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ABSTRACT 

Liquefied petroleum gas (LPG) is considered one of the gases widely used in 

many industrial and residential sectors. Still, due to its different compositions, 

mainly propane (C3H8) and butane (C4H10), it can have other combustion 

characteristics. This paper aims to conduct an experimental analysis to study the 

impact of LPG composition on the stability map (limits of blowoff and 

flashback) of the premixed flame in a tangential swirl burner. Four LPG mixtures 

were used with different proportions of ethane (C2H6), propane (C3H8), butane 

(C4H10), and pentane (C5H12). Three burner nozzles at diameters of 20, 25, and 

30 mm have been used, which gave three swirl numbers of 0.918, 1.148, and 

1.377, respectively. The results indicate that increasing the swirl number (S) 

from 0.918 to 1.377 for all LPG mixtures accelerated the flashback propensity 

(getting worse) while the blowoff resistance improved; thus, a rising S gave a 

better stability map. As for the effect of the LPG composition, it was found that 

the maximum flame temperature was for the LPG mixture containing high 

percentages of butane (C4H10), while the lowest was for the mixture containing 

fewer percentages of butane. Changing the LPG composition had an apparent 

effect on the flashback limits and a slight effect on the blowoff limits; it was 

found that mixtures containing high percentages of butane increased flame 

speeds and increased the flashback propensity. Compared to LPG mixtures, the 

flame stability map was widest for LPG mixtures containing lower percentages 

of butane. Therefore, LPG with propane (C3H8) proportions higher than butane 

(C4H10) reduces flame temperature, flame speeds, and flashback propensity, thus 

improving the stability map. 
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1. INTRODUCTION 

For many years, fossil fuel was the most common 

fuel in most combustion devices. Still, due to its 

combustion, it emits nitrogen oxides (NOX) and carbon 

dioxide (CO2), causing the effects of climate change and 

global warming. Therefore, to decrease these impacts 

(climate change and global warming) and the 

consumption of fossil fuels, there was a movement 

toward employing alternative fuels in combustion 

devices, including gas turbines. (Syred et al., 2012; 

Lewis et al., 2014). However, alternative fuels with a 

higher content of hydrogen (H2) in gas turbine 

combustors can cause combustion instabilities, especially 

flashback and blowoff (Shaffer et al., 2013). Flashback 

refers to the flame retreating upstream and propagating 

fully into the mixing chamber. At the same time, blowoff 

occurs as the flame separates from the burner nozzle and 

is physically blown out of the combustor (AbdulAmeer et 

al., 2020). For enhancing flame stability and, at the same 

time, decreasing emission levels of NOX and CO in gas 

turbine combustors, the swirling flow method for 

premixed combustion mode has been proven to be the 

better approach (Syred et al., 2012; Hossain et al., 2015; 

Nemitallah et al., 2022). The major characteristic of 

swirling flows is the creation of central recirculation 

zones (CRZ) that recirculate the active reactants to 

enhance flame stability (Baej et al., 2018). Therefore, 

determining the flame stability region that represents the 

limits of blowoff and flashback is considered one of the 

most important issues for the safe operation of 

combustors (AbdulAmeer et al., 2020). Many factors can 

cause these two phenomena (flashback and blowoff) to 

occur, such as the combustion mode (premixed, partially  

http://www.jafmonline.net/
https://doi.org/10.47176/jafm.17.3.2175
mailto:EHph004@uomustansiriyah.edu.iq


A. S. Mahmood and F. A. Saleh / JAFM, Vol. 17, No. 3, pp. 616-627, 2024.  

 

617 

NOMENCLATURE 

At total area for the tangential inlets  FB flashback 

BLF Boundary Layer Flashback  H2 hydrogen 

BLO blowoff  LCV Lower Calorific Value 

CH4 methane  LPG Liquefied Petroleum Gas 

C2H6 ethane  m total mass flow rate 

C3H8 propane  NOX nitrogen oxides 

C4H10 butane  S swirl number 

C5H12 pentane  Sg geometric swirl numbers 

CIVB Combustion-Induced Vortex Breakdown  Tf flame temperature 

CO2 carbon dioxide  Ø equivalence ratio 

CRZ Central Recirculation Zone    

 

mixed, and non-premixed), fuel type, swirl number, 

burner geometry, ambient pressure and temperature, etc. 

