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ABSTRACT

The operating regime of a gas turbine combustor is highly
sensitive to fuel composition changes. In particular, the addition
of hydrogen, a major constituent of syngas, has a major effect
on flame behavior due to the higher burning rates associated
with hydrogen. A laboratory scale pre-mixed test rig is
constructed in order to study such effects. The fue composition
is incremented with increasing hydrogen sarting from 100%
methane. It is observed that increased RM S pressure levels and
higher susceptibility to flashback occurs with increasing
hydrogen volume fraction. Furthermore, hydrogen enrichment
can cause an abrupt change in the dominant acoustic mode.
Phase locked hydroxyl PLIF measurements have been
performed with respect to the dominant acoustic instability
limit cycle. These measurements are complemented with real
time heat release, emissions and flashback measurements.
Particular emphasis is put on time resolving the thermo-
acoustic instability induced flashback cycle of the wedge
shaped flame front and the temporal events associated with
flashback.

INTRODUCTION

Modern premixed gas turbine combustors are usualy
operated near the lean blowout limit due to emisson
requirements [1]. Lean premixed combustion decreases the
adiabatic flame temperature thus reducing the production rate
of nitric oxides which is highly temperature dependent [2]. In
this operating range flame holding and thermo-acoustic
instability become the two most important considerations.
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Thermo-acoustic instability not only deteriorates the material
structure of the combustor subjecting it to fatigue loading [4],
but also can induce flashback into the pre-mixing section [3].
Lean premixed natural gas combustion has been extensively
studied; however, as the transition is made from natural gasto
hydrogen-enriched fuels (e.g., syngas), the impact of hydrogen
addition on the key performance metricsis not well understood.
Therefore, near lean blowout behavior of syngas needs to be
explored in a detailed manner.

Thermo-acoustic oscillations occur because unsteady heat
release couples positively with sound waves producing large
velocity and pressure perturbations [4]. If the unsteady heat
input is in phase with pressure perturbations acoustic waves
gain energy and ingability takes place. Strength of these
oscillations are limited by non-linear effects such as fuel
consumption rates, and limit cycle oscillations occur. However,
these oscillations can be sufficiently strong that they can cause
gas turbines to shut down or cause hardware damage. If the
pressure oscillations are strong enough they can cause the flame
to enter into the premixing section triggering flashback. This
phenomenon is called as thermo-acoustic ingability induced
flame flashback.

Synthesis gas is a variable mixture of primarily hydrogen
(H,) and carbon monoxide (CO). Depending on the gasification
process variables, and which solid is gasified, substantia
changes in the resulting syngas composition occurs [5]. These
changes in the syngas composition can significantly alter the
flame behavior [6]. Therefore, the composition of the fuel
impacts the turbine life and emissions [7], and characterization
of the flame behavior at different fued compositions is an
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important task. Furthermore, syngas combustion is prone to
flashback due to high flame speeds associated with its hydrogen
content. Under atmospheric conditions the flame speed of a
stoichiometric methane air mixture is about 40 cm/s whereas
that of a hydrogen air flame is about 200 cm/s. Therefore,
hydrogen flame propagates five times faster than a methane
flame under atmospheric pressure. This mismatch between
flame speeds leads to flame holding problems in a gas turbine
engine environment.

To achieve a desired power output from syngas, high
volumetric flow rates are needed due to the lower heating value
of the fuel per unit volume. High volumetric flow rates trandate
into higher axia speedsinside the pre-mixer. Thisaxial velocity
tries to push the flame away from its anchoring point (i.e. the
center-body in this particular case) at the dump plane which
poses significant problems with respect to flame holding and
can yield to a complete blow-off [8,9,10]. In this paper, we
present measurements with hydrogen enriched natural gas, and
examine the role of hydrogen addition on the performance of
the gas turbine combustor. By taking advantage of the single
mode limit cycle oscillations, the phase resolved behavior of
the unsteady processes (thermo-acoustics and flashback) can be
examined.

