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Table 1- Different CFM 56 engine versions [1]

Version thrust (Ib) application
CFM56-3-B1 20000 B737-300/-500
CFM56-3-B2 22000 B737-300/-500
CFM56-3-C1 23500 B737-400

CFM56-3-B1-Dearated 18500 B737-500
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Table 2 - Combustion chamber design requirements conflicts [8]

Requirement in design Conflicts

The highest combustion efficiency Noy
The lowest pressure drop Pattern factor, smoke, reverse flow in turbine
Wall cooling (long life) Pattern factor, low power, CO and HC

The least amount of No, and smoke Stability, ignition, CO and HC

Simple structure, light weight and low cost | Wall temperature, pattern factor, contaminants
The smallest length and size Work scope, pattern factor
The least number of fuel nozzles Pattern factor, ignition, stability, pollutants
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Figure 1- The main parts of the air gas turbine combustion chamber [4]
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Figure 2- Splitting the flow inside the combustion chamber [4]
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Figure 3- Adiabatic flame temperature changes (JPS fuel) [3]
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Figure 5- NSGA-II algorithm flowchart
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Figure 6- The coupling between conceptual design and multi-objective optimization of the present study
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Figure 7- Schematic of different engine stations in GasTurb software
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W T P WRstd
gtation kg/s K kPa kg/s= FN = 99,72 kN
amb 288,15 101,325 T3FC = 10,9815 g/ (kN*s)
2 313,798 288,15 101,325 313,798 WF = 1,0951 kg/s

13 260,957 338,15 167,693 170,812 s NOX = 0,7837

21 52,841 288,16 101,335 52,836

22 52,841 288,16 101,335 52,836 Core Eff = 0,4233

24 52,841 369,92 221,113 27,436 Prop Eff = 0,0000

25 52,841 369,92 221,113 27,436 BPR = 4,9386

3 52,841 770,80 2447,503 3,578 P2/P1 = 1,0000

31 45,391 770,80 2447,503 P3/P2 = 24,15

4 46,486 1577,62 2325,127 4,740 PS5/P2 = 1,4619

41 50,185 1522,97 2325,127 5,028

43 50,185 1162,83 569, 646 P16/Pé = 1,12360

44 53,355 1141,00 569,646 P16/P2 = 1,62621

45 53,355 1141,00 569, 646 18,885 P6/PS = 0, 99000

49 53,355 862, 60 148,131 A8 = 0,29330 m?

3 53,355 862, 60 148,131 63,145 AlS = 0,74236 m?
8 53,936 861, 65 146,650 64,441 XM8 = 0,75979%

18 260,957 338,15 164,776 173,836 XM18 = 0,86335
Bleed 0,000 770,80 2447,503 wBld/w2 = 0,00000
———————————————————————————————————————————— cp8 - 0,97863
Efficiency isentr polytr RNI B/P cDp18 = 0,98728

Outer LPC 0,8901 10,8976 1,000 1,655 PWX - 0,0 kw

Inner LPC 0,9001 0,8934 1,000 1,000 vi8/v8, id= 0,71064

IP Compressor 00,8776 0,852 1,000 2,182 WBLD/W22 = 0,00000

HP Compressor 0,8677 0,9026 1,621 11,069 Wreci/W25= 0,00000

Burner 0,9995 0,950 Loading = 100,00 %

HP Turbine 0,8500 0,8273 3,281 4,082 ed444 th = 0,82491

LP Turbine 0,8713 0,8510 1,119 3,846 WBLD/W25 = 0,00000
HP Spool mech Eff 0,9900 Nom Spd 14324 rpm WHNGV/W25= 0,07000
LP 38pool mech Eff 1,0000 Nom Spd 4835 rpm WHcl/w2s = 0,06000
P22/P21=1,0000 P25/P24=1,0000 P45/P44=1,0000 P6/PS = 0,9900
-------------------------------------------- P16/P13 = 0,9826
hum [%] warl0 FHV Fuel

