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Abstract
Biogas is a potential alternative energy source with low environmental impact. However, the practical applications of biogas 
are relatively limited due to the existence of  CO2 which acts as a dilutant that decreases the calorific value and the burning 
rate of biogas. Nitrous oxide  (N2O) is known to be a powerful oxidizing agent for propulsion applications which can enhance 
the combustion rate of biogas. In the present paper, the laminar burning velocity (LBV), hydrodynamic instability, and dif-
fusive–thermal instability of biogas/N2O oxide were experimentally studied at different equivalence ratios. The spherical 
propagating premixed flames for various mixtures of biogas-N2O were determined using the constant volume combustion 
vessel at 303 K and atmospheric pressure. Two mechanisms were used in CHEMKIN-PRO software in order to estimate the 
predicted combustion characteristics of biogas/N2O mixtures. The results indicate that the decline in LBVs was prominent 
in the fuel-rich mixtures than in the fuel-lean mixtures with  CO2 dilution. It is found that the influence of curvature on the 
flame front is weakened at the fuel lean-to-stoichiometric mixture due to the decrease in the flame thickness; therefore, flame 
instability tends to increase at the lean-to-stoichiometric region. Thermal diffusivity values decline with increasing the  CO2% 
except in the equivalence ratios of φ = 1.0 and φ = 1.4, which showed no impact on the thermal diffusivity. The thermal reac-
tion of  N2O decomposition is the most significant reaction in biogas/N2O combustion at lean mixtures of φ = 0.6 and 0.8.

Keywords Laminar burning velocity · Nitrous oxide · Biogas · Diffusive · Thermal instabilities · Hydrodynamic instability · 
Alternative fuels

Introduction

The rapid increases in energy consumption joined with 
considerable concerns about climate change have led to 
more attention to renewable sources of energy and alterna-
tive fuels [1]. Biogas is one of the promising alternative 
fuels that can be produced easily from landfills and through 

anaerobic digestion. Methane  (CH4) and carbon dioxide 
 (CO2) are the main components of biogas with a small pro-
portion of nitrogen, oxygen, and other organic compounds. 
The percentage of  CH4 in the biogas varies from 40 to 80% 
while the percentage of  CO2 varies from 20 to 60%. Due to 
the relatively high proportion of  CO2, the biogas fuel has 
a low burning rate and heating value, which could limit its 
practical applications in some industries that require high 
burning rate [2–4]. Therefore, the improvement in biogas 
combustion performance is needed in order to widen and 
develop its practical applications.

Nitrous oxide  (N2O) has been demonstrated to be a 
powerful, non-toxic, and non-corrosive oxidizing agent for 
rocket propulsion systems and space applications.  N2O can 
increase the burning rate of combustion due to its exother-
mal dissociation in fuel/N2O mixtures. Although  N2O is 
considered a greenhouse gas, recent studies have revealed 
that  N2O can serve as a renewable energy source [5, 6].

The laminar burning velocity (LBV) is one of the fun-
damental characteristics of a reacting premixed mixture 
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which is helpful for understanding important fundamental 
properties such as diffusivity, reactivity, and exothermic-
ity. Accurate measurement of laminar burning velocity is 
important for the characterization of premixed combustion 
properties of the fuel and the development of new kinetic 
models. Understanding the laminar burning velocity varia-
tion with thermodynamic conditions is significant from the 
perspective of practical applications in industrial furnaces, 
gas turbine combustors, and rocket engines [7].

LBVs can be estimated by various techniques such as 
Bunsen burner [8], heat flux [9, 10], spherical flame [7, 
11–14], flat flame [15], and counter flow [16]. Nitrous 
oxide flame propagation was studied under different condi-
tions. Flame propagation measurements of  CH4/N2O low-
pressure flat flames were reported by Vanderhoff et al. [17] 
using laser Raman spectroscopy. The structure of premixed 
CH4/N2O flame in the presence of  O2 or Ar was studied 
by Habeebullah et al. [18], Zabarnick [19], and Vandooren 
et al. [20] by measurements of stable and unstable species 
in flat flames at 30–50 torr. Flame structure investigations 
were used to validate different mechanisms developed for 
mixtures that contain  N2O.

