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Abstract: Biogas is a gas resulting from the digestion of biomass, which means transforming organic
waste into energy. It is composed essentially of methane (CH4) and carbon dioxide (CO2) and can also
contain ammonia (NH3) as an impurity. Biogas is generally used to generate electricity or produce
heat in a cogeneration system. With the renewed interest in ammonia and the increasing development
of biogas caused by the urge for an energetic transition, those two carbon-neutral fuels are being
investigated as a mixture in this study through the laminar burning velocity (LBV). In this paper,
the LBV of biogas ammonia air mixtures are investigated experimentally for the first time over a
wide range of equivalence ratios and ammonia concentrations. The biogas studied was 60% CH4

and 40% CO2 in volume. The NH3 concentration in the fuel varied from 0 to 50% vol. while the
equivalence ratio varied from 0.8 to 1.2. The experiments were conducted at constant pressure in a
constant volume vessel at 300 K and 1 bar. Adding ammonia to biogas decreases the LBV while the
Markstein length is not very sensitive to ammonia addition. The CEU-NH3-Mech-1.1 and Okafor
mechanisms show good agreement with the experimental laminar burning velocity. The effect of
radiative heat losses on the measurement is also investigated.

Keywords: biogas; ammonia; premixed combustion; laminar burning velocity

1. Introduction

The need for alternative fuels is strongly dependent on pressures applied by society and
government policies. Biomass continues to be the main renewable energy source in Europe
and is considered to be one of the solutions to achieve the EU energy targets for 2030 [1].
Among biomass energy types, biogas is an alternative fuel easily produced from various
feedstocks such as crop residues, organic wastes, sewage sludge or landfills [2–4]. Biogas is
mainly composed of CH4 (50–70%vol.) and CO2 (30–50%) but can contain traces of N2, O2
and several impurities such as H2S or NH3. Ammonia can appear as an impurity when
the feedstock used for anaerobic digestion is nitrogenous-rich such as manure or sewage
sludge. Moreover, ammonia has recently gained a renewed interest as a potential zero-
carbon fuel in internal combustion engines especially in spark-ignition (SI) ones. Indeed,
despite his unfavorable combustion properties [5], stable operation was achieved with neat
ammonia in SI engines with different architectures [6–8]. It could also be noticed that one
of the first uses of ammonia in engines dates back to WWII in Belgium, where the bus
fleet operated with the first dual-fuel engine ever reported: coal gas (syngas) composed of
50% H2 directly injected in the combustion chamber filled with ammonia [9]. In order to
predict and improve the performance of practical combustion systems, key parameters of
the combustion process must be determined beforehand. One important parameter is the
laminar flame speed, S0

L, of the fuel air mixture, which indicates its usability under certain
engine operating conditions or its propensity to flashback in burners. The knowledge
of this parameter is even crucial for the CFD simulation of an engine or a gas turbine
since the turbulent flame development in such devices is directly related to S0

L. Two ways
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could be used to compute this parameter under real conditions: either with a correlation
proposed from the experimental database as a function of blends and conditions or with a
kinetic mechanism previously validated against experimental S0

L values in order to model
a practical combustion system. The Markstein length, Lb, is another measurable parameter
that characterizes the flame response to stretch, influenced by thermal and mass diffusivities
whose ratio is the Lewis number. This parameter is of importance for understanding the
flame dynamics in practical combustion systems such as gas turbines or engines where
turbulence affects the flame front development or propagation differently depending on the
Lewis number and the Markstein length. Lb and S0

L can both be determined experimentally
using the spherical expanding flame technique at constant pressure.

Data on the laminar flame speed of biogas are rather limited in the literature. Nonaka
et al. [10] investigated the effect of the CO2 content on the laminar flame speed using the
heat flux burner. They showed a decrease in the laminar flame speed when increasing
the CO2 content from 0 to 50% in volume at 1 bar and 298 K, mainly due to a thermal
(i.e., decrease in the adiabatic flame temperature). Similarly for pure CH4, the maximum
flame speed is reached for an equivalence ratio about 1 to 1.1 no matter the composition
of the biogas. Hinton and Stone [11] used the constant volume hypothesis to measure the
laminar flame speed of biogas with up to 40% CO2 for a wide range of temperature and
pressure conditions and proposed a correlation as a function of equivalence ratio, pressure,
temperature, and CO2 content. More recently, Wei et al. investigated the possibility to
increase the laminar flame speed of biogas by adding hydrogen to the blend [12].

