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ModermiCombustor Challenges

Dry Low NOx designs lead to new combustion challenges
— Stability (LBO and Flashback)

— Ignition

New fuels

— US Air Force F-T certification

— Commercial aircraft alternative fuel certification

New ICAOQO regulations for aircraft

New particulate regulations in airports

— Size and mass emissions regulated

No tool available to accurately simulate fuel effects on
emissions and stability
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Combustion; System' Guarantees

e Emissions

— NOx

— CO

— UHC (VOC) All of these factors are driven
— Soot by detailed chemistry

e Fuel Flexibility

e Combustion Stability
— Lean Blow Off

— Flashback

— Ignition
N
TN

5 reaction

DESIGN



SustainaplekEuels Have Different:Chemical

Characteristics

e Syngas from IGCC

e Opportunity Fuels

— Blast Furnace Gas
— Landfill Gas

e Coal-derived, F-T fuels
e Oil-sand derived fuels

— High in aromatics
e Bio-fuels

— High in methyl esters

— Sources differ regionally and
are changing

6 Biomass and Waste Fuels reaction
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Costiandiinme o Engineriests: Make

Simulation Attractive

e Performance and emission requirements drive
combustor testing

— 10-20 tests per typical combustor design
— $50k-200k per test

e Accurate simulation of emissions and stability

— Reduces engine testing costs
— Improves speed-to-market of new designs
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Gap EXISts InfCombustor Design Workdilow

Workflow incomplete
because CFD cannot
predict chemistry
effects

~ N
Goal:

Minimize emissions while
maximizing performance

\

-

J

\

CFD Simulation:
Determine effects of
injector design and

location and combustor

geometry/o_Qrow field

~ ~ ™
Test:

Determine emissions,
stability and fuel effects

. J

Core Focus at
Reaction Design
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Commerciall Combustion Simulation

1990 2000 Today
CPU Speed MHz 500MHz GHz (parallel)
CFD Grids 100k 1M 20 M
Turbulence K-¢ Adv. k-¢ LES
Chemistry 1-step 2-step 1 to 9-step
Run Time 1 day 1 day 1 day
Mechanism Rxns hundreds thousands 10 thousand

e What do you get with bigger mechanisms?

—  NOx, CO, UHC
— lgnition, Lean Blow Off, Flashback Q2
—  Soot DI
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Compansen ofi CEDand Sephisticated

Reactor Miedeling

3

S P
Computational Fluid 1-D CHEMKIN Reactor
Dynamics Modeling
— Geometry resolution — Full chemistry details
— 3-D flow field representation — Accurate prediction of trace
— Accurate prediction of mass chemical species
flows * Pollutants

* Soot pre-cursors
— Accurate ignition chemistry
— Simplified geometry and '/~
flow field I
10 reaction
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Using Equivalent: Reactor Networks (ERINS)

] Post-flame
A f s
Fuel + Air — ‘
' Equivalent
Reactor Network
N
TN
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Acclrate ERNS are Complex

e Gas turbine combustor ERN created from CFD solution
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Gas liurpine Industiy Use ofif ERIN'S

e Many manufacturers are using ERNSs in their design
process

e ERN’s are created by hand

— Created by experts in detailed chemistry

— Takes between weeks to months to create ERN for one CFD
case

e Well constructed ERN provides valuable emissions
prediction platform

e Difficult to link ERN results back onto combustor
geometry

7
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Key \Value RPoints from ERNTARalysSIS

e Accurate and rapid emissions predictions
— NOx, CO, UHC
— Soot mass emissions and size distributions

e Ability to determine split of NOx
— Thermal NOx

— Prompt NOx
— Other NOx pathways

e Platform for combustion stability analysis
— Lean Blow Off

— Flashback
— Ignition
e Particulate/Soot formation and prediction ;;'?
|
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Combustion Stability/ & Detailed Chemistry

e Reactor network and detailed chemistry approach will
lend itself well to stability studies

e Industry currently uses CHEMKIN Reactor approach for
global stability analysis z

