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Abstract

The replacement of hydrocarbon fuels in energy production and aeronautical applications by hydrogen raises issues
linked to its enhanced reactivity, broad flammability limits and augmented burning velocity. Hydrogen flames may also
feature specific sensitivity to acoustic disturbances that may lead to combustion instabilities. This problem is examined
in the present work in the case of a single flame formed by a swirling injection unit where hydrogen is injected in cross-
flow to enhance mixing to reduce hotspots. Self-sustained oscillations (SSOs) are observed using optical diagnostics
and acoustic pressure measurements. It is shown that changes in flame shape during one oscillation cycle feature a
periodic attachment and detachment of the flame from the injector, and aerodynamic disturbances enhancing flame
wrinkling. The influence of thermal power and global equivalence ratio is investigated and it is shown that unstable
oscillations arise when the system is operated in an intermediate thermal power regime where the flame alternates
between lifted and attached configurations. Investigations of the effect of swirl number and recess of hydrogen injection
with respect to the chamber backplane show that the unstable range is diminished when the recess takes large values

and also when the swirl number is increased.
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Introduction

Current industrial objectives of replacing traditional hydro-
carbon fuels by hydrogen-enriched blends or pure hydrogen
require new injection schemes and combustor architectures,
that will enable a stable combustion and ensure low NOx
emissions. The present work is aimed at examining combus-
tion dynamics issues leading to instabilities of an injection
unit that relies on cross-flow injection of hydrogen in a
swirled airflow. This configuration is investigated for its
capacity to induce a sufficient level of premixing and to
establish stable flames anchored at a distance from the injec-
tion unit. It was also found that this system features unstable
ranges of operation depending on the global equivalence
ratio and thermal power values. A first objective of the
present study is to characterize these unstable ranges in terms
of flame shape, pressure and heat release rate fluctuations.
The second objective is to examine effects of geometrical
parameters and in particular those defining the swirler (and
its swirl number) and the hydrogen injection location with
respect to the chamber backplane.

At this stage it is natural to review the literature dealing
with the combustion dynamics of flames formed by hydrogen
enriched fuel streams and that considering pure hydrogen
injection cases. Most of these studies indicate that the
addition of hydrogen to gaseous methane that is considered
for gas turbines and the use of hydrogen as a fuel in
aeroengines raises dynamical issues. The increase of burning
velocity and the broader flammability limits corresponding
to hydrogen enriched natural gas tend to promote flashback
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which may occur for example at ignition as a result of the
overpressure induced by the rapid reaction of fresh mixture
in the chamber'~. This phenomenon is also known for
annular configurations*>. Flashback may also be induced
during steady operation by the overheating of combustor
walls. The change in fuel composition with the addition of
hydrogen with higher exothermic power may also enhance
the flame sensitivity to incoming disturbances and modify
the thermoacoustic coupling between the flame and the
chamber. A first mechanism is the reduction of flame size due
to the higher burning velocity, and greater resistance to strain
rate®. Hydrogen enrichment may also induce transitions
from “V” to “M” flame shapes observed at lower equivalence
ratios’, with more compact flames®°. The flames become
even shorter at high ambient pressures as observed by®!°.
Flames enriched with hydrogen are characterized by a
reduced time delay between upstream flow perturbations and
the burning region, a feature that is reflected in the Flame
Transfer Functions (FTF) which exhibit a reduction in the
phase slope '°~'% with a shift in the characteristic frequencies
of methane-air flames enriched with hydrogen . The change
in frequency is also a consequence of flame properties
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such as burning velocity and adiabatic temperature '*!>.

Gain reductions in the FTF have been reported in
both experimental and numerical swirled configurations
when the hydrogen content is augmented'®!>!%-18  This
might eventually reduce the sensitivity of such flames
to disturbances. The possibility of using hydrogen pilot
injection in active control of instabilities was investigated
on this basis'”?’. A constructive coupling of hydrogen
combustion with vortex shedding was observed both
experimentally and numerically '*!>?1, Experiments have
further underlined the complex dependency of hydrogen
content on the control itself, since an increase in hydrogen
concentration could lead to an increase in heat release rate
fluctuations or to enhanced acoustic damping>>%*.