Regarding ammonia, recent experimental studies have investigated S0
L and Lb char-

acteristics, notably Hayakawa et al. [13] from atmospheric to 5 bar of initial pressure and
Kanoshima et al. [14], who extended the work to include the influence of initial temper-
ature. The influence of temperature as well as hydrogen addition were also investigated
by Lhuillier et al. [5]. Results from these works highlight that S0

L peaks at an equivalence
ratio φ of ≈ 1.1, with an increase in pressure and temperature resulting in a decrease and
increase in S0

L, respectively. Concerning Lb, NH3/air flames show an increasing Lb trend
with increasing φ, similar to CH4/air and H2/air flames. It is worth noting that at normal
temperature and pressure conditions (T = 298 K, P = 0.1 MPa), lean NH3 flames exhibit
negative Lb, while positive values are observed at rich conditions. Those results were
updated and analyzed in depth recently by Zitouni et al. [15] showing the importance of
fundamental parameters such as the Lewis number, the expansion ratio, and the activation
energy, i.e., the Zel’dovich number in the stretch response.

To the best of the author’s knowledge, there is currently no study investigating the
fundamental combustion properties of blends of biogas and ammonia. Mong et al. [16]
recently investigated the use of such a blend but in a swirled burner, showing that the
use of biogas instead of neat methane in the methane/ammonia blend is expected to
increase the turbulent intensity compared to the laminar flame speed. This phenomenon
will intensify as ammonia content is increased in the blend especially for NH3 > 40%vol in
the ammonia/biogas blend. Concerning laminar flame speeds, ammonia methane blends
(but without CO2) were recently deeply investigated in the literature [15,17–21]. Those
studies showed very similar results despite the use of different measurement techniques
such as heat flux burner, constant volume, or constant pressure spherical expanding flames.
Due to the very low reactivity of ammonia and its very low flame speed (about 6–8 cm/s at
ambient conditions), blending it with methane results in a decrease in the flame speed of
CH4. For instance, the flame speed of methane at ambient conditions peaks at 36–38 cm/s
whereas it does not exceed 19–20 cm/s for 50/50 NH3/CH4 blends.

The objective of the present work is therefore to provide laminar flame speed and
Markstein length of biogas/ammonia blends using the constant pressure spherical expand-
ing flame methodology. For this purpose, a 60% CH4/40% CO2 blend, called biogas 60/40
was used to represent biogas and mixed with ammonia up to 50%vol. in the fuel blend.
The equivalence ratio varied from 0.8 to 1.2. Results were compared with different kinetic
mechanisms, and radiative effects were discussed.
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2. Materials and Methods
2.1. Laminar Flame Speed Measurment

The laminar flame speed setup used here consists of an optically accessible 4.2 L
constant volume spherical vessel in which a series of flowmeters is used to simulate dif-
ferent mixture compositions. A high-speed Schlieren setup is used to obtain images
of the propagating flame and determine the laminar burning velocity using the con-
stant pressure methodology. This setup is described in depth in the following work [5].
A schematic view of the setup is displayed in Figure 1.
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Figure 1. Schematic view of the setup.

The vessel has four 70 mm diameter quartz windows. A vacuum pump is connected
to the vessel to ensure that the pressure at the beginning of the filling process is below
10 mbar. Three gaseous flowmeters deliver the air/biogas/ammonia. The 60/40 biogas
blend was prepared in the premixed bottle using a Coriolis mass flowmeter using the
partial pressure method. The partial pressure was checked at the end of the introduction
of each component to be equal to the desired quantity with less than a 3% deviation. To
ensure homogeneity in the biogas bottle, a fan is switched on before the introduction into
the spherical vessel and keeps running during the injection of the gas in the spherical vessel.
Moreover, another fan rotates in the spherical vessel during the filling process guaranteeing
homogeneity of the mixture and is stopped 20 s before the spark to avoid any turbulent
motion during combustion. Several heating elements are placed along the intake line and
on the vessel itself (as shown by the incrusted orange wires in Figure 1) and the temperature
inside the vessel is controlled by k-type thermocouples. The ignition system consists of an
automotive coil-on-plug device connected to two 0.5 mm thick electrodes with a 1.5 mm
gap between them. Coil charge duration was set to have the minimum discharge energy
allowing ignition and propagation. A high-speed Phantom V1610 camera from Vision
Research/AMETEK is used for image acquisition, set at 7000 frames per second with a
spatial resolution of 0.11 mm/pixel. The post-processing is performed in the MATLAB
R2022b environment and consists of obtaining the flame contour and equivalent radius
as a function of time. First, the background is subtracted, then images are binarized, and
spatially filtered using a low-pass filter to reduce noise on the contour of the flame front.
The radius corresponding to this contour is given by Equation (1).

