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Abstract: Climate change as a worldwide phenomenon is the cause of multinational agreements
such as the Kyoto Protocol and the Paris Agreement with the goal of reducing greenhouse gas
emissions. Biogas is one of the most promising biofuels for the integration of clean energy sources;
however, biogas has the disadvantage of a low calorific value. To overcome this problem, mechanical
devices such as swirlers are implemented in combustion chambers (CCs) to increase their combustion
efficiencies. A swirler induces rotation in the airstream that keeps a constant re-ignition of the air–fuel
mixture in the combustion. We present the numerical modeling using computational fluid dynamics
(CFD) and experimental testing of combustion with biogas in a CC, including an optimized swirler
in the airstream with a swirl number (Sn) of 2.48. A turbulence model of the renormalization group
(RNG) was used to analyze the turbulence. Chemistry was parameterized using the laminar flamelet
model. The numerical model allows visualizing the recirculation zone generated at the primary
zone, and partially at the intermediate zone of the CC caused by the strong swirl. Temperature
distribution profiles show the highest temperatures located at the intermediate and dilution zones,
with the last one being a characteristic feature of biogas combustion. A strong swirl in the airstream
generates low-velocity zones at the center of the CC. This effect centers flame, avoiding hot spots
near the flame tube and flashback at the structural components. Regarding pollutant emissions,
the goal of a biogas that generates less pollutants than nonrenewable gases is accomplished. It is
observed that the mole fraction of NO in the CC is close to zero, while the mole fraction of CO2 after
combustion is lowered compared to the original mole fraction contained in the biogas (0.25). The
mole fraction of CO2 obtained in experimental tests was 0.0127. Results obtained in the numerical
model for temperatures and mole fractions of CO2 and NO show a behavior similar to that of the
experimental model. Experimental results for mole fraction of CO emissions are also presented and
have a mean value of 0.0009. This value lies within allowed pollutant emissions for CO according to
national environmental regulations.

Keywords: biogas; strong swirl; optimized swirler; combustion chamber; pollutant emissions

1. Introduction
1.1. Biogas

Biogas is a biofuel that offers an important scenario when talking about alternative
fuels to generate energy [1–4]. It is used as a power source to produce heat or steam and
electric power and as a vehicle fuel [5,6]. Biogas is a product of the decomposition of
organic waste in the absence of O2, and it is widely produced in landfills or anaerobic
digesters [7]. Volumetric fraction of CH4 in biogas has a range of 50–75% [8], with CO2
being the remaining percentage. The use of biogas is becoming popular in gas turbine
combustors because it reduces dependence on fossil fuels [9–13], and it is commonly used
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in hybrid systems combining solar energy and biogas for generating electric power in a
60 kW nominal power plant [11]. Biogas can be used pure or mixed with other fuels to
obtain a better performance [3,14–17].

Biogas combustion offers the advantage of reducing the presence of CH4 [18] and
CO2 [10], which are greenhouse gases, in the atmosphere. The most important reaction
for CO2 formation in this type of flame is CO + OH ⇔ CO2 + H. Additionally, CO2
competes with O2 to gain H radicals through the reversible chain reaction H + O2 ⇔ O +
OH [14], reducing the presence of radicals. CO2 in fuel presents a negative effect in dilute
flames elongating the reaction zone in the axial direction when the dilution rate increases.
Commonly, the reaction zone is dragged by the flow, and combustion areas are separated
by a noncombustion zone [15]. CO2 in biogas reduces flame temperature [19,20]; this is
mainly observed during fuel injection where mole fraction of CO2 is the highest, which
adversely affects flame temperature. From this point, the mole fraction of CO2 decreases as
the axial distance is increased inside the CC; therefore, flame temperature increases.

The presence of CO2 in the biogas also contributes to NOx reduction [21,22]. This
effect is enhanced if there is uniform mixing of the air and fuel streams.

1.2. Types of Flames

There are two main types of flames: premixed flames and non-premixed flames. In
premixed flames, air mixes with fuel inside the burner, and the downstream mix is ignited.
According to Peters [23], premixed combustion is characterized by the laminar burning
velocity. This is the velocity at which the flame front propagates in the mixture of air and
fuel reactants. Premixed flames are used when a high-intensity flame is required within a
small volume.