The previous studies were mainly carried out in single
injector configurations. Multiple injection systems have
also revealed a strong dependency of the triggering of
thermoacoustic instabilities with respect to the hydrogen
content. Azimuthal mode shifting is observed in the NTNU
annular chamber”’, where the inhibitor effect of high
hydrogen enrichment is explained to be a result of the
cancellation taking place between distinct out-of-phase
regions in the flame? . Both experiments on can-annular
configurations’® and micromix simulations?’ have shown
an enhancement of the thermoacoustic coupling at high
frequencies. A low-order model was used to predict growth
rate in the low-frequency range implying that combustors
using hydrogen micromix injection units were less unstable
than lean premixed prevaporized kerosene configurations?’.

The combustion dynamics of systems using pure
hydrogen injection is less well documented. There are
however indications that multi-slit configurations designed
to avoid flashback may also give rise to high-frequency
transverse modes *®? and to low frequency axial modes.

It is also worth noting that some recent investigations
underline the influence of the injection unit characteristics
and geometrical parameters but that these studies were only
carried out with hydrocarbon fuels. It is found for example
that the amplitude and frequency of oscillation change with
the atomizer recess*’ and that the combustion dynamics are
influenced to a large extent by the injector swirl number3'-2,
Measurements with a variable swirler* indicated that it was
possible to change the combustion dyamics as a function
of the swirl number S. In this study, a higher value of
S tended to trigger instabilities at high frequency whereas
at moderate swirl levels the flame was stable or exhibited
weak instabilities in the low frequency range. Experimental
work carried out with different swirlers in the case of spray
flames®* confirmed that combustion instabilities generally
corresponded to injectors with higher values of the swirl
number.

This brief review of the literature indicates that it is worth
examining pure hydrogen injection, specifically consider
combustion instabilities as a function of injection unit
parameters and study the nature of the coupling observed
between such flames and acoustic modes of the system.
The present article reports experiments that focus on the
special case of cross-flow injection of hydrogen in a swirling
stream of air. The experimental setup is briefly described
(see>3¢ for more details). Self-sustained oscillations are

Prepared using sagej.cls

then characterized through optical diagnostics and acoustic
pressure measurements. The domain of instability is then
explored with respect to the global equivalence ratio and
to the thermal power. Effects of the recess of the hydrogen
injection ports and of swirl number are investigated in the
last section of this article.

Experimental setup

The experimental facility is derived from the SICCA burner
at EM2C Lab, previously used for premixed and spray
hydrocarbon combustion. The schematic drawing of this
system is shown in Fig. 1. Gaseous hydrogen is injected
in cross-flow in a swirled air flow. This kind of injection
is commonly used in supersonic combustion engines where
the flow is essentially oriented in the axial direction. The
penetration of hydrogen is however limited by its low
density. In the present arrangement, mixing is enhanced by
the swirling air stream®. A similar scheme was used for
an injection of a blend of CHy with Hy?’. The injector,
denoted as CFI-X2, comprises an 11 mm slender cone that is
slightly longer than the one used in*>*°, Six radial channels
of diameter 1.5 mm are drilled in its base and convey gaseous
hydrogen. The tangential swirler can be easily taken out and
replaced to vary the swirl number, while the injector recess,
defining the distance h, between the hydrogen injection
orifices with respect to the outlet, can be modified with a
screw system. The combustion chamber is composed of a
150 mm long quartz tube with a 68.5 mm diameter. A 15 mm
high metal piece is placed beneath this tube to allow pressure
measurements in the vicinity of the chamber backplane.

Flame images are captured using a Princeton Instruments
PI-MAX4 intensified camera, equipped with an Asahi
Spectra 310 mm filter for OH* chemiluminescence or a glass
plate to cut UV light from OH* and only keep the spectral
range corresponding to visible light emission from hot
burnt products, either hot water vapor or excited hydrogen
peroxide *%%.

