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ABSTRACT

The U.S. Department of Energy’s Turbines Program is
developing advanced technology for high-hydrogen gas
turbines to enable integration of carbon sequestration
technology into coal-gasifying power plants. Program goals
include aggressive reductions in gas turbine NOXx emissions:
less than 2 ppmv NOx at 15% oxygen and 1750 K firing
temperature. The approach explored in this work involves
nitrogen dilution of hydrogen diffusion flames, which avoids
problems with premixing hydrogen at gas turbine pressures and
temperatures. Thermal NOx emissions are partially reduced
through peak flame temperature control provided by nitrogen
dilution, while further reductions are attained by minimizing
flame size and residence time.

The injector design includes high-velocity coaxial air
injection from lobes surrounding the central fuel tube in each of
the 48 array units. This configuration strikes a balance between
stability and ignition performance, combustor pressure drop,
and flame residence time. Array injector test conditions in the
optically accessible Low Emissions Combustor Test &
Research (LECTR) facility include air preheat temperatures of
500 K, combustor pressures of 4, 8 and 16 atm, equivalence
ratios of 0.3 to 0.7, and three hydrogen/nitrogen fuel blend
ratios.

Test results show that NOx emissions increase with
pressure and decrease with increasing fuel and air jet velocities,
as expected. The magnitude of these emissions changes deviate
from expected NOx scaling relationships, however, due to
active combustor cooling and array spacing effects. At 16 atm
and 1750 K firing temperature, the lowest NOx emissions
obtained is 4.4 ppmv at 15% O, equivalent (3.0 ppmv if diluent
nitrogen is not considered), with a corresponding pressure drop
of 7.7%. While these results demonstrate that nitrogen dilution
in combination with high strain rates provides a reliable
solution to low NOXx hydrogen combustion at gas turbine
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conditions, the injector’s performance can still be improved
significantly through suggested design changes.

1 INTRODUCTION

The Integrated Gasification Combined Cycle (IGCC)
power plant has become increasingly interesting to power
producers due to its reduced footprint, and emissions controls,
and its increased efficiency, relative to conventional coal-fired
power plants. Reduction of CO, emissions can also be
accommodated in such plants by water-gas shifting the syngas
to a H,/CO, mixture, separating and sequestering the CO,, and
burning the hydrogen fuel in the gas turbine. With an increase
in the number of likely future IGCC installations with carbon
capture and sequestration capabilities, pending regulation of
CO, emissions, an opportunity exists to redesign the gas turbine
combustor to more efficiently utilize high-hydrogen fuels.

Gas turbine combustion of syngas and high-hydrogen fuels
is currently performed with swirl-based diffusion flames [1-6].
In fielded turbines, such combustors have been able to achieve
NOx emissions as low as 12 ppm @ 15% O, [7], although
nitrogen and steam dilution is used to reduce flame
temperatures to achieve these emissions levels [8, 9]. While
nitrogen is freely available from the air separation unit in an
oxygen-blown IGCC plant (in roughly equal proportion to
hydrogen fuel, by volume), the combustion products of high-
hydrogen fuels already contain a lot of steam that causes heat
transfer problems in the turbine, thus addition of steam diluent
to the combustion chamber should be avoided [8].

Although these swirl-based diffusion flame combustors
perform fairly well from an emissions perspective, additional
NOXx reductions are still sought after, and little optimization of
these designs for high hydrogen combustion have been
performed due to low market demand to date. Considerable
research into premixed hydrogen combustion has been
performed in recent years due to its promise of low NOx
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emission; however, such combustion schemes are fairly
intolerant of variations in the fuel content, and are also prone to
the damaging effects of flashback and auto-ignition due to
hydrogen’s high flame speed.

