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Research Article The temperature distribution in the combustion chamber is of great importance because it can not

only lead to changes in the composition of exhaust gases but also cause significant damage to the
chamber walls or turbine blades. Among the methods for investigating combustion chambers,
analytical methods, with appropriate accuracy and high simplicity and computational speed, can
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Available online 2026.01.09 distribution of inlet air to a laboratory-scale cylindrical combustion chamber was initially

investigated and validated using a one-dimensional code developed in the MATLAB
Keywords environment. Subsequently, combustion and temperature distributions along the chamber were
Rapid-Response simulated and validated using the CANTERA software through a Chemical Reactor Network
Chemical Reactor Network (CRN) (CRN). Following this, the sensitivity of control parameters such as the number of reactors, the
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- initial reactor temperature, and the number of time steps in the chamber was investigated. The
Combustion

results showed that increasing the number of reactors up to 50, although providing a more detailed
temperature distribution along the combustion chamber, did not improve solution accuracy and
even led to computational errors due to an excessive reduction in reactor size. Varying the initial
temperature up to 2300 K had no noticeable effect on solution accuracy. In addition, a 50-fold
increase in the number of time steps from 100 to 5000 showed no improvement in solution
accuracy but resulted in an approximately twofold increase in computational time.

Introduction

Turbine combustors play a critical role in determining the efficiency, stability, and emission characteristics of
power generation systems, with their performance being strongly influenced by flow structures, fuel-air mixing
quality, and chemical reaction dynamics. These systems are commonly studied through experimental, numerical,
and analytical approaches. Although experimental investigations provide high accuracy, they are often costly and
time-consuming. Likewise, despite the capability of CFD to resolve complex three-dimensional reactive flows, its
high computational cost—arising from strong turbulence, multiple combustion regimes, and detailed chemistry—
limits its suitability for extensive parametric studies. In contrast, analytical models offer fast and cost-effective
assessments by employing fundamental relations and empirical correlations for flame speed, adiabatic temperature,
and pollutant formation, making them particularly useful in preliminary design stages.

For combustion modeling, the Chemical Reactor Network (CRN) approach decomposes the combustor into a
series of perfectly stirred or plug flow reactors, allowing separate treatment of the primary (rapid reaction),
intermediate (reaction completion), and dilution zones. Its predictive accuracy depends on proper geometric
segmentation and the selected chemical kinetics mechanism. CRN methods have been widely used for flame
extinction studies, fuel property assessments, combustor optimization, and clean fuel investigations. The perfectly
stirred reactor model further provides a simplified yet effective framework for representing homogeneous reactive
systems with complete mixing.

In this study, a fast one-dimensional computational tool is developed to compute the air flow distribution and
thermodynamic properties of the passages and orifices from the combustor geometry and inlet conditions, and then
directly transfer these outputs to the combustion module. Combustion is simulated using the Cantera software
through a detailed Chemical Reactor Network. The main contribution of this work lies in the integration of a one-
dimensional aerodynamic model with detailed chemical kinetics, enabling the simultaneous prediction of
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temperature, combustion products, and pollutant emissions in less than one minute of computational time while
maintaining engineering-level accuracy at a significantly reduced computational cost.

Methodology and Governing Relations

The present numerical model is developed based on the assumptions of steady, incompressible, and quasi-one-
dimensional flow. Temporal fluctuations, radial velocity components, and flow recirculation are neglected to
simplify the computational domain. The combustor geometry can be defined in either cylindrical or annular
configurations, assuming a uniform flow field, particularly in the vicinity of the fuel injector. The computational

framework comprises two primary modules: an aerodynamic module and a combustion module.

In the combustion module, the process is analyzed based on the flow structure previously determined by the
aerodynamic module. The solution domain is discretized into a network of reactor elements, with the
corresponding air and fuel mass flow rates assigned to each element. The chemical kinetics and combustion
equations are solved using the Cantera software package , incorporating detailed reaction mechanisms. This model
enables the extraction of key output parameters—including temperature distribution, species concentrations of
combustion products, flame speed, and ignition delay—based on the specified boundary conditions and heat
transfer coefficients.

