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Figure 1- Layers in the diffusion flame [15]
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Figure 2- Schematic representation of the coordinate transformation for deriving flamelet equations [16]
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Figure 3- Variation of flame mean temperature with mean mixture fraction at different scalar dissipation rates
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Table 1- Droplet size classification
Droplet classes A B C D E F G H | J
Size (um) 8 12 16 20 24 28 32 36 40 44
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Table 2- The Rosin-Rammler distribution of droplet size
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Figure 4- A schematic view of the model combustion chamber (dimensions in mm) [11]
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Table 3- Geometrical specifications of the WJCC

Parameter Value
Combustor’s diameter (m) 0.08
Combustor’s length (m) 0.32
Type of fuel Jet-A
Operation pressure (atm) 1
Swirler diameter (m) (J'Stsslgdeé,odoolé
Swirl number 14
Spray angle (degree) 60
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Figure 6- Structured mesh on the WJCC geometry
ol (GuwaSuls WICC 5l ol alhbxo duwaddr —F JSC&

Figure 5- Grid independence test
(0] aseos 51 Il o -8 JSCi

&l g e

ST gio g (3,5 awnST (60 by (50,550 Al oo e pu (o358 SlocueS sl sooe Jo bl Cwad ol o
SV JSS laid 518 ) g Eom 0590 (F Jga2) (8l abhioe (glgn 2595 duo o 3l aliBie Sl oz jo (S
Jol scdle (o lsa oo 5,55 el ools las 1) Gla] alados Job sbnl, o alizee Sl Jloz 10 19 au595 ao o
I3 &2595 o )d b (228 @l ol 0oy (I8l — otalS g (ohalS- Ll ( LLalS (SRl i e p)lez g pome g
W‘ OMT Cewddy JB‘ u.ll.‘> )b

Glizo gbbedl joled 29565 o0 — F Jgoo
Table 5- The percentage of distributed air at diﬂferent cases

0005

Case Swirler (%0) Primary jets (%) | Dilution jets (%0)
First 25 35 40
Second 40 35 25
Third 35 40 25
Fourth 35 25 40
Swirler Primary jets Dilution jets
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Figure 7- Distribution of air flow rate for four different cases
dlize > 5l 5o 198 (b 5 @398 -V SIS

Yo



slisadle golo deme g soblawsl Slog s ¢ Sledo (ss83L 83,8

@ S paas 3 Jol SV ol ools las 1) x=0.04m alaie jo eleds gliwly (o Co s (55970 adlgo auje5 A IS
S adgl slooyld (slgn (0 0o yd (3053 VL 4y bgye (] e sl 00,8 il S 5S Sy ooz 5 P90 DY
s o cwlools 7y Gl dhase glatl Caomds (65698 (iS5 b, ) o 4 45 00y ouiils > (ler 0w
L gl oo odalin a5 joblen .ol ool ools olid X=0.1mM alage jo glads glinly jo Co (55970 addgo auje5 A
g el Ll adgl loo,led Slasb pl jo il s Siali8l booyled 1o b > Cae s adgl (slooylgd o dus o ol
2950 Om Sl adsl sleolsd 5l am a2 p25 2 Gl S

0,04 T 0.04 T T T
i\}e
+ L] 11
0.03} * [ 1 . bo3r i [nr]st ]
E First £ e | ====-Second
====Sacond o .
f{  |°Tc°sseeom x| - Third
.02+ === Third 1 L0 e e’ e S Fourth ]|
—— FIJ-l.ll'tll
001 E 0.01F .
L] L I
O 00 75 0 a0 50
Mean axial velocity (m/s) Mean axial velocity (m/s)
Figure 9- Comparison of distribution of mean axial velocity Figure 8- Comparison of distribution of mean axial
and experiment at x=0.1m in radial direction [11] velocity and experiment at x=0.04m in radial direction [11]
209 glad Sbowl) )0 e pw (5970 adlgo 2598 Al - JSUG glad gliwl) 50 e pw (55970 Allgo @2 598 A liio —A S
W] o2y gt bx=0.1m ghaiio (1] oy g b5 b X=0.04m ghaiio 40 4

