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Abstract 29 

Heavy fuel oil (HFO) is an economical fuel alternative for power generation as its low production cost and 30 

high energy density. However, its incomplete combustion induced by the presence of long-chain petroleum 31 

molecules in the fuel results in high levels of emissions. Here, we investigate the influence of the swirl flow on 32 

the combustion and emissions of a spray HFO swirling flame. To this end, HFO is sprayed into a hot swirling air, 33 

using an air-blast nozzle. The flame blowout limits are tested under different swirl flows. An investigation of the 34 

in-flame temperature fields, gaseous emissions including CO, CO2, O2, NOX, SOX, UHC (Unburned Hydrocarbon) 35 

and solid particles in the form of cenospheres are used to quantify the performance of the HFO combustion. The 36 

influence of the HFO swirling flame is tested under different conditions of global equivalence ratio, swirling 37 

number, and tangential and axial airflow rates. A comparison of two different flame regimes that fuel-jet dominate 38 

flame and air-driven vortex flows are investigated and compared in various swirling flow conditions. The results 39 
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show that the tangent air is the primary factor for preheating and evaporating the fuel, thus defining the flame 40 

operating regimes. 41 

1. Introduction 42 

The utilization of low-grade fuels (HFO) for power generation and marine transportation is an integral part 43 

of the world’s increasingly diversifying economy and energy resources due to its low price and high energy density. 44 

In general, the price of HFO has been stable at a level of almost 30% cheaper than the distillate fuel [1]. HFO has 45 

a comparable energy density content to distillate fuels [2], but a very high viscosity necessitates extra heating 46 

before spray combustion inside a boiler. HFO is also characterized by a high content in asphaltenes, carbon 47 

residues, trace metals such as vanadium and nickel, fuel-bound nitrogen and sulfur. Asphaltenes are heavy 48 

polycyclic aromatic compounds with embedded heteroatoms; this makes them very difficult to burn, and leads to 49 

the formation of large cenospheres, due to an inefficient burning process. The high sulfur content (>3%) leads to 50 

the formation of harmful SOx emissions. The SO2 produced from the combustion of sulfur leads to the formation 51 

of SO3 through a subsequent oxidation process. If the exhaust temperatures are lower than the dew point of the 52 

acid formed from SO3, cold end corrosion issues can be encountered [3]. Therefore, heavy fuel oil requires more 53 

time and heat to achieve full combustion than the lighter distillate oils such as diesel and gaseous fuels (e.g., 54 

natural gas, propane).  55 

A concerted effort is needed to continuously improve the efficiency of the combustion and reduce emissions 56 

from HFO. To this day, most research on HFO combustion characteristics has been conducted using the single-57 

suspended droplet [4, 5] and multiple free-falling droplet techniques [6, 7]. The main challenges for HFO studies 58 

are listed as: a) the complexity of HFO’s thermophysical properties, which can vary greatly depending on 59 

temperature; b) the inability to mimic the realistic combustion environment of a typical industrial burner at the 60 

lab scale. The suspended and falling droplet techniques are adapted to the study of fundamental aspects of HFO’s 61 

combustion and provide limited information on the characteristics of the spray combustion process in a real 62 

furnace. Although the swirling flame is a more suitable technique for HFO combustion, it has been only used in 63 

a limited number of studies, which has also not been well-characterized and typically unable to achieve the 64 

experimental accuracy required to evaluate the complete combustion performance.  65 

 Swirl stabilized flames have been used for numerous combustion systems and conditions, including gas 66 

turbines [8], engine [9, 10], industrial burners [11], lab-scale burner [12-14] and furnaces [15], for desired flame 67 

characteristics. However, there are only specific numbers of studies on HFO’s combustion characteristics in a 68 

swirling flame burner [16, 17]. The main effect of the swirling motion of air is the improvement in the stabilization 69 
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of the flame owing through the formation of a recirculation zone and a reduction in combustion length. The high 70 

rates of entrainment of the ambient fluid and rapid mixing, predominantly near the boundaries of the recirculation 71 

zones, lead to the stable anchoring of the flame. Swirl stabilized flames have been extensively studied in traditional 72 

hydrocarbon fuels (e.g., gases, light distillate liquids) at lab-scale. However, there are several studies on the 73 

utilization of swirl stabilized flames for highly viscous fuels like HFO or glycerol. Even at lab-scale, the swirl-74 

flow burner requires a careful design that enables a robust recirculation zone for fuel with high viscosity. Driscoll 75 

and co-workers provided the design and physics-based analysis of lab scale swirl and bluff body burners to study 76 

the combustion of methane [18, 19]. Their swirl burner design was later modified and used by several authors to 77 

the combustion of viscous liquid fuels. They highlighted the impacts of the swirl induced vortex circulation and 78 

the momentum of the fuel jet on the behavior of the flames. The main feature of the Driscoll burner and its variants 79 

used by more recent studies was the ability to control the swirl number, independently of the equivalence ratio. 80 