(Valera-Medina et al., 2009; Nemitallah et al., 2019; 

Wan & Zhao, 2020). Among these factors, emphasis will 

be placed on the influence of the swirl number (S) as 

well as the type of fuel. 

The swirl number is considered a key parameter in 

the characterization of swirling flows, where it represents 

“the ratio between the axial flux of angular momentum 

(𝐺𝜃) divided by the product of the axial flux of axial 

momentum (𝐺𝑥) and the nozzle radius (R)”, as shown in 

Equation 1 (Lefebvre, 1999):  

𝑆 =
𝐺𝜃

𝐺𝑥 ∗ 𝑅
                                                                             (1) 

However, the complex swirling flow patterns make it 

difficult to determine the swirl number. Therefore, 

depending on the geometry of the burner, the geometric 

swirl number (𝑆𝑔) can be used (Alsaegh, 2022) 

𝑆𝑔 =
𝜋 𝑟𝑒  𝑅𝑒𝑓𝑓

𝐴𝑡

                                                                      (2) 

Where 𝑅𝑒𝑓𝑓, 𝑟𝑒 , and 𝐴𝑡 represent the radius to which the 

tangential inlets connect with respect to the burner's 

central axis, the exit nozzle radius, and the tangential 

inlets total area, respectively. 

Many researchers have investigated the swirl 

number effect. The swirl number impact on the structure 

of a premixed butane-propane flame has been studied by 

(Gorelikov et al., 2021). They found that the shape and 

length of the flame and the formation of the central 

recirculation zone were significantly affected by the 

change in swirl number. Also, the influence of swirl 

number on the limits of flame flashback and blowoff has 

been studied. It was found that as the swirl number 

increases, the flame flashback limits get worse 

(Abdulsada et al., 2011; Syred et al., 2014; Yellugari et 

al., 2020), while the blowoff limits improve (Syred et al., 

2014; Zubrilin et al., 2016). However, it was observed 

that the stability map is clearly influenced by the swirl 

number (Saediamiri et al., 2014), and it was discovered 

that the flame stability map gets better as the swirl 

number increases (Jerzak & Kuźnia, 2016; Carneiro 

Piton et al., 2020). 

On the other hand, the fuel type is one of the factors 

affecting the combustion process. In gas turbine 

combustors, the style or composition of fuel can play an 

essential role in determining the safe operating range 

represented by the flashback and blowoff limits (Liu et 

al., 2014). When the type or composition of fuel is 

different, this, in turn, leads to a difference in flame 

speed and chemical kinetic rates. However, a blowoff 

happens when a chemical reaction takes longer than the 

combustion zone's residence time. Regarding the 

flashback, it happens when the velocity of the incoming 

mixture is less than the flame speed (Lieuwen et al., 

2008). Flashback is considered the most serious problem 

that can damage the combustion device severely. 

Therefore, it is necessary to avoid fuel types that have a 

high flame speed, especially those that contain highly 

hydrogenated mixtures (Heeger et al., 2010). The 

propagation of flames in the low velocity zone of the 

boundary layer of the wall is a significant manifestation 

of the flashback phenomenon. Several previous studies 

have studied boundary layer flashback (BLF) using 

different types and compositions of gaseous fuels. Lewis 

and Von Elbe (1987) were the first to study the BLF for a 

laminar flame, where they proposed a relation to predict 

the boundary layer flashback. (Syred et al., 2012) 

experimentally investigated the limits of flame blowoff 

and flashback using different fuel mixtures, methane 

(CH4), hydrogen (H2), CH4/H2 blends, and coke oven gas 

(COG: 25%CH4/65%H2/6%CO/4%N2). They reported 

that with hydrogen-containing mixtures, there is a rapid 

acceleration of BLF. They also found that COG had 

completely different behavioral patterns. A flashback of 

premixed flames using different fuel mixtures of carbon 

monoxide, hydrogen, and natural gas was verified by 

(Shaffer et al., 2013). They noticed that the type of 

flashback that occurred was boundary layer flashback. 

They discovered that the higher flashback propensity had 

been related to a higher content of H2, and the mixture of 

H2/CO (50/50% by vol.) gave reactions with a higher 

propensity for flashback compared to a similar ratio of 

H2/CH4. (Ebi & Clemens, 2016) experimentally 

examined the boundary layer flashback using a CH4/H2 

mixture in a swirl burner. They reported that the increase 

in H2 content in the mixture gave a larger and more 

convoluted flame compared to CH4. 