0,0 0,00000 42,769 Generic
Figure 8- CFM56 motor single point cycle design specification table [1]
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Table 4 - Combustion chamber design input data
parameter unit (symbol) | amount
Inlet air flow rate kg/s (m3) 45.39
Inlet air temperature K (T3) 770.8
Inlet air pressure P; (kPa) 2247.5
Inlet fuel flow rate e (%q) 1.095
Inflow speed V: ® 109.82
Compressor outlet area Az (m?) 0.0436
Turbine inlet area Ay (M) 0.0404
AP;_
Chamber pressure drop compared to inlet pressure % 0.05
3
. . APy,
Combustion chamber reference dynamic pressure q_ 45
ref
The fuel-to-air ratio of the outlet chamber fa, 0.028
Compressor pressure ratio CPR 15
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Table 5 - Design model validation results Sawyer [2]

parameter The main reference [2] | The current design method | Error (%)
Reference area 0.0881 0.0882 0.02
The length of the primary region 0.21 0.21 0.12
Length of the secondary region 0.14 0.14 -

The length of the dilution zone 0.364 0.373 2.5
Swirler diameter 0.084 0.078 7.8
Combustion chamber outlet temperature 1670 1707 2.5
Nox pollutant 94.4 96.22 1.9

Carbon monoxide pollutant 2 1.998 0.1
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Table 6 - Design model validation results Mark [7]

parameter The main reference [2] | The current design method | Error (%)

Reference area 0.082 0.082 -

The length of the primary region 0.03 0.03 -
Length of the diffuser 0.0167 0.0017 1.6

The length of the dilution zone 0.069 0.069 -

Swirler diameter 0.0234 0.0223 2
Combustion chamber outlet temperature 1250 1453 14
Length of dome 0.033 0.0345 2.9

Length of recuirculation zone 0.047 0.0458 2
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Table 7 - Reference area and diameter of the combustion chamber

Parameter Aerodynamic method | Chemical method | Bragg method | Odgers-carrier
Referenge area 02 0.044 0.21 0.259
(m?)
Referenz:;;hameter 0.136 0.025 0.142 0.096
Llnerzarea 0.141 0.031 0.147 0.181
__(m9)
Llner((irlle;meter 0.095 0.021 0.099 0.122

3y alaiomo iliceo >lgi Job —A Joax

Table 8 - The length of different areas of the combustion chamber

Parameter Length (m)
Primary zone 0.0744
Secondary zone 0.05
Dilution zone 0.132
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Figure 9- Air distribution inside the combustion chamber along with the dimensions of different areas
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Figure 10- Flame temperature changes along the combustion chamber
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Table 9 - The number and dimensions of design holes

Location Number of holes | diameter
Secondary zone 90 0.0045
Dilution zone 70 0.006
cooling 7 0.057
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Table 10 - Odgerz equation parameters to calculate efficiency

Parameter Amount
Constant (n) 1.9
Wagg 2.13x 1071
Y3 6.66 X 10711
1
log (log (ﬁ)) -2.016
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Table 11 — The amount of carbon monoxide and Nox pollutants (method [2])

Parameter amount unit
Carbon monoxide pollutant 2.557 g/ kg fuel
The stay time of hot gases in the initial zone 1.43 ms
The residence time of hot gases in the secondary zone 0.11 ms
Retention time of hot gases 1.55 ms
No, pollutant 2934 | Yo ruel
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Table 12 - The amount of carbon monoxide and NOx pollutants (method [16])

Parameter amount unit
Carbon
monoxide 1.16 g/kg Fuel
pollutant
No, pollutant 22.5 g/kg Fuel
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Figure 11- Convergence of the optimization algorithm solution for efficiency variables and combustion chamber length
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Figure 12- Convergence of optimization algorithm for NOx and carbon monoxide pollutant variables

0255 IS gigo 9 uSL ousu¥T (sl puiito (61 (5 5lwdinty i 951 (o2 S0 - Y S

RS CTORIPS INREIVIRI ¥ PR R SN JOR I S RV I T R A PRI PR C RO
Al aelys [ Ken 00,05l 5 0,5 walsss (g0l s aools