— Combustion stability is a
local phenomena

e |solate the flame region

— Conduct detailed chemical
Kinetic analysis

e Accurate chemistry applied locally accurately predicts:

— Lean Blow Off
— Flashback Q2

—_—

— Local Ignition I
16 reaction
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@ur LLatest Prod U Gt:

CHEMKIN-PRO™ 1o Clean; Tlechnology

e Power version of de facto chemistry standard for
power users

e Speed improvement reduces solution time from
Days-to-Hours or from Hours-to-Minutes

e Enables use of more accurate chemistry in
demanding applications

o Full feature set: Efficiently use enough
— Realistic Reactor Networks |chemistry to simulate:
— Soot/Particle Tracking *Ignition & Flame Speed

*Emissions (NOx, CO, UHC)

— Uncertainty Analysis _ _
«Soot/Particulate Behavior

— Reaction Path Analyzer

-Aftertreatment Systems A7

I /F
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Speediforvioaernn BDesigns
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Using CHEMKIN-PRO Withr ERIN"S

20

Drag and Drop to create ERN
Linking reactors with forward and recirculating flows
Use ERN to predict emissions

Investigate specific reactors for behavior

— NO formation
— CO quenching
— HCN formation

Perform Parameter Studies
Change fuel mechanisms to see affects

Track soot formation with Particle Tracking feature
QA1

Uncertainty Analysis AN
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New Eeature: Uncertainty: Analysis

e What are the error bars on my simulation results?

e How will variations in my input parameters affect my
final results?

e Which inputs in my model most affect the uncertainty
of my results?

e My answer is 4.2ppm NOX ...
— Is that £ .1ppm, £ 1ppm, or £ 10ppm
e What are my sources of error?

e Uncertainty Analysis enables better technical and
business decisions

Qi
TN
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Uncertainty, Analysis

[ Setup Uncertainty Analysis ol |
. .
D Uneertain Input Distribution Tollse . E n r I I l I l r I I I
11 Surface Reaction Rate Multiplier - C1_ PSR Cluste... |Normal(1.0,0.1) [v]
12 Volume & C1_ PSR Cluster! (C1) (em3) Mormal(1400.0,140.0) v
13 [Internal Surface Area © G1_ PSR - Cluster] (C1) (cm.|Normal(s.054,5900.0) lv]
Response Variables: Define the functional form for output analysis. L]
Uncertain Output Clickta Select Data Tyge | To Use . I r a( : k h O W I t r O a at e S
Cluster! (C1): termperature Mominal (LastValue) [v]
Cluster! (C1): C3HE Mominal (Last Value) £l
Cluster! (C1): GO Mominal (Last Value) vl
Cluster! (C1): NO Mominal (Last Value) [v]

