
 

 

 
 
 
 
 
LES SOFTWARE FOR THE DESIGN OF LOW EMISSION COMBUSTION SYSTEMS 

FOR VISION 21 PLANTS 
 

Quarterly Technical Progress Report for 
 

January - March 2003 
 
 
 
 

by 
 

Steven Cannon 
Clifford Smith 

 
 
 

April 2003 CFDRC Report No.  8321/10 
 
 
 

Contract No.:  DE-FC26-00NT40975 
 
 
 

submitted to 
 

AAD Document Control, M/S 921-107 
National Energy Technology Center 

U.S. Department of Energy 
P.O. Box 10940 

Pittsburgh, PA  15236 
 
 

Technical Monitor:  Mr. Norman T. Holcombe 
Contract Monitor:  Ms. Crystal Sharp 

 
 



 

 i 8321/8 

DISCLAIMER 
 
 
This report was prepared as an account of work sponsored by an agency of the United States 
Government.  Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, 
product, or process disclosed, or represents that its use would not infringe privately owned rights.  
Reference herein to any specific commercial product, process, or service by trade name, 
trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any agency thereof.  The 
views and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 
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ABSTRACT 
 
Application and testing of the new combustion Large Eddy Simulation (LES) code for the design 
of advanced gaseous combustion systems is described in this 10th quarterly report.  CFD 
Research Corporation has developed the LES module within the parallel, unstructured solver 
included in the commercial CFD-ACE+ software.  In this quarter, validation and testing of the 
combustion LES code was performed for the DOE-Simval combustor.  Also, Beta testing by 
consortium members was performed for various burner and combustor configurations.   
 
In the two quarters ahead, CFDRC will validate the code on the new DOE SimVal experiments.  
Experimental data from DOE should be available in June 2003, though LES calculations are 
currently being performed.  This will ensure a truly predictive test of the software.  CFDRC will 
also provide help to the consortium members on running their cases, and incorporate 
improvements to the software suggested by the beta testers.  The beta testers will compare their 
predictions with experimental measurements and other numerical calculations.  At the end of this 
project (October, 2003), a final released version of the software will be available for licensing to 
the general public. 
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1. INTRODUCTION 
 
Vision 21 combustion systems will require innovative low emission designs and low 
development costs if Vision 21 goals are to be realized.  In this three-year project, an advanced 
computational software tool will be developed for the design of low emission combustion 
systems required for Vision 21 clean energy plants.  The combustion Large Eddy Simulation 
(LES) software will be able to accurately simulate the highly transient nature of gaseous-fueled 
turbulent combustion so that innovative concepts can be assessed and developed with fewer 
high-cost experimental tests.  During the first year, the project included the development and 
implementation of improved chemistry (reduced GRI mechanism), subgrid turbulence (localized 
dynamic), and subgrid combustion-turbulence interaction (Linear Eddy) models into the CFD-
ACE+ code.  University expertise (Georgia Tech and UC Berkeley) has been utilized to help 
develop and implement these advanced submodels into the unstructured, parallel CFD flow 
solver.  Efficient numerical algorithms that rely on in situ look-up tables or artificial neural 
networks have been implemented for chemistry calculations.  In the second year, the combustion 
LES software has been evaluated and validated using experimental data from lab-scale and 
industrial test configurations.  During the last year, nine industrial and academic partners will 
take the combustion LES code and exercise it on problems of their choice.  Final feedback and 
optimizations will then be implemented in the final release version of the combustion LES 
software that will be licensed to the general public. 
 
 
2. EXECUTIVE SUMMARY 
 
Work in this tenth quarter (January - March 2003) has included further development of the LES 
software.  Initial predictions have been performed for the DOE-SimVal lean premixed 
combustor.  Beta testing from the gas turbine and industrial burner companies is also underway 
and initial results have been obtained. 
 
