime transition. The effects
of pressure increase on sequential flames at gas tur-
bines relevant conditions was addressed in Brower
et al. [21] using 0D/1D simulations, and in Gru-
ber et al. [22] using LES. Recent numerical stud-
ies [22.23] were published where a H, sequential
simplified configuration was simulated with DNS
and LES. The authors studied the flame stabiliza-
tion and also observed the coexistence of autoigni-
tion and propagation regimes, and the formation
of spontaneous ignition events due to the high sen-
sitivity to temperature variations. A recent exper-
imental work [24] assessed the effects of mixing
quality on the sequential flame dominant combus-
tion regime and emissions. The experiments were
conducted in the same experimental test rig as the
current study.

There are important knowledge gaps about the
transition of combustion regimes and its role on
flame stabilization when pure H, is burned, and
when the thermo-chemical conditions of the viti-
ated flow entering the sequential burner (SB) are
changed. In this study the effect of such thermo-
chemical changes on the combustion of H, in
a generic sequential combustor is investigated.
Firstly, temperature and composition of the hot
stream are consecutively modified during steady
operation of the combustor in order to study the
flame stabilization mechanisms. This is done by
changing the dilution air mass flow rates while the
lean natural gas-air flame at the first stage is not
modified. Secondly, the combustion regime tran-
sition is analysed during transient operation of
the combustor while the vitiated flow temperature
is abruptly decreased. These results are compared
against a calibrated 0D reactor network model in
the last part of this paper.

2. Experimental setup

The experiments are conducted in a generic se-
quential combustor operated at atmospheric pres-
sure and featuring two axially staged combustion
chambers separated by a mixing section and a SB
in which dilution air and fuel are injected, see Fig. 1.
The first stage consists of a 4x4 array of turbu-
lent jet flames burning a technically premixed mix-
ture of natural gas (NG) and air at lean conditions.
The hot vitiated flow generated in the first stage
is then diluted with fresh air at 300 K. The dilu-
tion air module transitions from 62 x 62 mm? to
25 x 38 mm? cross section and contains 4 large vor-
tex generators (VGs). The SB features a high-speed
mixing section with a cross section of 25 x 38 mm?.
It is equipped with the sequential fuel injector, that
features a vertical aerodynamic symmetric profile
with 2 opposing VGs. The nozzle outlet diameter is
2.4 mm, and its distance to the end of the mixing
section is 180 mm. The H, injected from this nozzle
mixes with the vitiated flow in the mixing section.
Finally, the sequential combustion chamber has a
cross section of 62 x 62 mm?. The transition be-
tween the mixing section and the sequential com-
bustion chamber is a sudden area expansion. The
area of the combustion chamber outlet orifice is
set to 1500 mm?, which allows to prevent thermoa-
coustic instabilities. The operating conditions con-
sidered a constant power split of 30/48 kW between
first and second stage at atmospheric pressure. A
lean NG/air mixture at equivalence ratio ¢; = 0.7 is
used in the first stage, delivering a hot vitiated flow
that is then diluted with varying amounts of dilu-
tion air. For the steady operation, mass flow rates
of dilution air range between ripy = 7 — 22 g/s,
varying the flow temperature from 1150 K to 850 K,
the velocity from 90 m/s to 105 m/s, and the global
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Fig. 1. Sequential combustor featuring a st stage combustion chamber with 4 x 4 premixed jet flames, a dilution air
module, a sequential burner and a 2nd stage chamber. The field of view of OH* chemiluminescence images is shown with
red dotted lines. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)

equivalence ratios of the SB from 1.21 to 0.48 re-
spectively in various steps. This global equivalence
ratio takes into consideration the H,, and the O,
from both the dilution air stream and the first stage
products. For the transient operation, only one sud-
den variation of mip, is investigated, from 20 g/s to
7 gls. Pure H, at 300 K is used as sequential fuel
without any carrier gas. The residence time of the
fuel in the mixing section is estimated to be between
1.5 and 2 ms based on the mean convective veloci-
ties.

