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Abstract: In this paper, the premixed turbulent combustion is experimentally 
studied from the viewpoint of the second law of Thermodynamics.  
The low swirl combustion (LSC) concept is employed as the flame stabilisation 
mechanism in the tests. On the basis of the normalised laminar flame  
speed (NLFS), two distinguished flame shape regimes are observed;  
lifted and attached flames. Observations show the significant effect of the  
flame regime in terms of exergy destruction. The lifted flame that occurs in 
lower NLFSs considerably demonstrates lower amount of irreversibility 
production, whereas the attached flame that presents the higher rates of fuel 
exergy destruction. Besides, the heat transfer from the combustion chamber  
to the surrounding for the lifted flame condition is 14% more than the  
attached flame. Analysing the system via the entropy generation approach 
illuminated the role of temperature distribution in the variations of 
irreversibility production. 

Keywords: exergy; LSC; low swirl combustion; irreversibility; temperature 
distribution. 
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1 Introduction 

During the past decades and still, combustion has been the most dominant source of 
energy supply. The significance of combustion of hydrocarbon fuels is well known for 
various applications, including thermal industries, transportation or power generation. 
More interestingly, a major portion of renewable energy resources known as bio-fuels 
also require combustion process in order to be employed (Ballachey and Johnson, 2013). 
Second law of thermodynamics introduced an effective concept for evaluation of the 
thermals systems deficiencies, which is called ‘exergy’ or maximum attainable work 
(Gungor et al., 2013; Khanmohammadi and Azimian, 2013). In the field of power 
generation, it is known that combustion is always associated with considerable exergy 
destruction due to the complexity of the process (Arpaci and Selamet, 1998). Exergy 
analysis is a technique that uses the conservation of mass and conservation of energy 
principles together with the second law of thermodynamics for the analysis, design and 
improvement of energy and other systems (Granovskii et al., 2008). 

Generally, the well-known Gouy–Stodola theorem establishes the connection 
between the lost exergy or irreversibility and the entropy generation (Nag, 2005). 
Destruction of fuel chemical exergy in multicomponent reacting flows occurs through 
different sources of entropy generation in combustion phenomena (Arpaci and Selamet, 
1998). Major causes of the entropy generation during combustion are introduced in a 
study by Dunbar and Lior (1994) as chemical reaction, heat transfer due to temperature 
difference, species mass transport and viscous dissipation. Accordingly, they introduced 
heat transfer as the main source of entropy generation. 

The flame structure plays an important role in terms of the effective entropy 
generation process. Datta (2000) established a theoretical model to simulate the entropy 
generation in axisymmetric laminar diffusion flames. He reported that the major exergy 
destruction is caused by heat transfer within the flame and a decrease in the air–fuel ratio 
increases the rate of entropy generation. 

The dominant entropy generation mechanism seems to be different in premixed and 
non-premixed flames. In the work of Nishida et al. (2002), the comparison is made 
between premixed and diffusion flame. They declared that the chemical reaction is the 
dominant factor of entropy generation in premixed combustion whereas for the diffusion 
flames, it is heat transfer that comprises a major part of entropy generation. They also 
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stated that the total entropy generation reduces by increasing the equivalence ratio from 
0.7 to 1. Overall exergy analysis also confirms the superiority of stoichiometric 
combustion on reducing the irreversibility production (Som and Datta, 2008).   

There may be a contrasting point while comparing the observations of Dunbar  
and Lior (1994) with the ones of Nishida et al. (2002). Even though, Dunbar and Lior 
introduce heat exchange as the dominant entropy generation process in premixed  
flames, Nishida et al. attributed the major entropy generation to the chemical reactions.  
The reason within the conclusion of Nishida et al. may rely on their assumption  
of a thin flat flame, which keeps the temperature gradients outside the flame region 
incredibly low. 

Seemingly, the control mechanism of combustion can alter the significance of entropy 
generation processes. The work of Briones et al. (2009) concerned the second law 
behaviour of transient laminar propagating flames. They declared that the premixed and 
non-premixed reaction zones exhibit the highest irreversibility and the lowest exergy 
destruction, respectively. Interestingly, unlike the ordinary diffusion flames, it was 
observed that in propagating flames in the non-premixed zone, entropy generation due to 
mixing is the highest. 