As a middle ground, Lean Direct Injection (LDI) burners
introduce fuel and excess air separately into the combustor, and
rapidly mix them in an attempt to approach lean premixed
flame conditions [10-17]. This combustion scheme avoids the
flashback issues associated with true premixed combustion
systems, while producing lower NOx emissions than traditional
swirl-based combustors, though somewhat higher emissions
than premixed combustors. The use of distributed injection
schemes in LDI combustors represents an improvement, from a
NOx emissions perspective, over traditional swirl-based
combustors which utilize longer residence times to improve CO
burnout, a feature not required for high-hydrogen combustion.

Among LDI burners, swirl-based designs were originally
developed for liquid-fuelled aero-engines [11, 12], and have
been recently modified to burn hydrogen fuel [13]. These hold
some promise for reducing NOx emissions, though they remain
prone to flame anchoring at elevated pressures [14]. Jet-based
LDI injection schemes have also been studied [15, 16], most
notably by Marek et al. at NASA [17], who investigated the
potential of such schemes for low NOx combustion of
hydrogen fuel at low equivalence ratios in aircraft gas turbine
combustors. In the NASA study, the NOx emissions for several
injectors from different manufacturers were tested, where the
most promising schemes utilized arrays of small flames that
also caused problems with overheating at the injector face.

Since most LDI designs are derived from aero-engine
applications, few have studied the effect of dilution, with the
notable exception of Ref. 16. It is likely, therefore, that
reductions in NOx emissions can be realized by combining the
dilution approach in land-based gas turbines with the low
residence times of LDI-style injectors. This study shows that
this combination can be effective at reducing NOx emissions in
a jet-based hydrogen diffusion flame gas turbine combustor.

To provide some background on NOx emissions scaling in
jet-based LDI combustors, previous scaling analyses of thermal
NOx in a simple turbulent jet flame predict that EINO, scales as
[18]:

d[NO]

EINO, ot Da" -1 (1)
dt

res
where t. is the flame residence time and Da is the Damké&hler
number. The exponent on the Damkdéhler number scaling
ranges from n = % at conditions where turbulence chemistry
interactions prevail (low Da) to n = 0, where chemical reaction
rates are much faster than mixing rates (high Da). The flame
temperature primarily affects NOx production via the thermal
NO production rate [19]:

9N, o, o @

in which [O] and [N,] are the molar concentrations of O-atoms
and N, molecules, respectively, and T is the flame temperature,

in Kelvins. The residence time for a jet flame, t.s, can be
determined from the flame volume, V4, divided by the volume
flow rate of fuel leaving the jet exit, Urde?, where Ug and d are
the jet exit velocity and diameter, respectively [18]. The flame
volume is roughly proportional to the cube of the flame length,
Ly, which is in turn proportional to dg/f, where f; is the
stoichiometric mixture fraction [18], yielding a general NOx
scaling of the form:

EINO, o = P2 O], oo ®
U f2

For simple jet flames, it has been shown that Da scales with the
global flame strain, d-/Ug, and that n = %, so that EINO, «
(d=/Ug)¥? [18-21]. In this case, NOXx is reduced with small fuel
jet diameters and high jet velocities, which leads naturally to an
array-style injector design for low-NOx combustion. With the
addition of high-velocity coaxial air flow, the flame volume and
Damkohler number scalings change, but the same overall NOx
scaling is retained, with higher velocities and smaller jet
diameters resulting in lower NOx [18, 22].

The jet flame scaling of Eq. (3) also points to dilution of
the fuel stream, rather than the air stream, as the most effective
location for the nitrogen diluent in reducing NOx emissions.
As a prior study has shown, the maximum peak flame
temperature reduction is achieved with fuel dilution in lean
diffusion flames, while flame volumes are also reduced through
an order of magnitude increase in the stoichiometric mixture
fraction, f; [23]. This occurs because nitrogen displaces the
amount of fuel to be burned, requiring less air entrainment per
volumetric flow from the fuel jet, while the increased fuel jet
momentum from dilution more efficiently entrains and mixes
the air with the fuel. Further, due to diffusion of hydrogen out
of the hydrogen/nitrogen fuel jet, flameholding and the flame’s
stability margins are improved such that higher velocities can
be attained, leading to further reductions in NOx emissions
[23].

