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Abstract. This study was investigated to obtain methane combustion flames diluted by carbon 
dioxide on non-premixed burner.  The methane combustion characteristics were analyzed on 
axisymmetric jet (AJ) non-premixed burner. The investigated parameters consist of fuel velocity 
(Uf), air velocity (Ua), CH4 concentration (% by volume)  and firing rate (F.R.).   The results 
showed that longer flame length and lower temperature were obtained when fuel velocity 
increased between 0.4-1.6 m/s. At the same fuel velocity, carbon dioxide was diluted in methane 
combustion from 30-70% by volume, flame length was decreased by much lower yellow tip 
flames and slightly higher blue flames due to well mixed between air and fuel. In addition, all 
blue flames could be found at CH4 concentration less than 50% by volume and extinction limit 
was occurred at Uf =1.6 m/s and methane concentration less than 30%. However, this study also 
found that air velocity had slightly effects on flame length and flame temperature. It concluded 
that less than 70%  of carbon dioxide dilution could be applicable to improve diffusion flame 
from methane combustion on AJ non-premixed burner. 

  
 

1.  Introduction 
 
Nowadays, there are many types of burner used in the industrial part with premixed and non-premixed 
combustion. Even though, premixed burner was applied widely due to well-mixed combustion however 
it was known about risk from flashback flames [1]. In the past, flashback flame phenomena obtained 
from premixed combustion was studied with equivalence ratio more than unity with the variation of 
mass flow rates [2].  In order to operate gaseous combustion on burner with safety, the combustion 
flames on basic non-premixed burners, Axisymmetric Jet (AJ) burner, Wolfhard Parker (WP) burner 
and tubular burner, were investigated [3]. Hydrogen (H2) diffusion flame diluted by inert gas, was also 
studied to obtain change of flame structure on AJ burner, WP burner and tubular burner as the basic of 
non-premixed burner [4].  In the past, fossil fuel applied for general combustion in heat process of 
industrial parts, emitted greenhouse gases such as carbon dioxide (CO2) and oxide of nitrogen (NOx) 
to environment and affected climate change. In this present, low carbon fuel such as natural gas, biogas 
was instead of fossil fuel to reduce emission [5]-[6]. As low emission and renewable fuel, the policy of 
biogas usage increased from 193 kW to 3600 kW was supported by Ministry of Energy, Thailand 
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during 2008-2013 [7]. The main compositions of biogas are methane (CH4) and carbon dioxide (CO2), 
which compositions of biogas are different because of gas production. The previous study showed the 
unstable premixed flames of synthetic biogas investigated with different compositions [8]. In order to 
operate burner with safety, non-premixed methane and hydrogen combustion was studied and longer 
flame length of methane combustion with increase of fuel velocity was obtained [9]-[10].  Moreover, 
mapping and structure flames were resulted from inverse diffusion flames of methane [11]. Thus, it is 
necessary to investigate CH4 diluted with CO2 combustion flames as the main compositions of biogas 
on AJ non-premixed burner to operate combustion devices for biogas with safety. Following variation 
of methane concentration, fuel velocity and air velocity, flame characteristics of methane diluted with 
CO2 could be applicable to obtain smart operation range of non-premixed burner. 

2.  Nomenclature 
 
Uf Fuel-inert velocity (m/s) 
Ua Air velocity (m/s) 
ρ Density (kg/m3) 
cp Specific heat (J/kg•K) 
k Thermal conductivity (W/m•K) 
F.R. Firing rate (kW) 
L Flame length (mm) 
A Area (m2) 
ṁ Mass flow rate (kg/s) 
Qa Volume flow rate (m3/s) 
T Flame temperature (C) 
LHV low heating value (kJ/kg) 
 

3.  Experimental setup 
 

 
 

Fig.1 Experimental setup. 
 
Figure 1 shows the experimental setup to study characteristic of methane combustion flames diluted by 
CO2. Following the experimental setup, CH4 diluted with CO2 fed to mixing chamber and AJ non-
premixed burner which air was supplied separately as co-flow method. To study equivalence ratio 
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variations, air, CH4 and CO2 flows were measured by digital mass flow controllers. Table 1 and Table 
2 show that CH4 concentration was varied between 30%-100% with CO2 dilution with variation of fuel 
velocity and air velocity. Moreover, variation of equivalence ratio, fuel and air velocity were also 
experimented. In order to obtain uniform flow fuel, muffler and 100 micron of mesh were installed in 
AJ non-premixed burner which  was designed for 7.5 mm of nozzle fuel exit diameter with 75 mm of 
nozzle air exit diameter. When fuel and air flowed into burner then they ignited to observe combustion 
flame characteristics. Photographs of flame characteristics were taken by digital camera. However, 
forward looking infrared (FLIR) camera was used for in this study for investigate local temperature of 
diffusion flame by infrared radiation. In addition, thermocouple was installed to measure flame 
temperature and recorded by data logger (HIOKI LR8431-20 Memory HI Logger). 
 