looylsd oo vy ol b s o las [ x=0.2m alade jo glads glivl,y jo Ce s (5,590 adlgo &ujei Vo IS
Bl b sove b5 ey SMEST cglaie (a5 oo RIS i aliins 5l 9,5 (sl ol e w3l
&9 Y IS o el o do 0 V0 4 S Tas dep an5e8 DY pled o G s S g oo )0 Ve a4y S Tas oy
loo m395 bl jo el ool alildS yioleday cconl aleds glasl ide B yae a5 X=0.03M ahate jo cled sloo
S5 2 Ol 5l (AU Wl e a5 Sl odd (S po 9 Jol lacdle 4 S ez 5 pgo ol 0 (%68
Dgbier b T Sl alad g g9)5 5 192 CS g coslin LIS pas o o5 all o)z 5 pgd Sl 50 50 S

0.04 T T T 0.04 T
N\ * m
‘-.\:‘ —— First
0.03F 1 0.03F - ==« Second A
E * I = === Third
E;[] :'l'.r]st A \E/ ----- .. Fourth
i f - Second '_,"‘ s 1 o 0.02f 1
=imomim Third |
....... i
001k Fourth { L ] -1 . ]
II. : - -
i . .
1 E 1 L i s 'l 1
% 500 1000 1500 05 B 650 B0
Mean temperature (K) Mean axial velocity (m/s)
Figure 11- Comparison of distribution of mean temperature Figure 10- Comparison of distribution of mean axial velocity
and experiment at x=0.03m in radial direction [11] and experiment at x=0.2m in radial direction [11]
Lx=0.03 ahaio o g glads Gliwly j0 Lod &y 385 dmlio —V) ST 50 g gl Gliwly 50 e (5 ya5%0 Al go @9 595 dun Lo — Vo JSC&
] oy bs W] oy s b x=0.2m akio

\id



YWAF Gl 9 5mb pgo ojlod qeiia Jlo (3lil 5 G g iyl - cole 4,45

L..:).n.» Y plad ;o oo muje5 4l (pl jo .l ouls ool L X=0.1M alade jo eled glod mje5 VY JSS p0
soslgd glen 0wy Bkl cwl aily adgl slaojled slar oo woye a4 Db Al pl Gles .l LS
50 el oas ools Lzi VY S j0 X=0.18M alase jo oled lod mje8 i SUop o2 4 S Loz slad o
SV 3 el (o JB 3Ll alaios 5l (29,5 Gl @9 6 SSE 2 s3led, lao )l (oo U (S
el Bl ol (29,5 Slod @95 s5leEd) lgp (20 BT L cpga g poo

0.04 S 0.04 : :
fo
0.03 0.03
:,' . [
- ¥ First 0.02
é o : ---- Second g - [ll]
o b .i _______ Third a4 First
0.01 |- == Feurth 0.01 & agreSecand
«l 1 g o Third
d o 1t &«
.E i E Fourth
0 L 1} il i 0 i 1 L
] 1000 3000 3000 (] 1000 2000 3000

Mean temperature (K) Mean temperature (K)

Figure 13- Comparison of distribution of mean temperature Figure 12- Comparison of distribution of mean temperature
and experiment at x=0.18m in radial direction [11] and experiment at x=0.1m in radial direction [11]

X=0.18M abaiio ;5 5 & las gbawly 55 Lod &1 55 dumlio —VY IS5 X=0.1M adaito 53 g £lais sliwly 33 Lod 2 595 dusns Gio 1Y IS