Model Geometry

The geometry under consideration is a laboratory-scale cylindrical turbine combustor with a total length of 210
mm and a diameter of 67 mm. The configuration features six primary holes and twelve dilution holes positioned
at distances of 50 mm and 130 mm from the swirler, respectively, with all orifices having a uniform diameter of
10 mm. The assembly utilizes an axial swirler with six blades, characterized by an outer diameter of 40 mm and
an inner diameter of 30 mm. Additionally, the outer casing diameter is 300 mm.

Sensitivity Analysis Results

To evaluate the influence of numerical parameters on the outcomes of the Chemical Reactor Network (CRN)
model, a sensitivity analysis was conducted by examining the initial reactor temperature, the number of reactors,
and the number of time steps, while keeping all other parameters fixed. The effects of these parameters on pollutant
formation and outlet temperature were then assessed.

Initial Temperature

Aanalysis of the effect of the initial temperature in the range of 1500 to 2300 K indicates that combustion does
not initiate at 1500 K due to insufficient energy. However, at 1700 K and higher, chemical reactions begin to
develop. However, further increases in the initial temperature do not have a significant influence on the accuracy
of the solution or on the outlet temperature distribution. The numerical solution time remains nearly constant across
the examined temperature range, while higher initial temperatures lead to an increase in the time required for the
code to converge

Temporal Discretization

The analysis of the initial temperature over the range of 1500 to 2300 K indicates that combustion does not
initiate at 1500 K due to insufficient energy. At 1700 K and higher, however, chemical reactions begin to develop.
Further increases in the initial temperature do not have a significant influence on the accuracy of the solution or
on the outlet temperature distribution. The numerical solution time remains nearly constant across the examined
temperature range, while higher initial temperatures lead to an increase in the time required for the code to
converge.

Conclusion

In this study, a fast computational code for predicting the aerodynamic and combustion behavior of a gas
turbine combustor was evaluated. After specifying the geometry and inlet conditions, the air mass flow distribution
was determined, and the aerodynamic results indicated that the errors across various regions were limited, with
the maximum deviation (approximately 11%) occurring in the swirler section. The combustion analysis showed
that running the simulation for up to fifteen times the residence time provides satisfactory accuracy, yielding an
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outlet temperature error below 10% and an overall average combustor error of approximately 6.5%. The sensitivity
analysis further demonstrated that increasing the number of reactors does not improve accuracy and may even lead
to flame extinction due to the reduced residence time in each reactor, while simultaneously increasing
computational cost. The investigation of initial temperature revealed that temperatures below 1500 K do not initiate
combustion, whereas higher temperatures result in similar steady-state outcomes with no significant influence on
accuracy or solution time. Finally, it was found that increasing the number of time steps does not enhance solution
accuracy, owing to the steady behavior of the system and the relatively simple structure of the combustion model,
and only leads to longer computational times.
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Figure 5 -Cross-sectional view of the combustor and its dimensions [14]
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Figure 6- Isometric view of the combustor in MATLAB
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Table 1- Combustor Inlet Conditions [11]

Unit Case 1 Case 2 Case 3 Case 4
Inlet mass low rate kg/s 0.36 0.44 0.51 0.55
Inlet Temperature K 317 317 317 317
Inlet Pressure kPa 101.325 101.328 101.326 101.326
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Figure 7- Air distribution in the combustor and comparison with Kankashvar Data. [11]
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Table 2- Comparison of the obtained error with the simulation and experimental results of Kankashvar [11]

