
energies

Article

Optimized Design of a Swirler for a Combustion
Chamber of Non-Premixed Flame Using
Genetic Algorithms

Daniel Alejandro Zavaleta-Luna 1, Marco Osvaldo Vigueras-Zúñiga 1,2 ,
Agustín L. Herrera-May 1,3 , Sergio Aurelio Zamora-Castro 1 and
María Elena Tejeda-del-Cueto 1,2,*

1 Master in Applied Engineering, Veracruzana University, 94294 Veracruz, Mexico;
zs17024372@estudiantes.uv.mx (D.A.Z.-L.); mvigueras@uv.mx (M.O.V.-Z.); leherrera@uv.mx (A.L.H.-M.);
szamora@uv.mx (S.A.Z.-C.)

2 Mechanical Engineering Department, Veracruzana University, 94294 Veracruz, Mexico
3 Micro and Nanotechnology Research Center, Veracruzana University, 94294 Veracruz, Mexico
* Correspondence: etejeda@uv.mx

Received: 13 March 2020; Accepted: 26 April 2020; Published: 3 May 2020
����������
�������

Abstract: Recirculation in a combustion chamber is required for stabilizing the flame and reducing
pollutants. The swirlers can generate recirculation in a combustion chamber, inducing a swirling
flow that breaks vorticity and improves the mixing of air and fuel. The swirl number (Sn) is related
to the formation of recirculation in conditions of high-intensity flows with Sn > 0.6. Thus, the
optimized design of a swirler is necessary to generate enough turbulence that keeps the flame stable.
We present the optimized design of a swirler considering the main parameters for a non-premixed
combustion chamber. This optimization is made with genetic algorithms to ensure the generation
of a recirculation zone in the combustion chamber. This recirculation phenomenon is simulated
using computational fluid dynamics (CFD) models and applying the renormalization group (RNG)
k-ε turbulence method. The chemistry is parameterized as a function of the mixture fraction and
dissipation rate. A CFD comparison of a baseline swirler model and the proposed optimized swirler
model shows that a recirculation zone with high intensity and longer length is generated in the
primary zone of the combustion chamber when the optimized model is used. Furthermore, the CFD
models depict swirling effects in the turbulent non-premixed flame, in which the stabilization is
sensitive to the recirculation zone. The temperature results obtained with the CFD models agree well
with the experimental results. The proposed design can help designers enhance the performance of
combustion chambers and decrease the generation of CO and NOx.

Keywords: swirler; optimized; genetic algorithms; recirculation; combustion; CFD; experimental validation

1. Introduction

Recirculation has an important role in most combustion systems. Several equipments such
as combustion chambers, gas turbines, and industrial furnaces need recirculation to increase the
combustion efficiency and keep the flame stable [1–3]. Recirculation is generated by a reversible
toroidal flow that causes a low-pressure zone and a break in the vorticity [4]. This allows efficient
mixing between hot gaseous fuel and fresh air entering the combustor [5,6]. Lefebvre and Ballal [7]
showed that the process of mixing and combustion occurs inside the primary zone. This primary zone
provides an anchor to flame and supplies the temperature, time, and turbulence necessary to achieve
complete combustion [8]. The formation of a recirculation zone depends on the swirl number, which is
an important parameter in swirling flows [9]. It allows the generation of toroidal recirculation zone to
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burn the fuel and prevent the formation of nitrogen oxide (NOx). Mundus and Kwark [10,11] reported
that the emissions generated during the combustion can be reduced keeping a flow with rotation
and controlling the flame intensity. The flame instability can increase the CO and NOx emissions;
therefore, swirl flows with a sufficient amount of turbulence are required to induce a reversal flow and
define a recirculation zone [12–17]. Tuttle [18] described the importance of mechanical components
to generate a recirculation zone inside a combustion chamber. Tejeda-del-Cueto [19] indicated that
flame stability could be achieved through three means: the generation of turbulence using a bluff body,
swirling the flow or a combination with a bluff body to improve mixing of the reactants, and finally the
optimization of air injection. Furthermore, Kilik [20] studied high-intensity turbulence in the primary
zone using perforated plates with spiral-shaped strips inside a tube or by swirler, which was the most
efficient method to inject tangential flows.

A swirler has a set of directed vanes to generate a centrifugal force in the flow, which moves the
fluid with a swirling shape within the walls of the flame tube (liner). Valera-Medina [21] observed
that flow with high turbulence can produce constant temperature during combustion, avoiding the
formation of hot spots. The vane angle of a swirler influences the flame behavior and the pollutant
emissions [21–23]. For the swirler design, it is necessary to develop analytical and numerical methods
to optimize their performance. Several experimental studies have determined the rotatory flows
generated by swirlers and their effect on combustion [24–28]. In addition, computational fluid dynamics
(CFD) models have been used to predict the flow behavior in function of the swirler geometry [29–34].
The swirler designs are based on preliminary combustion chamber models [11,29,35,36]. Swirler
geometry is defined by variables such as the swirl number, pressure drop due to mass flow, and the
area of the swirler. These variables influence the formation of a recirculation zone at the primary area
inside the combustion chamber as well as flame stability [35].