Most of the combustion applications involve turbulent reacting flows. The turbulent 
flow exhibits entropy generation due to extracting energy from the main stream to 
maintain its fluctuating nature. Stanciu et al. (2001) split the sources of fuel exergy 
destruction into mean and turbulent parts for heat/mass transfer, chemical and  
viscous components. It turned out that the turbulent viscous, thermal and diffusion 
entropies are considerably greater than those generated in the mean motion field.  
Yapici et al. (2005) conducted a numerical simulation for turbulent diffusion combustion 
of CH4-air in which the inlet air passes through swirl injectors. The effects of equivalence 
ratio and swirl number are exclusively examined on the rate of entropy generation in the 
system. The results imply that increasing the swirl number, in particular, conditions can 
restrict the entropy generation. In addition, the investigation of Makhanlall and  
Liu (2010) showed the importance of entropy generation due to radiation for combustion 
systems. 

In a recent study, Farran and Chakraborty (2013) have investigated the entropy 
generation mechanism in turbulent premixed combustion of freely propagating  
flame via DNS method. They declared that entropy generation mechanisms are 
strengthened by reducing Lewis number (Le). Also, the heat release substantially affects 
heat transfer entropy generation while it has marginal effect on the other entropy 
mechanisms. 

During the last decade, lean-premixed combustion concept has been implemented to 
the thermal industries as an efficient tool to meet strict emission regulations of gas 
turbines and boilers. This namely dry-low-NOx (DLN) technology could reach out the 
NOx and CO emission limits below 25 ppm and 50 ppm, respectively (corrected to 15% 
O2) from engines operating on natural gas (Dunn-Rankin, 2008). One of the most 
promising strategies for lean flame stabilisation that could promote ultra-low NOx  
combustion and resolved the fuel flexibility issue is a novel premixed flame technology,  
which operates, based on low-swirl combustion concept. The low swirl burner (LSB) 
initially proposed by Chan et al. (1992) and mainly developed by Cheng (1995), Yegian 
and Cheng (1998), Cheng and Littlejohn (2008). The main operating principle of  
low-swirl burner lies within the propagating nature of turbulent premixed flames.  
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In LSBs, the ‘standing flame front’ is accomplished by producing weak swirl, which 
leads to a divergent downstream flow. Lean premixed combustion emits low levels of 
NOx due primarily to the low flame temperature. Johnson et al. (2005) studies clarified 
that unlike flames stabilised by high amounts of swirl, LSB flames do not rely on flow 
recirculation for stabilisation. With recent comprehensive studies on the stability 
mechanisms and thermofluid details of LSBs, this technology still demands attempts for 
further studies from the second law of thermodynamic perspective.  

Other than the limited number of exergy studies on the premixed turbulent flames, the 
investigations usually had limited success in providing a proper insight about the 
effective irreversibility production sources due to the lack of practical analysis. In this 
study, LSB combustion as a perfect example of propagating turbulent premixed  
flame is examined experimentally and exergy analysis has been studied. In addition, 
using the local examination of entropy generation, a meaningful relationship between  
the flame regime and the rate of irreversibility production is established. Besides, 
investigation of the effect of flame behaviour (attached and lifted regime) on the 
temperature distribution inside the combustor and irreversibility ratio is one of the main 
objectives of this study.  

2 Test rig and experimental procedure  

The main LSB component is a swirler (Figure 1). It contains from an outer annular 
swirled section and a centre-channel. The centre-channel flow is a critical component 
whose presence retards recirculation. A perforated plate is attached to the centre-channel 
controls the flow rate allocated to each section. Another key parameter in the LSB design 
is the swirler recess distance, it controls the residence time of the interaction between the 
swirled and unswirled flows and has some effect on the flow divergence and the LSB 
performance. 

Figure 1 Schematics of swirler and burner (see online version for colours) 

 

The aerodynamic uniqueness of the LSB swirler provides a highly turbulent flow with 
slight swirl that can promote the divergent flow downstream of the burner exit.  

