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This paper deals with combustion of premixed and diffusion methane flames.
Temperature and emission measurements of premixed and diffusion methane
flames have been carried out in the present study. A new combustion system
including burners and combustor has been designed and manufactured in
order to determine the temperature and emission values of methane flames
throughout the combustor. This combustion system includes burners,
combustor, gas and air lines, regulators, manometers, flowmeters and so on.
Premixed and diffusion burners with a capacity of 10 kW have been used so as
to burn the methane during the experiments. Temperatures have been
determined by using thermocouples throughout the combustor. Emission
values have also been measured via a flue gas analyzer throughout the
combustor. The results show that the maximum flame temperatures have been
measured as of 1230°C under the premixed flame conditions and as of 1193°C
under the diffusion flame conditions. When it comes to emission
measurements, it may be said that the maximum NOX and CO2 emission levels
form in the flame region while minimum CO formations emerge in the same
region under the premixed combustion conditions due to the complete
combustion conditions in the premixed burner. Therefore, it can be concluded
that complete combustion has been nearly achieved by the premixed methane
burner.
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1. Introduction
Energy is a key parameter all over the World and is still mostly generated by fossil fuels.
Fossil fuels are generally classified as solid, liquid and gaseous fuels. The most known
gaseous fuel is natural gas including high amount of energy. Natural gas plays an
important role ranging from power generation industries to buildings. In general, power
generation or heating systems consist of a combustor and a burner to burn natural gas.
Because of that, burner and combustor designs are very important to burn the natural
gas efficiently.
Burners are generally separated into two groups called as premixed and diffusion (nonpremixed) burners. Reactants are mixed before the reaction is initiated in premixed
flames as well as fuel and oxidizers enter the combustion chamber as separate streams in
diffusion flames [1]. Both of them are widely used to burn natural gas or methane that is
major component of natural gas in any combustion systems. van Essen et al. [2] have
investigated effects of pressure on NO formation in premixed methane flame. They have
reported that NO levels increase as pressure is increased. Bidi et al. [3] have modelled a
methane-air combustion taking into account the radiation effect. They have concluded
that the radiation in numerical modelling can affect the temperature and species
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concentration. Brookes and Moss [4] have conducted an experimental study regarding
turbulent jet diffusion flames of methane. They observed that temperature levels have
increased towards outlet of the combustor. Boke et al. [5] have focused on experimental
and numerical combustions of natural gas by using diffusion flame burner. The maximum
temperature level of natural gas has been determined as of 1075°C in the flame.
Keramida et al. [6] have studied the radiative heat transfer in natural gas-fired furnaces.
The results show that thermal radiation is very important for more accurate prediction in
numerical modelling. Feyz et al. [7] have explored the effect of recess length on
combustion behaviours of methane in a burner. Fang et al. [8] have examined the effect of
turbulence on NO formation in swirling combustion. Saqr et al. [9] have studied the effect
of free stream turbulence on NOX and soot formation in non-premixed methane flame.
Khelil et al. [10] have modelled a high swirled natural gas diffusion flame using a PDF
model. Fackler et al. [11] have carried out an experimental and numerical study of the
emission of nitrogen oxides (NOX) under lean premixed combustion. They have also
studied the effect of diluent addition on NO X formations under the same conditions.
Lieuwen [12] have indicated the results of an investigation of the mechanisms
responsible for some instabilities in lean premixed gas turbine combustors. Day et al.
[13] have studied lean premixed turbulent flow experimentally and numerically. Carlsson
et al. [14] have reported numerical and experimental studies of a lean premixed low swirl
stabilized methane/air flame.
Although there are some studies related to natural gas flames, experimental studies are
very restricted in the literature. Moreover, these studies cover combustion of methane
flame performed by using conventional natural gas burners. However, there needs to be
more studies regarding combustion behaviours of methane flames that are emerged via a
new type of burner. For these aforementioned reasons, temperature and emission levels
have been experimentally investigated in generated burners (premixed and diffusion)
and a combustor in the present study.
2. Operating Conditions, Test Rig And Equipments
New type burners, which are premixed and diffusion flames, integrated with a combustor
have been designed and manufactured to determine temperature and emission
distributions of methane flames and to compare the premixed and the diffusion burners
each other in terms of combustion performances and emission characteristics. Methane
has been consumed as fuel in the present study. The burners that can be burned the
methane fuel are shown in Figure 1.

