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Optically Accessible Pressurized Research Combustor
for Computational Fluid Dynamics Model Validation
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U.S. Department of Energy—National Energy Technology Laboratory, Morgantown, West Virginia 26507

The development of, and results from, the operation of an optically accessible industrial-scale research com-
bustor, designed to provide comprehensive data sets to assist the development of large eddy simulation codes for
turbulent combustion applications is discussed. The combustor can be operated at elevated pressure and inlet air
temperature, with precisely determined thermal, acoustic, and flow boundary conditions. The effect of fuel compo-
sition is investigated by augmenting the natural gas baseline fuel with hydrogen using a lean-premixed combustor
configuration. A detailed description of the research combustor and test facility is provided, and recent data on the
effects of hydrogen content and combustor heat losses on lean extinction limits, dynamic stability, and pollutant
emissions are included. Analysis of the results confirm that heat losses in the combustor play an important role in
pollutant formation and that characterization of the thermal boundary conditions is crucial in providing explicit

data sets for model validation.

I. Introduction

ECAUSE of their low cost, high efficiency, and favorable en-

vironmental performance, gas turbines dominate the market
for power generation applications fueled by natural gas. The envi-
ronmental performance of these systems is the result of advanced
combustor designs specifically developed for operation on natu-
ral gas fuel. Careful combustor design makes it possible to control
many of the chemical reaction pathways that produce criterion pol-
lutants such as NOy. However, future power plants designed to uti-
lize hydrogen-rich fuels will likely require new combustor designs,
or new combustion concepts, to achieve the desired environmental
performance and engine reliability.

The shift in baseline fuel composition from natural gas to hy-
drogen or hydrogen-rich fuels can potentially complicate the de-
velopment of advanced turbine combustors because combustion-
driven dynamics have complicated most commercial attempts to
produce natural gas fired low-emission combustors. Problems with
dynamics are exacerbated by fuel variability because variations in
fuel composition can cause changes in the chemical kinetics and
dynamics of the combustion process.!~> Fundamental data on the
effects of fuel variability on turbulent combustion processes are
required to address these problems. Results from the operation
of laboratory-scale burners with laminar flames at low pressures

Received 20 December 2004; revision received 11 May 2005; accepted
for publication 31 July 2005. This material is declared a work of the U.S.
Government and is not subject to copyright protection in the United States.
Copies of this paper may be made for personal or internal use, on condition
that the copier pay the $10.00 per-copy fee to the Copyright Clearance
Center, Inc., 222 Rosewood Drive, Danvers, MA 01923; include the code
0001-1452/06 $10.00 in correspondence with the CCC.

*Mechanical Engineer, P.O. Box 880, Mail Stop NO5, Energy System
Dynamics Division; Todd.Sidwell@netl.doe.gov.

TFocus Area Leader, P.O. Box 880, Mail Stop NO5, Energy System Dy-
namics Focus Area. Member AIAA.

*Physical Scientist, P.O. Box 880, Mail Stop NO5, Energy System Dy-
namics Division.

$Mechanical Engineer, P.O. Box 880, Mail Stop NO5, Energy System
Dynamics Division.

IDirector, P.O. Box 880, Mail Stop NO5, Energy System Dynamics
Division.

**Research Scientist, P.O. Box 880, Mail Stop NO5, Energy System Dy-
namics Division.

" Mechanical Engineer, P.O. Box 880, Mail Stop N06, Energy System
Dynamics Division.

+Physicist, P.O. Box 880, Mail Stop NO5, Energy System Dynamics
Division.

$3Research Chemist, P.O. Box 880, Mail Stop NO5, Energy System Dy-
namics Division.

434

and flow rates have been well documented.*> Experimental data
at the high-pressure and high-flow operating conditions represen-
tative of current industrial-scale gas-turbine combustors, although
documented, are less common.®

Because of interest in hydrogen and hydrogen-rich fuels for gas-
turbine applications, the effects of the fuel variability must be under-
stood before a fuel-flexible combustor can be designed. Increasing
the fuel hydrogen content will greatly accelerate the chemical ki-
netics of the combustion process and the flame speed, which can
improve stability at lean conditions and extend operation to leaner
conditions.” Hydrogen has been studied as an additive to natural
gas fuel in gas-turbine applications for NOy reduction and is of
special interest due to the growing popularity of integrated gasifi-
cation combined cycle (IGCC) power generation systems. In IGCC
syngas-based fuels, the hydrogen content of the fuel can vary widely.
For example, syngas can be derived from various sources, with fuel
hydrogen contents varying from 9 to 62% by fuel volume.® This
wide fuel composition variation alone is likely to complicate the
development process for future gas-turbine combustors and will add
significant complexity, time, and cost to the combustor and turbine
development process.

Even for gas-turbine systems solely utilizing natural gas fuel, the
cost of developing new low-emission turbine combustors is high. A
typical development program can last for several years and require
repeated hardware testing to resolve unexpected problems with com-
bustion stability, hardware life, and emissions performance. Adapt-
ing a low-emission combustor to a fuel with a different composition
may require a similar investment, and the high development cost is
one factor that prevents routine engine deployment where low emis-
sions are sought on opportunity fuels such as biogas, or hydrogen-
rich syngas. Whereas the use of different opportunity fuels would be
beneficial for energy production, the cost of developing fuel-specific
combustors or redeveloping existing combustors is often too great
to justify development for a specific fuel application.