Non-premixed flames are also known as diffusion flames. A characteristic of these
flames is that air is not mixed with fuel inside the burner. Bilger [24] states that mixing
is done through diffusion. Non-premixed combustion is basically controlled by mixing.
Veynante [25] addresses that flame is mainly controlled by the uniform mixing given by
fresh gases. Large combustion devices such as combustion chambers or combustors work
under non-premixed conditions. This is mainly because the premixing of large volumes
represents serious safety problems [23].

1.3. Effect of Swirling Flows in Flames

In non-premixed flames, uniform mixing can be achieved by injecting fuel into the
airstream with proper swirl intensity. Swirl number (Sn) is related to creating recirculation
under conditions of high-intensity flow with Sn > 0.6. Swirl number stabilizes the flame
by inducing recirculation of hot products that generate constant re-ignition in the air and
fuel streams entering a combustor. Swirling flows with a sufficient amount of turbulence
are required to induce a reverse flow and define a recirculation zone [9,15,21,22,26–29].
An increment in swirl number leads to higher recirculation [30]. Beer and Syred [31]
indicated that flows with high-intensity turbulence have a range of swirl numbers between
0.6 and 2.5. Several studies have analyzed the variation of swirl to improve combustion in
flames [9,10,15,16,29,32–35].

Currently, computational tools allow researchers to generate close-to-reality models
in order to test their theories without having to build a prototype for testing [22,36]. This
represents an advantage in making it possible to predict a phenomenon behavior and
make corrections to designs before they are built. Several investigations have been carried
out not only in swirling induced combustion chambers (CCs) [4,29,33,37–39] but also
in biogas-powered CCs [3,7,16], as well as on their corresponding behavior regarding
pollutant emissions [37,40–42], obtaining similar results to the experimental models. In
order to better match experimental results with the numerical model, it is necessary to
select the correct turbulence model. There are three mathematical models to perform
numerical analysis of turbulence in CFD: direct numerical simulation (DNS) [43], large
eddy simulation (LES), and Reynolds-averaged Navier–Stokes simulation (RANS) [44,45].
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DNS is limited to low and moderate Reynolds numbers as well as simple geometries.
This feature is caused by the necessity of having a highly refined mesh in order to have
acceptable results [46]. Ying Wen [47] states that some restrictions prevent using DNS
in gas turbine combustors. On the other hand, Bulat [48] describes the LES turbulence
model as a powerful and promising modeling technique applied particularly to unsteady
flows with high induced swirl. Giacomazzi [49] concludes that LES generates better
results than other turbulence models for nonreactant flows. Its main disadvantage is the
dependency on mesh resolution and computational resources needed. RANS model is a
viable alternative because it solves practical problems with low computational cost [50].
Furthermore, it has three two-equation submodels, the standard k-ε model, the k-ε RNG
model, and the realizable k-ε model. Additionally, RANS has a seven-equation model
known as the Reynolds stress model (RSM). RANS models used for modeling swirl in
turbulent flames are the RSM and the k-ε RNG. RSM model has been used to simulate
combustion in non-premixed flames with good results regarding matching experimental
data [30,51]. On the other hand, k-ε RNG model has been used by researchers such as
Widmann et al. [52]; they modeled the air flow passing through a vane cascade swirl
generator in a combustion reactor. Reported results showed a velocity profile consistent
with experimental measurements. Darwaman [53] developed the numerical model for air
flow entering the combustion chamber of a micro gas turbine using two turbulence models;
one of them was k-ε RNG. Numerical results matched velocity and pressure measurements,
mainly at the swirling flow region. A year later, Khaldi [54] studied the numerical model
of the combustion of a 300 MWe tangentially fired pulverized coal furnace; this study used
several turbulence models and concluded that the k-ε RNG model is the most suitable to
predict velocity and temperature profiles. Zavaleta [29] designed an optimized swirler with
a high swirl number using genetic algorithms; additionally, it was fabricated, tested, and
compared to the CFD numerical model of a combustion chamber with non-premixed flame.
His results indicated that the k-ε RNG model is suitable to predict temperature profiles.

In this work, we employed numerical modeling and experimental testing to study the
combustion of biogas in a combustion chamber with an optimized swirler (Sn = 2.48). The
swirler was optimized for this combustion chamber as its final geometry was determined by
considering the following parameters: minimum pressure drop, air mass flow, maximum
swirl number to stabilize flame, and physical dimensions of the combustion chamber.
Flame behavior was analyzed using computational fluid dynamics (CFD) with boundary
conditions similar to real operating environments. As expected, the presence of CO2
in biogas dragged the reaction zone in the axial direction, thus developing the highest
temperature region where the mole fraction of CO2 was lower when compared to the initial
mole fraction from biogas; however, a flame without noncombustion zones was obtained.
Subsequently, the numerical model was validated using experimental test data containing
among several variables the mole fractions of CO2 and NO.

