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1. Dry low emissions/dry low NOx
2. Residence time
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Figure 1- NOx emissions vs. flame temperature for perfectly premixed burners and effect of unmixedness on NOx formation
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1. Probability density function
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Figure 2- Schematic of (a) IGT25 gas turbine with'major components of the combustion system and (b) details of the EV burner
operation modes, with main and pilot fuel paths and combustor bypass system for air staging
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Figure 3- Equivalent chemical reactor network for NOx emission investigation
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Figure 4- Single sector model geometry and computational grid (top) with sample simulation outputs of temperature distribution
contours in the flow field, solid walls, and combustor exit of the IGT25 gas turbine (bottom)
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Figure 5- Grid sensitivity analysis on radial distribution of the axial velocity upstream of the flame front
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Figure 7- Contour plots of (a) instantaneous axial velocity, (b) mean axial velocity, (c) instantaneous distribution of methane mass
fraction, and (d) mean mass fraction of methane in the combustor mid-plane
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Figure 8- Flame front and flame volume location identified using (a) ENERGICO software and (b) reacting flow simulations
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Figure 9- Equivalence ratio distribution contours at flame front plane for (a) PFR=0.28 and (b) PFR=0.16
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Figure 10- Equivalence ratio PDF distribution for two burners with 15 and 30 main fuel holes
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Table 1- NOx emissions predicted by CFD and ECRN along with the experimental data

Input data ECRN Experimental CFD
Results Results® Results
Burner Design and Fuel Composition and Chemical .
Case! SFpl:eecIi fsi::a;%ilgr?s Kinetic Reaction Mechanism ECRN Settings
ll\\l/luar?nbnglf E'ngt Natural Gas Chemical Kinetic Flame | Number NOx (ppmvd@15%0;)
Holes Ratio Composition Reactl_on , Position of
(MFH) (%PFR) (%Vol.) Mechanisms (cm) Reactors
1 30 28 4.9 100 47.76 - 61.30
2 30 16 C,_NOx 4.9 100 19.35 21.81 17.65
3 15 16 4.9 100 11.60 - 4.83
4 30 28 CH (100) 2.9 100 53.14 - 61.30
5 30 16 4.9 100 20.35 21.81 17.65
6 15 16 4.9 100 12.92 - 4.83
7 30 28 C?r;abr?nceod'\"vsi‘iﬂz,\'l% 4.9 100 56.96 - -
8 30 16 CH,4 (98) Mechanism of X 4.9 100 20.86 21.97 -
9 15 16 CsHs (0:7) C, NO, 4.9 100 12.92 - -
10 30 16 C3Hs (0.3) - 47-53 100 25.24+8 21.97 -
11 15 16 N2 (1%) ) ) 100 16.68+7 - -
12 15 16 4.9 25 -100 12.92+1 21.97 -
13 30 28 Different Chemical 4.9 100 55.89+11 - 61.30
14 30 16y | CHatl00%) " eﬁ:gitifm o 49 100 22.94+5 21.81 17.65
15 30 28 Iranian AramcoMe_chZ.O 4.9 100 4453£12 - -
Pipeline Combined \_Nlth NOy
16 30 16 Natural Gas® Me(c:ha?\llsom of 4.9 100 18.41+5 - -
2_ X

1. All current simulations have been performed at nominal operating conditions (base load at ISO conditions).

2. Combination of chemical kinetic mechanisms have been accomplished using the Reaction Workbench software.

3. Experimental results presented herein have been derived from the engine OEM (SIEMMENS) data.

4. Iranian Natural Gas pipeline contains at least 81% of methane, C,.5<14%, C4+<6%, N,<7%, CO,<3% and small amounts of H,S.

5. Including UCSD, Konnov, GRI13.0, C;_NOx, AramcoMech2.0 combined with NOx subset of C,_NOx and NG-111 combined with NOx
subset of C,_NOx.

5 o, Vel S S a aS el (U LIS Ll s o gileand bl s w4 bgr e V Jeu O Sl mls
slas b a5 ool b 58 51 6,500 oS5 @ baye a5 55 A cdl Sledbl .l sasll NOX oois¥T 5,415
Obmebl oolaiul 5,50 ECRN (g, zuls jLiel 51 15 oo wg2ge Dledbl 4y azgi b oyl by el soolonl  spoline
zuls S oul plosl by Jaw § 63955 (mimomlus gl alies (6l )ly Sllas gl oo, liel 51 Gy 0,5 Jol>
250 B ey 0550 a4 i3 0 ]