Prior to designing an array-style injector, studies were
performed on hydrogen/nitrogen jet flames with coaxial air at
gas turbine conditions to determine the effects of pressure and
air preheat temperature on flames of this type. In general,
increasing pressure and/or air preheat temperature increases
NOx emissions, flame stability, and combustion efficiency, as
expected. These tests also reveal that NOx no longer scales
with the Damkohler number at high pressures (n = 0) due to
increased reaction rates, thus NOx emissions are directly
proportional to the flame residence time [24].

A similar result was attained in atmospheric pressure
streamtube tests, in which the dump plane of fuel and coaxial
air jets were enclosed in an insulated tube to simulate a single
injector in an array-style combustor. The lack of a Damkohler
number scaling in this case may be due to consumption of
generated NOx in the intense, entrainment-drive recirculation
flows generated by this injector arrangement. In addition, the
recirculation zones were found to cool the injector face at low
equivalence ratios, while also improving combustion efficiency
[25].
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The streamtube combustor setup was also used to
investigate alternative air injection strategies, as ignition and
reattachment of the concentric tube coaxial air arrangement
proved to be problematic at high velocity conditions. It was
found that lobed air injection strategies offered improved
stability characteristics without affecting the NOx emissions of
the flame, thus it forms the basis for the design of the array
style injector presented in this work.

The remainder of this paper discusses the design and
construction of the array-style injector, the procedures utilized
in testing this injector at representative gas turbine conditions,
and the resulting NOx emissions, stability, and pressure loss
performance at these conditions.

2 EXPERIMENTAL SETUP

2.1 Injector Design

The array injector is composed of 48 identical injector
units, each with a central fuel jet with a diameter of dr = 0.99
mm, and a lip thickness of 0.65 mm, surrounded by three
coaxial air “lobes.” The cross sectional area of the lobes, 166.4
mm?, is chosen to yield a 2:1 fuel to air velocity ratio for a
50:50 H,:N, fuel at an equivalence ratio of 0.7. In addition, the
lobed geometry of the air injectors provide paths for the
recirculation of combustion products back to the base of the
fuel jet for ease of ignition, and are shaped to minimize the air-
side pressure drop across the injector array. Specifically, at the
design conditions of 8 atm combustion pressure, an inlet air
velocity of 100 m/s at T; = 600 K , and 1:1 H,:N, fuel jet
velocity of 200 m/s at 450 K, the air-side pressure drop, 4P/P,
for the as-specified air injector geometry was designed to be
about 4%. As-built dimensions vary slightly from the design
conditions, and should yield slightly lower pressure drops than
the as-designed injector. Exit fuel and air Reynolds numbers at
this design condition are about 43,000 and 10,000, respectively.

The array spacing was chosen as a balance between

FIGURE 1: CUTAWAY RENDERING OF ARRAY INJECTOR
(DISTRIBUTOR PLATE, AIR PLENUM AND FUEL TUBES)

emissions performance and power, where wider spacing
provides reduced NOx emissions and improved jet stability,
while closer spacing yields higher thermal input per unit
injector surface area. The arrangement of the array elements
and the rotation of the air lobes was chosen to promote
recirculation of combustion products, rather than air, into the
base of the flame. The resulting distributor plate, fuel jet and air
jet geometries are shown in Figure 1.

2.2 Sim-Val Combustor Setup

The experiments were conducted in the NETL SimVal
combustor, a 3 MWth research combustor which provides
optical access to the combustion zone at pressures up to 20 atm.
The combustor and pressure vessel geometries are shown in
Figure 2. The pressure vessel allows optical access to the
combustor through a maximum of four viewports, each of
which provides a viewing area of 178 mm (width) x 305 mm
(height). The combustor is scaled to be representative of a
single gas turbine “can” combustor, with a clear, 180 mm ID,
fused silica liner to allow optical access to the combustion
zone. The lower portion of the fused silica liner is actively
cooled by an array of impinging N, jets around the base of the
liner. This cooling N, also provides a pressure balance across
the liner, which is typically maintained at a differential pressure
of 2 psid (external to the liner). The combustor features a long
(60 cm) premixer section, which can be reconfigured to
accommodate either premixed injectors or diffusion injectors of
varying sizes. Additional information about this facility is
available in Ref. 26.

