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premixed method. Each of axial and radial swirler consisted with 8 blades vane. Swirl
angle for radial swirler is 35° and inclination angle for axial swirler is 15°. The swirler is
designed using Solidworks software package and CFD analysis was then performed
using ANSYS Fluent software package. The fuel used is liquefied petroleum gas (LPG)
gas which contained 30% propane and 70% butane. The turbulence model standard k-
epsilon was used in this study. The result found that the combined swirler was capable
to reduce CO emission as the complete reaction into CO, component was higher. This
is due to the broader region of temperature and higher velocity magnitude produced

Keywords: by the combined swirler. However, the maximum temperature result for axial swirler
Axial swirler; Emissions; Non-Premixed was higher than the combined swirler. As a recommendation, the inclination blade
Combustion; Radial swirler; angle in the axial swirler of the combined swirler should be increased to increase the
Temperature; Velocity temperature value.

1. Introduction

Global environmental problems due to emissions from combustion such as greenhouse warming,
acid rain, and the hole in the ozone layer have become serious problems all over the world.
Greenhouse warming is a global problem and difficult to solve as acid rain is essentially a regional
phenomenon. For a gas turbine (GT) sector, optimal efficiency and optimum output are vital in order
to reduce pollutant emissions in accordance with current legislation [1]. Advanced design in
combustion systems such as using the swirler mechanism was one of the potential solutions to
reduce emissions [2].
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Studies in swirl flows were conducted for many decades due to their extensive application in
various types of practical systems, including gas turbine combustion. Frequent experiments in swirl
fluxes have been carried out from fundamental isothermal and reacting flows to those formed in
critical swirl combustor geometries. Experimental results typically produced general characteristics
of swirl flows and revealed important effects of swirl on the promotion of flame stability, improved
combustion efficiency, and regulation of controlling the emission of pollutants from combustion.

The geometrical development technique of flame stabilization in industrial plants is based on
increasing the reactive gas residence time, either through the bluff body enhancement effect or the
rotating flow via the swirling mechanisms or by a combination of these two elements. The swirl
burner is a common name for helical flow burners which is attributed to very wide industrial
applications. Other studies focused on the effects of hurling, stabilization, blowout, and pollutant
emissions on the characteristics of lifted flames [3].

Swirling flow burners have been important for both premixed and non-premixed combustion
systems due to their beneficial effects on flame stability, combustion intensity, and combustion
performance. One of the critical issues with the design of gas turbine engine is how emissions like
carbon dioxide and carbon monoxide are minimized. Gas turbine manufacturers typically used lean
premixed combustion techniques to achieve low NOx emissions. However, although the usage of
lean pre-premixed combustion is attractive to reduce pollution, it requires a complicated system,
increases the size and weight of the system, and produces acoustic instability.

Swirling can be used in non-premixed combustion nowadays, and in particular nitrogen oxide
emissions can be decreased. The inflammation temperature decreases under the swirl effect and
hence improved the mixing process of reactants thus reduce the production of NOx. Moreover, the
increase in the swirl number causes a reduction of the residence time in heat areas if the intensity of
the swirl is sufficient. This also reduces the formation of NOx. However, a swirling intensity needs to
be identified as to achieve both a compromise between reducing pollutant emissions and preventing
the flame-burning distance [3].