Genetic algorithm (GA) is a method that is used to solve constrained and unconstrained
optimization problems considering natural selection and genetics [37]. Hiroyasu [38] used genetic
algorithms to improve fuel efficiency and reduce the generation of pollutants during the combustion of
a diesel engine. By using this method, the operating costs and NOx generation were reduced. On the
other hand, Seneca et al. [39] and Liu et al. [40] used genetic algorithms to determine the optimal
geometry of a combustion chamber, reducing the fuel consumption and pollutant emissions. They
observed that NOx generation and fuel consumption are reduced by varying the parameters of fuel
injection and the geometry of the combustion chamber. In order to improve the performance of a
combustion chamber, we propone the optimal design of a swirler using genetic algorithms. This design
considers the main parameters of a swirler and the physical limitations of the combustor, as well as
the conditions to enhance the recirculation in the combustion chamber. In addition, CFD models are
developed to study the recirculation zone generated by the swirler and the temperature behavior of the
flame under real operating conditions. The results of the CFD simulations show suitable conditions for
a complete combustion. Furthermore, the optimized swirler generates high-intensity turbulence that
can decrease the formation of CO and NOx. The response of the temperature behavior obtained using
CFD models agrees well with the experimental results.

2. Design

A swirler induces a flow with rotation to generate axisymmetric stagnation in the center of the
flame tube, improving the flame stability [41]. Nowadays, there are two types of swirlers [42]: annular
and axial. In this work, we present the optimized design of an axial swirler. Figure 1 depicts a schematic
view of an axial swirler, in which the flow is axially applied.
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Figure 1. Schematic view of an axial swirler.

The vanes of an axial swirler have an outlet angle used to direct the air flow. This swirler generates
a low-pressure drop, since vanes do not have a sharp change of direction. Keshtkar [43] demonstrated
that the variation of vane angle can affect the size of the flame and decrease the pollutants generated
during combustion. These swirler vanes can be designed with two shape types: flat or curved [44].
Thus, Beer and Syred [45] evaluated the performance of curved and flat vanes of swirlers. They
reported that curved vanes achieve higher efficiency (about 70%) and generate less pressure drop
compared with flat vanes. Lefebvre and Ballal [7] described a conventional notation for elements of an
axial swirler, as shown in Figure 2.
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Figure 2. Geometrical parameters of the main elements of an axial swirler. Where Dsw is the swirler
diameter, θ is the vane angle, Dhub is the swirler hub diameter, c is the vane chord, s is the vane space,
and z is the annular space length formed by the hub diameter and the swirler diameter.

3. Design of Swirler

The design procedure presented in this work follows steps as shown in Figure 3. The operating
conditions and physical dimensions of the combustion chamber defined the starting point for
optimization. Deep research was done to determine the variables, objective (fitness) function, limits,
and restrictions for running the genetic algorithm. The design procedure finished when the swirl
number is maximized, keeping variables within the established limits.
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Generally, the design of swirlers is based on three variables: swirl number, mass flow, and swirler
area [7].

3.1. Swirl Number

The swirl number (Sn) is the main variable considered in swirler design. The swirl number is the
ratio of the axial flux of angular momentum (Gt) to the axial flux of the axial momentum (Gx). The
swirl number can be determined by [43]:

Sn =
Gt

Gxra
(1)

where ra is the hydraulic radius.
Beer and Syred [45] proposed the following equation to determine the swirl number (Sn) in an

annular swirler with a constant vane angle:
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where Asw is the swirler frontal area, AL is the liner area, ∆Pcomb is the pressure drop through combustor,
ksw is the vane shape factor, and ρ is the air density.

The pressure drop (∆Psw) in the combustor due to the mass flow in a swirler must be minimal.

3.3. Swirler Area

The frontal area (Asw) of the swirler represents the relationship between the frontal annular area
and the area occupied by the vane profiles. This parameter can be calculated by [47]:

Asw =
π
4

(
D2

sw −D2
hub

)
−

nvtv

2
(Dsw −Dhub) (4)

where nv is the number of swirler vanes and tv is the thickness of the swirler vane.

4. Genetic Algorithm

The genetic algorithm (GA) of MATLAB (R2015b, The MathWorks, Inc., Natick, USA) is a tool that
enables defining the value of the parameters involved in an optimization process. These parameters
are restricted by limits that allow the values to be optimized efficiently [37]. The genetic algorithm used
in this work is based on generating a set of individuals called a population of possible solutions; these
individuals are manipulated through the intervention of the following operators: selection, crossover,
and mutation to generate a new generation of individuals. When the new generation is created, the
new individuals are analyzed, and their properties are evaluated to determine if convergence criteria
are satisfied or not. If the convergence criteria are satisfactory, the process stops, but if the convergence
criteria are not satisfactory, the process continues until a convergence solution is found [48,49].

