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Abstract. Sequential combustion staging has emerged as a well-suited approach for burning hy-
drogen in gas turbines, while maintaining low emissions and high cycle efficiency. A characteris-
tic feature of sequential combustion systems is the high inlet temperature and the balance of flame
propagation versus spontaneous ignition controlling flame stabilization in the second combustor
stage. For the development of gas turbine combustion systems, able to operate on carbon-free
fuels, it is important that experimental data at relevant conditions is available and that turbulent
combustion models can accurately predict flame stabilization in the highly turbulent reacting flow.
To match the propagation-to-auto-ignition balance, which is controlling flame stabilization, ex-
perimental validation of numerical models plays a key role in combustion systems development.
Experimental results of N»-diluted hydrogen and pure hydrogen flames serve as a validation ba-
sis of Large-Eddy Simulations. Two flame stabilization configurations are investigated featuring
significant differences in the steady-state flame location. Flame stabilization occurs in the com-
bustor or directly at the fuel injection nozzle. The numerical model tested is able to capture the
main flame-stabilization location observed in the experiments, while it is unclear whether the
model correctly captures the occurrence of intermittent small ignition kernels in the mixing sec-
tion.

1 Introduction

Decarbonisation of the power sector is key in the ongoing
efforts to mitigate climate change. The envisioned zero-
emissions society targets to include a blend of multiple re-
newable energy systems and energy carriers, such as hydro-
gen (Hs) or ammonia (NH3). At any rate, security of sup-
ply and efficient use/distribution of electric power pose con-
straints on the availability of intermittently available power
generators. The future’s energy system will likely rely on
a mixture of different carbon reduced or carbon free fuels,
such as natural gas (with CCS) or hydrogen. Swift transition
to a decarbonised energy system mandates cost-effective so-
lutions, preferably of a high degree of retrofittability to pose
attractive alternatives in terms of investment costs. To this
end, a re-purposable, fuel-flexible combustion system, free
from constraints on fuel purity, and high operational flexi-
bility, is clearly desired to adapt to varying degrees of fuel
availability and enable grid balancing.

The reheat concept is able to provide fuel-flexibility, by
varying loading of each of the two sequential combustor
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stages separately, allowing stable operation of highly re-
active fuels (such as hydrogen) in the first stage at lower
flame temperature compared to natural gas operation, and
high hydrogen fuel contents to be burned efficiently in the
second stage, conserving engine rating [ 1, 2]. Typically, the
sequential combustor is subject to pressures exceeding 10
bar, high reactant temperatures above 1000 K and the pres-
ence of vitiated oxygen (O2). As part of ongoing research
to develop computational tools that can reliably predict re-
heat combustion processes for arbitrary hydrogen contents,
experimental validation of the numerical models is crucially
required.

Experimental studies on a geometrically simplified sequen-
tial combustor under reheat conditions, studying the for-
mation of auto-ignition (Al) kernels for cross-flow and in-
line fuel injection, have been performed by DLR over a
period spanning more than a decade [3, 4, 5, 6, 7]. To-
gether with the aforementioned early experimental work,
more recent measurements of hydrogen injection under re-
heat conditions in a slightly modified sequential combus-
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tor are obtained to serve as a database for model validation.
Improving upon and learning from the earlier study [7], the
new experiments exploit an optimized thermocouple probe
and a sequential combustor exit section with a converging
cross section. Otherwise, these follow a similar approach as
earlier experimental campaigns performed at DLR, specifi-
cally, employing geometric setup and operational configu-
rations as detailed in [5] and references therein.