These tests were conducted at pressures of 4, 8 and 16 atm,
fuel jet velocities of 100, 150, 200, 250 and 300 m/s, nitrogen
fuel dilution levels of 50, 33 and 23% by volume, and
equivalence ratios ranging from 0.3 to 0.7. The combustor was
supplied with preheated combustion air at flow rates of 24-290
/s, H, at flow rates of 0.5-4.3 g/s at ambient temperature, and
N, at flow rates of 7.0-60.5 g/s at ambient temperature.

This wide range of air flow rates is expected to cause
variation in the air preheat temperature. When transitioning
between significantly different flow conditions, heat transfer in
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FIGURE 2: CUTAWAY RENDERING OF SIMVAL TEST SECTION AND
COMBUSTOR WITH ARRAY INJECTOR
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the air piping between the air preheater and the combustor
becomes transient, thus causing variations in the air preheat
temperature at the combustor. Varying the setpoint of the air
preheater with each change in flow condition would result in
impractically long test times, due to the time required to heat or
cool the air piping to steady-state conditions. Thus, the preheat
temperature is allowed to drift with each change in flow rate
and is allowed to reach a different steady-state temperature.

The Hy-N, fuel mixture is supplied to the combustor
through a central fuel supply plenum, while the combustion air
is supplied through an annular air plenum, which fully
surrounds the fuel plenum. This configuration results in
significant heat transfer from the preheated combustion air to
the fuel mixture, resulting in preheating the fuel mixture. Fuel
and air temperature measurements are based on thermocouple
measurements in the fuel and air plenums, with the last
thermocouple set located 12.5 cm upstream of the injector tip
and combustor dump plane. Details of the combustor and array
injector configuration are shown in Figures 3 and 4. During the
tests, air preheat temperatures of 455-555K and fuel preheat
temperatures of 310-345K were measured at this location.

Additional heat transfer is expected to occur between the
plenum thermocouples and the injector tip. The fuel and air jet
temperatures at the injector tip are estimated iteratively during
testing — based on measured flow rates, temperatures, and fuel
compositions — and are used to continuously correct the target
fuel and air jet velocities. Based on these corrections, air jet
temperatures of 440-545K and fuel jet temperatures of 335-
380K at the injector tip are estimated.

2.3 Instrumentation

Emissions are monitored during testing by continuously
extracting a slipstream of process gas downstream of the
combustor exhaust/burnout section for analysis by a mass
spectrometer (for H,, O,, H,O, N, and Ar species) and single-
species analyzers for NOy, and O,. After the sample is
extracted from the vessel, its pressure is reduced and the flow is
split to allow the portion of the sample being supplied to the
NOy analyzer to pass through an NO,-to-NO converter, which

FIGURE 3: SIMVAL COMBUSTOR WITH ARRAY INJECTOR
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FIGURE 4: SCHEMATIC OF SIMVAL COMBUSTOR WITH ARRAY
INJECTOR

converts water soluble NO, to less soluble NO. The sample
streams then pass separately through a gas sample conditioner,
which reduces the moisture content of the sample gas to less
than 1% (vol) before being supplied to the analyzers. The NOy
analyzer has a selectable range and was set to measure 0-20
ppm (vol) during these tests, with a device accuracy of +1% of
reading.  Previous experience has shown that the NOyx
measurements are repeatable within £0.5 ppm (vol).