4.1. Objective Function

In the design of swirlers, we consider three main parameters: the swirl number, the mass flow,
and the swirler area. We propone the swirl number as objective function, which will be maximized to
achieve a stability in the flame. This is due to the generation of a recirculation zone in the combustion
chamber. The objective function of swirl number (Sn) can be represented by:

Sn =
2
3

(D2
sw + DswDhub + D2

hub)(tanθ)
(

4Dsw
π(Dsw−Dhub)

)
√

sec2 θ(
2ρ∆Pcomb
ksw

.
m2

sw

) + (
2nvtvDsw

π

)


(5)

where ∆Psw is the swirler pressure drop, nv is the number of vanes,
.

msw is the mass air flow, and tv is
the thickness.

4.2. Limits

Table 1 shows the values of ksw, nv, tv, and θ recommended by [46,50] for swirler design.
These values can allow the generation of a recirculation zone in the combustion chamber. However,
Keshtkar [43] and Beer and Syred [45] reported that a similar behavior of the recirculation zone is
generated starting with a vane angle of 10◦. Based on these research studies, the minimum angle value
is modified. In addition, the shape of the curved vane is considered. Table 2 depicts the range of values
of the main geometrical parameters used by the genetic algorithm in the swirler design.
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Table 1. Recommended values of geometrical parameters for the swirler design.

Geometrical Parameter Minimum Maximum

θ 30◦ 60◦

tv 0.7 mm 1.5 mm
nv 8 16
ksw 1.15 (curved vane) 1.3 (flat vane)

Table 2. Limits of the geometrical parameters used in the genetic algorithms for the swirler design.

Variable Minimum Maximum

θ 10◦ 60◦

tv 0.7 mm 1.5 mm
nv 8 16

4.3. Restriction Parameters

The swirl number directly influences the formation of the recirculation zone in the combustion
chamber. However, it is necessary for a higher turbulence intensity of the flow. For this, the swirl
number must increase to generate a backward flow. Beer and Syred [45] indicated that flows with
high-intensity turbulence have a range of swirl numbers between 0.6 and 2.5. Thus, the recirculation
zone increases, which establishes the main restriction of the objective function in the genetic algorithms.

Another parameter is the ratio of the hub diameter (Dhub) to the swirler diameter (Dsw). This ratio
allows the reduction of the pressure drop in the flow, which is established by the ratio Dhub/Dsw. This
ratio has a recommended value to reduce losses of Dhub/Dsw = 0.5. Nevertheless, Beer and Syred [45]
expressed that recirculation zones with similar behavior can be generated when the ratio Dhub/Dsw has
values from 0.4 to 0.6. Based on this restriction and considering Dsw = 9.8 cm, Dhub is measured from
the ratios Dhub/D sw= 0.4 and Dhub/Dsw = 0.6. Thus, the maximum and minimum dimensions of Dhub
are 5.88 cm and 3.92 cm, respectively. Another restriction is added regarding the need to insert the fuel
injector at the center of the swirler. It is established that the minimum value of Dhub is 5 cm. Table 3
shows the values of the restriction parameters used in genetic algorithms.

Table 3. Range of restrictions for swirler design using genetic algorithms.

Restrictions Minimum Maximum

Sn 0.6 2.5
Dhub/Dsw 0.4 0.6

Dhub 0.05 m 0.0588 m

4.4. Constant Values

Figure 4 shows the different components of the combustion chamber design. In this design, the
diffuser has a length of 5.6 cm, an inlet diameter of 6 cm, and an outlet diameter of 15.70 cm. The flame
tube has a cylindrical shape with an internal diameter and length of 10.70 cm and 26.10 cm, respectively.
It has 5 secondary holes with diameters of 0.54 cm around the flame tube, which are located 12 cm
from the air inlet. Moreover, it has 5 tertiary holes with diameters of 1.20 cm that are located 18 cm
from the air inlet. The fuel injector has a diameter of 1.30 cm and a length of 11.50 cm. Combustion
exhaust gases leave the chamber through a nozzle, which has a length of 5.60 cm and interior and
outer diameters of 15.70 cm and 6.0 cm, respectively. The combustion chamber has two peepholes of
2.54 cm diameter. The first and second peephole are located 20.60 cm and 26.60 cm from the air inlet,
respectively. Table 4 shows the values of different parameters used in the objective function of the
genetic algorithm.
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Table 4. Values of different parameters considered in the objective function of the swirl number.