Similar to other mechanical phenomenon, there are three groups of geometrical, 
kinematical and dynamical characteristics, which affect the combustion performance. 
There are several geometrical parameters in a swirler. According to Figure 2, burner 
radius (Rb), unswirled core radius (Rc) (perforated plate radius), vane angle (α), vane 
numbers, blockage of perforated plate, recess length (L) are the most important 
geometrical parameters. 
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Figure 2 The geometrical parameters of the LSB 

 

The swirl number for LSB practice is defined as (Cheng, 1995): 
3

2 2 2 2 2

2 1tan
3 1 [ (1 1) ]m

RS
R r R R

α −
=

− + −
 (1) 

where α is the angle of the 16 vanes mounted around the central channel and R = Rc/Rb.  
It is simplified further when Uc/Ua is expressed in terms of rm the mass flux ratio  
(flow-split) m c ar m m=  through the centre-channel ( )cm  and annular ( ).am  The 
geometric parameters of the burner and swirler, which are used in this study, are included 
in Table 1. 

Table 1 The design parameters of the burner in this study   

Rb 
(mm) 

Rc 
(mm) R 

L 
(mm) 

Blockage 
(%) 

α 
(deg) 

Swirl number 
(S) 

Mass flux ratio 
(rm) 

34.5 22.2 0.64 69 61 41 0.56 0.43 

The LSB was horizontally mounted to a cylindrical combustion chamber with 45 cm and 
150 cm of diameter and length, respectively. The chamber body is not insulated so that 
the heat exchange can occur with the surrounding.  

Figure 3 shows the schematic presentation of the test rig and measuring facilities.  
As it is shown, the air supplied by the high-pressure blower and natural gas enter the 
mixing tube separately and the homogeneous mixture is delivered to the burner inlet.  
The volumetric flow rate of air and fuel were measured by the turbine and the metres, 
respectively. A total number of nine ports are mounted along the combustor wall by 
various spacing intervals. A type-S thermocouple is used to measure axial and radial 
temperatures inside the combustion chamber. The first port is located 5 cm downstream 
of the burner exit. The temperature of the combustor walls are recorded by infrared 
thermometer, BE900. The combustion product species (O2, CO, CO2, NO, NO2, SOx, 
UHC) are measured on dry basis using TESTO 350-XL gas analyser. 

The experiments are primarily organised to provide factual situation for a stabilised 
premixed flame in order to quantify the different availability terms of the combustion.  
In addition, the test procedure is designed to facilitate the formation of two distinguished 
premixed flame regimes; attached and lifted flames. For all tests, the thermal capacity  
of the burner was set to 56 ± 1 kW with the fine adjustment of the natural gas flow rate. 
The gas chromatography of the fuel composition is shown in Table 2. Four different test  
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points are conducted by varying the fuel–air equivalence ratio. However, it should be 
noticed that for the purpose of changing equivalence ratio, the combustion air was 
controlled via the needle valve. Hence, changing the mixture equivalence ratio is 
associated with the change of bulk velocity entering the burner. The correlation of 
mixture bulk velocity and equivalence ratio is illustrated in Figure 4. Once an 
equivalence ratio was set, the burner-combustor began operating for an hour to acquire 
steady thermal conditions and then data acquisition started. 

Figure 3 Schematic presentation of the test rig and measuring facilities (see online version  
for colours) 

 

Figure 4 Assessed mixture equivalence ratios and the corresponding velocities 
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Table 2 Natural gas composition 

Gas formula Mole fraction (%) 

CH4 98.231 
C2H6 0.551 
C3H8 0.052 
i-C4H10 0.041 
n-C4H10 0.033 
i-C5H12 0.022 
n-C5H12 0.026 
C6H14

+ 0.039 
CO2 0.509 
N2 0.496 
H2S 3.00 ppm 

Molecular weight = 16, specific gravity = 0.5671, LHV (kcal/m3) = 8080.153. 