Laminar burning velocities of  N2O with various fuels 
 (CH4,  C2H2,  C3H8, and  H2) diluted by  N2 were determined 
by Powell et al. [15, 21] using a McKenna flat flame burner 
at near-atmospheric pressure. The sensitivity studies and 
reaction path analyses were used in order to illustrate the 
important reactions. Pfahl et al.[22] determined the LBVs 
of  CH4/N2O; however, these mixtures included other flam-
mable components such as  H2 and  NH3. Shebeko et al. [23] 
investigated experimentally the influence of trifluorometh-
ane on the LBV of near-limit mixtures of  CH4/N2O. In the 
experimental study by Newman-Lehman et al.[24], non-
premixed flames of  CH4/O2 and  C2H6/O2 were replaced by 
 CH4/N2O and  C2H6/N2O, respectively; it was found that 
 O2 replacement with  N2O inhibited the flame propagation. 
Domnina et al. [25] determined the laminar burning veloci-
ties of  CH4/N2O/N2 mixtures using closed vessel explo-
sions, and from the detailed modeling of free laminar pre-
mixed flames, they indicated that  N2 addition to each  CH4/
N2O mixture results in the decrease in LBV along with the 
increase in flame width.

While there is significant interest in using biogas as an 
alternative to conventional fuels in multiple combustion 
applications [26], the presence of CO2 in biogas has limited 
its practical utilization in several applications that require 
high burning rates.

Nitrous oxide is a powerful oxidizing agent for rocket pro-
pulsion engines that can generate significant thrust. When 
decomposed,  N2O has a positive enthalpy of formation and 
can produce 82 kJ  mol−1 as shown in Eq. 1. Therefore, in 
combustion reactions, N2O is a more powerful oxidant 
than pure oxygen (O2). As demonstrated in Eqs. 2 and 3, 

stoichiometric combustion of 1 mol  CH4 with  N2O generates 
about 30% more energy than stoichiometric combustion of 
1 mol  CH4 with oxygen [27].

Therefore,  N2O is commonly employed to supercharge 
high-performance vehicles' engines and as an oxidizer in 
hybrid rocket engines in the aerospace industry. Hence, 
nitrous oxide could be used as an oxidizer to enhance the 
burning rate of biogas combustion and diminish the dilution 
effect of carbon dioxide to expand the utilization of biogas 
in propulsion applications.

Yet, there is a lack of studies that investigated the fun-
damental combustion characteristics of biogas/N2O. The 
objective of this study is to investigate the fundamental 
combustion characteristics of biogas/N2O mixtures in terms 
of laminar burning velocity and flame stability at various 
ranges of equivalence ratios.

Our findings show that the use of  N2O as an oxidizer 
has increased significantly the laminar burning velocity of 
biogas compared to biogas/air. In addition, it was found that 
nitrous oxide has a substantial effect on the flame stabil-
ity of biogas, specifically at lean mixtures. This study may 
support the efficient performance of biogas in high burning 
applications in order to expand the potential of biogas as an 
alternative fuel.

Experimental setup

The experiments were performed in a cylindrical constant 
volume combustion vessel. The experimental platform is 
consisting of a constant volume chamber, high-speed camera 
(Phantom 7.1), temperature control system, ignition system, 
vacuum pump, exhaust system, and Data Acquisition Sys-
tem (DAQ). The chamber has an approximated volume of 
30L with a 190-mm quartz window on both sides for optical 
access. Images of central propagating biogas/N2O flame are 
captured using high-speed schlieren photography as shown 
in Fig. 1. The vacuum pump is used to maintain the vacuum 
down to 1 ×  10−1 mbar in the combustion chamber. The igni-
tion system is fitted with inductive–capacitive high-voltage 
sparks generated between two electrodes that provide igni-
tion energy in the form of central point ignition with a 
spark gap of about 0.7 mm. Two thermocouples type K are 
employed to measure the ambient temperature of the internal 
reactants and another two thermocouples to determine the 

(1)N2O →

1

2
O2 + N2, ΔĤ

◦

C = −82 kJ mol−1

(2)
CH4 + 4N2O → CO2 + 2H2O + 4N2, ΔĤ

◦

C = −1219 kJmol
−1

(3)CH4 + 2O2 → CO2 + 2H2O, ΔĤ
◦

C = −890 kJmol−1
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wall temperature in order to guarantee homogenous combus-
tion temperature. In order to determine the pressure before 
and after the mixture filling, a digital pressure gauge (Druck 
DPI 104) is used to adjust the pressure inside the combus-
tion chamber. The total uncertainty of the pressure gauge 
is 0.01%. Phantom 7.1 is used to take optical recordings of 
the combustion, the frame rate was set to 5000fps, and the 
captured images were analyzed using MATLAB software. 
The partial pressure filling method is utilized to compute the 
equivalence ratio for each mixture.

