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ARTICLE INFO ABSTRACT
Keywords: In this paper, the effect of inlet air swirl number of a Methane-Air Diffusion Flame on dynamic
CFD flow behavior, temperature, and radiation heat flux distribution was investigated using ANSYS-
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Temperature
Radiation heat transfer
Nitrogen oxides (NOx)

Fluent CFD code. Based on the swirling effect on dynamic flow behavior, a specific equation in
terms of axial and tangential velocity components was used to reach the swirl number. The
modeling of the chemical reaction was carried out by applying the Eddy Dissipation Model

(EDM). Furthermore, radiation heat flux and turbulent flow characteristics were performed by

using P-1 and standard k-e models.

The results showed that the elevating swirl number of the inlet air from 0.0 to 0.6 develops the
furnace internal recirculation zone which leads to producing the combustion products in the
internal recirculation zone. Consequently, fuel and air are mixed more efficiently, which results in
the enhancement of combustion efficiency by removing the high-temperature zones as the leading
cause of producing nitrogen oxides (NOx). Moreover, as the swirl number increases, the radial
flow distribution improves, and the flame heat exchange area enhances regardless of the
maximum flame temperature reduction, which will increase the flux radiation efficiency by

36.5% and reduces the pollutant NOx by 58.6%.

1. Introduction

Maximum efficiency of combustion and minimum pollutants’ production are among the essential matters in combustion research.
In this regard, combustion phenomenon and its influencing factors, such as the fuel/air ratio as one of the most critical factors in the
flame formation, have attracted many researchers’ attention [1,2]. Increasing the swirling rate of inlet airflow into the combustion
chamber is an approach to enhance the fuel-air mixing rate in non-premixed combustion [3,4]. In non-premixed flames, increasing the
swirling number increases the residence time of the combustion species inside the combustion chamber, which affects the flame
temperature distribution, heat transfer rate of the flame, and pollutant formation [5,6]. Poorhoseini et al. [7] investigated the effect of
enhancing the inlet air swirl number in liquid fuel burners. They found out that increasing the swirl number would reduce the emission
of nitrogen oxides (NOx) and result in a lower exhaust temperature of the combustion chamber. Zhou et al. [8] studied the effect of the
swirl number on the production rate of nitrogen oxides and perceived that as the swirl number increased, the mean flame temperature
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slowly rose, and the exhaust outlet temperature and the nitrogen oxide pollutants concentration decreased. Bashirnezhad et al. [9]
studied the effect of swirl number on flame temperature and soot formation rate and noticed that by increasing the swirl number, the
flame approached the burner inlet. They also found out that as the swirl number enhanced, the amount of soot in the combustion
chamber decreased. In another study, Bonatesta et al. [10] studied the effect of the swirl number on the exhaust soot concentration,
which showed that by elevating the swirl number to about 2, the concentration of exhaust soot emission declined, but with the increase
of swirl number to values greater than 2, the exhaust soot concentration gradually boosted. Jerzak and Kuznia conducted an exper-
imental study to determine the influence of changing the equivalence ratio and the atmospheric oxygen percentage of a methane
diffusion flame on its flashback and blow-off at different swirl numbers. They concluded that by increasing the swirling number, a
better range of flashbacks and blow-offs were observed in all of the equivalence ratios and oxidizing percentages [11]. Patel and Shah
[12] conducted an experimental study to investigate changing air and fuel velocity effects on the appearance of a diffusion flame. They
also examined the effect of swirling flow with various vane angles on the flame length and realized that inverse diffusion flames (IDFs)
with swirling flow are shorter, wider, and more stable in comparison with those IDFs without swirling. In another experimental study,
Patel and Shah studied the effect of hydrogen enrichment of natural gas diffusion flame in swirling and non-swirling state. They found
out that in both cases, the addition of hydrogen decreased the flame length and raised its temperature. However, for a specific amount
of mass based hydrogen addition, the non-swirling flame experienced much higher temperature increase than the swirling flame,
which increased the rate of NOx pollutant generation in the non-swirling case [13]. Vakilipour et al. performed computational
modelling to investigate the effect of carbon dioxide dilution on flame characteristics of a swirling diffusion flame; they understood
that adding CO2 to the fuel stream caused the reduction of the flame length at all swirl numbers. However, with enhancing the swirl
number, the flame length reduction rate was more remarkable [14]. In a numerical study, Keramida et al. [15] examined the effect of
considering the radiation model in predicting the combustion characteristics of a methane/air turbulent diffusion flame. Two radiation
models, including the discrete transfer model and six-flux model, were used for this purpose. They perceived that in regard to the
radiation model, the predicted temperature distribution and the experimental data of Wilkes et al. [16] would be in good agreement.
Furthermore, both of the radiation models provided acceptable results. When the radiation model was ignored, the temperature
distribution in the furnace was over-predicted compared to experimental data. Khelil et al. [17] performed numerical modeling using
the PDF combustion model coupled with the RSM turbulence model to predict the amount of NOx pollutants of a high swirling natural
gas diffusion flame. They found out that the high-temperature zone revealed the flame formation in the central recirculation zone.
Moreover, the highest level of NOx production rate was found in this region, and the lowest NOx level occurred in the low-temperature
zone of the furnace. In another work Khanafer and Aithal [18] carried out a numerical study to investigate the effect of the swirl
number on the combustion pollutants of a natural gas diffusion flame. In this simulation, they used the FIDAP commercial software;
they inferred that increasing the swirl number improved the fuel/air mixing rate significantly, which eventually reduced combustion
emissions. They disclosed that raising the swirl number reduced carbon monoxide and other unburned gases 3 to 5 times. Many re-
searchers have investigated the combustion characteristics and emission of various liquid fuels with gaseous fuels in dual-fuel diesel
engines [19]. They have found out that the NOx emission rate in gaseous fuels is significantly lower than that in liquid fuels. This
significant difference in the NOx pollutants rate is due to higher heat capacity, lower oxygen content, and lower combustion tem-
perature of gaseous fuels in comparison with liquid fuels [20]. In an experimental investigation, Yoon and Lee concluded that NOx
emissions were significantly lower under dual-fuel operation than those in single fuel mode in each engine load conditions [21]. An
experimental study on the emission and combustion characteristics of a dual fuel diesel engine has also been carried out by Mustafi and
Raine [22]. Their study determined that, for the dual-fuel, NOx emission was always lower than diesel fuelling mode under the
identical engine. In another study, Liu and his co-authors [23] showed that the dual-fuel mode presented a lower NOx emission rate
than the diesel mode because most fuel was burnt at lean conditions resulting in lower local temperature, which caused lower NOx
emissions.