2. Experimental Setup

The non-premixed flame combustion chamber used in this work has a casing made
of SAE 1045 steel; flame tube inside the casing is made out of 304 stainless steel; diffuser
and nozzle are made of SAE 1045 steel; fuel injector is made of 304 stainless steel and has
6 radially distributed holes. The combustion chamber is shown in Figure 1.

The CC has three zones, and each zone has a specific purpose. The primary zone
anchors and stabilizes the flame. This zone uses an optimized swirler with an Sn of 2.48 [29],
and it has 8 vanes 1 mm thick equally distributed at an angle of 18◦. Vane depth is 3.9 cm,
and its hub diameter (Dhub) is 5.76 cm as shown in Figure 2.

The function of the intermediate zone is to decrease gas temperature, allowing com-
bustion of CO and CH. The intermediate zone has 5 holes with a diameter of 0.476 cm.
These holes are drilled around the flame tube and are located at L = 18 cm measured from
the inlet of the CC.
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The dilution zone cools down the flame to obtain an appropriate temperature at the
outlet of the CC. This zone is located at L = 24 cm from the inlet of the CC.

3. Numerical Model
3.1. Fuel Composition

Chemical fuel composition of biogas from the supply line has following mole fractions:
methane = 0.75 and CO2 = 0.25 [8,42,55].

3.2. Mesh Characteristics

A CFD model of the combustion chamber was developed to study its performance
using the finite volume method in Fluent ANSYS [56].

Mesh sensitivity analysis was performed on three meshes to determine the effects
of mesh size on CFD results to guarantee that the aforementioned results are mesh-
independent. Differences among the meshes were in mainly mesh density and the cor-
responding numbers of elements and nodes. Mesh parameters of the three meshes are
presented in Table 1.
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Table 1. Features of three meshes for mesh sensitivity analysis.

Parameter Mesh 1 Mesh 2 Mesh 3

Number of elements 6,740,626 5,229,172 4,181,507
Number of nodes 1,208,676 943,529 755,893

Face size 2 2 1
Edge Sizing number 40 40 30

Growth rate 1.2 1.2 1.2
Maximum orthogonality 0.771 0.758 0.758

Minimum obliquity 0.229 0.242 0.242

Figure 3 shows a comparison of velocity vectors from meshes under analysis. It can be
observed in Figure 3a,b that velocity vectors depict a similar behavior regarding a central
recirculation zone with low magnitude velocities at the primary zone mainly observed
from r = 0 up to Dhub; it can also be observed that velocity increases from Dhub up to the
internal wall of the flame tube. The aforementioned central recirculation region and its
corresponding swirl are located only at the primary zone of the combustion chamber; as the
flow passes downstream to intermediate and dilution zones, velocity increases and swirl
vanishes. On the other hand, in Figure 3c, the central recirculation region at the primary
zone is narrower and longer than in meshes 1 and 2. It is observed that low velocity
vectors remain at the center line of the combustion chamber through the intermediate and
dilution zones.
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Even though velocity vectors in meshes 1 and 2 had similar behavior, mesh 1 was
selected to obtain results to better match experimental measurements of temperatures and
emission gases, as will be shown further in this article. Mesh 1 has high-quality obliquity
(minimum 0.229) and orthogonality (maximum 0.771) of the elements to increase solution
accuracy [43] and improve processing time [57].
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Mesh 1 is shown in Figure 4, and boundary conditions are shown in Table 2. Residuals
for continuity, momentum, turbulent kinetic energy, mixture fraction, and variance of
mixture fraction were set to 1 × 10−4, while for energy it was 1 × 10−7.
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Table 2. Boundary conditions for numerical analysis.

