Dynamics of Hydrogen—-Ammonia—Natural Gas
Lean-Premixed High-Pressure Flames

Tristan T. Shahin®*, Alexander J. Hodge®, Benjamin K. Murdock”, Thomas
N. McLean?, Keaton C. Koenig®, Rohan M. Gejji*, Robert P. Lucht®P,
Carson D. Slabaugh?®

@School of Aeronautics & Astronautics, Purdue University, West Lafayette, IN 47907,
United States
bSchool of Mechanical Engineering, Purdue University, West Lafayette, IN 47907, United
States

Abstract

The influence of fuel composition on self-excited combustion instabilities
in a high-pressure combustor operated with ammonia, hydrogen, and nat-
ural gas fuels is characterized with high-frequency pressure measurements
and imaging of the flame structure. A micromix multi-stage injector with
19 elements is used to introduce the fuel blend premixed with heated air
into an optically accessible combustor operated at ~1.1 MPa. As hydrogen
is substituted for natural gas, longitudinal thermoacoustic instabilities are
observed in the combustor with pressure fluctuation amplitudes as large as
8% of the mean chamber value. In the absence of natural gas, limit-cycle in-
stability magnitude is largely insensitive to ammonia addition. However, fuel
compositions with > 20% natural gas result in positive correlation between
instability amplitude and ammonia concentration. Spatial distribution of

heat release in the combustor evaluated from OH* chemiluminescence imag-
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ing reveals axial growth in the regions of heat release fluctuation as hydrogen
decreases, thus correlating flame length to instability amplitude. Distinct
transitions from the first harmonic of the fundamental longitudinal acoustic
mode (~1100 Hz) to the fundamental mode (~550 Hz) are observed with
root mean square pressure fluctuations exceeding 7% of the mean chamber
value. These cases correspond to hydrogen mole fractions < 50%. Analysis
of the phase relationship between pressure fluctuations upstream and down-
stream of the flame zone indicates acoustic coupling of the injector as a key

contributor to instability growth.




Nomenclature

1L = half-wave pressure mode shape

2L = full-wave pressure mode shape

Da = Damkohler number, computed from the quotient of 744, and 7y
Din; = single micromixer element diameter

I = hydroxyl radical (OH*) chemiluminescence intensity fluctuation
Meir = air mass flow rate, kg/s

[ Jole = mean chamber pressure, bar

DIN = inlet air pressure, bar

Prys = root mean square of pressure fluctuation

RI = Rayleigh index, computed from the cycle integrated product of p’ and I’
Tup = computed equillibrium flame temperature, K

Trn = inlet air temperature, K

U = average injector center-line velocity

i = ammonia decomposition efficiency

Tk = premixed laminar flame kinetic timescale

Triow = convective flow timescale

10} = equivalence ratio

®,_p = phase difference between p’ and I’ at x/L = 0.02

®,,_,, = phase difference between p’ at x/L = -0.25 and p’ at x/L = 0.25
X = hydrogen fraction

P = phase angle of SPOD reconstruction

Subscripts
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r = axial direction, where x = 0 corresponds to the combustor face
y = radial direction, where y = 0 corresponds to the combustor centerline

= azimuthal direction, where # = 0 corresponds to the x-y plane

1. Introduction

Decarbonization efforts in chemical power generation necessitate improve-
ments in performance of combustion-based turbines fueled with carbon free
energy carriers, and mixtures of these carriers with traditional fuels such as
natural gas [1]. Fuel flexible operation of these systems is critical, as dis-
crepancies between fuel availability and demand may occur during this tran-
sition. Hydrogen is a widely available fuel candidate with existing pathways
for renewable production, but lacks the energy density required for efficient
distribution and storage in a gaseous state [2]. Anhydrous ammonia, a car-
bon free hydrogen carrier, boasts a larger volumetric hydrogen density than
liquid hydrogen with preexisting storage and transport infrastructure [3].
Additionally, partial cracking of ammonia through catalytic decomposition
can enable in-situ hydrogen formation prior to combustion. This method
of co-firing ammonia with hydrogen has been shown to increase combustion
performance compared to flames with pure ammonia [4]. A heat recovery
system within the turbine exhaust flow can provide the latent enthalpy re-
quired to vaporize the ammonia, enhancing the rates of mixing and ignition
compared to direct liquid injection [5, 6].

Despite these benefits, the disparate chemical and physical timescales of
hydrogen, natural gas, and ammonia introduce significant challenges to the

efficiency of combustion devices. Previous efforts to characterize the operabil-
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ity of ammonia, hydrogen, and methane blends in traditional lean-premixed
swirl combustors observed narrow limits bounded by blow-out at high ammo-
nia concentrations and flashback at high hydrogen concentrations [7, 8]. The
required changes in injector design to facilitate combustor operation across
this operating space result in a deficit of available information with all three
fuels, especially at elevated pressures.

Understanding of combustor operability concerns such as flashback and
lean blowout is crucial to realizing the potential benefits of decarbonized
fuels. This issue is of principal concern for combustors operating with hydro-
gen, where high flame speeds increase the likelihood of flashback. Velocity
gradients in the reactant boundary layer can provide sufficient conditions
for flame propagation upstream into the injector [9]. Flashback propensity
is also sensitive to flame-surface interaction. A low temperature wall can
extract a sufficiently large amount of heat from the flame to quench it, but
this convective and radiative heat transfer can also raise the wall tempera-
ture enough to reduce heat flux and prevent quenching [10]. Additionally,
the physical processes by which turbulent flame speed varies in premixed
turbulent flames with significant hydrogen concentration is not well under-
stood [11]. The combined effect of these complex physical processes leads to
particular difficulty in prediction of combustor operability with hydrogen.