Table 1. Variation of CH4 and CO2 at Ua=cm/s     for Uf=0.4, 1.0 and 1.6 m/s. 
 

CH4 

[%] 
CO2 

[%] 
Uf 

[m/s] 
100 0 0.4 1.0 1.6 
70 30 0.4 1.0 1.6 
50 50 0.4 1.0 1.6 
30 70 0.4 1.0 1.6 

 
Table 2. Variation of CH4 and CO2 at Uf=0.6 m/s for Ua=4, 5 and 6 cm/s. 
 

CH4 

[%] 
CO2 

[%] 
Ua 

[m/s] 
100 0 0.4 1.0 1.6 
70 30 0.4 1.0 1.6 
50 50 0.4 1.0 1.6 
30 70 0.4 1.0 1.6 

 

4.  Methodology 
4.1 Flame structure  
For diffusion flame, fuel needs to diffuse to oxidizer then the reaction time is longer than premixed 
flame. Normally, heat released from premixed flame is greater than from diffusion flame. It was noted 
that yellow and blue flames were known as luminous and premixed zone, respectively [12]. 
 
4.2 Gas properties 
As the gas properties of CH4 and CO2 at 25C, density (ρ), heat capacity (cp), thermal conductivity (k) 
and lower heating value (LHV) are shown in Table 3. 
 
Table 3. CH4 and CO2 properties at 25C. 
 

Gas properties CH4 CO2 

ρ [kg/m3] 421 685 
cp [J/kg•K] 2260 6200 
k [W/m•K] 0.035 0.078 

LHV [kJ/kg] 50000 0 
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4.3 Fuel velocity 

In this study, fuel velocity was varied to observe flame characteristics. Fuel velocity was calculated by 
ratio between volume air flow rate and nozzle fuel exit area as followed by Eq. (1) 

Uf = Qf /A       (1) 
 

4.4 Air velocity 

In order to obtain combustion flames on AJ non-premixed burner which was designed for 75 mm of 
nozzle air exit diameter, thus it is necessary to find variation of air velocity. Air velocity in this 
experiment can be varying by volume flow rate as shown in Eq. (2). 

Ua = Qa/A       (2) 
 
4.5 Firing rate 
 
Firing rate is applied to express the rate of power and it is the product of low heating value and mass 
flow rate as shown in Eq. (3) 
 

F.R. = ṁf  LHV      (3) 
 
4.6 Methane concentration 
 
Methane concentration is the ratio between volume flow rate of methane and total flow rate as shown 
in Eq. (4) 
 

 [CH4] = QCH4100% / (QCH4+QCO2)     (4) 
 

5.  Result and discussions 

5.1.  Flame structure 
Figure 2 shows flame structure with variation of CH4 and CO2 at Ua =cm/s for Uf =0.4, 1.0 and 1.6 m/s. 
When CH4 concentration was lower, the yellow flame shown in luminous zone was minimized due to 
dilution of CO2. For CH4 concentration less than 50%, higher blue flames in premixed zone was 
observed when fuel velocity was higher. It was caused by decrease of fuel instead of CO2 and air could 
be entrained to fuel [12]. However, the extinction flame was observed at 30% of CH4 concentration 
and Uf=1.6 m/s. Moreover, flame structure with variation of CH4 and CO2 at Uf =0.6 m/s for Ua=4, 5 
and 6 cm/s were illustrated in Fig.3. Figure 4 shows the relation between CH4 concentration and Uf at 
Ua=4 cm/s. At Uf=0.6 m/s, yellow flame was found for fuel velocity between 0.4-1.6 m/s and pure 
blue flame was found at less than 30% of CH4 concentration between fuel velocity 0.4-1.0 m/s.  
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Fig.2 Flame structure with variation of CH4 and CO2 at Ua = 0.4 cm/s for Uf = 0.4, 1.0 and 1.6 m/s. 

 

 
 

Fig.3 Flame structure with variation of CH4 and CO2 at Uf = 0.6 m/s for Ua = 4, 5 and 6 cm. 
 

 
Fig.4 Relation between CH4 concentration and Uf at Ua = 4 cm/s. 
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Fig.5 Relation between firing rate and fuel velocity at Ua = 4 cm/s. 

 
 

5.2.  Combustion diagram 
 
The relation between firing rate and fuel velocity at Ua=4 cm/s is shown in Fig.5. Firing rate was 
higher when fuel velocity increased for CH4 concentration incapable less than 30%.The diffusion 
flame of methane diluted by CO2 could be operated on this AJ non-premixed burner more than 2 kW 
at Uf=1.6 m/s.  
 
 

5.3 Flame length 
 

Flame length could be longer by increasing of fuel velocity as shown in Fig.6 and 7. For CH4 
concentration was less than 70%, carbon dioxide affected on flame length and yellow flame was 
decreased obviously. However, flame length was slightly wider by variation of air velocity.  