3 Similarity equation for flow-field characteristics 

For better understanding of the flow-field characteristics of low-swirl combustion,  
Day et al. (2012) conducted a series of Particle Image Velocimetry practices to study the 
evolution of the flow and flame features with increasing bulk velocity, U0. It was 
revealed that the profiles of normalised axial velocity, U/U0 and the normalised 
fluctuating velocities ( )1 22 2

0u v U′ ′+ , collapse to their individual same trends. This 
matter shows that the LSB flow-field exhibits similarity feature. Therefore, the following 
equation for predicting the flame location with respect to the burner exit was established 
(Day et al., 2012): 

0

0 0 0

( )d '1 .
d

f Lx x SU Ku
x U U U

−
− = +  (2) 

In equation (2), x0 is equal to the location of the burner’s exit and xf is the location of the 
flame brush. It was stated in their study that the normalised axial divergence rate 

0(1 d d )U U x×  has a constant value. Also in the right side of equation (1), they declared 
that for high turbulence intensities, the turbulence at the flame stabilisation point is 
isotropic such that u′ scales linearly with U0. Hence, the ratio of Ku′/U0 exhibits a 
constant value. As a result, it becomes obvious that the flame location (xf) is dependent to 
the normalised laminar flame velocity (SL/U0). 

In the current study, since the combustion equivalence ratio (ϕ) alters dependently 
with the bulk velocity (U0), the (SL/U0) is being used as the indicator of flame regime 
variation and according to equation (3), Vs is the normalised laminar flame speed (NLFS). 
Using the data from Figure 4 and the corresponding laminar flame speed, the NLFSs for 
the present study are calculated in Table 3. 
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3

0

10 .L
s

S
V

U
= ×  (3) 

The change of NLFS can be followed by two different flame regimes, which are believed 
to have distinct thermal behaviours. Figure 5(a)–(d) depicts the two distinguishable flame 
regimes which are attached and lifted flames. 

Table 3 The normalised laminar flame speed values for the present study 

φ 0.61 0.68 0.78 0.87 
SL (cm/s) 9 14 23 27 
Vs 10.3 17.1 31.9 42.9 

Figure 5 From left to right: (a) Vs = 42.9-attached flame; (b) Vs = 31.9-attached flame;  
(c) Vs = 17.1-lifted flame and (d) Vs = 10.3-lifted flame (see online version  
for colours) 

 

4 Second law mathematical model 

For semi-steady state systems, the second law analysis can begin with applying the 
overall availability/irreversibility balance.  

4.1 General availability balance equation 

For an open control volume experiencing energy and mass exchange with the 
surrounding environment, the following equation for the change of availability on a time 
basis exists (Wark, 1995): 

( )0 0 out
d

d (1 ) d .d d ( ) ( )
d

cv
j j cv cv i i in i i cvj

i i

A
s Q T T s W P V t n n I

t
ψ ψ= − + + + − −∑ ∑∫ ∫ (4) 

In the above-stated terms, d dcvA t  is the rate of availability change by time in the system, 
which is virtually equal to zero for the present work. In addition, the term 
( )0 . d dcv cvW P V t+  is equal to zero due to none shaft work transfer and constant occupied 
volume.  

The first term on the right-hand side of equation (4) represents the availability 
associated with heat transfer from the combustor walls where Tj is the temperature of the 
boundary and jQ  is the rate of heat transfer to or from the working medium over a 
differential area. Also, To is the dead-state temperature. The thermochemical values of the 
standard dead-state condition are presented in Table 4. 
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Table 4 The thermochemical values of the standard dead-state condition 

Substance Mole fraction 
N2 0.7662 
O2 0.2055 
CO2 0.0003 
H2O 0.0188 
Other 0.0092 
T0 = 298.15 K, P0 = 0.101325 MPa 

Calculation of the dissipated heat from the combustor walls to the surrounding is done by 
dividing the wall into eight thermal regions. The average temperature of each thermal 
region was measured that enables one to predict the convective and radiative heat 
transfer. Heat losses from the non-insulated wall to the ambient are given by: 

( ) ( )conv sur sur ,j j r jQ A h T T h T T = × − + −   (5) 

where hconv and hr represent the convective and radiative heat transfer coefficients, 
respectively. The free convection heat transfer occurs on the horizontal cylinder of the 
combustor and on the vertical sidewalls. The Nu can be obtained for horizontal cylinder 
with diameter D, via the semi-empirical equation (6): 