A reliable, low-cost method to evaluate combustor performance
during operation with various fuels could greatly reduce the time
and cost required to develop these new turbine combustors. Progress
in computational fluid dynamics (CFD) modeling of combustion
systems has advanced to the point where basic design features are
now routinely assessed on the computer. In many instances, these
simulations have produced useful qualitative information about the
effects of proposed design changes. However, quantitatively accu-
rate prediction of combustion dynamics, pollutant emissions, and
the effects of specific fuel chemistry are beyond the capability of
current computational models. Technical progress in this area could
provide a low-cost method to evaluate the behavior of new fuels in
proposed combustor designs.
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The advancement of computational modeling tools is limited by
the availability of experimental data for model development and
validation. Central problems in model development include: pro-
viding an accurate, computationally tractable representation of key
processes in the flame such as turbulence—chemistry interaction sub-
grid mixing and accurately representing the acoustic, flow, and ther-
mal boundary conditions. In simple laboratory flames, considerable
progress has been made on submodel development using experi-
mental data from well-characterized diffusion flames.” However,
similar data are not available for the type of premixed flames that
are used in low-emission turbine combustors. Considerable devel-
opment efforts have resulted in a variety of methods to model bound-
ary conditions in numerical simulations and to illustrate the signif-
icant challenges involved in accurate modeling of these boundary
conditions.!0~13

Because turbine combustors operate at high pressures, with short
residence times and high turbulence levels, creating representative
test conditions requires specialized facilities. The required pressures
and flow rates are typically found only in commercial turbine devel-
opment labs. These commercial facilities are often occupied with
hardware testing for near-term product development, providing lim-
ited opportunities to evaluate physical models critical to improved
combustion simulations. Experimental data to support modeling ef-
forts for precommercial concepts, such as hydrogen-fueled turbines,
are even more difficult to obtain. In these instances, the research
payback is too long and speculative to justify investigation by in-
dustrial developers, but the need for these data has been highlighted
at workshops sponsored by the U.S. Department of Energy.'*!3

Combustion experiments at the National Energy Technology Lab-
oratory (NETL) conducted as part of the simulation validation (Sim-
Val) studies project are providing comprehensive data sets at operat-
ing conditions and scales representative of industrial low-emission
turbine combustors. The SimVal combustor is a turbulent, lean-
premixed, swirl-stabilized combustor similar in scale to current tur-
bine combustors and is operated at representative pressures, inlet
temperatures, and flow rates. Fuel composition variations are inves-
tigated by augmenting natural gas fuel with controlled quantities of
hydrogen. Optical access to the combustion zone allows observation
and characterization of the flowfield. The combustor design provides
flexibility to study the effects of changes in combustor geometry, fuel
composition, and operating conditions on combustor emissions and
dynamics. The boundary conditions are controlled and well quanti-
fied. The thermal boundary conditions are determined by measuring
the internal and external surface temperatures of the quartz combus-
tor liner with infrared thermometry and by directly measuring the
heat losses to the water-cooled metal combustor components. The
acoustic boundary conditions are defined by choking the combustor
inlet and outlet to isolate the combustor acoustically from upstream
and downstream equipment and processes. The inlet flow boundary
condition is determined by choking the flow and controlling the tur-
bulent length scales at the nozzle inlet, and the outlet flow boundary
condition is determined by choking the flow at the combustor outlet.

Recent data on the effects of hydrogen content and combustor
heat losses on lean extinction limits, dynamic stability, and pol-
lutant emissions are presented in this paper. The completed data
sets from these experiments ultimately will include detailed bound-
ary condition and flowfield characterization data intended to assist
with the development and validation of large eddy simulation (LES)
codes for turbulent combustion applications. The complete data sets
are available on request, and collaborations with respect to model
development and validation are invited.

II. Technical Approach

The SimVal project has been designed to assist the development
of LES simulations for advanced gas-turbine combustor applica-
tions by producing comprehensive data sets at operating conditions
and scales representative of low-emission turbine combustors. The
combustor has been designed to provide a computationally tractable
geometry and to remove the uncertainties normally present in mod-
eling the boundary conditions, so that model development can focus
on accurately modeling turbulence—chemistry interactions and cap-
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turing dynamic changes resulting from variations in fuel composi-
tion. Combustor operating parameters and geometry can be varied to
selectively study their respective effects on combustion mechanisms
and performance characteristics such as emissions, dynamics, lean
extinction, and flashback. The goal of the current baseline tests was
to generate a set of data on the effects of fuel variability that was
not complicated by the variation of these geometric and operating
parameters. Thus, the combustor was configured to eliminate the
mechanisms that drive combustion dynamics. This was primarily
accomplished by placing the fuel injection point and mixing region
upstream of an inlet choke plate, which decouples this process from
the combustion zone. In future studies, the nozzle geometry will
be changed from the quiet baseline configuration by progressively
changing the fuel injection and inlet choke locations to evaluate
systematically how fuel-air mixing affects dynamic mechanisms
(Fig. 1). A review of the various mechanisms that drive dynamics
has been reported elsewhere.!®17

The partial data sets produced to date include the following bulk
measurements: inlet temperature of the premixed fuel and air (mea-
sured in the nozzle); temperature of the products of combustion
(measured in the exhaust); combustor pressure (measured at the
dump plane); inlet fuel and air volumetric flow rates; heat losses
through the cooled metal components and the quartz combustion
zone liner; rms pressure (in the nozzle); and emissions. Flowfield
data will soon be added to the data sets: Velocity components near
the dump plane will be measured by particle image velocimetry
(PIV), and the flame structure near the dump plane will be mea-
sured by OH planar laser induced fluorescence (OH PLIF), CH
chemiluminescence, and OH chemiluminescence.