2.1. Diagnostic techniques

High-speed line-of-sight integrated OH* chemi-
luminescence is performed to record the mixing sec-
tion and the sequential combustion chamber, see
Fig. 1. The camera frame rate is set to 10 kHz with
a gate width of 40 ps, and the acquisition time is
1.5 s. A high-speed CMOS camera (LaVision star
X) is used with a lens coupled high-speed intensi-
fier (LaVision HS-IRO), equipped with a CERCO
UV lens 45 mm, F/1.8, and a band-pass filter (Ed-
mund Optics, centered at 310 nm, FWHM 10 nm).

Tunable diode laser absorption spectroscopy
(TDLAS) technique is used to measure time-
resolved temperatures (e.g. Goldenstein et al. [25])
in the vitiated flow of the SB. The measurements
are single-point line-of-sight (LOS) integrated and
were obtained at one single location with acqui-
sition rate of 5 kHz. The horizontal laser beam
(x — z plane) crosses the SB laterally with an an-
gle of 30 with respect to the z-axis to avoid spuri-
ous reflections and improve the signal to noise ratio
(see Fig. 1). The center of this inclined laser beam is
located 23 mm downstream (x-direction) from the
sequential injector and 5 mm below (y-direction)
the nozzle to obtain the temperature signal clos-
est to the injector while avoiding interaction with
the cold H, jet. Different vertical positions were not
tested due to the symmetry of the test-rig upstream
from the injector. Only the transient operation is
measured with this technique. The TDLAS setup

consists of two infrared diode lasers (DFB-NEL)
centered at 1392 nm and 1469 nm which are prob-
ing the absorption spectra of water vapour (H,O
molecule) at 7185.59 cm™! and 6806.03 cm~!. The
lasers are injection-current tuned by laser diode
controllers (LDC 501m), which are modulated by
a function generator (Tektronix AFG31000). The
lasers emitting near 1392 nm and 1469 nm are
sinusoidally scanned at 5 kHz and modulated at
150 kHz and 200 kHz with modulation depths
of 0.09 cm~! and 0.092 cm™! respectively. The
laser beams from both lasers are then combined
with a fiber combiner and subsequently collimated
to a beam diameter of 3 mm with a fiber col-
limator (Thorlabs F280APC-C). The collimated
beam is then detected by a photodiode (Thorlabs
PDAOS5CF?2). The signal of the photodiode is sam-
pled at 10 MS/s with a 16-bit data acquisition
card (GaGe). The WMS-2f and 1f signals are ex-
tracted by demodulating the signal at the modula-
tion frequencies of the lasers. Temperature along
the TDLAS LOS is inferred following [26]. More
detailed description of the method can be found in
Dharmaputra et al. [27].

Optical emission spectroscopy (OES) of sin-
gle 10-nanosecond non-equilibrium plasma (NEP)
discharge is used to obtain the temperature of
the vitiated flow inside the mixing section without
the addition of sequential fuel to avoid the effect
of the flame. For these OES measurements, two
pin electrodes are inserted inside the mixing sec-
tion 103 mm downstream of the fuel injector from
top and bottom to create the NEP discharges using
a high voltage (HV) generator, and later removed
for the combustion measurements. The spatially-
integrated and time-resolved optical emission is
collected and transmitted through an optical fiber
with a transmission from 190 to 1100 nm to the en-
trance slit of the IsoPlane-320 (Princeton Instru-
ments) spectrometer with 1800 I/mm diffraction
grating associated with the intensified PI-MAX4
camera. Emission spectra of the second positive
system of molecular nitrogen, corresponding to the



4338 R. Solana-Pérez et al. | Proceedings of the Combustion Institute 39 (2023 ) 4335—4344

1200 .. A OES
% e TDLAS
1100 %% ------ 0D Reactor

Tvr [K]