Al cll g o |y il ang slaosls Sl lejen g 4 gile dinr Baa ¥ e Giulei 5 lz o
ooy Hlis ey ¥ glp Sgemme 10 g Bua ¥ (gly id S8 g0 (ilwdige bl 1 S so oazmy 1) Blowl 0 0990
Iy Jol 95,b deez (59, oo, o3l plasl 5l am adoaais (gjlawaige 0,0l gloodls Courez 538 (sl g, Al dalg>
T X PPN

ool s b omd apslis ST oV 5 Job con3l Bun ¥ sy |y 5,k sl ager g9y o0 a2l Cmaz Y S
b s5lmaigs ol 51 Gy 0,5 oaalino lajen |y lapl om ldlas 5 Sl ¥ ol 18 (lgiioe (95 358 JS—
abaize 4 (639)9 slgp slod (il 457 05 snal s (g s (agtie (b Ly, onalin 5 3o o oSl 5 eolis

AY



adad Sblol slos 4y ol o3 g lgn ad 05 Gy e el 0l S 05 (o (Bl 0ol Gl @ e 2
aladss (63959 ;0 (pbcews JB sled o3gume a5 S gm0 10 aS 5,5 canliine g oo MY IS cnalin L b ol
5528 i il o aki oAz giome 3525 5 VF IV ot 4yl 4l 53l o cslS ADe SV 315
VY 3 U s o i splbinss BB ST o] 458 5 Jolo dinaS w033l iy ahiBl (g3l tngy alis
ROl (358 095 009050 b S polie 4 (QbEwd (o8 (S)leas S walys SEg w0 SelS p S Ve g e
RYIRCY P

oy oSS ) s e AL S sai¥T 5 Jobo il e (358 alaiomo Syl oojl il
0¥l g plp ¥ iol3dl g o 0 VA b Gl ] Ladme Jobo iul38l a4 ymie AN B oojb Lialidl Koo 5 )leds o salgs
S 0s¥T g 55 Gl s 3ol e it slad S s o3ny9 cslos 58, YU 55 el ol o 59 oo ST
ez WY USCS a5 Sl laaes so i 1) Loyl g i (398 ST 0 0ad ools lis sleosls  eled .ol
355 (5,5 odgaze yo 1) Iyl i oy Sl g (59, 00 oold LS Comer soled s sopliii 1) 398 Blanl 5431
5500 yialil g SIYL Co b pawlio 00gamme g8 oo 0dd ools lis el )l ¥ 51 el )l SO Leas Gl O g p0 1A a5l
<8l

a9 Jsb aeS a0 a0l ()5 SeeSgise 0a V] g Jobo wonily Bl sl 1y ol 95k a5V USS
S g SIS 2 oS VY g oIV (08 au S gige 0otV Al i g aeS 5 009 VY S atile (gl B oo3l
20 S U e 00 ¥T Ay 0050 45 CBL s mo (pl 4 e ce VF g VY SIS g0 aolie Ojg0 )0 gy alyS
T YYD L /YO0 03gume ;0 58 ()5 de—nS gige INCEV/ IPCIE DURRV-X N Eo s YA G - IYPD sla sl axl
5 355 p5ize o955 b 5w lsicen o0 (S Slheeii Sy cal o (o esil 45 ol o] e
(S IYAD G /YOO (o polas yo 3l ol ddhame pl Job Ol §  2l)b ( wiid 5 (60 ,Slas oS slrosguse
s or b TV s (155 50 S s Seise 0otV (1alS o 098 (cod dro 55 (V] et 5l 5 eogy ol |
Al e cwy dalol jo 5.8 g Blaal bl iy

£0.354
99.3
o L
4 ®
il
L]
90.251 oy :‘- @
L ]
o L 9 .
99.2 e

Efficiency (%)
8
o

99.1 L
s W
e ®
005 @
Nox (g/kgfuel)
. o 12 14 16 18 gzog 22° 24 26 28 30
98.95 - - — : — g
0315 032 0325 033 0335 034 0345 035 035 036 0365 037 0375 038 0385
L (m)

Figure 13- Pareto front of optimized objectives: efficiency (percentage) - length (meter) and Nox pollutant (g/kg of fuel)
(S gm0 0,59k 31 p55) w6 0uis¥T 5 (o) Job = (90 39) 033l okl dionty Sl g3 31y aguer —IY JSs

AD



VEF e Jol o)led panze Jlu (3l g S g bl —(oele 5

99,35
903 % 3
o
99.25/ o F " | “

L]