2
1/ 6

8 / 279 /16

( )0.387Nu 0.6 , .
1 (0.559 / Pr)

sD
D D

g T TRahD Ra
K

β
ϑα

∞
  − = = + = 

 +   

 (6) 

And for the vertical plates with the length, L, at the two ends of the combustor,  
Nusselt Number (Nu) is calculated by equation (7) 

2
1/ 6

8 / 279 /16

0.387Nu 0.825 .
1 (0.492 / Pr)

D
D

RahL
K

 
 = = + 

 +   

 (7) 

All the gas properties at the film temperature are selected at Tf = 650 K. Also the 
radiative heat convection coefficient is obtained through the following approximation 
where the emissivity coefficient of the rusted steel is almost known to be ε = 0.85. 

2 2
sur sur( ) ( ).r s sh T T T Tεσ= + +  (8) 

The flow availability in multi-component reacting systems consists of thermo mechanical 
and chemical components. In equation (4), ψin, ψout represent the inlet and outlet flow 
exergy on molar basis, respectively, which can be stated as 

.tm ch
i i i

i
ψ ψ ψ ψ= = +∑  (9) 

With negligible kinetic energy, the thermomechanical flow exergy of the ith specie on a 
molar basis is defined as 

0 0 0( ) ( ) .tm
i i ih h T s sψ = − − −  (10) 
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Also, the chemical exergy of the ith specie in a mixture is defined as follows: 
0

0 ln ,ch
i i iRT Yψ ε= +  (11) 

where 0
iε  is the standard chemical exergy of the ith specie in the inlet or exhaust 

mixtures, R  is the universal gas constant and Yi is the mole fraction of the ith specie. 
Owing to the fact that equation (11) generally applies to all chemical species including 
the fuel, it removes the need for calculation of fuel exergy individually. Then, the 
irreversibility ratio of the burner-combustor are written as 

Irr = .cv

f f

I
n ψ

 (12) 

In equations (4) and (12), cvI  is the rate of irreversibility inside the control volume due to 
heat and mass transport, chemical reaction and viscous friction. Since the boundary of the 
control volume in the present study is limited to the combustor walls, the term 
‘irreversibility’ used in this paper refers to the combustion irreversibility. 

4.2 Equations for entropy generation in combustion 

In any thermal-reacting system, the entropy is generated by several sources. The total 
entropy generation in combustion can be mainly attributed to the following sources; 
viscous friction, heat and mass exchange, chemical reaction and thermal radiation. 
Viscous entropy generation is caused by viscous shear stress. fS ′′′  indicates the 
volumetric entropy generation due to viscous friction and can be described as  
Yapici et al. (2005). 

,fS
T
µ′′′ = Φ  (13) 

where µ is the effective mixture viscosity and Φ is the viscous dissipation which in  
axi-symmetrical geometry can be stated as Yapici et al. (2005); 

2 2 2 2

2 .u v v u v
x r r r x

 ∂ ∂ ∂ ∂       Φ = + + + +        ∂ ∂ ∂ ∂         
 (14) 

Entropy generation due to heat exchange is the other important source of entropy 
generation which can be formulated as 

2 2
2

2 2( ) ,th
k k T TS T

x rT T
 ∂ ∂   ′′′ = ∇ = +    ∂ ∂     

 (15) 

where k is the effective thermal conductivity of the gas. 
Entropy generation due to the chemical reaction is stated in equation (16) where ω 

(mole/m3 . s) is the chemical reaction rate, and µi is the chemical potential of ith specie. 
The chemical entropy generation may be expressed as Nishida et al. (2002) 

1
( ) .

