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e A partially-premixed hydrogen-air flame featuring cross-flow hydrogen

injection is characterized numerically, for the first time.
e Analysis of the mixing mechanism inside and at the outlet of the burner.

e Numerical comparison between the HRR distribution and the OH*

emission.

e Determination of the relationship between the HRR and the OH* emis-

sion in a 1-D strained counterflow flame.
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Abstract

Large eddy simulations (LES) and experimental measurements were con-
ducted on a swirled partially-premixed hydrogen-air flame with cross-flow
hydrogen injection at two different lean operating points, to have two types
of flames. This study represents the first simulation of this configuration
using hydrogen as the sole fuel. Flame chemiluminescence is used to ob-
serve the OH* emission and the light of burnt gases in the visible range.
Velocity profile measurements are conducted to validate the results of Large
Eddy Simulation (LES). In cold conditions, the burner is analyzed for the
two operating conditions in terms of local equivalence ratio distribution and
flow field. The analysis demonstrates that the mixing at the burner outlet is
relatively efficient, despite the late cross-flow injection of hydrogen and the
low inertia of this gas. This efficiency is attributed to the recirculating zone
induced by the swirl low and to the small convergent nozzle at the burner
outlet. The reactive flow is then studied at the two operating conditions
by analysing velocity, local equivalence ratio, OH* emission and heat release

rate (HRR) distribution. Numerical simulations are in good agreement with
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the experiments. Compared to images of visible burnt gases, the simulations
have successfully reproduced the flame shapes observed experimentally. Al-
though the two operating conditions appear to be stabilized in a different
manner from the OH* images, one giving a lifted flame and the other is at-
tached, the LES revealed that both flames are attached to the injector tip.
This was observed from the presence of significant heat release rate inside
of the injector for both operating conditions. The differences between the
OH* emission and the heat release rate localization obtained by the LES are
then discussed. 1-D calculations carried out in a strained counterflow flame
configuration are used to interpret them. 1-D calculations indicate that the
maximum OH* level is not at the same equivalence ratio as the maximum
HRR level, and that the OH* level decreases much faster than that of HRR
on the rich flame side. 1-D calculations also show that a non-negligible OH*
emission also exists in the burnt gases of hydrogen-air flames close to stoi-
chiometry. For highly preheated mixtures, the OH* concentration in burnt
gas can be even higher than in the flame front.

Keywords: Partially premixed H2-air flames; swirl burner; cross-flow

injection, OH* emission.

Novelty and Significance Statement

The study presents two novelties. Firstly, it shows the simulation of a
swirled hydrogen burner, which involves injecting hydrogen radially into air
before ignition, both in cold and reacting conditions. The second major in-
novation involves the connection between the heat release rate (HRR) and
OH*, in partially premixed hydrogen-air flames. The OH* was found to be

an ineffective tracer for HRR in rich regions. On the other hand, in lean re-



gions the evolutions of OH* and HRR as a function of the equivalence ratio
are somewhat similar. This was then analyzed through 1-D computations
for various strain rates. Furthermore, simulations indicated the presence of
a substantial amount of OH* in the burnt gases when conditions are close
to stoichiometry. Experimental validation of this simulation result was per-
formed using a fully-premixed hydrogen flame.
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1. Introduction

The interest in hydrogen combustion is rapidly growing in the combus-
tion community due to ongoing decarbonization efforts. Numerous issues

must be addressed to design safe and practical combustors, the fuel injection



technique and the stabilization of hydrogen-air flames being not trivial. Ad-
ditionally, the high flame temperature of hydrogen-air mixtures can lead to
significant NOx emissions through the thermal oxidation mechanism. The
temperature is closely related to the equivalence ratio, so the way hydrogen
is mixed with the oxidizer before ignition is crucial. Therefore, it is preferred
to promote lean conditions where the temperature is low and the laminar
flame velocity is reduced. In addition, burners must be designed to avoid
flashback as well as thermo-acoustic instabilities.

Among the possible injection strategies, one approach is to mix the re-
actants well upstream of the burner to avoid the high-temperature zones of
nonpremixed flames. This first strategy requires perfect control of flashback
and relies on a detailed characterization of the burner operating regimes.
This has been done, for example, by Sattelmayer et al. [1] with a swirl
burner, by Day et al. [2] with a low swirl burner or by Yang et al. [3] with
a swirl burner equipped with a bluff-body. However, this strategy is risky,
and it is generally not advisable to have a sizable amount of hydrogen/air
mixture inside the system. Flashback is always a threat, despite the progress
made on the fundamental understanding of this mechanism [4, 5].

To avoid complete premixing in the pipes, the second technique involves
mixing the reactants slightly before they reach the burner outlet. The chal-
lenge lies in efficiently mixing the reactants over a short distance and in a
small volume. To achieve this, swirling flows can be used. For example, in
6, 7, 8], burners with co-axial swirled injection are studied, with one swirler
on the axial hydrogen stream and a second swirler on the annular air stream.