M oy b b N oy s

Lol 39250 (0,20 @l 4 Al Jgl Sl (gilwand I el mls jo Ol wg, AY B A b ISK6 4 axgi b
Soop M B A o i jo (Js w)ld 0925 b NS 520 ol 5 (gilwand bl o VW g VY A sl S o
0,5 0 )Ll 50 lge a4 lei g0 OISl LYo alas 3l 090 oo calin Uas 0o 0 YO 4
Jodoas Lol g o o3 OT L 5liml aladzs 0,150 ¢ )25 305] 10) (g3lwand ;0 o lgd (5,0 S 18,55 Jlais @
o)l iy byd g oads ai,o gaoge (5l 5,0 Ol Gloo 5 oo pgad o SIS Sledbl sg>g pac
(Sl 00 M)f)b)é 9000
SleMbl &y bgs e gl B aiss oledl 3o ) )25 ee;] 50 oo solaiwl ,gS5l sllas L ol o g oy lELl csle @
il 5l Sl alSs el 1095 5 )liel g (il 5l icmliol il Jdsay el Y] alKasle]
(2wl SIS 256 Lo @95 5 S o (55970 adlfe (59, 2 SS9 (32>
amao o €Oy cdale ol ools lus |, (x=0.32m) Gl ool abhaxe >9,5 ahio ;0 COp 4gs cdale VPSS
5 rS wwia ez 5 Jol Sl sl ) jeme 90 hls oadipw I ez e Gl dhise (255
loo 31 oab (Jgl > j0 €Oy wigs cdale yogaias Wlools plaizl sgs 4y |, €O, clalé lavgis jlade oy yiioo
J05 CO aigS a4y g 00,5 oiaSly CaSs 4y £4,0 €0z 455 g, YL e 0> G5l Les ST .l ol ales oYL
D9 o0 €0z a8 clale oS
o eV USE JeSe JS cpl el oty i 1y gl absase 5,5 adadie ;0 CO ooV clale VO JS
CO, clale wule sl ol ahhame (29,5 axmian ;0 CO cdale ol o onnlin a5 joblen .cul 3l ol onny jo iy

Yy



slisadle golo deme g soblawsl Slog s ¢ Sledo (ss83L 83,8

COp clile oS g 4o 5 yaS CO cald ooy ;i €O, clale a5 >l 4o ool jsme 55 glls cll> o alad o

g Cawl gllae 3l ol Y game 0 CO cdale ol 4 CO, cdale olidl el oog i CO clale oy yiaS
Gl JolS™ Gl il onimo lis

First case Second case Third case Fourth case
y €02 (%) <597/ 02 (%)
59 5.5 6.3
l 62
— 57
55 \ 6
/ = 53 | =1 58
5 56
= 45 —‘ 54
41 | 51
/ 4.7
33
4
2-6 ' 33
25

Figure 14- Present profiles of CO, concentration at exit plane of combustor (x=0.32m)
(x=0.32m ) &l ol dbidxo o2 9,5 adado j0 €O, digs cdale —VF JSCi

First case Third case
CO (%)

03

CO (%)

— 03 b8

0.28
0.26

0.27
0.24
0.26 0.22
o025 05
0.24 o
0.23 046
0.22 0.17
0.21 016

0.2

Figure 15- Present profiles of CO concentration at exit plane of combustor (x=0.32m)
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Figure 17- Temperature distribution and stream line in the axial direction and through the air injection holes
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Table 5- Values of CO,, CO and NO concentrations and pattern factor

CO, (%) CO (%) NO (ppm) P.F
Maximum Fourth case (4.80) First case (0.280) First case (8.7) Fourth case (0.277)
Third case (4.47) Second case (0.276) Fourth case (6.4) First case (0.215)
Second case (4.13) Third case (0.271) Second case (5.3) Second case (0.198)
Minimum First case (3.86) Fourth case (0.264) Third case (3.1) Third case (0.181)

oads ool Hlad VY ISS jo Tan 5,55 (_gLatb}.u 505,35 aan 40 b slwly o oy bahs 5 Lo &9
sadl o 50 55 anl cadgl slao,lgd 51 L8 b ,> bglas o 3 SGo 5 Jdods w0l oo oamline a5 o len .conl

1. Pattern Factor

Y4



slpgale Golo deme g oblaes! Jlop um (Jlib s25L o5 3

3 0l 5 (9908 b Gob ALl es Ll Iy (g D508 5l 03z 5 pes Slacdle 4 S po 5 ol
Sl ) @l G 59,55k 4l Sl 10,95 5 (5 Jsb Sl ipsn 9 Jol S 90 50 S0 ,S5L 4l Y IS
s obz g ez 53, Ol Sy Sl Sl Gl 85k oS e Wl Gl alaioe (4,0 aled
oYl Jdody ol oo ol38l oo caleds ol ploay Jdods (g3lw 38, 9 adsl slaoled u aml jo .caulgn slaolsd
10593 0 (5 3985 Bes | ipg 5 g Slacdle 4 Cos p)lex 5 sl slocdle (g3luEd, slae)lsd slse wo s
abadzs )0 alad (slod areeS g diion 098 oo 3l ol dhaime (Jsbo joome Ceoms by Lol i S 56T o ol