Biogas/N2O mixtures are measured with different  CH4/
CO2 concentrations within various ranges of equivalence 
ratios. The methane concentration was varied from 75 to 
65% while the  CO2 percentages were between the ranges 
of 25% and 35%. The experiments are conducted at a tem-
perature of 303 K and an atmospheric pressure within an 
equivalence ratio range of 0.6 to 1.4. The overall uncertain-
ties of the laminar burning velocities are estimated to be 
around 2.3–6%.

In order to specify the uncertainty in the experiments, 
bias and accuracy errors were included by conducting five 
repeated tests for each experiment. Both systematic and ran-
dom uncertainties were estimated for the experiments. As 
shown in Table 1, uncertainties are divided into systematic 
(Si) and random uncertainties (Ri). The calculated stand-
ard deviation was then multiplied by the t-distribution for 
4 degrees of freedom (v = n − 1) and a 95% of confidence 
interval (CI), before being divided by the square root of n.

The uncertainty in the calculated laminar burning veloc-
ity could be described by:

where UuL
 denotes the uncertainty in the calculated laminar 

burning velocity at 95% CI, S2
uL

 refers to the total bias uncer-
tainty, B2

uL
 is the total bias uncertainty, n represents the num-

ber of repetitions of the experiment at same condition, while 
SDuL

 denotes the standard deviation, and tn−1,95 is the t-dis-
tribution value at a 95% CI and n − 1 degrees of freedom.

Bias uncertainty BuL
 on the other hand is determined 

using the following equation:

(4)UuL
=

�

�

�

�

�B2
uL
+

�

tn −1,95SDuL

√

n − 1

�2

(95%)

Fig. 1  Experimental setup of 
constant volume combustion 
chamber
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Table 1  List of uncertainties sources

Elemental uncertainty source Systematic, Si Random, Ri

Pressure gauge
 Accuracy
 Display resolution/bar

± 0.05% F.S 0.0001

Thermocouple
 K-type
 Display resolution

1 K

Camera resolution
 Finite pixel/cm
 Spatial/cm

0.057
0.018

Optical aberration
 Spatial /cm

0.046

Calibration
 Resolution/cm

0.023
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where Ui are the elemental bias uncertainties listed in 
Table 1; u0

L
(xi) is a function that expresses the laminar burn-

ing velocity as a function of equivalence ratio, initial pres-
sure, initial temperature, optical aberrations, and xi signifies 
each elemental error source. Therefore, based on Eq. (5), 
u0

L
(xi) should first be determined to solve for the partial 

derivative  �u0
L
(xi)

�xi

 . Sharma et al. [28] proposed a correlation 
for u0

L

(

xi

)

 which is expressed as:

and

where T and P are the temperature and pressure, respec-
tively. Ijima and Takeno [29] proposed a much more com-
plex correlation that is given by:

where P0 and T0 are the reference temperature with a value 
of 1 atm and 291 K, respectively. Ssu, α and β are function 
of φ with:

Computational methods

The PREMIX model in CHEMKIN-PRO software is used 
to predict the laminar burning velocities for the simulated 
biogas/N2O mixtures. The unburned conditions were speci-
fied according to the initial conditions of the experiments. 
A multicomponent model is used in order to evaluate the 
transport properties. The maximum calculation steps were 
set to be 1000, and the adaptive grid control based on solu-
tion gradient was reduced to 0.01.

(5)BuL
=

√

√

√

√

√

N
∑

i=1

(

�u0
L

(

xi

)

�xi

Ui

)2

(6)u0
L
= f (𝜙)

�

T

303

�1.68∕
√

𝜙

for 𝜑 < 1

(7)u0
L
= f (𝜙)

�

T

303

�1.68
√

𝜙

for 𝜑 > 1

(8)

with f (�) = −418 +
1287

�
−

1196

�2
+

360

�3
− 15� log10 P

(9)u0
L
= Ssu

[

1 + � log

(

P

P0

)](

T

T0

)�

(10)Ssu = 36.9 − 210(� − 1.12)2 − 335(� − 1.12)3

(11)α = 1.60 − 0.22(� − 1)

(12)� = −0.42 − 0.31(� − 1)

Two reaction mechanisms are studied in the present work: 
GRI-Mech 3.0 and San Diego. The GRI-Mech 3.0 is a mech-
anism that is extensively used in numerous studies with good 
results for methane and natural gas studies [9, 10, 30]. San 
Diego mechanism is designed to focus on high-temperature 
ignition and detonations studies; the mechanism is adapted 
to include the nitrogen chemistry in order to calculate the 
 N2O reactions. The number of reactions in GRI-Mech 3.0 
and San Diego mechanisms is 325 and 311, respectively.

