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ARTICLE INFO ABSTRACT
Article type The gas turbine combustion chamber, as one of the key components, has been extensively studied.
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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Accepted 2026.01.07 provide an effective assessment of combustion chamber performance. In this research, the
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

Turbine Combustor

- 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

Loz Slawle (pizen .ol odu:l)oa)ﬂ\/ﬁ)auowﬂ}ﬁ5é|)w|5h‘_¢ng @)yd‘yyv‘_f‘)ow)u‘
‘_gLQC‘)}..u so.\.ul})} (5‘)—' aS el ¥ > ‘_g‘)JUa.‘> u—’f:-h“—’ DS (o uLA.AAJ W W UL.JY Jg..\} )\)450.\.0] Cowd A

N PRAPUI FRWARSE Y 0% TL VIR BYL SNUCI VNP IF Y PUS PSS IURN N PUP E



¥ (VF+F) ¥ o lods VA 0590 3l il g CS g ooyl Guuc Sgrmn « S (gl Loy pul

0.06 T — T T T T T
v v Kankashvar [11] 0.36 (kg/s)
\ —————ee Present Study
.l\‘\_ ] Kankashvar [11] 0.44 (kg/s)
Mo ——— e Present Study 1
loo:! * Kankashvar [11] 0.51 (kg/s)
= 0.04 ‘.‘ '|.Y ———————— Y ———— Present Study n
E’ . -\‘ . ® Kankashvar [11] 0.55 (kg/s)
; ‘.\ '\.\ _________ \ Vs Present Study ]
< 3 i
o
£ ;
S | i
= X
£ 0.02F ﬁ T
= | ] ]
W
L [ i
oc v iy T 1 97
0 50 100 150 200

Length of Combustor (mm)
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]

Operating Point | Air flow rate (kg/s) Fuel ﬂov;;;' ate (kg/ Equivalence ratio (¢) Ex([))l;:'li(:rtxg:tm pergit:::];ﬁzm
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,, 151, 20 7,, 50 7, 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 1511.4 1852
Error % 47.20 45.64 48.47 54.69 68.31 101.34
Case 2 K 1052.1 1130.4 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 11244 1173.3 832.2 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
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Figure 16 -Comparison of the effect of temporal discretization on combustor temperature distribution and its validation

against experimental results
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