Study on swirl combustion using CFD simulation analysis has been previously investigated by few
researchers. Hu et al., [4] examined effects of swirlers with blade angles and applied voltage of
plasma actuators on combustion and wall temperature of a Can - type gas turbine combustor. Results
show that CO emission decreases with the increase of the blade angle. The reduction of CO emission
were 67.6%, 95.9% and 99.6% with the blade angles of 45¢, 50° and 55¢ respectively compared to the
maximum value of CO emission for a 40° blade angle. Jing et al., [5] presents a computational fluid
dynamic investigation on the burning features of a methanol swirling combustor with two stages of
swirling blades (45°+45°, 60°+60°, and 45°+60°). The results show that the blade angle design of 45°+
60° displays high potential of combustion characteristics at which the NOx and CO emissions are
measured to be 27.0 and 11.0 mg/m?3. Hosseini et al., [6] study the effect of inlet air swirl number of
a Methane-Air Diffusion Flame on dynamic stream characteristic, temperature, and radiation heat
flux distribution via the analysis of ANSYS Fluent CFD code. The results showed that increases in swirl
number increase the flux radiation efficiency by 36.5% and reduces the pollutant NOx by 58.6%.
Matthujak et al., [7] studied a swirling flow in domestic LPG burners with inclined and swirl angle of
50° and 15¢ respectively and its characteristics on thermal efficiency augmentation. The results
reporterd that swirling flow does increase the maximum combustion temperature and the net heat
flux into the vessel, directly enhancing the heat conversion efficiency and thus increasing the thermal
efficiency. Pashchenko [8] conducted the CFD-modeling of synthetic (hydrogen-rich) fuel combustion
in a swirling flame. The results showed that NOx emission was increased from 88.9 ppm to 93.1 ppm
for synfuel with increased of hydrogen mole fraction from 0.4 to 0.8.
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The present study is critical in the area of burning systems with low-emission and high energy-
efficient of swirl burner technologies, as the fundamental knowledge of the swirl effect on combustor
efficiency is still minimal. Previous study typically focused on the analysis of swirl angle and number
of swirler’s blade for conventional either axial or radial swirler. However, a specific study which
combined both axial and radial swirler seems rarely investigated. Thus, the present study aims to
assess the effect of a novel concept of combined axial-radial swirl mechanism flow on the burner
performance. The characteristic of thermal efficiency, carbon monoxide (CO) and carbon dioxide
(CO;) emission characteristics were examined. The results obtained in this work provide a
fundamental understanding on the parameters that is dominant in thermal efficiency and emissions
pollution. Besides, the findings are considerable significance in providing design or working
mechanisms and real applications for the manufacturing of the swirl burner that usually used in the
industries of petroleum gas and gas turbine combustion.

2. Method
2.1 Swirl Geometry Development

The design of swirler was developed using Solidworks software package. The novel design
involved a combination of both axial and radial swirler as shown in Figure 1 (a) and (b). The swirler is
consist of outer swirler of radial type at the first stage followed by inner swirler of axial type at the
second stage.
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Fig. 1. Axial-radial combined swirler (a) top
view (b) isometric view

The diameter for the outer and inner section of the radial and axial swirler is 120 mm and 60 mm
respectively. The fuel inlet is 30 mm. Radial and axial swirler were consisted of 8 blades. Inclination
angle for axial swirler vane is 15° and radial vane angle is 35°. A conventional axial swirler was used



CFD Letters
Volume 15, Issue 6 (2023) 1-11

as a baseline in this study. The air and fuel inlet were set to 60mm and 30mm respectively. Figure 2
(a) and (b) showed the conventional axial swirler model as a baseline study. The inclination angle of
the conventional axial swirler vane was also set to 15 degrees and contained 8 swirl blades.
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Fig. 2. Conventional axial swirler
(a) top view (b) isometric view

2.2 Governing Equations

The molecular structure of fluids does not demonstrate resistance to external shear forces. Every
single action, therefore, creates a motion for fluid substances. By continuum assumption, all fluids
shall abide by the laws of motion. According to the Ferziger [9], conservation of mass, momentum
and scalars (energy, species, etc.) should therefore be maintained for control volume. Conservation
equations for Cartesian coordinates can be written as follows:

For conservation of mass:

op , 3pw) _ 0p | 3puy) | Ipuy) | dpus) _
e T 0x; =%t T T ay t =0 (1)

For conservation of momentum:
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For conservation of scalars:
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2.3 Turbulence Model

Introduced the k-¢ model. The idea of the model is to explain the turbulent viscosity of the
turbulence equations of development and destruction. Empirical relationships are constructed using
experimental data. For the k- model, turbulent viscosity is described as:

— . k?
He = pcu? (4)

where € dissipates turbulent kinetic energy, k and € are represented by the closure of two equations
of balance:

J ., _ ad . ad ok _

5; (k) + a—xi(Puik) = o [(ﬂ + Z—;) 6_xi] + P, — pe (5)
a ,_ ad o ad ad _g2

52 (08) + = (pie) = o= (1 +5) ] + Ca s P = Caap (6)

The source term Py is given by:

— _uty 2
Pk - pul u] ax,- (7)

Table 1 shows the standard model constants. As these consistencies are derived from
experimental results, the k/u model for the wide range of wall bounded and free shear flow forms is
comparably precise. However, other types of flows, including swirling flows, may have to be
improved.

