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Introduction
Methane is the simplest hydrocarbon in the alkane family and 

the principal component of natural gas. Compared with the other 
hydrocarbon fuels, methane produces more heat for each unit of 
consumed mass whereas yields less carbon dioxide for each unit of 
released heat, it is therefore widely used as an important and typical fuel 
source in our daily life for practical applications in cooking, heating, 
vehicle cylinders, turbine combustors etc.

The common characteristic of the practical applications of methane 
in cooking, heating, vehicle cylinders and turbine combustors is 
the turbulent combustion of non-premixed methane-air, which is 
characterized by non-premixed methane-air jet flames. Among the 
non-premixed methane-air jet flames, the Sandia flame D is the most 
typical and popular one and is therefore comprehensively investigated 
[1]. The objective of this study is to investigate the exergy characteristics 
of a typical non-premixed methane-air jet flame by studying the local 
percentages of kinetic exergy, chemical exergy, and thermal exergy of 
the Sandia flame D.

Research Methods
Geometry

Figure 1 shows the computational domain used for the Sandia 
flame D. The geometry of the Sandia flame D is simplified as a 2 D axis 
symmetrical structure, and the computational domain is 80 d in axial 
direction and 20 d in radial direction. The main jet inner diameter d is 
7.2 mm and the annulus pilot inner diameter dp is 18.2 mm [2].

Exergy theory

The specific exergy of a closed control volume is defined as follows 
[3]:

0 0 ,0 ,0s s
s

a k u P v T s yφ µ= + + + − −∑ (1)

where a, k, ϕ, u, v, and s are the specific exergy, kinetic exergy, potential 
exergy, internal energy, specific volume, and specific entropy of 
the closed control volume, respectively. μs,0 and ys,0 are the standard 
chemical potential and standard mass fraction of component s in the 
environment, respectively.
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Abstract
Three exergy zones are observed in this study by investigating the local percentages of kinetic exergy, chemical 

exergy, and thermal exergy of a typical non-premixed methane-air jet flame, the Sandia flame D. It is observed that 
the flame domain can be divided into three zones as (1) zone І, the fuel zone where methane sprays and spreads, 
(2) zone ІІ, the air zone where air sprays and spreads, and (3) zone ІІІ, the left area besides zone І and zone ІІ in the
flame domain, and this is the place where combustion occurs and flame spreads. Results show that zone І and zone ІІ
have higher local percentages of kinetic exergy and chemical exergy whereas zone ІІІ has higher local percentages of
thermal exergy.
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The specific enthalpy of a control volume is given: 

h u Pv= + (2)

( )
0 0

0 0 0 ,s sT P
s

h T s yµ= +∑ (3)

where p and h are the pressure and specific enthalpy of gas in the closed 
control volume, respectively. h0 and s0 are the specific enthalpy and 
entropy of gas at environmental state, respectively.

Equation (1) then gives:

( )
0 00 0 0 ,0 ,0 ,( ) ( )s s s s T P

s s
a k h h T s s y yφ µ µ= + + − − − + −∑ ∑    (4)

When the potential exergy is neglected [4, 5], equation (1) furthers 
to give:

( )
0 00 0 0 ,0 ,0 ,( ) ( )s s s s T P

s s
a k h h T s s y yµ µ= + − − − + −∑ ∑                 (5)

For the mixture of ideal gases in the control volume, we have:

s s
s

s s y=∑ (6)
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21
2 s

s
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where ss and hs are the specific entropy and enthalpy of component 
gas s in the control volume, respectively. c is the velocity of the control 
volume.

For ideal gases, we further to have:

Journal of 
Fundamentals of Renewable Energy 
and ApplicationsJournal 

of
 F

un
da

m
en

tal

s o
f Renewable Energy and Applications

ISSN: 2090-4541



Citation: Yu X, Zhang Y, Li B, Ke C (2016) Three Exergy Zones of a Typical Non-Premixed Methane-Air Jet Flame. J Fundam Renewable Energy 
Appl 6: e108. doi:10.4172/20904541.1000e108

Volume 6 • Issue 3 • 1000e108
J Fundam Renewable Energy Appl
ISSN: 2090-4541 JFRA, an open access journal 