EXPERIMENTAL SETUP

Figure 1 shows a schematic of the experimental setup that
includes the combustor, gas bottles, metering systems, and the
instrumentation. The combustor system consists of the
combustor shell, the inlet fuel and air-delivery system, and the
premixing section. The combustor shell is comprised of two
pieces (see Figure 2 and Figure 3). A 2.75" inner diameter
quartz tube sits on a stainless sted flange that defines the dump
plane. Quartz tube enables optical access into the main re-
circulation zone. The basic design of the fud-air premixing
section represents a generic configuration with characteristic
features similar to industria gas turbine systems. More detailed
discussion about the design of this specific combustor can be
found in [11, 12]. Combustor exit is only restricted not fully
choked. Combustor is operated up to a power rating of 20 kW.
Quartz tube and the stainless steel shell are cooled on the outer
wall by means of forced convection air-jets during combustion.

Combustion air is fed through an eight-blade 45°-swirl
vane (see Figure 3). A corrdation [13] gives the corresponding
swirl number as Sw=0.98. Swirl provides stabilization at the
dump plane and facilitates the entrainment of fuel jets within
the cross flow at the pre-mixer. Fuel jets are injected radially
outwards. Centrbody (which is also the fud injector) is inline
with the dump plane to provide aerodynamic flame
stabilization.

Hydrogen H, and methane CH, gases are individualy
supplied from compressed tanks and mixed within a manifold
prior to combustor inlet (see Figure 1). Their flow rates are
controlled by separate mass flow meters. Mass flow rates are
adjusted separately in order to achieve the desired fuel
composition. Air necessary for combustion is supplied from a
19.7atm, 0.2 Nm®/s air compressor. Volumetric airflow rate is

measured by a rotameter, and a pressure gage a the rotameter
exit is used to correct the readings.
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Figure 1 Schematic of Experimental Setup

RESULTS AND DISCUSSION

Unlike natural gas, synthesis gas flame has a much
different behavior due to different laminar flame speed and
adiabatic flame temperature. Both the laminar flame speed and
adiabatic flame temperature heavily depend on mixture
composition. Since there are multiple fuels in a methane and
hydrogen mixture a suitable definition of the equivalence ratio,
which takes the overall stoichiometry into account, is needed.
Following the assumptions made by Yu et. a. [14] an
equivalence ratio is defined as follows (see Eg. 1). This
equation assumes that the hydrogen in the blend is completely
oxidized and the remaining oxygen is used to burn the methane
content. This is a reasonable assumption since the hydrogen
oxidation proceeds much faster than methane oxidation.

g Ce/[Ca=Cu/(Cu/Ca). ] ()
RGN

Figure 2 Overall View of the Combustor
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051

Air flow rate
—F— 251s
[ ——a~— 301Is
04r o 5.01l/s
i o
3 [
2
< i
O’H|HH|HH|HH|HH|HH
0.35 0.4 0.45 0.5 0.55
a. Parametric Relations at Blowout
06 —m— 10 % H2 by vol.
0.58 A 20 % H2 by vol. _u
0.56 —4— 30 % H2 by vol. —
40 % H2 by vol. _—
= 054 T N
o _—
g 052 -
o —
2 05 [ 5 //0
= 048 -
S 046 ~
IS 0.44 /
o A
8 042 //
g 04 e
© -
S ossF &
2 036
W o034

0.32

3 35 4 45
Volumetric Flow Rate (I/s)

b. Effect of Hydrogen Enrichment on Blowout
Figure 4 Lean Blowout Limitsasa Function of Percent
Hydrogen Volume Fraction (u)

Lean Blowout (LBO) Measurements
Gas turbine engines are operated near their lean blow-off
limits due to emissions considerations. Hydrogen enrichment

considerably extends the lean blowout limits of the methane
fud, and evidence of this is shown in Figure 4. These effects
regarding the extension of lean blowout limits through
hydrogen addition are consistent with the recent observations
reported by [15, 16, 17]. In Figure 4a, a scaled LBO parameter
¢/a®® , which is obtained empiricaly, is shown. By using this
parameter data recorded at different air flow rates reasonable
scaling is observed especialy for low equivalence ratios
¢ <0.5. Beyond this point some scatter in the data is observed.

