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Figure 1- Images of the experimental swirl-stabilized combustor[8] used in this study
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Figure 2- Schematics of the swirl-stabilized combustor and details of swirler and secondary fuel injector
(dimensions are in millimeter)
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Table 1- Dimensions of the components of combustor and swirler

Dimensions of the combustor components Dimensions (in millimeters)
Combustion chamber inner cross-section at the inlet 120x120
Combustion chamber inner cross-section at the outlet 60x60
Dimensions of glass plates 170x120%5
Overall length of combustion chamber 590
Inner diameter of the swirl nozzle 14
Outer diameter of the swirl nozzle 40
Angle of inclination of swirl vanes 45 degree
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1. Injection Offset
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Figure 3- Designing parameters and dimensions of secondary fuel injectors
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Table 2- Dimensions of the secondary fuel injectors

Injector Type in;'\lelé?(?r%g{es L?;?ﬁgg; Injection offset | Injection angle
Injector Type A 8 0.6 mm 0 45 degree
Injector Type B 8 0.4 mm 0 45 degree
Injector Type C 8 0.6 mm 2.1 mm 45 degree
Injector Type D 8 0.6 mm 2.1 mm 45 degree
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Table 3- Classification of different operating conditions of the combustor based on various amounts of overall equivalence ratio and
secondary fuel injection rate

Operating condition Qsec(L/min) ® Operating condition | Qsec(L/min) 0
1 0.0 0.7 14 1.8 0.85
2 0.0 0.75 15 1.8 0.9
3 0.0 0.8 16 3.0 0.7
4 0.0 0.85 17 3.0 0.75
5 0.0 0.9 18 3.0 0.8
6 0.6 0.7 19 3.0 0.85
7 0.6 0.75 20 3.0 0.9
8 0.6 0.8 21 4.2 0.7
9 0.6 0.85 22 4.2 0.75
10 0.6 0.9 23 4.2 0.8
11 1.8 0.7 24 4.2 0.85
12 1.8 0.75 25 4.2 0.9
13 1.8 0.8 - - -

1. Quarter-Wave Mode
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Figure 4- Long-time exposure photograph of methane—air turbulent premixed flame [8] for ¢ = 0.9and Qg = 4.2 L/min
with injectors A, B, C and D
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Figure 5- Variation of emission index (NOx emission) versus equivalence ratio for various amounts of secondary fuel injection rate
using the injector type A
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Figure 6- Variation of r.m.s. of pressure fluctuations versus equivalence ratio for various amounts of secondary fuel injection rate
using the injector type A
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Figure 7- Variation of noise level versus equivalence ratio for various amounts of secondary fuel injection rate
using the injector type A
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Figure 11- Predicted and measured values of combustor parameters,

for injector type B, using the ANN type ¥
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Table 4- Calculated RMSE’s related to predicted values of combustor parameters using the neural network type ¥
(the reported quantities are dimensionless)

Injector Type Pressure Noise level Emission index
Injector type A 0.0323 0.0544 0.0181
Injector type B 0.0535 0.0538 0.0262
Injector type C 0.0437 0.0309 0.0122
Injector type D 0.0419 0.0484 0.0156
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Polynomial Regression considering different injector types A, B, C and D
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Figure 16- Predicted and measured values of combustor
parameters, for injector type B, using the MPR technique
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Figure 18- Predicted and measured values of combustor
parameters, for injector type D, using the MPR technique
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Figure 15- Predicted and measured values of combustor
parameters, for injector type A, using the MPR technique
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Figure 17- Predicted and measured values of combustor
parameters, for injector type C, using the MPR technique
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Table 5- Calculated RMSE’s related to predicted values of combustor parameters using the RSM with degree of 2
(the reported quantities are dimensionless)

Injector Type Pressure Noise level Emission index
Injector type A 0.1004 0.0974 0.0324
Injector type B 0.0775 0.1064 0.0451
Injector type C 0.1522 0.1608 0.0391
Injector type D 0.1062 0.0609 0.0418