The test facility consists of the following major components: the
optically accessible research combustor; an optically accessible test
section; natural gas, hydrogen, and air flow loops; and a gas sample
system. In the current test configuration, the facility can provide a
maximum combustion airflow rate of 1.23 kg/s, a maximum nat-
ural gas flow rate of 53.3 g/s, a maximum hydrogen flow rate of
2.01 g/s, a maximum combustion air preheat temperature of 810 K,
and a maximum combustor internal pressure of 2.31 MPa. The ge-
ometry of the test section is shown in Fig. 2, and the geometry of
the combustor is shown in Fig. 3. Dynamic pressure measurements
are made by two high-speed pressure transducers that are spaced
axially in the nozzle 10.2 and 15.2 cm upstream of the dump plane.
Direct measurement of the exhaust gas temperature can be made
with high-temperature thermocouples that are inserted through op-
posing ports 18.1 and 21.3 cm downstream of the exhaust section
inlet. Optical access through the test section is available through four
17.8-cm-wide by 30.5-cm-high viewports. Optical access through
the combustor outer liner is available through four equally spaced
10.2-cm-wide by 30.5-cm-high windows that are aligned with the
test section viewports. The combustor inner liner is a quartz tube
with a length of 31.8 cm and an internal diameter of 18.0 cm, which
is representative of the tube diameter of can-style combustors and
the dome height of annular combustors. Optical access to the com-
bustion zone allows both direct observation of flame behavior and
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imaging of the flowfield and flame structure (using OH PLIF, PIV,
and CH and OH chemiluminescence) needed to develop physical
submodels. OH PLIF measurements have recently been used to mea-
sure spatially and temporally resolved reaction rates in turbulent
premixed flames.'® Similar measurements are planned, along with
PIV, to provide a combined measure of velocity and scalar quantities
with the goal of improving submodel descriptions of the reacting
flowfield. A full description of the combustor geometry and test
conditions can be acquired by contacting the lead author.

To prepare for measurement of the velocity field in hot, reacting
flows at elevated pressures, cold-flow, atmospheric-pressure PIV
measurements of the velocity field at the dump plane of a geometri-
cally equivalent combustor were performed at NETL. The inlet air-
flow rates were scaled to provide nozzle velocities of approximately
50 m/s to match the nozzle velocities of the hot-flow, pressurized
tests conducted to date. Alumina particulate with a nominal diame-
ter of 1 um was used as the seed material, and a Nd: YAG laser was
used to generate the laser sheet. High-quality images were produced
with image areas varying between 34 and 125 mm square. Full re-
sults from these tests will be reported at a later date in a separate
paper.

Obtaining flowfield characterization data from this full-scale
combustor will provide important data for both model development
and model validation. However, by using just these diagnostic tech-
niques, many of the fundamental features of the local reaction zone
cannot be observed. In turbine combustors, the reacting flow length
and timescales cover a broad range from centimeters to micrometers,
and milliseconds to nanoseconds. Because experimental resolution
of the smallest of these time and length scales is difficult, conditional
moment statistics between velocity and scalar quantities will be used
to infer events occurring at these scales. Obtaining these data, even
in laboratory flames, represents the frontier of combustion diagnos-
tics. To capitalize on the data produced in these experiments, NETL
is collaborating with external research groups such as the Sandia Na-
tional Laboratory Combustion Research Facility to perform these
advanced measurements.

It is possible that the quality of the data to be obtained by each
optical diagnostic method could be limited by either the combustor
geometry, that is, field of view, or the combustor operating con-
ditions, that is, elevated pressure. Elevated operating pressures are
not expected to have a significant negative effect on the data col-
lected with the planned diagnostic methods, but the extent of any
negative effect will not be known until data are actually collected.
Imaging of the flowfield may be limited to the 10.2-cm width of
the combustor outer liner windows, depending on the position and
field of view of the imaging camera, but even this minimum width
would still allow the velocity components and flow structure at the
nozzle dump plane to be imaged. The current outer liner configu-
ration will prevent imaging with PIV and OH-PLIF within 3 mm
of the combustor dump plane. This gap may be reduced practically
to 1 mm with relatively minor modifications to the outer liner. The
fused quartz viewport windows and combustion liner are expected
to reduce transmitted laser power and signal intensity during the
planned OH PLIF and PIV measurements. These losses have been
characterized and are likely to require only reduced imaging areas
to provide acceptable image signal-to-noise ratios. The resolution
of neither the flowfield characterization data nor the OH and CH
chemiluminescence data is expected to be reduced significantly.

Collection of data with OH PLIF and PIV is currently limited
to planar (two-dimensional) data. Thus, PIV images of the velocity
field will be limited to two simultaneous velocity components in the
plane of the laser sheet. A vertical laser sheet coincident with the
combustor centerline will provide axial and radial velocity compo-
nents, whereas a horizontal laser sheet parallel to the dump plane
will provide radial and tangential velocity components.

Independent or combined application of additional laser diag-
nostic methods such as Raman and Rayleigh scattering have been
applied in turbulent combustion processes to yield useful localized
species concentration and temperature data.'” Future implementa-
tion of localized diagnostic methods such as these is possible, but
due to the complexities that would be introduced by these methods,
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they will not be implemented presently. Aside from the complexities
arising directly from implementation of the diagnostics, it is likely
that the viewport windows at the pressure boundary would need
to be redesigned due to the concentrated laser energy required by
these methods and to assure sufficient signal strength and data qual-
ity. Thus, laser diagnostics will initially be limited to planar laser
diagnostic methods such as the aforementioned PIV and OH-PLIF
methods.

A. Flow Boundary Conditions

In the baseline configuration, the combustor inlet is designed to
provide an upstream flow boundary condition that results in a fully
premixed fuel-air mixture and acoustically isolates the combustion
processes from upstream processes and hardware. A 12.7-mm-thick
slot swirler (Fig. 4) is set in the nozzle annulus 17.1 cm upstream
of the combustor dump plane. The slot swirler was designed to
control the wake and separation regions to the flow, as is inevitable
with conventional vane swirlers. Accurate simulations must account
for these detailed flow features, which range from the small wake
originating at the vane trailing edge to the large eddies that may
be shed from separation bubbles, particularly during transients. For
the purposes of gathering baseline validation data, it is desirable to
reduce or avoid this disparity in flow scales. The slot swirler contains
radial slots that are angled at 30 deg with respect to the flow axis
and are spaced to produce approximately equal wake and flowpaths,
with dimensions that are small enough so that the nonuniformity in
the flow will dissipate before arriving at the flame front.

