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Introduction

This study, performed by the Advanced Combustion Engineering Research Center
(ACERC) at Brigham Young University, was part of a U.S. Department of Energy's
Advanced Turbine Systems (ATS) program to develop and commercialize ultra-high
efficiency, environmentally superior, and cost competitive gas turbine systems for base-
load applications in the utility, independent power producers, and industrial markets.
Desired advances in turbine systems include higher efficiencies (from 29 to 34% in simple
cycle efficiency, and up to 60% in combined cycle efficiencies), lower pollutant emissions
(10% less NOx and less than 20 ppm CO and UHC emissions), 10% lower cost of
electricity, adaptability to coal and biomass systems, with higher reliability, availability,
and maintainability. Advanced gas ‘turbine development is of significant interest among
U.S. industrial companies. The need for combustion modeling work to assist in this effort
has been recognized by the AGTSR community. ACERC made available its earlier 3-D
code to this program for subsequent modification and improvement. This earlier code had
already been applied to gas turbine systems as an independent effort of the center.

The overall objective of this four year ATS program was to develop a gas turbine
combustor computer code to aid the manufacturers of gas turbine systems in designing
ultra-high efficiency, environmentally superior, and cost competitive gas turbine systems
for base-load applications in the utility, independent power producer, and industrial
markets. This was accomplished by building on the modeling and fundamental
experimental capabilities that already existed at BY U/ACERC.

Current ACERC combustion codes have general applicability for a wide range of solid,
liquid, and gaseous fuels, have the capacity to predict fuel and thermal NOx, and have
sophisticated pre- and post-processing graphics. The 3-D code, PCGC-3, applies to coal
combustion and gasification, as well as to reacting and non-reacting gaseous flows. It
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includes submodels in turbulent flow, gaseous reactions, solids reactions, radiative and
convective heat transfer, NOy/SOjx formation, and particulate flows. This code has been
evaluated by extensive comparisons with measured data and has been applied to many
different industrial furnaces and combustors, including gas turbines.

BYU/ACERC had also developed, constructed, and demonstrated a laboratory-scale, gas-
turbine combustor (LSGTC) that simulates many of the key combustor characteristics of
commercial gas turbines. Modeling of combustion behavior is more accurate and proceeds
more rapidly when coupled with pertinent, foundational, experimental research. Use of
advanced, laser-based, combustion diagnostic instruments in this facility permits near-
instantaneous, non-intrusive, in situ measurement of such quantities as velocity (LDA),
temperature (CARS), flame shape (PLIF), and species concentrations (PLIF and CARS)
that are essential for model validation. The instantaneous in situ data also give insights into
the physical processes governing the operation of practical gas turbine combustors. This
insight can provide considerable direction to the modeling of the combustion process, and a
data-base suitable for model subcode evaluation and verification.

BYU/ACERC has established close relationships with industry. ACERC is guided by
industrial interaction and has, as a central mission, the improvement of the competitive
position of the U.S. fossil energy industry.

Three tasks were undertaken to achieve the overall objective of this ATS research program.
The first task sought to develop and validate, in a simpler geometry, those submodels
needed to improve the existing combustion code for application to advanced gas turbines.
These submodels were validated by data obtained with advanced, laser-based diagnostic
systems from an existing, practical, 2-dimensional, axisymmetric, single-burner,
laboratory-scale, gas turbine combustor. The second task was to develop a new 3-
dimensional gas turbine combustor to include the improved submodels and then to compare
predictions with data from the laboratory-scale, gas turbine combustor (LSGTC) and make
predictions on advanced combustor designs provided by the affiliated industrial
manufacturers. The third task was to promote industrial interaction. An ATS/ACERC
technical advisory committee (TAC) was formed from among organizations with specific
interest in utility and industrial gas turbine manufacture and application. The TAC
provided direction and support of this study. Concerns particular to the industry were
addressed, and results were made available directly to participating industrial members and
other AGTSR participants. Submodels, codes, and specialized training on the use of these
models was made available to industrial participants according to ACERC distribution
policy.

Accomplishments

This section of the report summarizes the work performed during the four-year study for
combustion modeling of advanced turbine systems at Brigham Young University's
Advanced Combustion Engineering Research Center (ACERC). Accomplishments on each
of the three tasks are briefly summarized.