2ol @bl 5l iy alaase NOy san¥T e (ot 0 99 45,0 RSM Jow oblys a5 ciS lg5 o e
90 Oyt )3 s e Daday J18) Jdoay Wlgh oe el (nl i Cunl 039y aladzes jLid Slleg mhaw 9 29 (e (S
Sadd s e )8 cnl Qec 9 ¢ Rl Lol (0) 6))len o oS ST 5o lid Sllugs whaw 5 g Gl Sl
latl cuz aS[A] gz e 51V L Ve o o g yol> asddlas 0 V B0 sl S 4y 098 axxl ) ol iy (Souorn
Wl g o)lgs (28wl b et e 3 agas Jdoas Quee 99 ialidl b oo Sy 4 (wiais 1S5 ol adlas o
onl g o poduzn s sadoly] &)l Sllegs g alad g Slalacel 4 by o s (IRZ) U3l 25 > b g
5 0 Ol o  alaaze 1 oali 6Tl g e o Lad Sllug mlaw Ol poss L8, 4 04d oo s 395 alie
120 Bl L oyat g bl Ll 5 (b 5 oy 58, () Sy it M 5 o ot Qe
3 S (S g Db (wwdge pll 3350 5 Bl bolren | 496 g 18L 45D 9 C (slaygiSHl o
Ol yeh)l (simiem <80 4 Ceed RSM Jow Lawgd 5398 (yl5me g jlid Ollugs pdaw (o i 80 caeii o .l o0
b zals NOy san V1
saddwbne slalhs Wl o Cavods lallas SYlis! Jdos oluly a5 e )S, Jow ciwys 51 Gliebl sl
[YV]A.».»S e %) wla w.:la)lj 9 )M JS)LM Li ‘5»;5[5 @)5.: )‘ \.bla W) L';H"U’“'U )J.)LD.A l) 6:.‘3‘5 )J.)Lm u_ssLm )‘ J.»ol}
. Y R . & f a.* a & 0’ v . . . Y S i . pn
ssbiedy Alidee i Sde lp Bgipenk B9 S 9elsS (905l 5 Swiz-Saiz Jlaged HBESL 5l el oo
é}.wsa ooalin Ve 9 4 ‘SLQJXMJ ) D &5.: )9.‘5).:‘ ‘5‘)4 c:l.u C).w é}wsn ool lallas u«.’LMJ‘)J J\.Lo u;';...u)Q ua.».?b.u)
sl osg )8 n (Goiion slas xSk (3g5he 5 ballas @558 (951 omgl (258 45 2L 0 g oo ,SSL
Sogo b Jgo STy aSl 4 axgi LS C8 S am S g oo g cCslallas Saia—Sais loged a5 (Ve S
O ygpods odwl Cawsdy sl LKl 5 el pime Jow (55l 5l edel Cawsds slallas ogr cwglS 5,8 il aus F
RENC K S BN U PP RS SNV JETE VP IN) VD JO U J SV R
e 190 4550 RSM Jawe jl solatul b oYY s p0 ailoais 53 lais] cgaas a5 awel Cowsdy polive s a5 ol

1. Jet

2. Histogram

3. Quatile-Quantile plot

4. Kolmogorov-Smirnov Test
5. P-value

YA



VWA sl s s sl ol et Jlo eilyim 5 g sy sole 4 523

&ly eadly jo el oo @)1 D LS5l gl NOX 0u¥T mhas sloosls b badpe cio s slhas jloges cslalozaiz 5
slas lade g oads s NOX 00V o liae cdivgs oo (gaidids ¥ Jgo 3ub a5 cabaiss 60 Slos blis alos
30 S slas cpyiion 4S5 09d oo alade el ol &l) ol Sn e g 0ul 6 S oslul Jlaae NS 4y by se
Ol e g @ = /A e 60 Slae Loyl i b sl Lo e oS (V) Jgaz )0 oadiplxl (ganaids 5.do) YV (60 Slos alais
F90 egar 10 selin sl loges .l <NVA logas Uas ol e sl oolidl 5lasl adBs 0 2t IV a9l Cogu

iloas ;3 bxul jo Jlais] cgzay aS wiload syl b e 5l plo 8,50 0 9 3l gl drass 29,5 slo sl )l

0151 - - - 1

o .
I}
< 0.1}
3 — s
: g
‘8 0,05 & w4
® . <
g ' g
B = —
=] )
g 9 g
3 & 2t 4
g
& >

-0.05} !