Given the vital role of swirling in the air-fuel mixing rate and, consequently, the dynamic and combustion behavior of the flame
[24,25], it is significant to determine the correct swirl number for modeling combustion flows.

In the present study, a novel equation based on the ratio of tangential and axial flow velocity components is used to determine the
swirl number of the inlet air to the combustion chamber, and the results are compared with existing experimental data and similar
numerical results. Also, since the effect of changing the inlet airflow swirling intensity on flame radiant heat transfer flux (as the
primary mechanism of heat transfer from the flame) has rarely been investigated in the previous articles, the effect of flow swirl
number on flame temperature and radiation heat transfer rate has also been studied and analyzed in this paper.
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Fig. 1. Harwell combustion chamber geometry [26].
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2. Mathematical model

The Harwell standard furnace [26] is used to investigate the effect of airflow swirling (changes of the swirl number) on the
combustion characteristics of the methane-air flame, shown in Fig. 1. In this furnace, the fuel-air flow enters the combustion chamber
in a two-dimensional, steady-state, and turbulent condition with velocities of 0.15 and 12.8 m/s and 295 K, respectively. Table 1 shows
the operating conditions of the furnace. As reported by ilbas et al. [27], The equivalence ratio for all of the swirl numbers in using the
Harwell furnace is constant and equal to 0.83.