It has been suggested that the small size of the slots will allow for
anumerical description of the boundary without needing a fine grid
in the nozzle region, that is, the individual slots may not need to be
resolved to provide an accurate description of the inlet flow condi-
tions at the dump plane, at least in the context of steady Reynolds-
averaged Navier-Stokes (RANS) calculations. RANS-based CFD
simulations of the nonreacting flowfield in the nozzle section of the
baseline configuration were performed during the design process
and indicated that the flow nonuniformities would indeed dissipate
in the nozzle before reaching the dump plane. Whereas truncation of
the experimental domain to simplify the modeling domain may be
useful for steady-state RANS calculations in the absence of acous-
tics, it is expected that unsteady simulations such as LES will need
to include the nozzle section, at least as far as the swirler, to provide
more physically realistic boundary conditions. This will alleviate
the need to prescribe artificial acoustic boundary conditions such as
nonreflecting mass flow inlets and pressure outlets. Also, the tur-
bulent flowfield generated by the swirler would, thus, be implicitly
treated in the simulation, rather than being prescribed as a boundary
condition. Although this does increase the size of the computational
domain somewhat, it is believed that the rigor of this approach will
be necessary to capture the more elusive combustion phenomenon
such as unsteadiness and thermoacoustic coupling.

Whereas the slot swirler is expected to be a valuable feature for
model development, a test of model predictions must ultimately in-
clude a conventional swirl vane geometry. Tests with a conventional
flat-vane swirler will be conducted after the baseline tests are com-
pleted. In addition to providing simulation validation data, a com-

Fig. 4 SimVal combustor slot swirler for baseline configuration.

Fig. 5 SimVal combustor inlet choke plate.

parison of the combustor performance with these two swirler config-
urations will demonstrate the importance of the inlet flow boundary
conditions on low-emission combustion. For example, the irregu-
lar vortices shed from large vanes may play a role in destabilizing
combustors operating at the edge of lean extinction. It is expected
that data collected in the SimVal tests will show this effect, which
could then be used to enhance new combustor extinction limits.

The approach flow supplied to the swirler should, ideally, be uni-
form. This is accomplished in the current combustor configuration
by installing an inlet choke plate (Fig. 5) 12.7 mm upstream of
the leading face of the swirler. The plate chokes the flow of pre-
mixed fuel and air by restricting the flow to ~1320 laser-drilled,
0.43-mm holes that are evenly distributed across the annulus. In this
baseline configuration (and unlike a conventional fuel—air premixer)
fuel is injected into the combustion airstream upstream of the swirler
through eight radial fuel injection spokes that are arrayed in a single
plane 25.7 cm upstream of the inlet choke plate. This approach pro-
duces a spatially uniform flow immediately above the choke plane,
isolates the flow acoustically from upstream processes and hard-
ware, and assures full premixing of the fuel-air mixture. When fuel
is injected upstream of the inlet choke plate, the complication of
describing fuel—air mixing is intentionally avoided. However, the
level of premixing will affect both dynamics and emissions®® and,
therefore, must be addressed experimentally. The combustor will
be reconfigured in future tests to inject fuel downstream of the inlet
choke plate to study the effects of mixing on combustion dynamics
and pollutant formation.

B. Acoustic Boundary Conditions

To describe combustion dynamics, the acoustic impedance of all
of the boundaries must be known. Because the combustor uses no
dilution or cooling jets, the solid walls of the combustor can all be
treated as acoustically hard. Although it has been shown that wall
compliance, that is, vibration, in practical combustion liners can pro-
duce an acoustic response in the combustion chamber,”! this effect
is small in practical devices and is negligible in the SimVal com-
bustor where the walls are cooled and are not compliant. Thus, the
only boundary conditions of acoustic interest are the exit and inlet.

The exit boundary is a choked orifice at the end of the exhaust
section that is designed to isolate the combustor acoustically from
downstream processes and hardware. This type of boundary has
been extensively studied in rocket combustion acoustics?* and can
be described easily in numerical simulations. The inlet boundary
serves as both a flow and acoustic boundary, and care must be taken
to produce a flow that is uniform in space and constant in time.
A simple choked orifice will not provide these conditions because
the high-speed flow would need to decelerate in a diffuser located
before the swirl vanes. As pressure waves move toward the choke,
they would enter regions of progressively larger Mach numbers
and would gradually reflect off of both the diffuser walls and the
flow. The result is a fairly compliant boundary, requiring a diffuser
long enough to develop a uniform flow. This requirement is unde-
sirable for these tests because the added diffuser length would set
the impedance of the fuel nozzle at levels that are so low that it
would be difficult to avoid low-frequency oscillations at many op-
erating conditions. This behavior has been affirmed experimentally
in unpublished tests at NETL. In addition to providing a uniform
inlet flow distribution as described earlier, the inlet choke plate also
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provides a hard acoustic boundary condition. The orifice sizes are
sufficiently small so that each orifice functions as a choke point, and
flow diffusion occurs very close to the orifice exit, producing a spa-
tially uniform flow immediately above the choke point but retaining
the needed choke condition.

A choked orifice is located at the end of the exhaust section, which
is aresonant section with a 50.8-cm length and 9.0-cm diameter. The
resonant section is sized to produce a primary resonant mode near
500 Hz, a frequency of interest in fielded gas-turbine engines. A
second resonant mode near 1400 Hz may also be excited, but fre-
quencies in the kilohertz range are less common in typical stationary
turbine combustors. The geometry of the resonant exhaust section
can be modified to produce responses at other frequencies without
appreciably modifying the flowfield in the combustor.