Parameter Value

Air inlet pressure (Pa) 2100
Mass air flow (kg/s) 0.04398
Air temperature (K) 305.15
Fuel temperature (K) 301.15

Fuel inlet pressure (Pa) 2100
Mass fuel flow (kg/s) 0.0004996

Combustion chamber outlet pressure (Pa) 375
Wall temperature (K) 300

3.3. Turbulence Model

The k-ε RNG turbulence model is a variation of the k-ε standard derived by Yakhot
and Orszag [58]. The k-ε RNG model is mainly used in swirling flows, providing results
with an acceptable approximation to experimental data [29,46,59]. To derive the RNG
model, a mathematical technique was applied to the Navier–Stokes equations called the
“renormalization group” method. It assumes that flow is fully turbulent with negligible
molecular viscosity effects [60]. Model equations are as follows:
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∂
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Cε1RNG = 1.42−
η
(

1− η
η0

)
(1− βη3)

(4)

η =

√√√√µt

(
∂ui
∂xj

+
∂uj

∂xi

)(
∂ui
∂xj

/ρCµε

)
(5)

where the term µt represents turbulent viscosity and constant values are as follows:
Cµ = 0.085, Cε2 = 1.68, σε = 1.3, σk = 1.0, β = 0.015, and η0 = 4.38.

3.4. Laminar Flamelet Model

Combustion is a chemically difficult process to analyze due to a large number of
intermediate reactions taking place. Some numerical models of turbulent combustion
are based on modeling combustion in a one-step reaction using only the fuel and the
oxidant, neglecting molecular transport [36]. The laminar flamelet model proposed by
Peters [61] provides detailed chemistry to focus on flame-relevant conditions [62]. It is
used to obtain more accurate solutions for species equations involved in the chemical
kinetics mechanism of combustion. In non-premixed flames, this model solves the chemical
kinetics of combustion in terms of two variables, the mixture fraction (Z) and the scalar
dissipation χ. Mass fraction Yi and the temperature T [21,29,63] are also considered in the
flamelet equations.

ρ
∂Yi
∂t

= ρ
χ

2
∂2Yi
∂Z2 + wi − ρ

(
Dχ

2

) 1
2

k
∂Yi
∂Z

(6)

ρ
∂T
∂t

= ρ
χ

2
∂2T
∂Z2 + wT − ρ

(
Dχ

2

) 1
2

k
∂Y
∂Z

(7)

where wT and wi represent the chemical components for temperature and species, respec-
tively. k is the curved isoline of the mixture fraction, and t is the time. The mixture fraction
is a conserved scalar representing the element mass fractions (equation 9). The scalar
dissipation rate (χ) is defined in Equation (8) [64], which represents flame stretching [63].

χ = 2D|∇z|2 (8)

ρ
∂Z
∂t

+ ρυk
∂Z
∂χ

=
∂

∂χ

[
ρD

∂Z
∂χ

]
(9)

where D is the diffusion coefficient and υk is the velocity.
In this study, the chemical kinetics mechanism for biogas from the University of San

Diego [65] was used. It has 58 species, including CO and CO2, and 270 reactions. The
thermal NOx formation mechanism was used to analyze NO.

4. Numerical Modeling Results

Figure 5 shows six planes parallel to the xy plane of the combustion chamber, which
were used to obtain the results of numerical modeling. Table 3 describes the z location from
the origin for each plane.

Table 3. The z location from the origin for planes.

Plane Distance from Origin
(cm) Plane Distance from Origin

(cm)

a 10.4 d 23.6
b 14 e 26.6
c 17.6 f 30
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4.1. Velocity Profile

Air flow velocity inside the CC is highly important for the combustion process. If
air flow entering the combustion chamber has a low velocity, this could cause flame
flashback [66,67].

Figure 6a shows a side view of streamlines during combustion inside the CC, while
Figure 6b depicts a top view. Both figures show swirling in the streamlines mainly in the
primary zone with a swirling decreasing effect as it approaches the dilution zone.
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Figure 7 shows velocity profiles at the six transverse xy planes in the combustion
chamber during the combustion process. In Figure 7a, a uniform velocity distribution
is observed across the flame tube except at the fuel injection, where the highest velocity
(20.29 m/s) is obtained. Figure 7b depicts a velocity profile increasing radially from the
center outwards with a predominant speed of 6.7 m/s. This low velocity is caused by the
recirculation effect observed in Figure 6. Figure 7c exhibits that region between Dhub and
radius = 0 has a zone of lower recirculation compared to the rest of the space delimited
by the inner radius of the flame tube. At radius = 0, there is a zone of velocities of similar
magnitude to those found at the swirler vanes, which represents fuel injection velocity.
Figure 7d–f shows similar velocity profiles with variations at the air inlets of the flame tube.
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4.2. Combustion Profiles