The finite volume method is utilized to solve the governing equations, including conservation of mass and momentum, energy
conservation, turbulence equations, radiation, and species conservation equation. The SIMPLE algorithm is used to couple pressure
and velocity equations. All equations are solved in the second-order upwind scheme, and the convergence limit is assumed when the
residual values are less than10-°.

Despite the increasing capabilities of numerical computing, researchers are keen to use simple combustion models that are highly
precise, without high computational cost. These simple models are especially suitable for turbulent flow calculations for which the
description of chemistry in detail is costly [28]. Meanwhile, the use of the one-step global reaction model is getting increasingly
popular among researchers, especially to simulate combustion in the standard Harwell furnace [15,26,27,29,30]. Magnussen and
Hjertager have shown the accuracy of this model in predicting the peak of flame temperature and flame size in comparison with
experimental data [31]. ANSYS Fluent supplies the interaction model called the Eddy-Dissipation Model (EDM) based on the Mag-
nussen and Hjertager study, which has been used in this paper [31,32]. Based on the infinite fast chemistry assumptions, the eddy
dissipation reaction rate depends on the turbulence behavior of the flow, and the eddy dissipation model handles the global kinetic
mechanism by using a few reactions. Therefore, it is necessary to use a single step or two-step reaction for the simulation [33]. In
addition, in a numerical comparison between different methane-air combustion mechanisms, Acampora et al. [34] concluded that
moving from a one-step global mechanism to a two-stage global mechanism does not increase the accuracy of predictions concerning
the adoption of the detailed mechanism. According to the mentioned points, the one-step global reaction for methane-air combustion
has been adopted for the present simulation.

The following one-step reaction model was used for the combustion of methane-air:

CH, +2(0,+3.76N,) = CO, + 2H,0 + 7.52N, (6D)

The flow swirling causes the flow to move along the tangential axis in addition to the axial velocity component, which will
dramatically change the fuel-air mixing rate and flame behavior. Therefore, proper simulation of flow swirl is of great importance. Due
to the role of swirling in generating axial and tangential velocity components of the flow, in the present study, a dimensionless
parameter of swirl number (S) in Equation (2) is used to investigate the effect of the inlet airflow swirling on the flame combustion
characteristics. In this relationship, the simultaneous impact of the axial and tangential velocity components of the swirling flow is
taken into account and therefore, a more accurate prediction of the swirling flow behavior can be predicted [27,35].

3
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In the above equation ;' is the ratio of the tangential velocity to the axial velocity of the flow, while r; and r.are respectively

(2

representing the internal and external swirl generator radius. The swirl number is calculated based on the ratio of the tangential and
axial inlet airflow velocity components. Since the geometric parameters of the furnace are not changed, this ratio varies for different
swirl numbers.

Table 1

Harwell furnace operational conditions.
Geometry
Fuel inlet zone, R (mm) 0.0-6.0
Air inlet zone, R (mm) 16.5-27.5
Furnace diameter (mm) 150.0
Furnace length (mm) 900.0
Inlet boundary conditions Fuel Air
Axial velocity (m/s) 15.0 12.8
Radial velocity (m/s) - -
Swirl number 0.0 0.4
Turbulent kinetic energy (m?/s%) 2.26 1.63
Turbulent dissipation rate (m?/s%) 1131.8 692.0
Temperature (K) 295 295
Composition (mass fraction)
Oxygen 0.0 0.2315
Nitrogen 0.0 0.7685
Methane 1.0 0.0
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The interaction model namely the Eddy-Dissipation Model (EDM), based on the Magnussen and Hjertager study [31,32], has been
used in this paper. The primary assumption of the model is being irreversible and one-step chemistry [36]. Along with high computing
speed, the EDM model is straightforward and provides reasonable accuracy and convergence [37]. The model has also been used
frequently in industrial numerical simulation of various combustion systems such as internal combustion engines [38-40], gas turbines
[41-43], and furnaces [30,44,45]. The standard k-epsilon model has also been used to simulate the turbulent flow [46-49]. Due to the
high temperatures in the flame, radiative heat transfer is one of the remarkable mechanisms of heat transfer from the flame [50].
Hence, its proper simulation is of great importance [51,52]. Accordingly, in the present study, the P-1 radiation model [50] has been
used to model the flame heat transfer. This model is a suitable model to simulate the radiation heat transfer rate of the flame, which is
widely used due to its high accuracy and ability to consider the radiation exchange between gaseous species and soot particles present
in the flame environment in the simulation of combustion processes [35,53-55].