In the literature, simplified numerical studies considering
hydrogen and methane (CH4) combustion at reheat condi-
tions have been performed, mostly to aid detailing of full-
scale, high pressure experiments [2, 8, 9]. Quantification
of the relative importance of flame spontaneous ignition vs
flame propagation has been attempted by applying Direct
Numerical Simulation (DNS) [10] and Large-Eddy Simu-
lation (LES) [11] to simple laboratory flames. Moreover,
LES has been applied to study a reheat sequential combus-
tor at atmospheric pressure fueled by methane [12] while
the dynamic response of Al stabilized flames has been in-
vestigated using LES to extract the flame transfer function
[13, 14, 15]. Additional DNS studies have shed light on
the physical characteristics of hydrogen-air combustion un-
der atmospheric and mildly-pressurized reheat conditions
[16]. Using LES, hydrogen reheat flames stabilized in
a geometrically-simplified combustor subject to pressure
variations from part-load and to full-load conditions repre-
sentative of the Ansaldo Energia’s GT26/GT36 sequential
combustion system have been studied assuming homoge-
neous mixing [17]. In that work, synthetic turbulence-like
fluctuations were applied at the domain inlet boundary and
the mixing channel length was assessed in respect to the
spatial development of the turbulent and thermal boundary
layers with significant impact on flame stabilization [17].
A follow-up study performed massively-parallel LES of a
30-degrees sector of the actual Ansaldo Energia’s GT36 se-
quential combustion system [18]. Although this effort re-
sulted in promising outcomes in terms of the model’s abil-
ity to predict fuel injection, mixing with the vitiated oxidizer
stream and spontaneous ignition of the reactants mixture at
the expected stabilization location, the study lacked a solid
validation base for the numerical simulations [18].

The present work tries to address the issue of model val-
idation by providing a more complete experimental base
compared to what is available from typical rig testing of
the industrial combustion system while still incorporating
realistic turbulence and scalar fields transitioning from non-
premixed to partially premixed covering the range of con-
ditions present in industrial combustors. In the configura-
tion investigated, the turbulence is generated by the inter-
action of the high-speed flow of the hot gas with the fuel-
injector geometry, which acts as a bluff body. Resolving
the fuel and carrier air injection characteristics as they in-
teract with the hot gas, we simulate in detail the spatial
evolution of the three-streams mixing field ultimately lead-
ing to the stabilization of the hydrogen reheat flame. We
consider both nitrogen-diluted hydrogen (H2/Ny mixture)
and pure hydrogen fuel. For the nitrogen-diluted hydrogen
flames, we perform two numerical simulations, aiming to
replicate the salient features from the experiments in terms

of qualitative measures for Al kernel generation and flame-
anchoring position. The two cases are classified as low-
hydrogen content, corresponding to part-load engine opera-
tion, and high-hydrogen content, corresponding to full-load
conditions. For the pure-hydrogen flames, we perform sim-
ulations with different inlet temperature of the hot gas, test-
ing the model ability to qualitatively predict the characteris-
tic flame-anchoring behavior observed in the experiments.

2 Experimental setup, numerical

model and configuration

2.1 Experimental setup

The experiments were performed in an optically accessi-
ble simplified sequential combustor (SC), which was inte-
grated in the high-pressure combustion rig HBK-S at DLR
Stuttgart. A sketch of the combustor concept is shown in
fig. 1 (top). It consists of three main sections: A natural gas
fuel stream is burned in a jet-stabilized burner in the first
combustor stage and diluted with air at ambient temperature
to form the hot gas stream. The hot gas generator (HG) is de-
livering hot flue gas at temperatures and gas compositions
typical for sequential combustors. In the subsequent mix-
ing section (MS), fuel (H2/Ny mixtures or Hy) is injected
together with preheated curtain air into the hot gas stream.
The fuel/carrier air/hot gas mixture is then burned in the se-
quential combustor (SC).

Mixing Section
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Fig. 1: Concept (top) and photo of the 2-stage combustor
(bottom).

A schematic of the fuel injector (FI) is presented in fig. 2.
The fuel is injected with a FI, consisting of a central fuel jet,
either a Ho/Ny mixture or pure Hs, surrounded by a co-flow
of so-called curtain air (CA). The CA flow rate is controlled
by a separate mass flow controller and the air is preheated
electrically. This FI configuration can be seen as represent-
ing a simplified single injection point of a multiple point
FI that is typically used in gas turbine combustors. The FI
was installed /; = 150 mm upstream of the backward fac-
ing step of the sequential combustor in configuration 1 and
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Fig. 2: Schematic of the inline fuel and curtain air injector.

l = 100mm in configuration 2 respectively (see fig. 3).
The injector had an inner diameter of 6.5 mm (fuel jet) and
the outer diameter of the cylindrical FI part at the outlet was
13 mm. The residence times in the MS were in the range of
1 to 0.4 ms, typical for a practical system.