N

ch i i i
i

S v v
T
ω µ

=

′′′ ′ ′′= −∑  (16) 
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The chemical potential, iµ  and the standard chemical exergy, 0
iε , of the ith specie in 

equation (11) can be approximated as equal. Mass diffusion of the ith specie into the 
mixture is also associated with entropy generation. The mass transport mostly occurs by 
two main driving forces, which are pressure and concentration gradients. For an 
axisymetrical system, the mass diffusion entropy generation is written as Nishida et al. 
(2002) 

im
1 0 0 0

,
N

i i i i i
m

i i

R Y R Y YPS D
p x x Y x xα

ρ
=

 ∂ ∂ ∂∂′′′ = + ∂ ∂ ∂ ∂ 
∑  (17) 

where ρ, Dim, Ri and P are mixture density, mass diffusion coefficient of the specie into 
the mixture, gas constant of the ith specie and static pressure, respectively. Since there is 
a minor pressure gradient in the combustion chamber, the first term in equation (17) can 
be neglected for simplicity. 

5 Results and discussion 

The process diagram of the combustion system is shown in Figure 6. As shown, the 
investigated control volume embraces air–fuel mixer, LSB and the combustor to the 
extent that it does not involve the surrounding. The thermal properties of the indicated 
fluxes crossing the boundary of control volume are presented in Table 5. 

Table 5 The thermal properties of the heat/mass fluxes crossing the control volume boundary 
(see online version or colours) 

Vs i 
Temperature 

Ti (°C) 

Gauge 
pressure 
Pi (kPa) 

Entropy si 
(kJ/kmol-K)

Energy ei 
(kJ/kmol)

Molar flow 
rate n  

(kmol/hr) 
Heat loss 
Q  (kJ)  

10.3 1 34 3.72 0.850 257.07 3.913 – 

 

2 25.5 2.43 1.062 318.5 0.256  

3 444 0 27.857 4974.8 4.255  

4 – – – – – 52.09 

17.1 1 46 3.81 1.968 606.30 3.495  

 

2 30 2.43 2.473 757.126 0.252  

3 467 0 28.991 5548.3 3.780  

4 – – – – – 51.60 

31.9 1 49 3.91 2.250 696.645 2.955  

 

2 32 2.43 2.832 871.707 0.247  

3 566 0 33.465 10514.9 3.246  

4 – – – – – 46.90 

42.9 1 49 4.02 2.250 693.73 2.622  

 

2 30 2.43 2.821 868.99 0.244  

3 579 0 34.158 10624.4 2.894  

4 – – – – – 46.91 

*Enthalpy and Entropy are calculated with respect to the dead-state condition. 
*For fuel stream, the sensible enthalpy is addressed. 
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Table 5 depicts the flow and heat condition of the combustion system for four  
different NLFSs. As it is observed, the molar flow rate of the fuel is nearly constant  
while the air flow rate is decreasing by increasing Vs. The remarkable observation  
is the variations of heat loss and exhaust energy (point 3, 4) by changing the  
normalised flame speed. One can observe that by increasing the NLFS, the heat  
losses from the combustor body decreases while the energy content of the exhaust gases 
increases. The main reason of such variation is the effect of NLFS on the flame shape 
regime. 

As depicted in Table 5, in the Vs = 10.3 and 17.1, the flame is in the lifted or detached 
regime which causes more heat transfer to the walls and hence less energy loss through 
the exhaust gases. When the Vs exceeds 17.1, the flame becomes more concentrated in the 
centre and enters the attached flame regime. Owing to the shape of attached flame, the 
heat exchange to the walls is weakened and the energy content of the exhaust gases 
increases proportionally. On the basis of equations (9)–(11), the exergy calculation of 
each stream is presented in Table 6. 

Table 6 The exergy calculation 

Vs i Exergy (kW) Vs i Exergy (kW) 
10.3 1 0.00365 31.9 1 0.0211 

2 59.448 2 57.509 
3 7.736 3 8.591 
4 31.259 4 27.141 

17.1 1 0.0189 42.9 1 0.0185 
2 58.565 2 56.619 
3 7.662 3 8.195 
4 31.290 4 27.355 

Figure 7 shows the contribution of each process in total exergy balance of the combustion 
system in four NLFSs. The results are shown as the percentage of the total fuel exergy. 
As the Figure 6 shows, averagely 50.5% of the exergy is allocated to the heat transfer 
through the walls and 13.9 % assigned to the exhaust gases. It is observed that by 
increasing NLFS (Vs) over 17.1, heat transfer exergy ratio reduced and the exhaust exergy 
ratio increased suddenly. This behaviour is mainly lies within the effect of flame regime 
on the exergy distribution in the entire system. In lower Vs values, since the detached 
flame has more extended surface, the greater part of the fuel exergy is conducted to the 
combustor walls while the lower fuel availability is exiting by means of hot exhaust 
products. This manner is inversely occurring during higher Vs values where the attached 
flame regime is dominant. 