Parameters Value

Internal diameter of the case 0.157 m
Diameter of combustor 0.107 m

Minimum diameter of diffuser 0.06 m
Air density 1.16 kg/m3

Vane shape factor 1.15
Air mass flow 4.398 × 10−2 kg/s

Percentage of air entering the combustor 70%
Combustor pressure drop relative to dynamic pressure 20 Pa

Ratio of the combustor pressure drop to the combustor inlet 0.06
Gas constant 286.9 N m/kg

Temperature of incoming air 303.15 K

4.5. Optimal Values

The swirler depth is determined in proportion to Dsw, considering 40% of the swirler diameter.
Table 5 shows the values obtained by the genetic algorithm. In addition, Figure 5 depicts the final
design of the optimized swirler with the coupled injector.

Table 5. Values of optimum swirler design obtained by genetic algorithm.

θ nv tv Dhub Depth

18◦ 8 0.001 m 0.0576 m 0.039 m
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The solidity is a parameter that intervenes in swirler design and is defined as the ratio of vane
chord length to vane pitch. Martin [51] described that for an axial swirler, the solidity as a function of
the vane angle is defined by the following equation:

σ =
c sinθ

s
(6)

where σ is the solidity of the vane, c is the chord, θ is the vane angle, and s is the gap between
adjacent vanes.

Considering this, the solidity of the vanes of the designed swirler has a value of 0.51, which
indicates that the flow area increases, reducing the pressure drop of the element. In addition to this,
since it is a value less than 1, the generation of a high-intensity swirl number is favored.

5. Numerical Models

5.1. CFD Model

5.1.1. Turbulence Model

The RNG k-ε turbulence model is a variation of the standard k-ε turbulence model derived by
Yakhot and Orszag, and it is based on the infinite scale expansion in η [52]. This replaces the constant
Cε1 by the function Cε1RNG within the transport equation for turbulence dissipation and is based on
the theory of renormalization of groups through the solution of transport equations for the generation
and dissipation of turbulence [53]. The turbulence model used for the analysis of recirculation zone
and the flame behavior generated by proposed the swirler have been used in several research studies
related to rotational flows, providing correct results in the turbulence developed in flows with high
rotation and also good results in predicting the behavior of the steady-state combustion [54–58]. This
RNG k-ε turbulence model can be represented as:

∂(ρk)
∂t

+
∂
(
ρu jk

)
∂x j

=
∂
∂x j

[(
µ+

µt

σk

)
∂k
∂x j

]
+ µt

(
∂ui
∂x j

+
∂u j

∂xi

)
∂ui
∂x j
− ρε (7)

∂(ρε)

∂t
+
∂
(
ρu jε

)
∂x j

=
∂
∂x j

[(
µ+

µt

σε

)
∂ε
∂x j

]
+ C∗ε1µt

ε
k

(
∂ui
∂x j

+
∂u j

∂xi

)
∂ui
∂x j
−Cε2ρ

ε2

k
(8)

with

µt = ρCµ
k2

ε
(9)

Cε1RNG = 1.42−
η
(
1− η

η0

)
(1 + βη3)

(10)

η =

√
µt

(
∂ui
∂x j

+
∂u j

∂xi

)(
∂ui
∂x j

/ρCµε
)

(11)

where the term µt represents the turbulent viscosity and the value of the constants are Cµ = 0.085,
Cε2 = 1.68, σε = 1.3, σk = 1.0, β = 0.015, and η0 = 4.38.

5.1.2. Laminar Flamelet Model

The laminar flamelet model is based on the temperature and species mass fractions transport
equations. These equations are standardized in terms of two variables: scalar dissipation (χ) and
mixture fraction (Z) [59,60], and they can be represented by:

ρ
∂Yi
∂t

= ρ
χ
2
∂2Yi

∂Z2 + wi − ρ
(Dχ

2

)1/2
k
∂Yi
∂Z

(12)
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ρ
∂T
∂t

= ρ
χ
2
∂2T
∂Z2 + wT − ρ

(Dχ
2

)1/2
k
∂Y
∂Z

(13)

where wT and wi are the chemical sources for temperature and species, Yi is the mass fraction of the
specie i, T is the temperature, k is the curvature of a mixture fraction iso-line, and t represents the time.

The laminar flamelet model uses the mixture fraction (Z) to incorporate chemical reactions
into the flame during turbulent combustion [61]. To quantify the proximity to balance, this model
employs scalar dissipation (χ), which represents the stretching of the flame [60]. These parameters are
expressed by:

χ = 2D|∇Z|2 (14)

ρ
∂Z
∂t

+ ρvk
∂Z
∂χ

=
∂
∂χ

(
ρD

∂Z
∂χ

)
(15)

where D is the diffusion coefficient and vk is the velocity.
Combustion is studied using the laminar flamelet model with a chemical kinetics mechanism [62],

which incorporates 58 pollutants (including CO and CO2) and 270 reactions, but the chemical kinetics
mechanism for NOx production is not included in this model.