A series of corrections and verifications are performed to
ensure the quality of the measured data. Gas flow
measurements are corrected with data obtained during annual
calibration and flow proving. Historically, the corrections to
the measured fuel flows amount to less than 1% of reading, and
the corrections to the measured air and nitrogen flows amount
to less than 2% of reading, due to the proven accuracy and
repeatability of the flow measurement devices being used.

Measurements from the mass spectrometer and dedicated
analyzers are used to calculate mass balances from a general
chemical equation for complete combustion under lean
conditions (¢ < 1):

H,+ Zi(o2 +3.7279N, +0.0446 Ar)+ dN, —
Z

H,0+ 1-¢ 0, + 3'7279+d N2+0.0446 Ar
29 29 29

where ¢ is the equivalence ratio and d is the number of moles
of nitrogen diluent per mole of hydrogen fuel.

The Ny/Ar ratio of the exhaust gas, S, is monitored by the
mass spectrometer to provide an indication of any leakage of
cooling N, into the combustor though the seals around the
impingement cooled quartz liner. The total nitrogen diluent, d,
from fuel dilution, dr,., and liner leakage, dia, can thus be
determined from:

4)

0.04464 —3.7279
29 fiow

where ¢qow and ds are determined from the air, nitrogen, and
hydrogen flow controller outputs. Analysis of the results shows
that dieq ranges between 0.2 and 0.6, and therefore must be

d=d,, +d (5)

fuel leak —
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considered when calculating NOx corrections. The total
nitrogen dilution is used to correct raw NOyx measurements to
15% O, using [22, 23]:

0.2095-0.15 1
1-0.2095

0.2095- on,meas
=6.6x EINO,

where ynox and ynoxcorr @re the NOx mole fraction (ppm)
measurement and correction to 15% O, respectively, yo. is the
measured dry product gas O, mole fraction, and EINOXx is the
emission index in units (g NO,/kg H,). The first part of Eq. (6)
is the standard correction to 15% O, in the combustion
products, while the last term in parentheses accounts for the
diluent effect of nitrogen on the corrected NOx measurement,
such that the same corrected NOXx results if the diluent nitrogen
is replaced by the same number of moles of air to yield 15% O,
in the dry combustion products [23]. Note that this type of
NOx correction follows the spirit of correcting to 15% O, in the
exhaust gas, which was not originally meant to account for inert
gas dilution. By strictly adhering to the 15% O, correction
(setting d = 0 in Eq. 6), the “corrected NOXx” can be artificially
reduced by adding diluent to the combustor, though this
practice is not followed in reporting the results of this study.

Finally, it should be noted that the equivalence ratio, ¢, and
the nitrogen dilution level, d, can also be calculated from the
mass spec measurements of the nitrogen, oxygen, and argon in
the product gases, and differ somewhat from those calculated
with the flow controller outputs, as shown in Figure 5. These
differences have been unresolved to date, and may be the result
of inaccuracies in the flow controllers or mass spectrometer, or
due to an unknown leak in the air inlet line. Results reported in
the remainder of this work are based on the flow controller
data, which are more conservative in that they correspond to
lower firing temperatures for a given level of emissions, and a
higher corrected NOx emission level, per Eq. (6).

, _, . 2(0.2095) dj
NOX,corr NOX,meas (6)