R f =

√
A
π

, (1)

where A, is the flame area. The flame speed, Sb, and stretch, K, profiles are then calculated
as follows:

Sb =
dR f

dt
; K =

2
R f

Sb (2)

The non-linear extrapolation method is used to provide the unstretched flame speed value,
S0

b , and the Markstein length using Equation (1)(
Sb

S0
b

)2

ln

(
Sb

S0
b

)2

= −2LbK
S0

b
(3)
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Finally, the unstretched laminar burning velocity, S0
L, is given by S0

L = ρb
ρu

S0
b with ρb and ρu

respectively the burned and unburned densities calculated using the equilibrium routine
of ANSYS CHEMKIN Pro.

The uncertainties presented are calculated based on the work of Moffat [22] and
were detailed in previous works [5]. Overall uncertainty values are the combination of
statistical, hardware-related (3.5% due to pressure and temperature) and imaging (2.5%)
errors. Statistical errors are defined as ∆S0

L/S0
L = t95% ·σstd/

√
N where σstd is the standard

deviation and t95% is the value of the Student’s law for N = 3 tests in a 95% confidence
interval. The uncertainties in the mixture composition are due to the accuracy of the mass
flow meters (1% of the full scale), resulting in a maximum uncertainty of 3% in the target
equivalence ratio. Measurements were made at 1 bar absolute initial pressure and the initial
temperature was 300 ± 3 K. For the present study, a biogas with 40%vol. CO2 and 60%vol.
CH4 was selected. The volume fraction of NH3 in the biogas/NH3 blend was varied as
follows: 5, 10, 15, 25, and 50%vol.

2.2. Kinetics Simulation Setup

Numerical simulations were carried out using the premixed laminar flame-speed
calculation module of ANSYS CHEMKIN-PRO 2020 R1 to estimate the laminar flame speed
and assess the validity of several chemical kinetic mechanisms. The maximum number of
grid points was set to 1000 with 50 adaptative grid points. GRAD and CURV parameters
were set to 0.1 and 0.05 respectively. The length of the domain was set to 10 cm. Since
ammonia presents very different diffusive properties compared to conventional fuels [15]
the Soret effect was considered in order to account for those phenomena as in many studies
dealing with ammonia [23], hydrogen [24], or multi-component fuel [25] similarly to the
present work, and a mixture averaged transport model was used. Four mechanisms,
displayed in Table 1, containing the required species, were first tested on pure biogas and
CH4/NH3 blends to select the most suitable before validation on biogas/ammonia blends.

Table 1. Selected chemical kinetic mechanisms.