Lean premixed gas turbine combustion systems operate very close to the
lean blowout limit and are highly susceptible to acoustic disturbances [12—
15]. The effect of hydrogen addition on combustion dynamics has been a
research area of particular interest in recent years [16-23]. Lim et al. [16]

observed a reduced phase lag between velocity perturbations and flame re-
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sponse by adding hydrogen to a premixed methane-air flame. They attribute
this result to a reduced mean flame length, which lowers the convective time
over which heat release occurs. Along with changes in axial flame length,
variations in hydrogen concentration can produce geometric effects such as
wall interactions that result in nonlinear acoustic coupling, requiring flame
describing functions to characterize [24, 25]. Esgy et al. [17] observed an in-
crease in coherent reactant burning with hydrogen addition, caused by flame
tip acceleration, allowing for flame propagation across the reactant jet and
into the outer shear layer of a bluff-body stabilized flame. This indicates that
increased flame speed and extinction strain rates associated with hydrogen
combustion can produce much higher limit-cycle amplitudes in self-excited
combustion instabilities. In partially-premixed combustors, hydrogen en-
richment has been shown to produce bi-modal thermoacoustic instabilities
through a combined effect of local equivalence ratio fluctuations and heat
release coupling to vortex shedding from the centerbody tip [21]. Instability
behavior can see significant alteration through these complex physical pro-
cesses, and an additional degree of complexity is introduced when fuel blends
include ammonia.

The slow kinetic rates associated with lean-premixed ammonia-air flames
limit combustor operability due to increased risk of lean-blowout [7, 8, 26].
At the laboratory scale, experiments with atmospheric ammonia-air flames
are often unable to stabilize without air enrichment due to low extinction
strain rates [27]. Recent work with counterflow diffusion flames have quan-
tified the extinction limits of ammonia blends with methane and hydrogen

27, 28]. Blends of ammonia and methane are shown to not substantially
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increase stability limits for lean blow-out [8, 27]. However, counterflow flame
measurements for ammonia-hydrogen fuel blends indicate an order of mag-
nitude increase in extinction strain rate with only 15% hydrogen addition
by mole [28]. This result is due to an increase in formation rates for radical
species such as H, O, and OH [28, 29]. Increase in extinction strain rate is
also correlated to an increase in the blow-out limit in premixed combustors
[30]. Increasing pressure can extend the lean blowout limit, but also promotes
flashback further limiting the constrained operating space [8].

Recent developments in injector premixing design have led to an increase
in dump plane velocity, allowing for stable combustor operation with high
hydrogen fuels. The micro-mix injector is one such design, utilizing multi-
element premixing tubes that increase injector velocity and result in flame
stabilization within the shear layer of each element [31, 32]. Recent work
has characterized the flame structure of micromixer flames and the result-
ing effect on combustion instabilities over a wide range of fuel compositions
[18, 33-35]. Kang et al. [18] investigated the effect of hydrogen addition
on combustion instabilities in a methane/hydrogen/air flame at atmospheric
pressure and observed transition from stable operation with low hydrogen
concentration to high amplitude thermoacoustic instabilities at high hydro-
gen concentration. An observed frequency shift as hydrogen concentration
increases is attributed to small-scale vortex roll up and flame surface an-
nihilation that is absent from lower amplitude cases. Jin and Kim [35] in-
vestigated the effect of radially staged hydrogen enrichment on combustion
instabilities in an ammonia-hydrogen-air flame. They demonstrated a re-

duction in thermoacoustic coupling with lean-premixed hydrogen-air flames
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configured in an annulus around a rich-premixed ammonia-air flame zone
when compared to uniform mixtures of the same composition. However, the
experiments conducted in these works utilized a shared fuel-air plenum that
supplied already premixed reactants to the micromixer. Acoustic isolation of
the injection and mixing process in this manner removes the ability to study
mechanisms by which combustion dynamics can induce variations in local
mixture composition that contribute to heat release fluctuations [21, 36, 37].

The influence of fuel composition on combustion instabilities in a high-
pressure technically-premixed combustor operated with ammonia, hydrogen,
and natural gas is studied in the current work. A 19-element micro-mixing
multi-stage injector is used to introduce ammonia, natural gas, hydrogen, and
nitrogen, premixed at varying axial locations with dry, heated air into an op-
tically accessible combustor. As the natural gas and ammonia components of
the fuel composition are increased, self-excited longitudinal instabilities are
observed in the combustor. Flame structure and dynamics are characterized
with an array of high frequency pressure measurements and O H* chemilumi-
nescence images. The correlation between combustion instability frequency
and amplitude to fuel composition and concomitant heat release location is

investigated.

2. Experiment Description

2.1. Combustor Hardware

A multi-element premixed combustor operated at a mean chamber pres-

sure (poc) of ~10.7 bar with heated unvitiated air, ammonia, natural gas,
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hydrogen, and nitrogen was used in the study [38]. A schematic of the
experiment is shown in Figure 1. The combustor is made up of three pri-
mary sections: an air manifold, an axially staged fuel-air micromixer, and
a combustion chamber. Heated air is introduced into the air manifold from
a critical-flow sonic nozzle with a computed maximum flowrate uncertainty
of 1.2%. The air manifold is isolated from downstream components with 19
choked orifices, connected to each element of the micromixer. The choked
inlet condition at the entrance to each micromixer element isolates the air
injection process from pressure fluctuations in the combustion chamber. The
micromixer is divided into three segments, one each for ammonia, natural
gas, and hydrogen injection. The length of the micromixer and the com-
bustion chamber is designed to promote self-excited longitudinal combustion
instabilities in the combustor [39-44]. Each fuel injector element is supplied
from a manifold with two diametrically opposite orifices with a pressure drop
of approximately 20%. The location of fuel injection is set to provide suffi-
cient time for mixing with air to ensure premixed reactants are introduced in
the combustion chamber. The fuel injector segments are modular in design
and can be interchanged or replaced between tests. As shown in Figure 1,
the 19 elements in the micro-mix, multi-stage (M?) injector are located in
a hexagonal grid with equal separation between neighboring elements. The
injector flow exits into a 80 mm diameter combustion chamber that is 785
mm long.

A sonic nozzle at the exit of the combustion chamber provides a well-
defined acoustic exit boundary condition and pressurizes the combustor.