Table 1
Constant values used in standard k—
€ turbulence model

Ce1 1.44
Ce2 1.92
Cu 0.09
Ok 1.0

2.4 Grid Development

Meshing was developed to coordinate the boundary condition calculation region of air inlet, fuel
inlet, outer wall and outlet as shown in Figure 3. The combine swirler design attributed 8 air inlets
which relative to the 8 blades of radial swirler. The growth rate of mesh was set to 1.2. The generated
mesh of the model produced 68900 elements with average orthogonal mesh quality of 0.97653. The
aforementioned orthogonal quality value is considered as an excellent quality of generated mesh
which typically ranged between 0.9 to 1 [10]. The maximum size, defeature, minimum curvature,
normal angle curvature size was set to 9.841e-2m, 2.460e*m, 0.003m and 18° respectively. Average
surface area and minimum edge length were set to 1.2328e? m? and 0.03m respectively.



CFD Letters
Volume 15, Issue 6 (2023) 1-11

Air and Fuel Swirler

inlet éu\ \‘x, i Standard wall
(d ¢ i -_function
\ /

. 7 :V;V‘v‘vAv‘ ’A‘ e \\\\
3 QVAVA‘;'AVAVA?.

A 4'4'47474»_, Pressure

| {’A‘V‘ny‘“Av outlet
VAV AVAVAVA W s >
RN N A
Meshed YAY, AAAN/\ 4
geometry \ V;NAVAV
v

Fig. 3. Boundary condition and meshed
geometry

2.5 Boundary Condition and Solver Setup

The dimension of combustor length and diameter were 800 mm and 320 mm respectively. The
length and diameter of combustor was determined based on the typical dimension of industrial
combustion chamber which ranged between 700 mm to 1000 mm and 200 mm to 400 mm
respectively [11-14]. The type of fuel used was liquefied petroleum gas (LPG) which consisted of
propane and butane with mixing ratio of 0.3 and 0.7 [15]. The properties of LPG were set based on
the Table 2. The boundary condition involved a region of air-fuel inlet and pressure outlet. The air
and fuel flowrate at air and fuel inlet were set to 0.1kg/s and 0.003kg/s respectively. The temperature
of air and fuel were set to 350K and 300K respectively. The air and fuel flowrate and temperature
were set based on typical setup for LPG combustion via CFD simulation analysis [13, 15, 16]. Pressure
in combustor was set to 2 atm. Standard wall function has been used for near wall treatment.
Standard k-e turbulent model was used to model the flow.

Table 2

Physical properties of propane and butane [17]
Property Propane Butane
Liquid density, kg/m3 509 585
Calorific value, MJ/kg 46.34 45.56
Boiling point, °C -42 -0.5

The solution method parameter setup was using SIMPLE scheme for pressure velocity coupling
and least square cell based for gradient characteristic. Pressure, momentum and energy were using
second order upwind scheme. Whereas turbulent kinetic energy and turbulent dissipation rate were
using first order upwind scheme.

Figure 4 showed the validation results of the present CFD simulation model with the results from
the previous experimental work which also used axial swirl combustion technique and LPG as a fuel.
Previous work was typically used combustion chamber with diameter less than 0.2 m for LPG
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combustion. Hence, the present study intends to investigate the combustion characteristic at the
region above 0.2 m of combustor length. At the region ranged from 0 to 0.2 m, the present results
were typically within the range between the results of Xinzhuo and Vipul & Rupesh. The deviation of
error seems due to other actual factor associated with the experimental condition which was not
appropriately modelled using simulation method such as, wall insulation effect, environmental
humidity, different fuel fraction and etc. However, the present result considered in good agreement
as the percentage error was less than 20%. Thus, the present CFD model was acceptable to be used
for simulation model in this study.
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Fig. 4. Validation result with previous experimental
work [18, 19]

3. Result and Discussion

The present study compares the combustion performance between a radial-axial combined
swirler with the conventional axial swirler. The CFD analysis using ANSYS software package was
performed to investigate the effectiveness of the combined swirler in reducing the emission and
improving the gradient of velocity and temperature. Figure 5 (a) and Figure 6 (a) shows the contour
of velocity magnitude for the combined swirler and conventional axial swirler. The distribution of
velocity magnitude flow was smaller for combined swirler compared to conventional axial swirler.
However, the maximum value of velocity magnitude for combined swirler was higher than
conventional axial swirler. The results were also clearly illustrated as in Figure 7 (a).