 

 
Fig.6 Flame length at Ua = 4 cm/s by varying Uf and %CH4. 
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Fig.7 Flame length Uf = 0.6 cm/s with variation of Ua and CH4 concentration. 
 

5.4 Flame Temperature 
 

Flame temperature of diffusion flame photos taken by FLIR camera was shown in Fig.8. As this 
result, temperature around cone of flame is highest because reaction area is around nozzle exit. 
However, higher flame temperature was obtained with lower fuel velocity and CH4 concentration as 
illustrated in Fig.9.  
 
 
 

 
 
 
 
 
 

 
Fig.8 Comparison between flames taken by digital camera and FLIR camera 

 
 

 
 

Fig.9 Relation between flame temperature and CH4 concentration with variation of Uf. 
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6.  Conclusions 
 
This study was experimented with variation of fuel velocity, air velocity, CH4 concentration and 

firing rate. As the results, wider flame length and lower temperature were obtain when fuel velocity 
increased between    0.4-1.6 m/s At the same fuel velocity, carbon dioxide was diluted in methane 
combustion from 30-70% by volume, flame length was decreased by much lower yellow flames and 
slightly higher blue flames due to well mixed between air and fuel flow rate. In addition, all blue 
flames could be found at less than 50% of methane concentration by volume and extinction limit was 
occurred at Uf = 1.6 m/s and CH4 concentration less than 30%. It concluded that less than 70% of 
carbon dioxide dilution could be applicable to improve diffusion flame from methane combustion on 
AJ non-premixed burner. 
 

Acknowledgement 
 

The authors would like to thank to Asahi Glass Foundation and Office of the Higher Education 
Commission, Thailand Research Fund (TRF: IRG5780005), for financial support and King Mongkut’s 
University of Technology Thonburi (KMUTT) for facility supports 

 
 

References 
 
[1]Alireza Kalantari, Vincent McDonell, Boundary layer flashback of non-swirling premixed flames: 
Mechanisms, Fundamental research, and recent advances, Progress in Energy and Combustion Science 61 
(2017), pp.249-292. 
[2]Wojciech Jerzak, Monika Kuznia, Experimental study of impact of swirl number as well as oxygen and 
carbon dioxide content in natural gas combustion air on flame, Journal of Natural Gas Science and Engineering 
29 (2016), pp.46-54. 
[3]Carl A. Hall , Robert W. Pitz,  Experimental and numerical study of H 2 -air non-premixed cellular tubular 
flames, Proceedings of the Combustion Institute 36 (2017),1595–1602. 
[4]D. Lo Jacono , P.A. Monkewitz, Scaling of cell size in cellular instabilities of non-premixed jet flames, 
Combustion and Flame 151 (2007), pp.321–332. 
[5]Energy Policy and Planning Office, (2013), Energy Statistics of Thailand 2013. 
[6] Department of industrial works  )2010( .Manual for design,produce,quality control and uses of biogas for 
industrial works , 1st edition, ISBN 978-616-148-83-0, Department of industrial works , Bangkok. 
[7] Department of Alternative Energy Development and Efficiency, Ministry of energy. 
[8]A. Kaewpradap, T. Pimtawong and S. Jugjai, Comparison of Synthetic Biogas Combustion Affected to 
Cellular Premixed Flames on Flat Burner, Proceedings of The 7th TSME International Conference on 
Mechanical Engineering, Duang Tawan Hotel, Chiangmai, Thailand, pp.39. 
[9] Jing Zhang a,b , Xing Li a,b, Haolin Yang a,b , Liqiao Jiang a,b , Xiaohan Wang a,b , Daiqing Zhao a,b, 
Study on the combustion characteristics of non-premixed hydrogen micro-jet flame and the thermal interaction 
with solid micro tube, International journal of hydrogen energy 42, (2017), pp.3853-3862. 
[10] Yuji Ikeda, Jean Luc Beduneau, Attachment structure of a non-premixed laminar methane flame, 
Proceedings of the Combustion Institute 30, (2005), pp.391–398. 
[11]Xing Li , Jing Zhang, Haolin Yang, Liqiao Jiang, Xiaohan Wang, Daiqing Zhao, Combustion Characteristics 
of non-premixed methane micro-jet flame in coflow air and thermal interaction between flame and micro tube, 
Applied Thermal Engineering 112 (2017), pp.296-303. 
[12]E.Oldenhof, M.J. Tummers, E.H. van Veen, D.J.E.M. Roekaerts, Role of entrainment in the stabilization of 
jet-in-hot-coflow flames, Combustion and Flame 158 (2011) 1553–1563 
[13]S. Mahesh and D.P. Mishra, 2010, Flame structure of LPG-air inverse diffusion flame in a backstep burner, 
Fuel, pp.2145-2148. 
 

589Preprint of TSME-ICoME 2017 Proceedings