Task 1.  Gas Turbine Combustor Submodel Development. There has been
considerable development in the various submodels used in combustion codes. For
example, advances have been made in the modeling of gas turbulence, in the modeling of
chemical reactions, and in coupling of turbulence and chemical reactions. The development
of turbulence/chemistry submodels has been a goal of ACERC. The thrust of this task was
to start with existing submodels, incorporate improved submodels, and perform
modifications and improvements on the 3-D code as determined by comparison with



experimental data. Such modifications addressed issues such as ignition, non-equilibrium
CO and CO; concentrations, nitrogen pollutant species (NO2 and N70) in addition to NO,
and wall heat transfer. The TAC was used to help further identify the focus of this work.

It was important that the final predictive code incorporate all of the best computational
features. The first task of this study included an experimental program using an existing,
2-dimensional, laboratory-scale combustor that has been designed to = "“specifically
reproduce recirculation patterns and LBO processes that occur in a real gas turbine
combustor" (Sturgess, et al., 1990). The coordination of a code development program
with a well-designed experimental effort provided the foundational data needed for code
development, evaluation, and verification. Close cooperation between experiment and
" modeling was maintained to develop confidence in the predictive capabilities of the new 3-
D code. The combustion code, with this simplified geometry, was used to examine various
improved submodels.

A practical model combustor, based on existing hardware provided by a previous Air Force
sponsored program was modified to fit the needs of this program. The combustor was
designed to closely model the flow and combustion processes that occur in a real gas
 turbine combustor, but in a simpler, near 2-dimensional axisymmetric geometry. The

combustor can be operated at a wide range of air flow rates, and fuel equivalence ratios (¢).
The turbulent, swirling, premixed fuel/air injector was designed to accommodate three
different swirl injectors: 1) a high swirl (HS) injector (SN = 1.29), 2) a medium swirl
(MS) injector (SN = 0.74), and a low swirl (LS) injector (SN = 0.43). Preliminary
experiments demonstrated that the burner could be stably operated down to a fuel lean
equivalence ratio of about 0.65. These experiments also showed that operation with the LS
injector was not as stable as with the MS and HS injectors. Consequently, experimental
conditions were established at four operating conditions for the complete test program, HS
and MS injector operated at ¢ = 0.65 and 0.80.

The model combustor was also designed with optical access so that laser-based diagnostic
instruments could be used to measure the various combustion and flow field characteristics
associated with the combustion. The laser based diagnostics used in the program included:
1) two-component laser Doppler anemometry (LDA) to obtain gas velocity, 2) coherent
anti-Stokes Raman spectroscopy (CARS) to obtain gas temperature and limited species
concentrations, and 3) planar laser induced fluorescence (PLIF) to obtain 2-D images of
OH and CH combustion intermediates. All of the laser instruments provided sets of
multiple instantaneous measurements that could be interpreted in terms of mean, standard
deviation properties and for the LDA and CARS measurements the local probability density
function (PDF) at up to 200 local in situ locations in the flame zone of the combustor. In
addition to the specific in situ measurements mentioned, film and video cameras were used
to examine flame structure and flame stability. ‘

Four complete sets of LDA velocity data have been obtained, one at each of the established
operating conditions (medium swirl, and high swirl injectors at ¢ = 0.65 and 0.8) using
the two-color, four-beam LDA system. Complementary sets of instantaneous axial & radial
velocities, and axial & tangential velocities have been obtained. The two component
velocity data (either axial & radial, or axial & tangential) were collected at approximately
130 separate radial/axial locations and 200 axial/tangential locations within the flame zone.
Four thousand instantaneous data points were collected at each location. Each data set
provides mean and standard deviation axial, radial, and tangential velocity data, as well as
two component Reynolds stress based on axial/radial and axial/tangential data sets. Axial,
radial, and tangential probability density function distributions are also available for each



test conditions and in situ location where data were collected. Example results are reported
in this report for the ¢ = 0.65 cases with both the HS and MS injectors. The example data
presented in the report include iso-contour plots of mean and standard deviation velocities
(axial, radial, and tangential) as well as iso-contour plots of the (u’ v') and (u'w')
Reynolds stress terms, and example PDF plots of axial velocity at an axial location 80 mm
from the injector and radially from the centerline out to a radial position of 30 mm.

During the course of this research program, there were several CARS coherent anti-Stokes
Raman spectroscopy) instrumental developments. Previously, the dual Stokes instrument
had been used to simultaneously measure not only gas temperature from Ny spectra, but
0,, CO, and CO; species concentrations. For this research program, this capability was
reinstalled on the optical benches surrounding the LSGTC. Since the CO, and COp
represent the major carbon containing products, and since the elemental feed to the
premixed reactor was known, it was possible to determine the amount of H2O from an
elemental oxygen balance. The carbon and hydrogen that were unreacted could also be
determined from elemental carbon and hydrogen balances. This procedure was
implemented, allowing gas instantaneous gas temperature and instantaneous species (O2,
CO, CO», H70, unreacted C, and unreacted H) to be measured. Like the velocity data,
multiple measurements (ca 1000) at many in situ locations (ca 200) have allowed mean,
standard deviation, and PDF information to be obtained throughout the flame.