1.6

O Equivalence Ratio ’
14 <
N2/H2 ratio e

1.2 z G

1 —

0.8 gj,
0.6 f;'i

0.4 7

Mass Spec Measurement

0.2 -

0 T T T T T T T

0 02 04 06 08 1 12 14 16
Flow Metered

FIGURE 5: DIFFERENCES BETWEEN CALCULATED VALUES OF ¢ AND
d, FROM FLOW CONTROLLER AND MASS SPECTROMETER OUTPUTS

3 RESULTS AND DISCUSSION

Images of the combustor in various states of operation, as
captured from digital videos, are presented in Figure 6, where
several notable features of the flame array are evident. First,
rather than behaving as individual flames, in most cases the
flames merge into a central flame zone about 1 cm downstream
of the injector face. This is largely due to the close array
spacing in the injector, but is also affected by the stability of
individual flames. In particular, it can be seen that injectors on
the outer edge of the array are not attached to the rim of the fuel
tube due to entrainment of cooler combustion products from the
large corner recirculation zone within the combustor, while
flames nearer to the center of the array are more likely to be
attached (e.g., Fig 6c). Distinction of individual flames and
flame attachment is observed to increase with increasing
pressure (not shown) and increasing equivalence ratio (Figs. 6e-
69), which is likely a result of increased reaction rates at higher
pressures and temperatures. The overall length and width of
the merged flame are not observed to change much, though
luminosity increases at higher pressures, fuel flow rates (Figs.
6a-6¢), and equivalence ratios (Figs. 6e-6g) as a result of
increased temperatures due to reduced heat loss at these
conditions. In some instances, a low-luminosity “tail” is seen
to extend upwards from the central flame zone, and may either
be an indicator of decreased mixing of combustion products
with reactants at the lower velocity conditions (Fig. 6¢), or may
be due to a larger recirculation zone above the unused central

FIGURE 6: FLAME IMAGES AT 8 ATM FOR A) 50% N, Ug =200 M/s, @
=0.7,8) 50% Ny, U =150 m/s, #=0.7, ¢) 50% N,, U = 100 M/S, & =
0.7,D) 33% N,, Ug =150 M/s, @ = 0.6, E) 50% N,, U = 150 M/s, & =
0.7 (REPEAT), F) 50% N,, Ug = 150 M/s, # = 0.6, G) 50% N,, U = 150
Mm/s, @ =0.5, H) 23% Ny, Ug =122 M/s, # =0.5. THE WIDTH OF EACH
IMAGE 1S 5.7 CM.
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pilot tube (Figs 6d & 6h).

With decreasing nitrogen content in the hydrogen fuel
(Figs. 6f, 6d & 6h), the merged flame anchors much closer to
the injector face and is reduced in length. Previous studies
indicate that flame length typically increases with reduced
nitrogen dilution due to a reduction in the momentum of the
fuel jet and an increase in the amount of air required to
complete combustion [19, 23]. However, the test conditions for
the reduced diluent fuels targeted a constant fuel jet velocity
and combustor exit temperature, thus resulting in higher air jet
velocities relative to their more heavily diluted counterparts. A
higher air to fuel velocity ratio is conducive to reduced flame
lengths [18, 22-25], consistent with those observed in Fig. 6.

3.1 Stability and Combustion Efficiency

The following results are attained at static conditions, after
all heat transfer and emissions transients had reached a steady
state. In previous experiments, air flow was increased until a
blowout or other flow limiting condition was reached [24],
however, due to the preheating arrangement and the heat
transfer between the air and fuel upstream of the injector,
accurate calculation of the fuel and air jet velocities required
that static data points be taken.

Previous experiments also used the mass spectrometer to
measure the hydrogen concentration in the combustion products
to determine the combustion efficiency, which typically
decreased significantly prior to flame blowout [24]. Hydrogen
concentrations in  these experiments never exceeded
background noise levels for the mass spectrometer, so
combustion of the hydrogen can be considered complete in all
experiments. This is likely due to the strong recirculation zones
in the combustor, which also result in very stable combustor
operation, as flame-induced blowouts were not observed during
the course of the experiments.

3.2 Combustor Pressure Drop

The air-side pressure drop across the combustor is shown
in Fig. 7, and is primarily a function of the air injection

16%

[@)
. o
O4atm
o o m-.Iél:|
g 12% +— ogatm o W
o
g % 16 atm DDB
%]
§ 8% E@DOH
a
()]
°
< 4% %;E
= 6 O
< O@:&w
0% T T T
0 50 100 150 200

Air Velocity (m/s)

FIGURE 7: INJECTOR PRESSURE DROP

velocity, as expected. As mentioned above, the geometry of the
air lobes was designed to yield about a 4% pressure drop at the
design condition of 8 atm and 100 m/s air velocity, exactly the
result shown in Fig. 7. This air velocity corresponds to ¢ = 0.7
and 0.55 at 200 and 150 m/s fuel jet velocity, respectively.
Much of the scatter in the 4 atm pressure drop data can be
attributed to variations in the air temperature at the exit of the
injector.