Next quarter, completion of the following tasks are planned: 
 

1. Perform DOE SimVal combustor predictions. 
 
2. Support beta testers. 
 
3. Implement LES software improvements based on beta testers feedback. 

 
 
3. EXPERIMENTAL 
 
No experiments were performed this quarter. 
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4. RESULTS  
 
4.1 DOE-HAT Combustor Validation 
 
DOE NETL has established a new experimental combustor design, called SimVal, that will be 
tested starting in June of 2003.  The SimVal combustor will provide experimental data that can 
be used to validate CFD codes, with particular emphasis on understanding combustion instability 
and variable fuel effects at actual gas turbine combustor conditions.  Detailed experimental data 
will be obtained, including emission images, velocity, temperature, and species maps, and 
dynamic wall pressure.  Predictions  are being performed now for later comparisons to data.  A 
panel session, consisting of four commercial CFD software companies, will present SimVal 
combustor predictions at the IGTI ASME Gas Turbine Expo this summer.  CFDRC, along with 
Fluent, Flow Parametrics, and CFX are participating in the panel session.  The session chairs are 
Bob Malecki from Pratt & Whitney and Dan Maloney from DOE-NETL.   
 
The current SimVal geometry includes a choke plate immediately upstream of swirl vanes and a 
choked nozzle at the downstream end of a resonant section.  Figure 1 shows the current baseline 
geometry.  The swirler (Figure 2) includes 32 thin slots with a 30° and significant blockage 
(0.286=flow area/total area).  Bob Malecki performed cold-flow simulations of the swirler and 
produced the velocity profiles 2" from the combustor dump as shown in Figure 3.  The swirl 
angle ranges from 55° to 65° in the annular injector passage.  These profiles were applied as 
boundary conditions in the reacting case. 
 

 
 

 
Figure 1.  SimVal Geometry for Baseline Case 
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Figure 2.  Schematic of Swirler Geometry 
 
 
 

 
Figure 3. Predicted Velocity Profiles from 3D Swirler Simulation from P&W; Used for Inlet 
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Initial 2D axisymmetric calculations have performed.  The baseline case was simulated at the 
following conditions: 
 

φ = 0.6 
Mass Flow = 0.26 kg/s 
Tin = 600 K 
P = 4 atm 

 
A fixed mass flow with completely premixed reactants was assumed at the inlet.  The fully 
burned conditions provided a choked flow at the nozzle throat with a combustor pressure of ~4 
atm.  An extrapolated boundary condition was used at the supersonic nozzle exit.  The quartz 
combustor side walls were assumed to be 1650 K.  The other combustor dome and resonant 
section walls were assumed to be 658 K.  A wall temperature of 1144 K was assumed at the 
nozzle.  Calculations were performed on the parallel Linux PC cluster using 4 processors.   
 
A computational grid of ~15,000 cells was used.  Turbulence and turbulence-chemistry 
interactions models included the RNG k-ε and 2-dimensional assumed PDF method, 
respectively.  Steady-state predictions for the baseline case are shown in Figure 4.  The steady 
results show the expected swirl stabilized flame with central and outer recirculation zones.  The 
swirling flow attaches to the outer combustor wall before flowing out through the resonant 
section and into the choked nozzle.  Combustor temperatures reach 1850 K and resonant section 
temperatures are around 1800 K.  The NOx emissions reach an exit value of around 10 ppm, 
while the CO oxidizes down to around 20 ppm. 
 

 

 
 

Figure 4.  Steady-state Predictions of U-velocity, W-velocity, Temperature,  
Total Pressure, NOx, and CO 
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Figure 4 (concluded).  Steady-state Predictions of U-velocity, W-velocity, Temperature,  
Total Pressure, NOx, and CO 



 

 6 8321/10 

The unsteady RANS predictions were performed at a time-step of 5e-6 seconds.  A predicted 
frequency of ~410 Hz was resolved, though at a relatively low level (~0.013% of mean 
pressure).  Based on the unsteady RANS results, this combustor should be relatively quiet at 
these conditions.  3D LES calculations are now being set up and run, as well as predictions at 
other equivalence ratios (0.5, 0.7, and 0.8).         
 
 
4.2  Initial Beta Test Results 
 
Solar Turbines:  Solar Turbines has been generating a grid for a premixer in an industrial lean 
premixed combustor.  The grid was generated with the commercial package, Grid-Pro.  Grid-Pro 
utilizes a smoothing algorithm that provides nearly orthogonal structured cells.  Solar has found 
that Grid-Pro grids produce converged results almost 3 times faster than conventional non-
orthogonal grids. 
 