This type of injection helps to create the mixture at the burner outlet, but it



does not lead to a complete premixing as can be inferred from spatial maps
representing the Takeno index provided in [6]. With this type of burner, the
mixing is not complete, but it may be improved with a recess of the hydrogen
injection unit relative to the burner outlet [6]. The second injection strategy
also includes the Micromix type configuration [9, 10]. This technology uses
numerous small exit holes to improve mixing by ensuring contact between
air and hydrogen in various areas while also maintaining safety in relation to
flashback. The aim of the short residence time of reactants in the combustion
zone is to minimize the formation of NOx. This approach, initially designed
for hydrocarbon injection, has also been utilized with direct hydrogen in-
jection [11]. However, incomplete mixing persists, primarily due to the low
inertia of pure hydrogen.

The approach used in the present study involves injecting hydrogen late
in cross-flow, in highly swirled air, and then enhancing the mixing process
by narrowing the burner outlet section. Previous experimental observations
on this so-called SICCA-H2 burner, have shown that this burner design leads
to relatively low NOx levels [12] and a correct flame stabilization [13, 14]. A
similar cross-flow injection in a swirling stream was also investigated in [15],
but with a mixture of methane and hydrogen, diluted with CO5 and Ny but
not with pure hydrogen. It is essential to precisely characterize the mixture’s
quality and examine the flow dynamics and temperature inside and at the
burner outlet.

In such burners, the stabilization mechanism is strongly sensitive to the
mixing efficiency. The design of the injection system requires the identifi-

cation of the areas where chemical conversion occurs and heat is released.



However, obtaining experimental information on HRR is challenging. In the
case of hydrocarbon/air flames, laser-induced fluorescence (LIF) of OH com-
bined with LIF of CH,O can provide relatively precise information on the
HRR location [16, 17]. But this technique requires the presence of carbon
atoms in the fuel, making it inapplicable to hydrogen flames. Experimen-
talists have long sought to use flame chemiluminescence to directly deduce
information on the distribution of HRR [18, 19, 20, 21, 22|, but also some
indications on the equivalence ratio, and even on the strain rate [23, 24].
For fully premixed hydrocarbon flames subjected to low levels of stretch, it
is considered that markers like OH* or CH* evolve as the heat release rate
[18], even though it has been observed in [20, 25] that there is an impact
of turbulence on the correlation between OH* and HRR in a lean turbu-
lent methane-air flame. When the mixture is stratified or the combustion is
diluted, the direct connection between OH* and HRR is lost [26].

The literature on the OH* and HRR correlations for hydrogen flames is
however much more limited than for hydrocarbon flames. We can neverthe-
less note the study [6] which shows a relative similarity between the calculated
HRR zone and the OH* emission zone, observed experimentally, in the case
of a hydrogen-air flame with a late premixing carried out by swirled coaxial
injections. However, in a recent article [27], published by the same group on
a laminar premixed hydrogen-air flame, it is shown that the two peaks, that
of OH* and that of HRR, are not exactly at the same location in the flame
front. The authors observe that the HRR peak is located upstream the OH*
peak of about 2 tenths of mm for lean, rich and stoichiometric H2-air flames.

This observation leads them to conclude that OH* is therefore not a good



marker of HRR for premixed flames. Given the need to know where the HRR
takes place and knowing that it is easy to visualize the OH* emission, it is
important to examine this issue in more depth and establish the link between
these two quantities in the case of a partially premixed hydrogen-air flames.

This article aims to further investigate the turbulence flame structure of
the SICCA-H2 burner with the help of well-resolved Large Eddy Simulations.
Two operating conditions will be computed and analyzed in regard with
experimental observations in order to understand the fuel-air mixing process
and its impact on the flame heat release. A focus will be made on the relation
between the location of OH* and HRR.

The paper is organized as follows. First, the experimental setup is de-
scribed in Sec. 2. Computational details, such as numerics and the modelling
methods, are given in Sec. 3. The LES results are presented and compared
with experimental results in Sec. 4. In Sec. 5, an analysis is carried out using
a 1-D model of species production to highlight the link that exists between
OH* and HRR. Part of this section is devoted to showing the existence of

OH* emission in the burnt gases of H2/air flames close to stoichiometry.

2. Experimental Setup

The SICCA-H2 burner, shown in Fig. 1, uses a cross-flow injection of
hydrogen into a swirling air flow. The tangential swirler, referred to as 707
in [28], has a swirl number of S = 0.6 and a pressure loss coefficient o =
Ap/[(1/2)pU?] = 3.25. The hydrogen is injected radially from the central
tube through six radial holes with a diameter d; = 1.5 mm, as depicted

in Fig. 1. The SICCA burner has previously been utilized for spray and
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Figure 1: Schematics of the SICCA-H2 burner.

premixed hydrocarbon flames [28]. A significant benefit of this burner is
that the tangential swirler can be readily swapped with another to adjust
the swirl intensity. Additionally, the injector recess, which is the distance h,
between the center of the hydrogen injection orifices and the burner outlet,
can be modified using a screw system. For the current experiment, h,. is fixed
at 11.1 mm.

The OH* chemiluminescence signal is captured using a Princeton Instru-
ments PI-MAX4-SB intensified camera fitted with an Asahi Spectra XBPA
310 optical bandpass filter. This filter can be substituted with a glass plate
to block UV emission while allowing the visible emission of the flame to pass
through, as the camera sensor is only sensitive to light up to 700 nm.