An emission probe at the inlet of the MS serves to charac-
terize the exhaust gas composition of the HG. About 70 mm
downstream of the emission probe, a thermocouple (TC)
probe was installed to measure the temperature of the hot
gas at the axis of symmetry at the inlet of the sequential
combustor T-SC;,. This TC was in relation to [3] newly
designed for the experiments with configuration 2 in order
to simplify its regular replacement. The probe was designed
as a shielded cylindrical probe with a flow passage in which
the hot gas temperature is measured with a K-type TC. The
outer surface of the probe was made of zirconium oxide ce-
ramics in order to minimize heat losses.

The MS has a cross section of 25 x 25mm? and a total length
of 310 mm. The FI exit defines the position x = 0 mm. The
last 25 mm prior the sudden expansion were optically not
accessible.

The SC has a cross section of 70 x 70 mm? and was 170 mm
long. The window in the SC has an axial width of 31 mm
(see fig. 3). The converging section towards the exit of the
SC was implemented for the Hs injection experiments per-
formed within the scope of the FLEX4H2 project and differs
from the original configuration studied in 2015.

Emission probe Thermocouple (TC)

probe

v L

[ vj  25%25 mm2 =310 mm | L.
Hot
= BT | P ,-é_. g - ] -

Configuration 1: [1 = 150 mm
Configuration 2: (2 = 100 mm

Fig. 3: Sketch of the mixing section (MS) and the sequential
combustor (SC).

Due to the sharp transition in flow area from the MS to the
SC, recirculation zones are typically present in the corners
of the SC close to the mixing duct exit. In this work, we
focus on the second stage burner (MS and injector) and the
SC sketched in fig. 3.

Auto-ignition kernels in the MS observed in the configu-
ration 1 experiments were detected by recording the flame

luminosity signal with a high-speed camera of a recording
rate of up to 30 kHz (see [6] for details). In the Hy flame ex-
periments (configuration 2), the heat release zone in the SC
was studied using OH* chemiluminescence (CL) measure-
ments. The OH*-CL signal was detected with two cameras
at few Hz repetition rates, one from the top and one from
the side, and 400 single shot images were averaged to obtain
the mean flame position. In addition, high-speed OH*-CL
imaging was applied to evaluate the Al and flame stabiliza-
tion behavior. As a compromise, a recording rate of 5 kHz
was used in these measurements in order to allow the obser-
vation of a larger field of view (mixing zone and first part
of SC) and still have a manageable size of the kHz videos.

2.2 Numerical solver

We solve the coupled set of partial differential equations de-
scribing multi-component turbulent reacting flow, compris-
ing the Favre-filtered balance equations for mass, momen-
tum, and energy. A dynamic one-equation subgrid-scale
eddy viscosity model [19] is solved to evaluate the filter
coefficients in the LES formulation. The detailed chemi-
cal reaction kinetics scheme developed at Princeton univer-
sity, considering 9 species and 21 elementary reactions to
describe hydrogen-oxygen combustion [20], is used in the
LES calculations (excluding nitrogen- and carbon-species
reactions). Consequently, in the numerical simulations, for
efficiency of the solution, we have replaced the CO» formed
in the hot gas generator with HoO to avoid introducing car-
bon species in the kinetics and transport equations. The
open-source C++ libraries OpenFOAM-12 are used in this
work. OpenFOAM is a generic, high fidelity, framework
for finite-volume discretization of partial differential equa-
tions, including a high degree of user flexibility in terms of
identifying and choosing mathematical formulations [21].
We have used the compressible, reactive, reactingFoam
solver with dynamic load balancing and analytical Jacobian
for the cell chemistry [22, 23]. While dynamic load bal-
ancing is not critical for the modest number of species in
the Li mechanism, the enhanced stability provided by us-
ing an analytical Jacobian, combined with improved im-
plementations for the linear algebra (LAPACK) and use of
a semi-implicit extrapolation-based Euler method (Seulex)
for solving the chemistry ODEgs, is attractive for highly reac-
tive hydrogen flames. Additionally, we employ the thermo-
dynamically consistent FickianTransportFoam provided
by [24], ensuring that non-unity Lewis number diffusivity
effects are appropriately accounted for. The importance of
correctly accounting for, e.g., enthalpy diffusion when aim-
ing at predicting Al locations in hydrogen-air shear flows is
highlighted by [25]. Further, the FickianTransportFoam
model allows to specify inter-species diffusion coefficients
for a range of pressures and temperatures, which are consis-
tently agglomerated to provide the species’ diffusion coef-
ficient with respect to the mixture. A sketch of the CFD
domain is contained in fig. 3, showing the outline of the
mixing-section and the SC. Overall, the geometry consists
of a narrow mixing channel, a wider combustor channel and
the (fuel-) injector nozzles. The dimensions of the mixing
duct in the downstream, span-wise, and vertical direction,
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Fig. 4: Cross-cut view of the computational domain with
grid cells and resolution.

are 148 x 25 x 25 mm?3, respectively. At the end of the mix-
ing duct, the flow expands into the SC of dimensions 516 x
70 x 70 mm?, respectively. The final third of the SC fea-
tures a converging section towards the outlet.