Metzger et al. [20] modified the Driscoll swirl burner design to demonstrate the effective combustion of glycerol 81 

combustion for process heating applications with the burner enclosure under 1,000oC condition. Myles et al. [21] 82 

further modified the design of Metzger’s swirl burner to add a metallic interior wall of the combustion chamber 83 

for providing the thermal feedback susceptible to warping, due to exposure to high temperatures. Myles et al. [22, 84 

23] used a similar burner for studying the impact of fuel-bound oxygen in oxygenate and hydroxylated fuels on 85 

the generation of NOx.  86 

 Based on the Driscoll’s design burner, this study focusses on addressing both fundamental and practical 87 

aspects of the combustion of HFO to enable a better understanding of HFO’s swirling flame properties and the 88 

formation of pollutant emissions under various swirling flow conditions. The used burner produces a highly swirl 89 

stabilized turbulent HFO jet flame with long residence time to improve the combustion efficiency. In this paper, 90 

we provide a detailed description of the swirl-flame experimental setup and the initial set of HFO experiments. 91 

We investigate the flame-stabilization map to identify the optimal conditions for a suitable envelope of stable 92 

HFO flames. Based on the flame stabilization map, different flames are selected and investigated via studying the 93 

in-flame temperature, gaseous and solid particle emissions measurements. We test the performance of the HFO 94 

combustion, under various swirling flame conditions, for different global equivalence ratios, swirling numbers, 95 

tangent, and axial airflow rates. The temperature fields and analysis of gaseous emissions, including O2, CO2, CO, 96 

SO2, NOx, UHC are applied to evaluate the combustion performance of HFO.  97 
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2. Experimental Methodology 98 

 The HFO sample used in this work is collected from the Shoaiba power plant in Saudi Arabia. Its primary 99 

compositional data are analyzed using an Optima 8300 ICP-OES spectrometer (PERKIN-ELMER, INC.) (Table 100 

1). More details about the HFO properties can be found in our previous study [24]. The high content in asphaltenes 101 

(8.2%) creates a high viscosity of the fuel, up to 530 mPa.s at room temperature. Moreover, asphaltenes and 102 

carbon residues lead to the formation of the cenosphere and coke during the HFO combustion process. Due to the 103 

HFO high sulfur content (3.68%), the high-temperature exhaust gas is required to prevent the condensation of the 104 

acid vapors at the metal surfaces. This, in turn, reduces the overall combustion efficiency. Additionally, trace 105 

metals such as vanadium are present in substantial quantities, leading to the hot corrosion of heat transfer surfaces 106 

and other components of a typical boiler. 107 

 According to the elemental composition shown in Table 1, the fuel global equivalence ratio can be calculated 108 

by the mixture global equivalence ratio as ( )

( )

/

/
st

F O

F O
 = , based on complete combustion under stoichiometric 109 

mixture condition. 110 

Table 1. Heavy Fuel Oil Properties 111 
                           Values Units LORa Test standard 

Physical properties    

Density (25°C) 970 kg/m3 - ASTM D4052-11 

Viscosity(25°C) 530 mPa.s ASTMD445-12 

Gross calorific 

value 

42.4 MJ/kg 0.5    ASTM D4868 

Net calorific 

value 

40.1 MJ/kg 0.5    ASTM D4868 

Ash <0.1 Mass% 0.1 ASTMD482 

Asphaltenes 8.2 Mass% - IP 143 

Elements     

Carbon (C) 84.2 Mass% 0.1 EPA 440.0 

Hydrogen(H) 11 Mass% 0.1 EPA 440.0 

Sulphur (S) 3.68 Mass% 0.1 ASTM D4294-10 

Nitrogen(N) 0.2 Mass% 0.1 EPA 440.0 

Oxygen(O) <5.0 Mass% 5.0 EPA 440.0 

Metal     

Vanadium(V) 38.5 mg/kg 0.2 IP 501-05 

Nickel(Ni) 20.7 mg/kg 0.5 IP 501-05 

Sodium(Na) 24.1 mg/kg 2.0 IP 501-05 

Zinc(Zn) 0.59 mg/kg 0.5 IP 501-05 

Lead(Pb) <5.0 mg/kg 5.0 IP 501-05M 

Potassium(K) <5.0 mg/kg 5.0 IP 501-05M 

                                 aLimit of reporting 112 
  113 

A high-swirl stabilized spray flame chamber is used to combust the HFO efficiently.  The configuration of the 114 

swirl burner used in the experiments is presented in Fig. 1, which is based on the designs of Driscoll et al. [18, 19, 115 
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25]. Detailed descriptions of the subsystems are also illustrated in Fig. 1. These subsystems are listed as a) 116 