through the model

E Running Uncertainty Analysis o E E
Analysis Dir: |\chemkm\samp\esd1\psr'\aﬁertreatment\psr_aﬂenreatmem_EEI[IE[Im a_1 24534|
SuccessfulRuns: & | FaledRuns 0 | et Runs: . O u t p u t I D I S g e I I e r a.t ed
Run Mo.|  Run Status Run Results Surface Reactio...| Volume : C1_ P |Internal Surface ..
1 SUCCESS Click to Yiew Results . 1.000000e+000 |1 400000e+003 &.800000e+004
2 SUCCess Click to Wiew Results. . [1.173205e+000 |1 400000e+003 |5.800000e+004 L
3 success |Clickto View Results.. |1.0000008+000 [1.6424578+003 |5.8000008+004 —_ B ased O n u n Ce ' | a I nt Of
] 4 SUCCESS Click to Yiew Results... [1.000000e+000 |1.400000e+003 |6.921910e+004
vl 5 SUCCess Click to Wiew Results.. |8.267949e-001 |1 400000e+003 |5.800000e+004
vl |6 SUCCess Click to ¥iew Results... [1.000000e+000 |1.157513e+003 |5.900000e+004 .
17 not run yet Click to Wiew Results... [1.000000e+000 |1.400000e+003 |4.878090e+004 I n u S
] |a not run yet Clickto View Results.. 1.074196e+000 [1.503875e+003 |B.337750e+004
== 1 9 not run yet Click to View Results.. |9.258036e-001 |1.603875e+003 |6.3377539e+004
1 10 not run yet Click to Wiew Results... [1.074196e+000 |1.296125e+003 |6.337759e+004
11 not run yet Click to Wiew Results... [1.074196e+000 |1.503875e+003 |5.462241e+004
1 12 not run yet Clickto Wiew Results... [1.233441e+000 |1.603875e+003 |A.337750e+004
LI 13 not run yet Click to Wiew Results... [1.074196e+000 |1.726818e+003 |6.337759+004
1 14 not run yet Click to Wiew Results... [1.074196e+000 |1.503875e+003 |7.277304e+004 30x108 T T T T T T T T T
] |15 not run yet Clickto Wiew Results.. 7.865586e-001 [1.503875e+003 |6.33775%9e+004 — | -
1 |18 not run yet Clickto Wiew Results... |1.074186e+000 |1.073182e+003 |A.337759e+004 — 1
1 17 not run yet Click to Wiew Results... [1.074196e+000 |1.503875e+003 |4.522696e+004 s —
25x10° — NO —]
Select Al ‘ | Deselect All | | Run Selected | | Do Analysis | ‘ View P.D.F. | ‘ Post-Process ‘ [ 1
= co -
(I — —
| Revise Uncertainty Setup | ‘ Clear Uncertainty Setup ‘ | Close ‘ 2.0x10 - —
| ——— | E s [ -
S 15x10° - —
o —
1.0x10° [— —
. —
5.0%10° |— —
- C3H8 -
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Ritfalls o Working withf ERIN'S

24

Time consuming development of the ERN

Impossible to adjust ERN creation algorithm quickly to
see impacts on results

Accuracy in ERN representation of complex geometry
and flow field

Linking ERN results back onto combustor geometry

Q12

"! | ‘{”’"
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NewRProdUCt DeEVEIOpmMENnts Streamiined

Approach torLinkcChemistry and CED

3-D CFD Solution

CHEKEN 4.7 (71 War-2007) on WIHNT Started: bar 71, 2007 LicHum: 9554 Expiring: 03-aug-2007 Liconsed to A Internal BEx]
Project Cdit View (Nilty Help

|£JEIEIEEJ!I AN =1
Dpenrroets {11k Daganvinw soae revm e e

@ Bolar_PFRS_Toae + | /2 osaram View (solar_Prfs._Tear)

Diagram View
Fri-Pracessing

ERN

YT ¥ Fee 9 9

File ‘iew

EEE

[E
Workflow Tree

© & Define CFD Maodel

) niatzation DisplayOptions | Print (10

oo
@ [ Impart CGNS File — —
& CFM_C2H4_Phi2.cgns g vakdaion-. Sy " W owiopey =
" eginning Validation . Sysb b opecls bee
@ i/ Define Periodicity -

M a p kl n etl CS & Periodic Definition
reS u ItS O n to f=_ Define Custom Variables

@ W Map Variable Names
. . ‘
geometry VIeW Map Varlt_lhles
@ L Define Chemistry
& Chemistry Set

Map kinetics
results onto
geometry view

Zones
fuel_frac_3_reg_1{2739)

fuel_frac_4 (10404)
temperaturez2_1 (60271)
temperaturez2_2 (3376)

Regions Calculaling STeams far Zone femperature_1_red._ T,
hot_6 {78) : learing existing streams.
bottomwall (420) alculating streams far zone temperature_2_reg_1. \\ ' V4

(132240) A|Clearing existing streams.
“ICalculating streams for zone termperature_3_reg_1 —
cycwall_back (2880) :

 |Updating zone fields — <
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Summany (1)

27

Mechanisms become more detailed to capture
required effects

Combustor designs are becoming more complex

Sustainable fuels have different combustion
properties not previously experienced

Using detailed chemistry with ERN provides
simulation accuracy
— Deriving ERN'’s from CFD enables accurate results

Creating ERN’s from CFD is cumbersome

Qi
7N
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Summany(2)

e Reaction Design developing a new tool for
streamlined link between CFD and ERN analysis