The formation of NOx is characterized by a series of strongly temperature-dependent chemical reactions known as the Zeldovich
mechanism [32]. Zeldovich mechanism or thermal mechanism is one of the most understandable mechanisms to generate nitric oxide
[56]. The main reactions that produce NOx from molecular nitrogen are as follows.

O+ N, <N +NO 3

N+0,+0+NO )

The first reaction often controls the overall reaction rate because the second reaction is much faster than the first reaction and
occurs immediately after the first one [57].

To evaluate the accuracy of the results, a grid independency test was conducted on the computational domain. In this regard, the
results of axial temperature distribution for 8080, 16172, 32634, 63448 nodes were compared with each other (Fig. 2a). Considering
the conformity of temperature distribution for the computational grids after 16172, the solution network with 16172 nodes was
selected as the best computational grid. The convergence limit was assumed when the residual values were less than10-°. The cal-
culations were performed for the four mesh sizes of 0.004100, 0.002899, 0.002040, and 0.001460 m. With the results of temperature
distribution along the furnace axis, the 0.002899 m mesh size was selected for computational modeling.

3. Results and discussion

In order to validate the computational model, the numerical results of the axial temperature distribution were compared with the
experimental data of Wilkes et al. [16], and the previous numerical modeling [15,29]. This comparison is presented in Fig. 2b. As
shown in Fig. 2b, the presented axial temperature gradients are in good agreement with the experimental data. This figure shows that
the uses of the swirl number based on the axial and tangential velocity components enhanced the resolution accuracy and made it fairly
close proximity of the results to the experimental data.

Fig. 3 shows the effect of increasing the swirl number on the flow behavior. As can be seen, when the inlet flow is non-swirling
(swirl number 0.0), an external recirculation zone is formed closer to the inlet of the combustion chamber. As the swirl number in-
creases, an additional recirculation zone occurs adjacent to it, which has the opposite direction to the previous recirculation zone.
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Fig. 2. (a) Grid independency test result, and (b) Validation of results.
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Fig. 3. Stream lines in various swirl numbers.

Further increase in the swirl number enlarge the second vortex. For instance, at swirl number 0.3, the second external recirculation
zone was at its maximum size. Also, in this case, in addition to the two external recirculation zones mentioned, an internal recirculation
zone begins to form in the middle of the combustion chamber. The presence of this central recirculation zone results in a better mix of
fuel and oxidizer. An enhanced mix of fuel and air was formed in this area by directing the surrounding air into the flame. When the
swirl number increased more than 0.3, the two external recirculation zones were combined with each other to form a single recir-
culation zone. Three factors including increment of the swirl number due to the enhancement of tangential flow velocity component,
the deviation of the flow from the central axis of the combustion chamber, and the creation of a low-pressure zone in this region, lead to
an increase in the size of the internal recirculation zone as well as a decrease in the size of the external one. The enlargement of the
internal recirculation zone caused the fuel-air mixture to be drawn into the flame from longer distances and a better mix the fuel and
air is generated.

