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Abstract: This research was conducted to study the flame instability of syngas derived from raw
municipal solid waste (MSW) and its potential as a natural gas (NG) replacement in power generation.
MSW syngas is a mixture of various components such as methane (CH4), nitrogen (N2), oxygen (O2),
and hydrogen (H2), whereas NG is mainly composed of CH4 (>70%) and CO2 (>10%). The flame
characteristics of these two gases are quite different thus a direct replacement of NG with MSW syngas
is impossible. Improvements to MSW syngas combustion are needed through the augmentation of the
gas with CH4 and H2 active additives at various ratios so that its flame characteristics are comparable
to those of NG. A typical MSW syngas composed of 16.2% methane (CH4), 13.5% hydrogen (H2),
69.1% nitrogen (N2), and 0.6% oxygen (O2) (by vol.) is available in Thailand with great potential for
use as an NG replacement. In this study, this gas is used as a representative fuel for improvement and
is referred to as simulated Syngas 1. Its premixed flame was studied using a McKenna flat burner
to understand its flame instability. Various percentages of CH4 and H2 were added to Syngas 1. Its
flame characteristics were measured and compared to those of NG. These characteristics included the
cellular flame, cell size, flat flame, flammability limit, and flame temperature. The results showed
that the flame instability of Syngas 1 was significantly suppressed by adding minimal amounts of
CH4 and H2. The new composition of Syngas 1 consisted of 19.3% methane (CH4), 19.0% hydrogen
(H2), 61.2% nitrogen (N2), and 0.5% oxygen (O2) (by vol.). It yielded flame characteristics that were
comparable to those of an NG flame. This study shows that MSW syngas can potentially replace NG
in power generation.

Keywords: municipal solid waste syngas; cellular flame; flame instability; flat burner; natural
gas; gasification

1. Introduction

Municipal solid waste (MSW) consists of food waste, yard waste, office paper, cor-
rugated printed newspaper, fruit waste, vegetable peel waste, leaf waste, and leaf litter.
Food waste accounts for the majority of the organic components of MSW [1]. In many
countries, the current situation of municipal solid waste management (MSWM) has been
studied to understand the consequences of untreated waste on humans and the environ-
ment and to demonstrate the potential for sustainable management [2]. MSW is a major
pollutant and has long been an important issue in Thailand. In 2017, 27.37 million tons of
MSW were produced, of which 10.85 and 9.76 million tons were properly managed and
recycled, respectively. Moreover, the MSW production per capita has increased to 1.13 kg
per person [3]. Currently, the Thailand Department of Renewable Energy Development
and Energy Conservation is aiming to increase the proportion of renewable energy utilized
and develop capabilities in thermally produced electricity and biofuel power under the
Alternative Energy Department Plan 2015 (AEDP 2015). The Ministry of Energy produced
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151.6 MW and 191.4 MW of electricity from waste in 2017 and 2018, respectively [4]. In 2021
in line with the AEDP, the total installed capacity of electricity generated using alternative
energy was 12,386 MW, which was up 3.2% from the previous year. MSW power plants
contributed 388.5 MW or 3.1% of the total installed capacity [5]. MSW has great potential
for power generation and can also help to reduce greenhouse gas emissions.