— Currently in Beta testing with major engine manufacturers
e Works with commercial CFD packages

— Reads in CGNS file
e How can you get involved?

e Seeking fundamental validation cases
(CFD + Experimental Data)

— Gas Turbines

— Burners
— Aftertreatment systems .,
e Contact Reaction Design for more information S
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> Thank You
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Extra Slides
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CEDand Detalled Chemistiy/ lleaday,

e CFD widely accepted to provide:

— Aerothermal flow field simulation

— Flame shape and temperatures with careful adjustments and
global chemistry/reduced mechanism

e Detailed chemistry widely accepted to provide:

— Design tool for emissions, flame-speed, ignition delay, etc.
for idealized reactors

— Networks of reactors are linked to represent “realistic”
combustor geometry and flow field

— Reactor networks built by hand by experts

e No automated process to link geometry, flow, and
detailed chemistry

N2
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Use ERN te Understand Emissions

Exit Emissions

Will animate these to fly-in Soot inception, (NOx, CO, UHC, Soot)
growth and oxidation

LINER
COOLING
AIR

DOME
COOLING —e—pp!
AIR MIX 4
_>
j _> PFR17 }—p

FUEL
AND
AIR

N\

CO and UHC
Thermal and Prompt NO from quenching
formation in primary zone along wall
PK](R)’T
N2
:'!1‘{:
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Use ERN o Parameter: Studies

Adjust Cooling Air
Flow Conditions

Will animate these to fly-in Adjust Individual
Reactor Conditions

LINER
COOLING
AIR

DOME
COOLING ——p»
AR MIX 4
—>
j —> PFR17 |f—

FUEL
AND
AIR

|

Adjust Operating Conditions
* Temperature
* Pressure -
* Flow Rate AR

MIX 1

Q1

"f | i‘""
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Use ERN o Alternative Fuels

Input Variable Will animate these to fly-in
Fuel Composition
(e.g. H2 and CO from Syngas) COOLING

AIR

DOME
CO%;'NG _L MIX 4
AND
AIR
—\> MIX 1
Use Different Fuel
Mechanisms

Q1

7 | N
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Real Fuelsiarne ComplexiMixtures

e 100s of fuel components

Hydrocarbon composition of fuds and emissions: Hydrocarbon speciation of mdustrymmgw gasoline,
EPA certification gasoline, and M-85 (85% mthaml. 15% gasoline).”