. — The percentage of inlet air to each section.
All units are kg/s Swirler Primary Dilution i iluti
g holes holes Swirler Primary Dilution

holes hole

Kankashvar [11] 0.011 0.0079 0.0173 33.78 21.85 43.78

Case 1 This Study 0.011 0.0083 0.0166 30.64 23.12 46.24
% Error 0% 5.06% 4.05%

Kankashvar [11] 0.0125 0.100 0.0215 31.85 22.58 45.25

Case 2 This Study 0.0139 0.100 0.0201 31.59 22.73 45.68
% Error 6.51% 0% 6.5%

Kankashvar [11] 0.0131 0.0121 0.0258 28.16 22.62 47.34

Case 3 This Study 0.0164 0.0115 0.0231 32.16 22.55 45.29
% Error 10.47% 4.96% 10.4%

Kankashvar [11] 0.0127 0.0135 0.0288 25.52 24.62 49.34

Case 4 This Study 0.0139 0.0137 0.0274 25.27 2491 49.82
% Error 4.9% 1.5% 4.8%
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Table 3- Operating points investigated by Nozari et al. [14]

el o osliinl V (65 alas 51 6,0

Operating Point | Air flow rate (kg/s) Fuel ﬂom;; ate (kg/ Equivalence ratio (¢) Ex(;l;;lifr::‘:tm per;it:lr:lgﬁzm
1 100 20 0.13 920 920
2 70 18 0.16 1059 1094
3 50 14 0.18 1165 1075
4 70 22 0.20 1079 1157
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Figure 8- Configuration of the reactor network inside the combustor modeled in MATLAB
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Table 4- Simulation time in diffrent conditions

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
Simulation time (z,,) 11, 10 7,, 157, 20T, 507, 100 7,
Simulation time (s) 0.0101 0.1010 0.1513 0.2521 0.5042 1.0084
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Figure 9- Comparison of the effect of solver time step on simulation duration and code execution time
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Figure 10- Comparison of the effect of solver time step on combustor temperature distribution and its validation
against experimental results
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Table 5- Comparison and validation of different cases against Nozari et al Experimental Data[14]

Unit Point 1 Point 2 Point3 Point4 Point5 Point6
Nozari et al. Experiment data [14] K 1013.74 1165.14 121145 1195.2 897.96 919.33
Case 1 K 1492.3 1697 1798.7 1849.3 15114 1852
Error % 47.20 45.64 48.47 54.69 68.31 101.34
Case 2 K 1052.1 11304 1201.1 1265.1 909.8 1164
Error % 3.78 2.98 0.85 5.82 1.31 26.84
Case 3 K 1015.7 1071.9 1124.4 11733 832.2 1028.6
Error % 0.19 8 7.18 1.85 7.32 11.88
Case 4 K 984.2 1021.1 1054.5 1087.5 759.5 893.7
Error % 2.78 15.41 9.02 12.95 12.44 291
Case 5 K 959.1 977.9 996.3 1014.4 694.4 772
Error % 5.38 16.07 17.75 15.14 22.33 16.02
Case 6 K 945.9 955.6 965.2 974.6 663.3 703.0
Error % 6.6 17.98 20.32 18.47 26.09 25.53
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Table 6- Comparison of combustion products with the experimental results of Ref. [14]

Product mass Fractions NO,(ppm) co,
Experiment Ref [14] 7 -
Case 3 7.68 0.032
%Error 9.71% -
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Figure 11- Comparison of the effect of the number of reactors on combustor temperature distribution and its validation
against experimental results
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Figure 12- Comparison of the effect of the number of reactors on simulation duration and code execution time
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Figure 13- Comparison of the effect of initial temperature on combustor temperature distribution and its validation against
experimental results
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Figure 14- Comparison of the effect of initial temperature on simulation duration and code execution time
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Figure 15 -Comparison of the effect of discretization on code execution time distribution

&5 Gyl gl &390 p G ilwdimnd 51 ds o -0 ST

BRRPNACES )...ab w0dls iy slepls slows asyl e e voo o lis bl .l oals 03,91 VF IS yo o o s