o"""
° 0 = — | | e
-0.1 5 -ﬁ & : ,‘,n 0.1 £0.05 0 0.05 0.1 0.15
Standard nomalized quantile The difference between predicted and measured values
Figure 20- Quantile-Quantile plot of prediction error Figure 19- Histogram of prediction error using the MPR with

distribution for the NOXx e":iSSiOB data related to the injector  gegree of 2 for the NOx emission data related to the injector type D
N Gy Jotn g oy sl & by e 530 14 S

o gl @9 5l Suia-Sais Hloge Y. S 16 o NG oyl oslo <l Y
_ 2S5 O Sl g
D £ 5555 b Lok yo NOy o0 zebans (slioots sl 395551 bl o o ¥l gl (gloosls (gl Ve yo elaww
D gsi

o= The predicted level of NOx emission

Predicted emission index
L)
>
ol
tod
3
1.
1
-]
o
HH
——
H
X ]

Various operating conditions of combustor based on
the classifications provided in Table 3

Figure 21- The predicted NOx emission and the related errors for various operating conditions (considering Table 3)
for the injector type D

GOy boe aladi o b Jblow las g vl Jussim NOK ousu¥T o VY S
D &9 595551 b b po (¥ Jgur Gub)

. . \ . . P . .
(RSM) s gl b9y 9 (MLP) (g (omas S0t (o9, 655,54 51 Jol> il anslie b cggame)o
‘aijB‘..\} C.sl.u Q,J)f).la.')ol.vj(&}wso odsd YA G \05 Wiy ‘_Q‘LQJ&.; A.HJLM )QASAJ;ULQ.Q) 99 d.u).A

1. Multi-Layer Perceptron

14



23 6o g &5l5 6ol 9 LSy Ghgads ((bgy (b 5l ke o)l pusl e (ol 5 Lo de (22l 459,

SRSM g, b duglin ;5 3yl Gilidee slo ol paas o (6 i Ul MLP 3g, 45 )5 e lsi oo
(\.\J&qi».m el.u) LSIQ?J"'C J.n.).u e‘y )‘ s)..cl_‘> axJlao o AW oo).g)lsd.g )9y 33 mas c\iu..: o aS (5][?)0 ol
e alb o e Sadiay LUl oo 50 i olleh MLP ac aSill (g, cdonad ) (Cowl oalds oolaiul
ol aalgS (Sl 0ad gy gl aslllas jo aS) Lid > oud gl aled b 5l ol alaase

L olyon) hsdiie 3l abiizee ol (il lave gloyial)ly (59) 2 0855 b oS cusl G50 Shagh cal islss
Slaws Fodory emac Al SO sbul b u‘}’gs" ‘o..\.:;j Sldlas o .Cewl ons Pl?";‘ Sbodsl lp yeSde 5l alhaxe
lr GRes slayahly 2 0938 (63959 bl G plorear alad pgai Sl lgioe Lojd 08 i 1) (639)9 sla bl
Qs dlg> plxl ol i By bawgs ais| Sl oy y y0 a5 0,5 colaiul (Lamas aSl) (s5lSooly i
(‘;L)}: 9 ‘5&“ GLE‘;)Jg J.aL.u) Al )‘3‘4" )l cMC‘)?LuA‘ &5"‘%;]"5 9 adxds ).:9@ L Jo}:fc uLC}’Uo‘ ‘)igg @L.:
el paal I She zlml anld ol salgs cols rac a4 (L6, Koo p Alol) wax slbssg,s lsrea
(50l g ol iy calnds ol 5l (6,8 el calnds odiiid ol JUIS s il 8l0 ol ol wilsi o
sla Tyl 5l (Fp b b bdye Qg g (owain la Shg gl Lled g cpslad g a8 5 ooy (RIH