Reactant flows into the external premixer are controlled and metered with
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Figure 1: Schematic of the combustor with instrumentation probe locations. Pressure
instrumentation locations Py, IN, C1, and C2, and inlet temperature probe location
Ty are reported in the table. All dimensions in mm.

critical-flow venturi nozzles that conform to ASME and ISO specifications
[45, 46]. The oxidizer used in this study was heated, dry air. Hydrogen was
supplied to the experiment from bulk storage at 400 bar [38]. The supplied
pipeline natural gas consists of a composition of 92% CH,, 6% CyHg, 0.5%
COq, 0.3% CsHg, and 1.5% Ny [47]. Liquid anhydrous ammonia is pressur-
ized to target conditions in a piston accumulator assembly. Prior to entering
the micromix injector, ammonia is vaporized in a 54 kW electrical heater.
Ammonia temperature is measured in the manifold immediately upstream of
the injection point. For all test cases, a temperature of 450 + 30 K is mea-
sured, which confirms gas phase ammonia injection. A single injector element
is connected to an independently controlled supply of hydrogen and is used
as the pilot injector for ignition. Ignition is achieved with a laser-induced
spark, delivered at the exit of this pilot element. Once stable ignition is

verified, fuel is introduced at target conditions for all injectors and the pilot
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hydrogen supply is discontinued. The duration of a typical test is 2 seconds,
during which all low conditions and geometrical parameters are fixed within
an equivalence ratio uncertainty less than 2% of the target. This duration is
sufficient for the acquisition of steady, limit-cycle data at the frequencies of
interest in the experiment with negligible heat loss effects..

A parameterized expression of fuel composition is described in Eq. 1.

| (3 + 50) + 0= + 0 - 0NG )

The hydrogen fuel used in the experiment is considered to be derived from
ammonia as a hydrogen carrier through a decomposition process yielding one
part nitrogen to three parts hydrogen. The fraction of hydrogen-nitrogen
mixture in the fuel is denoted by y, where x=0 corresponds to operation
with only natural gas and x=1 corresponds to operation with no natural gas
injected in the fuel stream. The fraction of hydrogen to ammonia is denoted
by a decomposition efficiency 7. For all test cases reported, the maximum
computed x uncertainty is 2.5%, and the maximum computed 7 uncertainty
is 1.1%. The location of hydrogen injection (premixed with nitrogen) is
approximately 70 mm upstream of the burner face to provide some residence
time (~0.5 ms) for premixing while avoiding flashback. This is a common
concern with hydrogen due to its high flame speed, low ignition delay time,

and high diffusivity.

2.2. Diagnostics

Pressure fluctuations in the combustor were measured using water-cooled,

high-frequency piezoresistive transducers (Kulite WCT312M-35/70BARA)
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at multiple axial locations in the combustor. The transducers are installed
in recessed Helmholtz resonator cavities with a frequency response > 14 kH z
and are sampled at 1M Hz. This installation reduces the thermal load on
the sensor element with minimal impact on the accuracy of unsteady pres-
sure measurements within the flow [48, 49]. The locations of the pressure
transducers on the combustion chamber are highlighted on the combustor
schematic and denoted by the table in Figure 1. Pressure measurements
at locations IN, C1, and C2 are aligned along the same azimuthal angle
¢ = 0°. Additional pressure transducers (GE Sensing UNIK50E6) and k-
type thermocouples, sampled at 1 kHz, are located at multiple positions on
the combustor and in the fluid infrastructure connected to the experiment.
These measurements are used for condition monitoring during the test.

The flame is imaged through a 120 mm long quartz cylinder that provides
optical access at the upstream end of the combustion chamber. OH* chemi-
luminescence was recorded at 50 kHz in the optical section of the combustion
chamber. A UV filter, centered at 320 nm with 40 nm bandwidth (Semrock
320/40 Brightline Bandpass) was used to isolate the signal from background
flame luminosity. Flame emission was collected using a 98 mm focal-length,
/2.8 objective lens (Cerco Sodern Type-2178), then amplified by a Lambert
HiCATT 25 intensifier with a 1:1 relay lens and recorded with a Phantom
v2512 high-speed CMOS camera. OH* chemiluminescence measurements
were obtained with a 15 us exposure and an image size of 640x432 pixels

resulting in a spatial resolution of 0.20 mm/pixel.

12
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3. Results and Discussion

3.1. Parametric Survey of Flame Dynamics

A summary of operating conditions is provided in Table 1. A constant air
flow rate of 0.454 kg/s (£0.01 kg/s) was maintained for all tests. The air inlet
manifold pressure was maintained at ~23 bar to ensure a choked inlet to the
injector. The air inlet temperature (77y) was maintained at 762 K (£11 K)
for all tests. The combustion chamber pressure of 10.9 bar is maintained with
a maximum deviation of 0.7 bar with changes in fuel composition for all cases.
Equivalence ratios were selected for a fixed equilibrium flame temperatures
(Taa) of 1940 K, consistent with the turbine inlet temperature of combustors
with >60% combined cycle efficiency [50, 51]. T,4 was maintained within a
standard deviation of 60 K. The parameter y is varied from 50% to 100%
in ~10% increments. Test cases with significant natural gas composition
(x < 40%) resulted in combustion instabilities with consistently high (>10%
of pcc) pressure fluctuations and are not presented here. The parameter 7 is
varied from 25% to 100%. A notable decrease in combustion efficiency was
observed in test cases with nearly pure ammonia combustion (n < 25%) and
are not presented here.

Pressure time history for a representative test case is shown in Fig. 2.
The test is initiated with laser induced spark ignition of the hydrogen pilot
flame that results in a slight increase in chamber pressure at 0 s. Once the
pilot flame is established, reactants are introduced through all the injector
elements and main flame ignition is achieved at ~1.4 s. Following main
chamber ignition, the hydrogen supply to the pilot injector is disabled. After

the reactant flow through all of the injectors reaches the target condition, a
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Table 1: Summary of test conditions

Parameter Value Units
Mair 0.454 kg/s
PIN 23.0 bar
Tin 762 K

X 0.5—-1.0 -
n 0.25—-1.0 -

Pcc 109 £ 0.7  bar
Toa 1940 £+ 100 K
[0) 0.51 — 0.68 -

steady pce of approximately 1.1 MPa is achieved for ~400 ms. During this
period, a transition to limit-cycle dynamics is observed in several test cases.
In the limit-cycle regime, the pressure fluctuation amplitude is relatively
constant as the amount of energy added into the instability is balanced by loss
mechanisms such as viscous dissipation and heat transfer from the chamber
walls, and the net energy of the oscillating mode is zero [52]. Pressure and
heat release fluctuations are statistically stationary in this regime. A 100 ms
sample window from 1.8 s to 1.9 s, where stationary limit-cycle dynamics
are consistently observed for all test cases, is used for analysis in the present
work. Cessation of pilot hydrogen flow rate was verified in the 100 ms sample
window.