8
[+
[

Efficiency (%)
8
&

g
[ ]
]

e ®
o005, @
Co (g/kgfuel)
9 . 02 03 04 05 06 0‘9 88 0.9 L L2 1.3
o il
98.95 I | . - — - —————— e
0315 032 0325 033 0335 034 0345 035 0355 036 0365 037 0375 038 0.385

L (m)
Figure 14- Pareto front of optimized objectives: efficiency (percentage) - length (meter) and Co pollutant (g/kg of fuel)

(gm0 555 31 035) (3255 SnanS 3ign 00 ¥T g (0) Job = (o)) 033l roukbdiontr Blutal 53 31y agur —VF IS

LS g sk sln JLSe (mSU g 2 aSsise sbros¥T sl 1) Jol $95,4 agez Cone VF 510 o S
:L\.:)EJ Q—| )bﬁ.a as 0S¢ U"‘; A:....Sysﬁ oJ.;g}ﬂ 6‘)‘.’ Ao S 6‘)“) ‘o.).&d)?'c.';m‘ 69““)9 ST IRV R ) uLm.: oo",Lg 6‘)5
g 5oL e S YE Ll Loyi (o laiie (wST oo VT blie alaii 10 .09 dalgs g p SekS 5 0,5 VY
S S Sgige 0¥ l5e csouo 40 AU 035l ke | Cumen jue 5l ow 45 W Gl e N SE samli e byl
GBS dalgx (18 Con 000 daldl jo Ll cpl Lo aS s salgs cul Lu).m],.)uufb oVl coles o g adl als

Co (g/kgfuel)
o o o o
e N »® p

=
n

o
=

)

L L
0. 036 037 038 0.39

03] 032 033 034

=~
&3

0.34

0.2

1 13 15 17 19 ] 23 75 27 2
Nox (g/kgtuel)
Figure 15- Pareto front of optimized objectives: No, (g/kg of fuel) - Co (g/kg of fuel) and length (meter)
9 (S gu 0,555 3 0,5) (S 00y VT = (G gu 0 S 9leS 33 055) (305 ST 9390 00y VT tosddionty Blutal 333y agur 10 JSo

() Job

AF



SEanEe =

05
% L ]
208 ]
%
0,7
8 8§
0.6
0.5
0.4 o
Efficiency (%)

- 98.95 99 99.05 99.1 99.15 992 9925 99.3 99.35
02 . I . - - - . = \

1 13 15 17 19 21 23 25 27 2

Nox (g/kgfuel)
Figure 16- Pareto front of optimized objectives: No, (g/kg of fuel) - Co (g/kg of fuel) and efficiency (percentage)

3 (S g p)S9leS 3 035) Sl o ¥T = (CS gm0 )5 9liS 32 035) (1) oS gig0 0¥ onliaionge Sl 93, ager 17 JSb
(a0 y3) 003L

i 5ot 5 (83555 8ly® slod G Ll Y Sl 5y oS e 20T g e 88 LT
salys glite wilie 25Ty (slo e oty (05 e Sige stV 5, 15,5 aale Ly il oats¥T (ol e
hsels 45 A5l ar g s S 5 aled igels 5 el el 4y et oY glos s odle coaiy¥T oyl g
S (275005 g 228 Lals; b e o3 s e ) oyles Ll 3,55 5 Jdoay Lagos (all 3l b 5 (oo
bzl |, ) ol smaiis Ul codn¥T ol (gl 0 ool