As seen in Fig. 4, hydrogen enrichment extends the LBO limit
quite extensively. It is also observed that for hydrogen enriched
methane LBO equivalenceratio is not fixed, it both depends on
the extent of enrichment and on the flow rate as shown in
Figure 4b. At higher flow rates higher hydrogen content was
necessary to sustain the flame. Equivalence ratio at lean
blowout increases as the volumetric flow rate (hence fluid
vel ocity) increases for all fuel compositions.

In flamelet combustion regime blowout occurs when the
local flame speed is less than the oncoming fluid velocity
everywhere in the flame. Thus the stabilization mechanism for
flamelet-like combustion is based on the flame front
propagation [17]. Turbulent flame speed is often expressed in
terms of laminar flame speed multiplied by a function which
depends both on turbulence intensity and geometry. For all
conditions tested in the laboratory combustor, the geometry is
fixed, so those can be factored out when correlating the blow
out behavior. Assuming turbulence intensities are similar as a
first order approximation the loading parameter can be
expressed in terms of the laminar flame speed of the fuel
mixture. For atwo-fuel blend one can express flame speed as a
sum of individual species flame speed weighted by their mole
fractions inside the fud blend (Eq. 2) as a first order
approximation.
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Note that the flame speed of hydrogen is considered at
stoichiometric conditions due to the same assumptions made
for the definition of the equivalence ratio. Flame speed of
methane on the other hand depends on the equivalence ratio
calculated from Eg. 1. Consequently, the flame speed of the
mixture is caculated wusing the above equation.
Hydrogen/methane flame chemistry is smply too complex to
be mapped out by simple curve fits such as this one used here
article. This is nevertheless an over simplified first order
approximation to the flame speed. Results are demonstrated in
Figure 5. This figure shows the relationship between lean
blowout equivalence ratio and flameet based loading
parameter. Data for blowout is recorded in a wide range of
operating conditions2.5<Q,, <7.1/s, 0.4<¢<1.3 aswel as

a wide range of fuel compositions (from pure methane to 50%
methane/50 % hydrogen with the hydrogen concentrations
indicated by the color map). As it can be seen from this figure
data points are roughly correlated by a single line with a
correlation coefficient of 0.69.

Chemical time scales for hydrogen and methane oxidation
are quite different. Therefore considering the turbulence in
practical combustors, combustion process can indeed cover a
wide spectrum of Damkoéhler numbers. Another reactor loading
parameter L, based on a well stirred reactor approach can be
defined as well (Eq. 3). Following the work of Hoffman et. al.
[18], azimuthal velocity component U ,and combustor diameter

D ae used as the appropriate scaling parameters. Here o
denotes the thermal diffusivity of the reactant mixture. The
thermal diffusion coefficient of the mixture is calculated using
the thermal diffusion coefficients of individual species (air is
treated as a single species within the calculation).

L= oJ
>~ @
Results for reactor based correlation are shown in Figure 6.
For this parameter L, however, correlation is weaker compared
to the flame speed correation. The corrdation coefficient is
only 0.41. Especialy for low hydrogen content mixtures
(shown with darker spots on the plot) one observes that thereis
avery large scatter in the data. Thisin turn points out that well-
stirred reactor based loading does not offer a good explanation
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Figur e 6 Relationship Between Blowout Equivalence Ratio
and Reactor Based L oading Par ameter

for methane rich mixtures. On the other hand, one can see that
for hydrogen rich mixtures (indicated with lighter shades) data
seems to correlate better with this loading parameter. More
discussion on thisissue will be provided at a later section while
discussing PLIF measurement results. A “perfectly stirred
reactor” is an idealized scenario and does not necessarily apply
laboratory or industria scale gas turbine burners even in the
presence of a strong re-circulation vortex in the primary
reaction zone. Had it been possible to characterize swirl
stabilized gas turbine burners as “well stirred reactors’ much of
the problems that are being researched today would have been
simply trivial in nature and no research would have been
necessary. Well stirred reactor approach on the other hand
provides the researchers with an idealized scenario to use as a
benchmark for their results.