To convert MSW to energy, refuse-derived fuel (RDF) is produced to reduce the
moisture content of MSW. Then, mass-burn incineration and waste-to-energy gasification
are applied [6]. Mass-burn incineration and gasification can, respectively, convert one ton
of MSW into about 550 kWh and 1000 kWh of electricity [7]. The MSW-to-energy process
has been improved by plasma gasification technology, which enhances the composition of
syngas in terms of its hydrogen content. In Thailand, MSW is refined to one of seven RDF
forms, RDF-1 (MSW), RDF-2 (coarse RDF), RDF-3 (fluff RDF), RDF-4 (dust RDF), RDF-5
(densified RDF), RDF-6 (RDF slurry), and RDF-7 (syngas). This reduces the size of the
material and removes certain materials that provide alternative fuels for gasification [8].
In the past, plasma-assisted gasification was applied to produce syngas from variations
of RDF-5, waste reject (WR), and woodchips (WC) as WC, RDF-5/WC (50–50), RDF-
5/WC (70–30), and RDF-5. MSW syngas produced by RDF-5, WR, and WC is primarily
composed of N2, CH4, H2, and CO2. However, the heating value of MSW syngas is too low
(4.82–8.26 MJ/Nm3) to use for power generation according to the AEDP energy plan [9].
Thus, it is crucial to improve MSW syngas for power generation. In a previous study, the
carbon conversion efficiency (CCE) and cold gas efficiency (CGE) of MSW syngas were
improved using landfill-derived torrefied refuse fuel in a downdraft gasifier. The study
aimed to upgrade reclaimed landfill waste to RDF torrefaction to obtain clean syngas in
the same gasifier [10]. A multi-stage co-generation system was also used for biomass
and MSW to obtain high-quality syngas [11]. Moreover, in another study, the hydrogen
(H2) molar yield during MSW gasification was improved by reusing CO2 and steam [12].
However, the previous studies focused on the improvement of the MSW syngas process,
but improvements to the MSW syngas composition and combustion characteristics, such
as its flame stability as a replacement for natural gas in power plant applications, were
not investigated.

Generally, power generation almost exclusively uses natural gas (NG) combustion with
gas turbines, gas engines, and cogeneration processes due to the low carbon composition
of NG and its emissions. According to the Energy Information Administration (EIA), the
power generation sector accounted for 37% of total NG usage, which exceeded that of
the industrial, residential, commercial, and transportation sectors [13]. However, the high
consumption of NG for power generation is a concern. Following the AEDP energy plan,
alternative, sustainable energy sources such as MSW syngas should be improved to assure
energy security in the future.

In previous research on power generation, the wall temperature of a micro-gas turbine
was examined during NG combustion for the development of gas turbine materials and
technology [14]. The characteristics and instability of cellular flames in NG from both
the western and eastern regions of Thailand were investigated using a McKenna flat
burner [15,16]. The pattern formation, turbulence in the flames, and diffusive-thermal
theory of cellular flames were reported [17,18]. Flame instability, as indicated by the cell
size of a cellular flame, was studied by varying the equivalence ratios. Moreover, the flame
instabilities of oxyhydrogen and synthetic biogas were studied [19–21]. The effect of CO2
addition on the instability of H2-O2 combustion flames was investigated. A McKenna flat
burner was used to analyze and diagnose the instability of methane–air lean premixed
flames [22]. The instability of these premixed flames was influenced by a lower equivalence
ratio (lean mixture) and CO2 addition.

Thus, the improvement of MSW syngas by improving its composition so it can be
used as a replacement for natural gas in power plant applications is of great importance.
The potential benefits of adding high-heating-value gases such as hydrogen and methane
to improve MSW syngas have not yet been studied. In order to determine its suitability for
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use as a fuel in power plants, a comparison with the combustion characteristics and flame
stability of the main fuels such as natural gas is necessary. McKenna flat burner is a suitable
way to test the flames of syngas with different compositions during the combustion of
MSW syngas. In the present study, premixed MSW syngas flames are investigated using a
McKenna flat burner. This study focuses on the following aspects:

• The cellular flame characteristics and flame stability of MSW syngas;
• The composition of the improved MSW syngas to show that is closer to the flame

characteristics of natural gas;
• The cellular flame characteristics and flame stability of the improved MSW syngas.

The contributions of this study are the investigation of the flame characteristics and
flame stability of MSW syngas using cellular flames on a McKenna flat burner. Moreover,
the study examines the effects of adding methane and hydrogen to MSW syngas to obtain
a suitable composition by comparing the resulting flames to the flame characteristics of NG.
Improving the composition of MSW syngas is important, as it has the potential to replace
NG in power generation as an environmentally friendly solution.