Results and discussion

Validation of methodology

In order to validate the reliability of the spherical propaga-
tion flame method in a constant volume chamber, the meas-
ured LBV was compared with experimental data in the liter-
ature [30] and [31]. Due to the lack of studies of biogas/N2O, 
the LBVs of simulated biogas/air are illustrated in Fig. 2 
over different equivalent ratios at 298 K and 1 atm. The 
results show a good agreement with literature data; how-
ever, the values of LBVs in [31] are slightly higher than the 
current measurement due to temperature differences (330 K 
and 1 atm).

Stretch rate and flame speed variation

The unstretched flame speed can be calculated using lin-
ear extrapolation of the flame speed and the stretch curve 
[32]. Flame speed has been investigated by analyzing the 
images of the spherical flame propagation captured by the 
high-speed camera (Phantom 7.1) during the combustion by 
using MATLAB software. Stretch can be calculated by the 
following equation:
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Fig. 2   Comparison between current data and data in literature of the 
laminar burning velocity of simulated biogas/air mixture of at 1 atm 
and 298–330 K
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In order to simulate biogas combustion, the flame prop-
agation was studied for different concentrations of  (CH4/
CO2), where the  CH4 percentages in the biogas were set at 
65% and 75%, while the percentages of  CO2 were set at 25% 
and 35%. Experiments were carried out at a temperature of 
303 K and atmospheric pressure, with equivalence values 
ranging from 0.6 to 1.4.

Figures  3 and 4 reveal the correlation between the 
stretched flame speed and flame stretch rate for two dif-
ferent mixtures of biogas (75%CH4/25%CO2)/N2O and 
(65%CH4/35%CO2)/N2O at various ranges of equiva-
lence ratios. For all mixtures, the flame propagation speed 
increased as the stretch rate decreased, which refers to the 
appositive values of the Markstein length. However, a sud-
den increase in the flame speed can be observed at lean-
to stoichiometric mixtures. The significant acceleration in 
the flame speed occurs in conjunction with the onset of the 

(13)� =

1

Af

dAf

dt
=

2

Rf

dRf

dt

cellular instability. Due to the fact that the local stretch rate 
and the flame area are unknown following the beginning of 
cellular instability, the LBVs were calculated only within the 
range of stable flame.

Laminar burning velocity and Markstein length 
of biogas /  N2O

The experimental results of LBVs of the simulated biogas 
with nitrous oxide at different concentrations of  CH4/CO2 
are illustrated in Fig. 5 at various ranges of equivalence 
ratio. The results exhibit a parabolic relation of LBVs ver-
sus the equivalence ratio, where the velocities increase from 
the fuel-lean region until reaching the peak values at the 
stoichiometric region; then, the values tend to decrease in 
the fuel-rich region. In general, the values of LBVs tend 
to decrease with  CO2 increment which acts as a dilutant in 
biogas; however, the rate of decline is more prominent in 
the fuel-rich mixture than a fuel-lean mixture that shifting 
the peak values of LBVs toward leaner mixtures with the 
increase in  CO2 proportion. These results are thought to be 
due to the domination of  N2O decomposition reaction in 
the lean mixture, which produces high energy which leads 
to increase the burning rate and reduce the dilution effect of 
 CO2. The summary of the experimental results of LBVs is 
shown in Table 2.

Figure 6 depicts the spherical flame development of 
(75%  CH4-25%  CO2)/N2O, and (65%  CH4-35%  CO2)/N2O 
flames which represent the maximum and minimum  CO2 
content of the measured flames at the stoichiometric condi-
tions. It is clear that the flame of (75%  CH4-25%  CO2)/N2O 
progresses at a higher rate compared to the flames of (65% 
 CH4-35%  CO2)/N2O due to the increase in the dilution effect 
of  CO2. Figure 7 illustrates the development of spherical 
flame propagation in the mixture of (75%  CH4/25%  CO2)/
N2O over time at various equivalence ratios. The highest 
rate of flame propagation occurs at the stoichiometric mix-
ture, where the flame is fully formed before reaching the 
cylinder wall at t = 5 ms. The formation of cellularity inside 
the spherical flame is observed in the lean-to-stoichiometric 
region, revealing a high impact of the flame instability in this 
region; however, at φ = 1.4, the flame propagates smoothly 
with no cellular formation, indicating less influence of the 
flame instability in rich mixtures.