Mechanism Type Number of
Species

Number of
Reactions

Okafor [18] (2018) Reduced 42 130
Shrestha [26] (2018) Detailed 125 1090

CEU-NH3-Mech-1.1 [21] (2022) Detailed 91 444
San Diego [27] Reduced 69 311

3. Results
3.1. Mechanisms Validation

Simulation results were compared to the experimental data of Nonaka and Pereira [10],
Wei et al. [12] and Nurmukan et al. [28] at ambient conditions in Figure 2. The bar graph
shows overall good agreement between simulations and experiments with better perfor-
mances for Okafor and CEU-NH3-Mech-1.1. The San Diego mechanism also performs well
around stoichiometry but shows higher discrepancies with experiments on the lean and
rich sides. The mechanisms were also compared to the dataset of Hinton and Stone [11] at
higher pressures, namely 2 and 4 bar, with three different temperatures 298, 380 and 450 K
leading to the same conclusions as with ambient conditions. At this stage, the Shrestha
mechanism is no longer considered due to its higher discrepancies.
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To assess the prediction of the mechanism with ammonia, simulations were compared
with experimental data of various CH4/NH3 blends from Wang et al. [21] and Han et al. [20]
at 1 atm and 298 K. This comparison is presented in Figure 3. The mechanisms show overall
good agreement with the experiments in the literature. Yet the San Diego mechanism
shows higher differences on the lean side with a low ammonia content. Results were akso
compared at higher pressure with the experiments of Okafor et al. [19], Wang et al. [21],
and Shu et al. [17]. An extensive comparison between the available literature data for
ammonia/methane blends and the Okafor, San Diego and CEU-NH3-Mech-1.1 mechanisms
is presented in Table 2, Table 3, and Table 4, respectively. As a result, only Okafor and
CEU-NH3-Mech-1.1 were retained for the remainder of the study since they showed the
best agreement with the experimental data in the literature.
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Table 2. Relative differences between experimental laminar burning velocities available in the literature and the Okafor mechanism for the CH4/NH3 blend. The
values are colored with a gradient from green (low differences) to red (high differences).

1 atm 298 K [21] 1 atm 298 K [22] 3 atm 298 K [22] 5 atm 298 K [22] 1 atm 298 K [18] 5 atm 298 K [18] 3 bar 298 K [20] 5 bar 298 K [20]

%NH3 %NH3 %NH3 %NH3 %NH3 %NH3 %NH3 %NH3ϕ

20 40 60 20 40 60 20 40 60 20 40 60 10 50 90 10 50 90 22 39 52 22 39 52

Min Max Avg.

0.7 0.0% 1.0% 0.9% 7.1% 10.3% 15.3% 15.3% 24.4% 19.1% 21.5% 0.0% 24.4% 11.5%
0.8 1.6% 2.5% 4.2% 5.2% 7.0% 12.5% 6.9% 11.4% 10.9% 8.2% 13.6% 14.1% 4.8% 9.3% 9.8% 23.0% 11.2% 6.0% 7.8% 7.6% 1.9% 4.3% 7.3% 1.6% 23.0% 8.3%
0.9 1.9% 3.6% 5.4% 4.4% 5.3% 9.7% 5.6% 8.4% 8.1% 7.0% 7.5% 5.4% 5.3% 6.4% 17.0% 1.3% 0.5% 2.3% 3.9% 1.4% 5.4% 0.5% 17.0% 5.5%
1 1.4% 3.5% 5.4% 3.6% 3.5% 5.7% 5.2% 8.2% 9.8% 5.8% 7.3% 4.9% 3.0% 0.1% 13.4% 3.0% 0.9% 13.7% 0.1% 0.8% 0.6% 3.9% 2.0% 1.9% 0.1% 13.7% 4.5%

1.1 0.5% 3.1% 3.6% 2.3% 1.1% 1.1% 3.3% 8.0% 9.6% 0.4% 3.5% 1.4% 1.1% 3.3% 0.8% 7.8% 0.6% 2.5% 1.6% 2.8% 2.2% 2.3% 0.4% 9.6% 2.9%
1.2 0.3% 3.0% 3.2% 1.0% 0.5% 2.2% 9.3% 15.0% 9.0% 3.9% 4.0% 7.7% 3.0% 5.8% 14.1% 5.7% 3.0% 0.8% 6.6% 7.7% 3.4% 8.6% 4.9% 2.0% 0.3% 15.0% 5.2%
1.3 5.6% 0.1% 4.4% 0.7% 0.4% 6.7% 11.8% 6.7% 5.1% 0.6% 10.0% 35.8% 9.7% 5.3% 38.6% 2.9% 8.1% 0.6% 1.9% 2.1% 6.3% 10.8% 0.1% 38.6% 7.9%

Table 3. Relative differences between experimental laminar burning velocities available in the literature and the San Diego mechanism for the CH4/NH3 blend. The
values are colored with a gradient from green (low differences) to red (high differences).

1 atm 298 K [21] 1 atm 298 K [22] 3 atm 298 K [22] 5 atm 298 K [22] 1 atm 298 K [18] 5 atm 298 K [18] 3 bar 298 K [20] 5 bar 298 K [20]

%NH3 %NH3 %NH3 %NH3 %NH3 %NH3 %NH3 %NH3ϕ

20 40 60 20 40 60 20 40 60 20 40 60 10 50 90 10 50 90 22 39 52 22 39 52

Min Max Avg.