& & . ) - & . - < vl e S .o, S

.\.».wl.: aleds ey o] .b.o.‘?u 9 aled J}.L: dda s P g;.’.L;""‘B) )5).4 SS90 J.AL»; \.\.».:‘9_\64 4.1&».»)).’9.»4) )‘ o..\mc‘f?o.w‘

bl gl a55 olsee NOy 0a¥T gxbans Jlaie (s bl | cciliseo (sslSools 8,5s5, 39 (S 54 b (il axlllas o
S 597 o2 ol Ol b (2555 5 slatys j0 08 b alBilejl gl aliaze S o s
9> 2 08U & Cul T o Ghmghy cnl 6yl 0 (o) il g Gl (0 (lies 5 (0) abbime IS (s lee
o dalllas ol bl 5 428,55 & joo golSTols dalllas wisS e [A] pgdie 3lyiol dlaizeo cpl 3ol Slase glayiel
09 ras aSed oyl 5l Boe (nl 4 pbcews ln Sl oad gl Jbodsl sl eSS 3l alaie (s,
9 S gy e aS) labersiz (e gl el By 9 Sl (egras (h9a slagty Sl Slaegere )y oS Vi
ooV s 5 )Lid Slilogs e cbiioms ;5 oabidys 1o prbans sloyzall Ll ol 4 i oolil (sl (obe] ulow
ol S gw AL 255 (0) B olr e sl g alaioe Sl oads S oslNl (g3 sl yiie (lyieas NO
lloass 48,5 Ly o252 oad gl aled b (alRasles] ol aldime (539)5 sl it (lsieas «(Quec)
Sl b gl cogw il eSHl eg Lz 5l Jel (aBRilesl sadisySojluil glaools (ol sy 50
9 @ =2 IV~ /8 03g00me ;5 l9a-Egmr (S (65)lpp S b Bl ol dlaie 60 e Lalpd g i Dglite (2)b g pwoin
2 ot b ol Cez Slead ais S Gl ys aiSs i Quee = /PYIY o5l jo gl CEgw b 25
solie g odd Smiey polie 4 bgrye sl copd g Sluye (S0l Hix gl jlade 550 (solSesls (sla g,
iy g (MLP) e 5 g5lSasls bs, 55 ollss o oabtrmslone polie aan Lololy b dosslone o g S0l
ey By 50 b it [0S0 L alaiore (29,5 oyl Gt Sux RSM) laberaiz (e haw
Ve g ito Y5 90 il b e 455 45 8l ol b . olil Siglie sla g laxs b (MLP) _oae 450 50

1. Sigmoid Transfer Function
2. Direct Flame Image
3. Flame Length



VWA sl s s sl ol et Jlo eilyim 5 g sy sole 4 523

ot 50 GAYL Ul gye Ve oolasd g YT LSl b prae 4l K00 g9 b anslie o Ym0 (g5
ol oty ¥ 5 ¥ sl by o 45h 45 ol e oy ol 0,35 o ialeis 055 51 (315 ] abzizes (gla el
A i Slly YT Lol b qrae a0 4 Cand (iiion slacyg,es Slawd) pion eaijle s slaasly slaws
513 T o Bl 5 5] slo bl s 3 (imaiieg sl (95a5

B 51 YL NOx ooVl o cioyion <80 rhas Frwly g (omac 4SS hg, 99 ;0 0 45 ol ools lid «yioren
3 b e Db 1) Jdsdy Wl oo alias ol el dliione Jlid Slleg mha g g Gliee lo bl (i
Wl S g 28l (23 Ol 5 (@) Gholed o Sl P s jlid Slleg mhaw 5 g Ol Sl 99 Sl
Lo albealed )3 ohgh (S (nl 9 3980 Fnad Qo 5 @ GRIBIL eSde ad e L8, adl (Qsec)
> YL polie b oolres (635 50 sbil) & Cond Slzl ghls 49l Copn plL Gla)SEN D 5 C sla )55l
loaled cpl 5l Jol> jLad Sblog pliae 5 g mhaw (Goaphn ©83 45 35800 o Wigd oo JoSiS 419l ES g
Al plels

&lw

1. A. Chaparro, E. Landry and B. Cetegen, “Transfer Function Characteristics of Bluff-Body Stabilized Conical V-Shaped
Premixed Turbulent Propane-Air Flames,”Combustion and Flame, 145, 2006, pp. 290-299.