Investigation of self-sustained oscillations

The injection unit is first set up with a recess h, =
11.1 mm and a 707 swirler, characterized by a conventional
swirl number S = 0.60 and a pressure loss coefficient o =
Ap/[(1/2)pU?] = 3.25, with U, the axial bulk velocity
at the injector outlet (this swirler belongs to a family of
such units characterized by their head loss coefficient and
swirl number, see*’). An example of flame dynamics for an
unstable case is analyzed in this section. The thermal power
is Py, = 2.7 kW and the global equivalence ratio is ¢ = 0.5.
Self-sustained oscillations occurring at a frequency of 899 +
4 Hz, correspond to a quarter-wave longitudinal mode of the
combustion chamber. Phase-averaged OH* emission images
of this instability are presented in Fig. 2. The phase 6§ = 0°
corresponds to a crossing at O of the pressure oscillation
inside the plenum (MP in Fig. 1a) with a rising slope. These
phase-averaged images reveal a longitudinal motion of the
flame characterized by a cyclic detachment and reattachment
on the injector conical piece. A toroidal vortex formation is
identified at the top of the flame front. The vortex in which



Quartz tube

\ d. = 68.5 mm

Glass plate / . Metal tube _, L

OH* filter
MPC
ICCD camera (b) Pressure
Injector — measurements
MP

BT Ty
Plenum

Air Air H, Air

(a) Full burner (c) CFI-X2

Figure 1. Experimental setup: full burner for (a) flame
visualization, (b) pressure measurements, and (c) CFI-X2. The
height k.. is the recess between the injection holes and the
chamber backplane.

Figure 2. Phase averaged OH’ chemiluminescence images of
the unstable flame at Py, = 2.7 kW and ¢ = 0.50, obtained
with the baseline geometry: S = 0.60 and A, = 11.1 mm. The
phase angle is denoted by 6. Injector parts are represented in
white, and the invisible region in black. The images are obtained
after an Abel deconvolution.

the flame is rolled up is convected upwards together with the
stream of fresh reactants.

Another view of this thermoacoustic instability can be
obtained by replacing the OH* filter with an UV-cut filter
(glass plate). Since water vapor radiates in near infrared
and infrared regions and the blue emission is suspected to
be produced by visible burnt gases?’, this filter enables to
localize the burnt gases region. The corresponding phase-
averaged images are presented in Fig. 3.

At first, burnt gases radiating in the visible range are
located inside the reactive front materialized by OH*
emission and are always in contact with the injector.
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Figure 3. Phase averaged visible emission images of the
unstable flame at P, = 2.7 KW and ¢ = 0.50, obtained with

the baseline geometry: S = 0.60 and h,, = 11.1 mm. The

phase angle is denoted by 6. Injector parts are represented in

white, and the invisible region in black. The images are obtained

after an Abel deconvolution.

9 = 120°

0 = 60°

6 =270°

Figure 4. Contours of the OH* emission superimposed to the
phase averaged visible emission images of the unstable flame
at P, = 2.7 kW and ¢ = 0.50, obtained with the baseline
geometry: S = 0.60 and h, = 11.1 mm. The phase angle is
denoted by 6. Injector parts are represented in white, and the
invisible region in black. The images are obtained after an Abel
deconvolution.

Burnt gases might also have been present in the outer
recirculation zone but the signal level recorded in Fig. 3
in that zone remains low probably because of the low
ambient temperature in that region. Although the flame
front, visualized by OH*, detaches from the injector between
6 =270° and 6§ = 60° (Fig. 2), the burnt gas region radiating
visible light remains attached during the whole period.
Second, the intensity of the visible emission is fairly
homogeneous over the flame length, except for regions that
are in the flame front vicinity where the signal is slightly
stronger. This can be seen in Fig. 4 where the contour
of OH* images obtained with Otsu thresholding method
has been superimposed to the visible blue emission. This
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could be explained either by the presence of visible burnt
gases directly next to the flame front, or by molecular OH
radicals involved in the suspected reactions for the blue
continuum, as proposed by Fiala and Sattelmayer>°. Indeed,
in conclusion of this work, the authors show that the OH*
and blue emissions are located in the same zones, and that
the role of OH radicals in both mechanisms (de-excitation of
OH* and hydrogen peroxide formation) can explain this co-
location. They are also suggesting that both radiations can be
used to describe the dynamic behavior. In the present study,
the advection of hot burnt gases downstream the flame front
leads to a wider blue emission zone than the OH* zone.