The effects of any bulk variation in the fuel-air composition en-
tering the combustor were minimized by selecting the length of the
exhaust section to avoid matching the nozzle and combustor acoustic
modes and to create high impedance where the nozzle empties into
the dome. The fuel-air variation?* that often couples with dynamics
was avoided by premixing the fuel and air upstream of the choke
plate. It was also recognized that fluid mechanical disturbances orig-
inating at the swirler could lead to heat release variation through a
change in the flame area.?* This mechanism was minimized by plac-
ing the swirler just 12.7 mm above the choke plate, ensuring that the
swirler was located at a position of very high acoustic impedance.
In this manner, pressure perturbations arriving at the vanes would
produce minimal changes in the acoustic velocity. The results pre-
sented in this paper will show that the incorporated design features
were effective at avoiding dynamic instability in the baseline config-
uration and that no thermoacoustic oscillations were observed over
the range of test conditions and fuel composition studied.

Additional nozzle configurations will be tested to study the mech-
anisms that contribute to thermoacoustics in engine applications. In
practical situations, additional complications will arise from irregu-
lar fuel—air premixing. The inlet boundary will have a much different
acoustic impedance because practical fuel injectors are not choked.
In most engine configurations, the inlet boundary communicates
acoustically with the plenum fed by the compressor discharge, so
that the acoustic impedance is determined by the geometry of both
the compressor discharge region and the fuel injector itself.

Because the acoustic arrangement of the compressor discharge is
engine specific, there is no single preferred geometry for this aspect
of the test program. Instead, the most beneficial data would be pro-
duced by reporting the effect of both low- and high-impedance cases.
This will be achieved in future tests by relocating the acoustic choke
from its location in the baseline configuration. The baseline config-
uration in Fig. 1a has relatively high impedance until frequencies
above 1.5 kHz. For those frequencies, so-called mixture-feed insta-
bilities are possible. In this situation, a one-quarter wave resonance
in the premixer passage can produce substantial fluctuations in the
total mixture supplied to the flame. Frequencies in this range are less
common in fielded engines, although they do occur. Based on the re-
sults of tests previously conducted at NETL, these high-frequency
oscillations are expected to be confined to specific portions of the
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operating map and should be a useful test of the prediction capability
of numeric simulations.

In Fig. 1b, the swirler is moved downstream in the nozzle, in-
creasing the possibility that vortices shed from the swirler will in-
teract with and cause instabilities at the flame front. This mecha-
nism would most likely be observed with the replacement of the
slot swirler with a conventional swirl vane. In a variation of the
configuration shown in Fig. 1b, the choke point is moved upstream
in the nozzle. This configuration produces a low nozzle impedance
around 500 Hz, close to the natural frequency of the combustor—
resonator assembly. Quarter-wave resonance in the premixer will
again produce mixture feed instabilities, but in this configuration
the 500-Hz frequencies are more typical of fielded engines. Unlike
fielded engines, this arrangement will still use completely premixed
fuel and air. These data will, therefore, provide a test for numeric
simulations that still avoids uncertainties of premixing fuel and air,
but captures the dynamic features of oscillations at frequencies that
are relative to real applications.

In the configurations shown in Figs. 1c and 1d, the fuel is in-
jected downstream of the choke plate and is injected either up-
stream or downstream of the swirler. These configurations include
all of the relevant physics of a low-emission combustor, but include
well-defined boundary conditions. By gradually adding physical
complexity in the test (moving from Fig. 1a to Fig. 1d), data for
simulation validation can be tested in progressively complex steps.
This approach will ensure that inadequacies in physical submodels
can be identified in isolation, rather than being obscured by the ef-
fects of the multiple mechanisms that will be present in the final
configuration in Fig. 1d.

C. Thermal Boundary Conditions

The thermal boundary conditions at the walls of a combustion
chamber can play a major role in determining the performance of
the final device because combustion dynamics can be complicated
by hysteresis loops resulting from the temperature of the combus-
tor walls.?> The metal-walled sections of the combustor, the nozzle,
centerbody, dome, outer liner, and exhaust section, are backside wa-
ter cooled to allow quantification of heat losses and provide close
estimates of the combustor wall temperatures. Although the result-
ing wall temperatures are lower than in actual engine applications,
the value of the experiment for producing model validation data is
not compromised because the cooling scheme virtually removes the
ambiguity of the thermal boundary conditions at the metal surfaces.

To measure the temperature distributions on the inside and out-
side surfaces of the quartz combustion zone liner, the liner is marked
with black high-temperature paint stripes that are oriented axially
and circumferentially on the inner and outer surfaces of the tube.
The infrared emissions from these paint stripes during operation
are recorded using a charge-coupled device camera and an 800-nm
infrared (IR) filter and are correlated to the inner and outer wall tem-
peratures, providing temperature and partial heat transfer boundary
conditions. Figure 6 shows representative liner temperature mea-
surements and the paint stripe orientation.

Liner

{

Outer

Surface

Inner

Surface

Fig. 6 Liner thermal images and paint stripe orientation.



SIDWELL ET AL. 439

Calibrations were performed with a commercial blackbody
source at 14 temperature settings from 1133 to 1463 K to deter-
mine the effective wavelength (778 nm) of the filter/camera assem-
bly. Subsequent single-point blackbody calibrations were taken at
1463 K, using the effective wavelength to calculate paint strip tem-
peratures. Effective paint strip emissivities, including transmission
losses through the quartz liner and optical access window, were de-
termined from the reflection coefficients for intact portions of the
paint strips after the run. These emissivities were 0.7 and 0.8 for the
interior and exterior strips, respectively. Uncertainties in the differ-
ences between the inside and outside wall temperatures is estimated
at 20 K, due largely to temperature gradients within the strips and
variation in the paint emissivities during testing.