2. J. Broda, S. Seo, R. Santoro, G. Shirhattikar and V. Yang, “An Experimental Study of Combustion Dynamics of a
Premixed Swirl Injector,” Proceedings of the Combustion Institute, 27, 1998, pp. 1849-1856 .

3. S. Candel, “Combustion Dynamics and Control: Progress and Challenges,” Proceedings of the Combustion Institute,
29, 2002, pp. 1-28.

4. A. Dowling and S. Stow, “Acoustic Analysis of Gas Turbine Combustors,” Journal of Propulsion and Power, 19, No.
5, 2003, pp. 751-764.

5. S. Ducruix, T. Schuller, D. Durox and S. Candel, “Combustion Dynamics and Instabilities: Elementary Coupling and
Driving Mechanisms,” Journal of Propulsion and Power, 19, No. 5, 2003, pp. 722-734.

6. L. Rayleigh, The Theory of Sound, New York, Dover, 1945.

7. J. Lee, K. Kim and D. Santavicca, “Effect of Injection Location on the Effectiveness of an Active Control System using
Secondary Fuel Injection,” Proceedings of the Combustion Institute, 28, No.1, 2000, pp. 739-746.

8. R. Riazi, M. Farshchi, M. Shimura, M. Tanahashi and T. Miyauchi, “An Experimental Study on Combustion Dynamics
and NOx Emission of a Swirl Stabilized Combustor with Secondary Fuel Injection,” Journal of Thermal Science and
Technology, 5, No. 2, 2010, pp. 266-281.

9. M. Shimura, M. Tanahashi, G. Choi and T. Miyauchi, “Large-Scale Vortical Motion and Pressure Fluctuation in Noise-
Controled Swirl-Stabilized Combustor,” Journal of Thermal Science and Technology, 4, No. 4, 2009, pp. 494-506.

10. S. Tachibana, L. Zimmer, Y. Kurosawa and K. Suzuki, “Active Control of Combustion Oscillations in a Lean Premixed
Combustor by Secondary Fuel Injection Coupling with Chemiluminescence Imaging Technique,” Proceedings of the
Combustion Institute, 31, 2007, pp. 3225-3233.

11. M. Tanahashi, S. Inoue, M. Shimura, S. Taka, G. Choi and T. Miyauchi, “Reconstructed 3D Flame Structures in Noise-
Controlled Swirl-Stabilized Combustor,”Experiments in Fluids, 45, No. 3, 2008, pp. 447-460.

12. M. Tanahashi, S. Murakami, G. Choi, Y. Fukuchi and T. Miyauchi, “Simultaneous CH-OH PLIF and Stereoscopic PIV
Measurements of Turbulent Premixed Flames,” Proceedings of the Combustion Institute, 30, 2005, pp. 1665-1672.

13. M. Tanahashi, S. Murakami, T. Miyauchi and G. Choi, “Control of Oscillating Combustion and Measurements of
Turbulent Flames,” Proceedings of 5th Symposium on Smart Control of Turbulence, 2004, pp. 75-84.

14. G. Choi, M. Tanahashi and T. Miyauchi, “Control of Oscillating Combustion and Noise Based on Local Flame
Structure,”Proceedings of the Combustion Institute, 30, No. 2, 2005, pp. 1807-1814.

15. M. Tanahashi, S. Tsukinari, T. Saitoh, T. Miyauchi, G. Choi, M. Ikame, T. Kishi, K. Harumi and K. Hiraoka, “On the
Sound Generation and its Controls in Turbulent Combustion Field,” Proceedings of 3rd Symposium on Smart Control
of Turbulence, 2002, pp. 149-160.

16. J. Keller and I. Hongo, “Pulse Combustion: The Mechanisms of NOx Production,” Combustion and Flame, 80, 1990,
pp. 219-237.

17. A. Sanz, J. Ballester, R. Hernandez and L. Cerecedo, “Advanced Monitoring of Industrial Burners Based on
Fluctuating Flame Signals,”Fuel, 87, No. 7, 2008, pp. 1063-1075.

18. J. Ballester, R. Hernandez, A. Sanz, A. Smolarz, J. Barroso and A. Pina, “Chemiluminescence Monitoring in Premixed
Flames of Natural Gas and its Blends with Hydrogen,” Proceedings of the Combustion Institute, 32, No. 2, 2009, pp.
2983-2991.