The root mean square value of pressure fluctuation (p'z,,q) is evaluated
from the pressure time history and normalized by chamber pressure for each
condition. A map of py,,5/Pcc through systematic variation of y and 7 is
presented in Figure 3 to illustrate the effects of fuel composition on global

flame dynamics. Cases are observed to have relatively low p’,,¢ amplitudes

14
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Figure 2: Pressure time history for representative test case with x = 90%, n = 100%,
TIN =761 K, and (b = 0.52.

for large values of x and 7. Decreasing x results in a monotonic increase
in pras/Poc. Decreasing n yields a similar trend, although it is less pro-
nounced for y = 0.9 and no trend is observed for y = 1.0. Both x and 7 are
proportional to hydrogen mole fraction, indicating an increase in instability
magnitude as hydrogen is removed from the flame. In hydrogen-natural gas
flames (n = 1.00), low p/z,, ¢ magnitudes are observed up to x = 0.7. Further
reduction of hydrogen and replacement with natural gas results in limit-
cycle instabilities at ps),;¢/Pcc magnitudes greater than 5%. For hydrogen-
ammonia flames (x = 1.0), prq is consistently less than 1% of pee and
is largely invariant to ammonia concentration in the fuel. However, a small
displacement of hydrogen for natural gas from y = 1.0 to x = 0.8 results
in pyysg sensitivity to ammonia concentration, and further reduction of hy-

drogen through ammonia addition yields ps,,¢/Pcc magnitudes in excess of

8%.
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Figure 3: Parametric stability map as a function of hydrogen fraction in fuel x, and
ammonia decomposition efficiency 7.

The frequency content of the combustion dynamics observed in the com-
bustor are investigated using discrete Fourier transforms of the pressure sig-
nals. Spectral power distribution is plotted for various n at y = 0.7 to
compare the effects of ammonia addition on Figure 4(a).

For cases with no ammonia (n = 1.0), total p/z,,¢ is low, and a peak
is observed at ~1100 Hz. By decreasing hydrogen through a decrease in 7,
instability amplitude increases, resulting in a stronger peak near 1100 Hz.
Harmonics at ~2200 Hz and ~3300 are also observed. The strength of these
peaks continues to increase as 71 decreases to 0.79, and again at 0.67. At
n = 0.57 the combustor transitions to a mode near 550 Hz. This mode
persists at n = 0.51, with a further observed increase in p’y,,¢ indicated by
increasing peak intensity in the spectrogram. Harmonics near ~1100 Hz and

~1650 Hz are observed when this mode is present. The natural acoustic
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frequencies of the system are computed using the Generalized Instability
Model [53]. This analysis indicates a fundamental half-wave (1L) longitudinal
mode in the combustion chamber at 540 Hz, consistent with the strongest
frequency observed at n = 0.57 and n = 0.51. The first harmonic of the
fundamental frequency is calculated to be 1080 Hz, which denotes a full-wave
(2L) mode shape, and is consistent with the ~1100 Hz frequency observed
for n = 0.67 — 1.0. ply),g values in test cases where the fundamental mode
shape is present are always larger than cases that do not excite this frequency.
Slight variations in resonant frequencies are observed with ammonia addition,
as seen in the comparison of the n = 0.57 and n = 0.51 spectra. These
variations can be attributed to minor differences in reactant and product
gas composition resulting in non-isotropic acoustic speeds. The changes in
convective and reaction timescales can also change the flame heat release and
its coupling with chamber acoustics, affecting the frequency and mode-shape
of the combustion instability.

Spectral power distribution is also shown in Fig. 4(b) for all n = 1.0 test
cases to compare the effects of natural gas addition. As the concentration of
natural gas increases, a growth in instability amplitude is observed with sim-
ilar trends to those seen in Fig. 4(a). Transition to the fundamental acoustic
mode is not present in these cases. Across the operating space, pjp,,g is in-
versely correlated to hydrogen concentration in the fuel, with variations in
dominant mode appearing beyond p's,,¢ thresholds. Understanding of the
physical processes that govern the limit-cycle behavior necessitates investi-
gation into the unsteady response of the flame structure, the sensitivity of

reaction kinetics to fuel composition, and the effect of these changes on the
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Figure 4: Spectral power distribution of the combustion dynamics for various n at y =
0.7 (a) and various x at n = 1.0 (b) from pressure measurements at location C2.

coupled thermo-acoustic fluctuations.

3.2. Flame Dynamics

Self-excited combustion instabilities are a result of resonant coupling of
heat release and pressure fluctuations in the combustor [54]. Therefore, fur-
ther investigation of the observed combustion dynamics sensitivity to fuel
composition requires analysis of the flame response. Instantaneous snap-
shots of OH* chemiluminescence measurements for two representative test
cases are depicted on Fig. 5. Both cases involve fuel mixtures containing
hydrogen and natural gas, with no ammonia present (n = 1.00). Figure 5(a)
contains 60% hydrogen by volume, while Fig. 5(b) contains 71%. This 11%
decrease in hydrogen results in distinct OH™* chemiluminescence fluctuations

in the upper plot. An increase in flame emission is observed in Fig.5(a) during
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the acoustic compression period with increased heat release rates, followed
by a large reduction in OH* concentration during expansion. Conversely,
the OH* emission measured on Fig. 5(b) remains consistent over this pe-
riod. The frequency of O H* intensity oscillations is consistent with measured
pressure fluctuations shown on Fig. 4(b). The fluctuating component of the
OH* chemiluminescence signal (I’) is isolated through mean subtraction of
the raw image. Mean OH* chemiluminescence images (I) are generated over
the 100 ms sampling window for all cases.

Spectral Proper Orthogonal Decomposition (SPOD) is a frequency do-
main form of proper orthogonal decomposition that yields dynamic modes of
statistically stationary flow data [55]. The decomposition of chemilumines-
cence intensity fluctuations yields energy ranked spatially orthogonal modes
corresponding to single frequencies of these fluctuations. The modes are iso-
lated and reconstructed in space and time, which can be used to differentiate
flame dynamics between operating conditions. For each condition, intensity
fluctuations are decomposed over 50 cycles of the fundamental acoustic mode
within the limit-cycle region of the pressure time history. A frequency res-
olution of 30 Hz is achieved utilizing 8 Hamming window image blocks and
75% window overlap. Additionally, a series of unit root tests are performed
on all SPOD data to verify the flame dynamics are statistically stationary
(56, 57].