5.1.3. Numerical Modeling

Meshing and Boundary Conditions

A CFD model of the combustion chamber is developed to study its performance using the finite
volume method in Fluent ANSYS. Combustion is modeled using liquefied petroleum gas (LPG) as
fuel, which is a mixture of 80% propane and 20% butane on a volumetric basis. This concentration can
decrease the contaminant emissions [63]. Figure 6 shows the longitudinal section of the combustion
chamber mesh.Energies 2020, 13, x FOR PEER REVIEW 10 of 26 
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The mesh used represents the entire volume of the combustion chamber, and it is set to simulate
the fluid that constitutes the flow along the combustor. The mesh is of the tetrahedral type and the
use of a boundary layer is established in the swirler vanes, with local refinement on the internal
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and external surfaces of the vanes. The mesh has 7,555,837 elements and 1,565,195 nodes with an
approximate quality of 84%. The residual values of continuity, momentum, turbulent kinetic energy,
mixture fraction, and variance of mixture fraction were 10-4, while for energy, it was 10-7.

Table 6 indicates the boundary conditions used in the CFD model of the combustion chamber.

Table 6. Boundary conditions for numerical analysis.

Variable Value

Air inlet pressure 2100 (Pa)
Mass air flow 4.398 × 10−2 (kg/s)

Air temperature 303.15 (K)
Fuel inlet pressure 2100 (Pa)

Mass fuel flow 2.95 × 10−4 (kg/s)
Fuel temperature 300.15 (K)

Combustion chamber outlet pressure 375 (kg/s)
Wall temperature 300 (K)

Given that the model is based on density terms, the second-order upwind discretization scheme is
used. This scheme provides a higher-order precision at the cell faces using Taylor series expansion of
the cell-centered solution at its centroid [64,65].

Cold Air Flow

The recirculation zone generated by the optimized swirler was compared to a baseline swirler
under the same boundary conditions. Figure 7 shows the views of the optimized swirler and the
baseline swirler. Figure 7a,b shows isometric and front views of the baseline swirler, while Figure 7c,d
depicts the isometric and front views of the optimized swirler.Energies 2020, 13, x FOR PEER REVIEW 11 of 26 
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Figure 7. Swirlers compared in numerical analysis. (a) baseline swirler, (b) front view of the baseline
swirler, (c) proposed optimized swirler, (d) front view of the proposed optimized swirler.

Table 7 shows the comparison of the design parameters for both an optimized swirler and
baseline swirler.
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Table 7. Comparative table of the design parameters of the swirlers.

θ nv tv Dhub Depth Sn

Optimized swirler model 18◦ 8 0.001 m 0.0576 m 0.039 m 2.48
Baseline swirler model 12◦ 5 0.0015 m 0.06 m 0.03 m 0.18

Figure 8 shows the behavior of the flow circulating in the combustion chamber. Figure 8a
represents the velocity path lines generated by the optimized swirler. On the other hand, Figure 8b
shows the velocity path lines generated by the baseline swirler. It is observed that the recirculation
zone generated by the optimized swirler has a longer length than the baseline swirler and the velocities
developed reach up to 5 m/s; it is also observed that a high-intensity turbulence zone is developed at
the primary zone. Additionally, a low-speed region is found at the combustion chamber core, ending
close to the secondary zone. The recirculation zone obtained with the baseline swirler is wider and
shorter than its optimized counterpart. The recirculation zone ends at the primary zone and is bounded
by the hub of the swirler. Velocities developed with the baseline swirler are smaller, having average
values of 3 m/s.Energies 2020, 13, x FOR PEER REVIEW 12 of 26 
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Figure 8. Path lines of velocity along the yz plane of a CFD model of a combustion chamber.
(a) Recirculation zone generated by the optimized swirler model, (b) recirculation zone generated by
the baseline swirler model.

As the optimized swirler shows better behavior, further analysis is performed regarding cold air
flow conditions. Figure 9 shows the air velocity streamlines in the zx plane of the combustion chamber
using the optimized swirler. Figure 9a depicts a recirculation core formed by air inside the primary
zone, which benefits the mixing process by retaining the particles in that zone and delays the process
in order to burn properly. In addition, Figure 9b illustrates the rotating flow along the combustor.
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Combustion

Figure 10 shows several xy planes along the combustion chamber used to show flow behavior
during combustion conditions. The origin point is considered at the inlet of the combustion chamber,
and each plane is located at the following distances: plane 1 (10.50 cm), plane 2 (14 cm), plane 3
(17.60 cm), plane 4 (23.60 cm), plane 5 (26.60 cm), and plane 6 (30 cm).Energies 2020, 13, x FOR PEER REVIEW 13 of 26 
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Figure 10. xy planes and origin point of the combustion chamber. (a) plane 1, (b) plane 2, (c) plane 3,
(d) plane 4, (e) plane 5, (f) plane 6, and (g) origin point.