Figure 8 shows temperature profiles at transverse planes of the combustion chamber. It
is observed that flame is centered in every plane. Figure 8a depicts the highest temperature
region located between Dhub and r = 0; this temperature is reached near each fuel injection
orifice caused by the highest mixture fraction (Z). In Figure 8b, the flame extends from
r = 0 up to the middle section of the vanes, covering a large part of the flame tube;
however, the magnitude of temperatures is lower than that in Figure 8a. Figure 8c exhibits
flame covering the same section as in Figure 8b with a more uniform profile and higher
average temperature. Figure 8d indicates an increase in flame temperature with the highest
temperature located close to the center; as the radius increases until reaching Dhub, the
temperature has a progressive decrease, and at that point decreases drastically. It can also
be observed that the flame is drifted down on the y-axis. In Figure 8e, the flame is more
drifted on the y-axis, keeping a higher temperature at the center. Figure 8f depicts a similar
behavior to that in the previous plane with a smaller high-temperature region given by
fewer points in the cross-section with a high mixing fraction.
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As observed in Figure 9, the flame is centered in the combustion chamber caused by
the swirler. The region with higher temperatures is located at the intermediate and dilution
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zones; this is a characteristic feature of biogas flames. A relevant observation in Figure 9 is
that there are no transverse planes with the absence of combustion; i.e., the mixture fraction
is significant for each plane.
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Figure 9. Temperature profile at longitudinal plane at the center of the combustion chamber.

In Figure 10, mole fraction profiles of CO are shown for cross-sectional planes.
Figure 10a shows a flower-shaped mole fraction profile of CO, which is mainly concen-
trated at the region between Dhub and r = 0 caused by swirl in velocity vectors; the highest
local mole fraction is 3.48 × 10−2. In Figure 10b, the mole fraction increases to 7.83 × 10−2,
and a deformed flower-shaped profile is preserved. In this plane, the highest mole fraction
is located at r = 0. Figure 10c–f shows the mole fraction of CO decreasing progressively,
which indicates that there is a high conversion of reactants because there is a match be-
tween temperature and CO generation. This effect occurs when there is enough energy
and retention time resulting in a high conversion of CO to CO2.
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Figure 10. Mole fraction of CO for cross-sectional planes: (a) plane 1; (b) plane 2; (c) plane 3;
(d) plane 4; (e) plane 5; (f) plane 6.

Figure 11 depicts mole fraction variation of CO at the outlet of the combustion chamber
on the y-axis, i.e., up and down. It is observed that the point of CO formation is below the
center of the chamber outlet (y = 0); the average value of the mole fraction at the outlet is
1.45347 × 10−4.
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Analysis of CO2 is an important part of this study as it has two roles as reactant and
product, as shown in Figure 12. Figure 12a exhibits the highest global mole fraction of CO2
as it is where fuel is injected with a value of 0.25 corresponding to the biogas mole fraction
of CO2; rotation of CO2 is observed due to swirling of airstream resulting in a flower-like
profile with its highest value at the center and a progressive decrease until reaching an
approximate mole fraction of 0.0625 at Dhub. In Figure 12b, the flower shape remains and
is enlarged, covering a larger cross-area of the flame tube, and exhibits a more uniform
profile compared to plane 1. Figure 12c shows a quasi-circular shape with similar global
minimum and maximum values as in plane 2. In Figure 12d, a decrease is observed in
the cross-area, where CO2 is observed having a similar behavior to that seen in Figure 8d.
The mole fraction at the center of the combustion chamber is 0.0625. It is observed that as
CO2 decreases, flame temperature increases [19,20]. In Figure 12e–f, mole fraction of CO2
decreases in the upper part, maintaining an average mole fraction of 0.0625; this behavior
is consistent with the increment in temperature at the hotter spots as in Figure 8e–f.
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Figure 13 indicates mole fraction variation of CO2 at the outlet of the combustion
chamber on the y-axis. The average mole fraction value is 0.01346.
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Figure 14 exhibits the mole fraction of NO at the transverse planes. From Figure 14a,
we observed that NO formation begins at the region near fuel injection holes. This point
coincides with the region of higher temperature magnitude in Figure 8a. On the other hand,
in Figure 14b, NO is found near Dhub. In Figure 14c, the distribution profile of NO depicts
a lower mole fraction at the center of the combustion chamber compared to the zone close
to Dhub (mole fraction 5.05 × 10−6). Figure 14d,e shows an increment in mole fraction of
CO (1.77 × 10−5). In Figure 14f, it can be seen that the mole fraction of NO increased up to
2.27 × 10−5. Despite these slight increases, NO formation inside the combustion chamber
is almost zero.
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measurements in a range from 0 to 1450 °C with a nominal error of +/−1.5 °C. Figure 16 
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(d) plane 4; (e) plane 5; (f) plane 6.