2. Methodology

Table 1 shows the simulated MSW syngas compositions and heating values (LHVmixed)
calculated using Equation (1), together with the mixed gaseous ratios (na) and heating
values of gases (LHVa) such as CH4 (35.8 MJ/Nm3) and H2 (10.8 MJ/Nm3). Using the
values in Table 1, experimental evaluations of MSW syngas combustion were conducted
to study the independent effects of CH4 and H2, as well as their combined effects, using
a McKenna flat flame. CH4 and H2 were added to Syngas 1 to improve its combustion
characteristics. Syngas 1 showed the most potential to replace NG owing to its higher
composition of combustible gases, CH4 and H2. Table 2 shows Syngas 1-C1, Syngas 1-C3,
and Syngas 1-C5, which were the Syngas 1 samples to which 1.0%, 3.0%, and 5% of CH4
were, respectively, added to study the independent effects of CH4 addition. Similarly,
Syngas 1-H7, Syngas 1-C1H7.3, Syngas 1-C3H7.7, and Syngas 1-C5H8 were the Syngas 1
samples to which 7.0% H2 and 1.0% CH4, 7.3% H2 and 3.0% CH4, 7.7% H2 and 5.0% CH4,
as well as 8.0% H2, were added to study the independent effects of H2 and the combined
effects of the addition of CH4 and H2. The gas velocity needed to be less than 25 L/min
to avoid flashbacks. By limiting the gas flow rate, the effects of CH4 and H2, as well as
their combined effects, were investigated. The improved MSW syngas combustion flames
were analyzed and compared to the flame stability of NG [15]. The factors considered
include the flammability limit (at Φ ≤ 0.61), flame temperature (1030 ◦C), and flat flame (at
Φ ≥ 0.70).

LHVmixed = ∑N
a=1 naLHVa (1)

Table 1. Compositions of five simulated MSW syngases.

Syngas Represented MSW
Syngas

Compositions of Simulated Syngas
[%Vol.]

LHV
[MJ/Nm3]

CH4 H2 N2 O2

1 WR10 16.2 13.5 69.1 0.6 7.14
2 WR25 13.4 14.3 71.6 0.7 6.30
3 WR40 7.2 15.2 76.7 0.9 4.20
4 RDF5 7.9 5.0 86.5 0.6 3.34
5 RDF5WC30 10.1 7.1 82.2 0.6 4.35

2.1. Equivalence Ratio

The equivalence ratio (Φ) is the ratio between the actual
( .
mF/

.
mA
)

actual and stoichio-
metric fuel/air mass flow rates

( .
mF/

.
mA
)

stoi, which are calculated using Equation (2). The
fuel mass flow rate (

.
mF) and air mass flow rate (

.
mA) are the ratios of fuel to air used in this
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experiment. The stoichiometry fuel/air mass flow rates are the ratios of fuel to air for a
theoretically complete combustion of each MSW syngas.

Φ =

( .
mF/

.
mA
)

actual( .
mF/

.
mA
)

stoi
(2)

Table 2. Compositions of simulated syngas mixtures with the addition of CH4 and H2 to Syngas 1.

Syngas
Composition of Addition

[%Vol.]
Compositions of Simulated Syngas

[%Vol.]
LHV

[MJ/Nm3]
CH4 H2 CH4 H2 N2 O2

1 - - 16.2 13.5 69.1 0.6 7.14
1-C1 1.0 - 17.6 13.4 68.4 0.6 7.70
1-C3 3.0 - 19.2 13.1 67.1 0.6 8.23
1-C5 5.0 - 20.8 12.8 65.8 0.6 8.77
1-H7 - 7.0 15.7 19.1 64.6 0.6 7.63

1-C1H7.3 1.0 7.3 16.4 19.2 63.8 0.6 7.90
1-C3H7.7 3.0 7.7 17.9 19.2 62.4 0.5 8.43
1-C5H8 5.0 8.0 19.3 19.0 61.2 0.5 8.90

2.2. Adiabatic Flame Temperature (Tad)

The adiabatic flame temperature is defined as the balance between the standardized
enthalpy of the reactants at the initial state and the standardized enthalpy of the products
at the final state [23]. Using the theoretical flame temperature, the energy balance between
the enthalpy of the reactant (HR) and the enthalpy of the product (HP) is analyzed using
Equation (3) and the flame temperature is obtained using Equation (4).