The comparison between the experimental results and 
the prediction results of the LBVs by using GRI 3.0 and 
San Diego mechanisms is shown in Fig. 8. Compared with 
the experimental results, both mechanisms showed under-
estimated values of LBVs, where the experimental data 
were higher than 10% at stoichiometry compared to GRI 
3.0 mechanism and 25% compared to San Diego; how-
ever, the GRI 3.0 model provided a better prediction of 
the LBVs behavior of the experimental results, unlike the 
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San Diego mechanism that revealed a rich shift of the peak 
LBV, indicating that the GRI mechanism can be used to 
examine the influences of  N2O and  CO2 on the combus-
tion of the biogas/N2O mixture quantitatively. The large 
divergence between GRI 3.0 and San Diego mechanisms 
is thought to be due to the limited  N2O reactions of the 
San Diego mechanism(53 reactions) compared with the 
GRI3.0 mechanism (106 reactions) [33]. In addition, the 
divergence in LBV is smaller for rich mixtures and larger 
for leaner mixtures. Such behavior might be due to the 
radiation reabsorption influence compelled by the sig-
nificant portions of  N2 in lean mixtures [34], which is not 
incorporated in the simulation.

Markstein length is considered as a parameter to evalu-
ate the response of flame to flame stretch rate [35]. Low 

Markstein length indicates a low influence of flame stretch 
rate on the burning speed. Figure 9 reveals the behavior of 
Markstein length over various ranges of equivalent ratios 
for different compositions of simulated biogas with nitrous 
oxide. The figure shows that the flame stretch rate for the 
simulated biogas/N2O flames near-to-stoichiometric ratio 
has little effect on the stretched flame speed, whereas it has 
a larger effect on the flame speed for fuel-lean and fuel-rich 
mixtures. The Markstein length is also used to estimate the 
mixture sensitivity to flame instability. The lower Markstein 
length means the earlier onset of flame instability. It is found 
that the increase in  CO2 percentage leads to an increase in 
Markstein length. Thus, the instability of flames begins ear-
lier for (75%  CH4, 25%  CO2)/N2O mixture than that of (65% 
 CH4, 35%  CO2)/N2O.

Figure 10 compares the behavior of the experimental 
laminar burning velocities of biogas/N2O and biogas/air at 
a temperature of 303 K and atmospheric pressure at vari-
ous equivalence ratios with an identical composition of 
biogas (65%CH4/35%CO2). Figure 10 shows a significant 
increase in LBV values for biogas/N2O mixture compared 
to biogas/air mixture, where the values of LBVs increased 
by about 335% at φ = 0.8 and by about 211% at φ = 1.0, 
indicating a significant influence of  N2O chemical reac-
tions in improving the laminar burning velocity values. 
With such a significant increase in LBV values, biogas/
N2O may be considered as an interesting mixture to be 
used in the propulsion applications that requires high 
burning combustion.

Table 2  Summary of LBVs 
experimental results at 303 K 
and atmospheric pressure

Eq. Ratio SL/cm  s−1 
75%CH4-25%CO2

SL, Av/cm  s−1 
75%CH4-25%CO2

SL/cm  s−1 
65%CH4-35%CO2

SL, Av/cm 
 s−1 65%CH4-
35%CO2

Test 1 0.6 57.87 57.57 51.54 51.54
Test2 0.6 57.51 51.49
Test3 0.6 57.33 51.60
Test 1 0.8 74.64 74.97 69.19 69.13
Test2 0.8 75.00 68.94
Test3 0.8 75.28 69.26
Test 1 1.0 78.76 79.19 71.79 72.12
Test2 1.0 79.67 72.08
Test3 1.0 79.14 72.51
Test 1 1.2 76.63 76.52 67.15 67.40
Test2 1.2 76.32 67.87
Test 3 1.2 76.61 67.19
Test 1 1.4 66.22 66.27 55.13 55.07
Test2 1.4 66.68 55.28
Test3 1.4 65.92 54.81
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Hydrodynamic instability

Hydrodynamic instability is heavily influenced by the ther-
mal expansion [36], which can be identified by the thermal 
expansion ratio ( � ) and flame thickness ( �T ). The thermal 
expansion ratio ( � ) is defined as the ratio of unburned gas 
density to that of burned gas (ρu/ρb); the higher the density 
jump is, the higher the flame instability [35]. Flame thick-
ness ( �T ) can be determined by the temperature profile of 
the flame structure and can be calculated by the following 
equation:

where λ and cp are the thermal conductivity and specific heat 
at constant pressure of biogas unburned mixture.