The velocity profiles are obtained in cold conditions using Laser Doppler
Anemometry (LDA), by seeding the air flow with micron-sized oil droplets.

This configuration has been studied for a variety of equivalence ratios and

thermal powers. More information on flame stability and shape can be found



OP1 OP2
[,=0.42. Py, = 4,6 KW]  [$,=0.20. Py, = 2,2 kW]

Figure 2: Appearance of the two flames in the visible domain. The images are acquired
with an intensified camera. The flames are presented in false colors. On the left, operating
point OP1; on the right, operating point OP2. The light corresponds to the continuum
blue emission of lean hydrogen-air flames, mainly due to the hydrogen peroxide emission

29, 30].

in [13]. Amongst these conditions, two stable operating points are chosen to
be studied in the present work. They are summarized in Table 1. The two
flames are shown in Fig. 2. OP1 produces a flame that appears detached
from the burner in the visible emission. OP2 results in a V-shaped flame,

attached to the burner, with part of the flame inside it.

3. Computational details

The computations are performed with the YALES2 code [31], using the
variable-density solver (VDS), which solves low Mach Navier-Stokes equa-
tions with a variable density. The temporal evolution is performed using a
fourth order scheme, while the spatial terms are discretized with a fourth
order central scheme. The subgrid-scale Reynolds Stresses are closed by the

Dynamic Smagorinsky model [32].



The latest version of the UCSD chemical reaction scheme [33], including
10 species and 23 elementary reactions, is used to represent hydrogen-air com-
bustion. This mechanism has been used extensively in hydrogen-air flames
(34, 35, 36]. The OH* sub-mechanism given in [37] including 9 reactions
(Table 2) is added to the UCSD scheme. The OH* sub-mechanism was ap-
plied in [27] for a partially-premixed hydrogen-air flame. The reaction R2,

Table 1: Details for the two operating points under study.

Name OP1 OP2
Global equivalence ratio 0.42 0.20
Thermal power (kW) 4.6 2.2

Volumetric flow rate of air (NL/min) 146 146
Volumetric flow rate of H2 (NL/min) 26 124

as indicated in references [38, 19], is considered to be irreversible.

Table 2: The OH* sub-mechanism from [37] used in the current study. Details on the

reaction rate coefficient k = AT™ exp(-E/RT) are presented.

Reaction A (cmmols) n E (kJmol™1)

R1
R2
R3
R4
R5
R6
R7
R8
R9

H+ O+ M(1) = M(1) + OH+  150E+13 0.0

OH* — OH + hv 1.45E+06 0.0
OH* + Oy = OH + 04 2.10E+12 0.0
OH* + HyO = OH + H,0O 5.93E+12 0.5
OH* + Hy = OH + H 2.95E4+12 0.5
OH* + Ny = OH + N 1.08E+11 0.5
OH* + OH = OH + OH 6.01E+12 0.5
OH*+H=O0OH+H 1.31E+12 0.5
OH* + Ar = OH + Ar 1.69E+12 0.0

10

25.0
0.0
0.0

-2.0

-1.9

9.2

-3.2

-0.7

17.3



The Charlette subgrid-scale flame wrinkling model [39] accounts for turbulence-
chemistry interactions. We ensure flame resolution by using the dynamic
Thickened Flame model for LES [40], which locally adapts artificial thicken-
ing based on the grid size and the laminar flame thickness estimated from
1-D freely propagating laminar flamelets.

Surface thermocouple measurements show that the temperatures on the
bottom plate of the combustion chamber were approximately uniform and
equal to 840 K for OP1 and 550 K for OP2 respectively. These values have
been prescribed to all combustion chamber walls as Dirichlet, except for the
injector tip which is essentially adiabatic.

In both OP1 and OP2 simulations, the cell size in the flame region is 0.1
mm, which is smaller than the flame front thickness (about a few tenths of a
mm). 20 cells are used for the holes where hydrogen is injected into the air
for both operating points. The computational grid is larger in OP1 (about
26 million cells) than in OP2 (about 22.5 million cells) because the V-shaped
flame is a bit shorter than the lifted one. The maximum thickening factor is

kept below 8 for OP1 and below 5 for OP2.

4. Results
4.1. Characteristics of the flow field in cold conditions

To validate the LES results, velocity profiles measured at 2.5 mm down-
stream of the burner, and under non reacting conditions, have been compared
with the numerical velocity profiles. For these experiments, only air (no hy-

drogen) was sent with a flow rate corresponding to that of operating points

OP1 and OP2 (146 NL/min, as shown in Table 1).
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The strong agreement between the LES and experiments indicates that
the flow field is accurately computed by the simulations for both the mean
velocity profiles and the profile of the root mean square (RMS) values of
the axial velocity. The agreement is not as good near the axis for the RMS
values of the tangential component. These values are a little high compared
to the values calculated by LES. However, this discrepancy may be due to
insufficient convergence of the measurements in this area. The tangential
velocities are low near the axis, and the counting rate of the seeding droplets
for the laser velocimetry system is not very high at this location. Apart from
this small disagreement, we can consider that the LES simulation predicts

the hydrodynamic field of this flow accurately.