1000 % s
900 : §§

800

5 10 15 20 25

Dilution air mass flow rate rpa [g/s]

Fig. 2. Temperature of vitiated flow measured at mixing
section for various dilution air mass flow rates at steady
operation of the test rig. Experimental temperatures from
OES (blue triangles), and TDLAS (red circles), and nu-
merical values from the calibrated 0D reactor network
(dotted line). (For interpretation of the references to color
in this figure legend, the reader is referred to the web ver-
sion of this article.)

electronic transition C*I1, — B*Il, are acquired.
The excitation energy of the upper electronic state
(C?I,)is 10.8 eV. The excitation in the discharge re-
gion is produced within direct electron impact pro-
cesses from the ground state of N,. More details of
this method can be found in [28]. The amplitude of
applied high-voltage pulses is tuned in order to ob-
tain a discharge initiation in a glow regime. Glow
nanosecond NEP discharges have negligible ther-
mal effect.

3. Results and discussion
3.1. Steady operation

In these experiments the mass flow of the dilu-
tion air is modified consecutively and each operat-
ing point is recorded separately. Fig. 2 shows the
mean temperatures of the vitiated flow Ty inside
the mixing section as function of the mass flow rate
of dilution air riipa. Experimental values measured
with OES (blue triangles with +35 K total error),
and time-averaged values from TDLAS (red circles
with £25 K standard deviation) show very good
agreement.

Fig. 3 presents LOS integrated OH* intensity
fields of the SB mixing section and of the combus-
tion chamber. Fig. 3-left shows the time-averaged
fields over 10000 images and 1 second of mea-
surement for various dilutions air mass flow rates.
Three different anchoring dynamics are observed: 1)
flames anchored at the inlet of the sequential com-
bustion chamber at “cold” conditions with riipy =
20, 22 g/s; ii) flames stabilized inside the mixing sec-
tion at different distances from the injector noz-
zle at “hot” conditions with ripy = 7, 12 g/s; and
iii) coexistence of the previous 2 anchoring dy-
namics at “mild” conditions with riipy = 16 g/s.

Fig. 3-right is a time sequence of instantaneous
OH* fields corresponding to ripa = 16 g/s. The se-
quence shows an instance of the transition between
flames anchored at the combustion chamber and
flames stabilized in the mixing section. The transi-
tion is caused by the random appearance of sponta-
neous ignition events (blue circles) and disappear-
ance of the flame in the combustion chamber, lead-
ing to the coexistence of both types of flames. See
[24] for a detailed analysis of the spontaneous igni-
tion events.

A 0D reactor network is developed using Can-
tera [29] with San Diego mechanism [30] in or-
der to study the conditions at which autoignition
and flame propagation govern the combustion pro-
cess in the sequential combustor, see Fig. 4. The
network model consists of 3 stages: a) first stage
flame is simulated using chemical equilibrium at
constant pressure and enthalpy of a CH4/Air mix-
ture. The required inputs include pressure, gases
temperatures, kinetic mechanism, and equivalence
ratio. A OD batch reactor with wall heat losses is
introduced to simulate experimental wall losses; b)
dilution air is added to the vitiated flow in a per-
fect mixing process; ¢) sequential H, fuel is added
in a partial mixing process as function of a mixture
fraction parameter (Z) between the fresh fuel and
the vitiated flow, and a 0D adiabatic batch reactor
at constant pressure is used to ignite the resulting
reactive vitiated flow. The 0D reactors are homoge-
neous, closed, and have a moving wall to ensure the
constant pressure of the system. The autoignition
delay is computed from the last batch reactor as
the time where the highest temperature gradient is
found. The simplified model simulates each stage of
the sequential combustor operated at atmospheric
pressure, and it is calibrated by introducing heat
losses at the first stage to match the temperatures
measured with OES and TDLAS.