The flame thickness has a strong influence on hydrody-
namic instability. The strong stretch effect on the flame-front 
has an inhibition effect on the development of cellular for the 
spherical flame propagation which has positive curvature, 
and therefore, a reduction in flame thickness will weaken the 
influence of curvature and the instability tendency becomes 
stronger.

Figure 11 illustrates the behavior of the flame thickness 
of the biogas/N2O mixtures at a different range of equiva-
lence ratios using Gaseq chemical equilibrium software. 
The figure shows a parabolic behavior in the value of flame 
thickness with the equivalence ratio. For all mixtures, the 
values of flame thickness are decreasing gradually with 
increasing the equivalence ratio at the lean-to-stoichiometric 
region, whereas it shows an apparent increase at the stoichi-
ometric-to-rich region, which indicates that the influence 

(14)�T =
�

cp�uul

of curvature on the flame front is weakened at the lean-to-
stoichiometric region; thus, the instability propensity of the 
flame is increased, while the influence of curvature on the 
flame front is enhanced at the fuel-rich region. It was also 
found that the higher the percentage of  CO2 concentration in 
biogas/N2O increased the flame thickness. The flame thick-
ness trend reveals an inverse relation with the experimen-
tal results of laminar burning velocity, suggesting that the 
decrease in flame thickness increases the laminar burning 
velocity. The flame instability increases from lean-to-stoi-
chiometric mixtures, while the flame tends to be more stable 
at rich mixtures. Such behavior is noticed in Fig. 7 where the 
formation of the cellularity is diminished at rich mixtures.

The adiabatic flame temperatures of different biogas/
N2O mixtures have been calculated numerically for vari-
ous ranges of equivalence ratios at an initial temperature of 
303 K and atmospheric pressure. Figure 12 depicts that the 
behavior of the flame temperature is consistent with that of 
the laminar burning velocities, where the peak temperature 
value is at the stoichiometric region. The higher  CO2 content 
in biogas decreases the adiabatic flame temperatures values 
due to the increase in the dilution effect.

Figure 13 shows the effect of equivalence ratio variation 
with the density ratio of unburned gas density to that of 
burned gas for different mixtures of simulated biogas/N2O 
ratios using Gaseq chemical equilibrium software. The val-
ues of the density ratio show a considerable increase at lean-
to-stoichiometric region causes a significant variation in the 
flame front’s thermal expansion effect, which increases the 
hydrodynamic instability at this region, while the variation 
in the density ratio is minimal at the stoichiometric-to-rich 
region, which indicates a little effect of the flame front’s 
thermal expansion.

Time        t =  1 ms t = 2 ms t = 3 ms   t =  4 ms    t = 5 ms

(75% CH4-25% CO2)/N2O 

(65% CH4-35% CO2)/N2O 

Fig. 6  Development of spherical flame for different concentrations of biogas/N2O mixtures at the stoichiometric condition
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Diffusive–thermal instabilities

Cellular instability in premixed flames can be generated by 
hydrodynamic and/or diffusive–thermal instabilities, which 
lead to local flame acceleration [14].

Thermal diffusivity (�T) is defined in heat transfer analy-
sis as the ratio between thermal conductivity ( �) divided by 

the density and specific heat at constant pressure. Thermal 
diffusivity (�T) can be calculated by the following equation:

Figure 14 depicts the correlation between the thermal 
diffusivity values with a wide range of equivalence ratios 

(15)�T =
�

cp�u

Time t = 2 ms t = 3 ms t = 4 ms t = 5 ms

φ = 0.6  

φ = 0.8 

φ = 1.0

φ = 1.2

φ = 1.4

Fig. 7  Development of spherical flame of (75%CH4/25%CO2)/N2O mixture at different equivalence ratios
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using Gaseq chemical equilibrium software. A direct pro-
portional relation of the thermal diffusivity values versus 
the equivalence ratios is observed, indicating that thermal 
diffusivity is significantly affected by fuel proportion, i.e., 
biogas. In addition, the thermal diffusivity values decrease 

with the increase in the carbon dioxide content in biogas 
due to the dilution effect of  CO2; however,  CO2 increment 
showed no effect on the thermal diffusivity values at the stoi-
chiometric ratio and the rich mixture of φ = 1.4. With regard 
to comparing the behavior of thermal diffusivity with the 
experimental results of laminar burning velocity, the effect 
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of thermal diffusivity is directly proportional to the laminar 
burning velocity at the lean-to-stoichiometric ratios, where 
the velocity increases with the increase in thermal diffusiv-
ity. In contrast, the velocity decreases with the increase in 
thermal diffusivity at rich mixtures.