Figure 15 reveals that the presence of NO is slightly predominant on the negative y-axis.
The average mole fraction of NO at the combustion chamber outlet is 2.300062 × 10−6.
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5. Experimental Testing

Combustion tests were done at the facilities of the Engineering Department of Uni-
versidad Veracruzana. The test rig consisted of several devices to provide fuel and air
as well as instruments to measure variables of reactants and combustion as follows: Air
supply was provided by a blower, and its flow was measured with a pitot tube and an
industrial manometer. Biogas was supplied from an industrial tank with a CONCOA
gas pressure regulator in line with a needle valve for a precise regulation; fuel flow was
measured with an Omega industrial flow meter with a precision of +/−1%. Monitoring
of exhaust gases was done with an ENERAC model 700AV portable gas analyzer with
an NDIR bench-type sensor, which allows direct measurement of CO, CO2, NO, and CH.
Average air temperature and relative humidity were monitored with an Extech model
45160 anemometer. The flame temperature was measured using an R-type bimetallic ther-
mocouple (platinum–rhodium 13%) provided with an insulating rod and a ceramic cover
that allows measurements in a range from 0 to 1450 ◦C with a nominal error of +/−1.5 ◦C.
Figure 16 shows the test rig used during experimental testing. The non-premixed flame
combustion chamber is the core of the test rig and has the following features: SAE 1045
steel casing, flame tube made of 304 stainless steel, diffuser and nozzle made of SAE 1045
steel, and fuel injector with 1/2-inch diameter made of 304 stainless steel. This injector
protrudes 1 cm downstream from the swirler hub to ensure a uniform distribution of the
fuel inside the combustion chamber.
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Flame temperature measurements were taken from two peepholes placed on top of
the combustion chamber. Four different positions on the y-axis were established at each
peephole, taking as reference the central axis of the combustion chamber as shown in
Figure 17.
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Figure 17. Thermocouple positioned at peepholes. On the left side are shown positions of peephole 1:
(a) position 1; (b) position 2; (c) position 3; (d) position 4. On the right side are shown positions of
peephole 2: (e) position 5; (f) position 6; (g) position 7; (h) position 8.

Figure 18 shows averaged temperature measurements for eight positions correspond-
ing to both peepholes. For peephole 1, the highest temperature was measured at position 1
with an average temperature of 487 K, and the lowest temperature was located at position 4
with an average value of 345 K. For peephole 2, same trend was found, with the highest
average temperature of 443 K taken at position 5 and lowest temperature of 365 K evaluated
at position 8.
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Validation of Numerical Modeling

Figure 19 depicts temperature comparison between numerical modeling and ex-
perimental results at peephole 1. Results obtained using CFD have similar behavior to
experimental results. The highest temperature differential between numerical and experi-
mental models was obtained at position 1; as the thermocouple moves away from r = 0,
temperature differential decreases until it is practically zero at position 4. The numerical
value of temperature at position 4 lies within 5% uncertainty; meanwhile, the numerical
values of temperature at positions 2 and 3 lie within 10% uncertainty [68].
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Figure 20 depicts data from numerical modeling and experimental results measured
at peephole 2. The numerical model gives a trend similar to that observed with experi-
mental results. The highest temperature differential is measured at position 5, and as the
thermocouple moves away from the chamber center, the temperature differential decreases
until it is nearly zero at position 8. The numerical value of temperature at position 8 lies
within 5% uncertainty; meanwhile, the numerical values of temperature at positions 6 and
7 lie within 10% uncertainty [68].
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CO2 measured with gas analyzer is presented in Figure 21. This plot is a set of
measurements of mole fractions vs. time taken during all experimental tests. It is observed
that the maximum value reached for the mole fraction of CO2 was 0.037, the minimum value
was 0.008, and the average value was 0.0127. The oscillatory behavior of measurements for
mole fractions of CO2 and CO in Figures 21 and 22 is caused by the transitory response
over time of combustion during experimental tests.
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Figure 22. Results of CO measurements during experimentation.