Spatial structure of the I’ field for varying n at y = 0.7 and varying y
at 7 = 1.0 are evaluated using SPOD. Phase reconstruction of the spatial
mode at the dominant mode frequency is depicted in Fig. 6(a) for cases of

increasing ammonia concentration, and for cases of increasing natural gas

19
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Figure 5: Instantaneous snapshots of OH* chemiluminescence measurements for
x = 0.60 (a) and x = 0.71 (b). n = 1.00 for both cases.

concentration in Fig. 6(b). The reconstructed mode shapes are shown at the
phase angle corresponding to a maximum in integrated I’ intensity. Spatial
reconstruction of the I’ distribution provides insight into the extent of heat
release at a periodic local maximum that could otherwise be obscured in the

mean flame shape. It should be noted that the reconstructed mode shapes

20
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Figure 6: Phase snapshots of dominant SPOD mode reconstruction for ammonia
addition (a) and natural gas addition (b).

3 When a significant fraction of hydrogen is present, the flame response is
+ weak. The spatial structure of the I’ signal is compact and localized be-
s tween x = 0 mm and x = 50 mm. Additionally, flamelets corresponding to
s individual injector elements are identifiable through slight radial stratifica-
7 tion of I’. Radially summed normalized intensity values are shown in Fig.
s 7 to highlight changes in the length of the oscillating flame with fuel com-
o position. As hydrogen is replaced with ammonia and instability magnitude
10 increases, the axial extent of I’ is observed to increase. The heat release

u  fluctuations also appear more uniform radially and are less localized relative
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to the injector elements on Fig. 6(a). As 7 is decreased further and the fun-
damental 1L mode becomes dominant, a significant lengthening of the flame
is observed, with heat release fluctuations extending beyond 50 mm from
17 = 0.67 to n = 0.51. As hydrogen is substituted for ammonia, the expected
lengthening of the flame zone is accompanied by stronger acoustic coupling.
This correlation remains consistent even through a dominant mode transi-
tion, suggesting a requisite distribution of heat release for excitation of the
fundamental mode of the combustor to exceed that of its first harmonic (2L
mode). Similar trends are observed for replacement of hydrogen with natural
gas. Despite the lack of 1L mode excitation in these cases, I’ distribution
still extends well beyond 60 mm at y = 0.51 on Fig. 7(b). It is possible
that further decrease in y could lead to excitation of the fundamental mode

through continued reductions in flame speed and kinetic timescales.
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Figure 7: Normalized radial sum of dominant SPOD mode reconstruction at ¥ = 0° for
ammonia addition (a) and natural gas addition (b).
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To further investigate the difference in flame shape with the changing of
the dominant acoustic mode, phase snapshots of SPOD mode reconstructions
at cases of 1L and 2L mode excitation are illustrated on Fig. 8. While y = 0.7
for both cases depicted, n = 0.51 for the fundamental 1L case (Fig. 8(a))
and n = 0.67 for the first harmonic 2L case (Fig. 8(b)). The reconstructed
I’ field is computed and plotted at eight phase angles (1), ranging from -
90° to 225° in 45° increments to compare heat release distributions over an
oscillation period. Phase angles v» = 0° and ¢ = 180° are defined as the
maximum and minimum integrated I’ magnitude, respectively. Both cases
are unstable, as indicated by the strong fluctuations observed over the period.
The 2L dominant case depicted on Fig. 8(b) shows incipience of positive I’
near the burner face at ¢» = -90°. Development of this positive region occurs
through an increase in I’ intensity as the region extends further downstream
until it reaches a maximum at ¢ = 0°. Similar behavior is observed in the
appearance, growth, and decay of negative I’ intensity from ¢ = -90° to
1 = 225° In contrast, the 1L case illustrated on Fig. 8(a) depicts the
origin of positive I’ ~50 mm downstream of the burner face. Growth of this
positive I’ region propagates upstream into the primary flame zone where
individual flame elements are observed. Once again, this behavior is observed
in the development of negative I’ regions as well. Figure 8(a) depicts a
flame with a larger ammonia fuel concentration than Fig. 8(b). Ammonia
addition decreases chemical reaction rates which leads to unburned reactants
persisting farther downstream.

The increased residence of fresh reactants in the combustor leads to more

coherent burning and subsequent heat release. This increase is correlated to
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1 excitation of the fundamental acoustic mode of the combustor; a result not

2 observed in unstable cases with more hydrogen.
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Figure 8: Phase snapshots of dominant SPOD mode reconstruction for fundamental 1L
dominant (a) and first harmonic 2L dominant (b) cases. x = 0.7 for both cases. n = 0.51
for the 1L case and 1 = 0.67 for the 2L case.

s 3.83. Fuel composition effects on coupled dynamics

4 The geometry of micromix injectors inherently leads to radially dispersed
s flamelets. Thus flame shape sensitivity to fuel composition is observed to
s be predominantly axial, as seen in Fig. 6. This supports the application of

7 one dimensional analysis to characterize fuel composition effects on the cou-
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pled interactions between pressure and heat release rate oscillations. Pres-
sure fluctuations in the chamber are decomposed using multivariate singular
spectrum analysis (mSSA). Singular spectrum analysis is eigenvalue decom-
position technique on a lagged-covariance matrix generated from time series
data with a specified window length [58]. The eigenvalues computed from
this matrix are empirical orthogonal functions (EOFs) with associated eigen-
value pairs that describe elementary modes of variability. The total variance
of the time series is then the sum of the eigenvalues divided by the win-
dow length. The EOFs are ranked by eigenvalue importance such that the
higher ranked modes have the greatest contribution to the total variance of
the signal, and lower ranked modes correspond to stochastic variations. The
time series can then be reconstructed with a desired number of the highest
ranking modes, which is filtered from the noise. mSSA allows for phase syn-
chronization analysis of a system of coupled oscillators with no prior phase
knowledge required [59]. A multivariate system composed of 100 ms time
samples of two pressure sensors in the injector, and at least two sensors in
the combustion chamber were utilized as the input signal. Each probe is then
reconstructed using the fifteen most dominant modes of the system, which
accounted for ~93% of the total system variance.