Previous simulations of similar, but simplified, geometries
have indicated that the physics of interest occur in the mix-
ing duct, where the turbulence is developed and turbulent
mixing needs to be accounted for, up to about the first
third of the SC, where flame stabilization is expected [17].
Hence, the first part of the mixing section upstream of the
FI is resolved at 400 pm, and the majority of the numerical
effort is deployed around the FI in the mixing section and up
to the converging part of the SC at 200 um resolution. The
volume bound by the converging part is resolved at 400 um
and the last part near the outlet at 800 um, see fig. 4. Accor-
dance with the Pope criterion [26] is ensured for the bulk
flow where 70 to 80 % of the turbulent kinetic energy is
represented by the resolved motions. The resulting com-
putational domain encompasses 78 million mostly hexahe-
dral cells. We limit the time-step by a maximum allowable
Courant number of 0.6 in the PIMPLE algorithm (a hybrid
SIMPLE-PISO iteration scheme) for pressure-velocity cou-
pling. In the fully developed turbulent and reactive state,
this corresponds to a numerical time step of approximately
1x10~"s. Animplicit second order backward time integra-
tor is used. Spatial operators are discretized by second order
central differencing schemes. Massively parallel computa-
tions are performed on the UNINETT Sigma2 High Perfo-
mance Computing cluster Betzy on 5120 CPUs.

2.3 Configuration and boundary conditions

Two configurations with different boundary conditions have
been studied experimentally and numerically to investigate
the effects of fuel reactivity and hot-gas temperature on
flame stabilization. The first configuration with a lower fuel
reactivity included Ny-diluted hydrogen injection with a low
(case C1) and a high hydrogen flow rate (case C2). The op-
erating conditions were almost the same in both cases (see
Table 1). Configuration 1 was the starting point for the val-
idation of the numerical simulations.

Pure hydrogen was injected in the second configuration
(cases C3 to C5) which represents cases with a higher fuel
reactivity. These three cases differ by the hot gas inlet tem-
perature which was 64 K higher in case C5. The Hy flow
rates were the same (see Table 1 for details). The same FI
but different FI positions were used in the two configura-
tions to take into account the differences in the reactivity of
the fuel air mixtures. As mentioned in chapter 2.1, a section
with a converging inner diameter was installed in the SC for

configuration 2 (cases C3 to C5) to exclude any interaction
of the flow in the downstream exhaust gas piping with the
SC.

Table 1: Experimental operating conditions.

‘ Cl C2 C3 C4 C5
Fuel H2/N2 HQ/NZ HQ H2 H2
Pressure 15 15 10 10 10
Normalized hot gas
inlet temperature [-] 1.055 1.052 1.024 1.068 1.084
Fuel H, flow rate [g/s] 2.9 4.1 5 5 5
Fuel N5, flow rate [g/s] 31.5 32.5 - - -
Curtain air
mass flow rate [g/s] 36.2 379  36.0 359 36.0
Hot gas
mass flow rate [g/s] 605 620 390 365 360
Fuel temperature
at Fl inlet [K] 345 343 295 293 292
Curtain air temperature
at Fl inlet [K] 593 588 525 529 522

The hot-gas composition and temperature for the CFD are
uniformly set according to plug-flow reactor calculations
performed with Cantera [27] and compared with thermocou-
ple measurements for consistency. However, it is expected
that a temperature and compositional variance in the hot-
gas flow is present in the experiments. This is caused by the
method used for dilution-air addition to the products stream
emerging from the first combustor where such dilution-air
addition is implemented in the experiments by a geometri-
cally complex tube-in-tube arrangement that cannot be prac-
tically represented in the numerical model. Consequently,
the dilution air mixing with the hot gas takes place upstream
of the region considered in the computational domain and
the boundary condition for the hot gas assumes uniform
mixture and temperature. Although this is a limiting as-
sumption, it still allows to quantitatively evaluate the effect
of hot-gas temperature and of the fuel reactivity (fraction of
nitrogen dilution) on the flame stabilization process.