The premixer geometry includes an upstream plenum that feeds a swirler with downstream fuel 
spokes.  The premixer annular passage then dumps into a combustor geometry.  A 60 degree 
sector was modeled that included 1 swirl vane and two fuel spokes.  Cyclic boundary conditions 
are needed for this configuration.  It was found that Grid-Pro generates different numbers of face 
patches on each cyclic side of the geometry, even though a 1-to-1 cell match exists across the 
cyclic sides.  Until now, CFD-ACE+ was restricted to have a 1-to-1 cell and face match.  This 
restriction was eliminated in the SOLVER and GUI so that a 1-to-1 face match was not required.   
 
Another hurdle came up as Solar tried to use the Grid-Pro grid.  It was found that during merging 
of H-Grids, that Grid-Pro can sometimes create O-grids.  CFD-ACE+ cannot handle O-grids, but 
can handle two C-grids that fill the same purpose of a single O-grid.  This restriction required a 
limit of merging only up to 3 blocks at a time.  This 3-block merging limit did not allow O-grids 
to form.  It now appears that it should be possible to run CFD-ACE+ on the Solar Grid-Pro grid.  
The boundary conditions are now being set up and run at CFDRC, before turning over the case to 
Al Kubasco at Solar. 
 
Rolls Royce:  Rolls Royce has installed the CFD-ACE+ software at their Indianapolis site.  Sunil 
James is now setting up a case for modeling the Sydney Swirl Burner.  Results should be 
available in the next quarterly report. 
 
Babcock & Wilcox:  Alan Sayre at Babcock and Wilcox (B&W) has made good progress in 
setting up the parallel LES software and running an initial non-reacting Sandia/BERL furnace 
simulation.  The furnace and burner geometry are shown in Figures 5 and 6.  The 300 kW swirl-
stabilized natural gas burner was designed and built by the International Flame Research 
Foundation (IFRF).  The burner is circumferentially symmetric with a bluff center body 
containing 24 radial natural gas injection holes.  Combustion air is supplied by a blower and 
introduced through the annular air zone and swirled using IFRF swirl blocks.  The burner has the 
capability for flue gas recirculation (FGR) and fuel staging, but was operated only in the single-
stage mode without FGR for the baseline validation case.   
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Figure 5.  Schematic of BERL Furnace (Forniciari et al., 1994) 
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Figure 6.  IFRF 300 kW Natural Gas Burner (Forniciari et al., 1994) 
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Tables 1 and 2 show the inlet combustor air and natural gas conditions for the baseline flame, 
low excess air flame, and cold-flow.  A comprehensive set of spatially-resolved experimental 
data throughout the burner and furnace is available for CFD model validation, including:  LDV 
for mean and RMS velocity and suction pyrometer for mean temperatures.  Mean species 
compositions were measured with infrared (CO and CO2), flame ionization (total hydrocarbons), 
paramagnetic (O2), chemiluminescence (NO and NOx), and micro-gas chromatograph (H2, O2, 
CO, CO2, CH4, and N2).   
 
 

Table 1.  Burner Combustion Air Inlet Conditions 
 

Condition Baseline Flame Low Excess Air Flame Cold Flow 
Date 1995.05.23 1995.06.09 1995.05.11 
Ambient Pressure (kPa) 99.04 99.57 99.31 
Mole Fraction H2O (-) 0.0166 0.0134 0.0100 
Gauge Pressure (kPa) 2.60 2.20 2.20 
Air Temperature (K) 311.4 306.4 304.3 
Molecular Weight 28.783 28.827 28.855 
Density 1.1296 1.1523 1.1576 
Air Flow (kg/s) 0.1194 0.1069 0.0867 
Stoichiometric Ratio 1.15 1.033 N/A 

Inlet Area = 3.4331·10-3 
Swirl Number S2 = 0.56 

Mean Axial Velocity (m/s) 30.79 27.02 29.36 
Mean Tangential Vel. (m/s) 16.67 18.20 15.71 

Turbulence Intensity (%) = 13.51 
Suggested Turbulence Parameters: 
Turb. Kinetic Energy (J/kg) 33.56 29.06 30.36 

Characteristic Length = 7.6125·10-3 m 
Dissipation Rate of Turb. 
Kinetic Energy (J·kg-1·s-1) 