el S VF e V8 slie b g g0 5 sl slacdls 4 bgs e e ias WICC 31,25

s Lo s o 3led,; slooylsd 5 adsl sloe s woniils 2 B b 5l eadmiel slse o) i RISl allie o
556 G55k 4 lslml s (b (B82Sl 0ad gy g JeloS Joe 3l il abaioe SO po Bl slaaiss cdale
9 4yl loa slooylgd dbwgts oy i3y ol Glial dlhizae g0 (LASTy by LSl S ISS » )l
gl o Sl saisls >
sWolgd 5l J:3 aml )0 65658 (8o5 5k 4l s 0l St 5553 o adsl slaolsd slse v yo ldl )
adgl sbaojlgd Sl g oud )08 bz 2 oail 2 18U wsile@d) 5 adsl soo)lsd o 4l 5o 098 e 4t
ol oylgd 5l any by Saepe iadgl slaejlgd (00 wojs AIBIL sl cpl o el e el Gl
dbos 2l @l abiizs 5l 29,5 sl Ol S is3lu@S) Glaoylgd (2w ys fal L b o
Los alidl el Dilate o5 35300 SlS 3l slml 5 lop 5 copm ity LS| o by o285y Y
WIS b (55, » Sz 25U (63559 Glop woyd st (GileES) 5 adsl leo)lsd i 4l o 09l o
dboe Rl (23S Gl sled is3ludd; slae st (0 I L ol
@AVl el los 5 a8 I 3lad (5lus) leeylsd 4 (9955 lep woyd aniar o)z 5 Ul slecdl> o Y
4 £ayd €Oy w35 gy Vb axe a5l Loo 8T sl oas oV NO ass Liglidl el a5 o slowy|
o) ipgu g pgd OVl el ools &, ol el o sl (pl el oo baud CO a5gS 4y 5 00,5 LaaSTy CunSlls
ol g (@bl 3l g aled (rdge DS o 5 ai8)F Bl adsl slae)lgh g 0als 2 4y ool slee
ol azily 2lS NO ouiy¥T ke § €O, a3 lalé calads glos ()T appo 3 o
sy 25,8 3lai 0uls 12 4 Iy Aoy (g yiaS 45 (sl <l 50 NO 5 CO (glooary¥T wlilé jyolie o 5Vl —F
b w355 9 00,5 sl (5,8 NO san¥l dacdl> s 4 Cas pgw Cdl> a5 cl by ol el ol
Sl & s ol wuld pse Sl 0 izen el 053 (55 (SIS Sl Ol (25 elaie
980 S5 (6 5d COz g 0392 5 JalS pgo 5 o

&L

1. F. L.S. Filho, N. K. Fukumasu and G. C. Krieger, “Numerical Simulation of an Ethanol Turbulent Spray Flame with
RANS and Diffusion Combustion Model,” Journal of the Brazilian society of Mechanical Sciences and Engineering, 35,
2013, pp. 189-198.

2. H. Zeinivand and F. Bazdidi-Tehrani, “Influence of Stabilizer Jets on Combustion Characteristics and NOx Emission in a
Jet-Stabilized Combustor,” Applied Energy, 92, 2012, pp. 348-360.

3. S. V. Apte and P. Moin, “Spray Modeling and Predictive Simulations in Realistic Gas-Turbine Engines,”
Handbook of Atomization and Sprays, US, Springer, 2011, pp. 811-835.



10.

11

12.

13.

14.
15.
16.
17.
18.

19.
20.

21.

22.

23.

24

25.

26.

27.
28.

29.

30.

31

32.
33.

34.

35

36

YWAF Gl 9 5mb pgo ojlod qeiia Jlo (3lil 5 G g iyl - cole 4,45

F. Bazdidi-Tehrani and H. Zeinivand, “Presumed PDF Modeling of Reactive Two-phase Flow in a Three Dimensional

Jet-Stabilized Model Combustor,” Energy Conversion and Management, 51, 2010, pp. 225-234.

S.Jo, H. Y. Kimand S. S. Yoon, “Numerical Investigation on the Effects of Inlet Air Temperature on Spray

Combustion in a Wall Jet Can Combustor Using the k — ¢ Turbulence Model,” Numerical Heat Transfer, 54, 2008, pp.