Fig. 1. Diffusion (left) and premixed (right) methane burners
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These burners are called as diffusion and premixed flame burners. Air and fuel streams
are coaxial in the diffusion flame burner. The burner has two different types of air inlets
to the combustor. The first air inlets have angle of 15° to provide flame stabilization via
tangential velocity. The second air inlets consist of annular inlets. The fuel inlet has been
also designed as radial inlet to the combustor so as to obtain better fuel/air mixture and
flame stability. The premixed burner is of 8 annular inlets behind the flame region.
The schematic view of the combustion system is shown in Fig. 2. The burners have been
mounted to the combustion chamber as shown in Fig. 2. High pressure methane cylinder
has been integrated to supply the methane fuel into the system. The system includes two
gas lines, one of which is methane fuel line and the other of which is air line. This
combustion system consists of regulators, manometers, selenoid valves and float type
flowmeters. The regulators have been placed to the system in order to regulate pressures
of methane and air. Gas and air pressures have also been measured periodically in the
lines via manometers to control the pressures of the methane and air during the
experiments. Selenoid valves have been integrated into the system to prevent methane
stream when absence of the flame. An air compressor has been used to supply the
pressurized-air in this combustion system. Moreover, this combustion system includes
float type flowmeters in both lines to reach the desired gas and air flow rates. All
experiments have been conducted under the thermal power of 10 kW and equivalance
ratio of  = 0.83 conditions. Combustion gauge pressures of the methane and air have
been fixed at 21 mbar during the experiments.

Fig. 2. The layout of the combustion system
General view of the combustion chamber is shown in Fig. 3. The length and the diameter
of the combustion chamber are 100 cm and 40 cm, respectively. The combustion
chamber composes of a sight glass made of tempered glass, five measuring ports and flue.
Five measuring ports have been placed on the combustor wall to measure temperature
and emission values within the combustor. The first measuring port has been used to
determine the flame characteristics and location of the measuring port is 10 cm away
from the combustor inlet. The other four measuring ports have been located in an
interval of 20 cm from the first measuring port to the combustion chamber outlet.
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Fig. 3. The combustion chamber
Ceramic coated R-type thermocouples that can be withstood high temperature up to
1700°C have been used to measure temperature values through the combustion
chamber. Similarly, emission values have also been determined by means of a flue gas
analyzer throughout the combustor.
Table 1 shows the properties and accuracies of the thermocouple and flue gas analyzer
that have been used in the present study
Table 1. Measurement appliances and their properties
Thermocouple

Flue Gas Analyzer

0 – 1760 °C

MRU Type Flue Gas Analyzer

± % 0.3

O2 (%) 0-21, ±0,2 (%)
CO (ppm) 0-10000 ppm, ±10 ppm
NO ve NO2 (ppm), 0-1000 ve 0-200 ppm, ±5 ppm
SO2 (ppm) 0-2000 ppm, ±10 ppm
CO2 (%) 0-40, ±0,3 (%)
Combustion Products’ Temperature
(°C) 0-1100°C, ±2°C
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3. Results and Discussion
The measured axial temperature values of diffusion and premixed methane flames are
given in Fig. 4. The maximum temperature levels of premixed and diffusion methane
flames show up as of 1230,35°C and as of 1193,54°C in the flame regions, respectively.
Then, it is seen that the temperature measurements decrease gradually towards the
combustor outlet for both cases and the temperature values of premixed and diffusion
methane flames are determined as of 571,15°C and as of 508,95°C at the outlet,
respectively. When the premixed and diffusion flames are compared to each other, it is
concluded that the temperature levels of premixed flame are higher than that of diffusion
flame excluding measurement at 30 cm axial position considerably. Therefore, it has been
demonstrated that better fuel/air mixture highly affects the temperature levels due to
turbulence effect.

Fig. 4. Axial Temperature Measurements
Figure 5 depicts the measured radial temperature values of premixed and diffusion
methane flames at 10 cm, 30 cm, 50 cm, 70 cm and 90 cm, respectively. As can be seen
from the Figure 5a, temperature levels decrease rapidly towards the combustor wall as
the sudden expansion combustor type has been used. Figure 45 also shows that the radial
temperature measurements of premixed and diffusion methane flames are nearly the
same for all measurements. When it comes to the evaluation of the temperature
measurements at the other radial positions, high temperature values have been
measured towards the combustor outlet as the flame has propagated to the combustor
significantly. In particular, the measurement values between 0 cm and 15 cm at 70 cm
and 90 cm axial position are closer to each other. This study takes into account another
conclusions such as comparison of premixed and diffusion methane flames. If it is
analyzed in Fig. 5d and Fig. 5e (after the flame propagates completely), the measured
temperature values of premixed methane flame are higher than that of diffusion methane
flame due to better fuel/air mixture.
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Fig. 5. Radial Temperature Measurements at 10 cm, 30 cm, 50 cm, 70 cm and 90 cm Axial
Positions
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Emission characteristics of diffusion and premixed methane flames have also been
investigated in the present study. Emission values have been measured on axial and
different radial positions in the combustor by means of same measuring ports located on
the combustor wall.
Figure 6 presents the axial CO measurements of premixed and diffusion methane flames.
The findings show that the maximum CO values for both conditions emerge in the flame
region owing to the incomplete combustion. Furthermore, it is demonstrated that CO
levels are extremely high under the diffusion flame conditions as fuel and air are mixed in
the flame zone. CO levels decrease rapidly towards the combustor outlet because of the
complete combustion.