Dg dlem Towwlo yiaS Sy plS asid (0 090 e calin >



100 OFF) F o,lois VA 038 3 il g g 03yl ot Sgruns ¢ SolSSH (Goas! Ud y pol

T T T T T T
i | | Experiment Ref [14]
2000 A Simulation Ref [14]
i ——O=—— Time steps = 100
- Time steps = 500 1
E == Time steps = 1000 ]
B ——C—— Time steps = 5000
~ 1500 &R = Time steps = 10000 =
) - Time steps = 15000
@ Time steps = 20000
s [ agh 4B i
E B /‘/\’
£ 1000 Adaanxi
(=3
£ - >}A .»
S B
2=
500 ]
0 T R 1 P I L1 i
0 50 100 150 200

Length of Combustor (mm)

Figure 16 -Comparison of the effect of temporal discretization on combustor temperature distribution and its validation
against experimental results

‘s;)au C.»Lu b QT wl.u 9 dll'""l albiazxo ‘5La.> éa)y > ‘5’&) ‘s)l.ww )3‘ MLM -\# JS..»

a3l e g ol 00ls oS 4y 5l ] aladons dwais ol jo 28,8 18wy 0500 & el oS SG Gleg ol o
‘MMCL‘M“|f)°)‘}°‘-i‘AL“oﬁf‘ )é Mwwﬁdlf‘%@)}@)y‘dée)sb‘ﬁ

Vol s diion 50 5 de )0 yao 095 Sl alS o o gl aS ol i a e Llgr ey aie Sl @
Qﬁ‘ 59 Qlﬂ)’.' Lgla‘;m e 4 aS cl c.).;jl&le ) 6‘)? ool slas Qﬁ‘ OS¢ M‘y}'d JES RN
A2 oo ol 1y Uas oy iy cdalad
8,5 58 o )90 ) @l 5 Gl A5 50

8l b ailo Gloj 2 10 (siloaned b aS 0 (et o gy g Sl (sileaned Oloj 28,5 s b @
doyo Ve }l@o]ﬁooy&mﬁsp&ﬁj)o oo (gl oanlcamons Uas arin a5 s, gboas 9.0 o0 7l Pl
loools 4y cond 5l ol alaass 3o bla solad gl cdl> ol jo s S0k (e (yuiored 5 Sylad cod jolo
oSS sl 6 7 ploj 9l Lo STy (3 0 a4 il 5l o g0 ()15 90,0 FID 359 15 oz e 8RS
Alp 0 e o mls oo ] aml j0 4 048 0 6 SLL o 4 i (jlwand oy ol 8l cakies ol 3
Ll DY sl 51 s wileyle

39 65l aygxST) slass iulial ols olis a5 Cd )8 & jgo JuS sladasin gs,) 2 cxiwiambas o] )l @
el b ogd oo el ,eiST) o slad (uisSasS uizmed .m0 Lil38l |y oS sl ley Ll caislas cds
Tor5 59909 Sy > (09 SzsS e 4 ST, 0 4 (5995 (o0 E5 (PRl 4 Azl 0gd Gigsls
e oo igals alal 5 oaid (gilwand guoyoa Bl el ol B oS cuul &S g0 a4 Gl el OY gase

38 08 O yg0 Bl gl STy Mas el VO ¢ 5l 50l sled uess b aS cul L_é)yodgdttjjlgsué)ét o
Voo V0 5l L al58l b Lol el sl 055 slos 44 o, L Cantera asb  jo Gl il ol 8 9,8 155



9 Bl o) aiioms Julow g oleoads 59Ty A 1 (e oy Fmly OF Arasgs

(Jo dalps ol L sl w1 c0gd ed cdalive C8o [0 pwguome gl bl wgd oo pldl liat aslyd oo gls

ol 3B 55 95 2 loj et iman B SialsS i gl

oS szl plej a5 Jloys )l 65l o s siluants ol 53 Gloj o8 Gl s (Sloy 65 5500 5 @
w—l Slﬁ[f )9,\5]) @LMAJLZA 6LQ‘;M o g 0duw L:L\ | S L o a5 ‘:LZJ—‘ )| O R YLJ s_a.)..wcb