The thermal boundary conditions for injector walls,
curtain-air and fuel streams are estimated from a conjugate
heat transfer (CHT) simulation performed by Ansaldo En-
ergia, using ANSYS Fluent. Mass flows through all inlets
are ramped up to their respective mass values shown in Ta-
ble 1 for 3 ms, respectively. During the ramp-up, reactions
are not activated in the CFD. After the ramp-up is com-
plete, the flow is allowed to develop for an additional 3 ms
(approx. one fluid-parcel transit time through the domain),
before reactions are activated. An overview of the bound-
ary conditions is presented in Table 1. The thermal bound-
ary conditions for the pure hydrogen cases are 853 K on the
fuel channel and curtain air channel walls, and 973 K on the
mixing section and fluid-facing injector walls, respectively.
For the Ny-diluted cases, the fuel channel is at 420 K, cur-
tain air inner channel at 480 K, curtain air outer channel at
805K and the fluid-facing injector wall at 970 K, respec-
tively. For case C1 and C2 the mixing section wall is kept
at 970 K. The front panel and combustor walls are assumed
to be adiabatic (zero heat flux). It should be noted that the
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CHT calculations provide the thermal boundary conditions
for the injector geometry only. The mixing section wall tem-
perature is unknown, however, a thorough characterization
ofthe mixing section has found that the applied external wall
cooling resulted in a relatively modest heat loss of approxi-
mately 6 % [3].

The hot gas composition is assumed to be identical for
both cases, with mass fractions according to Yy, = 0.753,
Yo, = 0.169, and Yi,0 = 0.078 (including Yco, = 0.04),
resulting from the first burner operated at equivalence ratio
¢ = 0.41 and the added dilution air stream of 252 g/s. The
far field pressure for the Ny diluted hydrogen cases is 15
bar and 10 bar for the pure hydrogen cases. Inlets and mate-
rial walls are effectively treated as zero flux, with the outlet
provided a waveTransmissive boundary condition, allow-
ing pressure waves to escape the domain in a non-reflective
matter.

3 Results

3.1 Nitrogen diluted hydrogen flames

Auto-ignition and flame stabilization in the mixing section
of Ny-diluted Hy flames (configuration 1) were studied in
the past for a wide range of inlet conditions and hydrogen
fuel flow rates [7]. Due to the extremely fuel-lean operat-
ing conditions, a steady-state flame in the sequential com-
bustor was rarely observed in these experiments. However,
Al events in the mixing section were often observed and at
some operating conditions even flame stabilization at the FI
exit was found. From the extensive experimental database
two cases (C1 and C2) were selected to serve as starting
point for the validation of numerical simulations. As an ex-
ample, flame luminosity images extracted from a kHz series
are shown in fig. 5.
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Fig. 5: Development of Al kernels illustrated by sequence
of flame luminosity images extracted from a high-speed
video (case C1).

The onset of an Al kernel is visible in the first image. As
a definition, the time is set to t = 0 ms, when an Al kernel
is detected the first time. From the following three images
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Fig. 6: Development of Al kernels and flame stabilization
(FS) illustrated by sequence of flame luminosity images ex-
tracted from a high-speed video (case C2).

(t = 0.07 — 0.2 ms) it is obvious that this kernel is grow-
ing in size and intensity, while it is transported downstream.
This downstream convection is related to the local flow ve-
locity in the mixing section, which in this case is higher than
the local turbulent flame speed. For case Cl1, several Al
events have been observed. None of these events triggered
flame stabilization at the FI. In contrast, case C2 shows an
example of flame stabilization at the FI (see fig. 6).