Fig. 4a illustrates the axial temperature gradients for different swirl numbers, as can be seen by enhancing the swirl number due to
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the decrease in the axial component of the flow velocity, the location of the flame formation, and the maximum flame temperature get
closer to the inlet of the combustion chamber. Approaching the flame location to the inlet of the combustion chamber causes the
combustion products to have a longer residence time inside the combustion chamber and improves the rate of heat transfer from the
flame. In this case, due to the radial distribution of the fuel-air mixture and the lack of fuel-air mixture concentration along the furnace
axis, the maximum flame temperature also drops. Therefore, a uniform temperature distribution is created throughout the furnace.
This eliminates the formation rate of Thermal NOx by eliminating the high-temperature points within the flame. Also, as shown in
Fig. 4a, the temperature gradient in the swirl number 0.3 differs from the smaller and the larger swirl numbers. For swirl numbers 0.0,
0.1 and 0.2 the temperature distribution is similar to each other and its maximum location is downstream of the furnace and for swirl
numbers 0.4, 0.5 and 0.6 the temperature distribution is similar, and the location of the maximum flame temperature is closer to the
inlet (upstream) of the furnace. However, the swirl number 0.3 represents a transient state between the swirl numbers below and above
itself, which is due to the change in the flow pattern and the vortex pattern formed in the flame, as explained in Fig. 3.

Fig. 4b illustrates the radial temperature profiles of the combustion chamber at the exhaust section (x = 0.9 m). As can be seen, by
increasing the swirl number, the outlet temperature of the combustion chamber decreases, resulting in a reduction in the thermal loss.
Increasing the swirl number and developing the central recirculation zone suck the combustion gases into the furnace and reduce their
exhaust speed, which increase the likelihood of exchanging heat flux with the furnace wall; thereby, the exhaust temperature and the
heat dissipation are reduced.

Fig. 5, illustrates the temperature distribution in the combustion chamber in the non-swirling state (swirl number 0.0) and swirl
number 0.3 and 0.6. As regards the direct relation of the swirl number with the axial and tangential velocity components of the flow, it
can be stated that, with the increasing of the swirl number, due to the decrease of the axial velocity component and the increase of its
tangential component, the flow will spread radially, which results in a uniform temperature distribution in the combustion chamber.
This uniform temperature distribution is essential in applications such as tunnel baking furnaces and improves the quality of manu-
factured products.

Fig. 6a illustrates the radiation heat transfer gradients along the furnace axis. Interestingly, despite decreasing mean flame tem-
perature (Fig. 4a), as the swirl number increases, the average of radiation heat transfer from the flame enhances, which creates a
uniform distribution of heat transfer flux along the furnace axis. This uniform heat distribution is very useful in industrial baking
processes and makes the use of all combustion chamber space possible in these applications.

Fig. 6b shows the average radiation heat transfer flux received by the furnace wall at different swirl numbers. According to Fig. 6b,
increasing the swirl number to about 0.2 does not have any significant effect on the radiant flux on the furnace wall. However, with
increasing swirl number between 0.2 and 0.3, this flux enhances linearly. The reason is that no significant change in flame behavior is
observed until the swirl number is less than 0.2 because of the low swirling rate; however, with increasing tangential velocity and rapid
spread of the flame, the temperature distribution becomes more uniform. This uniform temperature distribution increases the flame
heat exchange rate and heat flux on the furnace walls. As the swirl number goes up from 0.3 to 0.4, the radiation heat flux to the
furnace wall rises slowly. At swirl number of 0.4 due to the internal recirculation zone reaching its maximum size (Fig. 3) and
maximizing the fuel-air mixing rate, as well as increasing the residence time of hot combustion gases in the combustion chamber, the
radiant heat transfer flux to the wall reaches its maximum value. However, for swirl numbers greater than 0.4, the radiation heat flux
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Fig. 4. Variation of (a) axial temperature, and (b) exhaust temperature at different swirl numbers.
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Fig. 5. Contours of temperature distribution in different swirl numbers.

remains almost constant due to the constant recirculation size.