Fig. 6. Axial CO Measurements

Figure 7 also show CO levels obtained from different radial positions throughout the
combustor. It can be readily said that CO values obtained under non-premixed
combustion conditions are higher than that of CO values obtained under premixed
combustion conditions throughout the combustor. In fact, CO levels are rather low under
premixed combustion conditions because the complete combustion of methane has
nearly been achieved under this conditions. Somewhat CO (almost 200 ppm) has left
from the combustor as an incomplete combustion product under diffusiın flame
combustion conditions
Axial CO2 measurements of premixed and diffusion methane flames are given in Figure 8.
As it can be clearly seen from the Figure 8, CO2 levels of premixed flame are high
compared to the CO2 levels of diffusion flame. This is because of nearly the complete
combustion under premixed conditions.
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Fig. 7. Radial CO Measurements at 10 cm, 30 cm, 50 cm, 70 cm and 90 cm Axial Positions
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Fig. 8. Axial CO2 Measurements
Radial CO2 measurements of premixed and diffusion methane flames are presented in
Figure 9. It may be firstly said that the maximum CO 2 levels emerge for both combustion
conditions in the flame region. Radial CO2 levels decrease rapidly towards the combustor
wall at the axial distance of 10 cm as the combustor is sudden expansion type. Then, CO 2
levels measured from further radial positions increase slighlty to the combustor outlet.
Because, it is thought that combustion is nearly completed. When CO 2 levels of premixed
and diffusion flames are compared each other throughout the combustor, CO 2 levels of
premixed flame are generally higher than that of diffusion flame due to better air-fuel
mixture.

Fig. 9. Radial CO2 Measurements at 10 cm, 30 cm, 50 cm, 70 cm and 90 cm Axial Positions
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Fig. 9. Radial CO2 Measurements at 10 cm, 30 cm, 50 cm, 70 cm and 90 cm Axial Positions
(Continued)

Fig. 10. Axial NOX Measurements
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Axial NOX measurements of premixed and diffusion methane flames are shown in Figure
10. It can be readily said that the maximum NO X formations are taken place under
premixed combustion conditions due to effect of thermal NOX mechanism. It may also be
specified that NOX levels decrease slowly towards the combustor outlet under the
premixed combustion conditions as well as the NOX levels decrease rapidly towards the
combustor outlet under diffusion flame conditions. If Figure 4 and Figure 10 are
examined carefully, it can be readily seen that there is a strong correlation between
Figure 4 and Figure 10 as high NOX levels are seen in the high temperature zone because
of effect of thermal NOX. Radial NOX values of premixed and diffusion flames are also
shown in Figure 11. As it can be seen from Figure 11, NO X levels obtained under premixed
flame conditions are rather higher than that of diffusion flame conditions throughout the
combustor. It may be also mentioned that there is a similar correlation between the
measured radial temperature and NOX values.

Fig. 11. Radial NOX Measurements at 10 cm, 30 cm, 50 cm, 70 cm and 90 cm Axial
Positions
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Fig. 11. Radial NOX Measurements at 10 cm, 30 cm, 50 cm, 70 cm and 90 cm Axial
Positions (Continued)

4. Conclusions
A new combustion system including burners and a combustor has been designed and
manufactured so as to determine the temperature and emission values of methane flames
throughout the combustor. Some conclusions that can be drawn from this study are
presented below:








The new type of burners have been developed and manufactured to burn the
methane flames more efficiently and these burners have been used to consume
the methane fuel under premixed and diffusion flame combustion conditions.
The axial temperature distributions have been exhibited under premixed and
diffusion flame conditions. It has been concluded that the temperature levels are
high throughout the combustor under premixed condition excluding the
temperature value at 30 cm axial position. When the radial temperature values
are evaluated, it can be said that the flames propagate to the combustor in time
due to combustor type (sudden expansion).
It has been revealed that the temperature values of premixed flames are
generally high over the temperature values of diffusion flames due to better
fuel/air mixture.
It has been demonstrated that CO and CO2 emissions of premixed methane flame
are low and high compared to that of diffusion methane flame due to better
fuel/air mixture, respectively.