Insulated combustion chamber subsystem: Due to the difficulty in burning HFO, a side-effect from its high 117 

viscosity and high auto-ignition temperature, an insulated combustion chamber with a wall thickness of 7.6 cm is 118 

applied to confine the flame above the nozzle, and a proper warm-up process is necessary. At the start of the 119 

procedure, a gaseous propane swirling flame is maintained for 30 minutes to let the combustion chamber to reach 120 

a steady temperature, up to 200°C; b) Fuel supply lines subsystem: The HFO is heated along the fuel line and 121 

delivered to the central fuel tube by a syringe pump to control the flow rate with high precision; c) Control and 122 

data acquisition subsystem: The radial flame temperature profiles are measured by a thermocouple rake with six 123 

R-type thermocouples of 0.25 mm wire diameter with ±0.25% tolerance value, spaced 15 mm apart. This rake of 124 

thermocouples is controlled by a linear translation stage with the movement in the radial direction relative to the 125 

combustor centerline. The temperature measurement region begins at 35 mm downstream the tip of the fuel nozzle, 126 

due to the diverging exit of the burner, see Fig. 2. This diverging section enhances the flame stability relative to 127 

the straight burner exit tip [26]. All thermocouples have been coated and corrected for radiation heat losses. 128 

Particulate emissions are filtered and collected from the exhaust gas, using a glass microfiber filter (Whatman™ 129 

Binder-Free Glass Microfiber Filters) with the particle retention of 2.7 μm, which has been widely used in particles 130 

collection and analysis under high-temperature conditions [27, 28]. The solid sample captured in the filter is then 131 

morphologically analyzed by an FEI ESEM Quanta 600 FEG scanning electron microscope (SEM) and its 132 

composition is measured by Energy-dispersive X-ray spectroscopy (EDS);  133 

 134 
Fig. 1 Experimental setup. 135 
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 136 
d) A swirling flow generator subsystem: It is vital to establish an adequate recirculation zone to stabilize the 137 

HFO flame. To this end, a swirl generator is applied in the system, with air entering tangentially and axially to 138 

induce a swirling flow pattern. The two air inlets are oriented to control the swirl number. The first air stream is 139 

oriented axially and enters through the bottom of the plenum, and its flow rate is designated as Qa. Four additional 140 

air inlets are oriented tangentially to the burner tube to impart the swirling momentum. The sum of the flow rate 141 

of these four inlets is represented as Qt. A fuel tube is located axially along the centerline of the burner and extends 142 

up through the mixing plenum into a diverging quarl, whereas the exit of the tube is aligned with the base of the 143 

diverging quarl. Air flows are controlled using mass flow controllers and heated along the pipes. Characteristics 144 

of the swirling jet are usually defined in terms of the swirl number, Sg. The swirl number as given by Syred and 145 

Beer[29] is defined as the ratio of the flux of the angular momentum at the throat of the burner to the axial flux 146 

momentum times the burner throat radius, thus Sg= ∫ (ρrUawa)2πdr/[∫ ρ (Ua
2dA/2

df/2
-Wa

2/2)2πdr(
dA

2
)]

dA/2 

df/2
. The 147 

aforementioned formula eliminates the need to measure static pressure and allows the use of stereo PIV data to 148 

calculate the swirl number[30]. Applying stereo PIV measurements in the current experimental setup is extremely 149 

difficult due to the highly sooty of the flame, deposited of oil on the windows, and the mixing of the seeding 150 

particles with the HFO, which may lead to high Mie scattered signal (it can damage the CCD camera).  However, 151 

it was more convenient to track S by monitoring the tangential and axial mass flow rates of air by determining the 152 

geometrical swirl number, Sg. The swirl intensity can be changed by the ratio of tangential and axial airflows, 153 

where the geometric swirl number defined by Ribeiro and Whitelaw [30] can be simplified by the equation of 154 

2

2

( )

2

a t a t
g

t t a

D D D Q
S

D Q Q

 −
=  

+ 

 [31]; The current burner configuration is relatively simple geometry but replicates many 155 

of the fundamental swirling flame behaviors of real gas turbine combustors. In a similar burner but working in 156 

gaseous fuel, the actual air swirl number based on the axial and tangent air streams only, without fuel injection, 157 

was estimated based on the stereo-PIV measurement at the burner exit. The airflow field measurements at a bulk 158 

air velocity of 4.9 m/s show a significant reduction in the swirl intensity to 0.32 of the geometrical swirl number, 159 