Fig. 7a demonstrates the average distribution of NOx pollutants along the furnace axis for different swirl numbers. The rate of NOx
pollutant formation is directly related to the flame temperature, the nitrogen residence time in the reacting zone, and the high-
temperature zone of the flame [32,58]. Increasing the swirl number leads to a drop in the flame volume, the maximum flame tem-
perature, and high-temperature zones (hot spot region) causing the rate of NOx formation to cut down. It is worth noting that the rate
of formation of NOx in the Zeldovich thermal NOx mechanism is directly related to the flame temperature and rises exponentially with
increasing the flame temperature [59]. As shown in Fig. 7a, by increasing the swirl number, the maximum NOx concentration moves
from the end to the beginning of the furnace. The reason is that the maximum flame temperature is shifted towards the beginning of the
furnace as the swirl number increases. Fig. 7a illustrates that the maximum amount of nitrogen oxide pollutant for the swirl numbers
0.0 to 0.2 is, much higher than that for the swirl numbers 0.3 to 0.6. The reason for this is the lack of proper fuel-air mixing for the swirl
numbers between 0.0 and 0.2 and the formation of high-temperature zones in these swirl numbers. For swirl numbers between 0.3 and
0.6, due to the presence of an internal recirculation zone, the amount of this pollutant approaches the furnace inlet, and its content
decreases sharply due to the perfect mixing of fuel and oxidizer and the reduction of high-temperature points in the furnace. In addition
to the swirl number effect on nitrogen pollutant generation resulted from changing the gas temperature distribution mentioned above,
many researchers have investigated the influence of the swirl number on the gas residence time and its impact on the NOx production
rate. Chen has investigated the swirl number effect on the NOx production rate from hydrogen flames. He has found that by elevating
the swirl number, the residence time and NOx generation rate reduces [60]. According to the numerical calculations carried out by
Kasabov and Zarzalis [61], for a swirl-stabilized diffusion flame, it was realized that by reducing the residence time, NOx concen-
trations decreased significantly. Oh et al. [58] carried out an experimental study to investigate the effect of swirl flow on NOx emission
in a hydrogen diffusion flame. They noticed that by increasing the swirl number, the flame length decreased, and by decreasing the
flame length, due to the reduction of the reaction time between oxygen and nitrogen passing through the hot zone, the value of NOx
concentration decreased.
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Fig. 6. Variation of (a) radiation heat transfer along the furnace axis, and (b) average of radiation heat flux on the surrounding wall at different

swirl numbers.
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The NOx mass-weighted average at the exhaust section (x = 0.9 m) is calculated and reported in Fig. 7b.

As shown in Fig. 7b, increasing the swirl number reduces exhaust NOx values. This reduction can be illustrated from two per-
spectives. On the one hand, enhancing the swirl number results in a better fuel-air mixing rate and a decrease in high-temperature
zones of the flame. Since NOx emissions are temperature-dependent pollutants, the amount of NOx generation decreases and the
exhaust NOx reduces.

On the other hand, increasing the swirl number decreases the flame length. This reduction shortens the reaction time between
oxygen and nitrogen in the reaction zone and eventually, produces less nitrogen oxides. As a result, the furnace exhaust NOx decreases.

4. Conclusions

In the present study, the effects of changing the inlet airflow swirl intensity on the dynamic flow behavior, temperature, and heat
transfer flux of the Harwell furnace are studied using a new equation based on the tangential and axial velocity components of the flow.
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The results of this study can be summarized as follows:

]

By increasing the swirl number, a uniform temperature distribution throughout the furnace is generated which consequently,
reduces the maximum flame temperature and eliminates high-temperature points as source formation of thermal NOx.

Raising the swirl number increases the flame radiant heat transfer flux and generates a uniform heat flux distribution in the furnace.
Enhancing the swirl number causes the flame to spread radially and expand the heat exchange surface area of the flame with the
furnace wall.

Increasing the swirl number while creating a uniform radial temperature distribution increases the residence time of the products in
the furnace and reduces the heat loss in the chimney.

Elevating the swirl number changes the flow pattern and creates internal and external recirculation zones in the flow.

The role of the internal recirculation zone on the combustion behavior of the flame is much more significant than that of the
external one.

Increasing the swirl number due to the enhancement of the fuel-air mixing rate and the reduction of high-temperature concen-
tration points significantly reduces the nitrogen oxide pollutant, which is a temperature-dependent pollutant.

The findings of the present study can be a useful and practical solution to improve the thermal efficiency of burners and to create

uniform heat flux and temperature distribution in furnaces.
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