(55 oo VT Ll ylee Joles soims ylis V8 9 VO JSo 0 o b o o8l b 5 00l oy 695,k ag>
llin 420aS 5 iy sy (Ul o 95 ] e o ppbolas il aliions B 033l 5 oo
5 Glrl alaze 4 (6395 Sled ()5 SnSsise 9 SU oVl aly olie o Ll )0 1) ()5 3 S gige oYl
2V ol e 8 6,5 aials 1B 555 ol w3 55 Albions ol 5 s 10 e85 5 055 ol 4 oo
Ol adg ol p508e (2lei ol 5o 1 el pi o3 4y ool Jlosl 098 500 5 (699,55 sler (slod il38l sasmslis a
TN SIK DS ST\ SRMCRRVEI SR £ S e e P S COpPRER ]|
505 3 anls ot (25 desigm a0a¥T i al (55,9 0 A5 (S5 A4 Cpmar oS L Sl sl
Obzmen (Blymlooil B juss axl ol jo .Cdl valys als 5 00ld s s wad oo &, YT alal) (o a5 055 ades
3l At Soxexr Hame 3l am Sl Bas 93 (nl Slane 6o Shes Ll (09 cllae caies lis pal (ul a5 S walss VL
Soged g0 ol @dly yo clls walgse iali8l g ah aeled culi Lo y® 55 uSTU cau ¥ e )5 dnS gige diiin 4l
Sl 033k ilwainiin 5 ()5 ST gige ooVl (SiluaneS (giluaing Bos &S (Sipe )3 &5 wites A5 ) Sl
oled 55k ez & bl Slog ()8 G S gige So Sl yge 5l am ol (595,L e 59, e3gazme (e Oy
Ay ol ggdge (nl 0)1s (i (60,8les gl gz AT Cuaws iS50 05,15 e el |y age Cumer
3 alid [y sue 93 3l i (b sladan lojen g hsS (85

2 Zeldovich mechanism

AY



VEF ke Jsl ojled spmazma Jlo (3l g S (logh —(oole 458

oilis adgl 95 ,b g (9 Cumex opl oo VFr (ojlwaige adgl Cumax Gl ools Yoo adgi b aS Sl
XV @‘9; ol).o.:b:\.g r°5}9‘°9)§ Ve osles ‘_"9,4:4.: ‘.xj)l.xs Sry )iad&: A S é]aﬁ )5b4.g Coros> U‘" )| rn‘dSé.b PR
Sl 0 WJ.Q‘.S V'YW J5A> L )JaL...A
sl 25 Tr0 4 BB Jgax 5o eadal] Bus @l g apgjees)S ol
[ 639y5 slos coaiils > ,had cadgl axb Job cadsl ab (65,le0 Co ]
[ o35b (Jobo (ST 00V 0,5 oS g5g0 0arsVT ]

Jol 99,5k aee Glroniolei VY Jgur
Table 13 - Representatives of the first Pareto front

Number Chromosome Cost function

1 [798,0.03,0.0690,1] [99.26,0.358,26,1.28]
2 [843,0.03,0.071,1] [99.3,0.38,28.7,0.805]
3 [719,0.03,0.07,1] [99.2,0.33,14.6,0.525]
4 [709,0.028,0.0698,1] [99.08,0.327,13,0.37]
5 [728,0.031,0.075,1] [99.9,0.34,16,0.65]
6 [850,0.03,0.0690,1] [99.3,0.38,28.6,0.65]
7 [849,0.03,0.0696,1] [99.3,0.38,28.6,0.67]
8 [835,0.03,0.07,1] [99.3,0.375,28.5,0.98]
9 [839,0.0296,0.07,1] [99.29,0.377,28.6,0.898]
10 [824.7,0.03,0.075,1] [99.3,0.37,28.1,1.13]
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Figure 17- Pareto optimal front for all object of the present problem
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This study examines the conceptual design and optimization of an aerial gas turbine combustion chamber. The
combustion chamber under investigation is based on the CFM56-3 engine, with initial data sourced from
Gasturb software and similar studies. The method for calculating the reference area and diameter is explored,
and a systematic approach for selecting the optimal diameter is presented. Key aspects of combustion chamber
design, including air distribution, diffuser, flame stabilizer, flame temperature, the number and size of holes in
various sections, combustion efficiency, and pollutant emissions, are analyzed using chemical and semi-
empirical methods. Next, the designs were coupled using the multi-objective optimization algorithm NSGA-II
and MATLAB software. Optimizations in this study were performed for four simultaneous and conflicting
goals: increasing combustion efficiency, reducing the length of the combustion chamber, and reducing carbon
monoxide and NOx emissions. The results of this study showed that if multi-objective algorithms are used and
performance constraints are appropriately applied to the combustion chamber of gas turbines, thermal
performance, combustion chamber length, and average emissions can be improved by 1.5%, 7.8%, and 64% ,
respectively, compared to the original design.

Keywords: Conceptual design, combustion chamber, air gas turbine, pollution prediction, multidisciplinary
design optimization
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