0.7 15.9% 13.4% 7.7% 3.6% 4.3% 0.6% 13.9% 35.6% 34.1% 0.6% 35.6% 14.3%
0.8 12.2% 10.5% 8.1% 5.5% 3.3% 2.4% 7.5% 1.0% 5.5% 10.0% 17.1% 19.9% 2.9% 18.3% 32.1% 3.0% 17.8% 19.0% 15.0% 12.4% 14.3% 14.7% 1.0% 32.1% 11.5%
0.9 7.0% 6.1% 1.5% 4.3% 4.3% 5.9% 0.8% 2.9% 5.9% 3.7% 2.9% 3.0% 12.5% 15.1% 3.4% 10.0% 6.8% 6.7% 6.7% 0.6% 3.1% 9.3% 0.6% 15.1% 5.6%
1 4.9% 2.0% 4.0% 2.5% 2.0% 4.3% 5.9% 7.7% 9.0% 10.3% 8.3% 4.1% 5.9% 4.1% 1.1% 10.6% 0.8% 13.3% 1.1% 0.2% 1.3% 8.0% 3.2% 2.7% 0.2% 13.3% 4.9%

1.1 1.8% 0.3% 1.8% 0.0% 2.5% 0.8% 10.5% 9.5% 4.7% 11.0% 4.4% 10.9% 2.2% 0.2% 4.7% 7.3% 4.5% 0.6% 12.2% 3.6% 1.5% 0.0% 12.2% 4.5%
1.2 3.5% 1.5% 5.0% 4.7% 1.1% 10.8% 17.4% 11.9% 4.8% 12.3% 1.4% 26.2% 8.7% 2.0% 28.6% 20.8% 15.2% 20.9% 13.1% 5.1% 7.2% 15.3% 0.4% 10.7% 0.4% 28.6% 10.3%
1.3 0.1% 5.7% 20.6% 5.8% 5.2% 23.3% 12.7% 2.2% 26.5% 0.3% 21.2% 64.0% 19.5% 4.8% 62.7% 7.5% 9.1% 18.5% 1.1% 16.4% 30.1% 0.1% 64.0% 17.0%

Table 4. Relative differences between experimental laminar burning velocities available in the literature and the CEU-NH3-Mech-1.1 mechanism for the CH4/NH3

blend. The values are colored with a gradient from green (low differences) to red (high differences).

1 atm 298 K [21] 1 atm 298 K [22] 3 atm 298 K [22] 5 atm 298 K [22] 1 atm 298 K [18] 5 atm 298 K [18] 3 bar 298 K [20] 5 bar 298 K [20]

%NH3 %NH3 %NH3 %NH3 %NH3 %NH3 %NH3 %NH3ϕ

20 40 60 20 40 60 20 40 60 20 40 60 10 50 90 10 50 90 22 39 52 22 39 52

Min Max Avg.

0.7 4.3% 6.9% 9.2% 3.1% 1.9% 5.5% 2.8% 14.8% 22.1% 33.0% 1.9% 33.0% 10.3%
0.8 2.5% 5.7% 7.6% 1.3% 0.9% 1.6% 0.4% 2.1% 1.5% 1.3% 4.1% 7.3% 8.0% 19.1% 19.7% 35.3% 4.0% 14.5% 18.9% 19.5% 13.0% 15.8% 17.7% 0.4% 35.3% 9.7%
0.9 1.5% 3.0% 5.2% 1.1% 1.2% 0.4% 0.5% 0.2% 1.0% 0.7% 0.6% 1.4% 8.1% 16.2% 10.3% 8.1% 10.0% 12.6% 2.9% 7.1% 14.3% 0.2% 16.2% 5.1%
1 1.0% 2.1% 4.4% 1.3% 2.1% 4.1% 2.3% 1.8% 1.4% 1.9% 1.3% 1.7% 4.8% 7.6% 18.4% 1.5% 8.1% 10.0% 3.5% 5.9% 9.5% 0.4% 4.3% 10.0% 0.4% 18.4% 4.6%