Figure 11a,b depict the optimized and baseline swirler velocity vectors in plane 1, respectively.
Figure 11a shows that the slowest velocity zone is located at the center of the combustion chamber and
has a hub-like shape. In this zone, average velocities of 3 m/s are obtained, and it is surrounded by a
uniform high-velocity zone, with maximum velocities of 14 m/s. On the other hand, in Figure 11b, it is
observed that the zone of low velocity begins at the center of the combustor and has a star-like shape,
which expands from the center of the hub to the radially middle section of the swirler vanes. This
low-velocity zone is surrounded by a high-velocity zone, with an average value of 9 m/s.
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Figure 11. Velocity vectors during combustion in plane 1 of the combustion chamber. (a) Optimized
swirler, (b) baseline swirler.

Figure 12a,b represent the velocity vectors in plane 2 of the combustion chamber with the optimized
and baseline swirler, respectively. Figure 12a shows that the size of the low-velocity zone decreased
and remains at the center of the combustion chamber. It is also observed that the vectors surrounding
the low-velocity zone maintain a constant speed of 8 m/s and rotate inside the flame tube. On the
other hand, in Figure 12b, it is observed that the velocity remains constant inside the flame tube with
velocity magnitudes comparable to those of the optimized swirler; however, the direction of the vectors
indicates that there is no a swirling pattern in the transverse plane to achieve a constant rotation. Most
of the air flow passing through the combustion chamber is located in the annular area between the
casing and the flame tube.Energies 2020, 13, x FOR PEER REVIEW 14 of 26 
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Figure 12. Velocity vectors during combustion in plane 2 of the combustion chamber. (a) Optimized
swirler, (b) baseline swirler.

Figure 13a,b represent the velocity vectors in plane 3 of the combustion chamber with the optimized
and baseline swirler, respectively. It is observed that in Figure 13a, high velocities are kept constant
near the liner walls while in the central zone, a low-velocity profile is found; however, the flow is
maintained rotating throughout the transverse plane of the flame tube. In addition, it is observed
that fresh air enters the flame tube through the secondary holes, which will benefit the burning of
unburned fuel in the primary zone. On the other hand, Figure 13b shows that a low-velocity zone is
generated at the central portion of the combustion chamber, with an approximate velocity of 3 m/s,
which is surrounded by a higher velocity zone. It is also observed that there is a rotation of the flow
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at the central zone of the combustor compared to the flow at the liner walls; moreover, the fresh air
entering the flame tube has a higher velocity than the model with the optimized swirler.
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Figure 14, Figure 15, and Figure 16 show the vectors of planes 4, 5, and 6 of the combustion
chamber; Figure 14a, Figure 15a, and Figure 16a represent the optimized swirler, and Figure 14b,
Figure 15b, and Figure 16b correspond to the baseline swirler. Figure 14a, Figure 15a, and Figure 16a
show that the velocity profile pattern in the transverse plane remains constant and rotating inside the
flame tube; furthermore, it is observed that air flow enters through the tertiary holes of the combustor
and peephole 2. On the other hand, in Figure 14b, Figure 15b, and Figure 16b, it is observed that the
flow field does not have a constant velocity pattern along the flame tube; instead, low-velocity zones
and a low-intensity rotating flow is given, even though flow also enters through the tertiary holes and
peephole 2.Energies 2020, 13, x FOR PEER REVIEW 15 of 26 
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A pressure drops comparison of the air flow circulating through both optimized and baseline
swirlers is shown in Figure 17. Figure 17a shows an air flow pressure at the optimized swirler inlet with
an average value of 616 Pa; meanwhile, the same variable measured at the outlet has an average value
of 587 Pa, as shown in Figure 17b. Pressure drop is created mainly on the swirler internal walls with
an average value of 29 Pa; such value is compared with the reference value of Table 4 of 20 Pa. This
represents an acceptable approximation to be used with the GA. On the other hand, from Figure 17c–d,
it is observed that the baseline swirler has the following values: an inlet pressure of 616 Pa and an
outlet pressure of 530 Pa. Therefore, the pressure drop is 86 Pa, which represents a higher value than
the reference in Table 4.

The temperature profile in all six xy planes of the combustion chamber model using the optimized
swirler are shown in Figure 18. Figure 18a shows the temperature distribution in the primary zone of
the combustion chamber where an annular shaped high-temperature zone is developed around the
fuel injector limited by the hub of the swirler. At plane 1, we observe a region with a local mixture with
the highest fuel flow fraction, and it generates the highest temperature region matching the highest
velocities, while at the lower velocity zones, the temperature decreases. Figure 18b shows that the
highest local temperature is close to 1200 K and is located at the central low-velocity zone caused by a
local air–fuel mixture with the highest fuel flow fraction in this plane. Figure 18c depicts that highest
global temperature is close to 1790 K located at the center of the combustion chamber, where the local
air–fuel mixture has the highest fuel flow fraction, matching in this case with the low-velocity zone.
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In Figure 18d, a decrement in temperature at the combustor core is observed, which is caused mainly by
fresh air entering the tertiary holes, obtaining a highest local temperature close to 1450 K. Figure 18e,f
show the dilution zone with a reduction in the global temperature; comparison between planes 5 and 6
reveals a similar temperature profile corresponding with both planes having a similar velocity profile.
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Figure 18. Results of temperature profile in different xy planes of a CFD model of a combustion chamber
with optimized swirler. (a) Plane 1 (10.50 cm), (b) plane 2 (14 cm), (c) plane 3 (17.60 cm), (d) plane 4
(23.60 cm), (e) plane 5 (26.60 cm), and (f) plane 6 (30 cm).