VA



https://www.uniongas.com/about-us/about-natural-gas/chemical-composition-of-natural-gas
https://www.uniongas.com/about-us/about-natural-gas/chemical-composition-of-natural-gas
www.SID.ir

VYAV Ll ¢pg ol o3l Jlo (3l 5 g il - cole 4,85

Sl 2Bl Comdge )by Jaie NOX ol5ee p peSaizr (6536 a5 o Joe (99,9 slo el it 5 (S (D)
Slalllas 020 oo 418 50 Cov Con 0,90 Jrie jo 1) (65 02 Caend PDF (s joboay calis () sl alads Joxo
AIY LIV o3L ,0 aleds oo jo yuoss a5 el ools las ) Jgaz V) 5 Ve @Yl 0 addllas ol )0 oaliplol Syl )l
oS LIS (5Lad (49,0 (60992 U S1a 3550 Jadio alad dger Sgi A JSS 4 a2 g L) e dilas 5l (6 520 Lo
Olewlows plas ;o (Jl 2 4y a8 ooy ao,0 To 5l o U1 (gadgi NOX lads o ls £ ojlasl 4 o (05 o0
ool 00l ool (g e sile B/ aled Coedgo loadass oYl )

CS g S 5 pdiz g Gyl o) s Cdgw 95 V) Gl oolaiul b ol p) il 55 Co s oS 5 S (Q)

aoyn AV il el bgte jobos Sl 5,90 GlaCgm S oy S a5l ool L (o9 o)) | ol o
oy )l S wSTas 4 C0; wo o ¥ iSTas Ny oo ¥V iSlas Cop v 0 # iSlas Cog o0 VT aSTas lie
Qe b S8 ClS 5 0 Ol sl el aST sl ool lis Y Jeaz VF 5 V0 Sl Slesle gl wlosgs HoS
Jedo ] o aS el p3¥ aiSS ] S8 aldl ol aalgs alhase 29,5 NOX olie [0 a0 Yo gl eS B
et oot BT L R0 Ol @ g wiloy (Bl Coll S g (oS )0 i bsSp sl PDF o5 0os o] 2 (553
Ol dlie cpl o gilwads oz o) @l a5) ), Ken 5 (09 lawg badplulaldlas ol ouds axlllas C& g
LW CasS o Lol E g o )l58 Slag] g Soii Fos p b Jdods g oS 5 8 s aS o0ls Las (ol oati
2 Slp g odd (pwyp s S8 b sam Slillas )0 aliese (pl S8 0 13 30 oS s j5bar |) PDF @595 5
Bty a5 e LES Jor oS g oS 5

Pl eadlae cnl ;o Sl NOX (lie 2 oolitinl o550 (plond Seitw 0550 g5 Sl gonr 4253 3,50 aliws (2)
[A$]°UCSD ot p3le 5l Wl e el pl Gl oals ooliinl giluans gl Glidne gloond a5l
ot 0508 wad o 0ol Lioled (63*300) 3 4 jlaisly a5 ? ol STy Yoo g f@LM G5 FY el
5 [A21(99%693) Co_NOX  slosis pjlSe fAA](53*325) Konnov 1 saiszdol islng 5 [AV](53*325) GRI3.0
S yiiSly dcgazmayn; b oas [11](330%1906) NG-I11 4 [1-](493*2716) AramcoMech2.0 slap;ilSe puizon
CoNOX olianis p3.550 NOX acgazxe ) Gutl wiloads 3.al5 (69*313) Co_ NOX  iuSly 035080 (459 5 (sloassT]
G gy el 48 58 & 590 ANSYS (615306 5 a ;o Reaction Workbench |l50 5l eolaiwl b 50 sl 050080 g0
G Ll s 0 1) NOX lade wlgh oo calides olond lop iS5l oolaiwl a5 a2 oo lis )V Jgu VF g VY &Y
il o3l & Lo o ddlllas (nl @S (n e WS S (BeFed deps Yo g UL 0500 3l i) alaioe
(530%3029) sl 0093 C5 NOX 55,15 NOX dc gazxa 5 L AramcoMech2.0

oy giST) olawd j0 alige i ) Jgaz VY Sl sl 50 4T Sl ool lid e (g0l )L Slalllas (o)
aS cuils azgi Wb el 9529 b ol oo s doye Ve 5l SeS 0ga o ) 295 NOX (e c0ae YO 4y 50 V-
Slewloe 45,20 0 s 1,8 LYt a5l cdls (i j0 Jadis oS sl ouls sanlie ()15 Loyl (gl o OS] ol o]
A5 0550 Jadie NOX (s 50 gl cp e 40,9551, Voo sgas 5l eolazl a5 sols olis cgliie (5,15 Loyl o calises
Bed e gie Al )15 Llyh o