Pressure, Heat Release and Hashback Measurements

Six Kistler 7061 water-cooled piezo-electric pressure
transducers are mounted along the combustor wall, and
measure dynamic pressure variations in the combustor. In order
to examine the waveform of the combustion instability pressure
inside the reactor is measured at several stations aong the
entire length of the combustor.

Figure 7 shows the scaling of RMS pressure levels which
is linked to the amplitude of the combustion generated noise.
Data points shown in the scatter plot covers a wide parameter
space (i.e. equivalence raio, flow rate and mixture
composition). Data points showing extinction re-ignition
behavior near the lean blowout limit are typically characterized
by high amplitude pressure fluctuations. These points are not
shown in this plot as these belong to an entirely different
regime. Combustion generated noise typically depends on
Mach number and flame dilatation ratio. Flame dilatation ratio
is defined as the temperature ratio of burned gases to the
unburned reactants. Combustion noise has a quadratic
dependence on the flame dilatation ratio. For the Mach number,
combustion generated noise has a fourth power dependence.
Correlation coefficient of the linear trendline fitted to the
scatter pointsis0.76.

The CH/OH radical light intensity is recorded using a
silicon PIN photodiode (Meles-Griot) looking at the flame
equipped with an appropriate band-pass optical filter. Collected
light is focused onto the sensor area by a convex lens.
Flashback signal is collected through a fiber optic cable which
is mounted at the premixing section. There is no optica filter
mounted with this photodiode radical a filter centered at 430
nm with a 10 nm FWHM transmission width is used.
Photodiode reading is taken as a measure of integral heat
release fluctuations in the main reaction zone of the reactor. In
order to detect flame flashback a separate photodiode is used.
This photodiode sees flashback and the fiber optic cable
tranamits light at the visible spectrum. Fiber optic cable is
mounted 15 mm upstream of the combustor dump plane. When
the flame entersinside the pre-mixer and travels this distance, it
is seen by the photodiode and the light signal is converted into
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voltage which isin turn recorded by the DAQ board aong with
the other signals.

Correlation Coefficient=0.76463
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Figure 8 demonstrates the dominant frequency of
combustion as a function of equivalence ratio and fue
composition. Two distinct regions of dominant mode, one with
higher frequency (around 90Hz), the other one with lower
freqguency (around 30 Hz) can be easily identified. This
transition occurs around 20-25% hydrogen content, and as will
be discussed later, represents conditions where flashback is
initiated. The flashback is associated with periodic low
frequency fluctuations, with the flame flashing back and
recovering, and these fluctuations are at the observed pressure
oscillation frequency. Thisimplies that the periodic flashback is
coupling with the air-delivery-chamber/combustor acoustics
with a positive feedback.

Frequency (Hz)

10

20 30 0
% Hydrogen 50

Figure 8 Dominant Frequency (Hz) with Respect to Fuel
Composition and Equivalence Ratio (Q,,=6.2 It/s)
Figure 9 shows the longitudinal distribution of the pressure
RMS for no-hydrogen and with-hydrogen. In Figure 9, x isthe
distance measured from the combustor inlet, and H is the
overall length of the combustor. Dump plane is located at
x/H=0.6. In al cases RMS pressure decays with the stream-

wise distance going from acoustically closed inlet to the
acoustically open outlet. RMS pressure amplitudes increase
with increasing hydrogen content. This effect is more
pronounced towards the combustor exit. Although there is a
sudden drop in the dominant frequency (see Figure 8) RMS
pressure waveform does not experience a substantial change as
seen in Figure 9.