Sg [26]. This indicates that the actual swirl number is a fraction of the geometrical swirl number and it will be 160 

reduced more with the fuel injection. 161 

e) An atomizing fuel system: The most challenging aspect is achieving the proper atomization pattern and 162 

droplet sizes for the high viscosity HFO. This requires the atomization system to be capable of producing fine 163 

quality atomization of highly viscous liquids. For this purpose, we use a commercially available air atomizing 164 

nozzle of Siphon that allows for low-pressure atomization of the viscous liquid [32, 33]. A schematic 165 
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representation of the inner structure of the air atomizing nozzle is shown in Fig. 2a, together with the real nozzle 166 

and separated parts. The atomizing air is used to spray the fuel through the nozzle; the fuel and air are delivered 167 

via a co-annular tube, with the liquid and air streams in the center and outer sections, respectively. At the interface 168 

of the nozzle stem, an O-ring seals the liquid channel, and the air stream is separated into 4 channels cutting up 169 

the nozzle stem, and below the external nozzle cap. The position of the nozzle in the burner is shown in Fig. 2b.  170 

 171 

Fig. 2 a. Siphon nozzle; b. Nozzle position. 172 
 173 

 Once a stable HFO swirl flame is achieved, we perform measurements of gas-phase emissions on CO, SO2, 174 

NOx, UHC, O2, CO2, from the top of the furnace in the over-fire region with the gas sampling probe shown in Fig. 175 

1. The exhaust gaseous is analyzed using a Testo 350 gas analyzer, which is widely used to evaluate the 176 

performance of the liquid fuel combustion [34-36]. Measurements are based on the principle of the ion-selective 177 

potentiometer. The analyzer uses a specific gas electrolytic matrix to measure flue gas constituents [37], which is 178 

calibrated with standard gas before and after measurements. TESO-350 has an auto-zeroing mechanism that is 179 

executed automatically, once the instrument is restarted. Repeatable tests of the experiments on temperature field 180 

and gas emission measurements are conducted. In this study, the swirling flame burner is exposed to the 181 

atmosphere. 182 

3. Results and Discussion 183 

3.1 Swirling Flame Stability 184 

The burner used in our study applies a high swirl turbulent spray flame to combust HFO effectively. Different 185 

flow parameters can affect the swirling flow pattern like the tangent air and axial airflow rates, and Sg number. 186 

The study of flame stability of HFO’s combustion is the first essential step to investigate various boundary 187 

conditions and to obtain a qualitative insight into the effects of the swirling flow on the stabilization of the flame. 188 

Fig. 3 presents the measured stability diagram of the HFO’s swirl flame, under different Sg numbers and bulk air 189 

velocities, the bulk air velocity is calculated using the bulk air flow rates at the exit section (including axial air 190 

and tangent air). As illustrated in Table 2, the stability limit is examined by gradually increasing the tangent 191 

airflow rate from 80 SLPM to 230 SLPM, under three different axial airflow rates of 5 SLPM, 10 SLPM, 15 192 

SLPM, and until the flame is extinguished. This is conducted while keeping the HFO flow rate constant. The air 193 

streams are preheated before entering the burner, where the axial and tangent air streams are merged. 194 
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 As indicated in Fig. 4, to stabilize the flame under a constant axial airflow rate with increasing the bulk air 195 

velocity, it needs to increase the swirling intensity. However, the excessive increase of the swirl intensity 196 

destabilize the flame, and unsteady flames are observed by the unstable limits in Fig. 3.  The swirling number 197 

comes to be higher with a decrease in axial airflow rate from 15 SLPM to 5 SLPM, which providing more 198 

residence time for fuel combustion corresponding to higher bulk air velocity of destabilization point increased 199 

from 5.7 m/s to 6.3 m/s. In addition, although the effect of the axial air temperature is limited, the difference in 200 

the temperature between axial airflow and tangential airflow would amplify the effect of variation in axial airflow 201 

on flame stability. When swirl flow is further increased beyond the unsteady points, the flames are blown out.  202 

Table 2 Combustion Stability study conditions 203 

 
Flow rate T/°C 

Tangent air   80-230 SLPM 600 

Axial air 5/10/15 SLPM 300 

Atomizing air          15 SLPM 150 

HFO 15 ml/min 150 
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 204 

Fig. 3 Stability plot of HFO spray swirling flame at different axial airflow rates. 205 

 Based on the stability plot, the stable flame at an axial airflow rate of 5 SLPM is selected for further in-flame 206 

measurements highlighted in Fig. 3. The corresponding flow conditions of this selected flame are illustrated in 207 

Table 3. The condition of the axial and tangential airflows at 5 SLPM and 150 SLPM respectively with HFO flow 208 

rate of 15 ml/min is selected for stable combustion condition. This results in a global fuel-lean environment of ϕ 209 

= 0.91, and Sg of 19.2 and a power of 9.95 kW. The spray droplet size distribution under non-reacting flow and 210 

without swirling flow [38, 39] for this selected flame is given in Fig. 4. The size distribution of fuel droplet spray 211 

is measured by a Spraytec spray system from Malvern Instruments. As shown, nearly 80% of the droplets are 212 

under 40 μm in diameter. The dominant size of the droplet is approximately 27 μm up to 7% volume frequency. 213 
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Table 3 Selected experimental condition 214 