1.1 1.3% 1.9% 7.3% 0.5% 4.1% 10.1% 0.4% 0.1% 2.9% 2.0% 4.7% 12.7% 0.2% 4.5% 11.1% 18.4% 2.9% 4.6% 10.3% 0.2% 4.9% 7.6% 0.1% 18.4% 5.1%
1.2 3.6% 5.9% 13.8% 2.3% 8.7% 20.1% 2.8% 2.7% 6.3% 1.9% 7.0% 21.4% 0.7% 7.8% 28.6% 3.3% 15.9% 7.1% 0.6% 5.4% 11.7% 2.4% 6.0% 10.4% 0.6% 28.6% 8.2%
1.3 15.7% 15.4% 18.1% 8.9% 14.9% 20.8% 3.9% 2.4% 14.4% 4.5% 15.3% 44.0% 3.9% 8.2% 50.4% 8.3% 1.0% 8.4% 11.1% 1.9% 11.5% 17.1% 1.0% 50.4% 13.6%
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3.2. Experimental Laminar Burning Velocities

As per validation, Figure 4 shows the comparison of the laminar flame speeds S0
L of

the present work with previous experiments of Nonaka and Pereira [10], Wei et al. [12] and
Nurmukan et al. [28], as well as with the two selected mechanisms for biogas only. All the
reported data, experimental or numerical, fall within the uncertainty of the present work.

Energies 2023, 16, x FOR PEER REVIEW 8 of 14 
 

 

 
Figure 4. Comparison of biogas/air laminar flame speeds results at 1 bar and 300 ± 3 K with previous 
experimental data of Nonaka and Pereira [10], Wei et al. [12] and Nurmukan et al. [28] and the 
selected mechanisms. 

Figure 5 shows examples of flame images at 𝜙 = 1.0 for various ammonia content 16 
ms after ignition. It can be seen that for all NH3 contents the flame remains spherical and 
does not seem to be affected by any instability, such as buoyancy, which has been ob-
served for a neat ammonia flame [14,15]. The decrease in the flame speed with the addition 
of NH3 is also visible since the flame diameter decreases at the same time when adding 
NH3 to the blend. Experiments were also conducted at 75% of NH3, but due to less con-
trast, local extinction, and the appearance of buoyancy instabilities, it was not possible to 
process the images, especially for rich flames as illustrated in Figure 6. 

 
Figure 5. Examples of biogas/NH3/air flame images at 𝜙 = 1, P = 1 bar, and T = 300 ± 3 K, 16 ms after 
the spark. 

 
Figure 6. Example of biogas/NH3/air flame images for 75% of NH3, at 𝜙 = 1.1, P = 1 bar, and T = 300 
± 3 K, 16 ms (left) and 44 ms (right) after the spark, showing first an extinction and then strong 
buoyancy effect. The exposure time was increased compared to Figure 5 for better visualization. 

Figure 4. Comparison of biogas/air laminar flame speeds results at 1 bar and 300 ± 3 K with
previous experimental data of Nonaka and Pereira [10], Wei et al. [12] and Nurmukan et al. [28] and
the selected mechanisms.

Figure 5 shows examples of flame images at φ = 1.0 for various ammonia content
16 ms after ignition. It can be seen that for all NH3 contents the flame remains spherical and
does not seem to be affected by any instability, such as buoyancy, which has been observed
for a neat ammonia flame [14,15]. The decrease in the flame speed with the addition of
NH3 is also visible since the flame diameter decreases at the same time when adding NH3
to the blend. Experiments were also conducted at 75% of NH3, but due to less contrast,
local extinction, and the appearance of buoyancy instabilities, it was not possible to process
the images, especially for rich flames as illustrated in Figure 6.
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Figure 5. Examples of biogas/NH3/air flame images at φ = 1, P = 1 bar, and T = 300 ± 3 K, 16 ms
after the spark.