D. Emissions Measurement

Emissions measurements are made by continuous sampling from
the exhaust stream just downstream of the choked orifice at the end
of the combustor exhaust. A portion of the heated gas sample passes
through an NO,-to-NO converter to prevent the loss of water soluble
NO; in the chiller/dryer that reduces water content to less than 1%
by volume. This gas stream provides sample to the NOy and O,
analyzers. The NOy analyzer has a full-scale range of 0-20 ppm
(vol) with an accuracy of 1% full scale. The remainder of the gas
sample, which flows through a separate leg of the chiller/dryer, is
analyzed by a mass spectrometer for CO,, O,, Ar, H,0, and N,
content and by individual analyzers for CO, CO,, and unburned
hydrocarbon content.

These emissions measurements provide a valuable measure of
the ability of CFD codes to predict accurately overall combus-
tion performance. Because the predictive capabilities of CFD codes
with respect to bulk emissions are dependent on their prediction of
turbulence—chemistry interactions, the level of agreement between
computationally predicted and experimentally measured emissions
is a good initial estimate of the prediction of these interactions. At
certain operating conditions, minimal changes in operating condi-
tions can cause sudden changes in combustor acoustics and abrupt
and significant changes in bulk emissions. These abrupt transitions
in acoustics and emissions can be captured experimentally and pro-
vide a measure of the ability of CFD codes to predict the underlying
thermoacoustic interactions. The diagnostic methods to be utilized
for flowfield characterization described earlier in this section will
provide more detailed data on localized flame structures and phe-
nomena to allow further, localized evaluation of the predictive ca-
pabilities of the codes.

III. Test Procedure

Baseline tests using natural gas and natural gas/hydrogen fuel
mixtures to evaluate pollutant emissions, lean extinction, and dy-
namics (Table 1) were conducted at combustion air flow rates of
0.26 and 0.38 kg/s, which correspond to combustor operating pres-
sures of 0.43 and 0.63 MPa respectively. All tests were conducted
using fully premixed fuel and air, with no pilot fuel added dur-
ing testing. Hydrogen was added to the natural gas fuel to pro-

duce four fuel compositions for each combustion airflow rate: 0, 10,
20, and 40% hydrogen (by total fuel volume) at an airflow rate of
0.26 kg/s, and 0, 5, 10, and 20% hydrogen (by total fuel volume)
at an airflow rate of 0.38 kg/s. While holding the combustion air-
flow rate and fuel composition (hydrogen percentage) constant, the
fuel flow rates were gradually decreased over the course of the test
until significant flame fluctuations near lean extinction and a sig-
nificant increase in the rms pressure were observed. These criteria
were based on experience from tests to lean extinction and were
expected to produce a ramp endpoint within 0.01 of the equivalence
ratio at lean extinction. Lean extinction was approached but was
intentionally avoided to prevent damage to the quartz combustor
liner. To determine the presence of hysteresis effects, the fuel flow
rates then were increased gradually until the original flow rates were
reached.

Additional tests were performed to gather data at lean extinction.
Again, these tests were conducted using fully premixed fuel and
air and were conducted at a combustion airflow rate of 0.38 kg/s.
Hydrogen was added to the natural gas fuel to produce fuel com-
positions of 5 and 10% (by total fuel volume). While holding the
combustion airflow rate and fuel composition (hydrogen percent-
age) constant, the fuel flow rates were gradually decreased until lean
extinction.

IV. Results

Emissions data collected during operation of the research com-
bustor are presented in Fig. 7. The NOy data are corrected to an
exhaust O, content of 15% by volume and are effectively on a dry
basis. Note that the residual moisture content of the gas samples
reaching the analyzers does not exceed 0.6% by volume and is typ-
ically 0.3% or less by volume.

In Fig. 7, NOy emissions are shown to decrease smoothly with
equivalence ratio. The absence of discontinuities in the equivalence
ratio sweeps is consistent with having only minimal combustion
dynamics or variations in fuel composition. The addition of hydro-
gen to the natural gas fuel, even in small quantities, significantly
decreases the lean extinction limit and extends the envelope of sta-
ble operations to much leaner equivalence ratios. At these leaner
operating conditions, NOx emissions can be decreased due to lower
flame temperatures and decreased thermal NOy formation. Addi-
tional moisture that would be generated from the presence of hydro-
gen in the fuel has been shown in studies of humidified air turbine
cycles to reduce significantly NOy by both thermal as well as non-
thermal routes.?®

The slight increase in NOy levels with increasing combustor pres-
sure observed in Fig. 7 is attributed to an increase in combustor
temperature with operating pressure. As the operating pressure (and
mass flow rate) of the combustor is increased, the inlet air tempera-
ture also increases as a result of decreased heat loss in the feed lines.
Also, the heat losses in the combustor (when expressed as a total
percentage of the heating value of the fuel) decrease with increasing
pressure, because the heat transfer does not scale linearly with the
mass flow rate and pressure.

Table 1 Planned test conditions

Air flow Combustor Air preheat H, Equivalence Ramp time,
rate, kg/s  pressure, MPa  temperature, K content, % ratio min
0.26 0.43 550 0 0.59 - 0.51 - 0.59 60
0.26 0.43 550 10 0.53—-0.45—0.53 60
0.26 0.43 550 20 0.53 - 0.45—0.53 60
0.26 0.43 550 40 0.53—-0.45—0.53 60
0.38 0.63 550 0 0.59 — 0.51 — 0.59 60
0.38 0.63 550 5 0.53 - 0.45—0.53 60
0.38 0.63 550 10 0.53 - 0.45—0.53 60
0.38 0.63 550 20 0.53 - 0.45—0.53 60
0.38 0.63 550 0 0.53 — 0.44 (No test) 30
0.38 0.63 550 5 0.53—0.44 30
(To lean extinction)
0.38 0.63 550 10 0.53—0.44 30