The irreversibility ratio on an average basis is 35.5% for the range of NLFSs in 
Figure 7. Interestingly, the irreversibility ratio in the present premixed combustion is 
considerably lower than other values reported in the literature for traditional diffusion 
combustion systems. Table 7 has gathered the results of some studies about exergy 
analysis of thermal plants in which the irreversibility of the combustion process is 
calculated exclusively. 
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Figure 6 Schematic diagram of the combustion chamber (see online version for colours) 

 

Figure 7 Each combustion process contribution in the total exergy balance in four normalised 
laminar flame speeds (see online version for colours) 

 

Table 7 Comparison of the irreversibility ratios in different combustion type 

Facility Fuel type 
Combustion  
type 

Irreversibility 
ratio (%) References 

Steam power 
plant 

Coal Fluidised bed 
diffusion 

71.1 Regulagadda et al. 
(2010) 

Furnace Diesel Diffusion 52.9 Hasanuzzaman et al. 
(2011) 

Boiler Natural gas Oxy-combustion 
diffusion 

44 Taniguchi et al. (2005) 

Present study Natural gas Premixed low 
swirl combustion 

35.5  
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The variation of irreversibility ratio (equation (12)) by the change of NLFS is depicted in 
Figure 8. Clearly, when the NLFSs go above 17.1 the irreversibility ratio abruptly rises 
which undeniably is consequence of the shift in flame regimes. However, within each 
flame regime, the increase of Vs lowers the irreversibility ratio. One can observe that as 
the Vs is reduced from 31.9 to 17.1, the irreversibility ratio experiences almost 11.7% 
drop. In fact, the reason of this significant change originates in the influence of flame 
regime on thermal distribution inside the combustion chamber.  

Figure 8 The variation of irreversibility ratio by the change of normalised laminar flame speeds 

 

To clarify the effect of flame regime on the rate of exergy destruction, the temperature 
distribution on the radial and axial direction (Figures 9 and 10) and on the mid-plane of 
the combustor are illustrated in Figure 12 which may provide the sources of entropy 
generation. Figures 9 and 10 depict the variation of the temperature profile inside the 
combustor with different NLFSs. When the NLFS goes below 17.1, the attached flame 
changes to lifted regime, this leads to an obvious shift in the temperature profile. As the 
Figure 10 shows, the temperature gradient and maximum flame temperature have been 
reduced by decreasing the NLFS. Therefore, lower flame temperature cause lower NOx 
production. As it can be seen in the Figure 11, the rate of NOx emission decrease rapidly 
with decreasing the flame temperature and Vs number. 

The temperature contours presented in Figure 12 are obtained using the experimental 
data, which are interpolated for the domain in MATLAB software using triangle cubic 
interpolation method. As Figure 12 asserts, two distinguished flame regimes are 
demonstrated when the NLFS rises from 17.1 to 31.9. 

It is understood from the former studies (Dunbar and Lior, 1994) that in the premixed 
combustion, entropy generation due to heat transfer within the combustion chamber is the 
most dominant process or at least is of high influence. According to equation (15), the 
rate of thermal entropy generation is directly dependent to the (∇T/T)2, which indicates 
the intensity of local temperature gradients. Therefore, for characterising the distribution 
of thermal entropy generation, the (∇T/T)2 profiles are calculated for different axial 
distanced in the combustor.  

Figure 13 depicts the variations of (∇T/T)2 across the 2D plane within the combustor. 
Apparently, the intensity of local temperature gradients is quite stronger in higher  
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Vs values. This can be due to the fact that in the attached flame regime, the temperature is 
greatly concentrated around the axis while at low NLFSs; the temperature is widely 
spread along the combustor diameter. From the results of this study, it can be inferred 
that low swirl premixed burner with Natural gas as the fuel has low irreversibility ratio, 
especially, in the lean condition. In addition, the results reveal that the flame regime is a 
function of NLFS (Vs). So in order to achieve the best performance from LSBs, Vs 
number must be considered as a key parameter. 