80 80
40 40
60 60
— 40 0 —= &
: 7 :
= 2 20 = &
= =
= . = .
=]
-20 - -20
—40+4 —40
-15 =10 =5 0 5 10 15
r [mm]

Figure 3: Comparisons between the axial and azimuthal mean (left) and fluctuating (right)
velocities obtained in cold conditions from LES (solid lines) and experiments (markers),
at 2.5 mm downstream of the burner outlet. The air flow rate corresponds to that of

operating points OP1 and OP2. There is no H2 injection.

To understand the mixing mechanisms, Fig. 4 shows the axial velocity
fields and velocity streamlines for operating conditions OP1 and OP2. Look-

ing at the injection of hydrogen into the swirling air flow, we can see that in
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Figure 4: LES axial velocity fields in cold conditions, plotted simultaneously with velocity

streamlines in the burner for OP1 (left) and OP2 (right).

the case of OP1, despite the hydrogen flow comes out the injector cone at a
velocity of about 55 m/s, it is unable to penetrate the air flow. Air occupies
a large space in the cavity around the hydrogen injection cone (in white in
the figure)). For OP2, the hydrogen penetration length is even lower (27.5
m/s), which allows the air streamlines to come very close to the white cone.

The air passage is less constrained in the OP2 case than in the OP1 case and
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Figure 5: Mean relative equivalence ratio fields for OP1 (left) and OP2 (center) in cold
conditions. ®; is the mean local equivalence ratio. ®, is the global equivalence ratio, i.e.
0.42 for OP1 and 0.2 for OP2. The dashed lines represent the distances from the injector
outlet at which the radial profiles of ¢;/¢, are plotted in the right figure. They are located
at 1 mm, 2.5 mm, 5 mm and 10 mm above the burner outlet. The burner outlet diameter

is 8 mm.

we see, for the OP2 case, air flow separations appear in the angle located
at the entrance of the convergent nozzle, creating a small recirculating zone
(see bottom right in Fig. 4). The lack of similar recirculating zone for OP1
is due to the higher flow rate of hydrogen in the burner cavity and there-
fore a slightly narrower passage for the air. This was verified by performing
simulations (not presented here) without any injection through the hydrogen
line, then by progressively injecting fluid into this line, while maintaining the
air flow of conditions OP1 and OP2. It was observed that the separation is
accentuated in the corner, at the entrance of the conical convergent, when

the flow in the hydrogen line decreases.
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(left) and OP2 (right) in cold conditions, at 4 cross-sections A, B, C and D located inside
the burner. These positions are indicated in Fig. 5 (left).

The paths that air and hydrogen follow are not as direct as in the OP1
case, resulting in slightly longer time duration spent in this area. In [14],
for the same burner, hydrogen streamlines were calculated using Ivanov’s
analytical model for various cases with different hydrogen injection velocities,
all demonstrating a similar flow structure, with weak hydrogen penetration.
The reason for this behaviour is due to the very low hydrogen/air momentum
flux ratio J = pp, v}, /pavs, which is caused by the very low hydrogen density.

For both cases the hydrogen follows the injector wall almost to the tip of
the hydrogen injection cone, where it encounters the inner axial recirculating
zone induced by the strong swirling air (see the blue axial zone in Fig. 4). At

the burner outlet, the flow is accelerated because the presence of the internal

15



recirculating zone reduces the passage section. Due to the shear between
the outgoing jet and this inner recirculating zone, the flow fluctuations are
very high around » = 2 mm (see Fig. 3, right), which contributes greatly to
mixing hydrogen and air.

In Fig. 5, the equivalence ratio fields are shown for both OP1 and OP2.
It is evident that the mixing is almost complete at the end of the inner
recirculating zone. For OP1, the mixing occurs primarily above the burner
outlet, while for OP2, it occurs above the top of the hydrogen injector cone.
In Fig. 5, right, the local equivalence ratio ®; is normalized with the global
equivalence ratio ®,, which is 0.42 for OP1 and 0.20 for OP2. The mixing
appears to be faster for the OP2 case. For this one, at the burner outlet,
®,/®, is about 3, but it is close to 1 at 10 mm from the burner outlet. It
should be noted that the mixing is partially achieved before the burner outlet
in this case. For OP1, ®;/®, is around 7 at the burner outlet, but it is less
than 2, 10 mm from the exit. In the OP1 case, the mixing starts mainly at
the bottom of the axial recirculating zone and it is then effective. Generally,
the size of the recirculating zone is slightly longer than one outlet diameter,
but it remains modest compared to the size of the combustion chamber. To
complete these results, it is interesting to look at the distribution of the
mixture inside the burner in transverse sections (Fig. 6). Four positions
are chosen. They are indicated by dotted lines marked A, B, C and D in
Fig. 5 (left). In case of OP1, section A, located at the axis of the radial
hydrogen holes, there is no hydrogen penetration into the air. The hydrogen
is distributed uniformly around the cone. In sections B and C, the hydrogen

remains stuck around the cone, with a circular section. Mixing only takes
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place much later, at the burner outlet hole. In case of OP2, the situation is
very different. Hydrogen flows radially out of the holes for a short distance
(section A), but it does not manage to lodge all around the cone. Air is
present along the cone, between the hydrogen exit holes. In section B, located
halfway up the cone, we see that the angles of the initial structure have
stretched to form a six-pointed star. This elongation of the points promotes
mixing. From section C, the central zone where the reduced equivalence ratio
®,/®, is less than 6 (while ®, is 0.2 ), is very small. This low penetration
of hydrogen has paradoxically contributed to the efficiency of the mixture.
Injecting hydrogen in cross-flow, inside a swirl burner equipped with a conical
nozzle, is therefore not prohibitive for achieving proper mixing at the outlet.
Consequently, a significant portion of the reaction will occur in a zone with

partially premixed components.