The temperature results are shown in
Fig. 2 matching well the experimental data.
Several simulations are performed varying two
parameters: i) the temperature of the vitiated flow
Tvr by modifying the concentration of dilution
air, and ii) the mixture fraction parameter Z that
defines the mixing between the pure H, jet at
300 K (Z = 1), and the hot vitiated gas, i.e. the
stream containing the hot products from first stage
and the dilution air (Z = 0). Note that changes
in the vitiated flow temperature are caused by
different concentrations of fresh dilution air and
hot products from the first stage flame. By doing
so, the reactor network takes into account changes
in both temperature and composition between
the three streams (hot products from the first
stage, dilution air, and sequential fuel). Fig. 5-top
shows autoignition delay times 74; as function
of the mixture fractions Z for various Tyg. The
most reactive mixture fraction Z,,, is denoted with
diamond markers, and it is defined as the mixture
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Fig. 3. Left: Time-averaged OH* intensity fields for various mass flow rates of dilution air; Right: excerpt of case riippy =
16 g/s showing instantaneous OH* images of the erratic transitions from flames anchored at the SB outlet (¢;) to flames
stabilized inside the SB mixing section (5) in the form of spontaneous ignition kernels. The dotted vertical lines show the

nozzle location.
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Fig. 4. Schematic of 0D reactor network model using
Cantera modules. a) First stage, b) dilution air, and c) se-
quential burner modules. Autoignition delays are the out-
put.

fraction that exhibits the shortest autoignition
delay at each vitiated flow temperature, see [31].
This value is found at very lean mixture compo-
sitions, with equivalence ratios of ¢y, >~ 0.2-0.3.
The so-called most reactive autoignition times
TaLmr Show a reduction of more than one order
of magnitude for the range of Tyg of interest.
The exponential dependence between tapy,  and
Tyr is shown in Fig. 5-bottom. Previously defined
“hot” regime (rips = 7, 12 g/s) is associated with
autoignition delays much smaller than the resi-
dence time in the SB mixing section (ta; < 0.2 ms);
“cold” regime (ripa = 20,22 g/s) shows that au-
toignition delays are larger than the residence
time, hence autoignition is not expected in the
mixing section (ta; > 2 ms); and “mild” regime
(mpa = 16 g/s) is associated with large gradients of
autoignition delays for varying temperatures. This
can be observed comparing Figs. 5-bottom and 2.
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Fig. 5. Top: Autoignition delays to; as function of mix-
ture fraction Z between vitiated flow (Z = 0) and hydro-
gen (Z = 1) for various vitiated flow temperatures Typ.
Diamond and square symbols respectively show the most
reactive mixture fractions (Zp;) and the stoichiometric
conditions. Bottom: Autoignition delays tayy,, at most
reactive conditions (Zy,,, diamond markers from Top) as
function of the vitiated flow temperature.

Fig. 6 compares the experimental averaged
flame presence (color map representing OH* aver-
aged intensity) and the autoignition lengths com-
puted from the most reactive autoignition delays
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Fig. 6. Time-averaged OH* intensity integrated in the y-
direction along the mixing section (x from 0 to 180 mm)
and combustion chamber (from 180 to 370 mm) for
various riips. The solid line represents the autoignition
lengths from the calibrated 0D reactor network. Fuel in-
jector at x = 0.