Figure 10 shows the spectra of pressure, heat release and
flashback signals on a logarithmic scale. The frequency shift
associated with the hydrogen addition (Figure 8) is observed in
more detail in Fig. 10. For pure methane, the flashback signal
amplitude is low, and is at the noise level associated with the
indirect flame radiation “(i.e. indirect optica reflections from
the combustion chamber into the location where the fiber-optic
cable is mounted). At 40-50% hydrogen (Fig. 10b and Fig. 10c)
the flashback signal in the 40-47 Hz range is clearly evident.
The flashback activity and change in the dominant frequency in
the pressure oscill ations accompanies one another, and are both
at the same frequency. This implies that as the flame moves up
and down inside the pre-mixer and generates heat release
fluctuations at the flashback frequency, the resulting heat
release dynamics couples with an acoustic mode of the
combustor system exciting this mode. This behavior is phase
resolved in alatter section of the article.
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Another way through which fue composition affects the
feedback route between heat release and pressure fluctuations
within the thermo-acoustic loop is the change that occurs when
the flame center of mass is changed due to change in flame
speed. As the flame speed increases with the addition of
hydrogen the flame becomes shorter and the disgance to the
flame center of mass (center of heat release) decreases. This
yields a reduced convective time for the equivalence ratio
perturbations which can cause a stable combustor to become
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ungtable and vice versa [22]. Figure 11 shows the change in
flame center of mass with varying fud composition while
keeping the inflow velocity constant to factor out the
aerodynamic effects. These are time averaged two dimensional
hydroxyl chemiluminescence images captured with an
intensified CCD camera equipped with an appropriate band
pass filter. For each image, the CCD aray is gated for 10
microseconds and a total of 400 images are recorded for
averaging. One can notice the change in the location between
two flow conditions tested. With 50% methane and 50%
hydrogen, most of the heat release takes place in spatid
locations closer to the dump plane. Inlet section, dump plane
and the location fuel injector are also schematically in this
figure.

Emissions Measurements

Nitric oxide emission measurements have been performed
using a chemiluminescence analyzer. A water cooled probe is
placed at the combustor exit. Exhaust gases are sucked at the
center. Keeping the other variables constant (i.e. equivalence
ratio, volumetric flow rate) and increasing the hydrogen volume
fraction of the fuel results in increased nitric oxide emissions
index values (see Figure 12). Note that in this figure there is
only a single data point is shown for equivalence ratio for 1.0
which is depicted in blue color. Therefore blue lines do not
simply disappear behind the other ones asthereis only asingle
blue line. This is an issue which might give rise to a
misunderstanding and hence is clarified here. On the other hand
hydrogen enrichment enables the sustainment of combustion at
much leaner equivalence ratios than those are ever possible
with methane. Premixed lean combustion has long been utilized
as an industry standard technique to reduce nitric oxide
emissions. Even though hydrogen addition increases NOy
emissions at a fixed equivalence ratio the overall emissions ill
can be greatly reduced by burning leaner mixtures of methane
and hydrogen blend, which were impossible for the pure
methane case. Thiswill reduce the adiabatic flame temperature
further down reducing the thermal and other contribution to the
total NO, emissionsindex.

Figure 13 shows the correlation between adiabatic flame
temperature and nitric oxide emissions index (EINO) over a
wide parameter space including fud variability effects. Points
on the scatter plot are color coded according to the binary fuel
mixture composition. Note that for the flow conditions tested
the residence time changes by almost a factor of three.
Residence time is one of the determining parameters for the
equilibrium concentration of species. However, as seen in Fig.
13, the correlation of EINO with the adiabatic flame
temperature is quite good, with a correlation coefficient of
nearly 0.8, and one can therefore argue that the residence times
are longer than the NO-formation timescales, and therefore the
effects of residence time play a reatively smaller role. The
increase in the nitric oxide emissions index with increasing
hydrogen is potentialy linked to the associated increased
concentration of the hydroxyl (OH) radicals within the radical
pool. Higher hydroxyl concentrations can increase the forward
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Figure 11 OH* Chemiluminescence | mages Demonstrating
Effect of Fuel Composition on the Distance to the Flame
Center of Mass at a Fixed Flow Rate and Equivalence Ratio
(Qar=6.21/s, ®=0.7)

