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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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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 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

0 S Glalid 53l (€) 55970 us pa (12SSlse 20lo (B) (69500 sy (slalizn] p3lio (a) Gl ygilS 5l (lod -V Sl
iz Sl dxio o b S gw (032 S (il polio (d) 9 (b CSguw

5 ol Gl s | dlraze (p] 0 CS g Wloads sl CS g jeax by iiSTy e Sl yo lagluand alS
Dgbise e Hgige J5S SeaY 4 4z b PRR) S Cogur 0 Dghl S gu (00 S 9 058000 Gy sbl
30 Giype dlpd Wleals 58 Lo I ol O ja0as ple> plad g ouds oolain] caslin o dg 5l lsa slasog,9 ;o
5 Jedon i byt ol Glai 990 51 s Gl abadze 5w (b Siledie Gl dgr g S g Slasss)s
T 3 e a3 LIS 5 byl g S o)l o oo Ol 5 drde GLSISL 5 L cwx
09 5 Oy90 4 axgi b el sdel sy jjeuins g abdiza JolS g5loJoe b Jrie slaslSs o & Jdg el
g axblas Jo 5 (sl oo laes 53 (g5 Jil olan (s5m by sihin IS 53 Las (39l 5 ol (hon 3 U
Showe Dbl 5l 50 g5le Jaw Lol i jo alaass (oI5 Jayl il bloais Jow yhiad pas 5,8 L SSbboT ool g, o
2 Fee 25l Sasiluand @bl jligsne Jo sln ol oud Jol IS (Seslus siluoand 5 58 (e
el 0ads oolatil (o adel byl lgieds (alai ) 006 .S mSilee (S gl 534 Y olae
wye £95 5 O oledianS a5 [Lid Late ra B S Oge QUICK is, L ojlsen Sl slacsjludtons
5 Al Sl (gilwdinnd 50 bglwans opl o g a3 )T sl LES (gjlwans Lb Jo mls zloeisl 1 sl pgo
Py b ke plo g a5 )90 pgs A e gy b Hlad (iledianS g cadogaze (635 0 SOl Bg, L 55
Gleo Gy, il ol oads ploul ped pgs Al s, b e Sl gileaneas Wlead (gjlwancs QUICK
Silwad Oldlas mls 51 JulS acgorme gy L LES g RANS slagiluacs sl p b Jow bl 5 gjlvans
Sl Byl gleasds Cpa a5 adpdy Dose pull Sldlas pll pusren g cadol alaione yo ailis

s 00 ).'aJs.ﬁ]«a uL.“f’)?

1. Quadratic upstream interpolation for convective kinematics

ARIA



Gl gt dozme g Tl dloew cooljepua Mo laal ol e |l (5990 Jedass

013955 SST gronis¥T (g5l Joo g
s ol oad &3l IGT25/IGT25+ 9590 5l ] i (5100 NOX (slooaisVT (g5l Joe b Gllg 5l ise pl e
oslaiwl b g &)1 IGT25 y)65 (ISO aors Loyl 13 e ylie cdguo ¢ JolS JL) (ool (5,5 Loyl ;0 NOX zolis lacyl ¢ jslaio
Sl sl eslawl L INOX als zolis (6,8 Lyl (35 jo cauglin gly Bro ol ool (g liSaoms 9290 (0,20 s
S1g CFD o o 31 e elwls ol ploxl (gl sl ool ailyl 5.0 ANSYS FLUENT 15816 53 NOX 35518 53 e
P w00 ral.’}u‘ 4.'05)]9 ULA.MJL’?LA 9 0 Jl.:ﬁ )Lu Syge )‘).sl s J:u b)jT).' Le ba;).o g_)L....uL’}LA L oalawl Syge
g iz & (6399 s (e mela 0g2u GRS Ol w4 b ) S g 3,5 SV g pleder Sl Jae il
prilSe g5 g S S 5 (Alite ) Laalpd 50 Dsbl g (ol Glo s (699)9 E g (99 S 0928 (S
Sl Olose U alite cpo sl alad CaaBge 5280 0,91 solgiin bg, 4o Al il o Ll 4 aisS lan
Sl g canlio Gi.p..ﬂ 5 @yl sla Jow leslatwl b (el Jore) Lod muje8 ;0 (S cds b alaass 2uSTy
Jols go0e Jo mls ( cuSTy obya ol 5l clio lRen Jo SO 4 Slows 5l G el 4858 Ojse BB
‘5...45.4[} OOBJN 0)5]); 9 dl.l.u.i Jm un.a_l.i Jj)l.a )‘ o.)LM‘ L» ‘UT )‘ o= 05.....1‘5" a).a_‘>nb MM] J)lm‘ C)" 9 6))"‘ 9
W58 Hlad cpl pogdle .l 0als gy A S ;0 ENERGICO 15816 5 51 oolaiwl b aleds axl pox> slel ioran
Ot o Al dgu ( ya5 gl iz sl el ) 5l eolaiwl b g CFD gl sl peitincs oolain! b aleds 50 el aiaS oS
3 ol gl ol oalds s aciin STy F5 doy0 ) Gl aled Al A SE jo iged Glgreds Lcwl oad
ARV [\Y]Q‘)l&w 9 & lgaaneds iy Olalllae j0 jei5e Gl alaass o gi..:.ﬂj ol s sl gslwans
2,5 daxlie Allie (pl 4y g3 oo cabrizs ol jo (Blusl L laas Slaseie )50 50 icn SleMbl S gl
4@4})5‘5@@&?%%@)5.’PDFM&‘)JLES@‘LU‘MW‘SLQ:U‘5M%.>JZAM)‘&
o8l o oudas (sl 55 CFD 0,505, b sabdwbne alad axl lawgio Cwldl yloj 5oyl pogdle g ooy solwl alads
SIS 2 0 lap b G g Cad uanS (5l PDF al cos o)Ll a5 4565 led 098 o oolitul dlads 4>l slo,guST,
A S 50 PFR alisee Hladie 90 sljlas dad a4y S g ke a0 555 0956 5 (slaiges 05 so ool dlads 4l sla,g:ST,

el 00l yiaS (655 po (e 0 lsp a4y B g Conns S 10iSG PFR o381 b imgdgas .conl ool &l

(b)
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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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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?nb;Lglf 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 CoAr;i)TnC;jMvSiiEZNOO 4.9 100 56.96 - -
8 30 16 CH,4 (98) Mechanism of X 4.9 100 20.86 21.97 -
9 15 16 C,H¢ (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 16 | CH(200%) " 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.
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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+O

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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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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