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Abstract

The operation of a technically premixed, swirl stabilized atmospheric laboratory burner based on the
PRECCINSTA with high hydrogen fuel mixtures is demonstrated at various operating conditions across
different thermal powers, equivalence ratios and H,/CH, volume fractions up to 50%. The stable and
unstable operating conditions are experimentally determined in terms of equivalence ratio and thermal
power, and the peak frequencies and amplitudes of thermoacoustically excited cases are measured. This
work finds (as expected) that hydrogen addition significantly affects the flame shape and combustion
instability limits. Specifically, the flame is made more compact and the flame is observed to change from
M to V-shaped at fuel lean conditions, both of which impact combustor thermal loading. Furthermore,
hydrogen addition raises the peak frequencies by 5-25%, and modifies the thermoacoustic amplitude.

1 Introduction

Combustion of hydrogen is increasingly relevant to industry as a means of chemical energy storage via
hydrolysis from renewable power sources such as solar and wind, and as a means to reduce carbon
emissions by power generation. One strategy of implementing hydrogen fuel in industrial gas turbines is
displacing some of the natural gas with hydrogen. The different chemical properties of hydrogen present
significant combustor design challenges. Namely, the higher flame speed and higher flame temperature of
hydrogen imply that the flame will stabilize differently, have a different size and or shape, and exhibit
different dynamics. These different combustion physics affect combustor performance parameters such as
hardware heat loading, combustor exit pattern factor, ignition and blow-off, and emissions.

Premixed hydrogen-enriched combustion flame stability and emissions have been studied extensively with
laboratory model combustors [1-4]. Researchers observed that hydrogen addition lowers the fuel/air
equivalence ratio for extinction, changes the extinction dynamics, and can change the flame mode in flow
fields with multiple flame stabilization locations. Thermoacoustic oscillations in combustors or
combustion instabilities occur when a combustor acoustic mode couples to the heat release via a positive
feedback loop. High amplitudes of these oscillations can cause immediate damage or shorten hardware life
through increased heat transfer and pressure fluctuations, and are therefore highly undesirable. Hydrogen
addition is also observed to change the combustion instability limits and dynamics.
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The burner used in this study is based on the PRECCINSTA design, which has been studied widely
experimentally [5,6] and computationally [7,8]. The flame shape and combustion instability characteristics
are studied using time-resolved (10 kHz) OH* chemiluminescence imaging and two-microphone acoustic
measurements.

The objective of this work is two-fold. First, we demonstrate the reliable operation of the technically
premixed swirl burner over a range of thermal powers and equivalence ratios with Hydrogen enrichment
levels of up to 50% (by volume). Second, we detail the combustion stability characteristics in terms of
operating conditions for stable and unstable combustion and the frequencies and amplitudes of the
thermoacoustically excited cases.

2 Experiment

Experimental studies were performed at atmospheric pressure in the technically premixed gas turbine
model combustor shown in Figure 1 (PRECCINSTA, see refs. 5-8). The air first enters the plenum and
then passes through a swirl generator with 12 radial vanes. The fuel is injected through 1mm orifices in the
swirl vanes. The swirling flow then enters a combustion chamber through a burner nozzle with an exit
diameter of D = 27.85 mm and a conical inner bluff body. The chamber has a square cross-section of 85 x
85 mm? and a height of 114 mm. Optical access to the chamber is provided by side walls made of quartz
glass held by metal posts in the corners. The exit is composed of a conical part followed by an exhaust
duct with 40 mm inner diameter.

Line-of-sight OH* chemiluminescence is a commonly used indicator of heat-release. OH*
chemiluminescence signal was collected with an intensified high-speed CMOS camera (LaVision HSS 5
with LaVision HS-IRO) equipped with a fast UV lens (Cerco, f = 45 mm, f/1.8) and a bandpass filter
(300-325 nm). The intensifier gate time was between 20 and 50 ws depending on signal strength.

Pressure signals from the combustion chamber were recorded to provide information about combustion
dynamics. The pressure in the chamber was measured using amplitude and phase calibrated microphone
probes equipped with B&K Type 4939 condenser microphones. One probe was placed in the plenum, and
another one in the combustion chamber at a height of x = 20 mm. The signals were recorded
simultaneously using a multichannel A/D converter with a sampling rate of 100 kHz.

The background corrected chemiluminescence images were divided by a white field image (also
background corrected), produced using a white screen, to compensate for the intensifier and lens non-
uniform spatial response. The images were then averaged to produce the flame brush images shown. The
acoustic pressure signals were calibrated using the phase and amplitude curve for each probe in frequency
space.