5.995·104 4.832·104 5.158·104 
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Table 2.  Burner Natural Gas Inlet Conditions 
 

Condition Baseline Flame Low Excess Air Flame 
Date 1995.05.23 1995.06.09 
LHV (MJ/kg) 48.20 46.97 
Stoichiometric Air/Fuel Ratio 16.75 16.28 
Molecular Weight (kg/kmol) 17.12 17.12 
Fuel Temperature (K) 312.0 310.8 
Density (kg/m3) 0.7318 0.7372 
Gauge Pressure (kPa) 11.85 11.70 
Fuel Flow (kg/s) 0.006229 0.006360 
Mean Radial Velocity (m/s) 139.4 141.3 
Suggested Turbulence Intensity (%) 5 5 

Suggested Turbulence Parameters: 
Turb. Kinetic Energy (J/kg) 72.87 74.83 

Characteristic Length = 0.9·10-3 m 
Dissipation Rate of Turb. Kinetic Energy  
(J·kg-1·s-1) 

1.62·106 1.69·106 

 
 
Mie scattering images were collected for non-reacting and baseline reacting conditions.  Figure 7 
shows instantaneous snapshots of the flow structure entering the furnace.  The closed internal 
recirculation zone for the baseline flame is visible, while an open recirculation zone is formed by 
the non-reacting flow.  These images are useful in defining key mixing layers and structures that 
can be compared with LES predictions. 
 

 
 

Figure 7.  Mie Scattering Images for Non-Reacting and Baseline Reacting Conditions 
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B&W has an 8 PC Linux cluster for running the software.  The computational grid of the BERL 
furnace was generated using CFD-GEOM.  A 350,000 cell grid was used to represent a 45 
degree sector of the swirl burner and furnace.  Cyclic boundaries were used and the case was run 
in parallel on the 8 Pcs.  Figure 8 shows the computational grid. 
 

 
 

Figure 8.  Computational Grid of the Burner Region for the B&W LES Furnace Simulation 
 
Initial LES results were performed at a time-step of 1E-6 seconds and using the Localized 
Dynamic subgrid Kinetic energy Model (LDKM).  Flowfield snapshots and monitor points 
throughout the flowfield showed that the instantaneous flowfield did not change from the time-
averaged flowfield.  Instabilities along shear layers were not formed.  It was determined that a 
finer grid was needed, particularly in the initial shear layers near the furnace dump plane.  It is 
anticipated that a 700,000 cell grid will be utilized for the next round of LES calculations. 
 
Virginia Tech:  Virginia Tech has set up and run 2d axisymmetric LES calculations of their 
swirl stabilized combustor using the CFD-ACE+ code.  The combustor includes a lean premixed 
swirl injector with a round head bluffbody and a diverging conical section (quarl).  The quarl is 
followed by a step that forms the combustor dump.  Figure 9 shows a combustor schematic with 
central and outer recirculation zones that stabilize the flame. 
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Figure 9.  Schematic Showing Recirculation Zones in the Virginia Tech Swirl  
Stabilized Combustor 

 
Boundary conditions for the model included measured mean and rms velocity profiles at the inlet 
(just downstream of the swirler).  A premixed methane-air mixture with an equivalence ratio of 
0.5 enters the combustor with a flow rate of 20 SCFM and a swirl number of 1.2.  The actual 
swirl number used in the LES appears to be closer to 0.2 and so this will be corrected for 
reporting of future results.  The 19-step reduced GRI mechanism was used along with the Linear 
Eddy model (LEM) for subgrid turbulence-chemistry interactions.  The LDKM was applied for 
modeling subgrid turbulence.  The combustor walls, made of quartz glass, were assumed to be 
adiabatic.   
 