(To lean extinction)
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Fig. 7 NOy (corrected to 15% O,) vs equivalence ratio for natural gas
with and without H, addition: W, 6.2 atm, 0% H; (down); [, 6.2 atm,
0% H; (up); ¢, 6.2 atm, 5% H; (down); <, 6.2 atm, 5% H; (up); A,
6.2 atm, 10% H, (down); A, 6.2 atm, 10% H; (up); @, 6.2 atm, 20% H;
(down); O, 6.2 atm, 20% H; (up); =, 4.2 atm, 0% H, (down); (1,4.2 atm,
0% H; (up); +,4.2 atm, 10% H; (down); <, 4.2 atm, 10% H, (up); ,
4.2 atm, 20% H; (down); , 4.2 atm, 20% H; (up); ¢, 4.2 atm, 40% H;
(down); ©, 4.2 atm, 40% H; (up); X, 6.2 atm, 5% H; (lean extinction);
and +, 6.2 atm, 10% H) (lean extinction).
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Fig. 8 Heat losses (total and percomponent) vs equivalence ratio: A,
nozzle and dome; M, centerbody; @, liner metal; #, liner quartz; X,
total; X, % higher heating value (HHV) total; &, % HHY liner quartz;
O, % HHYV liner metal; [0, % HHYV centerbody; and A, % HHYV nozzle
and dome.

Heat losses from the combustion zone at lean conditions are ex-
pected to have an especially significant effect on emissions, dynam-
ics, and flame stability limits. This research combustor is expected
to produce greater heat losses than those from typical commercial
combustors, due specifically to the backside water cooling of the
metal components and the radiant heat losses through the quartz
combustor liner. Figure 8 shows heat losses (in watts and as a per-
centage of fuel higher heating value) as a function of equivalence
ratio. However, the effects of the heat losses are expected to be
partially offset by the absence of liner cooling airflow typical of in-
dustrial combustors. The heat losses are expected to have an effect
on the emissions, dynamics, and flame stability for a given operating
condition, and the heat losses are quantified in these tests, allowing
for interpretation of the data.

In Fig. 9, NOy emissions are plotted against adiabatic and nona-
diabatic flame temperatures and illustrate the effects of heat losses
on emissions and flame temperature. NOy emissions are plotted
against adiabatic flame temperatures in the rightmost data group-
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Fig. 9 NOyx (corrected to 15% O) vs flame temperature (adiabatic
and nonadiabatic) for natural gas with and without H; addition.

ing. The adiabatic flame temperatures are derived from equilibrium
calculations using Cantera?’ and Chemkin®® software with the GRI-
Mech 3.0 mechanism.” These calculations are performed with the
measured fuel and airflow rates and the measured premix fuel and air
temperature and pressure. When heat losses to the cooled metal com-
bustor components (the centerbody, nozzle, dome, and outer liner)
are added to the flame temperature calculations, the NOy data are
shifted approximately 50 K from the adiabatic flame temperature.
This difference in flame temperature is the result of radiant and con-
vective heat losses to the centerbody, nozzle, and dome and radiant
heat losses to the outer liner. The heat losses in the quartz combustor
section are estimated using the wall temperature measured with the
IR camera and are the combined effects of convection and radia-
tion from the combustion gas to the quartz liner, radiation from the
combustion gas through the quartz liner to the surroundings, and
radiation from the quartz liner to the surroundings. When the total
heat losses from the quartz combustion zone and the exhaust sec-
tion are taken into account, the NOy data are shifted approximately
150-200 K from the adiabatic flame temperature. The difference in
the flame temperature for these data points is the result of the total
heat loss from the combustor, which adds the measured heat loss to
the exhaust section.

The flame temperature calculations used to represent the data
points in Fig. 9 use the measured peak liner surface temperatures,
estimated temperatures of the combustor surroundings, estimated
bulk properties for the combustion gas, and estimated bulk properties
for the combustion liner. The heat transfer calculations are currently
based on empirical correlations®® and are calculated conservatively
to provide a lower bound on the flame temperature decrease due to
the total heat loss.

Figure 9 shows an initial, first-order estimate of the effects of re-
actor heat loss on NOy formation and demonstrates the importance
of defining the thermal boundary conditions. In an effort to quantify
the coupled effects of temperature, mixing, and kinetic timescales
on pollutant formation, a series of CFD simulations of the Sim-
Val combustor were performed using the commercial CFD code
Fluent. A nominal operating condition of 4.1 atm and an equiva-
lence ratio of 0.6 for natural gas and air at an inlet temperature of
530 K were selected as a test case. The two-dimensional axisym-
metric computational domain consisted of approximately 5000 grid
cells with a velocity inlet boundary located at 5 cm upstream of
the dump plane. Separate three-dimensional unreacting computa-
tions were performed for the nozzle section to estimate the inlet
velocity and turbulence profiles for the two-dimensional reacting
calculations. A pressure outlet boundary was used at the exhaust
choke.

The turbulence model used for the steady-state RANS calcu-
lations performed here was the renormalized group theory model
with a modification for highly swirling flows. RANS calcula-
tions were suitable in this case because the conditions being mod-
eled were steady. In cases where dynamics are expected, LES
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calculations would be required. The turbulence chemistry interac-
tion was modeled with the eddy dissipation concept proposed by
Magnussen.®! The reaction mechanism employed here was a 15
step, 19 species augmented reduced mechanism (ARM) developed
for lean-premixed methane—air combustion.? This particular ARM
is a skeletal reaction mechanism reduced from the full GRI-Mech
3.0 reaction set. The ARM is a computer optimized reaction mecha-
nism that is designed to reproduce NO and CO formation using a re-
duced chemistry set that includes NO formation from the Zeldovich,
Fenimore, and N,O pathways.