For each reconstructed mode, a one-dimensional (1D) spatial distribu-
tion of p’ is generated using the computed mode frequency at location C2
and the equilibrium acoustic speed in the chamber determined through chem-
ical equilibrium calculations [60]. A pressure anti-node boundary condition
(dp'/dz = 0) is enforced at the downstream end of the combustion cham-

ber, which is located at the exit nozzle [53]. The p’ amplitude as a function
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of axial chamber length is computed using a least-square fit of a sinusoidal
wave. The individual 1D profiles are then superposed, yielding a spatial dis-
tribution of p’ corresponding to the fifteen highest energy modes identified
in the mSSA decomposition. An example p’ distribution is depicted on Fig.
9. The largest contribution to amplitude is the first harmonic mode (top),
which is observed as a full wave in the chamber. Since this mode is a full
wave resonator, a resulting pressure anti-node is located at the injector dump
plane where the flame stabilizes. Amplitude contributions from the 4L mode
are also distinguishable in the combined mode shape. Overall, the combined
pressure mode shape shows better agreement with p’ measurements at all
positions. The coefficient of determination (r?) is 70% at x/L = 0.26, while

r? is 21% from the first harmonic mode shape reconstruction.

x/L

Figure 9: 1-D acoustic reconstruction of the chamber first harmonic mode (top), third
harmonic mode (middle), and the fifteen most dominant modes superposed (bottom).
Open circles indicated measured p’ values filtered at the respective mode, and filled
circles are measured p’ values unfiltered.

Including chemiluminescence intensity fluctuations in the mSSA decom-
position allows for investigation of the phase difference between p’ and I’

(®,_r). Combined with the spatial p" distribution, the phase difference be-
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tween these fluctuations can be analyzed at the same axial location in the
combustor, thus removing phase difference contributions due to convective
time delay and spatial mode variations. Time histories are sampled at x/L
= 0.02, which corresponds to a location of large Iy, amplitude for all 1L
and 2L dominant cases as depicted in the bottom plot of Fig. 9. For all
test cases, ®,,_p is computed for the mode of highest variance identified in
mSSA. For unstable cases with strong coherent fluctuations, the identified
modes matched those observed in Fig. 4.

Phase differences are plotted in Fig. 10 on the azimuth against p'y,;¢ on
the radial axis. Results shown are de-contextualized from the parameterized
fuel expression (Eq. 1) to identify trends with respect to fuel mixture prop-
erties rather than specific fuel composition. A range of test cases of varying
Prus magnitudes are observed to have a consistent @, ~ 7/6. These test
cases correspond to unstable cases where the first harmonic mode is most
prominent. A separate set of two test cases have an observed ®,,_p ~ —7/6,
which corresponds to test cases where the 1L mode is dominant. A wide
range of ®,,_p values is observed in cases where plyy,6/Dec 15 less than 1%,
indicating weak coherence of pressure and heat release fluctuations in these
cases.

Table 2: Test conditions of similar ®,/_; depicted in Rayleigh index distribution

Condition X N Prus/Pec (%] Pp_p [rad] Py, [rad]
Low Amplitude (L) 0.90 0.64 0.7 0.61 -0.74
High Amplitude (H) 0.51 1.00 7.0 0.59 115

All unstable cases are observed to have pressure fluctuations and heat
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release rate fluctuations between ®,,_p = —7/2 and ®,,_p = 7/2 at x/L =
0.02. While this is consistent with instability growth per the Rayleigh crite-
rion, there are also low p's,,q test cases depicted that are between ®,_p =
—mn/2 and ®,y_p = w/2 [61]. To highlight this, representative low amplitude
(L) and high amplitude (H) cases are defined in Table 2 and highlighted
on Fig. 10. These cases have nearly equivalent ®,_p ~ /6, but differ in
Pras by an order of magnitude. Therefore, resonant coupling of oscillations
in heat release and pressure is necessary for instability growth, but is not a
solely sufficient criterion, which is consistent with previous studies. Hong et
al. [23] illustrated this through observed mode transitions at ®,_; values
less than the expected result derived from a classical Rayleigh criterion ap-
proach. Through a linear acoustic energy balance, they concluded a modified
critical @,/ that occurs when acoustic energy addition through coupled p’

- ¢’ interactions matches acoustic losses at the system boundaries.

2
27/3 /3

5716 /6

' L .H
vy‘\ A ° .. . @pqv
p rms/pCC
™ Tl .
X 2 4 6 8

-57/6 -m/6

-27/3 -m/3

-7/2

Figure 10: p’-I’ phase difference vs p/z,,¢ based on time history data at x/L = 0.02.
Spatial analysis of thermoacoustic coupling in the flame zone is used to il-
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lustrate that resonant coupling of heat release and pressure fluctuations alone
is not sufficient to drive instability growth. Distributions of the Rayleigh In-
dex (RI) have previously been used in combustion instability experiments to
identify regions in the flow-field that lead to instability driving and damp-
ing, which is defined by the Rayleigh criterion [39, 54, 62]. Normalized RI
distribution maps are calculated with the I’ field and the reconstructed p’
field using Eq. 2 o

* [
T @)

RI = —

Pmaz * dmax
Instantaneous distribution maps are integrated in time over an acoustic pe-
riod to capture the total contribution of spatial correlation through an acous-
tic cycle. Mean cycle integrated RI distribution maps for cases L and H are

depicted in Fig. 11.