Al e Jo cds  aSl g 098 0 A5 sl ey a8l el L‘)fa by p8 Gialidlases o cl oS

] = > =

©

<

Dyn
eff

hub

i

in

inner, liner
liner

out

outer, casing
outer, casing
outer, liner
ref

sw

v

w

(Cp/C,;) o).:s ‘:Lo)? WBJJG Cod
Lmo),; 4{51)'

adl> 4 g 598 (o0)7 TP o
< e

(kg/m*) J&=

(5) wbo )lej
[LXST )

8l alaae 45 (699,9
Sl

Ay

C‘)ﬁ*’

a..\.;.il;'),? 6}5).0 A
oad)‘.o.i:

5999

18 o)lgs

a)l%o

T

SR

&

o.).;.}l}ﬁ

°xn

o)lgs Ao o

= < S N ES

3

e o 48
shol wdle
Al o po
(k] /5) Lo )5 B pasl g &5
kg/s) o> &5
R
(kPa) Les s
m?) colew
(m) ;3
SKlasl g o
sl aq e
(kg/mol) Jso ¢z
(kPa) oS s
(k] /kmol. K) 315" Slez <ol
gy s0e
K) Lo
(M3) o>
e el
(k] /kg) o35 5]
oy ol
(kPa) Sl Lus
(M) oy s alold
ONLS
(m/s) Jlws & o0
M) oy 20
Sl oidle

ails 4 Flhgw (Sowlys jlad cos

&lw

[1] A. Azimi, M.EidiAttarZade, S.Tabejamaat, A.Oni, S.Zahab, MM.BalZade, B.Kankashvar, M.Aghayari,
"Designing a Gas Turbine Combustor Test Rig and Testing a Sample Combustor at Atmospheric

Conditions," Fuel and Combustion, vol. 10, no. 1, pp. 87-104, 2017.

[2]  B. Maxwell, R. Mével, and ]. Melguizo-Gavilanes, "Spherically expanding flame simulations using
Cantera coupled to an unsteady Lagrangian formulation," International Journal of Hydrogen Energy,
vol. 51, pp. 948-960, 2024.



102

(VF+F)F oylols VA 090 (3l x| 9 Cs g 03j,lac (Guus dgrummn « ST (G| LS puol

(3]
(4]
(5]
(6]
(7]

(8]
[9]

[10]

[11]
[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

J. L. Schurr, A. Bhattacharya, A. A. Konnov, and O. Kaario, "Super adiabatic combustion of H2 /Air and
H2/N20 mixtures," Combustion and Flame, vol. 263, p. 113397, 2024.

D. A. Sullivan and P. A. Mas, "A Critical Review of NOx Correlations for Gas Turbine Combustors," in
ASME 1975 Winter Annual Meeting: GT Papers, 1975.

A. H. Lefebvre, "Fuel effects on gas turbine combustion-liner temperature, pattern factor, and
pollutant emissions," Journal of Aircraft, vol. 21, no. 11, pp. 887-898, 1984.

P. ]. Stuttaford and P. A. Rubini, "Preliminary Gas Turbine Combustor Design Using a Network
Approach," Journal of Engineering for Gas Turbines and Power, vol. 119, no. 3, pp. 546-552, 1997.

S. Maidhof, "A Flow Network Combustor Model Applying Reduced Mechanisms," in ASME Turbo Expo
2012: Turbine Technical Conference and Exposition, vol. Volume 2: Combustion, Fuels and Emissions,
Parts A and B, pp. 329-340, 2012.