In Figure 7, S0
L is plotted over the equivalence ratio for various biogas/ammonia blends

with ammonia content ranging from 0 to 50%vol. in the fuel mixture. The pure ammonia
results are taken from [15]. As expected, adding ammonia to the fuel mixture decreases
the laminar flame speed towards the value of pure ammonia. The flame speed shows a
non-linear decrease with the first important step only with a 5% ammonia addition. Results
present higher uncertainties on the rich side, at φ = 1.2, with the 10% NH3 blend showing
a lower value than the 15% one which is due to the experimental uncertainty. This higher
uncertainty is mainly due to a higher standard deviation on the flame speed value. This can
be caused by two reasons: a higher stretch sensitivity that makes the laminar flame speed
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extrapolation more difficult to fit, and/or some instabilities that can occur, as shown in
Figure 6, thus shortening the radius range for the flame speed extrapolation and increasing
the standard deviation on the unstretched flame speed. On top of that, the 5% blend
condition φ = 1.2 seems low, whereas for the 25% blend, it seems, at the same equivalence
ratio, slightly too high. Globally, the two selected mechanisms capture the experimental
results well, with the Okafor mechanism performing better than CEU-NH3-Mech-1.1 on
the lean side and vice versa on the rich side.
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Figure 6. Example of biogas/NH3/air flame images for 75% of NH3, at φ = 1.1, P = 1 bar, and
T = 300 ± 3 K, 16 ms (left) and 44 ms (right) after the spark, showing first an extinction and then
strong buoyancy effect. The exposure time was increased compared to Figure 5 for better visualization.
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Figure 7. Experimental and numerical laminar flame speed vs. equivalence ratio for various
biogas/NH3 blends. P = 1 bar; T = 300 ± 3 K. Pure ammonia data were taken from [15]. All
data are available in the Table S1 of the Supplementary Material.

3.3. Markstein Lengths

The Markstein lengths, obtained by the non-linear extrapolation model (Equation (3)),
are displayed as a function of the equivalence ratio for all the studied blends in Figure 8.
The Markstein lengths of pure ammonia extracted from [15] are presented for comparison.
Globally, in terms of stretch sensitivity, the biogas/ammonia blends behave similarly to
pure biogas. Yet, it can be noted that adding NH3 to the blend leads to a Markstein length
increase especially on the rich side. The upper (and lower) error bars for neat ammonia
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taken from Zitouni et al. [15] represent the difference between the maximum (and minimum,
respectively) values determined against the average Markstein length. For biogas and
blends with NH3, no error bar is plotted for the sake of clarity, but the standard deviation
over three consecutive tests is generally around 5% and never exceeds 15% which is
obtained for the leanest case, where the measurement is the most difficult. In conclusion, it
can be said that up to 50% of NH3, the flame response to the flame stretch of the biogas/NH3
blend is very similar to that of the biogas flame, at least for near-stoichiometric mixture
thus probably not affecting that much the operation of a biogas system with NH3 addition.
A relationship between the Markstein length and other fundamental parameters such as
Lewis and Zel’dovich based on spherically expanding flames was derived by Chen [29]
from analytical development as follows:

Lb =

[
1
Le
−
(

Ze
2

)(
1
Le
− 1
)]

.
ρb
ρu

δk (4)

where Le is the Lewis number, defined as the thermal diffusivity to the mass diffusivity,
Ze, the Zel’dovich number, and δk the kinetic flame thickness defined as δk = λ/

(
ρu.cp.S0

L
)

where λ represents the thermal conductivity and cp the specific heat at constant pres-
sure. This relationship was further used by Bouvet et al. [30], Lapalme et al. [25] and
Zitouni et al. [31]. Adding ammonia to biogas will affect each of these parameters: it will
increase the flame thickness (along with a decrease in the flame speed), and the Zel’dovich
number will also increase, as the activation energy is much higher for neat ammonia [15].
Last, the diffusion properties of biogas/air could be modified by the addition of am-
monia. Vieira et al. [32] showed that first CO2 dilution does not affect the methane/air
Lewis number on the lean side and decreases it moderately on the rich side. In addition,
Zitouni et al. [15] showed that adding ammonia to methane does not affect the Lewis
number of the blend: it slightly decreases for lean and stoichiometric mixtures, and does
not change it for rich mixtures. Consequently, the moderate change in the Markstein length
observed when mixing ammonia and biogas (up to 50%vol. NH3), seems to be related
to flame thickness and Zel’dovich changes rather than to a modification of the diffusive
properties of the blend through the Lewis number.
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3.4. Radiative Heat Losses