1101-1120.

H. Wen Ge and E. Gutheil, “Simulation of a Turbulent Spray Flame using Coupled PDF Gas Phase and Spray Flamelet

Modeling,” Combustion and Flame, 153, 2008, pp. 173-185.

L. Li, X. F. Peng, T. Liu, “Combustion and Cooling Performance in an Aero-engine Annular Combustor,” Applied

Thermal Engineering, 26, 2006, pp. 1771-1779.

A. Sadiki, M. Chrigui, J. Janicka and M. R. Maneshkarimi, “Modeling and Simulation of Effects of Turbulence on

Vaporization, Mixing and Combustion of Liquid-Fuel Sprays,” Flow Turbulence and Combustion, 25, 2005, pp. 105-130.

M. Sommerfeld and H. Qiu, “Experimental Studies of Spray Evaporation in Turbulent Flow,” International Journal of

Heat and Fluid Flow, 19, 1998, pp. 10-22.

S. Gogineni, D. Shouse, C. Frayne, J. Stutrud and G. Sturgess, “Combustion Air Jet Influence on Primary Zone

Characteristics for Gas-Turbine Combustors,” Journal of Propulsion and Power, 18, 2002, pp. 407-416.

. C. D. Cameron, J. Brouwer, C. P. Wood and G. S. Samuelsen, “A Detailed Characterization of the Velocity and Thermal

Fields in a Model Can Combustor with Wall Jet Injection,” Gas Turbine Power, 111, 1989, pp. 31-35.

C. D. Richards and G. S. Samuelsen, “The Role of Primary Jets in the Dome Region Aerodynamics of a Model Can

Combustor,” Gas Turbine Power, 114, 1992, pp. 20-26.

C. D. Cameron, J. Brouwer and G. S. Samuelsen, “A Model Gas Turbine Combustor with Wall Jets and Optical Access

for Turbulent Mixing Fuel Effects and Spray,” Twenty-Second Symposium (International) on Combustion, Combustion
Institute, Pittsburgh, PA (US), 1988, pp. 465-474.

T. H. Shih, W. W. Liou, A. Shabbir, Z. Yang and J. Zhu, “A new k-¢ Eddy Viscosity Model for High Reynolds Number

Turbulent Flows-Model Development and Validation,” Computers Fluids, 24, No. 3, 1995, pp. 227-238.

D. Veynante and L. Vervisch, “Turbulent Combustion Modeling,” Energy Combustion, 28, 2002, pp. 193-266.

N. Peters, Turbulent Combustion, Cambridge University Press, 2000.

H. Pitsch and N. Peters, “A Consistent Flame Let Formulation for Non-premixed Combustion Considering Differential

Diffusion Effects,” Combustion and Flame, 114, 1998, pp. 26-40.

F. Chitgarha, Modelling and simulation of flame behavior by using steady and unsteady flame let combustion models, Ms

Thesis, Department of Mechanical Engineering, Isfahan University of Technology, Isfahan, 2012. (In Persian)

ANSYS FLUENT User’s Manual, Version 15.0, 2013.

K. Claramunt, Numerical simulation of non-premixed laminar and turbulent flames by means of flame let moodeling

approaches, PhD Thesis, Department of Heat Engines, Universitat Politecnica de Catalunya, 2005.

K. Kundu, P. Penko and S. Yang, “Simplified Jet-A/Air Combustion Mechanisms for Calculation of NOx Emissions,”

AIAA/ASME/SAE/ASEE Joint Propulsion Conference & Exhibit, 34 th, Cleveland, 1998.

Y. B. Zeldovich, P. Y. Sadovinikov and D. A. Frank-Kamenetskii, “Oxidation of Nitrogen in Combustion,” Publishing

House of the Acad of Sciences of USSR, Institute of Chemical physics, Moscow-Leningrad, 1947.

C. Westbrook and F. Dryer, “Chemical Kinetic Modelling of Hydrocarbon Combustio,” Progress in Energy and

Combustion Science, 10, 1984, pp. 1-57.

. De Soete, “Overall Reaction Rates of NO and N2 Formation from Fuel Nitrogen,” Proc. Combust. Inst., 15 th, Tokyo,

Japan, 1975, pp. 1093-1102.