4.2.  Flow characteristics under reactive conditions

The axial and azimuthal velocity profiles determined by LES, 2 mm down-
stream from the burner outlet, are compared to experiments in Fig. 7, for
case OP1 under hot conditions. The LDA velocity measurements were taken
with the air flow seeded by fine oil droplets. The consequence is that there is
data only in areas with temperatures below 600 K. Similar to the cold flow
results in section 2, the good agreement between the simulations and experi-
ments indicates that the simulations can accurately predict the velocity field
near the burner outlet in hot conditions. They are capable of capturing both
the position of the stagnation points and the maximum values of the velocity

fields. This validation is important for the rest of the study, because the

17



velocity field determines the position of the flame.
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Figure 7: Radial profiles of mean axial and azimuthal velocities from LES (solid lines) and

experiments (markers) at 1mm above the burner outlet for the case OP1 in hot conditions

Since the burner is not transparent, the entire flame may not be visible
if part of it is inside. Measured and computed OH* mole fraction show that
the simulations are able to capture the correct flame patterns, as well as the
locations of the maximum normalized OH* values for both operating points.
The distribution of HRR is quite different from the distribution of OH* inside
the burner, especially for the OP1 flame (Fig. 8, upper row).

2D fields of averaged quantities (axial velocity, temperature and equiva-
lence ratio) on the centerline plane are shown in Fig. 9. Although the HRR
is present at the H2-injector tip for both operating conditions (Fig. 8), the
temperature near the top of the injector is quite low for OP1 and OP2, be-
low 1000 K. Experiments show that the injector tip did not have a red glow,
which would typically indicate high temperatures. The flame foot is very
thin near the tip of the cone. It follows that the heat transfer to the cone is

relatively moderate and is consistent with experiments which show that the
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CP1 OH* (EXP)| OP1 OH* (YALES2) HRR (YALES2)
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Figure 8: Comparisons between the OH* signal from experiments (left), the calculated

)

time-averaged OH* mole fraction (middle) and HRR (right) obtained from the LES, for
OP1 (upper row) and OP2.

injector tip did not have a red glow.

In Fig. 9, the time-averaged axial velocity fields are shown on the left
for OP1 and OP2, respectively. For the case OP2, the bottom of the cen-
tral recirculating zone reaches the top of the H2 injector, and the bottom
of the zone is wider than in the OP1 case. The fact that the top of the
cone is slightly truncated may contribute to this widening. In this zone, the
combustion products recirculate, stabilizing the flame at the H2-injector tip.
The flame stabilization effect at the injector tip can be observed in Fig. 8, as

the normalized heat release rate value are high near the tip. For case OP2,
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the maximum temperature (3rd column) is located slightly below the burner
outlet and it reaches 1700 K. For both cases, OP1 and OP2, it is noted that
there are no very hot areas near the walls inside the burner, even on the head

of the hydrogen injector cone.
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Figure 9: LES fields of axial averaged velocity (starting from the left), RMS axial velocity,

temperature and relative equivalence ratio for OP1 (upper row) and OP2 (bottom row).

The RMS values of the axial velocity fluctuations are shown in the second
column of Fig. 9. In both cases, OP1 and OP2, the values are notably high
around and at the bottom of the axial recirculating zone. This indicates a
significant shear of the flow, leading to strong mixing.

It is interesting to analyze the distribution of the mixture by plotting the
equivalence ratio field (4th column). For the OP1 case, the distribution at
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the burner outlet forms an "M” shape, with a hollow at the center. Regions
with an equivalence ratio higher than 3 are confined inside the burner. At a
distance from the burner outlet equal to 1.5 times the burner diameter, the
equivalence ratio does not exceed 1. In case OP2, the mixing is well initiated
from inside the burner, as in cold conditions (see Fig. 5, 2nd column). The
central part does not exceed an equivalence ratio of 0.8, and the ratio drops
quickly below 0.5 above the burner. In the OP1 case, this central zone of
slightly higher equivalence ratio compared to the global equivalence ratio
(0.2) remains located near the burner outlet. Its length does not exceed
1.5 times the outlet diameter. These results confirm what was previously
observed in cold conditions. The mixing remains effective when the flame is

present.