Figure 19 shows the temperature profile in all six xy planes of the combustion chamber model with
the baseline swirler. Figure 19a contains the highest global temperature with approximately 1900 K
located at a low-velocity star-like shaped zone as in Figure 11b, while the lower local temperatures
match the high-velocity zones; for this plane, a local air–fuel mixture with the highest fuel flow fraction
is found at the aforementioned star-like shape. In Figure 19b, the global temperature decreases with
values up to 1480 K corresponding to a decrease in the fuel flow fraction; this behavior matches the
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increment in flow velocity, keeping a similar shape as in plane 1. Figure 19c shows that the air flow
coming from secondary holes makes the temperature decrease to an average value of 900 K, given
that at this plane, a low-velocity zone is kept at the center of the flame tube. Figure 19d–f depict
temperature profiles with approximate values of 740 K.
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Figure 19. Results of temperature profile in different xy planes of a CFD model of a combustion chamber
with a baseline swirler. (a) Plane 1 (10.50 cm), (b) plane 2 (14 cm), (c) plane 3 (17.60 cm), (d) plane 4
(23.60 cm), (e) plane 5 (26.60 cm), and (f) plane 6 (30 cm).

Figure 20 shows the mole fraction of the CO profile in all six xy planes of the combustion chamber
model using the optimized swirler. Figure 20a shows a symmetric distribution of the mole fraction
of CO at the center of the plane, where CO appears as a result of fuel burning. Figure 20b depicts
plane 2 corresponding to the primary zone of the combustion chamber where the highest global mole
fraction of CO is located at the combustion core. Figure 20c describes plane 3 containing mainly a
cross-section of the secondary zone; it can be observed that the mole fraction of CO decreases as an
effect of fresh air entering from the secondary holes, allowing CO to oxidize and form CO2. Figure 20d
shows a significant reduction in mole fraction of CO, while in Figure 20e,f, the formation of CO reaches
its minimum.
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Figure 20. Results of mole fraction of CO profile in different xy planes of a CFD model of a combustion
chamber with an optimized swirler. (a) Plane 1 (10.50 cm), (b) plane 2 (14 cm), (c) plane 3 (17.60 cm),
(d) plane 4 (23.60 cm), (e) plane 5 (26.60 cm), and (f) plane 6 (30 cm).
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In Figure 21, the mole fraction of CO generated during combustion with the baseline swirler is
visualized. Figure 21a shows the mole fraction of CO in plane 1 keeping a star-like shape as in the
low-velocity zone shown in Figure 11, indicating that combustion happens in this zone. The mole
fraction of CO in planes 2–6 is minimal, as there is no CO generation as shown in Figure 21b–f.
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Figure 21. Results of mole fraction of CO profile in different xy planes of a CFD model of a combustion
chamber with a baseline swirler. (a) Plane 1 (10.50 cm), (b) plane 2 (14 cm), (c) plane 3 (17.60 cm),
(d) plane 4 (23.60 cm), (e) plane 5 (26.60 cm), and (f) plane 6 (30 cm).

Figure 22 shows the mole fraction of the CO2 profile resulting from using the optimized swirler in
the six reference planes used to describe the combustion chamber. Figure 22a shows the CO2 generated
when fuel starts to burn, getting a symmetric pattern around the fuel injector. A mole fraction of CO2

with an annular shape is observed at the core area of plane 2 in Figure 22b. Figure 22c describes the
behavior of the secondary zone in the combustion chamber where the highest global mole fraction of
CO2 is obtained matching the plane with the highest global temperature; this phenomenon is the result
of CO reacting with oxygen entering from the secondary holes to produce CO2. Figure 22d–f depict the
dilution zone as the mole fraction of CO2 decreases closer to the combustion chamber outlet caused by
air flowing through tertiary holes and peephole 2; CO2 has an uniform distribution across the planes.
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Figure 22. Results of mole fraction of a CO2 profile in different xy planes of a CFD model of a combustion
chamber with an optimized swirler. (a) Plane 1 (10.50 cm), (b) plane 2 (14 cm), (c) plane 3 (17.60 cm),
(d) plane 4 (23.60 cm), (e) plane 5 (26.60 cm), and (f) plane 6 (30 cm).
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The mole fraction of CO2 distribution obtained with the baseline swirler is given in Figure 23.
Figure 23a demonstrates that the highest global mole fraction of CO2 has a star-like shape similar to the
behavior of CO distribution across this plane, as shown in Figure 21a. Figure 23b shows how the star-like
shape is preserved; however, the mole fraction of CO2 decreases. In plane 3 (Figure 23c), the mole
fraction of CO2 decreases, given that fuel flow was burnt at the two previous planes. In Figure 23d–f,
the mole fraction of CO2 is uniform and keeps decreasing closer to the combustion chamber outlet.
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Figure 23. Results of mole fraction of the CO2 profile in different xy planes of the CFD model of a
combustion chamber with a baseline swirler. (a) Plane 1 (10.50 cm), (b) plane 2 (14 cm), (c) plane 3
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5.2. Experimental Results