It can be concluded that NOX emissions of premixed methane flames are high in
comparison to that of diffusion methane flame due to effect of thermal NOX mechanism.

12

Ilbas and Karyeyen / Research on Engineering Structures & Materials 4(1) (2018) 1-14

5. Acknowledgement
The authors thank TUBITAK (project number: 114M668) for supporting the presented
study.

References
[1] van Oijen JA, de Goey LPH, Roekaerts DJEM. International Combustion Institute
Winter School on Combustion, Lecture Note, 2016.
[2] van Essen VM, Sepman AV, Mokhov AV, Levinsky HB. Pressure dependence of NO
formation in laminar fuel-rich premixed CH4/air flames", Combustion and Flame,
2008; 153: 434-441. https://doi.org/10.1016/j.combustflame.2007.10.006
[3] Bidi M, Hosseini R, Nobari MRH. Numerical analysis of methane-air combustion
considering radiation effect, Energy Conversion and Management, 2008; 49: 36343647. https://doi.org/10.1016/j.enconman.2008.07.010
[4] Brookes SJ, Moss JB. Measurements of soot production and thermal radiation from
confined turbulent jet diffusion flames of methane, Combustion and Flame, 1999; 116:
49-61. https://doi.org/10.1016/S0010-2180(98)00027-3
[5] Boke YE, Aydin O, Yildizay HD. The comparison of experimental and predicted flame
temperature of natural gas combustion, Energy Sources, Part A: Recovery, Utilization,
and
Environmental
Effects,
2011;
33:
1271-1280.
https://doi.org/10.1080/15567030903330892
[6] Keramida EP, Liakos HH, Founti MA, Boudouvis AG, Markatos NC. Radiative heat
transfer in natural gas-fired furnaces, International Journal of Heat and Mass
Transfer, 2000; 43: 1801-1809. https://doi.org/10.1016/S0017-9310(99)00244-6
[7] Feyz ME, Esfahani JA, Pishbin I, Modarres Razavi SMR. Effect of recess length on the
flame parameters and combustion performance of a low swirl burner, Applied
Thermal
Engineering,
2015;
89:
609-617.
https://doi.org/10.1016/j.applthermaleng.2015.06.007
[8] Fang W, Xiang X, Qi J, Lixing Z. Effect of turbulence on NO formation in swirling
combustion,
Chinese
Journal
of
Aeronautics,
2014;
27:
797-804.
https://doi.org/10.1016/j.cja.2014.05.004
[9] Saqr KM, Aly HS, Siea MM, Wahid MA. Effect of free stream turbulence on NOX and
soot formation in turbulent diffusion CH4-air flames, International Communications
in
Heat
and
Mass
Transfer,
2010;
37:
611-617.
https://doi.org/10.1016/j.icheatmasstransfer.2010.02.008
[10] Khelil A, Naji H, Loukarfi L, Mompean G. Prediction of a high swirled natural gas
diffusion flame using a PDF model, FUEL, 2009; 88: 374-381.
https://doi.org/10.1016/j.fuel.2008.09.008
[11] Fackler KB, Karalus MF, Novosselov IV, Kramlich JC, Malte PC, Experimental and
numerical study of NOx formation from the lean premixed combustion of CH4 mixed
with CO2 and N2, ASME 2011 Turbo Expo: Turbine Technical Conference and
Exposition, 2011; 55-63.
[12] Lieuwen T, Torres H, Jonhson C, Zinn BT, A Mechanism of Combustion Instability in
Lean Premixed Gas Turbine Combustors, Journal of Engineering for Gas Turbines and
Powers, 2000; 123(1): 182-189. https://doi.org/10.1115/1.1339002
[13] Day M, Tachibana S, Bell J, Lijewski M, Beckner V, Cheng RK, A combined
computational and experimental characterization of lean premixed turbulent low
swirl laboratory flames I. Methane flames, Combustion and Flame, 2012: 159; 275290. https://doi.org/10.1016/j.combustflame.2011.06.016

13

Ilbas and Karyeyen / Research on Engineering Structures & Materials 4(1) (2018) 1-14

[14] Carlsson H, Nordström E, Bohlin A, Petersson P, Wu Y, Collin R, Aldén M, Bengtsson
P, Bai X, Large eddy simulations and rotational CARS/PIV/PLIF measurements of a
lean premixed low swirl stabilized flame, Combustion and Flame, 2014: 161; 25392551. https://doi.org/10.1016/j.combustflame.2014.03.017

14