Lewis number (Le) is a dimensionless number which is 
defined as the ratio of thermal diffusivity to mass diffusivity. 
Lewis number can be roughly evaluating the diffusive–ther-
mal instability. When Le < 1, the flame instability increases; 
while Le  > 1, the flame instability decreases.

Lewis number can be estimated by the following 
equation:

where DT is the thermal diffusivity, Dm is the mass diffu-
sivity, λ is the heat conductivity, and ρu is the density of 
unburned reactant and Cp is the specific heat at constant 
pressure.

Lewis number characterizing mixtures with a single fuel 
that contains a dilute such as  CO2 in biogas was expressed 
as:

where Di, mix denotes the mass diffusivity as the fuel–oxi-
dizer mixture only consisted of fuel i and oxidizer (and any 
diluents) [37, 38].

The addition of inert species such as  CO2 in biogas pro-
motes flame extinction; however, it may also alter the dif-
fusive–thermal properties of fuel and oxidizer flows, which 
have a strong influence on the temperature and extinction of 
the flames [39].

(16)Le =
DT

Dm

=
�

Cp�uDm

(17)Le =
DT

Di, mix

Figure 15 illustrates the value of Lewis number for pure 
methane and different compositions of biogas with nitrous 
oxide and air as oxidizers at different equivalence ratios. 
For fuel/N2O mixtures, it is found that the relation of the 
Lewis number versus equivalence ratio is directly propor-
tional where Lewis's number increases with the increase in 
the equivalent ratio; however, the figure shows that Le < 
1 throughout all equivalence ratios range, which indicates 
that the diffusive–thermal instability is dominant for all  N2O 
mixtures. For  CH4/air mixture, the Lewis number value is 
almost constant where the values of Le ≈1 at the calculated 
range of equivalence ratios, indicating a minor effect of the 
thermo-diffusive instability on the flame. For the biogas/air 
mixtures, the value of the Lewis number is higher than unity, 
with a slight decrease in Lewis number with the increase in 
equivalence ratio, indicating that the diffusive thermal insta-
bility stabilizes the flame. The  CO2 increment increases the 
Lewis number values for all mixtures, which means that the 
increase in the percentage of  CO2 in biogas diminishes the 
influence of the diffusive–thermal instabilities.

From the investigation of the hydrodynamic and diffu-
sive–thermal instabilities, it can be noticed that the flame 
instability for biogas/N2O mixtures is caused by the com-
bined influences of hydrodynamic and diffusive–thermal 
instabilities, particularly in lean-to-stoichiometric mixtures, 
where the flame thickness decreases and Le < 1with a minor 
influence of thermal diffusivity, while in rich mixtures, the 
effect of flame instability decreases due to the increase in 
flame thickness and Lewis number with the increase in 
equivalence ratio.
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Sensitivity analysis

In order to comprehend the influence of chemical reac-
tions on the LBVs of biogas/N2O, the detailed chemi-
cal kinetics mechanism for (75%  CH4, 25%  CO2)/N2O 
and (65%  CH4, 35%  CO2)/N2O reactions has been estab-
lished at various equivalence ratios φ = (0.6–1.4) using 

CHEMKIN-PRO at a temperature of 303 K and an atmos-
pheric pressure.

Normalized sensitivity coefficients of the top 10 ele-
mentary reactions for (75%  CH4, 25%  CO2)/N2O and 
(65%  CH4, 35%  CO2) /  N2O are shown in Figs. 16 and 17, 
respectively. It is clear that the most important reactions 
vary with the equivalence ratios. As shown in both figures, 

Fig. 16   Normalized sensitiv-
ity analyses of (75%  CH4, 25% 
 CO2)/N2O for different equiva-
lence ratios at 303 K