of the 0D reactor model (black solid line) for var-
ious dilution air mass flow rates. The three tem-
perature regimes previously mentioned can be ob-
served in this figure. At so-called “cold” conditions
(mpa > 18 g/s) the flame only appears anchored
at the combustor inlet. The autoignition lengths
computed from the 0D reactor (solid line) are far
downstream from the actual flame front. This in-
dicates that these flames are anchored by flame-
propagation mechanism thanks to the recirculation
of hot gas at the inlet of the combustion chamber,
similarly to [8,23]. A further decrease of the viti-
ated flow temperatures does not affect the flame
anchoring as it is not dominated by autoignition.
At “hot” conditions (1ps < 12 g/s) the flame is al-
ways stabilized by autoignition inside the SB mix-
ing section, in agreement with the 0D model. Fi-
nally, at “mild” conditions (riipy = 12 — 18 g/s) co-
existence of flame inside the mixing section and
at the combustion chamber inlet is observed. At
these conditions, the predicted autoignition loca-
tion is close to the end of the mixing section. At
the same time, these temperatures are associated
with large gradients of tarm, as shown in Fig. 5-
bottom. This means that small local temperature
variations due to non-perfect mixing of the vitiated
flow can lead to autoignition length displacements
sufficiently large to push the flame front outside the
mixing section, promoting a change of the flame
stabilization mechanism. As an example, at ripy =
16 g/s, temperature variations similar to those mea-
sured with TDLAS, i.e. ATyg >~ 50 K, can lead to
ATarme =~ 0.7 ms, and estimated autoignition dis-
placements of Axa; = 70 mm that are sufficient to
delay ignition to the combustion chamber.

The 0D reactor network model was also used
to assess the impact of the first stage fuel on
the autoignition properties of the sequential stage.

4 ; 25
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_ 3 ' ——CHs6=0.7 {20
E . ---Hy =106 %
B 2F 1% 5
2| — —_— £
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Fig. 7. Autoignition delays o1, at most reactive con-
ditions (blue left), and vitiated flow temperatures at each
dilution air mass flow riips when using CHy4 or Hj as first
stage fuel.. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version
of this article.)
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Fig. 8. Top: TDLAS temperature signal. Bottom: Instan-
taneous OH™* intensity integrated in the y-direction and
stitched together in time during transient operation from
mpa = 20 g/s to 7 g/s. Dotted lines show TDLAS probe
(red, 23 mm) and injector nozzle (blue, 0 mm). (For inter-
pretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Fig. 7 shows the autoignition delays at most reac-
tive conditions 7a;m Of the sequential stage (blue
left curves) when firing the first stage with CHy
or H,. It also shows the temperature of the viti-
ated flow at each operating point of ripa (red right
curves). The equivalence ratio of the first stage H,
case was chosen such that the temperature of the vi-
tiated flow (red right curves) matches the CH, case,
allowing to compare the autoignition properties of
the sequential stage purely based on mixture com-
position of the vitiated flow. In this case, modifying
the first stage fuel would change the composition
of the hot vitiated products concentration (mainly
CO, and H,0). The results show that burning H; in
the first stage would slightly delay the onset of au-
toignition to higher temperatures compared to the
CH, case. However, this delay is rather small and
could be easily tuned by slight variations of the vi-
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Fig. 9. Left: Zoomed region inside blue dashed rectangle in Fig. 8 centered at transition of flame anchoring. Right: In-
stantaneous OH* fields extracted at the time instants marked on the temperature plot, showing consecutive spontaneous
ignition events (a,b,c,d) finally leading to transition of flame stabilization location (e). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

tiated flow temperatures. As a conclusion, it is not
expected that the use of H; in the first stage will
have a major influence on the dominant combus-
tion regimes of the second stage.

3.2. Transient operation

The transition from a H, flame anchored at the
combustion chamber inlet to a flame stabilized in-
side the SB mixing section during transient opera-
tion of the combustor is analysed in this section us-
ing synchronized measurements of OH* chemi-
luminescence and TDLAS. Several tests are per-
formed changing the dilution air mass flow rate
from ritpa = 20 g/s to mpa = 7 g/s. Fig. 8 displays
the results for one of the transient tests. The top
plot shows the time-resolved temperatures of the
hot vitiated flow obtained with TDLAS at 5 kHz.
The temperature significantly increases when the
dilution air mass flow is suddenly reduced. This
temperature increase starts at 1 ~ 0.25s, lasts about
100 ms, and is followed by decaying oscillations
until it stabilizes at ¢t ~ 0.6 s. The bottom plot
of Fig. 8 presents the time evolution of the radi-
ally integrated values of OH* intensity recorded at
10 kHz along the mixing section (x = 0-180 mm)
and the combustion chamber (x = 180-370 mm).
The flame appears anchored at the combustion
chamber inlet while 7 ~ 900 K. Sudden transition
occurs at ¢t ~ 0.30 s, lasting about 30 ms, and lead-
ing to a flame stabilized inside the mixing section.
Note how the oscillations that follow the tempera-
ture increase affect the flame front location in the
chemiluminescence results.