1. Wellhead

2. Jet

3. University of California at San Diego
4. Species

5. Elementary reaction

AR


www.SID.ir

G)lgmngeds dozme g Cols,y sl 0ol pude Gl o155 6 a1yl (609 edorne

Bl e drwg liwl, 0 IGT25 jgige Jaie sl anld o o1 5l oolaiwl Jow ppe slo 3,5 5l (o (o)
CSgw 3,5 Gl g ol ol PFR 1ol jlade G glilay cads o,lal a5 ais8 lan .l 0090 IGT25+ j5ig0
Iy e pl ol wale> NOX 0gi ol (ialS 4y jonie gl g Hhd ol o e SIS ;2 0 V0 4 Ve 5 Lol
g Gloduz s b 0gd oo cdpline a5 g8 len 0,5 abaxsde V Joax 0% g A DY aulie b o9t ole oo
olass xilodss Coll b oyuizmed ol odus, VO PPMVA 350> 51 268 4 YO ppmvd o501 >9,> NOX jlade
Alg3 i (6 pSadiz 926 4 NOX lake PFR i 5 g 35 Sz 50 ki Sjg0 50 dagl oz 5 lagtljoms
ol JBasl NOX adgs Jlase 51 YS! 0,5 JolS az 31 a5 clils a8 Wb () Jgoz A 5V &Y b flaicas) o5
38 &S gw L DLE/DLN slaaliass gl 1) NOX adgy aiaS )V IS5 LS jloged a> 81 (K0 lo @ 0,5 alols
Soges digs bl aslie gl cwly Il s aigs 9900l 4 a0 5 Mes (852 bidiS oo utd (orde
oals Giulad VY IS 0 LS jloges (55, o ) Jgoo OV 5l Galizes cl> a ol ceon 8550 59590 (5,15 Loyl 25 L L-S
(Gl 00 oilys jg390 SUmY 5l Lowiine Jolas slo, 13810 5 b drlore (slaas alads SELL ST (slod) ol o0

100
Case 7| ®
g 25 ppm Limit JJ
= C 8 ® PR
Bﬁ\ ase 15 ppm| Limit §
@ Case 9|®
T w0
£
g ’,/.'4(.{"
I : .
% [ 4 o.. '...
2
)./
L]
. /‘
1 ]
1650 1700 1750 1800 1850 1900 1950
Flame Temperature (K)

Figure 11- L-S diagram with the NOx emissions data for the cases 7, 8 and 9 of Table 1
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Table 2- NOx formation pathways and key reactions

NOx Formation Roots Key Reactions
N+0,=NO+0O

Thermal (Zel’dovich) N+NO=N,+O b
N+OH=NO+H

All Reactions Including HCN, NCN,

Prompt (Fenimore) NCO, HNCO, HOCN, and CN

N,O Reactions All Reactions Including N,O
NNH Reactions All Reactions Including NNH
NO,/NO; Reactions All Reactions Including NO,/NO3
Fuel Bond Nitrogen Not Considered in This Study (No
(FBN) FBN Nitrogen)
B Thermal
H Prompt
N20
mNNH
= NO2/NO3

Case 7 Case 8 Case 9

Figure 12- Main routes of NOx formation for the cases 7, 8 and 9 of Table 1
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English Abstract

Prediction of NOx emissions in an industrial gas turbine combustor using
large eddy simulation and reactor network modeling
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The present investigation concerns prediction of NOx emissions in a stationary gas turbine combustor using
reactor network modeling approach. Here, the reactor network is constructed based on spatiotemporal
distribution of mixture fraction upstream of the flame front and flow residence time in the flame volume. To
such aim, large eddy simulation is carried out to evaluate mixture fraction distribution upstream of the flame
front, while the residence time is calculated by using RANS simulations. Moreover, the flame front position
and flame volume is discerned using both RANS simulations and ENERGICO software. Obtained results are
validated against experimental data. Such validations show that present method can accurately predict NOx
emissions in the dry low emissions combustor. In an attempt to enrich the present investigation, parametric
studies are carried out to evaluate effects of fuel composition, chemical kinetics, flame location, and
combustion regime on the NOx production paths. Obtained results reveal that flame position and fuel
composition have the most considerable effects on'the NOx emissions among the investigated parameters.
Based on above investigations, the present combustor is modified to reduce the NOx emissions from 25
ppmvd to 15 ppmvd.

Keywords: Gas turbine, NOx emissions, Reactor network, Modeling, Combustor upgrading
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