The visible emission clearly shows the trace of the
toroidal vortex shedding due to the instability. Indeed, it is
possible to see in Fig. 4 that the vortex periodically produced
in the flame front vicinity keeps propagating downstream,
and the phase-averaged images allow to compute the phase
velocity of these vorticity waves : at § = 300°, one can
clearly see both vortices, separated by 18.7 mm, which
corresponds to a phase velocity V,, = 16.7ms ™! = 0.53U,,
i.e. half the bulk velocity.

Space-time analysis of the Rayleigh source term

It is next interesting to use the phase average images in
a space-time analysis of the Rayleigh source term. This term
appears in the acoustic energy balance equation. If its sign
is positive acoustic energy is being added to the oscillation
by the unsteady combustion process. If its sign is negative,
energy is being subtracted and the oscillation is damped.
Under some fairly general assumptions, the acoustic
energy balance takes the form

o€

—+V - F,=8§-D 1

o T a ey
where £, F,, S and D are repectively, the acoustic energy
density, acoustic energy flux, Rayleigh source term and
volumetric damping term representing dissipation processes:

1 p? Lo

Fo = oV 3)
-1 .
S = WpocQ P 4)

The previous expressions correspond to instantaneous
quantities. The following developement is focused on the
source term S.

It can be assumed that the OH* emission is a rough
tracer of the heat release rate, at least that the two quantities
evolve in phase. One may then deduce the spatial distribution
of this last quantity at different phases during the cycle
of oscillation. This implies that combustion essentially
takes place in the premixed mode which is admittedly an
approximation because the flow is not perfectly premixed
and the equivalence ratio is not constant. There is however
a relation between the light emitted by OH* radicals and the
heat release rate as implied by the fact that the phase average
OH* emission images follow the flame dynamics and
reveal the motion of the reactive layer. In what follows we
tentatively assume that the phase average relative fluctuation
in volumetric heat release rate is proportional to the phase
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average relative fluctuation in OH* light intensity. This will
have to be validated by further experiments. In the problem at
hand the period averages and time average of light intensity
are axisymmetric because the mean flow and its modulation
by the longitudinal pressure mode have a rotationally
symmetry. We now consider a cycle of oscillation with a
period T" and N instants during this cycle, t,, = T'/N, where
the light emission distribution is determined by taking period
averages. Let I(r, z,t,) designate the period average light
distribution at ¢,,. The mean light intensity distribution may
be obtained by summing the period average images over all
instants during the cycle

N-1
I(r,2) = % Z I(r,z,t,) )
n=0

The period average fluctuation distribution may then be
obtained by subtraction the mean distribution from the period
average distributions corresponding to the various instants ¢,

I(r,z,t,) = I(r, 2, tn)

—1I(r,2) (6)

It is also useful to define the total light intensity level
Iy = /T(T, 2)2mrdrdz @)

Using the assumption concerning the relation between
volumetric heat release rate fluctuations and light intensity
fluctuations, one may write:
q(’l",Z,tn) ~ I(T,Z,tn) (8)
Qo Io

For the space-time analysis the key idea is to keep the axial
coordinate and the time instants ¢,. This is achieved by
integrating the period average distributions with respect to
the radial coordinate. It is also convenient to sum the light
intensity in thin axial slices §z. One obtains in this way:

z+6z R T,
M = / / M%rrdrdz ©)]
Iy z 0 Io

Since the pressure fluctuation only depends on z and
t and remembering that poc? = yp, where pg is the
ambient pressure, one may express the Rayleigh source term
integrated in the radial direction and in a slice dz as

v —=1p(z,tn) (I(2,tn)02)
Do Iy

v—1
poc?