Once the objectives of the optimized swirler were verified with the numerical analysis, the
combustion experimental tests were carried out to compare the numerical data with the experimental
data and validate them.

A swirler prototype was used to measure the temperature behavior inside a combustion chamber.
For these measurements, the following conditions were employed: atmospheric pressure of 101,325 Pa,
ambient temperature of 303 K, air supply temperature of 305 K, fuel pressure of 2275 Pa, and fuel
temperature of 300 K. Figure 24 shows the combustion chamber with its main components.
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The temperature inside the combustion chamber was measured using a bimetallic thermocouple
(platinum–rhodium 13%), which allows obtaining temperature measurements ranging from 0 to
1450 ◦C with an uncertainty of +/− 1.5 ◦C. It has a ceramic insulating bar of 30 cm length and a ceramic
cover. The thermocouple was positioned in two peepholes of the combustion chamber at four different
positions. The reference for placing the thermocouple was the central axis of the combustion chamber.
Figure 25 depicts the thermocouple positions in both peepholes.Energies 2020, 13, x FOR PEER REVIEW 21 of 26 
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Figure 26 shows the measurements of temperature in four different positions of the combustion
chamber. For peephole 1, the highest temperature was measured in position 1 with average temperatures
of 1002 K. On the contrary, the lowest temperature was registered in position 4 with average value of
438 K. For peephole 2, the highest temperature (1030 K) was achieved in position 1 and the lowest
temperature (438 K) was measured in position 4.
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Validation of Numerical Modeling

Figure 27 shows the temperature results obtained using the CFD model and experimental tests
in peephole 1 of the combustion chamber. The numerical results of the temperature agree well with
the measurement results. Figure 28 depicts the numerical and experimental values of temperature
in four different positions along peephole 2 of the combustion chamber. The numerical values of the
temperature agree well in comparison with measurement results.
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An infrared thermographic camera (Fluke) was used to visualize the distribution of temperature at
the outlet of the combustion chamber. The thermographic camera has a spatial resolution of 320 × 240
and it was configured as follows: emissivity 0.95, bottom temperature of 308.15 K, and transmission of
100%. Figure 29 shows the measurement of the temperature distribution at the exterior environment
of the combustion chamber. Low temperature is registered at the walls of the flame tube, while the
area of the nozzle outlet reaches the maximum temperature of 557 K. In addition, Figure 30 depicts
a thermal image of a cross-section at the combustion chamber outlet. It registers the temperature
profile, in which the highest temperature (638 K) is located at the center of the combustion chamber.
However, the internal walls of the combustion chamber have relatively low temperatures. Due to this,
the generation of hot spots inside the combustor is decreased.Energies 2020, 13, x FOR PEER REVIEW 23 of 26 
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6. Conclusions

The optimized design of a swirler using genetic algorithms to generate a recirculation zone in a
combustion chamber was presented. CFD models of the combustion chamber were developed using
ANSYS software (16.2, ANSYS, Inc., Pittsburgh, USA) through the FLUENT module. In these models,
the renormalization group (RNG) k-ε turbulence method was applied. The optimized design was
compared to a baseline design to verify optimization. Results obtained numerically showed that
the optimized swirler generates a recirculation zone with a longer length and less width. The flame
obtained using the optimized swirler was located at the center of the combustion chamber, while using
the baseline swirler, a flame was found upstream from the aforementioned location. The exhaust
temperature using the optimized swirler was higher than its baseline counterpart, even though the
same air–fuel ratio was used.
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The CFD models of the combustion chamber using the optimized swirler showed that the
stabilization was sensitive to the recirculation zone. In addition, the temperature behavior obtained
using the CFD models agreed well in comparison with the experimental results. The Thermographic
images showed that the external walls of the combustion chamber registered low-temperature values.

The prediction of the recirculation generated by the experimentally proposed swirler is beyond
the scope of this investigation; however, the implementation of the use of particle image velocimetry
(PIV) in future research is proposed to obtain parameters such as radial and axial velocities and the
swirl number produced by the proposed swirler.
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