In addition, many previous studies have used 

liquefied petroleum gas (LPG) as a fuel alone or by 

mixing it with other gases. LPG can be mainly either 

propane (C3H8) or butane (C4H10) or mostly a mixture of 

these two gases (Liu et al., 2014). (Gorelikov et al., 
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2021) investigated the premixed swirl flame 

characteristics utilizing LPG (60% propane and 40% 

butane by volume). (Elbaz et al., 2019) experimentally 

verified the flame stability map and NO emission using 

LPG (30% C3H8 and 70% C4H10 by volume) in a swirl 

burner. Also, flame stability was studied in a vertical 

non-swirl burner using premixed LPG of 3.3% ethane, 

57.08% propane, 38.38% butane, and 1.24% pentane by 

(Saleh & Alwan, 2021). (Alfarraj et al., 2022) used an 

LPG of 50% propane and 50% butane as fuel to estimate 

the premixed flame's combustion velocity in a Bunsen 

burner. The impact of adding CO2 to LPG on the 

premixed flame characteristics of two swirling and non-

swirling burners was studied by (Al-Tayyar et al., 2023). 

They found that adding CO2 to the LPG increased flame 

length, significantly improved flame flashback, and 

increased flame stability limits. (Aravind et al., 2015) 

performed a numerical model to examine the effect of 

adding hydrogen (H2) to LPG (50% propane–50% 

butane) on the combustion characteristics. They noticed 

that the change in flame speeds was slight for only the 

LPG-air mixture, while the flame speed increased with 

adding H2. Thus, they reported that adding H2 to the air-

fuel mixture could improve its burning ability. The 

influence of adding H2 (0%–50%) to LPG (0.7% C2H6, 

55.8% C3H8, 41.5% C4H10, and 2% C5H12) on the 

premixed flame stability map was investigated by 

(AbdulAmeer et al., 2020).They found that the type of 

flashback that occurred was boundary layer flashback 

(BLF). They also found that when increasing the 

percentage of H2 in the LPG-air blend, the flashback 

propensity increased slightly while the blowoff limits 

improved significantly. Thus, the stability map was 

enhanced with the raise of H2 in the blend due to the 

significant improvement in the blowoff limits. (Al-

Naffakh et al., 2022) studied the impact of mixing 

acetylene gas (0–50%) with LPG on the premixed flame 

stability in a swirl burner. They reported that as the 

percentage of acetylene gas increased, the critical 

velocity gradient during flashback increased slightly, 

whereas at blowoff it increased significantly. The 

stability map was observed to improve as the acetylene 

gas percentage was raised. 

However, the different compositions of LPG, mainly 

propane (C3H8) and butane (C4H10), may result in various 

combustion characteristics. For such fuels, auto-ignition, 

burning velocity, flashback, blowoff, and emissions are 

significant challenges (Liu et al., 2014). Increased levels 

of these higher-order hydrocarbons can cause an increase 

in flame speeds and, thus, a flashback propensity 

(Dirrenberger et al., 2011). There is a difference in flame 

speeds, where C2H6, C3H8, and C4H10 have higher flame 

speeds than CH4 (Dirrenberger et al., 2011). However, 

through my review of previous studies in the field of this 

study, I did not find any studies about the impact of 

varying LPG compositions on the characteristics of 

combustion. Therefore, the aim of this paper is to 

perform an experimental investigation on the influence of 

LPG composition on the limits of blowoff and flashback 

(stability map) of the premixed flame in a tangential 

swirl burner at three various swirling numbers (S = 

0.918, 1.148, and 1.377). Four mixtures of LPG (C2H6, 

C3H8, C4H10, and C5H12) were used in different 

proportions for all compositions. 