reaction rates in the nitric oxide formation mechanism
involving the OH radical. However, as Figure 13 suggests the
main scaling parameter is the adiabatic flame temperature. Yet,
this does not mean that residence times are insignificant. In
fact, most of the data scatter shown of Figure 13 is due to the
effect of varying residence time. Much shorter residence times
of course favor lower nitric oxide emissions due to chemical
inequilibrium. If dl residence times on the other hand are
longer than the formation time scale of NO emissions, then
emissions levels reach closer to equilibrium values. It can be
therefore be concluded that the extended Zeldovich mechanism
(therma NO,) is the dominating pathway to NO formation in
this case. Residence time, adbeit it has a smaller impact, should
be responsible from the scatter in the data points.

EINO (gNO/kgfuel)

Eqg. Ratio

0 10 20 3g

40 50

% Hydrogen
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Figure 13 Relationship Between Adiabatic Flame
Temperature and Emissions Index in a Wide Range of Load

Conditions (0.4< ¢ <1.3,2.5 < Qq,, < 7.1 1t/s)

Figure 14 demonstrates the phase averaged behavior of
pressure, heat rdease and flashback signals. In view of the
instability, pressure and heat release signas are nearly in phase
with each other resulting in a positive Rayleigh index. In Figs.
14(a) and 14(b) corresponding respectively to pure methane,
and 10% hydrogen by volume, the flashback signal is flat
suggesting no flashback activity at these conditions. However,
in Fig. 14(c), the amplitude of the flashback signal shows a
significant peak at the 90-degree phase instance with respect to
the pressure instability cycle. Consequently flashback signal
reaches its maximum value when the pressure is also a a
maximum indicating the inter-relationship between the pressure
dynamics and flashback. These observations support the earlier
conclusions based on Figure 10 (i.e. no flashback with pure
methane and flashback with 50% H,/50% CH, mixture).

Figure 15 depicts the cycle of events leading to periodic
flame flashback. As this cartoon illustrates, the attached wedge
shaped flame moves upstream due to a flow reversal shortly
following pressure buildup. Vertica arrows pointing upwards
and downwards indicate total flow velocity (mean + acoustic)
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and flame speed respectively. Whenever the flame is detached
from theinjector tip the flame anchoring point (tip of the wedge
shaped flame) moves with a velocity which is the sum of the
flame speed and fluid velocity. As it is seen from the figure at
the mid-cycle flame is entirely inside the pre-mixer. As the
cycle progresses and the total fluid velocity attains a positive
value that exceeds the flame speed (which always points
towards the reactants side flame front) recovers its shape and
re-attaches to the center body tip. For a more eaborate
discussion of this phenomenon (including a theoretical
background) please refer to [11, 12] wherein these flame
attachment and flow reversal issues are treated.
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PL|F Measurements

Planar laser induced fluorescence (PLIF) measurements for
the hydroxyl radical have been conducted in order to reveal the
structure of the flame front. For OH PLIF, OH radical is excited
at Q.(7) transition of the A%Z*« X?[1(0, 0) band at 281.34 nm
and fluorescence is collected at the range from 306 to 320 nm.
The fluorescence intensity can be qualitatively linked to OH
mole fraction [21].