4.8. Modes of combustion determined with the Takeno Index

Instantaneous fields for OH*, HRR and the Takeno flame index are shown
in Fig. 10. Used to analyse the combustion mode [41], the Takeno index is
defined here as F'I = %, where Y is the mass fraction of the fuel,
which in this case is hydrogen, while Yy is the mass fraction of oxygen. A
value of -1 for the bounding value indicates that the combustion mode is non-
premixed, while a value of 1 indicates that the flame is in premixed mode.
In the upper row of Fig. 10 (case OP1), significant non-premixed combustion
modes are observed at the top of the flame. In contrast, for condition OP2
(bottom row), there is a very small region with a blue color visible on the

Takeno index map. This suggests that the mixture is overall more effective

for OP2 than for OP1. However, inside the burner, between the conical top of
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Figure 10: Comparisons between (from left to right) the instantaneous OH* mole fraction,
HRR and Takeno Index from the LES, for OP1 (upper row) and OP2 (bottom row). The
blue, red and green contour lines in OH* and HRR fields represent the equivalence ratios
of 2.5, 1.0 and 0.5 respectively. For the Takeno Flame Index, the blue and red zones

respectively represent non-premixed and premixed modes of combustion.
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the hydrogen injector and the circular outlet, the combustion remains mainly
of the premixed type in the OP1 case, even though the elongated red zone
is somewhat narrow. In the case OP2, the Takeno index is close to 1 inside
the burner’s central zone, indicating that the combustion is of the premixed
type. These results confirm that the mixing of hydrogen with air is efficient
with cross-flow hydrogen injection, provided that there is a strongly swirled
air flow. It is also likely that the converging conical nozzle contributes to the
quality of the mixture by reducing the outlet section and increasing the flow
shear.

In the snapshots of OH* and HRR shown in Fig. 10, the distribution
of HRR is more prominent than the distribution of OH* for the case OP1.
In zone I (top of Fig. 10, left and middle), both the presence of OH* and
a significant distribution of HRR can be observed. However, in zone II,
where the equivalence ratio is higher than 3, while the distribution of HRR
is significant, there is no OH* emission. In case OP2, the areas showing the
distribution of HRR and OH* are much more similar than in case OP1. It
should be noted that downstream of the burner, the equivalence ratio in the
flame zone is significantly less than 1 for OP2. On the other hand, in zone
ITI, near the top of the injector cone, the distribution of HRR occupies a
larger surface than that of OH*, where the equivalence ratio corresponds to
a rich combustion (see Fig. 9 bottom right). However, in both cases studied,
it is always observed that if there is an OH* emission, it is always in a zone
close to an HRR distribution. Conversely, it is possible to have distributions
of HRR without necessarily observing OH* emissions. On the OH* and HRR

fields, three equivalence ratio lines are plotted: ® = 0.5,1 and 2.5. In all the
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areas examined, when the OH* emission is significant, a stoichiometric line
is nearby. If the HRR distribution is intense in an area, but the equivalence
ratio is far from stoichiometry in that zone, the OH* emission is low or almost
nonexistent.

Even though it is clear that the OH* emission does not match the heat re-
lease rate distribution in partially premixed flames, it is still worth exploring
the connection between these two factors. We have just established that the
equivalence ratio is a significant factor, but based on the studies mentioned
in the introduction [20, 25], it’s also conceivable that the stretch plays a role
in this relationship. The dependence between OH*, HRR, the equivalence

ratio, and the strain rate is therefore examined in the next section.

5. 1-D counterflow premixed configuration analysis

To analyse the previous results, 1-D counterflow laminar premixed H2-air
flame simulations are performed to determine OH* concentration and HRR
distribution. The calculations were carried out at a pressure of 1 atm. The
H2-air mixture is injected from the right, and pure air is injected from the
left, both at a temperature of 300 K. The stagnation point is located at
x = 0. For these calculations, the strain rate is set at 300 s~!, which falls
within the range of the strain rates calculated by LES for the flows in OP1
and OP2 operating conditions. It will be shown, at the end of this section,
that the dependence on the strain rate remains moderate.

Figures 11 and 12 show the axial profiles of temperature, HRR, and OH*
and OH mole fractions for a range of equivalence ratios between 0.47 and 1.0

for the first figure, and between 1.15 and 2.5 for the second. The premixed
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Figure 11: Axial profiles of temperature (top left), OH* mole fraction (top right), OH
mole fraction (bottom left), and HRR (bottom right) for different lean and stoichiometric

equivalence ratios of the fresh gases. The strain rate is 300 s~*.

flame front is located on the right, far from the stagnation point, and it ranges
from x = 5 mm for & = 0.47 to x = 37 mm for & = 1.5. Downstream the
premixed flame front, up to the stagnation point, a plateau corresponding to
the thermodynamic equilibrium is observed. Rich cases with ® above 1.15
exhibit a double flame structure. In addition to the premixed flame front, a
diffusion flame front appears around the stagnation point.

The heat release rate mainly occurs in the premixed flame front, while
the profiles of OH and OH* mole fractions show peaks both at the premixed
and at the diffusion front for rich flames. It was verified, by looking precisely

at the position of the HRR and OH* peaks in the premixed flame front, that
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Figure 12: Axial profiles of temperature (top left), OH* mole fraction (top right), OH
mole fraction (bottom left), and HRR (bottom right) for rich equivalence ratios of the

fresh gases. The strain rate is 300 s~'.

there is indeed a small gap between the two peaks, as indicated in [27]. As
in this publication, the HRR peak of the present study is located upstream
of the OH* peak by 1.8 tenths of a mm, which is analogous to the distance
determined in [27], estimated to 2 tenths of a mm. For the sake of brevity,
this gap is not shown here.