Figure 22 shows the mole fraction of CO measured during the experiment with an
average value of 0.0009, a maximum of 0.00132, and a minimum of 0.0004.

Figure 23 depicts a bar chart for the comparison of mole fractions of CO2, CO, and
NO at the nozzle outlet. The average mole fraction of CO2 measured experimentally was
0.0127; meanwhile, its average value for the numerical model was 0.0134. It is observed
that simulated data lie within 6% uncertainty of experimental data [68].
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Regarding NO, data obtained by the gas analyzer for its mole fraction during experi-
mentation indicated 0, while the numerical model resulted in an average mole fraction of
2.3 × 10−6 at the nozzle outlet. This last value could be considered as 0.

The average mole fraction of CO provided by the gas analyzer was 0.0009. On the
other hand, the average value from the numerical model was 0.000145. Comparison of
both values shows that numerical model value does not lie within 6% uncertainty.

6. Conclusions

The analysis of biogas combustion in a non-premixed flame CC was presented. The
effect of a strong swirl on the combustion process of biogas was studied by placing a
swirler (Sn of 2.48) at the airstream inlet. This analysis of combustion was performed
using numerical modeling with CFD and experimental testing. Numerical analysis was
performed using the k-ε RNG model of the renormalization group. To solve the chemical
kinetics of the flame, the laminar flamelet model was used applying a medium-pass
mechanism from the University of San Diego for biogas. The thermal NOx formation
mechanism was used to analyze NO emissions. Variables were measured during the
experimental tests as follows: temperatures at eight points of the CC; air pressure; fuel
pressure; humidity; and CO, CO2, and NO emissions. Results obtained with the numerical
modeling of biogas combustion showed the following:

• The k-ε RNG model in conjunction with the chemical kinetics mechanism predicted
with good acceptable accuracy the behavior of the experimental testing. Temperatures
measured at both peepholes of the CC have similar behavior to those obtained in the
experimental testing.

• Non-premixed flame is highly influenced by a strong swirl because it generates
recirculation at the center of the primary zone of the CC. Recirculation centers the flame
inside the CC, and there are no hot spots near the flame tube. Biogas injection at the
primary zone reduces the flame temperature in this region. The highest temperatures
are located at the intermediate and dilution zones caused by a decrement in the mole
fraction of CO2 compared to the primary zone.

• A strong swirl in biogas combustion had a positive effect, given that it centers the
flame in the combustion chamber and causes recirculation to promote a constant
re-ignition of air–fuel mixture; this effect avoids the presence of noncombustion zones
all along the biogas flame.
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• Regarding emissions, experimental results indicated an average mole fraction of CO
at the combustion chamber outlet of 1.45 × 10−4. This value is below limits allowed
by national legislation.

• Experimental testing resulted in a mole fraction of CO2 at the combustion chamber
outlet of 0.0127. This is far lower than the original biogas mole fraction of CO2 of
0.25. A phenomenon inside the combustion chamber is considered to produce CO2,
which was verified with the distribution profile of CO at the dilution zone where this
gas is combined with O2 to generate CO2. A strong swirl improved the combustion
process to reduce the mole fraction of CO2 at the combustion chamber outlet. The
average mole fraction of CO2 from the numerical model lies within 6% uncertainty
with respect to experimental data.

• Formation of NO according to numerical model is observed to begin in between
primary and intermediate zones. It increased gradually until reaching an average
mole fraction of 2.3 × 10−6 at the outlet. The sensitivity of the gas analyzer measured
a mole fraction of 0; therefore, as the mole fraction from the numerical model is close
to zero, both models are similar.

This research validates that implementing a swirler with a high swirl number in biogas
combustion opens the possibility for biogas to be considered as a fuel for combustion
chambers with non-premixed flames. The swirler improves the burning process, thus
reducing emissions of pollutants such as CO, CO2, and NO. The swirler also avoids the
existence of noncombustion zones. The numerical model developed in this research could
be considered to study the behavior of flames under different mole fractions of CO2 in the
biogas mixture.

The numerical model as presented in this research could be used to accomplish goals
from the Kyoto Protocol and the Paris Agreement to reduce greenhouse gas emissions.

Predicting the behavior of flames produced by the combustion of biogas combined
with fuels with higher calorific value is out of the scope of this research; however, it is
considered as future work to analyze the effect of hydrogen in the turbulent combustion
of biogas.
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