Figure 5 (b) and Figure 6 (b) showed the temperature distribution between combined swirler and
conventional axial swirler. The higher temperature region for conventional axial swirler seems to
axially propagated from burner nozzle to combustor outlet. Whereas combined swirler produced
wider region of higher temperature in the combustor chamber. Although the higher temperature
region is wider, the maximum value of temperature for combined swirler was lower compared to
conventional axial swirler. Lower temperature value is a good indication for lower production of NOx
emission.

Whereas wider distribution of higher temperature is good indication of complete combustion
reaction throughout the chamber to produce CO; hence reduce the incomplete reaction of CO
emission. Thus, combined swirler seems to attributed good characteristic of emission reduction
compared to conventional axial swirler.

Figure 5 (c) and Figure 6 (c) showed the mass fraction of CO, distribution between combined
swirler and conventional axial swirler. The distribution of CO, mass fraction was correlated with the
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distribution of temperature. This indicate that higher region of temperature promoted higher
complete reaction region of CO,. Figure 5 (d) and Figure 6 (d) showed the distribution of CO mass
fraction produced using combined swirler and conventional axial swirler. The distribution
penetration of CO mass fraction using conventional axial swirler was broader compared to combined
swirler. Conventional axial swirler seems to produced higher mass fraction of unreacted CO element.
Hence this indicate that combined swirler exhibited good mixing characteristic in terms of complete
reaction compared to axial swirler.
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Figure 7 (a) shows the velocity magnitude for combined swirler and axial swirler at 0.065m from
the burner nozzle. The result showed that combined swirler exhibited higher maximum velocity
magnitude typically at the radial position between 0.1 to 0.3 m compared to axial swirler. The higher
velocity magnitude promoted the higher mixing rate as well as reduced the blowoff tendencies [20].
Those aforementioned characteristics increase the probability of complete reaction to occur. Figure
7 (b) shows the temperature distribution between combined swirler and axial swirler. The
conventional axial swirler produced higher maximum temperature (1724 K) compared to combined
swirler (1650 K). However combined swirler produced higher temperature at the most region radially
which were between 0 to 0.5 m and 0.25 to 0.4 m. This indicate that the distribution of higher
temperature was more homogenous using combined swirler hence promoted wider region of
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complete combustion. Figure 7 (c) showed the distribution of CO, mass fraction between combined
swirler and axial swirler. The results were correlated with the distribution temperature results. The
region with higher temperature caused the complete reaction into CO, and H,0 to occur. Hence
combined swirler produced higher CO2 mass fraction than axial swirler at most of the radial region.
This indicate that combined swirler seems to exhibited better mixing air-fuel characteristic for
complete reaction to take place. Figure 7 (d) showed that combined swirler produced lower
distribution of CO mass fraction than axial swirler. This result also is in good agreement or correlated
with the distribution of temperature and CO; mass fraction. A combined swirler produced more
homogenous mixing with higher temperature hence the complete reaction to CO; is higher than the
axial swirler, thus reducing the amount of unreacted CO species. This is a good indication that
combined swirler can potentially reduce the emission of CO at the combustor exit.
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4. Conclusion

The present study aims to investigate the performance of a novel axial-radial combination swirler
design in reducing the combustion emission and increasing the rate of complete reaction. The
combustion characteristic of conventional axial swirler was also investigated as a baseline. The study
was conducted using CFD simulation method. The results showed that combined swirler exhibited
higher velocity magnitude distribution than axial swirler. Higher velocity magnitude indicates higher
mixing rate and lower blowoff tendencies. Thus, combined swirler seems to exhibited good
combustion characteristic. The combined swirler also produce broader region of higher temperature
as well as complete reaction of CO2 mass fraction value compared to axial swirler. This indicate that
combined swirler demonstrate higher tendencies of complete reaction than axial swirler. The
production of CO was also lower using combined swirler compared to axial swirler. Thus, a new design
of combined swirler is highly potential to be use to reduce emission and increase the combustion
efficiency.
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