There is obviously a presence of OH in the burnt gases, with a plateau
for equivalence ratios higher than 0.8. It is important to note that for equiv-
alence ratios between 0.9 and 1.3, also the level of OH* remains high in the
burnt gases, in the zone between the premixed flame front and the stagnation

point, with a maximum level close to the stoichiometry. The values of the

26



temperature and the OH and OH* mole fractions obtained in the plateau of
burnt gases are in accordance with those obtained using classical thermody-
namic equilibrium computations by minimizing the Gibbs energy Based on
the authors’ knowledge, it appears that the presence of OH* in the burned
gases of premixed hydrogen-air flames close to the stoichiometry has not been
reported in the literature.

To ensure that this is not an artifact of the OH* mechanisms, this phe-
nomenon has been verified experimentally with a premixed flame at different
equivalence ratios. A Bunsen-like burner with a 6 mm wide outlet diame-
ter was used to operate with premixed Hy/Air flames at fifteen equivalence
ratios ranging from 0.6 to 2. The power varied from 0.71 kW to 1.79 kW.
The air and hydrogen flows were mixed 2.5 m upstream of the burner out-
let to ensure full premixing. During the experiment, the air flow rate was
kept constant, while only the hydrogen flow rate was changed. The flames
were somewhat turbulent, with a turbulence rate of 6 % at the burner exit.
This turbulence was due to the high Reynolds number in the tube, which was
higher than 5,100 for the chosen operating points. These high flow rates were
selected to prevent flashback. The images were captured and averaged using
an intensified camera equipped with an OH* filter centered at 310 nm. The
light emissions were then processed using an Abel inversion to isolate only a
slice of the light emission passing through the axis. Four representative im-
ages, shown in false colors, are presented in Fig. 13 after the post-processing.
The vertical profiles of OH* intensity along a line parallel to the axis are
depicted in Fig. 14 for the fifteen different operating conditions. This line is

0.5 mm away from the axis to avoid the mathematical indeterminacy on the
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symmetry axis caused by the Abel transform. It is drawn as a dotted line
in the first image (Fig. 13). The z axial coordinate is divided by the mea-
sured flame length L to correct for the effect of the equivalence ratio on the
flame front location. The presence of OH* radical in the burnt gases shows
a plateau over z/L; = 1.5 for equivalence ratios between 0.8 and 1.3, which
is consistent with the numerical results presented in Fig. 11. In the experi-
ment, a spectrometer was used to confirm that the light signal captured by
the camera in the burned gases matched the chemiluminescent emission of
the OH* radical. It was observed that the level of OH* in the burned gases,
in comparison to the level of OH* in the flame front, was lower than what
was obtained in the 1-D calculations (Figs. 11 and 12 ). This level is not
negligible. The variation in relative levels between the experiment and the
1-D calculation may be attributed to the flame not being perfectly adiabatic,
leading to lower burnt gas temperatures in the experiment compared to the
simulation.

The presence of OH* in the burned gases of hydrogen flames near stoi-
chiometry can change the interpretation when observing the OH* signal of a
flame as a whole, for example, using a photomultiplier to measure the OH*
emission of the entire flame. Typically, one can be interested in using the
OH* emission only from the flame front. It would therefore be necessary to
spatially filter this emission coming from the burnt gases, which can be very
complicated in the case of swirled flames presenting a strong recirculating of

hot gases on the axis of the burner.
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Figure 13: OH* emission from premixed H2/air flames, following an Abel inversion. The
equivalence ratios for the four images from left to right are 0.70, 0.90, 1.1, and 1.30
respectively. In the first image, a dotted vertical line is included to indicate the location

where OH* profiles are extracted.
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Figure 14: Vertical profiles of OH* intensity calculated from Abel-inverted chemilumines-

cence images. The starting point of the graph, z/Ly = 0, is at the burner outlet.

To verify if the significant presence of OH* in the burnt gases is related
to the very high temperature of combustion products, additional 1-D com-
putations of freely-propagating premixed flames have been performed with
preheated fresh gases. OH* profiles are presented in Fig. 15 (left) for fresh
gases at 300K, 500K and 700K, for the equivalence ratio of 1.0. The fresh
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mixture is injected from the left. By increasing the temperature of the fresh
gases, the levels of the OH* in the burnt gases rise significantly, as compared
to the OH* peak. The OH* mole fractions in the burnt gases obtained from
the 1-D computations are then compared to the values obtained from the
thermodynamic equilibrium computations in Fig. 15 (right). In this figure
we can see the strong increase of OH* in the combustion products with the
preheating temperature. The results are presented versus the equivalence
ratio. This suggests that the presence of significant OH* levels in the burnt
gases, observed in Figs. 11 and 12, is due to the higher flame temperatures
close to stoichiometry, and therefore to more excited state of OH, since this
radical is present in the combustion products. Since with highly preheated
H,/air flames, the OH* concentration in the burnt gases can be even higher
than in the flame front, one should be careful when using OH* as a marker
for heat release rate under these conditions.