2. MATERIALS 

LPG is one of the most widely used alternative 

gases, as it is a non-renewable energy source. LPG is 

produced by refining petroleum, where it can be either 

propane (C3H8) or butane (C4H10), or mostly a mixture of 

these two gases (Liu et al., 2014). In Iraq, LPG consists 

of a mixture of several gases (ethane, propane, butane, 

and pentane); propane and butane are considered to have 

the largest proportions, while ethane and pentane are in 

very small proportions (AbdulAmeer et al., 2020; Mjbel 

et al., 2021). The proportions of propane and butane in 

the LPG mixture change depending to the seasons and 

temperature changes. In summer, butane is in higher 

proportions than propane, and vice versa in winter (Janna 

& Abdulsada, 2019). Therefore, despite the increasing 

use of LPG in household uses and internal combustion 

engines because of its good combustion efficiency, 

emissions, and low cost in Iraq, it is possible to use it as a 

fuel in operating burners (Janna & Abdulsada, 2019; 

Raheemah, 2020). 

This study used Iraqi liquefied petroleum gas (ILPG) 

with different composition proportions as a fuel. It was 

obtained from the Gas Company of Al-Dora in Baghdad, 

Iraq. The used ILPG consists of a mixture of several 

components, namely methane (CH4), ethane (C2H6), 

propane (C3H8), butane (C4H10), and pentane (C5H12). 

The proportions of components and properties of ILPG 

can be illustrated in Table 1. 

3. EXPERIMENTAL SETUP 

In this work, experiments have been performed at 

atmospheric conditions (P = 1 bar and T = 298 K) in the 

combustion laboratory of the Mechanical Engineering 

Department, College of Engineering, Al-Mustansiriya 

University, Iraq. The experimental setup consists of a  

 

Table 1 Component proportions and properties of ILPG used 

No. of 

mixture 

Composition 

Quantity by volume (%) 
Chemical 

formula for 

ILPG mixture 

Density 

(kg/m3) 

Lower 

calorific 

value (kJ/m3) CH4 C2H6 C3H8 C4H10 C5H12 

Mix.1 0 0.34 21.67 77.84 0.15 C3.778 H9.556 2.224 101296.5 

Mix.2 0 0.5 35.01 63.63 0.85 C3.648 H9.2958 2.143 97922.2 

Mix.3 0.05 0.39 52.24 46.79 0.53 C3.4736 H8.9472 2.048 93976.6 

Mix.4 0 0.11 67.00 32.86 0.04 C3.3286 H8.6574 1.976 90983 
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Fig. 1 Schematic of an experimental test rig 

 

 

Fig. 2 Tangential swirl burner used 

 

tangential swirl burner (20 kW), air and gas flow meters, 

air and gas control valves, flexible tubing for 

connections, an air blower, a gas cylinder, and a camera 

for imaging, as shown in Fig. 1. 

To ensure the creation of swirling flows, the present 

tangential swirl burner has been designed with two 

tangential inlets, as shown in Fig. 2. All burner parts 

were manufactured from stainless steel, and the burner 

consists of a cylindrical mixing chamber that is 100 mm 

in diameter and 140 mm in length. At a distance of 3 mm 

below the mixing chamber, two tangential inlets with 

inner diameters of 28 mm were installed. A central fuel 

injector with an outer diameter of 8 mm was used as a 

bluff body, where it was installed through a hole in the 

burner baseplate. Whereas the burner nozzle was 

installed at the top of the mixing chamber, three nozzles 

with diameters of 2, 2.5, and 3 cm and a height of 3 cm 

were used. Therefore, by Equation 2, these three nozzles 

(2, 2.5, and 3 cm) gave different geometric swirl numbers 

(𝑆𝑔 = 0.918, 1.148, and 1.377), respectively.  

The burner was provided with air through an air 

blower and LPG from a gas cylinder via flexible hoses. 

In the air supply line, a gate valve was installed to control 

the airflow rates, and a hot wire anemometer type 

(GM8903) with a speed range of 0-45 m/s was installed 

to measure flow rates. Also, a solenoid valve was 

installed in the gas supply line to control the LPG flow 

rates, and one LPG flow meter with a volumetric flow 

range of 0–20 L/min was used to measure the flow rates. 

The specifications, resolution, and accuracy of the 

measuring instruments used can be shown in Table 2. A 

thermocouple of the K-type was used to measure the 

flame's temperature. 