40
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Figure 11: Normalized mean Rayleigh index distribution for Case H (a) and Case L (b)
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The high amplitude case depicted in Fig. 11(a) exhibits two distinct
regions of positive correlation from x = 0 mm to x = 20 mm, and x =
30 mm to x = 70 mm. The low intensity region from x = 20 mm to x
= 30 mm indicates flame pinch off, which acts to increase flame surface
area and has been shown to enhance heat release fluctuations [18]. This
observed pinch-off could be an indicator of vortex roll-up, a hydrodynamic
feature that can develop in unstable flames where the magnitude of bulk fluid
oscillations is large [17]. The positively correlated region from 30 mm to 70
mm depicts continuation of coherent burning and heat release downstream
of the location of flame pinch-off. A weak intensity gradient from 60 mm to
80 mm designates a reduction in coherence from oscillations in heat release
and pressure as residence time in the combustor increases. In contrast to
the high amplitude case, a single region of positive correlation is observed
in the case depicted on Fig. 11(b) from x = 0 mm to x = 50 mm. Despite
positive correlation observed throughout, 11(b) shows weak acoustic coupling
with a pre/poc of less than 1%, suggesting that the resonant coupling in
the low amplitude case is not strong enough to overcome the acoustic losses
at the boundaries of the combustor. Therefore, sensitivity of ®,_p to fuel
composition is not a sufficient predictor of limit-cycle behavior.

To investigate the role of injector coupling on observed dynamics, mSSA
decomposition is performed on pressure sensors at x/L = -0.25 and x/L =
0.25 to determine the phase difference between the injector and combustor.
Phase difference between p’ measurements at these locations for varying fuel
compositions are computed and plotted on the azimuth of Fig. 12 against

Prars on the radial axis. The computed phase lag between these two p’ mea-
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surements (®,,_,/) is a function of the impedance between the two locations.
The two major sources of acoustic impedance between these locations are
the injection of hydrogen and the flame. Increased instability magnitude is
observed when the total contribution of these sources results in ®,,_,, be-
tween —m/3 and —27/3. Cases where the 1L mode is dominant and ps,¢
magnitude is largest have distinctly larger ®,,_,, than cases of 2L dominant
dynamics. Additionally, low p'y,,¢ flames are observed for cases where the to-
tal impedance between the two locations results in ®,,_,;, between —m/3 and
27/3. Cases L and H specifically differ in ®,,_,, by 0.41 radians, highlighting
a clear distinction in phase relationship between the combustor and injector
that is not present in the analysis of ®,,_; or Rayleigh index distributions.
This signifies acoustic coupling between the injector and combustor chamber
as a key contributor to instability growth, which is consistent with previous

studies [43, 63].

w2
27/3 /3

5716 /6

-57/6 -m/6

L]
-27/3 ° -ml3
-m/2

Figure 12: Phase difference between injector and combustor pressure measurements at
x/L = -0.24 and x/L = 0.25 respectively vs pzp/g

Further investigation of the contributions from hydrogen injection and the
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flame to changes in ®,_,, requires analysis of these two impedance sources
independently. To achieve this, the characteristic acoustic impedance is com-
puted for each condition at three locations, prior to hydrogen injection, before
the dump plane of the combustor, and in the combustion chamber. Assum-
ing a homogeneous mixture at these locations, the characteristic acoustic
impedance is defined as the product of the density and the speed of sound.
The ratio of characteristic acoustic impedance from the exit of the injector
to the combustion chamber (Z;/Z.) is plotted against ps,,¢ on Fig. 13(a),
alongside the impedance ratio across the hydrogen injector (Zpo/Zp1) on
Fig. 13(b). No clear correlation is noted between changes in impedance
across the flame and changes in limit cycle dynamics. In contrast, a negative
correlation between Zpo/Zpy1 and plpysq is observed. Although Zpo/Zp; is
near unity for all cases, it is unlikely that the total acoustic impedance across
this injector is anechoic. Rather, the total acoustic impedance is the sum of
the characteristic impedance, and the impedance induced by the blockage
from the hydrogen jet. Analysis to quantify the changes to total impedance
with hydrogen concentration is nontrivial. A qualitative trend can be dis-
cerned however, as increasing H, results in farther jet penetration within the
micromixer channels. This additional aerodynamic blockage will increase the
acoustic impedance across the injector; a trend that is consistent with the
observed increase in characteristic impedance. Thus, Zyo/Zy can be inter-
preted as a proxy for the total impedance in this instance. The magnitude of
this impedance determines the ability for the injector to couple to the dynam-
ics of the combustor. An increase in acoustic impedance across the hydrogen

jet trends the remainder of the injector towards a pressure release boundary
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condition, thus reducing the capacity of downstream disturbances (ie: pres-
sure fluctuations in the combustion chamber) to propagate upstream. This
result is distinctly pertinent to staged, micromix combustors, where addi-
tional locations for fuel introduction increase the complexity of the flow-field
and smaller premixing elements result in larger impedance contributions from

the fuel jets.
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Figure 13: Normalized p,,¢ Vs ratio of characteristic acoustic impedance across the
flame zone (a) and across the micromixer hydrogen injector (b).

3.4. Effect of reactant kinetics

One dimensional, freely propagating premixed laminar flame simulations
were performed in Cantera to investigate the effect of chemical kinetics vari-
ation through changes in fuel composition on observed flame dynamics [64].
Reactions of air with ammonia, natural gas, hydrogen, and nitrogen are per-
formed using CEU-NH3-Mech 1.1 [65]. Mechanism selection was based on
available validation data at elevated pressures. Experimentally measured in-

let conditions were used as model input parameters. The evolution of gas
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temperature and heat release rate across the length of the flame is illustrated
in Figure 14 for an example test condition at y = 0.51 and n = 1.0. For each
simulation, the preheat zone begins at the point where the gas temperature
rise first exceeds 1% of the total temperature rise. Termination of the pre-
heat zone and start of the flame zone is delineated by a heat release rate
increase that first exceeds 1% of the maximum. A flame zone exit boundary
is prescribed at the location where the gas temperature reaches 99% of the

total temperature rise.
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Figure 14: Representative freely propagating premixed laminar flame with preheat and
flame regions identified.

Within the freely propagating premixed laminar flame model, the local
gas velocity at the start of the preheat zone matches the laminar flame speed.
Across the length of the preheat and flame regions, the temperature gradient
will result in a decrease in density and acceleration of the flow. At each
discrete cell in the model, the time required for the gas to advect through
the cell is computed by dividing the cell length by the local velocity. By
integrating over the length of the flame, a kinetic timescale (73) is computed.

The Damkéhler number (Da), defined as the ratio of hydrodynamic timescale

34



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

(Tfiow) to Tk, is computed to identify changes in kinetic timescale with fuel
composition while accounting for the influence of hydrodynamic sensitivity
to the fuel. The hydrodynamic timescale 7o, is computed as D;y,;/ U, where
D;n; is the diameter of a single injector element, and U is the average injector
center-line velocity.