FUELS EXHAUST EMISSIONS EVAPORATIVE EMISSIONS  COMPSTE
Ind Cert M-85 Cold Hot Hot Driurnal Hot Running
Avg Gas Start Stab Start Soak Losses
CAS # Compound Gas
H)74-82-8 Methane 0.000 0,000 0.000 0.0895 0.5446 02871 0.0078 0.0099 0.0084 0.1552
00074-85-1  Ethene 0.000 0.000 0.000 0.07%0 00072 00622  0.0000 0.0000  0.0000 0.0269
(M T4-86-2 Ethyne 0.000 0,000 0.000 0.0376  0.0000 00000 00000 0.0000 0L OO 0.0087
D007 4-84-0 Ethane 0.000 0.000 0.000 0.0224 0.0411 0.0439 00006 0. 0000 0.0000 0.0183
00050-00-0  Formaldehyde 0.000 0.000 0000  0.0060 0.0288 00123 0.0080
00115-07-1  Propene 0.000 0.000 0.000 0.0397 00000 00101  0.0000 0.0000  0.0000 0.0107
00074-98-6  Propane 0.001 0.001 0001 00000 00000 00000 00027 0.0004  0.0000 0.0004
00463490 Propadiene 0.000 0.000 0.000 0.0013 0.0000  0.0000 00000 10,0000 0,000 0.0003
00074-99-T  Propyne 0.000 0.000 0.000 0.0000 00000 00000  0.0000 0.0000 00000 0.0000
00075-25-6  ZM-Propane 0.083 0.056 o16  0.0004 00000 00018 0.0230 0.0085  0.0231 0.0082
00075-07-0  Acetaldehyde 0.000 0.000 0000 0.0085 00216 0.0071 0.0054
00115-11-7 2ZM-Propene 0.014 0.015 0.000 0.0176 0.0000  0.0000 00000 00000 00000 0.0041
+ 00106-98-9  1-Butene 0.000 0.000 0.000 00034 00000 00000 0.0000 0.0000  0.0000 0.0008
I I I O re 00106-99-0  1,3-Butadiene 0.000 0.000 0.000 0.0068 00000 00000 0.0000 0.0000  0.0000 0.0016
00106-97-8  Butane 4.650 4.085 1012 0.0349 00665 00931 05270 02116  0.7337 0.2953
00624-64-6  t-2-Butene 0.001 0.001 0.000 0.0038 00000 0.0000  0.0000 0.0000 00000 0.0008
00463-82-1  2,2-DM-Propane 0.034 0.067 0.000 00006 00000 00000 0.0004 0.0000  0.0019 0.0006
a e S 00107-00-6 1-Butyne 0,000 0.000 Q000 0.0000 0.0000 0.0000  0.0000 0.0033 L0000 0.0003
p g 00590-18-1 c-2-Butene 0,004 0001 0.000 0.0016 00000 0.0023 0.0000 0.0006 00000 0.0008
00563-45-1  3M-1-Butene 0.021 0.016 0.000 00000 00000 00000 00003 0.0000  0.0000 0.0000
004-17-5  Ethanol 0.000 0000 0000 00000 0.0000 0.0000 0.0000 0.0000  0.0000 0.0000
OTE-TE-4 2M-Butane 4417 2306 0567 0.0294 0.0458  0.0594 0.1030 0.0918 0.0838 0.0660
00503-17-3  2-Butyne 0.000 0.000 0.000 00000 00000 00000 00000 00000 0.0000 0.0000
00109-67-1  1-Pentene 0.146 0.114 0.019 00008 00000 00000 0009 0.0016  0.0017 0.0010
00563-46-2  ZM-1-Butene 0319 0.244 0042 00020 0.0000  0.0008 QL0060 00058  0.0030 0D.0026
0109-56-0 Pentane 3385 1212 0440 00219 00123 0.0364 0.0521 0.0669  0.0317 0.0329
00078795 2M-1.3-Butadiene 0.013 0,003 0001 00017 00000 00000 00000 00007 0.0000 0.0005
00646-04-8  t-2-Pentene 0617 0.384 0083 00037 0.0000 00000  0.00% 0.0124 0.0032 0.0040
00558-37-2 3,3-DM-1-Butene 0.010 0.2 0001 00000  0.0000  0.0000 0.0000 0.0000 0.0000 00000
02738-19-4 2M-2-Hexene 0.338 0205 0.051 0.0000  0.0000 0.0000  0.0000 0.0000 0.0000 00000
03899-35-3  3M-t-3-Hexene 0000 0000 0000 00000 0.0000 00000 O.0000 0.0000  0.0000 00000
14686-136  t-2-Heptene 0.131 0.078 0019 0.0000 00000 00000 0.0000 0.0000  0.0000 0.0000
00816-T9-5 3E-c-2-Pentene 0.061 0.035 0009 00000  0.0000 0.0000  0.0000 00000 0.0000 0.0000
00107-39-1  2,44-TM-1-Pentens 0.104 0.061 0016 00000 00000 00000 0.0000 0.0004  0.0000 0.0000
10574-37-5  2.3-DM-2-Pentene 0.000 0.000 0000 00000 00000 00000 0.0M00 0.0000  0.0000 0.0000
06443-92-1  c-2-Heptene 0121 0073 0018 00000 00000 00000 00000 0.0000  0.0000 0.0000
00108-87-2 M-Cyelohexane 0.542 0.285 0.081 00023 0.0000  0.0000 00000 0.0013 0.0000 00007
00590-73-8  2,2-DM-Hexane 0.063 0.032 0008 00000 00000 0.0000  O.0000 00000  0.0000 0.0000
00107-40-4  2,4,4-TM-2-Pentene 0011 0.000 0000 00000 00000 Q0000 O.0000 0.0000  0.0000 0.0000
00592-13-2  2,5-DM-Hexane 0552 0702 0081 00034 00000 00000 QL0000 0.0011 0.0014 00012
01640-89-7 E-Cyclopentane D074 0043 0011 00005 00000 00000 00000 00000 Q0000 00001 1!\ ' f
00589-43-5  2,4-DM-Hexane o707 0.885 0103 00051 0.0000 0.0009  0.0000 00014 0.0017 0.0018 L
00563-16-6  3,3-DM-Hexane 0.192 0.104 0027 00000 00000 00000 0.0000 0.0000  0.0000 0.0000 p— ———
M565-75-3  2,3,4-TM-Pentane 2157 3288 0255 0,012 00000 0.0082  0.0030 0.0083 00066 0.0069 - W N
00108-88-3  Toluene 5518 6.743 0934 00754 00347 00588  0.0470 0.1363  0.0109 0.0528 f 1 '\
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ERNUSE IR EmIssions: PredIClions