 

Table 2 The range, resolution, and accuracy of 

the measuring instruments 

Instruments Range Resolution Accuracy 

Hot wire 

anemometer 

0 – 30 

m/sec 
0.001 m/s ±3% 

LPG flow meter 
0 – 20 

L/min 
0.25 L/min ±4% 



A. S. Mahmood and F. A. Saleh / JAFM, Vol. 17, No. 3, pp. 616-627, 2024.  

 

620 

  

(a)  (b)  

  

(c)  (d)  
Fig. 3 Flame temperatures (𝑻𝒇) versus equivalence ratio (Ø) at different swirl numbers for (a) LPG mixture 1, 

(b) LPG mixture 2, (c) LPG mixture 3, and (d) LPG mixture 4 

 

The designed tangential swirl burner can operate in 

all combustion modes (premixed, partially premixed, and 

non-premixed), but the premixed combustion mode was 

used in this study. To operate the burner, a small amount 

of LPG is injected through the fuel injector. Once the 

flame is obtained, the premixed mixture is fed via the 

tangential inlets, with the central fuel injection reduced 

until it is closed. At this moment, it has achieved a stable 

premixed flame. 

After a stable flame is obtained, the state of flame 

blowoff is achieved when the fuel flow through the 

tangential inlets is reduced, and the airflow remains 

constant. The flame blowoff is identified when the flame 

is clearly lifted away from the burner's mouth. Once the 

flame area is lifted out of the burner's mouth, the flow 

rates of LPG and air at that moment are recorded. In 

contrast to a flame blowoff, a flame flashback is achieved 

when the flow rate of fuel (LPG) is increased with 

constant airflow. As the fuel flow rate is increased, the 

base of the flame propagates and is connected to the 

burner nozzle, and by continuing to increase the fuel 

flow, the flame propagates inside the burner. At this 

moment, the flow rates of both LPG and air are recorded. 

To obtain more points for the flashback and blowoff 

conditions, these steps are repeated for other values of 

the flow rate that are higher than the previous one. This 

procedure is considered for any burner nozzle (i.e., any 

swirl number). Therefore, the procedure followed 

previously is repeated for the other swirl numbers, as 

well as for the four LPG mixtures used in this study.  

4.  RESULTS AND DISCUSSION 

4.1 Flame Temperature 

Flame temperature is considered an important 

property during the combustion process, where it plays a 

major role in the development, efficiency, and pollution 

of all types of combustion systems. The flame 

temperature (𝑇𝑓) can be determined through the energy 

balance between the reactants and products. In this study, 

a K-type thermocouple installed on a metal stand at a 

height of 70 mm from the burner outlet was used to 

measure the flame's temperature. 

4.1.1 Effect of Swirl Number on Flame 

Temperature  

Figures 3 a, b, c, and d show the flame temperatures 

(𝑇𝑓) versus equivalence ratio (Ø) at three swirl numbers 

(S = 0.918, 1.148, and 1.377) and for the four LPG 

mixtures used, respectively. In general, from figures 3 a,  
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b, c, and d, it was noticed that the flame temperature's 

behavior with the change in the equivalence ratio was 

similar for all swirl numbers and the LPG mixtures. The 

maximum flame temperature was found at a 

stoichiometric ratio of slightly richer side (Ø = 1.012), 

while it decreased on both the lean and rich sides of the 

mixture. This can be explained by the fact that under 

stoichiometric conditions, the mixing process of the 

reactants is ideal (the completion of the chemical 

reaction), and this results in an effective combustion 

process under conditions of chemical and thermal 

balance and thus leads to an increase in heat transfer by 

convection and radiation, which in turn gives an 

additional amount of energy that works to raise the 

flame's temperature. On both the mixture's lean and rich 

sides, the flame temperature decreases due to the poor 

mixing of the reactants. On the lean side (Ø < 1), the 

amount of air in the mixture is greater, which causes 

greater heat loss from the flame and, thus a lower flame 

temperature. On the rich side (Ø > 1), the amount of air is 

small and insufficient to burn the fuel, which results in an 

incomplete combustion process, which leads to less heat 

release from combustion and, thus, a lower flame 

temperature. 

As for the effect of the swirl number, Figs 3 a, b, c, 

and d illustrate this. For all LPG mixtures used, it was 

noticed that the flame temperature reduced as the swirl 

number increased. The main feature of swirling flows is 

the creation CRZ that transport hot combustion products 

to the flame root and recirculate them with the incoming 

reactants (Baej et al., 2018). However, with the increase 

in swirl number, the width and intensity of the CRZ 

increase. Increasing the intensity of the CRZ leads to the 

introduction of more incoming reactants into the CRZ, 

which leads to a more significant loss of heat from the 

reaction zone as a result of heating the incoming mixture 

to re-ignite it and thus reduce the flame temperature; this 

is consistent with (Yellugari et al., 2020). 