HR = ∑R Nihi = HP = ∑
P

Nihi (3)

HP = ∑R Ni

[
h0

f ,i + cp,i (Tad − 298)
]

(4)

where
Tad = the adiabatic flame temperature (K);
HR = the enthalpy of the reactant (kJ);
HP = the enthalpy of the product (kJ);
Ni = the reactant or product mole;
cp,i = the specific heat (kJ/kmol·K);
h0

f ,i = the enthalpy of the formation (kJ/kmol).

2.3. Cell Size of Cellular Flames

The cell size is defined as the distance between the cusps of the cellular flames, D, as
shown in Figure 1. The cell size (d, mm) is the relation between the burner diameter (D,
mm) and the number of cellular flames (N, cells) due to intrinsic instability. As a cell-size
relation, it can be calculated using Equation (5).

d = N/D (5)

2.4. Power Spectral Density

Following the experimental study, the light emissions of the flames were detected
using a photodiode. The intensities of the light emissions were normalized with time and
are denoted by y(t). These time series data were analyzed using a fast Fourier transform
(FFT) to obtain the relation between the power spectral density and the frequency. A sharp
peak (f 1) was also found at a significant oscillation frequency, which was related to the time
delay (τ) for a reconstructed attractor.
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Figure 1. Demonstration of cell size, which is the relation between the burner diameter and the
number of cellular flames.

2.5. Reconstructed Attractor

The time series of the light emission intensity y(t) was normalized using an FFT to

create an embedding dimension (m) of vector
⇀
V(t) in the time-delayed coordinate. The

embedding dimension was 3, as shown in Equation (6). A sharp peak was calculated using
Equation (7) to obtain the time delay. Then, the reconstructed attractors were created from
the light emission intensities with time delays according to Taken’s embedding theorem, as
shown in Figure 2 [24].

⇀
V(t) = [y(t), y(t + τ), y(t + 2τ), . . . , y(t + (m − 1)τ)] (6)

τ =
1

4 f1
(7)
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2.6. Municipal Solid Waste (MSW) Syngas

Generally, the main components of MSW syngas obtained from plasma-assisted air
gasification are N2, H2, and CH4, as other components, such as CO, CO2, and O2, are
less abundant. As CO is not permitted for experimentation and there is a limit of four
mixing gases for this experiment, the composition of CO and CO2 is included in the
nitrogen composition for this study. In this study, the MSW syngas was obtained from a
representative sample of RDF and waste reject (with variations in moisture) as a result of
the gasification process [9]. The simulated MSW syngas applied in this study is primarily
composed of CH4, H2, N2, and O2. Based on the MSW syngas compositions [9], there are
five typical compositions of MSW syngas with different compositions obtained from a
gasification process that need to be improved. Three of the MSW compositions consist of
waste reject with 10%wt, 25%wt, and 40%wt of humidity, which are called WR10 (Syngas 1),
WR25 (Syngas 2), and WR40 (Syngas 3), respectively. The two other compositions consist
of refuse-derived fuel or RDF5 (Syngas 4) and RDF5 with 30% wood chips or RDF5WC30
(Syngas 5). In this study, however, the compositions of the five typical MSW syngas types
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were simulated, as shown in Table 1. The effect of the CH4 composition can be studied by
comparing the results using Syngas 2 and Syngas 3, whereas the effect of H2 is observed by
the difference in the results between Syngas 3 and Syngas 4.

2.7. Natural Gas Composition

In this study, the composition of synthetic NG is represented by 89% CH4 and 11%
CO2 [15]. The combustion flame characteristics of the synthetic NG were investigated to
obtain the flammability limit or blow-off limit, flame temperature, and flat flame.