R

/ P 2mrdr = Qq

' (10)

One can then plot a Rayleigh index based on the OH*
light emission and on the pressure recorded at the chamber
backplane using the previous expression (Fig. 5). This
index defines the source term integrated over a cylindrical
volume of radius R and thickness §z. Constructive coupling
between heat relase rate and pressure occurs in the vortex
region and in the vicinity of the flame anchor during the
reattachment step that follows. During the short duration
where detachment of the flame takes place, the Rayleigh
index becomes negative and tends to damp the instability.
The map shows that the point of maximum correlation
between pressure and OH* intensity fluctuations is located at
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Figure 5. Temporal height-averaged maps of estimated
Rayleigh index, computed as the product of OH*intensity
fluctuations and pressure fluctuations. The results have been
interpolated in time from the phase-averaged images. Axial
variations of the fluctuations in OH* intensity are based on
radius-weighted average of the Abel-inverted OH*signal at each
height.

the flame top and corresponds to the toroidal vortex pattern
described previously. The zone of positive Rayleigh index
is then rapidly shifted downwards, and the flame lift-off
sequence is characterized at the flame foot by rising OH*
fluctuations coupled with negative pressure values. However,
the level of negative Rayleigh index is much smaller than
the level of positive Rayleigh index values. Furthermore,
this negative zone sequence occurs at a time where a strong
amplification is taking place further downstream at a distance
of about 7 mm, corresponding to the flame tip extinguishing
(from 8 = 150° and 6 = 270° in Fig. 2). This movement, that
appears in red in Fig. 5 between 37 /4 and 37 /2, is slower
than the flame foot attachment (between 7 /4 and 7/2) and
is delayed in time with respect to it. This zone corresponds
to lower OH* intensity than the mean intensity and negative
pressure, which leads to a positive value of the Rayleigh
index. When the Rayleigh index is integrated over the whole
flame, it is found to be positive. This corresponds to a source
of acoustic energy to the resonant mode. If this addition is
sufficiently large and exceeds the damping level, oscillations
are sustained.

Effect of operating conditions on flame
stability

The instability that has been previously examined occurs
in an intermediate domain of operation where the thermal
power is moderate and the bulk velocity is relatively low.
This domain is between the zone where the flames are
attached (at low thermal power and low equivalence ratio),
and the zone where the flames are lifted (high thermal
power values)*®. Systematic recordings of pressure and OH*
measurements for various thermal powers and equivalence
ratio can be used to draw a stability map of the system
equipped with the CFI-X2 injector and operating under pure
hydrogen injection. Figure 6 includes two maps, the first
one showing the root mean square (RMS) of the pressure
oscillations, and the second one presenting the frequency
of the thermoacoustic oscillations. The pressure RMS value
at the backplane of the chamber reaches 2000 Pa in the
strongest instability conditions.

The isolines plotted in black on these maps corresponds
to levels of 150, 300 and 600 Pa, that are respectively 8, 14
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Figure 6. Stability maps for the baseline geometry: h,, = 11.1
mm and swirler 707. (a) Pressure oscillation amplitude and (b)
Frequency

and 20 dB above the baseline given by fully stable flames in
terms of sound pressure level. The flames are considered as
stable if the pressure RMS value is below 150 Pa and if the
pressure signal shows no harmonic oscillations. The unstable
range is located at high equivalence ratio and intermediate
power, and delimited by ¢ > 0.3 and 1.5 < Py, < 3 kW.
Inside the unstable range, the frequency is deduced from the
power spectral density of the pressure signal, using Welch’s
method. Figure 6b shows that the frequency of these self-
sustained oscillations lies between 750 Hz and 880 Hz. This
is consistent with a coupling by the first longitudinal mode
of the combustion chamber :
c

I= 4l + 0.4d,) (an
where 0.4d. represents the open-end correction of a
cylindrical tube outlet, [, being the chamber length and c
the mean speed of sound in the chamber. The frequency of
the instability obtained for ¢ = 0.5 and Py, = 2.7 kW is
slightly lower here than the frequency detected during phase-
averaged imaging in Fig. 2 because of the additional 15 mm
length brought by the chamber microphone port.
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Figure 7. Stability maps plotted in pressure oscillation
amplitude for swirler 707. (a) h» = 10.1 mm and (b) h, =
14.1 mm.