e ERNSs are used widely to model combustion systems
e Application to emissions predictions:

- GaS turbineS cog||_R|NG
* Solar Turbines

COOLING —p»
NR > Mix 4 »{ PSR 1

* GE Energy ] N~ _.Q P
* Pratt & Whitney" A ~©_‘
— Internal Combustion Engines
* Lawrence Livermore NL?2
— Industrial Furnaces mor (),
* ENEL, S.p.A3

&

®
QQ

1) www.netl.doe.gov/publications/proceedings/99/99ats/2-8.pdf
2) www.osti.gov/fcvt/deer2000/acevespa.pdf

3) Falcitelli, M., S. Pasini, N. Rossi, L. Tognotti, Applied Thermal Engineering 22 (2002) 971-979 ‘\' /

A

. [\
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ERNAPRreach ProVides  ACCURACY/ IO IIace

SPEecies

e CFD + ERN have produced accurate results for a wide range of
combustors and for a variety of fuels:

Study System Fuel Accuracy
Niksa 2002, Pilot-scale flame Coal +10% for 110-460 ppm NO,
2003
Falcitelli 2002 | Glass melting Nat Gas +2% for 550-800 ppm NO,
furnace
Faravelli 2001 | Power plant Nat Gas +10% for 50-100 ppm NO,
furnace oil +6% for 110-210 ppm NO,
Benedetto Power plant Qil +3% for 90-100 ppm NO,
2000 furnace
N7
7N
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Key/ Design Features for Gas: Iurhings

Fuel Flexibilty
(NG, distillate, jet fuel, syngas)
\ / CO,+H,0
Combustion Air _ [BIUGHSI =S, hrust Power
(0,+N,+CO,) TAAA e ’

. ~__

Emissions

Combustion Stability (NO, CO, UHC, VOC,

sLean Blow Off Soot/Particles)
*Flashback

Ignition

All of these factors are driven
by detailed chemistry

Q1

";’ | i‘""
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fhe Clean Combustion Chemistry: BDilemma

Increasing
A *Cost of Experiments

e Effective simulation -Mechanism Size
*CFD Complexity
red Uces development *Cost of Design Mistakes

time and cost while -Design Complexity
. . . *Fuel Options
fueling innovation

e Accurate combustion
simulation requires
accurate chemistry

.y Decreasing
_ Ignltlon *Emissions Regulations
*Fuel Consumption

— Emissions “Design Cycle Time
— Soot *Design Resources
e CFD can’t handle Year
accurate chemistry Al
:'!1‘;:
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CED Does Not- Allow Use ofi Accurate Fuels

Kerosene and other gas turbine -Currently modeled in CFD
fuels are a complex mixture of as a single component

hundreds of species fuel

Representative examples of Major Classes of
molecules in kerosene fuels

Normal paraffin | *
PV VAV A
A

S S~ 1ring naphthene

/\/OCI/\/ 2-ring naphthene >

1-ring aromatic

ST

N c ot
\I():[:)/\_/ Naphtho-aromatic \?\'f’/

7N
* S. Sato et al, Fuel, 83, p.1915, 2004. .
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