At the beginning of the sequence at ¢ = 0 ms, two Al
kernels were formed, which grow in size and intensity,
while transported downstream. Subsequent kernels form
further upstream and eventually merge with each other or
with their predecessors. Two effects can be identified:
Firstly, a given kernel grows in size during its downstream
movement. Due to local heat release and flame propa-
gation, the trailing edge moves upstream relative to the
kernel center of gravity, and eventually also in terms of
absolute mixing section coordinates. Absolute upstream
movement of the trailing edge occurs very rarely. Overall,
the downstream movement of the kernel is dominating,
which clearly illustrates that upstream flame propagation
only occurs locally, limited to the close vicinity of the
kernel boundaries. This is in agreement with findings in
[28] and [29], who also report on the convective transport
of local ignition spots with the main flow and kernel
edge propagation only occurring locally. Subsequent Al
kernels only form upstream of their predecessors at smaller
x-positions closer to the injector exit plane at z = 0 mm.
This indicates that the flame stabilization mechanism in
this case is Al driven, and not due to upstream flame front
propagation.

The second effect is the merging of kernels with their
respective successors, given that these kernels form suf-
ficiently close to each other. As explained, local flame
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Fig. 7: CFD results for case C2, showing the development
of Al kernels and flame stabilization (FS) illustrated by se-
quence of heat-release rate contours. The images are time-
separated by 0.2 ms.

propagation limited to the close proximity of the kernel
boundaries and the downstream movement of the succeed-
ing kernels, can lead to the merging of several kernels into
one larger entity (see fig. 6, ¢ = 0.07 — 0.13 ms). At
this instant (¢ = 0.13 ms), the mixing section is at least in
the vertical direction fully blocked by this entity. This is
important for the following time intervals, in which more
Al kernels are formed due the local conditions in favor of
Al due to a locally higher inlet temperature and a locally
lower flow velocity caused by this mixing section blockage.
The locally higher inlet temperature is caused by the heat
release of the merged kernels (t = 1.4 — 3 ms). The end of
the sequence is characterized by the development of the last
succeeding kernel and its merging with its predecessors,
which are still present in the mixing section, and the
subsequent stabilization of the flame at the FI (¢ = 4.5 ms).
Due to the kernel merging, the trailing edge moves up-
stream and the flame stabilizes at a certain lift-off height
from the injector exit plane (x = 0 mm) due to the local
balance between flame propagation speed and flow velocity.

Comparison with numerical results is offered in fig. 7.
Here, case C2 has been simulated, yielding a stable flame,
anchored at the tip of the backward-facing step, and posi-
tioned around 20 mm into the SC (cf. fig. 7 (top)). Sub-
sequently, the hot gas temperature was increased by 200 K
beyond the mean temperature value measured in the experi-
ments. This mimics high-frequency temperature (and com-
position) fluctuations possibly induced by the dilution air
mixing with the hot gas in the experiments that are not re-
solved by the thermo-couple providing the reference condi-
tions. When the increased temperature is advected down-
stream of the injector nozzle, small Al kernels are observed
also in the CFD results(fig. 7 (middle)). Similar to the ex-
perimental observations (fig. 6), the flame quickly attaches
at the FI, fig. 7 (bottom).

3.2 Pure hydrogen flames

Results of the Hy flames (configuration 2, cases C3 to C5
are discussed using fig. 8, fig. 9 and fig. 10.
In the experiments with pure Ho, the SC was operated as
follows: the first stage combustor (HG) was ignited and
the HG operating conditions (pressure, inlet temperature,
equivalence ratio) were ramped up to targeted values for the
ignition of the SC. Afterwards, Ho was injected in the MS
and the SC was ignited with the help of an ignition laser.
The laser ignition was used in order to allow a safe, soft and
controlled ignition without risking a hardware damage due
to a violent and uncontrolled ignition. After a steady-state
flame has been settled, the SC operating conditions (pres-
sure, inlet temperature, Ho flow rate resp. equivalence ratio)
are adjusted to the targeted values. The experiments were
performed with different SC inlet temperatures until flame
stabilization at the FI was observed to evaluate the opera-
tional limits.
Top views of the averaged heat release zones, represented
by the OH*-CL signal distribution averaged over 400 im-
ages are presented in fig. 8 (top left) and fig. 9 (top figure).
In the sequential combustor a lifted steady-state flame was
observed in the experiments. The lift-off height is about 20
mm from the x-position of the sudden expansion. Due to
the limited optical access, only the flame root is visible. A
side view of contours of the averaged heat-release rate ob-
tained from the numerical simulations is shown in fig. 8 (top
right).
Large axial flame fluctuations are observed in the experi-
ments. The fluctuation of the heat release zone is visible
from the images in fig. 8 (bottom left) and fig. 9 (bottom).
Top views of the standard deviation of the OH*-CL signal
are shown. Although the flame sometimes appears in the
last part of the mixing section, the flame does not propagate
further upstream. In other words, at these operating condi-
tions no flame stabilization at the fuel injector was observed.
However, the conditions of case C4 results would be poten-
tially risky for a GT operation. The experimental imaging of
the flame is based on OH*-CL signal that is line-of-sight in-
tegrated (by the camera sensor) while the numerical results
show the heat-release rate on a two-dimensional slice of the
computational domain. This fundamental difference in the
diagnostic method results in the observed visual difference
that, however, does not imply any disagreement about the
flame-stabilization process. The two-dimensional slice of
the heat-release rate field clearly indicate the occurrence of
thin propagating flame fronts closer to the corners of the
backward-facing step and thicker auto-igniting regions in
the bulk flow. Line of sight integration of the heat-release
rate spatial pattern is compatible with the OH*-CL measure-
ments.