The experimental arrangement of the PLIF system is
shown in Figure 16. Setup includes a Nd:YAG pumped dye
laser, an intensified CCD camera, sheet optics and a computer
controlled programmable timing unit. After passing the sheet
optics, the 283.39 nm wave ength laser beam forms a sheet of
approximate thickness 0.5 mm which passes through the center
of the cylindrical quartz tube. The pulse energy was set to
approximately 10 mJ/pulse and the pulse duration was 5 ns. An
intensified ICCD camera, which has a 512 x 512 CCD array,
detected the induced fluorescence images. Gate duration for the
camera was set to 1000 ns during the acquisition of images. A
filter ensured that only light between the wavelengths 300 —
320 nm is trangmitted and al the other light rejected. Hence,
OH fluorescence can be collected using UV-sensitive
intensified CCD cameras. Rectangular PLIF images shown
correspond to a 150 mm x 70 mm region of the flow fidd.
Images were calibrated using a rectangular grid to correct
spherical aberrations caused by the quartz cylinder that
encloses the viewable portion of the flame. A peak finding scan
was performed in the vicinity of 280nm - 290nm with a
wavelength increment of 0.05nm. This narrow band scan is
used to correct any possible detuning of the dye laser. The OH
fluorescence spectra shows that the peak signal strength is
observed at 283.39 nm which corresponds to a A%£*«— X?I1(0,
0) eectronic trangtion of the hydroxyl radical.
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Figure 15 An lllustration Showing the Cycle of Events
Regar ding Flashback
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Arrangement

Image acquisition is phase locked with respect to the
pressure instability cycle. Necessary phase information was
determined by the upwards doping zero crossing of the
combustor pressure signal recorded by the piezoeectric
transducer mounted on the combustor wall. Knowing the
dominant frequency (thus the period) of oscillation a digital
TTL trigger pulse was generated after the corresponding time
delay for the desired phase instance. Other variables of interest
(heat release, NO,, etc.) are also simultaneousy logged with the
image acquisition so that their phase behavior could be
investigated as well. Data logging and image triggering is
orchestrated by a personal computer equipped with a data
acquisition board and running LabView software, a second
computer equipped with a LaVision programmable timing unit
(PTU) receives the master trigger pulse generated from
LabView program and triggers the Nd:Yag laser (which pumps
the dye laser) and gates the ICCD camera with precise timing.
Camera gating and laser light emission are synchronized with
nanosecond level accuracy using dedicated timing hardware
(PTU). Intensity images are recorded on this second computer.
At each phase instant a total of 50 frames were recorded and
averaged. For each case eight phase instances are recorded with
a phase separation of 90-degrees in between. Note that zero
crossings as an indicator of phase is valid if and only if the
oscillatory signal is dominated by a single component [20]. In
all data presented here thisis the case as it can be seen from the
Fourier spectra of pressure signal (see Figure 10).

Figure 17 shows phase locked OH-PLIF images of the
three flow conditions investigated. Images are separated with
90 degree phase difference from each other. Intensity images
are depicted with a pseudo-color scale ranging from blue to red.
Red zones signify high intensity whereas blue signifies the
opposite. From these OH-PLIF images the location of the flame
front can be clearly identified.

Flame fronts in all of the OH-PLIF images presented
exhibit a more complex topology then a simple singly
connected front. Thisis primarily due to complex flame-vortex
interactions (including the large re-circulation vortex that helps
stabilize the flame) and the turbulent nature of the reacting flow

Fower Supply

under investigation. From the PLIF images it can be seen that
OH signal intensity increases with increasing hydrogen content.
The increased NO, values with increasing hydrogen volume
fraction (see Figure 12) can be attributed to this richer radical
pool due to two specific reasons. First oneis more OH signifies
more heat reease and thus higher temperatures which favor
more rapid production of NO,. Second one is OH radical
apperars on the reactant side of some important reactionsin the
extended Zeldovich mechanism. This higher OH concentration
in turn drives these reactions faster resulting again in a more
rapid NO, formation. Same richness in the hydroxyl radical
pool can be held responsible for the extenson of lean blowout
limit (see Figure 4).

0 degree

90 degree

180 degree

a Pure Methane
0 degree 90 degree

180 degree 270 degree

b. 50% H, by volume

Figure 17 OH-PLIF Images
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Occasionally within the OH-PLIF images presented in this
section one observes regions of extinction inside the flame (i.e.
Figure b 180-degrees). These local flame extinction stes are
most likdy caused by small scde turbulent eddies. Flame
extinction can occur at these sites due to locally high strain
rates causing a mismatch between the local chemica time scale
and the turnover time for the local eddy.