Another CARS innovation was the implementation of newly developed Pyromethene 597
dye and Pyromethene 650 fluorescing dyes dissolved in ethanol in the CARS Stokes laser.
These dyes in combination produce a very broad band laser beam in the Stokes laser that
can simultaneously pump the molecular transitions of N, CO, O3, and COx. Previously,
the CARS instrument setup required one Stokes laser to probe the species N3, CO, and a
second Stokes laser to probe CO,, and O,. The simplification of the CARS afforded by the
dual dye, single Stokes system is significant.

CARS data have been obtained at two of the established operating conditions (medium
swirl, and high swirl injectors at ¢ = 0.65) using the dual dye, single Stokes CARS
system. The remaining two sets (medium swirl, and high swirl injectors at ¢ = 0.80) are
being completed as part of a graduate students Ph.D. dissertation (Flores, 1998). Sets of
instantaneous temperature and species concentration data have been obtained. The CARS
data were collected at approximately 130 separate radial/axial locations within the flame
zone. One thousand instantaneous data points were collected at each location. Each data set
provides mean and standard deviation temperature and species data, as well as temperature
and species probability density function distributions for each test condition and in situ

location where data were collected. Example results are reported for the ¢ = 0.65 case for
both the HS and MS injectors. The example data presented in the report include iso-
contour plots of mean and standard deviation temperature as well as example PDF plots of
temperature and CO; concentration at an axial location 80 mm from the injector and radially
from the centerline out to a radial position of 30 mm.

Planar laser-induced fluorescence (PLIF) is a valuable tool for studying combustion
phenomena. Flame propagation is partly governed by the diffusion and transport of
important combustion intermediates like OH and CH. Laser-induced fluorescence has the
potential of measuring trace amounts of these short lived combustion species at near
instantaneous temporal resolution (10 ns). Likewise, because PLIF is laser-based, probing



of the burner is non-intrusive. The two dimensional area captured resembles an
instantaneous photograph-like image of the turbulent flame structure. This information is
very useful in analyzing burner designs, understanding combustion phenomena, and
validating combustion computer models. During the course of this study, a PLIF
instrument was installed, and two-dimensional images of OH and CH combustion
intermediates was obtained and are shown in this report. The measurements were obtained

for the MS injector at ¢ = 0.80. Multiple instantaneous images allowed both an
instantaneous representation of the flame structure to be obtained, but averages and
standard deviations of the multiple images have provided an average flame structure for
direct comparison to model predictions, and indication of the turbulent fluctuations in the
flame structure.

A effort was made in this task to improve the submodels in the code using available
technology and advances from this study, from other ACERC researchers under
independent funding, and from the literature, in order to provide increased agreement with
the key experiments identified in Subtask 1.2. Specific submodels considered included
finite-rate chemistry, NOx formation at high pressures in fuel-lean systems, and CO/CO2
non-equilibrium. These improved submodels were incorporated into the code in close
cooperation with Task 2 efforts.

There are no comprehensive computer models available to model lean premixed combustion
(LPC) of natural gas which include the full set of chemical mechanisms along with
turbulent interactions (Correa, 1992). Simplified kinetic schemes with 4 to 5 global
reaction steps have been developed for use in turbulent combustion (Mass and Pope,
1992a, Mass and Pope, 1992b). Many reduced mechanisms based on full mechanisms
have been developed and published in literature (Bilger, et al., 1990, Chen and Dibble,
1991, Glarborg, et al., 1992b, Trevino and Mendez, 1992, Wang and Frenklach, 1991,
Polifke, et al., 1995). The GRI 2.11 mechanism (Bowman, et al., 1995) developed by the
Gas Research Institute (GRI) is one of the best mechanism, currently available that
accurately describes CH4/NOx chemistry for natural gas combustion.