Data were collected at various values of thermal power, Py, [10, 20, 30 kW], fuel/air equivalence ratio, ¢
[0.70, 0.85, 1.05], and H,/CH, volume fraction [0 to 40% in 5% increments]. The operating conditions are
listed in Table 1.
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Figure 1: PRECCINSTA premixed swirl burner [5-8]. The shape of the flame zone is indicated in the
combustion chamber and the overall flow field is sketched.

Table 1: Operating conditions for the OH* chemiluminescence and acoustic measurements. In some cases
50% H, volume fraction could not be reached due to strong thermoacoustics breaking the windows.

Set# | Q[kW] | @ % Vol. H,
(5% incr.)

1 11 0.70 | 0-50

2 11 0.85 | 0-50

3 11 1.05 | 0-50

4 23 0.70 | 0-35

5 23 0.85 | 0-50

6 21 1.05 | 0-50

7 34 0.70 | 0-20

8 34 0.85 | 0-40

9 32 1.06 | 0-40

3 Results and Discussion

The flame shapes and combustion instability limits with 100% CH, are compared to previous
measurements [6]. Consistent with prior studies [5-8], two flame shapes are observed: a VV-shaped flame at
lower values of Py, and higher values of ¢, and an M-shaped flame at higher values of Py, and lower ¢.

Data at the various conditions studied — Py, [10, 20, 30 kW], ¢ [0.70, 0.85, 1.05], and H,/CH, volume
fraction [0 to 40% in 5% increments] — are shown in Figure 2, Figure 3, and Figure 4. Parts (a) of the
figures show the time-averaged flame images. The first columns of parts (a) of the three figures illustrate
the baseline fuel behavior [6], i.e. a V-shaped flame is observed at lower values of Py, and higher values of
¢, and an M-shaped flame at higher values of Py, and lower 4.

Parts (b) show the associated acoustic pressure values, prus, and peak frequencies, f,. The peak
frequencies were determined via the application of a fast Fourier transform (FFT) to the acoustic pressure
measurement. Figure 5 shows a sample frequency spectra acquired in a flame at ¢=0.85 and 10 kW. In
this case there are actually two peak frequencies, with the higher one having a higher amplitude. The
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relative peak strength is here represented by the Signal-to-Background Ratio (SBR), calculated as the ratio
of the amplitude of interest to the average background amplitude. Narrow peaks result in higher
amplitudes, and hence, higher values of SBR. In interpreting the figures to determine whether or not the
burner is unstable we look for a simultaneous discontinuous change in the prms and SBR.

Still considering the 0% hydrogen case, at 10 kW (Figure 2(b), first column), there are no simultaneous
discontinuous changes in the prus and SBR, but for the 20 kW case with 0% hydrogen (Figure 3(b),
column 1) we observe a marked rise in the prms from 53 to 98 Pa with a corresponding rise in the SBR
from 3 to 16 as ¢ is dropped from 1.05 to 0.85. For the 20 kW case as ¢ is dropped further to 0.70, the
peak amplitude (300 Pa) and SBR (15) remain high. For the 30 kW case with 0% hydrogen (Figure 4(b)
column 1) again no accompanying discontinuous changes in prys and SBR are observed.

Next, considering the effect of hydrogen addition from 0 to 20% to 40% on flame shape (columns 1, 2 and
3 in Figure 2 through Figure 4, parts (2)) it is apparent that hydrogen addition results in a transition from
an M- or M-like flame to a V-flame, for all three powers at the leanest #=0.70, but more notably for the
higher, 20 and 30kW cases. Parts (b) of the same figures indicate that hydrogen addition can either:

(1) activate a thermoacoustic instability (all 10 kW cases, ¢=0.70 and 0.85 cases at 30 kW);
(2) modify the amplitudes of already active thermoacoustics (i.e. ¢ =0.70 at 20 kW);

(3) deactivate a thermoacoustic instability (i.e. ¢ =0.85 at 20 kW); and

(4) have minimal effects on the thermoacoustics stability (¢=1.05 at 20 and 30 kW).

For all cases, hydrogen addition is observed to shorten the flame and causes it to stabilize closer to the
combustor nozzle exist plane, suggesting increased thermal loading to the combustor hardware. Hydrogen
addition also consistently raises the peak frequencies by about 5-25%. This is likely as a result of changes
to the product fluid dynamic properties and flame response. As mentioned before a detailed discussion of
the thermoacoustic mechanism and how the thermoacoustic frequencies are determined is deferred to a
later paper.