3.3 NOx Emissions Performance

Presented in Fig. 8 are the corrected NOXx emissions versus
equivalence ratio for all of the tests performed with 50%
nitrogen dilution of the fuel. The scatter in the repeat NOx
measurements is due to day-to-day variations in the operation
of the combustor, and is indicative of the error in the emissions
measurements. NOX is shown to generally increase with both
pressure and equivalence ratio, as expected.

NOXx reductions are expected with increasing fuel and air
velocities as flame residence times are reduced per the scaling
of Eq. 1, however, these reductions are not observed to a great
extent in the 4 and 8 atm cases. The 16 atm cases do display
these trends, however, particularly at low equivalence ratios.
One reason for these differences is believed to be due to an
increase in reaction rates at higher pressures, where a shift from
the merged flame array behavior at low pressure to an array of
individual flames yields the expected NOXx scaling relationships
for the individual flames.

The increase in reaction rates that precipitates this behavior
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FIGURE 8: CORRECTED NOX EMISSIONS VS. EQUIVALENCE RATIO
FOR 50% HYDROGEN DILUTION
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FIGURE 9: MEASURED COMBUSTOR EXIT TEMPERATURES VS.
EQUIVALENCE RATIO FOR ALL 50% HYDROGEN DILUTION CASES

is due to both an increase in reaction rates with combustion
chamber pressure, as well as a likely increase in the
temperature of the combustion products recirculating to the
base of the flame, since impingement cooling of the
combustion liner becomes less effective at higher thermal
loading in the combustor. This can be seen in Fig. 9, where
measured combustor exit temperatures are shown to increase
with pressure and fuel jet velocity, both of which increase the
combustor’s heat input. The effectiveness of the combustor
cooling systems can be determined by comparing the measured
exit temperature against a calculated adiabatic combustor exit
temperature shown by the black line in Fig. 9.

These heat losses may also play a large role in determining
the NOx emissions, as the temperature of the combustion
products affect the flame temperature through recirculation, as
well as any NOx production that occurs downstream of the
flame zone. This may be a primary reason why NOXx trends do
not follow the expected residence time scaling at lower
pressures, as increased temperatures at high velocities offset
any residence time-related NOXx reductions that might otherwise
occur.

That the lower pressure cases do not display the expected
NOXx scaling with flame residence time is interesting, and may
require further investigation. However, injector design changes
that promote individual flame behavior, such as increasing the
array spacing or fuel tube lip thickness, could be applied to
result in similar NOx reductions at low pressure as at high
pressure. In addition, in an actual combustor where heat losses
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FIGURE 10: CORRECTED NOX EMISSIONS vS. COMBUSTION
PRESSURE FOR 50% HYDROGEN DILUTION AND Ug = 100 & 200 m/s

are minimal and recirculation zones are much smaller, the
emissions scaling would be expected to better follow the
expected NOx scaling, where the above-mentioned heat loss
effects are minimized.

The NOx emission trends with combustor pressure are also
evident in Fig. 10, where larger decreases in NOx emissions
with increasing fuel and air velocities are noted for higher
pressures. The overall scaling of NOx with pressure is
consistent with the results of previous studies of single coaxial
air flames in the SimVal combustor and opposed flow diffusion
flame calculations under high strain, which were found to be
the result of increases in peak flame temperature with pressure
at fixed strain rates [24]. The temperature effect on thermal
NOx production more than offsets a reduction in O-atom
concentrations due to three-body recombination reactions as
pressure increases, while these same three-body reactions also
initiate the N,O formation route, further increasing NOX
emissions at higher pressure [24].