The full GRI 2.11 mechanism was reduced using a computer code that eliminated
' unimportant species for the desired condition and then applied steady-state approximations
for short-lived species (Chen, 1988). This resulted in global mechanisms of CH4
combustion coupled with NOx chemistry that only used from 5-9 steps. The GRI 2.11
mechanism was then used as a bench-mark to test the 5-9 step global mechanisms in the
PSR (Glarborg, et al., 1992a) and the premixed codes (Kee, et al., 1992a). Predictions of
these global mechanisms were also compared with predictions of CH4 chemistry obtained
using the 4-step Seshadri-Peters reduced mechanism (Chen and Dibble, 1991) (for PSR
cases), which appeared to be the best available reduced mechanism in literature. The 4-step
Seshadri-Peters mechanism was developed to model CH4 chemistry and does not include
NOy chemistry (Chen and Dibble, 1991). It is based on a 25-step skeletal mechanism

developed by Smooke and Giovangigli (1991).

This work was focused at providing a reduced mechanism with minimum possible steps
for modeling key essentials of natural gas turbine combustion. A set of four new global
mechanisms with 5, 6, 7, and 9 steps were developed and optimized to agree with PSR
calculations using the GRI 2.11 mechanism at 30 atm and equivalence ratios ranging from
o = 0.4 to 0.6. These newly-developed global mechanisms contain both CH4 chemistry

(including C2 chemistry) and NOx chemistry that is present in lean premixed turbulent
combustion of natural gas. A brief description of the 5-step global mechanism is presented



in this report. Emphasis was placed on the 5-step global mechanism, since this smaller
mechanism was more compatible with the comprehensive 3-dimensional gas turbine
combustor code (Cannon, 1997) described in Section 2 of this report.

Task 2. 3-Dimensional Gas Turbine Combustor Code Development, The second task

was to develop a model for combustion in advanced gas turbine systems. The emphasis
was on predicting CO and NOy in lean, premixed combustion of natural gas. The new
model, COmbustor Simulation MQOdel for Gas Turbines (COSMO/GT), consists of an
unstructured-grid flow solver and a submodel called LEan PREmixed COmbustion of
Natural gas (LEPRECON). Code theory and use are documented in Volume 2 (User’s
Manual) of this Final Report. This advanced, 3-dimensional, gas turbine combustor model
was developed from the foundation of ACERC's existing 3-D code. This advanced model
includes turbulence and chemistry submodels frim Task 1 which were appropriate for
stationary, gas turbine combustors. NOy pollutant formation was also included. Further,
this gas turbine combustor model employed state-of-the-art grid techniques and CFD
numerics. The existing ACERC model, 93-PCGC-3 (which was-well-developed for both
gaseous and particle combustion), was used as a starting point, and was adapted to apply to
stationary gas turbine geometries and pre-mixed flames.

Improvements to the CFD code began by evaluating the existing BYU/ACERC 3-D code
(PCGC-3) and making needed improvements for predicting the fluid flowfield. At the time
this work began, ACERC’s 3-D code was based on a structured, Cartesian grid with stair-
step boundaries. Because of their complex geometries, stair-step boundaries were not
considered to be a viable option for an advanced model for gas turbines. Therefore, under
independent funding, ACERC developed an unstructured-grid version of the structured 3-D
code. Itis this flow solver, which is based on an unstructured, tetrahedral grid, that was
finally adopted and improved under this contract.

Additional work was done to incorporate appropriate submodels for lean, premixed
combustion in gas turbines into the flow solver and to evaluate the resulting model. A
literature review of turbulent combustion modeling was conducted to determine the best
available approach. In addition to the reduced chemistry submodels from Task 1, two
other submodels that were incorporated are a velocity-scalar probability density function
(PDF) submodel for treating finite-rate chemistry, and an in-situ table generation algorithm
for efficiently solving the reacting scalar continuity equations. The foundations for these
two submodels were developed by Pope and coworkers at Cornell University (Correa and
Pope, 1992; Pope, 1997). :

The new turbulent combustion submodel was evaluated by comparing model predictions
with experimental data for three laboratory-scale combustors: the swirl-stabilized LSGTC
(described under Task 1), a bluff-body-stabilized combustor (Nandula et al., 1996), and a
pilot-stabilized combustor (Chen et al., 1996). These calculations were all performed with
a 2-D version of the submodel and flow code. Calculations in 3-D would have been
prohibitively expensive for the number of runs that were required for evaluation. The
LSGTC simulations and data comparisons are described in a paper that was presented at the
Spring Meeting of the Western States Section of the Combustion Institute (Cannon et al.,
1997). They were performed for equivalence ratios of 0.65 and 0.8. A copy of this paper
is included in Appendix 2.4. In addition to the work described there, calculations were
also performed for this reactor using the 9-step mechanism from Task 1 at an equivalence
ratio of 0.65. The results that were obtained were virtually identical to those obtained with
the 5-step mechanism as shown in Appendix 2.3. More detail concerning these
calculations is given in the doctoral dissertation by Cannon (1997).