In Figures 11 and 12, it is noticed that at the location of the premixed
flame front, the intensity of the peaks of HRR and OH* varies with the
equivalence ratio, but not in the same way. The OH* peak is diminished more
strongly at rich conditions. Qprr = peak(HRR)e/Max (peak;(HRR)q>>
and Qop. = peak(Yous)o/Maz (peak(Yom)q))7 where 'peak’ refers to the
maximum value for a particular equivalence ratio and "Max’ to the maximum
value among all of the equivalence ratios, are plotted in Fig. 16 for 0.3 < ¢ <
4.0. The calculations were conducted for different strain rates ranging from
150 s71 to 6000 s™!, knowing that the maximum strain rate values observed
in the LES simulation are of the order of 1000 s~*. The maximum of the OH*

fraction is located around ® = 1.2, while the maximum for HRR is around
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Figure 15: Left: OH* mole fraction profiles in the 1-D domain, for temperatures of the

fresh gases (Tini) at 300K, 500K and 700K, for equivalence ratio of 1. Right: Comparisons

of the OH* values in the burnt gases obtained from 1-D computations (symbols) and from

the equilibrium calculations (lines) for temperatures of fresh gases at 300K, 500K and

700K, with respect to the equivalence ratio.

Figure 16: Variations of Qg rr and Qo as a function of the equivalence ratio for different

strain rates.
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1.6-1.7. It is observed that the dependence on strain of premixed hydrogen-

air flames remains low. All the curves remain close whatever the strain rate.
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In rich regions, however, a strong departure between Qxrr and Qog. is
observed. In the case of partially premixed flames, variations of the mixing
ratio in a flame mean that the OH* peak in the case of partially premixed
flames is not directly proportional to the heat release rate in fuel rich regions.
In terms of experimental diagnostics, OH* acts as an approximate marker
of the heat release rate in lean partially-premixed flames with an overall
equivalence ratio less than 0.8, while knowing the reservations expressed in
[27] on the coincidence of OH* and HRR peaks.

In light of the results on the evolution of the €2 coefficients, it is interesting
to re-examine the images in Fig. 10. For OP1 (upper row), the value of @
ranges from 0.8 to 1.5 in zone I. As a result, Qyrr and Qopy, are close to 1,
allowing for the detection of high HRR by OH*. Moving on to zone II, the
equivalence ratio reaches up to 2.5, leading to a more significant reduction
in the OH* field compared to the HRR. In the case of OP2, there is a high
concentration of OH* and HRR below the injector outlet, in an area where

the equivalence ratio is near stoichiometry.

6. Conclusions

In this study, Large Eddy Simulations (LES) of a swirled partially-premixed
hydrogen-air flame with cross-flow hydrogen injection are performed under
two operating conditions: at equivalence ratios of 0.2 and 0.42, to have two
types of flames. This research represents the first numerical investigation
of a partially-premixed pure hydrogen flame with cross-flow injection. The
results from the simulations using LES are compared to the experimental

results in terms of the axial and tangential velocity distributions near the
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burner outlet, for both non-reacting (cold flow) and reacting flow conditions.
The comparison shows good agreement.

In cold flow conditions, the velocity field inside the burner is studied by
LES to understand how mixing happens. Because the momentum flux ratio is
low, the injected hydrogen can’t go directly into the air flow. However, once
the hydrogen reaches the top of the hydrogen injector, where the swirling air
flow creates an internal recirculating zone, the mixing becomes very efficient.
This effect occurs slightly upstream of the burner outlet, and it is increased
by the presence of a converging nozzle. It should be noted that the mixing is
most efficient with the lowest hydrogen flow rate. The mixing process ends at
the burner outlet, over a distance of less than two diameters. With this type
of burner, cross-flow hydrogen injection does not seem to be a disadvantage,
as the swirled flow plays a crucial role in driving the mixing process.

In cases of reacting flow, LES accurately predicts the position of the OH*
emission. Although the flame at the richer operating condition appeared
lifted on the OH* images, the computations show that it is attached to the
injector tip as significant heat release rate can be observed in this region.
The simulations also show that the OH* values are highest in regions close
to the stoichiometric conditions. The heat release rate (HRR) and OH* fields
obtained from LES are then compared. Significant differences are observed
between the two fields. The OH* images do not correspond well to the HRR
images, especially near the base of the flames, in areas where the equivalence
ratio is much higher than 1.

To understand this behavior, computations, using 1-D counterflow pre-

mixed flame, were performed for a series of equivalence ratios, from 0.4 to 2.5.
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The results show that the highest OH* peak value is around an equivalence
ratio of 1.2, while the highest peak of HRR is at ¢ = 1.6—1.7. The amplitude
of the peaks decreases very quickly moving away from stoichiometry, but on
the side of the rich flames, the OH* peak falls much more quickly than that
of the HRR. On the lean flame side, the decay of the OH* peak presents a
similarity with that of the HRR peak, which tends to show a possible link
between HRR and OH* in these lean flame conditions.

1-D simulations also showed a particular aspect of hydrogen-air flames.
When they are close to stoichiometry, an OH* emission appears in the burnt
gases, due to the high temperatures encountered and to thermodynamic equi-
librium. This phenomenon has been verified experimentally. Even if this
emission remains moderate for stoichiometric flames with fresh gases at am-
bient temperature, it cannot be neglected, especially if there is a preheating
of air, which is the case in the combustion chambers of acronautical engines,
or in gas turbines. This effect prevents the use of the OH* signal, emitted
by the entire flame, as a marker of the heat release rate for premixed flames

close to stoichiometry, especially if the reactants are preheated.
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