Shown in Fig. 11 are the NOx emissions results of several
tests performed with reduced levels of nitrogen diluent in the
hydrogen fuel jet. The fuel jet velocity was fixed at 150 m/s in
all cases, and attempts were made to match the combustor exit
temperatures of the 50% nitrogen dilution cases by increasing
the air velocity (lowering ¢). The increasing NOx with
reduction in the fuel nitrogen content are indicative of higher
stoichiometric peak flame temperatures for diffusion flames,
where adiabatic flame temperatures at ¢ = 1 and 8 atm for 50%,
33%, and 23% nitrogen dilutions are 2038, 2228, and 2313 K,
respectively. Note again that NOx emissions better follow
expected trends with respect to air velocities in the 16 atm
cases, where individual flame behavior and reduced heat losses
are more prevalent.

7 Copyright © 2011 by ASME



12
S 10 o
% X
-
® 8
E ® X X X
2 6 ua!
3 a
2 O 8atm, 23% N2 ,_||:|
2 4 7] xsatm,33%N2 o i) ‘H
§ 08 atm, 50% N2
é 2 1 x16atm,33% N2

016 atm, 50% N2
0 T T T T T

1300 1400 1500 1600 1700 1800 1900
Calculated Combustor Exit Temperature (K)
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PRESSURE AND NITROGEN FUEL DILUTION LEVEL AT Ug =150 M/s

4  CONCLUSIONS

Rigorous testing of the array injector in the SimVal
combustor reveals that the injector yields very stable, complete
combustion of the nitrogen diluted hydrogen fuel, in spite of
high cooling rates and fuel and air velocities. Test results also
show that NOx emissions increase with pressure and decrease
with increasing nitrogen dilution, fuel velocity, and air velocity,
as expected. The magnitude of the changes in NOx emissions
are not entirely consistent with established NOx scaling
relationships for simple jets with coaxial air flow. This is due
in large part to a secondary effect of the active combustor
cooling on the overall temperatures and NOXx production in the
combustor, and is not expected to play a role in a more realistic
gas turbine combustor, where heat losses are minimal. In
addition, there may be some effect of the array spacing on the
NOx emissions results, where tightly spaced array injectors
yield a merged flame that may not follow the same NOx scaling
relationships as those of a single coaxial jet flame.

Finally, note that the goal of the program is to achieve
stable combustion of high-hydrogen fuels at gas turbine
conditions (16 atm, 1750 K firing temperature) with less than 2
ppm NOx @ 15% O, Under these conditions, the best
emissions performance obtained with the array-style injector is
4.4 ppm NOXx at a fuel jet velocity of 200 m/s and ¢ =~ 0.6, with
a corresponding pressure drop of about 7.7%. It is also worth
noting that correcting the emissions to the equivalent of 15%
O, per Eq. 6 is following the spirit of the law rather than the
letter of the law, where the nitrogen fuel diluent can be used to
reduce the apparent NOx emissions while maintaining a 15%
oxygen concentration in the exhaust gas. In such a correction,
the total nitrogen diluent d in Eq. 6 is replaced by deax to simply
account for coolant leakage into the exhaust gas, reducing the
best emissions performance from 4.4 ppm NOx at the
equivalent of 15% O,, to 3.0 ppm NOXx at exactly 15% O,.

This work demonstrates that nitrogen dilution in
combination with high strain rates is an effective method to
reduce NOx emissions to levels below 6 ppm at realistic turbine
firing temperatures. It should be noted that several
improvements can still be made to this system to improve its
NOx emissions performance. In particular, this study focuses
on coaxial air injection to simplify the science involved, but
more effective flame residence time reductions, and hence NOx
and pressure drop reductions, can be achieved with angled air
or fuel injection into the combustion zone. With the existing
geometry, however, although the emissions are not quite as low
as premixed systems (~ 3 ppm), this technology does present an
attractive alternative to the intrinsic complexities and
operability problems associated with premixed hydrogen
combustion approaches.
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