Regarding the radiative heat losses, it is well known that CO2 and NH3 can be im-
portant contributors. In order to assess this impact, the optically thin model (OTM) imple-
mented in ANSYS CHEMKIN-PRO was used. In ANSYS CHEMKIN-PRO, the radiative
heat loss from a mixture of gases is given by the optically thin model through:

.
Qrad = 4σ

[(
T4 − T4

amb

)
∑

i
P(Xiai)

]
(5)

where σ is the Stefan-Boltzmann constant, T is the gas temperature, Tamb is the ambient
temperature, P is the gas pressure, Xi the mole fraction of species i, and ai is the Planck
mean absorption coefficient. The Planck absorption coefficients are directly taken from the
thermodynamic data file of the CEU-NH3-Mech-1.1 provided by Wang et al. [21]. It should
be noted that this type of radiation model does not account for the reabsorption of heat
loss in the burnt gases by the fresh gases thus usually overestimating radiative effects [33].
In the present case, where CO2 is both present in the burned and fresh gases, this could
be of importance. Therefore, the results obtained from the OTM are compared with the
correlation of Yu et al. [34], which is based on the statistical narrow band model (SNB),
calculated as follows:

S0
Lradiative

S0
Ladiabatic

= 1− 0.82

(
S0

Ladiabatic

S0

)−1.14

, (6)

where S0 = 1 cm/s. This correlation should therefore consider reabsorption, but it was
only validated on H2/CO blends, CH4, C3H8 and C8H18 and does not work for diluted
mixtures with a high content of CO2 (important reabsorption) thus probably leading to
an overestimation of the radiative effect as highlighted by Yu et al. [34]. Indeed, Yu et al.
showed that for a 6% dilution with CO2 of a stoichiometric CH4/air (which corresponds to
the 60/40 biogas composition), the radiation-induced error on the flame speed stays below
2% at ambient conditions. Since the radiation effect is the most critical at low speeds, results
are presented for the leanest/richest case in Figure 9a and b respectively. Based on previous
comparisons, Okafor/CEU-NH3-Mech-1.1 mechanisms were used for the lean/rich cases
respectively. Globally, results show that considering radiation either with the OTM or
with the Yu et al. correlation leads to a decrease in the flame speed compared to the
adiabatic case. Globally, the simulated flame speeds accounting for radiation agree better
with the experimental results, but it should be highlighted that both simulations (adiabatic
and radiative) and the correlation fall within the uncertainty bars of the experimental
data. Higher discrepancies are visible on the rich side, as already seen in Figure 7, mainly
because of higher uncertainties on the quantity of ammonia. Moreover, as explained
by Chen et al. [33], the OTM usually overestimates the heat losses caused by radiation
since it does not consider reabsorption. The correlation of Yu et al. behaves similarly for
CO2 diluted mixtures: it overestimates the decrease of the flame speed according to its
authors [34]. As a result, it is possible that experimentally, the reabsorption by the fresh
gases compensates for the heat losses in burnt gases resulting in evolutions almost similar
to an adiabatic case. Plotting both the adiabatic and the OTM cases already shows the
boundaries of possible flame speed values and the maximum difference between them. As
a result, the present flame speed measurements for the biogas/NH3/air mixture seem to
be not that much affected by radiation, at least for blends with less than 25% vol. of NH3.
For 50%vol. of NH3, the relative difference between adiabatic and radiation-affected case is
about 5 and 8% for the rich and lean cases respectively.
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4. Conclusions

In this study, first data for laminar flame speeds and Markstein lengths of bio-
gas/ammonia blends are presented (to the best of the authors knowledge). For biogas only,
results are in good agreement with the literature and kinetic mechanisms. Adding ammonia
to the blend decreases the laminar flame speed due to the low reactivity of NH3. In terms
of Markstein lengths, the blends present a similar stretch sensitivity as pure biogas. Yet an
increase in the Markstein length is noticeable on the rich side with the ammonia addition.
The measurements were limited to blends below 50%vol. of NH3 due to the occurrence of
local quasi-extinction and buoyancy instabilities. Okafor et al. and CEU-NH3-Mech-1.1
kinetics mechanism show good agreement with the experimental data with, respectively,
about 5 and 7% differences on average with all experimental data. A first attempt to assess
the uncertainty related to radiative heat losses was conducted, showing a very limited
impact on the results, at least for biogas/NH3 with less than 50% vol. of NH3.
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