3. Experimental Setup
3.1. McKenna Flat Burner

A McKenna flat burner is made using sintered metal with 46.5% porosity and a
diameter of 60 mm, as shown in Figure 3. This flat burner is equipped with a water-cooling
system to prevent overheating and flame flashback. A flat flame can be completely induced
above the surface of the flat burner without a radiation effect due to the uniform flow and
the lack of a flame curvature. Notably, the McKenna flat burner can provide baseline data
for flames. Thus, it is very valuable for the comparison of flames and the assessment of the
combustion performance of fuel.
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3.2. Experimental Apparatus

The experimental setup for MSW syngas combustion is shown in Figure 4. The
simulated MSW syngas and air were metered using a digital mass flow controller before
entering a mixing chamber. The mixture of MSW syngas (CH4, H2, N2) and air from the
mixing chamber was then ignited at the surface of the 60 mm diameter McKenna flat burner
to produce a cellular flame. The total flow rate of the mixture was set at 25 L/min. A digital
camera (Nikon DSLR D7100) was used to take photographs of the cellular flames. The
light emissions were measured using a photodiode (HAMAMATSU S1223-01). The output
current from the photodiode was recorded using a Photosensor Amplifier (Hamamatsu
C9329) and data logger (Hioki LR8431-20) with a 100 Hz sampling frequency.
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Figure 4. Experimental apparatus of the current study.

4. Results and Discussion
4.1. Combustion Characteristics of Simulated MSW Syngas

Figure 5 shows images of the cellular flames of the simulated MSW syngas samples
described in Table 1. The simulated MSW syngas samples (Syngas 1–5) were fed into
a McKenna flat burner at a constant flow rate of 25 L/min and Φ = 0.6, 0.7, 0.8, 0.9,
and 1.0. The results showed that Syngas 4 and Syngas 5 could not be ignited, and no
combustion flames were observed. Only Syngas samples 1–3 were ignited to yield cellular
flames. When the equivalence ratio was approximately 1, flat flames with small cellular
flames combined into a single flat flame formed in every syngas due to the flame stability.
Alternatively, cellular-like structure flames were formed when the cell size became larger at
lower equivalence ratios due to thermally diffusive instability. Figure 5 also shows that
flame blow-off occurred at Φ < 0.6 for each syngas. At Φ = 0.8, the cell size of Syngas 1 was
relatively smaller compared to those of Syngas 2 and Syngas 3. At a higher equivalence
ratio, Syngas 1 produced a flat flame and a wider range of blow-off flames due to the
strengthening of the flame stability.
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Figures 6–8, respectively, show the corresponding power spectral density variations
with Φ = 0.6, 0.8, and 1.0 for Syngas 1, Syngas 2, and Syngas 3. When the equivalence ratio
was higher (Φ = 1.0), a higher peak frequency and power spectral density were obtained.
The comparison of Syngas samples 1–3 showed a lower sharp peak frequency and power
spectral density. Then, the lower sharp peak frequency was analyzed, and a wider range of
time delays and greater attractors were observed due to instability, as shown in Figures 9–11.
At Φ = 1.0, the flat flames and higher power spectral density resulted in the reconstructed
attractor with small points. The reconstructed attractors were greater and more complex
for Syngas 3 because of the intensity of the instability.
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4.2. Effect of CH4 on Cellular Flames

CH4, among other hydrocarbon fuels, has the maximum hydrogen-to-carbon ratio. It
can be used as an active additive to improve the burning velocity, flame temperature, and
flame stability of fuel. The effect of CH4 can be studied by comparing the reconstructed
attractors of Syngas 2 and Syngas 3, as shown in Figures 10 and 11. At Φ = 1.0, Syngas 2,
with a comparatively high CH4 content, yielded a flat flame with a relatively small point
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attractor, as opposed to that of Syngas 3. Thus, the addition of CH4 to any syngas can
effectively induce a flat flame with enhanced flame stability.

4.3. Effect of H2 on Cellular Flames

Theoretically, hydrogen has the highest energy density because it is the lightest element.
Moreover, hydrogen consists entirely of single-bonded hydrogen atoms, which is due to
a linear branching chain reaction resulting in an enhanced combustion reaction [25]. To
analyze the H2 effect, the combustion characteristics of Syngas 4 (5.0% of H2) and Syngas 3
(15.2% of H2) were examined. The ignition and combustion flames from Syngas 3 were
observed, whereas those of Syngas 4 were not. Thus, an increased H2 composition can
enhance the flammability limit or blow-off flame range, as shown in Figure 5. However, a
more stable flame, such as a flat flame, was not achieved with a higher H2 level.