Page 2 of 2

It was observed that the non-premixed methane-air jet flame can 
be divided into three zones and these three zones have similar shapes 
for the local percentages of kinetic exergy, chemical exergy, and thermal 
exergy. The three zones are labeled in Figure 2 and they are defined 
in this study as: (1) zone І, the fuel zone where methane sprays and 
spreads, (2) zone ІІ, the air (environment) zone where air sprays and 
spreads, and (3) zone ІІІ, the left area besides zone І and zone ІІ in the 
computational domain, and this is the place where combustion occurs 
and flame spreads. It was also observed that zone І and zone ІІ have 
higher local percentages of kinetic exergy and chemical exergy whereas 
lower local percentages of thermal exergy. Zone ІІІ has lower local 
percentages of kinetic exergy and chemical exergy whereas higher local 
percentages of thermal exergy.

Conclusions
The non-premixed methane-air jet flame can be divided into three 

exergy zones and these three zones have similar shapes for the local 
percentages of kinetic exergy, chemical exergy, and thermal exergy.

Zone І and zone ІІ have higher local percentages of kinetic exergy 
and chemical exergy whereas lower local percentages of thermal exergy. 
Zone ІІІ has lower local percentages of kinetic exergy and chemical 
exergy whereas higher local percentages of thermal exergy.

Acknowledgements

This study is supported by China Postdoctoral Science Foundation (Grant No. 
2014M551240). The authors acknowledge the help from professor Abdel Ghaly 
who works in Department of Process Engineering and Applied Science, Faculty of 
Engineering, Dalhousie University, Canada.

References

1. TNF (2016) International Workshop on Measurement and Computation of
Turbulent Nonpremixed Flames. 

2. Barlow RS, Frank JH (1998) Effects of turbulence on species mass fractions
in methane/air jet flame. Symposium (International) on Combustion 27: 1087-
1095.

3. Lior N, Sarmiento-Darkin W, Al-Sharqawi HS (2006) The exergy fields in 
transport processes: Their calculation and use. Energy 31: 553-578.

4. Zhang Y, Li B, Li H, Zhang B (2012) Exergy analysis of biomass utilization via
steam gasification and partial oxidation. Thermochimica Acta 538: 21-28.

5. Zhang Y, Zhao Y, Gao X, Li B, Huang J (2015) Energy and exergy analyses
of syngas produced from rice husk gasification in an entrained flow reactor. J 
Cleaner Produc 95: 273-280.

0 0
0 0

2
p, 0 p, 0 ,0 ,0 ,

0

1 dd ln ( )
2

T T

s s s s s s s s T PT T
s s s ss

T R Pa y c y C T T C T y y
T M P

µ µ
 

= + − + + − 
 

∑ ∑ ∑ ∑∫ ∫

               (9)

where Cp,s and Ms are the specific heat capacity and molar mass of 
component gas s in the control volume, respectively. R is the universal 
gas constant (8.314472 kJ/kmol K).

The total exergy is defined in this study as the sum of kinetic, 
thermal, and chemical exergy as:
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The chemical exergy can also be expressed as [4,5]:

( )0
ch ch, 0 lns

s s
s s

ya a RT x
M

= +∑ (14)

where ys and xs are the mass fraction and volume fraction of component 
gas s in the gas mixture, respectively. 0

ch,sa  is the standard chemical
exergy of component gas s.

Results and Discussion
Simulation procedure

Ansys Fluent was used to solve the above equations, and the velocity 
field and scalar field were further used to compute the local exergy. The 
pressure-velocity coupling scheme is based on the coupled method. The 
spatial discretization of the gradient is based on the least square cell 
method whereas the spatial discretization of pressure is based on the 
PRESTO method. The other spatial discretizations were based on the 
Second Order Upwind. When the residuals of continuity, energy and 
DO-intensity were less than 10-6 and the other residuals were less than 
10-5, the calculations were considered to be convergent.

Exergy zones

We analyzed the local percentages of kinetic exergy, chemical 
exergy, and thermal exergy for the whole computational domain, and 
observed something in common for the local percentages. The local 
percentages of kinetic exergy, chemical exergy, and thermal exergy 
are defined in this study as the ratios of local kinetic exergy, chemical 
exergy, and thermal exergy to local total exergy, respectively.
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Figure 1: Computational domain of the non-premixed methane-air 
jet flame [2].

Figure 2: Three exergy zones.
Figure 2: Three exergy zones.
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