Another set of phase locked OH-PLIF images were
recorded at a higher air flow rate of Q4=7.1 I/s and an
equivalence ratio of ¢=0.8 using pure methane fud (see Figure
18). Phase locking was performed with the 100 Hz dominant
instability cycle. For this particular flow condition due to
higher oncoming flow velocities flame is highly strained. Since
the flame is subjected to high strain rates and the flame speed is
not sufficiently high a srong flame attachment cannot be
observed for this flow condition. In fact, flame is only attached
to the center-body (i.e. the flame holder) for less than a quarter
of the whole thermo-acoustic instability cycle near the zero
degree phase ingtant. For the rest of the instability cycle flame
is de-attached from the injector and is lifted above the dump
plane. Note that dump plane is located right at the bottom of
these images and the center-body (which acts as a flame hol der)
is flush with the dump plane. Here it can be concluded that for
such flow conditions front propagation is the flame stabilization
mechanism. This aso helps explain some of the blowout data
correlaions presented earlier in this paper. These result aid in
the explanation of the very poor correlation between the reactor
based loading parameter and blowout equivalence ratio (see
Figure 6) for pure and hydrogen poor methane/hydrogen
mixtures. As observed in Figure 5 fuel mixtures of such
composition do correlate quite better with the flamelet based
loading parameter which assumes that the flame stabilizing
mechanism is through front propagation. Under this hypothesis
regime blowout occurs when the local flame speed is less than
the oncoming fluid velocity everywhere in the flame. Lifted
flamelets can easily beidentified in Figure 18.

CONCLUDING REMARKS

In this paper hydrogen-enriched confined methane
combustion is studied in a laboratory scale premixed
combustor. Corrdating parameters for lean blowout, pressure
amplitudes and emissions are examined. Two loading
parameters are examined to correlate the lean blowout results:
one based on a flamelet approach the other based on a well
stirred reactor approach. The flamelet based loading parameter
correlates better with the blowout data. Nitric oxide emissions
scales with the adiabatic flame temperature. Although hydrogen
enrichment increases EINO, it also enables very lean
combustion. By taking advantage of the lower LBO associated
with hydrogen, the combustor can be operated under very lean
conditions with low flame temperature and thus favorably
impact thermal nitric oxide emissions.

From the OH chemiluminescence (see Figure 11) it is seen
that hydrogen enrichment shifts the flame center of mass more
towards the dump plane as the burning velocity is increased

with hydrogen addition. Combustion noise scales roughly with
the Mach number and flame dilatation ratio.

For prospective studies PIV (particle image velocimetry)
measurements are planned as an extension of this study. Results
will be recorded both for mean and phase resolved velocity
vectors in order to provide a better insight to the underlying
flow dynamics and itsinteraction with chemistry.

90 degree

0 degree

180 degree

v

Figure 18 Phase L ocked OH-PLIF Images (Qa,=7.11/s,
¢0=0.8)

NOMENCLATURE

A Cross sectiona aea / Eingein  coefficient for
spontaneous emission

Einstein coefficient for stimulated absorption
Concentration

Combustor diameter

Boltzmann fraction of the tracer species in absorbing
State

Spectra convolution of the laser spectral distribution
and the absorption transition

Flame height / Combustor Iength

Mach number

Number of tracer molecules

Total number density

Pressure

Rate of electronic quenching to the lower state

Flame speed

Fluorescence signal

Temperature

Time

Longitudina velocity

Collection volume

Longitudinal coordinate

SO0 W
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Greek Symbals

O Equivalenceratio / Fluorescence yield

) Frequency

o Thermd diffusivity of reactants Hydrogen volume
fraction

n Overall efficiency of the optical setup

Subscripts

A Air

ad Adiabatic
f Flame

F Fud

in Inlet

L Laminar

ref Reference

Superscripts
- Time average
( ), Fluctuating quantity
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