In summary, at these operating conditions the experi-
mental results show a lifted steady-state flame with large
axial fluctuations but without a flame stabilization at the FI.

Experiments to evaluate flame stabilization are per-
formed by a slow stepwise increase of the Ho flow rate at
constant pressure and inlet temperature. After each step, a
pause of several minutes is applied to see whether flame an-
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Fig. 8: Comparison of experimental (left) and simulations results (right) for Hy flames (configuration 2, case C3). Aver-
aged flame position (top images) and fluctuation of heat release zone (bottom images).
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Fig. 9: Configuration 2, case C4 experiments: Averaged
(top) and fluctuating heat release (bottom).

choring at the FI occurs or not. If no flame stabilization at
the FI occurred, the next Hy flow rate step was introduced.
As an example of an event triggering flame stabilization at
the FI exit, in fig. 10 a sequence of OH*-CL images ex-
tracted from a kHz series is shown. The flame stabilizes at
the fuel injector at ¢ g. Five images corresponding to dif-
ferent times are presented. In the top image attpg — 0.6 ms
the leading edge of the flame is located at x ~ 40 mm, close
to the end of the optically accessible part of the mixing sec-
tion. In the following time interval of 0.4 ms (from t pg—0.6
to t s — 0.2 ms) the flame leading edge rapidly propagates

upstream until it stabilizes at the FI at tpg. A visual esti-
mation of the instantaneous upstream displacement of the
flame edge gives a relative velocity of ~ 150 m/s, which
is of the order of the underlying MS flow velocity. This
implies a displacement speed of ~ 300 m/s excluding that
flame propagation is alone able to control flame stabiliza-
tion. A similar process is observed in the CFD results, with
rapid upstream displacement of the flame finally anchoring
at the FI, cf. fig. 10 (right column).

4 Conclusions

Novel results from experimental and numerical investiga-
tions of Ny-diluted Ho flames and pure Ho flames in a
laboratory-scale SC at high pressure were presented.

For the N»-diluted Hy flames, the formation of downstream
advected Al kernels is observed at lower Hy flow rates. At
higher Ho flow rates, kernel merging aids in the upstream
flame propagation, leading to flame anchoring at the FI. The
numerical simulations correctly predict a stable flame in the
SC for lower H flow rates. The formation of larger Al ker-
nels in the mixing section prior to rapid flame anchoring at
the FI for higher Hs flow rates, is reproduced by the numer-
ical simulations for reasonably elevated hot gas inlet tem-
peratures, compared to the experimental conditions.

For the pure Hy experiments, stable flames were observed
for lower hot gas inlet temperature. Flame stabilization at
the FI was observed for increased hot gas temperature. The
numerical model is able to capture stable operation at the
lower temperature conditions, whence rapid transition to
flame anchoring at the FI is found in the numerical simu-
lations for elevated hot gas temperature, compared to the
experimental conditions. The sporadic Al events observed
in the experiments are generally not captured by the numer-
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Fig. 10: Comparison of experimental and simulated results of configuration 2, case C5. Flame stabilization event at FI
illustrated by sequence of OH*-CL images extracted from a high-speed video (left) and color contours of CFD heat-release
rate together with the stoichiometric Ho mass fraction contour (right). The top right picture indicates the experimental

measurement domain by the black outline.

ical model, this shortcoming is explained by the absence (in
the numerical model) of the compositional and temperature
variance present in the hot gas downstream of the dilution
air injection location. This aspect will be investigated in fu-
ture work.
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