Effect of the injector recess on the
triggering of SSOs

It is now interesting to consider the effect of recess and,
for that, place the hydrogen injection ports at two other
locations: a higher position at s, = 10.1 mm and a lower
position at h, = 14.1 mm. Resulting stability maps are
shown in Fig. 7.

The levels obtained with the recess length h, = 10.1 mm
are almost exactly those obtained with the baseline geometry
(Fig. 7a). The unstable zone, bounded by the 150 Pa isoline,
is slightly broader in the low power region. The pressure
RMS values are similar to those obtained at /2, = 11.1 mm,
indicating that the recess length has a low impact when
the injector is close to the outlet. However, the pressure
fluctuation levels measured for the highest recess length
h, = 14.1 mm are much lower. As visible in Fig. 7b, the
pressure fluctuations remain below 500 Pa for all operating
points. This emphasizes the nonlinearity of the dependency
of SSOs amplitudes with respect to the injector recess and
indicates that the thermoacoustic instabilities are strongly
reduced when the injector is moved upstream.

One can measure the phase difference between the
pressure and OH* intensity fluctuations at the flame level.
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A cross power spectral density (CPSD) is computed between
the signals of pressure and OH* intensity. Gain, phase and
coherence values are determined at the frequency peak given
by this CPSD. This being done for all the operating points,
results for the phase shift are presented for £, = 11.1 mm
and h, = 14.1 mm in Fig. 8. They show that in the unstable
region bounded by the 150 Pa isoline, the phase shift values
remain close to —7/4 in the low recess case, while the
high recess case is characterized by lower phase delays,
spread between —37/4 and — in the same operating zone.
This indicates that in that zone, the highest recess length
leads to out-of-phase fluctuations between OH* intensity and
pressure. Considering operating point A in Fig. 8, which
corresponds to ¢ = 0.50 and Py, = 1.86 kW, the flame is
unstable for a recess length h, = 11.1 mm. It is one of
the most unstable points using this baseline configuration
with a RMS pressure equal to 2000 Pa. For this flame,
Fig. 8a gives a phase shift SOIP'—Ig)H* = —0.72 rad. When
the recess length is increased up to 14.1 mm, this point
becomes less unstable (around 400 Pa) as shown in Fig. 7b.
A similar evolution can be observed for point B where
the fluctuations drop from 1600 Pa to 200 Pa. An odd
observation for these two points is that the phase shift falls
to @213,71, = —2.42 rad for point A and gofj,fl, =
O oH¥*
—2.73 rad for point B, meaning that the pressure fluctuations
and the OH* signals are out of phase while some pressure
fluctuations, albeit limited, can be witnessed. At first sight,
this seems to contradict the Rayleigh criterion but this can be
explained when one looks at the shape and behavior of the
flame for operating point A shown in Fig. 9. Indeed, during
an important part of this cycle, the flame is hidden inside
the injector and is thus not visible by the photomultiplier.
Therefore, the OH*signal from the photomultiplier is clearly
not linked to the global heat release rate of the flame in this
case.

Impact of the swirl number

The swirler effects are now investigated by replacing swirler
707 by a swirler inducing a stronger swirling flow (called
726) keeping the recess length h, = 11.1 mm. The swirl
number of this new swirler is S = 0.74 and the pressure
loss coefficient is also increased o = 5.47°. Both properties
exceed those of swirler 707 (S = 0.60 and o = 3.25). The
map shown in Fig. 10 features an unstable zone, still located
at high equivalence ratio and intermediate thermal power.
The frequencies visible in Fig. 10b have the same order
of magnitude as previously, which is consistent with the
chamber length being kept constant. However, the level of
pressure fluctuations is far below that reached using swirler
707: the maximum is at 1200 Pa instead of 2200 Pa in the
low swirl number case, and the 150 Pa isoline encloses a
smaller unstable domain than with swirler 707. This seems
to be at variance with observations made on this burner for
spray flames and at lower frequencies of oscillation**, but the
mixing and the flame shape are very different from the spray
flames of the cited article. The hydrogen flames of this study
have very different dynamics and characteristic transport
times of flow disturbances on the flame, which leads to
this situation: an increase in the swirl number corresponds