Prars/Poc is plotted as a function of Damkdhler number on Fig. 15, with
test cases of equivalent y grouped. The largest Damkohler numbers all yield
flames with low p’,,¢ amplitudes. However, both low and high amplitude
cases are observed for Da in the range of 0.2 to 0.5. For y = 0.7 and y = 0.8,
a fairly linear relationship between p’,,¢/pcc and Da is observed. Thus, an
increase in combustion instability magnitude with ammonia addition can be
largely attributed to a decrease in laminar flame speed and an increase in 7y
at these concentrations of natural gas. In contrast, negligible effect on p's,,¢
magnitude is observed over the range of Damkohler numbers investigated
when y = 0.9 and xy = 1.0. It is possible that further reduction in Damkdohler
number could lead to larger p’,, ¢ sensitivity at these values of x, as indicated
by the slight increase in pl,,¢/Poc at the lowest Da for x = 0.9. Cases L
and H, as seen in Fig. 15, are of similar Damkohler number despite the
large disparity in pl,;¢ magnitude. It has been shown that this disparity
is due to changes in acoustic impedance between the combustor and the
injector, but it should also be noted that the difference cannot be explained
through variations in Damkohler number. While the relationship between
kinetic and convective timescales provides indicators for stable combustor
operation, analysis of flame kinetics does not sufficiently characterize the

influence of fuel composition on the magnitude of limit-cycle dynamics.
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Figure 15: pz;,¢ vs Damkéhler number. Cases of consistent x grouped.

4. Conclusion

Sensitivity of thermoacoustic combustion instabilities to fuel composition
was investigated utilizing fuel blends of ammonia, hydrogen, and natural gas
in a combustor operated at 10.9 bar. An axially staged micromix injector
was developed with 19 injector elements to uniformly provide premixed re-
actants to the combustion chamber. Longitudinal instabilities at 550 Hz and
1,100 Hz are observed, corresponding to a half wave and full wave mode of
the combustor respectively. As hydrogen concentration was increased, pzp/g
magnitude decreased to below 1% of the mean chamber pressure. Cases of
largest py,;¢ magnitude were consistent with those where the fundamental
1L mode was dominant.

Spatial reconstruction of OH* chemiluminescence measurements at the
dominant mode frequency using SPOD indicate growth in the axial extent
of I' intensity as pf,;¢ increases and hydrogen concentration diminishes.

Phase snapshots of SPOD reconstructions were also analyzed at cases of both
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1L and 2L mode excitation. When the fundamental 1L, mode is dominant
a reduction in kinetic rates results in longer residence times for unburned
reactants, thereby prompting large coherent heat release fluctuations upon
the arrival of the acoustic pressure wave.

Analysis of coupling between fluctuations in pressure and heat release
are consistent with the Rayleigh criterion for all unstable cases. However,
in-phase coupling between these fluctuations alone is not a sufficient pre-
dictor of limit-cycle behavior as the magnitude of the acoustic source must
overcome the losses at the system boundaries for instability growth to occur.
Phase difference analysis between pressure fluctuations in the injector and
the combustor identified an envelope in phase where unstable limit-cycle dy-
namics occurred. This envelope corresponds to a combined impedance across
the hydrogen injector and flame zone that provides sufficient conditions for
the injector to couple to the chamber dynamics. Analysis of reaction ki-
netics shows a linear correlation between limit-cycle p’p,,¢ magnitude and
Damkohler number at specific y values, but does not sufficiently charac-
terize the thermoacoustic dynamics sensitivity to fuel composition over the

combustor operating space.
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pendix A. Summary of All Test Conditions

A detailed summary of all test conditions presented in this work is pro-

vided in Table A.3.
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Table A.3: Summary of all test conditions.

Condition 1, [kg/s] prv [bar] Tin [K] poc [bar] Tag [K]  x n ¢ Dons/poc (%)
1 0.452 22.8 758 11.2 1904 1.00 0.79 0.53 0.63
2 0.464 23.4 758 11.5 1899 1.00 0.67 0.54 0.63
3 0.457 23.0 758 11.4 1972 1.00 0.57 0.60 0.43
4 0.457 23.0 757 11.6 1953 1.00 0.56 0.58 0.55
5 0.449 22.6 760 11.0 1909 1.00 0.49 0.56 0.72
6 0.450 22.6 759 11.2 1973 1.00 0.35 0.62 0.36
7 0.450 22.6 759 11.5 2039 1.00 0.24 0.68 0.37
8 0.459 23.2 762 11.1 1901 0.90 1.00 0.52 0.64
9 0.462 23.4 773 11.1 1912 0.90 0.89 0.53 0.52
10 0.454 23.0 764 10.6 1906  0.90 0.80 0.53 0.69
11 0.452 22.9 765 10.5 1888  0.90 0.71 0.53 0.63
12 0.448 22.7 765 10.3 1858  0.90 0.64 0.51 0.70
13 0.449 22.6 755 10.6 1848  0.90 0.53 0.52 2.18
14 0.453 23.0 770 11.0 1923  0.80 1.00 0.54 0.70
15 0.463 23.5 772 10.9 1901 0.80 0.89 0.53 2.97
16 0.449 22.6 758 10.4 1920 0.81 0.77 0.55 3.35
17 0.458 23.2 762 10.5 1908 0.81 0.72 0.54 4.00
18 0.452 22.9 761 10.5 1919 0.82 0.55 0.56 5.07
19 0.448 22.6 759 10.4 1912 0.82 0.46 0.56 7.67
20 0.463 23.4 762 11.0 1895 0.71 1.00 0.53 0.85
21 0.456 22.9 751 10.7 1886  0.71 0.88 0.53 3.10
22 0.462 23.3 760 10.6 1864 0.71 0.79 0.52 4.91
23 0.451 22.7 760 10.3 1906 0.72 0.67 0.55 5.41
24 0.460 23.3 764 10.4 1888  0.72 0.57 0.54 7.63
25 0.454 23.0 764 10.2 1878 0.71 0.51 0.53 8.73
26 0.454 23.0 768 10.6 1901 0.60 1.00 0.53 4.09
27 0.455 23.0 764 10.4 1892 0.51 1.00 0.53 6.99
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