  Flow rate T Sg ϕ 

Tangent air  150/SLPM 600/°C 

19.2 0.91 
Atomizing air  15/SLPM 300/°C 

Axial air  5/SLPM 150 /°C 

HFO  15/ml/min 150/°C 

 215 
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 216 
Fig. 4 History of the droplet size of the spray. 217 

 218 

The mean centreline flame temperature is given in Fig. 5 with the standard deviation. The temperature profile 219 

shows that the most significant difference in temperature is within 1.1% (12°C) for the entire range of the flame 220 

temperature during the experiment. The peak flame temperature is 1,200°C and located at the axial distance equal 221 

to 110 mm on the centerline of the flame within the region of flame temperature measurement. HFO has many 222 

hydrocarbons of very high molecular weights ranging from 160 to 100,000 and many unique structures [40]. The 223 

centreline flame temperature increases gradually and reaching a peak temperature of nearly 1,100°C at an axial 224 

distance of 65 mm, which is followed by a small region with a temperature decline. 225 

Further downstream, the temperature again shows a gradual increase. Recently, the TGA analysis on the 226 

same HFO sample provided the information that the fuel evaporation occurred in two consecutive steps, where 227 

the low boiling gases left out the fuel, while the second phase of the devolatilization occurs at higher temperature 228 

[41]. This explained the first flame peak temperature located close to the fuel spray nozzle, which is associated 229 

with the first phase of evaporation.  230 

 In Fig. 6, the average results of emission measurements with the standard deviation are used to characterize 231 

the performance of the HFO’s combustion for the selected stable flame. It is worth to mention that the temperature 232 

of exhaust gas flue at the sampling location (shown in Fig. 1) is approximately 350°C. As illustrated in Fig. 6, the 233 

concentration of the carbon monoxide (CO) produced, reflecting the degree of oxidation of the fuel, is found 234 
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insignificant compared to the concentration of CO2 (up to more than 12%). There is only a small amount of UHC 235 

left, together with the low percentage of CO indicate the adequate fuel-air mixing under these flame conditions. 236 

Three possible mechanisms can form nitric oxide (NO). The thermal NOx significantly occurs when the flame has 237 

a high-temperature spot of temperature above 1,500°C. The prompt formation NOx occurs when oxygen is in 238 

deficit and high gas temperature and occurs faster than the thermal NOx, and the oxidation of fuel-bound nitrogen 239 

[42]. In the current experiments, the maximum mean temperatures are well below 1,200°C. Therefore, the 240 

measured NO is formed primarily from fuel-bound nitrogen, measured to be 0.2% mass fraction in the fuel [24], 241 

that further oxidizes to nitrogen dioxide (NO2). The amount of NOx is approximately 280 ppm. The emission level 242 

of sulfur oxides (SOx) shows a high concentration in the exhaust gaseous, due to the HFO’s high sulfur content 243 

(3.68%).  244 
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Fig. 5 Central Line Temperature Distribution. 246 
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Fig. 6 Gas emission measurement results. 248 

 The morphology of the solid particles collected from the flue gas on the exhaust filter is shown in Fig. 7a 249 

(SEM imaging). It shows two kinds of particle morphologies, spheroidal and hollow particles, which are called 250 
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cenospheres. Cenospheres are rigid carbonaceous residues formed by the evolution of the volatile matter that ends 251 

abruptly and the collapse of the droplets [43, 44]. The size distribution of cenospheres is presented in Fig. 7b. 252 

Around 37% (by volume) of the collected particles are in the range of 5 μm particle diameter. All over the range 253 

of the particles are less than the droplet size of 27 μm. There is a close relationship between the size of the particles 254 

and the diameter of the fuel droplets, which means that the diameters of cenospheres can be controlled by 255 

modifying the characteristics of the fuel spray. In Fig. 7c, four specific different morphological points can be 256 

distinguished and analyzed in detail. Point 1 is on the surface of a typical cenosphere particle, which has a porous 257 

shell structure mainly composed of carbon (up to 90%), 5.35% oxygen, and 5.88% sulfur. Point 2 is located in the 258 

hole on the surface of the same cenosphere, which has the highest concentration in sulfur, up to 18.75%. It is 259 

preferable to lock sulfur in the solid emissions rather than in the gaseous ones, for ease of disposal. Point 3 is on 260 

the surface of an almost perfectly smooth and spherical particle with relatively high sulfur and oxygen 261 

concentrations. This smooth structure contains a minimal amount of silicon and vanadium, both less than 1%. 262 