J. ]. Gouws, R. M. Morris, and J. A. Visser, "Modelling of a gas turbine combustor using a network
solver," South African Journal of Science, vol. 102, no. 11, pp. 533-536, 2006.

B. du Toit and S. Theron, "Rapid Preliminary Combustor Design Using a Flow Network Approach,” in
ASME Turbo Expo 2016: Turbomachinery Technical Conference and Exposition, 2016.

B. Kankashvar, S. Tabe-Jamaat, S. B. Ajlleh, and M. Eidi Attarzadeh, "Analysis of air distribution in a
Sample combustor using numerical and analytical methods," presented at the Proceedings of the
16th International Conference of the Iranian Aerospace Society, 2017.

B. Kankashvar, "Experimental and numerical study of operating parameters in a gas turbine
combustor," M.S. thesis, Amirkabir University of Technology, Tehran, Iran, 2018.

A. Ahmadi Tonekaboni and M. Eidi Attarzadeh, "Analytical Modeling of Airflow Partitioning in a Gas
Turbine Combustion Chamber," Journal of Technology in Aerospace Engineering, pp. 1-10, 2025.

A. Goulart, L. Pizzuti, and R. Altafim, "Numerical Characterization of Biogas Combustion with Laminar
Flame Velocity and Ignition Delay Time in Conditions Analogous to Gas Turbine Combustors,"
Brazilian Congress of Thermal Sciences and Engineering, 2023.

M. Nozari, M. Eidiattarzade, S. Tabejamaat, and B. Kankashvar, "Emission and performance of a micro
gas turbine combustor fueled with ammonia-natural gas," International Journal of Engine Research,
vol. 23, no. 6, pp. 1012-1026, 2022.

A. Kaluri, P. Malte, and 1. Novosselov, "Real-time prediction of lean blowout using chemical reactor
network," Fuel, vol. 234, pp. 797-808, 2018.

S. Chaturvedi, R. Santhosh, S. Mashruk, R. Yadav, and A. Valera-Medina, "Prediction of NOx emissions
and pathways in premixed ammonia-hydrogen-air combustion using CFD-CRN methodology,"
Journal of the Energy Institute, vol. 111, p. 101406, 2023.

C. Romano, M.Cerutti, G.Babazzi, L.Miris, R.Lamioni, C.Galletti, L.Mazzotta, D.Borello, "Ammonia
blends for gas-turbines: Preliminary test and CFD-CRN modelling," Proceedings of the Combustion
Institute, vol. 40, no. 1, p. 105494, 2024.

H. Khodayari, F. Ommi, and Z. Saboohi, "Multi-objective optimization of a lean premixed laboratory
combustor through CFD-CRN approach," Thermal Science and Engineering Progress, vol. 25, p.
101014, 2024.

A. Pappa, L. Bricteux, and W. De Paepe, "A strategy based on hybrid 0D Chemical Reactor Networks
and 1D Flame predictions for flashback prevention in an original H2 fueled micro Gas Turbine
combustor without any redesign," International Journal of Hydrogen Energy, vol. 111, pp. 264-277,
2025.

Y. Wu and T. Lu, "A direct method for calculating turning points of perfectly stirred reactors,"
Combustion and Flame, vol. 211, pp. 374-376, 2020.

A. H. Lefebvre and D. R. Ballal, Gas Turbine Combustion: Alternative Fuels and Emissions, Third Edition.
CRC Press, 2010.

K. S. M. I. Kaddah, "Discharge coefficient and jet deflection studies for combustor liner air-entry
holes," Thesis or dissertation, Cranfield University, 1964.

S. Turns and D. C. Haworth, An Introduction to Combustion: Concepts and Applications. McGraw-Hill
Education, 2020.

D. G. Goodwin, H. K. Moffat, I. Schoegl, R. L. Speth, and B. W. Weber, "Cantera: An Object-oriented
Software Toolkit for Chemical Kinetics, Thermodynamics, and Transport Processes," Zenodo, 2022.