A. H. Lefebvre and D. R. Ballal, Gas Turbine Combustion, Alternative Fuels and Emissions, 3rd Edition, U.S., CRC

Press, Taylor & Francis Group, 2010.

J. H. Park, Y. Yoon and S. S. Hwang, “Improved Tab-Model for Prediction of Spray Droplet Deformation and Breakup,”

Atomization and Sprays, 12, 2002, pp. 387-402.

G. M. Faeth, “Evaporation and Combustion of Sprays”, Progress in Energy and Combustion Science, 9, 1983, pp. 1-76.

P. K. Senecal, D. P. Schmidt, I. Nouar, C. J. Rutland, R. D. Reitz and M. L. Corradini, “Modeling High- Speed Viscous

Liquid Sheet Atomization,” International Journal of Multiphase Flow, 25, 1999, pp. 1073-1097.

S. S. Sazhin, “Advanced Models of Fuel Droplet Heating and Evaporation”, Progress in Energy and Combustion

Science, 32, 2006, pp. 162-214.

A. Berlemont, M. S. Grancher and G. Gouesbet, “Heat and Mass Transfer Coupling between Vaporizing Droplets and

Turbulence using a Lagrangian Approach,” Heat and Mass Transfer, 38, 1995, pp. 3023-3034.

. A. Lefebre, Atomization and Sprays, Hemisphere Pub. Corp, New York, 1989.

M. F. Modest, Radiative Heat Transfer, Third Edition, Academic Press, U.S., 2013.

T. F. Smith, Z. F. Shen and J. N. Friedman, “Evaluation of Coefficients for the Weighted Sum of Gray Gases Model,”

Heat Transfer, 104, 1982, pp. 602-608.

GAMBIT User’s Manual, Version 2.4.6.

. L. Davidson, Fluid Mechanics, Turbulent Flow and Turbulence Modeling, Chalmers University of Technology, Sweden,
2011.

. B. K. Sharma, Air Pollution, U.K., Goel Publishing House, Fourth Edition, 2005.

AR



slpgale Golo deme g oblaes! Jlop um (Jlib s25L o5 3

English Abstract

Analysis of Influence of Variable Airflow Distribution on Reactive Flow in
a Gas Turbine Model Combustion Chamber

Farzad Bazdidi-Tehrani, Hosein Yazdani Ahmadabadi, Mohammad Sadegh Abedinejad
Heat Transfer Research Laboratory, School of Mechanical Engineering, Iran University of Science and Technology,
Tehran, Iran.

(Received: 2015.6.8, Received in revised form: 2015.11.5, Accepted: 2016.1.3)

The objective of the present work is to investigate the influence of varying the percentage of distributed air
flow rate via swirler, primary jets and dilution jets on reactive flow characteristics and NOx and CO
emissions in a gas turbine model combustor. A Finite Volume staggered grid approach is employed to solve
the governing equations that are linearized implicitly and also discretized by a second order method. The
central difference discretization and second-order upwind schemes are applied respectively for the space
derivatives of the diffusion and the advection terms in all transport equations. In the numerical simulation of
reactive two-phase flow of this combustion chamber, the realizable k-¢ turbulence model, steady flamelet
combustion model and discrete ordinates radiation model have been used. The spray and atomization of
liquid fuel droplet is modeled by an Eulerian—Lagrangian method. The present study is performed for four
different cases of air injection and in the first case, boundary conditions are based on the laboratory
conditions. After validation of the numerical results for the first case using experimental data, the subsequent
cases are studied. Among the outcomes of the present work, the followings can be mentioned: comparison of
velocity and temperature distributions, mass fraction percentage of the carbon dioxide, carbon monoxide and
nitrogen oxide concentration at exit plane, as well as the formation method of flow structure in longitudinal
cross-section of combustion chamber for the above-mentioned four reactive flow cases. Results show that the
air distribution of the first case in laboratory conditions is not optimal and in the case where the air flow rate
is reduced from the beginning to the end of the combustion chamber, the mass fraction of carbon monoxide
and nitrogen oxide are minimum and the amount of carbon dioxide is maximum.

Keywords: Gas Turbine Combustion Chamber, Two-Phase Flow, Liquid Fuel, Reaction-Turbulent Flow
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