Allouis et al. postulated that the presence of spherical and smooth particles are due to the presence of metallic 263 

elements [45]. Point 4 is on the surface of rough particles with flocculent and relatively high oxygen. This 264 

morphology of the structure is similar to that observed in low-temperature oxidation-deposition reactions of the 265 

fuel [46].  266 

To summarize, in the research on the stability of the swirling HFO flame, HFO contains large amounts of 267 

nitrogen and sulfur that form NOx and SOx during the combustion process, causing undesirable pollution. 268 

Although the exhaust contains emissions of cenospheres and gaseous sulfur pollutants, which we try to control 269 

and reduce, an HFO spray can be combusted in a swirl burner, efficiently and steady. The results indicate that the 270 

size of 80% of HFO droplets can be controlled within 40 μm in diameter under the selected condition at blast air 271 

of 15 SLPM, at 150°C, the axial and tangential airflows at 5 SLPM and 150 SLPM respectively with HFO flow 272 

rate of 15 ml/min, resulting in a global fuel-lean environment with Sg of 19.2 and a power of 9.95 kW. The direct 273 

relationship between the size of the particle and the diameter of the fuel droplet means that the diameters of a 274 

cenosphere can be controlled and refined by modification of the fuel spray characteristics. The temperature of the 275 

flame increases from the fuel nozzle reaching a peak temperature and then is followed with a plateau in 276 

temperature, indicating the early combustion of the light species and then followed by another zone in the flame 277 

where the heavier species start to burn. 278 
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c. Elemental composition 

Fig. 7 Characteristics of solid particle emission samples. 279 
 280 

3.2．Effect of Swirling Flow Condition 281 

In the following section, we will investigate the effects of the swirling flow conditions on the flame structure 282 

and emissions. Base on the selected condition in Table 3, the measurements of in-flame temperature distribution 283 

and gaseous emissions, including O2, CO2, CO, SO2 NOx, UHC are conducted under the conditions listed in Table 284 

4 and subdivided into three groups. All the experiments are performed with constant HFO spray characteristics 285 

(Fig. 4, at constant HFO and blast airflow rates and temperatures (listed in Table 4). Temperatures of the tangent 286 

air and axial air are also kept constant for all cases. In group 1, concerning global equivalence ratios, a fixed Sg 287 

number of 19.2 is obtained for Cases 1.1 to 1.3. This can be achieved by the independent variables in Qa and Qt 288 

flow rates with the relatively constant proportion of each flow. Global Equivalence ratios of Case 1.1 and 1.2 are 289 

above 1, while the global equivalence ratio of Case 1.3 is below 1. In group 2, the Sg numbers obtained for Cases 290 

2.1 to 2.3 are different. By modifying the proportions of Qt and Qa with a total airflow rate set at 155 SLPM, the 291 

obtained Sg numbers range from the low value of 8.5 to high swirl intensity of 19.2 with the same global 292 

equivalence ratio of 0.91. In group 3, the effect of Qa is investigated by keeping the flow rate of the tangent air 293 

constant at 150 SLMP, for Case 3.1 to 3.3, but with an axial airflow rate various from 5 SLPM to 15 SLPM. 294 

Table 4 Experimental Conditions 295 

 Qt /SLPM) Qa /SLPM Sg ϕ 

Case1.1 100 3 

19.2 

1.29 

Case1.2 120 4 1.1 

Case1.3 150 5 0.91 

Case2.1 100 55 8.5 

0.91 Case2.2 120 35 12.3 

Case2.3 150 5 19.2 

Case3.1 

150 

5 19.2 0.91 

Case3.2 10 18 0.88 

Case3.3 15 16.9 0.86 

 296 

 The flame temperature distribution, for different equivalence ratios, is given in Fig. 8 with the constant Sg 297 

of 19.2. In all three cases, we find that the level of temperature increases when the global equivalence ratio 298 
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decreases and the maximum temperature occurs on the centreline, gradually decreasing towards the wall of the 299 

combustion chamber. Increasing the tangent airflow rates enhances the flame temperature downstream fuel nozzle, 300 

as well as increases the temperature level in the radial direction. This indicates that with increasing the tangent 301 

air, more and intense recirculated gaseous increases the rate of fuel evaporation close to the burner exit. According 302 

to Driscoll et al. [18], there is an interaction between the fuel jet and air-driven vortex of the swirling flame. For 303 

these two types of flames, the fuel-jet dominated flame that forms as a sufficient high fuel-jet to air momentum 304 

flux ratio for fuel-jet penetrating the recirculation zone, while the air-driven vortices flame is featured with a 305 

strongly recirculating flow. In Fig. 8, the flames of Case 1.1 and 1.2 are similar to fuel-jet dominant flames that 306 

fuel jet passes through the centerline, whereas the flow field of Case 1.3 may be under air-driven vortices as the 307 

increasing of the recirculation zone. 308 

 In Fig. 9 and following gas emission profiles, the gaseous emissions concentration is normalized to 15% 309 

oxygen, using the following equation, to exclude the effect of diluted air as C[@15% O2] = C (20.9 -15)/(20.9 -310 