4.4. Improvement of Syngas 1 with the Addition of CH4 and H2

In Table 2, it can be seen that Syngas 1 was improved by the addition of CH4 and H2.
The improvement of Syngas 1 was achieved with the addition of CH4 at various quantities
(as a volume percentage of the original composition of Syngas 1). This produced Syngas
1-C1, Syngas 1-C3, and Syngas 1-C5, where C represents CH4 and the numeric value after
C is the percentage (by volume) of the CH4 addition. For example, Syngas 1-C1 is Syngas 1
with the addition of 1.0% of CH4 to its original composition.

Figure 12 shows images of the cellular flames of Syngas 1, Syngas 1-C1, Syngas 1-C3,
and Syngas 1-C5 at Φ = 0.6–1.0. The addition of CH4 to Syngas-1 was very effective in
enhancing its combustion.
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Figure 12. Cellular flames of Syngas 1, Syngas 1-C1, Syngas 1-C3, and Syngas 1-C5 at Φ = 0.6–1.0.

For Syngas 1, a flat flame was observed at Φ = 1.0. When the CH4 addition increased,
flat flames were observed at Φ = 0.9 for Syngas 1-C3 and Syngas 1-C5 due to flame stability.

At Φ = 0.8, the CH4 composition increased, the apparent cell size decreased, and the
cells almost combined into a flat flame owing to the enhanced burning velocity, flame
temperature, and flame stability. The apparent cell size was also strongly dependent on
the value of Φ. It became smaller as the equivalence ratio increased owing to improved
flame stability.

Figures 13–15 show the corresponding reconstructed attractors of Syngas 1-C1, Syngas
1-C3, and Syngas 1-C5. The smaller or smoother the reconstructed attractor of the flame,
the more stable the associated cellular flame. The effectiveness of the addition of CH4 to
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Syngas 1 for combustion improvement was confirmed by comparing the reconstructed
attractors. At Φ = 0.8, a larger reconstructed attractor was observed for Syngas 1-C1,
whereas smaller ones were observed for Syngas 1-C3 and Syngas 1-C5. Moreover, a
smoother doughnut ring of the reconstructed attractor from Syngas 1-C5 was observed
compared to that of Syngas 1-C3 at Φ = 0.6. The size of the reconstructed attractor was
strongly dependent on the value of Φ. The reconstructed attractor became smaller as the
equivalence ratio increased due to the effective improvement in the flame stability with the
addition of CH4.
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Figure 16 shows the cellular flames of Syngas 1-H7, Syngas 1-C1H7.3, Syngas 1-C3H7.7,
and Syngas 1-C5H8 at Φ = 0.6–1.0. Further improvements were achieved by separately
or simultaneously adding CH4 and H2 to Syngas 1. This resulted in Syngas 1-H7, Syngas
1-C1H7.3, Syngas 1-C1H7.3, Syngas 1-C3H7.7, and Syngas 1-C5H8, where H represents
hydrogen, and the numeric value is the percentage (by volume) of hydrogen added to the
original Syngas 1. The cell size of NG is also shown for comparison. Again, the apparent cell
size was also strongly dependent on the value of Φ. The cell size was inversely proportional
to the equivalence ratio. It was higher when the equivalence ratio was lower, and the flame
blew off if Φ was less than 0.6. At Φ = 0.8–1.0, flat flames were observed for both NG and
all of the improved syngas flames due to greater flame stability.
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Figure 16. Cellular flames of natural gas [15] and Syngas 1 with the addition of H2 and CH4, which
created Syngas 1-H7, Syngas 1-C1H7.3, Syngas 1-C3H7.7, and Syngas 1-C5H8 at Φ = 0.6–1.0.