Two simulation cases are presented here. The firstis with adiabatic
wall boundary conditions. The second case employs wall boundary
conditions derived from the measured SimVal heat fluxes, as well as
a radiation model to account for radiation from the combustion gas
to (and through) the quartz liner, as well as the metal components of
the combustor. Figure 10 is a comparison of static temperature con-
tours for the two cases. The inlet boundary is on the left of Fig. 10
and the pressure outlet on the right. The bottoms of Figs. 10a and
10b represent the axisymmetric boundary, whereas the tops repre-
sent the walls of the combustor. The flame location and shape, which
is primarily the white region in the contour plots, is in good qualita-
tive agreement with observed flame shape in the experiments. The
slightly hotter temperature in the corner of the combustor for the
adiabatic case (Fig. 10a) is due to the recirculation zone located
here that provides increased residence time for CO burnout to CO,.
Figure 10 shows the significant temperature difference between the
adiabatic and nonadiabatic case. The reactor exit temperatures were
1842 and 1545 K for the adiabatic and nonadiabatic cases, respec-
tively, which is a difference of almost 300 K.

Figure 11 shows a comparison of NO mole fractions for the two
cases. The NO mole fractions were roughly twice as high for the
adiabatic case and appear to be primarily a function of the peak
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flame temperature in the quartz reactor section that is affected by
radiative losses, as well as convective recirculation of cooler gas
near the liner wall back into the flame zone, thus, reducing the
peak flame temperatures for the nonadiabatic case. The NO mole
fractions at the reactor exit were 12.1 and 5.9 ppm for the adiabatic
and nonadiabatic cases, respectively. The experimentally measured
NO mole fraction for this case was 7.8 ppm.

Figure 12 shows a comparison of CO mole fractions for the two
cases. The white areas on the contour plots are regions where the CO
mole fraction was in excess of 50 ppm. The adiabatic case (Fig. 12a)
resulted in nearly twice as much CO being produced in the flame
region, which was similar to the NO results. A much larger effect
is, however, observed in the exhaust section where the adiabatic
case results in very little CO burnout with an exit mole fraction of
34.8 ppm. The cooling of the exhaust gas in the nonadiabatic case
results in much greater conversion of the CO to CO, with an exit
CO mole fraction of only 4.5 ppm, which is much closer to the
experimentally observed CO mole fraction of about 4 ppm for this
case. The results of the simulations presented in Figs. 11 and 12
clearly demonstrate the importance of characterizing the thermal
boundary conditions for providing model validation data because
the chemical kinetics are extremely sensitive to heat losses and gas
temperature.

The experimentally measured dynamic behavior of the combustor
is shown in Fig. 13. As mentioned earlier, combustion dynamics in
these tests have been prevented by careful design and configuration
of the combustor. Geometric changes planned for later tests are
likely to promote dynamics. In Fig. 13, the combustor rms pressure
is normalized against the mean combustor pressure and is plotted
vs equivalence ratio. The rms pressure levels are very low over
most of the operating range and increase only at the lean extinction
limit.
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Fig. 10 Temperature contours (1400-1900 K) from CFD simulations for a) adiabatic and b) nonadiabatic case.
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Fig. 11 NO mole fraction contours (0-15 ppm) from CFD simulations for a) adiabatic and b) nonadiabatic case.
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Fig. 12 CO mole fraction contours (0-50 ppm) from CFD simulations for a) adiabatic and b) nonadiabatic case.
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Fig. 13 RMS pressure (normalized to mean combustor pressure) vs
equivalence ratio for natural gas with and without H, addition: W, 6.2
atm, 0% H; (down); [, 6.2 atm, 0% H; (up); #, 6.2 atm, 5% H; (down);
<, 6.2 atm, 5% H; (up); A, 6.2 atm, 10% H; (down); A, 6.2 atm, 10% H,
(up); @, 6.2 atm, 20% H; (down); O, 6.2 atm, 20% H; (up); =, 4.2 atm,
0% H; (down); (1, 4.2 atm, 0% H (up); ¢, 4.2 atm, 10% H, (down);

, 4.2 atm, 10% H; (up); ,4.2 atm, 20% H; (down); , 4.2 atm, 20%
H; (up); ¢, 4.2 atm, 40% H; (down); ©, 4.2 atm, 40% H; (up); X, 6.2
atm, 5% H; (lean extinction); and +, 6.2 atm, 10% H; (lean extinction).

V. Conclusions

The research combustor described in this paper provides data
on the effects of fuel variability and heat losses on lean extinction
limits, dynamic stability, and pollutant emissions at conditions rep-
resentative of low-emission turbine combustors. The combustor is
designed to provide flexibility in studying the effects of changes
in combustor geometry, fuel composition, and operating conditions
(temperatures, pressures, and flow rates), with precisely determined
thermal, acoustic, and flow boundary conditions.

The results of the experiments conducted to date agree with pre-
vious results that show that the addition of hydrogen to natural gas
fuel, even in small quantities, decreases the lean extinction limit
and extends stable operation to lower equivalence ratios than are
possible with natural gas alone. Combustion dynamics were pre-
vented in these tests due to the configuration of the combustor in
its baseline, acoustically quiet configuration. The results of CFD
simulations demonstrated the importance of well-defined thermal
boundary conditions with respect to pollutant formation.

The completed data sets from this continuing series of exper-
iments ultimately will include boundary condition and flowfield
characterization data, and are intended to assist the development
and validation of numeric simulations for turbulent combustion ap-
plications. The partial data sets produced to date include the follow-

ing bulk measurements: inlet temperature of the premixed fuel and
air, exhaust temperature of the products of combustion, combustor
pressure, inlet fuel and air volumetric flow rates, heat loss through
the cooled metal components and the quartz combustion zone liner,
combustor rms pressure; and emissions. Upcoming experiments will
provide detailed flowfield measurements for generating validation
data for CFD models with an emphasis on LES codes and submod-
els. Flowfield data will include PIV measurements of the velocity
components near the dump plane, and OH PLIF, CH chemilumi-
nescence, and OH chemiluminescence images of the flame struc-
ture near the dump plane. Geometric changes and fuel composition
effects that are expected to promote the appearance of combus-
tion dynamics (and characteristic, abrupt transitions in performance
measures such as emissions) for specific operating conditions will
be studied. The data sets are available on request, and collaborations
with respect to simulation development and validation are welcome.
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