O2% ).  The uncertainties of the emissions can be referred to Fig. 6 to present the trend clearly. With the increase 311 

in the global equivalence ratio, the amount of NOx emissions is below 100 ppm in all measurements and decreases 312 

by 25.6% due to the decreased temperatures of the flame. CO and UHC increase significantly with the increase in 313 

global equivalence ratios from 0.91 to 1.29 due to being off from stoichiometric condition (ϕ =1) for the 314 

combustion process, resulting in lower combustion efficiency. There are eight times increase in CO profile and 315 

1.1 times increase in UHC profile from fuel-lean condition (Case 1.3) to fuel-rich condition (Case1.1), 316 

respectively. SO2 is found in high levels, at more than 650 ppm for the three cases, with variations within 2%, due 317 

to the high concentration of sulfur in HFO. The differences in CO2 and O2 concentrations are relatively small and 318 

seem to vary by 5% maximum. 319 

 320 
Fig. 8 Flame temperature distribution under global equivalence 321 

ratios, a. Case 1.1 ϕ =1.29; b. Case 1.2 ϕ =1.1; c. Case 1.3 ϕ =0.91. 322 
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 324 
Fig. 9 Gaseous emissions under different global equivalence ratios. 325 

 326 
 In Fig. 10, the difference in Sg number also affects the temperature distribution of the flame, while keeping 327 

the same bulk air velocity and the same thermal input. Distinguished from the temperature profile of Case 2, the 328 

flame has a transition from jet-fuel prevailing conditions to a strongly recirculating flame by air-driven vortices 329 

in high swirling numbers. Although the total airflow rates are the same in group 2, Case 2.1 and 2.2 may be still 330 

under the fuel-jet dominate condition, air-driven vortices control the flame of Case 2.3. Comparing to Case 1.1 331 

and 1.2, we can check that there is a higher temperature distribution in Case 2.1 and 2.2 due to the enhanced 332 

recirculation zone with an increase in the axial airflow rate. In Fig. 10a, the rich flame with the high-temperature 333 

zone is located at the height of 70 mm in the Sg of 8.5, which moves upstream in the flame direction with the 334 

increase in swirling number. Because the air vortex and turbulence intensity of flow increase with a higher swirling 335 

number. A higher aromatic content can result in a delayed ignition, and the bigger droplet will need more time to 336 

be evaporated. The high Sg number of 19.2 and the tangent airflow rate of 150 SLPM also enhance the combustion 337 

in the downstream of the flame, which has a larger high-temperature zone comparing to the two other cases. 338 

Therefore, there are two high-temperature zones for the high Sg number of 19.2 with more residence time of the 339 

flow: one is the combustion of the lightweight components and small fuel droplet. Downstream of the flame, the 340 

high-weight molecular (asphaltene and polycyclic aromatic compounds) and large droplets are preheated and 341 

evaporated in the first zone, finally combusting further downstream, at the height of 95 mm under these particular 342 

conditions.  343 

 When the swirling number increases, the concentration of gaseous emissions of O2, CO2, and SO2 in Fig. 11 344 

varies only a little, 4% maximum. However, SO2 is still at a high level because it is the sulfur content in HFO that 345 

mostly defines the formation of SOx. As the swirling numbers in group 2 are still very high, the different swirling 346 

number has little effect on the oxygen consumption and SO2 content emission under the same global equivalence 347 
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ratio. According to Fig. 11, the formation of NOx is highly relevant to the temperature and has a non-linear 348 

decrease with a reduction of 6% at Sg of 19.1. The decease trend is similar for the profiles of CO and UHC, with 349 

a reduction of 59% and 34%, respectively as the Sg number increases. Because stronger recirculating flow in high 350 

Sg number enhances the mixture between fuel and air, also improving HFO vaporization performance due to the 351 

recirculated hot gaseous towards the early flame region. Moreover, the flame of the lower Sg we observe is weak, 352 

unstable and full of noise, in comparison with that observed for a high Sg number, due to an increased release of 353 

heat in the axial direction with a high axial airflow rate.  354 

 355 

 356 
Fig. 10 Flame temperature distribution under the different swirling numbers,  357 

a. Case 2.1 Sg=8.5; b. Case 2.2 Sg=12.3; c. Case 2.3 Sg=19.2. 358 
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 359 
Fig. 11 Gaseous emissions for different swirling numbers. 360 