The effect of the addition of H2 to syngas can be clearly seen by comparing the
apparent cell size of Syngas 1-H7 (Figure 16) to that of Syngas 1 (Figure 15). Similarly, the
effect of the addition of H2 was also determined by comparing the apparent cell size of
Syngas 1-H7 (Figure 17) to that of NG [15] (Figure 17). It was clear that the addition of
H2 significantly enhanced the combustion of Syngas 1. Syngas 1-H7 yielded a relatively
small cell size compared to those of Syngas-1 and NG [15] over the range of Φ values
studied. The typical values of the cell sizes of the various syngas samples were computed
and compared at Φ = 0.6, as shown in Table 3. Syngas 1-H7, with a cell size of 7.3 mm,
confirmed the effectiveness of the addition of H2 to Syngas 1. More stable combustion
was achieved with a finer cell size. NG [15] showed a relatively large cell size of 19.8 mm,
whereas Syngas 1 showed an intermediate cell size of 7.5 mm, as shown in Table 3.

Figure 18 shows the corresponding equivalence ratios at which the first flat flame was
observed for each syngas considered in the present study. As the flame stability testing
proceeded, the first flat flames were observed from Syngas 1, Syngas 1-C5, and Syngas
1-C5H8, respectively, at Φ = 0.9, Φ = 0.8, and Φ = 0.75. The obtained results showed that the
addition of CH4 to any syngas could effectively induce a flat flame with enhanced flame
stability. Although the H2 addition had no effect on the flat flame, the addition of CH4 and
H2 enhanced the flat flame and flame instability. Thus, Syngas 1-C5H8 produced the first
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flat flame, which appeared at almost the same Φ as that of NG [15], i.e., Φ = 0.7. Figure 19
shows the corresponding equivalence ratios at which the blow-off limit was observed
for each syngas considered in the current study. The addition of CH4 to Syngas 1, i.e.,
Syngas 1-C1, Syngas 1-C3, and Syngas 1-C5, slightly improved the blow-off limit at Φ = 0.58
compared to Syngas 1 (blow-off limit at Φ = 0.6). However, the addition of CH4 and H2 to
Syngas 1 significantly improved the blow-off limit at Φ = 0.48. Therefore, the flammability
limit of each syngas considered in the current study can be successfully improved to values
lower than that of NG (blow-off limit at Φ = 0.6) [15].

Energies 2023, 16, x FOR PEER REVIEW 14 of 18 
 

 

 
Figure 17. Typical reconstructed attractors at Φ = 0.6 for (a) Syngas 1-H7, (b) Syngas 1-C1H7.3, (c) 
Syngas 1-C3H7.7, and (d) Syngas 1-C5H8. 

Figure 18 shows the corresponding equivalence ratios at which the first flat flame 
was observed for each syngas considered in the present study. As the flame stability test-
ing proceeded, the first flat flames were observed from Syngas 1, Syngas 1-C5, and Syngas 
1-C5H8, respectively, at Φ = 0.9, Φ = 0.8, and Φ = 0.75. The obtained results showed that 
the addition of CH4 to any syngas could effectively induce a flat flame with enhanced 
flame stability. Although the H2 addition had no effect on the flat flame, the addition of 
CH4 and H2 enhanced the flat flame and flame instability. Thus, Syngas 1-C5H8 produced 
the first flat flame, which appeared at almost the same Φ as that of NG [15], i.e., Φ = 0.7. 
Figure 19 shows the corresponding equivalence ratios at which the blow-off limit was 
observed for each syngas considered in the current study. The addition of CH4 to Syngas 
1, i.e., Syngas 1-C1, Syngas 1-C3, and Syngas 1-C5, slightly improved the blow-off limit at 
Φ = 0.58 compared to Syngas 1 (blow-off limit at Φ = 0.6). However, the addition of CH4 

and H2 to Syngas 1 significantly improved the blow-off limit at Φ = 0.48. Therefore, the 
flammability limit of each syngas considered in the current study can be successfully im-
proved to values lower than that of NG (blow-off limit at Φ = 0.6) [15]. 