Yp-I

0.5 [

@0 - y— |
e /L
-4 )

0aff / ‘%\\_/ //\-/ anfa
A

0.2k

1 1.5 2 2.5 3 3.5 4 4.5

(@) hr = 11.1 mm

op-1,,. (rad)
0.6 ‘n
0.55F
0.5 200 -m/4
30— ) A! 3/7 /
045F / (
L 04f g 7 1
< Y B \/ uy
0.35F
03¢ -3m/4
0.25F
0.2, L L L h L h L
s

(b) A = 14.1 mm

Figure 8. Mapping of the phase shift between pressure
fluctuations p” and OH* intensity fluctuations I« for swirler
707. (a) Recess length h,, = 11.1 mm and (b) h, = 14.1 mm.
The phase value is only plotted when the coherence level
between the two signals is high (v* > 0.9) and when the
pressure RMS value is greater than 150 Pa.

Figure 9. Phase averaged OH’ chemiluminescence images of
the unstable flame A at P, = 1.83 kW and ¢ = 0.50, obtained
with the geometry S = 0.60 and h, = 14.1 mm. The phase
angle is denoted by 6. Injector parts are represented in white,
and the invisible region in black. The images are obtained after
an Abel deconvolution.
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Figure 10. Stability maps corresponding to swirler 726. (a)
Pressure oscillation amplitude and (b) Frequency. h, = 11.1
mm.

in the present experiment to a reduction in thermoacoustic
instability.

The flames obtained using swirler 707 and 726 have
different shapes. In stable operation (above P;;, = 3 kW) ,
while the first one is lifted above the injector cone, the
second one is attached to the cone and wide open. This
may induce different responses of the flame to acoustic
disturbances. The phase difference between pressure and
OH¥* intensity fluctuations is computed for both swirlers
and results are displayed in Fig. 11. A first observation is
that on the high-pressure border of the unstable zone, the
phase difference decreases between swirler 707 and swirler
726. This is consistent with the reduction of the unstable
zone: indeed, considering point B in Fig. 11, the phase shift
decreases from ! = —0.87 rad to ¢? = —1.19 rad and the
level of pressure fluctuations is reduced from 1900 Pa to
1100 Pa RMS (Fig. 6a and 10a). For operating point C, which
corresponds to ¢ = 0.42 and P,;, = 1.86 kW, the phase also
slightly decreases when using swirler 726, from -1.16 rad to
-1.49 rad.
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Figure 11. Mapping of the phase shift between pressure
fluctuations p” and OH* intensity fluctuations I}, ;- at a recess
length h,, = 11.1 mm using (a) Swirler 707 and (b) Swirler 726.
Only the operating points leading to pressure fluctuations
greater than 150 Pa and coherence function v > 0.9 between
the two signals are kept.

Conclusion

Combustion instability of pure hydrogen flames is examined
in the case of a cross-flow injection in a swirling stream
of air. Systematic experiments indicate that self-sustained
oscillations arise in an intermediate range of thermal
powers when the flame combines attached-“V” and detached
patterns. Light emission imaging in the UV and visible
ranges indicates that the burnt gas region is continuously
attached to the injector outlet while the flame front is lifted
off cyclically. A space-time analysis of the acoustic energy
source term carried out by considering pressure and heat
release rate signals integrated in the transverse direction
indicates that this axial motion corresponds to a constructive
coupling between pressure and heat release rate when the
reactive region in the flames is convected away from the
injection unit. The periodic lift-off that follows is found to
be in phase opposition with the pressure oscillation and thus
reduces the acoustic energy of the mode.

Changes in the recess of the hydrogen injection section
with respect to the outlet indicate that this parameter
notably influences the combustion instability process even

Prepared using sagej.cls

for relatively small variations. It is shown that with a higher
recess length these two signals become out-of-phase. A
somewhat unusual phenomenon for this burner was also
observed in these experiments in which an increase in the
swirl number induces a reduction in the instability level.
The change in flame shape with the swirl number induces
a change in phase between the OH* intensity and pressure
fluctuations with a lower phase at high swirl.
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