The experimentally measured frequency response function (FRF) between the OH 
chemiluminescence and the incoming mass flow fluctuations is shown in Figure 10.  As can be 
observed, a large amplitude 200 Hz oscillation appears, as well as some preferred frequencies 
between 250 and 500 Hz.  These frequencies have not yet been explained for the experimental 
data.   
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Figure 10.  Measured Magnitude of Frequency Response Function (FRF) Between OH* Heat 
Release Rate and Inflow Velocity 

 
Figures 11 and 12 show results for the LES.  The temperature PSD plot represents a monitor 
point at the dump plane of the combustor.  A strong 220 Hz frequency is observed, in agreement 
with measured frequencies.  The temperature flowfield snapshots indicate that vortex shedding 
near 220 Hz is occurring and could be the cause of the measured dynamics.  Further work is 
being done to correct the swirl velocity at the inlet and to compare the CFD results with the 
experimental data (steady and time-varying temperature measurements and FRF data).  Also, a 
full 3D computation of the reacting flowfield will be carried out.   
 

 
 

Figure 11.  LES Predicted Power Spectral Density (PSD) of Fluctuating Component of 
Temperature at Combustor Dump Plane 
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Figure 12.  LES Predicted Temperature Contours Showing Unsteady Behavior of Flame 
 
Coen:  Paul Matys at Coen has recently set up a cluster of 16 Linux Pcs and has installed the 
CFD-ACE+ software.  Coen will run a bluff-body stabilized flame for evaluating the LES 
software.  LES predictions with the new CFD-ACE+ software will be compared with Fluent and 
with experimental data.  These results should be available in the next quarter. 
 
 
4.3 Georgia Tech LES of DOE-HAT Combustor 
 
Georgia Tech has carried out 3D LES of the DOE-HAT combustor.  The LDKM model, as 
implemented in CFD-ACE+, was used to represent the subgrid turbulent stresses.  A thin-flame 
turbulent propagation model was combined with a mixture fraction based flamelet library to 
predict the turbulence-chemistry interactions.  They obtained excellent agreement with 
measurements for CO and NOx emissions as a function of equivalence ratio.  The LES predicted 
the observed increase in CO emissions as lean blowout was approached.  Results from this work 
are included in Appendix C.   
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5. CONCLUSIONS 
 
The combustion LES code is being tested by the industrial and academic consortium members.  
Initial feedback has indicated a need for easily generating a fine-enough grid for LES resolution.  
Also, modifications for handling Grid-Pro grids have been implemented based on user feedback.  
Further validation of the code at CFDRC is being performed on the DOE-SimVal combustor.  
3D LES predictions of the DOE-HAT combustor were also performed by Georgia Tech.  Good 
agreement with CO and NOx emissions was obtained. 
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APPENDIX A  —  WORK SCHEDULE 
 

 

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36

TASK DESCRIPTION
Months After Receipt of Contract

Task 1. Selection of Cases

Task 2. Reduced Chemical 
Mechanisms

Task 3. In Situ Adaptive
Tabulation Module

Task 4. LES Framework

Task 5. Advanced Subgrid
Turbulence Models

Task 6. LEM Subgrid
Chemistry Model

Task 7. CMC Subgrid
Chemistry Model

Task 8. Tabulation Schemes
for Reduced Chemical
Reactions

Task 9. Parallelization of
LES Code

Task 10. LES Code Verification
(Alpha Testing)

Task 11. LES Code Application
(Beta Testing)

Task 12. LES Code Improvements

Task 13. Reporting

Quarterly
Final

Consortium Meetings  Planned
    Performed

Key Milestones
1  Complete In-Situ Adaptive Tabulation Module
2  Complete LES Framework Modification to CFD-ACE+
3  Complete Reduced Mechanisms 
4  Complete Selection of Cases
5  Complete Implementation of Turbulence Models
6  Complete Implementation of Initial Version of LEM Model

Performance Targets
A  Alpha Release of LES Code
B  Beta Release of LES Code
C  Final Commercial Release of LES Code

  7  Complete Tabulation Schemes
  8  Complete Parallelization of LES Code
  9  Complete Implementation of LEM Model
10  Complete Alpha Testing of LES Code
11  Complete Beta Testing of LES Code
12  Final Release of LES Code
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9

11
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B C
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3
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A

A

This task was eliminated.
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APPENDIX B  —  FUTURE PLANS 
 
During the next quarter, the following work is planned: 
 

1. Support beta testers. 
 
2. Continue CFDRC validation of LES code for predicting emissions and instability of DOE 

SimVal experiment. 
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APPENDIX C  —  GEORGIA TECH LES OF DOE-HAT COMBUSTOR 
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