AR



19

20

21.

22.
23.

24

25.

26.

27.

23 6o g &5l5 6ol 9 LSy Ghgads ((bgy (b 5l ke o)l pusl e (ol 5 Lo de (22l 459,

. A. Baris and M. Suresh, Turbulent Premixed Flame Modeling using Artificial Neural Networks Based Chemical
Kinetics, Proceedings of the Combustion Institute, 32, No. 1, 2009, pp. 1605-1611.

. A. Chatzopoulos and S. Rigopoulos, “A Chemistry Tabulation Approach Via Rate-Controlled Constrained Equilibrium

(RCCE) and Artificial Neural Networks (ANNSs), with Application to Turbulent non-Premixed CH4/H2/N2 Flames,”

Proceedings of the Combustion Institute, 34, No. 1, 2013, pp. 1465-1473.

T. Hastie, R. Tibshirani and J. Friedman, The Elements of Statistical Learning: Data Mining, Inference, and Prediction,

Springer, New York, 2009.

M. Hagan, H. Demuth and M. and Beale, Neural Network Design, Boston, PWS Publishing, 1996

M. Kathleen, N. Carley and J. Kamneva, Response Surface Methodology, Pittsburgh, United States, Carnegie Mellon

University, 2004

. S. Vianna and R. Cant, “Explosion Pressure Prediction via Polynomial Mathematical Correlation Based on Advanced

CFD Modelling,” Journal of Loss Prevention in the Process Industries, 25, 2012, pp. 81-89.

A. Yamaguchi and Y. Tajima, “A numerical Study of Radiation Heat Transfer In Sodium Pool Combustion and

Response Surface Modeling of Luminous Flame Emissivity,” Nuclear Engineering and Design, 236, 2006, pp. 1179-

1191.

K. Chiang and F. Chang, “Application of Response Surface Methodology in the Parametric Optimization of a Pin-Fin

Type Heat Sink,” International Communications in Heat and Mass Transfer, 33, 2006, pp. 836-845.

A. Gelman and J. Hill, Data Analysis using Regression and Multilevel/Hierarchical Models, New York, Cambridge

University Press, 2006.

English Abstract

Employment of Statistical and Artificial Intelligence Techniques for
Prediction of Combustion Dynamics in an Experimental Swirl-stabilized

Combustor
Rouzbeh Riazi’, Ali Reza Torabi, Mohamad Asrardel, Maziar Shafaee Roshani,
Shidvash Vakilipour, Hadi Zare, Hadi Veisi

Faculty of New Sciences and Technologies, University of Tehran, Tehran, Iran
(Received: ....... , Received in revised form: .......... , Accepted: .......... )

In the present work, the relations between three output quantities measured in an experimental combustor and
two input quantities of overall equivalence ratio (¢) and secondary fuel injection rate (Qg) Were studied. The
three measured output quantities of the combustor are the amount of NO, emission, noise level, and the level
of pressure oscillations generated by the combustion field. The experimental combustor has certain
applications in power plant gas turbines. In order to study the relations between the measured output and
input quantities of the combustor, two different data mining approaches were utilized. Specifically, in this
research, Multilayer Perceptron (MLP) Neural Network and Response Surface Method (RSM) techniques
were employed to provide an estimation of the nonlinear relationship between the inputs and outputs of the
combustor. The related experiments were already performed using four different types of secondary fuel
injectors (with different designs) for an overall equivalence ratio between ¢ =0.7~0.9, along with different
amounts of secondary fuel injection rate in the range of Qg=0.6~4.2 I/min. The results show that, in general,
both the MLP neural network and RSM approaches have good predicting capability for estimation of noise
level, level of pressure oscillations, and NOx emission. However, the degree of agreement between the
predicted and measured values would even be enhanced for the case of NO, emission. Also, comparing the
two data mining methods, the results indicate that the MLP neural network has better prediction ability for
estimation of various combustor parameters than the RSM, for the cases of different injectors.

Keywords: Swirl-stabilized Combustor, Secondary Fuel Injection, Artificial Neural Network, Polynomial
Response Surface
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