Figure 17. Typical reconstructed attractors at Φ = 0.6 for (a) Syngas 1-H7, (b) Syngas 1-C1H7.3,
(c) Syngas 1-C3H7.7, and (d) Syngas 1-C5H8.

Table 3. Typical cell sizes of cellular flames of natural gas [15], Syngas 1 with the addition of H2 and
CH4, which created Syngas 1-H7, Syngas 1-C1H7.3, Syngas 1-C3H7.7, and Syngas 1-C5H8 at Φ = 0.6.

Syngas d (mm)

Natural gas [15] 19.8
1 7.5

1-H7 7.3
1-C1H7.3 6.8
1-C3H7.7 7.0
1-C5H8 6.4
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Figure 20 shows the typical flame temperatures of Syngas 1, Syngas 1-C1, Syngas 1-C3,
Syngas 1-C5, Syngas 1-H7, Syngas 1-C1H7.3, Syngas 1-C3H7.7, Syngas 1-C5H8, and NG
at Φ = 1.0. When the addition of CH4 was higher, as in Syngas 1-C1, Syngas 1-C3, and
Syngas 1-C5, the flame temperature increased due to the maximum hydrocarbon ratio
effects. Among these, Syngas 1-C5H8 yielded the highest flame temperature, which was
close to that of NG [15]. The addition of CH4 to any syngas could effectively induce a flat
flame with enhanced flame stability. Although the H2 addition did not affect the flat flame,
the addition of CH4 and H2 enhanced the flat flame and flame instability.

The addition of CH4 and H2 to Syngas 1 resulted in Syngas 1-C5H8 with a composition
of 19.3% CH4, 19.0% H2, 61.2% N2, and 0.5% O2 (by vol.), which the lower heating value
increased to 8.90 MJ/Nm3. However, the lower heating value of Syngas 1-C5H8 was
lower compared to NG (36.60 MJ/Nm3). This significantly improved the flame stability
in terms of the cell size and reconstructed attractor. The flame characteristics, such as the
flat flame, flammability limit, and flame temperature, of the improved Syngas1-C5H8 were
comparable to those of NG [15].
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1-H7, Syngas 1-C1H7.3, Syngas 1-C3H7.7, Syngas 1-C5H8, and NG [15] at Φ = 1.0.

5. Conclusions

The flame instabilities of five simulated municipal solid waste syngas types (MSW
syngas) in Thailand were experimentally studied using a McKenna flat burner. In this study,
they are referenced as Syngases 1-5, each of which was composed of different concentrations
of CH4, H2, N2, and O2. Further improvements to the flame stability of a selected MSW
syngas (Syngas 1) were achieved with the addition of active CH4 and H2 to evaluate it as a
potential replacement for NG in power generation. The concentrations of CH4 and H2 in
Syngas 1 were varied and the lower heating value and the flame characteristics, including
the cellular flame, cell size, flat flame, flammability limit, and flame temperature, were
measured and compared to those of NG. The results of the study are as follows:

1. Not every simulated MSW syngas was ignitable. Syngas 4 and Syngas 5 could not
be ignited, whereas Syngas 1, Syngas 2, and Syngas 3 were ignitable, but further
improvements to their flame stabilities are required.

2. Among the ignitable syngas samples, Syngas 1, with a composition of 16.2% CH4,
13.5% H2, 69.1% N2, and 0.6% O2 (by vol.), was the most suitable for further flame
stability improvements. This was due to its relatively high concentrations of CH4 and
H2 compared to Syngas 2 and Syngas 3.

3. The equivalence ratio was an important parameter that controlled flame stability via
the cell size of the flame. The cell size was inversely proportional to the equivalence
ratio. The cell size was greater when the equivalence ratio was lower, and the flame
blew off if Φ was less than a critical value.

4. CH4 and H2 can be considered effective additives for improved flame stability. The
addition of CH4 and H2 to Syngas 1 effectively improved its flame characteristics to a
degree comparable to NG. The improved Syngas 1 yielded an increase of 24.6% of
the heating value and comparable flame characteristics to those of an NG flame. This
study shows that MSW syngas has great potential to replace NG in power generation.
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