Figure 9 Radial temperature profile in 183 mm above the burner in different Vs numbers (see 
online version for colours) 

 

Figure 10 Centreline temperature profile in different Vs numbers (see online version for colours) 
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Figure 11 NOx emission and maximum flame temperature variation with normalised laminar 
flame speed (see online version for colours) 

 

Figure 12 The temperature distribution on the mid-plane of the combustor: (a) Vs = 10.3;  
(b) Vs = 17.1; (c) Vs = 31.9 and (d) Vs = 42.9 (see online version for colours) 
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Figure 13 The variations of (∇T/T)2 across the 2D plane within the combustor (see online version 
for colours) 

 

6 Conclusion 

The exergy analysis has been carried out on a low swirl premixed burner operating on 
natural gas. The experiments were conducted in a fashion that two distinguished flame 
regimes were captured. Therefore, the effect of NLFS, as the indication of flame regime, 
has also been studied on the distribution of various exergy terms. The study of the 
combustion system yielded the following outcomes: 

• The NLFSs of 10.3 and 17.1 present the lifted flame regime while at 31.9 and 42.9 
the attached flame regime is observed. 

• The exergy of heat transfer from the flame to the combustor walls in the lifted flame 
is significantly greater than its value in the attached flames. On the other hand, the 
exergy transfer via the exhaust gases is slightly more in the attached flames in 
comparison with the lifted flames.  

• In the present study, the combustion irreversibility ratio of the premixed combustion 
is 35.5%, while this value for diffusion flames is quite larger. 

• When the flame regime alters from attached to lifted, the irreversibility ratio 
experiences almost 11% drop. 

• The distribution of local temperature gradient shows the significant contribution of 
the flame regime in the irreversibility ratio. 

• The heat transfer from the combustion chamber to the surrounding in the lifted flame 
condition is 14 % more than the attached flame. 
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Nomenclature 

CVA  Control volume availability/exergy 
xa  Wall thickness 
imD  Diffusion coefficient of the ith species 

h Enthalpy 
convh  Convection heat transfer coefficient 
rh  Radiation heat transfer coefficient 

Irr Irreversibility ratio 
CVI  Irreversibility 

K Coefficient of conduction
L Recess length, mm 

cm′  Mass flow of central channel 
am′  Mass flow of annular channel 

Nu Nusselt
P Static pressure (Pa) 
P0 Dead-state pressure (MPa) 
Pr Prandtl

iQ  Heat transfer rate 
R Burner radial ratio 
R  Universal gas constant 
rm Mass flow ratio 
Si Entropy of the ith species
SL Laminar flame speed 
ST Turbulent flame speed 

genS′′′  Volumetric entropy generation 

fS′′′  Entropy generation due to friction 

chS′′′  Chemical entropy generation 
thS′′′  Entropy generation due to heat transfer 

genS  Total entropy generation 
S Swirl number 
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Ti Temperature of the ith species (K)
To Dead-state temperature (K)
u Axial velocity (m.s–1) 
U0 Bulk velocity (m.s–1) 
Uc Axial velocity in centre channel (m.s–1)
Ua Axial velocity in annular channel (m.s–1)
v  Radial velocity (m.s–1) 
Vcv Volume of control volume
Vs Normalised laminar flame speed
Wcv Shaft work 
Xi Mole fraction of the ith species
xf Flame position 
Yi Mass fraction of the ith species
Greek symbols 
µ  Dynamic viscosity (kgm–1s–1)
ε  Emissivity 
σ  Stefan–Boltzmann constant (W m−2 K−4)
ω  Reaction rate 

inψ  Inlet flow exergy (kW) 
outψ  Outlet flow exergy (kW) 
iµ  Chemical potential of the ith species 

Φ  Viscous dissipation 
ϕ  Equivalence ratio 

o
iε  Chemical exergy of the ith species (kW) 

 