A more detailed view of the transition is shown
in Fig. 9. The plots on the left display the time win-
dow enclosed in the blue dashed box of Fig. 8 with
a total duration of 50 ms centered at the transi-
tion event. The figure shows a sequence of consec-
utive spontaneous ignition events bursting inside
the mixing section right after localized temperature
peaks, see temperature signal markers. The dura-
tion of the shortest Al kernels bursts is of the or-
der of 2 ms. The estimated delay between TDLAS
and OH* signals is of the order of 0.1 ms, i.e. one
order of magnitude smaller than the characteristic
time of any recorded phenomena. This means that
TDLAS and chemiluminescence data are fully re-
solved in time.

The first autoignition kernels in Fig. 9 appear
isolated and fail to stabilize the flame. They are
flushed downstream to the combustion chamber,
causing the blow-off and later re-ignition of the
flame anchored at the combustor inlet. As mean
temperature increases, the ignition events become
more frequent and lead to a new flame front con-
tinuously stabilized inside the mixing section, and
to the complete extinction of the flame anchored
in the sequential combustion chamber. These re-
sults show that the displacement of the flame front
is caused by a transition of the dominant combus-
tion regime from propagation to autoignition. The
flame front does not propagate upstream from the
combustor inlet, instead new flames autoignite and
stabilize inside the mixing section. The right plot
of Fig. 9 features line-of-sight integrated OH* in-
tensity fields that show several instants with spon-
taneous ignition events in the SB mixing section.
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Fig. 10. Flame front displacement from combustor inlet to mixing section. Blue: Experimental flame front detected from
OH* luminosity plots. Red: Autoignition locations computed with the 0D reactor network model using the TDLAS instan-
taneous temperatures. Two experimental tests are shown (top and bottom). Fig. 9 corresponds to top. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

They show the ignition of the kernels closer to the
fuel injector for increasing local peak temperatures
(a,b,c,d) and the final stabilized flame (e).

The TDLAS probe measures the temperature
of the vitiated gas resulting from the mixing pro-
cess between the hot products of the first stage
flame and the dilution air stream. Two questions re-
main, i) whether the single-point and line-of-sight
integrated TDLAS signal successfully captures ac-
tual local temperature fluctuations caused by non-
perfect mixing of the hot vitiated flow; and ii)
whether these local temperature fluctuations asso-
ciated with the mixing quality affect the stabiliza-
tion of the sequential flame. In order to investi-
gate this, the TDLAS temperature signal is intro-
duced as an input in the calibrated 0D reactor net-
work model previously described. The target is to
use this simplified low-order model to compute the
autoignition delays and the autoignition lengths as-
sociated with the measured temperatures of the vi-
tiated flow. Fig. 10 shows the results of this analysis
centered at the transition event. The red curves rep-
resent the estimated flame location computed with
the 0D reactor network model that used the TD-
LAS temperature signal as input to compute au-
toignition delays at most reactive conditions. The
blue curves show the actual flame front location
extracted from the OH* chemiluminescence fields.
Two different test runs are shown (bottom and
top plots) under the same operating conditions
for better corroboration. The time shift between
both cases is caused by the acquisition setup not
being synchronized with the dilution air change.
Nevertheless, this has no effect on the results, as
they represent the same phenomena just shifted in
time. The results of Fig. 10 show good agreement.
The experimental flame front location (blue) corre-
lates well with the autoignition location computed