(75% CH4, 25% CO2) / N2O
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N2O+H <=> N2+OH
OH+CO<=>H+CO2
N2O+O<=>2NO
NH+NO <=> N2O+H
OH+H2 <=> H+H2O
H+CH4 <=> CH3+H2
NH+OH <=> HNO+H
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the most important promoting reaction is  N2O(+ M) ⇔ 
 N2 + O(+ M) (R1) for case φ = 0.6 and 0.8, which is an 
endothermic reaction. The reaction of biogas/N2O is there-
fore dominated by such an endothermic reaction of  N2O 
decomposition. Nevertheless, the most important reaction 
is  N2O + H⇔N2 + OH (R2) for case φ = 1.0, 1.2, and 1.4, 
and the reaction (R1) locates at the second significant 
position. Therefore, the influence of thermal decomposi-
tion reaction (R1) on LBV is restrained correspondingly. 
On the other hand, the reaction  N2O + O⇔2NO (R4) due 
to sufficient oxidizer at fuel-lean mixtures is competing 
to some extent with the endothermic reactions (R1) and 
(R2) for the consumption of  N2O, particularly at lean 
mixtures. It can be seen that the  N2O decomposition 

reaction  N2O(+ M) ⇔  N2 + O(+ M) (R1) always exists in 
the biogas/N2O mixtures and it is a dominant reaction in 
lean mixtures. This analysis reveals the influence of  N2O 
consumption reactions on the significant increase rate of 
LBVs at lean mixtures.

However, for all investigated biogas/N2O mixtures, the 
laminar burning velocity is highly influenced by the rate of H 
attack on  N2O (R2), producing N2 and OH, where the sensi-
tivity of (R2) increases from the fuel-lean region until reach-
ing the peak values at the stoichiometric region, followed by 
a gradual decrease at the fuel-rich region, similar to LBV 
behavior. The significant effect of the  N2O + H⇔N2 + OH 
reaction on LBV was also indicated in other  CH4/N2O inves-
tigations [40].
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Fig. 17   Normalized sensitiv-
ity analyses of (65%  CH4, 35% 
 CO2)/N2O for different equiva-
lence ratios at 303 K
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Conclusions

In the present study, the laminar burning velocities and flame 
stability for different concentrations of biogas/N2O flames 
were measured experimentally and numerically over a wide 
range of equivalence ratios at a temperature of 303 K and 
atmospheric pressure. In light of the present study, the fol-
lowing conclusions may be drawn:

(1) The methodology validation for the current study is 
carried out using biogas/air against other literature data 
and the experimental results showed a good agreement 
with other experimental data available in the literature.

(2) The experimental data of LBVs showed a parabolic 
relation versus the equivalence ratio, where the peak 
values of LBVs are located at the stoichiometric region. 
The LBVs decrease as the  CO2 proportion in biogas/
N2O increases; however, the decline rate is prominent 
in the fuel-rich region than in the fuel-lean region.

(3) At the same conditions, the experimental results of 
LBVs were compared to the LBVs prediction data of 
GRI 3.0 and San Diego mechanisms. Both mechanisms 
provided lower LBVs prediction values, however, the 
GRI 3.0 model showed the nearest LBVs prediction to 
the experimental results.

(4) It is found that lower Markstein length values are 
located near to the stoichiometric ratio, thus, the flame 
stretch rate has little effect on the stretched flame speed 
at the stoichiometric region. The higher  CO2 percent-
age in the biogas/N2O mixture increases the Markstein 
length. Therefore, the occurrence of flame instability 
begins earlier with  CO2 reduction in biogas/N2O mix-
ture.

(5) Due to the decrease in flame thickness, the influence 
of curvature on the flame front is weakened at the fuel 
lean-to-stoichiometric region; therefore, the flame 
instability tends to increase in this region, while the 
flame instability tends to decrease in the stoichiomet-
ric-to-rich region. It is found that  CO2 increment in 
biogas/N2O mixture increases the flame thickness.

(6) The thermal diffusivity is significantly influenced 
by the fuel proportion in biogas/N2O mixtures. The 
thermal diffusivity values decline with increasing the 
 CO2% in biogas due to its dilution effect. However,  CO2 
increment revealed no impact on the thermal diffusivity 
values at φ = 1.0 and φ = 1.4.

(7) Lewis number values for  CH4/N2O and biogas/N2O 
mixtures were below the unity throughout the range 
of the estimated equivalences ratios, which implies 
that the diffusive–thermal instability is dominant for 
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all  N2O mixtures. The  CO2 dilution in the biogas/N2O 
increases the values of Lewis number, which indicates 
a reduction in the diffusive–thermal instabilities with 
 CO2 increment. It is found that the higher the equiva-
lence ratio increases the Lewis number in a direct pro-
portional relation.

(8) The nitrous oxide decomposition reaction  N2O(+ M) ⇔ 
 N2 + O(+ M) is the most powerful reaction in biogas/
N2O combustion at the fuel-lean region, while the influ-
ence of  N2O decomposition is weakened at the stoichio-
metric-to-rich region; consequently, there is the shifting 
of the values of LBVs toward leaner mixtures with  CO2 
increment.
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