As mentioned, the thermoacoustic amplitudes are modified. Whether the amplitude goes up or down
depends on the balance between the change to the driving frequency, and therefore combustor acoustic
response, and the feedback loop strength. The former can be illustrated as follows: if the driving frequency
is shifted closer to a resonant peak of the combustor where the response is higher, the response amplitude
is expected to increase; conversely if the driving frequency is shifted away from a resonant peak, the
response amplitude is expected to decrease. The feedback loop strength depends on the detailed
interactions between the acoustic field and heat release, and is also outside of the scope of this work.

Sometimes a single dominant peak frequency is observed, and sometimes one or more additional higher
frequencies usually with lower amplitudes but sometimes higher are observed. The single-mode cases are
marked in red, while the multi-mode cases are marked in yellow in Figure 2 through Figure 4.
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Prus [Pa]
10 kW Nth Peak Frequency:
fn [Hz] (SBR)

Prims=48.9 Prms=125 Prvs=130

0.70 £1=202 (13) f1=248 (26) 1=261 (25)
£,=495 (4.5) | f,=523(4.7)

Prus=33.7 Prms=39.4 Prms=105
¢ 085 fi=227(4.3) | f,=249(6.3) | f,=273(13.1)
£,=532(3.2) £,=467 (18.3)

Prms=19.1 Prms=22.9 Prvs=54.0

1.05 £,=240(5.6) | £,=246(6.7) | f=255(25)
£,=510 (6.2)

%H, (by vol.) 0 20 40 0 20 40

Figure 2: 10 kW thermal power (Py): (a) Flame shapes as ¢ vs. H,/CH, by volume; (b) Sound pressure
level (prums), and peak frequencies and Signal-to-Background Ratio (SBR).

Prus [Pa]

20 kW Nth Peak Frequency:
fn [Hz] (SBR)

Prvs=300 Prvs=437
£,=262(15) | f,=322(40) N A
=529 (5.5) f,=640 (11)

Prms=65.4 Prus=62.9
£,=323(7.4) | £,=375(3.9)

Pruws=53.4 Prms=50.3 Prms=52.3
f1=344(2.7) £,=400 (4.4) =410 (3.7)

%H, (by vol.) 0 20 40 0 20 40

Figure 3: 20 kW thermal power (Py,): (a) Flame shapes as ¢ vs. Ho/CH, by volume; (b) Sound pressure
level (pruvs), and peak frequencies and Signal-to-Background Ratio (SBR).
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Prws [Pa]
30 kW Nth Peak Frequency:
fn [Hz] (SBR)

Prms=235 Prvs=498

£,=297(7.3) | £,=395(31)
£,=478(3.3) | f,=789(5.1)

£,=776 (4.4)

Prms=139
f1=401(9.0)

Prms=90.0 Prms=78.5 Prus=75.3
f1=436 (5.2) =460 (3.3) f,=455 (4.0)

%H, (by vol.) 0 20 40 0 20 40

Figure 4: 30 kW thermal power (Py): (a) Flame shapes as ¢ vs. H,/CH, by volume; (b) Sound pressure
level (prus), and peak frequencies and Signal-to-Background Ratio (SBR).
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Figure 5: Sample FFT plot for ¢=0.85 at 10 kW. prms=110 Pa.

4 Concluding Remarks

The flame shape and combustion stability characteristics of lean, swirl-stabilized flames of hydrogen-
enriched methane in a technically premixed gas turbine model combustor (PRECCINSTA) operated at
atmospheric pressure were studied using time-resolved (10 kHz) OH* chemiluminescence imaging and
acoustic pressure measurements. Fuel/air equivalence ratio and thermal power were varied, as well as the
H,/CH, volume fraction up to 40%. The stability characteristics are experimentally described in terms of
operating conditions (Pth, and equivalence ratio) for stable/unstable operation, and the frequencies and
amplitude of the thermoacoustic fluctuations for unstable operation. Across all operating conditions,
hydrogen addition is observed to:

(1a) shorten the flame, likely due to faster combustion chemistry, i.e. flame speed,
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(1b) cause the flame to stabilize closer to the combustor nozzle exit plane, again, likely due to its effect
on flame speed;

(2) modify the thermoacoustic fluctuation amplitude and number of active modes; and
(3) raise the peak thermoacoustic frequencies.

The observed effects have engineering implications on the design of gas combustors for the operation with
high hydrogen enrichment. The shortened flames and their shift closer to the combustor nozzle would
likely increase the hardware peak temperatures and hardware stress, requiring consideration and possible
design changes. Understanding the combustor thermoacoustic stability boundaries is also important for the
design of reliable hardware.
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