 361 
 In Fig. 12, at a fixed flow rate of tangent air, the flames for different axial airflow rates have a similar 362 

structure with a wide flame and recirculation zone, corresponding to the air-vortices flame. Increasing axial 363 

airflow rates from 5 SLPM to 10 SLPM as indicated in Fig. 12a and b, respectively, lead to change in the 364 

temperature distribution within the flames, where a higher level of temperature is recorded further downstream 365 

and is radially distributed within the combustor diameter, indicating the enhancement in fuel/air mixing. This 366 

indicates a change in the spray recirculated flow interaction. However, the further increase in the axial airflow 367 

rates (see Fig. 12  c of the flame with 15 SLPM axial airflow rate) reduces the flame temperature indicating the 368 

weaker effect of the recirculation zone in recirculating hot gaseous towards the flame root. This explains the 369 

stability map where a higher bulk air velocity requires higher swirl intensity to stabilize the flame.  370 
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 As indicated in Fig. 13, the emissions of CO2 and SO2 remain constant with increasing the axial air flow rate. 371 

CO and UHC decrease by 40.6% and 63% respectively, due to a decrease in the global equivalence ratio and the 372 

higher swirling intensity. However, the results obtained for NOx has an increasing trend of 42%, very differently 373 

from the trend of temperature profiles in Fig. 13. The limited temperature diffidence can explain this result of 374 

100°C and the small fluctuations of the flame under high axial airflow rate conditions.  375 

In brief, in the investigation of different swirling flow conditions, the two different flame regimes of fuel-jet 376 

dominate flame and air-driven vortex flow are observed and compared by the shapes of the flame temperature 377 

distribution. This flame regime competition can be attributed to the increase in the flow rate of tangent air that 378 

makes up a large portion of the swirling flow and enhances the swirling intensity of the flow. Air-driven vortices 379 

flames are characterized by a strong recirculating flow, shorter but wider than that observed in fuel-jet flames. 380 

The maximum flame temperatures increase with increasing tangent air, because more vigorous swirling intensity 381 

in the mixture between fuel and air improves the HFO’s vaporization performance. The flame evolves from a jet-382 

fuel dominant type to a strongly recirculating flame, due to intensified air-driven vortices in high swirling number. 383 

The low Sg and the high axial airflow rate make the flame weak and unstable. In all conditions, the amount of CO 384 

produced is insignificant, in comparison with the concentration in CO2, meaning a good combustion efficiency of 385 

HFO in the swirling flame in the selected condition. 386 

 387 

 388 
Fig. 12 Flame temperature distribution under different axial air,  389 

a. Case 3.1 Qa=5 SLPM;b. Case 3.2 Qa=10 SLPM; c. Case 3.3 Qa=15 SLPM. 390 
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Fig. 13 Temperature profiles and gaseous emissions of different axial air. 392 
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4．Conclusion 394 

 We use a high-swirl stabilized turbulent jet flame burner to efficiently combust HFO, with high residence 395 

time and mixture intensity between fuel and air. The stability of the swirling HFO flame and combustion 396 

performance are tested with different swirl flow conditions. Although the exhaust contains emissions of 397 

cenospheres and gaseous sulfur pollutants, which we try to control and reduce, an HFO spray can be combusted 398 

in a swirl burner, efficiently and steady. The direct relationship between the size of the particle and the diameter 399 

of the fuel droplet means that the diameters of a cenosphere can be controlled and refined by modification of the 400 

fuel spray characteristics. The investigation of various swirling conditions provides a qualitative understanding of 401 

the effect of the swirling flow on the HFO combustion characteristics. The parameters of the global equivalence 402 

ratio, swirling number, and axial airflow rates are used to characterize the effects of the swirling flow on the flame 403 

dynamic in HFO combustion, including temperature distribution, flame regimes, pollutant emissions. The two 404 

different flame regimes of fuel-jet dominate flame and air-driven vortex flow are observed and compared by the 405 

shapes of the flame temperature distribution caused by the different swirling intensity of the flow. The flame 406 

evolves from a jet-fuel dominant type to a strongly recirculating flame, due to intensified air-driven vortices in 407 

high swirling numbers. Air-driven vortices flames are characterized by a strong recirculating flow, shorter but 408 

more extensive than that observed in fuel-jet flames.  409 
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Nomenclature 413 

C =       major species concentrations of the gas 414 
D = diameter 415 
F        = fuel 416 
HFO = heavy fuel oil 417 
min     = minute 418 
O = oxygen 419 
Q       = air flow rate  420 
r         =       radial distance 421 
SLPM=       standard liter per minute 422 
T = temperature 423 
UHC = unburned hydrocarbon 424 
Ua      =      average axial air velocity at the burner throat location 425 
W        = weight 426 
Wa      =      azimuthal air velocity components. 427 
ϕ = global equivalence ratio 428 
ρ         =      air density 429 
 430 
Subscripts 431 
a    =    axial direction 432 
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st         =    stoichiometric mixture condition 433 
t          =    tangential direction 434 
 435 
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