from 0D model (red). This demonstrates that the
TDLAS technique successfully measures instanta-
neous local variations of the vitiated flow temper-
ature. It also shows the high sensitivity of the au-
toignition flame to these temperature fluctuations
related to the mixing quality, as they largely define
the flame stabilization location. It should be noted
that the fluctuations measured with TDLAS are as-
sociated with local variations of both temperature
and gas composition. The vitiated flow is the result
of the mixing between the hot products of the first
stage and the cold dilution air. However, the mixing
quality between these two streams can only be as-
sumed partially premixed, i.e. lower temperatures
are associated with higher concentration of dilu-
tion air, while higher temperatures are associated
with higher concentration of combustion products
from the first stage flame. This translates to local
variations of temperature and species concentra-
tion (oxygen, radicals and other combustion prod-
ucts), that are expected to play a very important
role on the definition of the autoignition properties.
Itis important to stress that the 0D reactor network
model takes into account the mixing quality effect,
i.e. the mixture composition variations associated
with temperature fluctuations of the vitiated flow.

As final comments, it can be noted that the 0D
model of the combustor, whose heat losses were ad-
justed to match the SB inlet temperature, is in good
agreement with the experimental observations al-
though the effects of turbulence and non-perfect
mixing are not accounted for. It thus shows that
such calibrated 0D model, which obviously cannot
predict the flame dynamics, can however be a use-
ful tool to make first assessments about the dom-
inant combustion regimes to be expected in the
combustor when composition or temperature are
changed.
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4. Conclusions

The combustion regime transition of pure H,
flames in a sequential combustor test rig is ex-
perimentally investigated during steady and tran-
sient operation. The test rig features a lean nat-
ural gas-air flame in the first stage, and a pure
H, flame in the sequential stage. Chemilumines-
cence of hydroxyl radicals is used to extract line-
of-sight integrated information of the sequential
flame, while mean and time-resolved temperatures
of the hot vitiated flow are acquired using OES
and TDLAS respectively. Variations of the vitiated
flow temperature, velocity and composition are car-
ried out by modifying dilution air mass flows in
order to assess its effect on the dominant combus-
tion regime of the sequential flame. The results of
the steady operation show three types of flame sta-
bilization regimes: i) flames anchored by turbulent
premixed-flame propagation mechanism at the in-
let of the combustion chamber at cold SB condi-
tions, ii) flames stabilized by autoignition inside the
SB mixing section at hot conditions, and iii) coex-
istence of the previous 2 types of flames and dom-
inant combustion regimes at mild conditions. The
mean temperature of the vitiated flow is acquired
and validated with OES, TDLAS and a calibrated
0D reactor simulation, showing very good agree-
ment. It is shown that the 0D reactor model can
also be reliably used to estimate the three flame an-
choring regimes for varying temperatures. The 0D
reactor model also showed that using H; as the first
stage fuel would not have strong effects on the dom-
inant combustion regime of the sequential flame.
The transient experiments demonstrate the capa-
bilities of the TDLAS technique in the acquisition
of time-resolved temperature measurements in se-
quential combustors. It is shown that the transition
between a flame anchored at the combustor inlet
to a flame stabilized inside the mixing section oc-
curs abruptly and due to spontaneous autoignition
events bursting in the mixing section that cause the
extinction of the former flame, and the stabilization
of the latter. The signal acquired with TDLAS is in-
serted into the 0D reactor network model to com-
pute the autoignition delay times associated with
the measured temperatures. The results give esti-
mated time-resolved flame autoignition locations
showing very high correlation with the actual flame
front location observed with OH* chemilumines-
cence. This demonstrates that TDLAS successfully
captures local temperature fluctuations of the flow
associated with non-perfect mixing, and that these
fluctuations strongly affect the flame stabilization.
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