4.1.2 Effect of LPG Composition on Flame 

Temperature 

Changing the type or composition of fuel is 

considered one of the most important factors affecting 

the combustion process. With the change in fuel 

composition, the chemical and thermo-physical 

properties of the mixture may change, and changing 

these properties affects the combustion process. 

Figures 4 a, b, and c show the variation of flame 

temperature versus equivalence ratio for all LPG 

mixtures for swirl numbers of 0.918, 1.148, and 1.377, 

respectively. For all swirl numbers, it was noticed that 

the maximum flame temperature was with Mix.1, while 

the lowest was with Mix.4. This can be explained by two 

reasons: (1) As shown in Table 1, Mix.1 has a greater 

number of H atoms (9.556) compared to the other 

mixtures: Mix.2 has (9.2958), Mix.3 has (8.9472), and 

Mix.4 has (8.6574). This could be a major reason, as 

increasing the number of H atoms enhances the 

combustion process and accelerates the flame 

propagation, which increases the flame speed and 

temperature, and this is consistent with (Xiao et al., 

2020). (2) The difference in volumetric calorific value of 

LPG compositions is also considered an influencing 

factor, and it can give different flame temperatures. In 

this study, the volumetric calorific values of the LPG 

mixtures are LCVMix.1 = 101296.5 kJ/m3, LCVMix.2 = 

97922.2 kJ/m3, LCVMix.3 = 93976.6 kJ/m3, and LCVMix.4 

= 90983 kJ/m3. Therefore, an LPG mixture that has a 

high LCV gave an increase in combustion temperatures 

and, thus, the flame temperature. 

4.2 Flame Stability Map  

Flame stability is considered a significant issue 

during the combustion process, through which the safe 

operation of combustors can be determined. The flame 

stability map represents the region that lies between the 

limits of blowoff and flashback. The tests have been 

performed on the swirl burner used, and the flame 

stability map was determined at three various swirl 

numbers and using four different mixtures of LPG, as 

shown in Table 1. In swirling flows, combustion 

induced vortex breakdown (CIVB) is considered the 

dominant type of flashback, even if the velocity of the 

flame is lower than that of the fresh mixture (Hatem et 

al., 2018). In this study, due to the central fuel injector 

(as a bluff-body) is present, it gave a high resistance and 

prevented the occurrence of CIVB, but led to an 

increase in the tendency of the other mechanism of 

flashback, which is the boundary layer flashback (BLF). 

Some real photos taken during practical tests with the 

Nikon D5300 camera showing the cases of flame 

stabilization, boundary layer flashback (BLF), and just 

before blowoff can be illustrated in Fig. 5. 

4.2.1 Effect of Swirl Number on Stability Map 

Beginning with the influence of swirl number (S), as 

mentioned in the introduction, swirl number is one of the 

factors affecting flow structures and combustion 

characteristics and, thus, the flame stability map. 

Therefore, the effect of the swirl numbers (S = 0.918, 

1.148, and 1.377) on the limits of flame flashback (FB) 

and blowoff (BLO) as a function of total mass flow rate 

(�̇�) versus equivalence ratio for the four mixtures of 

LPG (Mix.1, Mix.2, Mix.3, and Mix.4) can be illustrated 

in Figs 6 a, b, c, and d, respectively. For all LPG 

mixtures, it was observed that the flame flashback 

propensity is accelerated (getting worse) while the 

blowoff resistance improves with the increase of S from 

0.918 to 1.377. Increasing the S increases the CRZ 

intensity and the turbulence level. Increasing the 

turbulence level increases the flame speed, which 

increases the flashback tendency. In addition, according 

to Equation 2, in which the swirl number has been 

calculated, an increase in the swirl number means an 

increase in the burner nozzle diameter. Therefore, at a 

certain level of mixture flow rate, an increase in the 

burner nozzle diameter leads to a decrease in the mixture 

flow velocity and thus an increase in the flashback 

propensity. As for the improvement in blowoff 

resistance, increasing the CRZ intensity greatly improves 

flame stability by recirculating fresh reactants and hot 

combustion products, which improves the flammability 

of the fresh mixture. 
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(a)  (b)  

 
(c) 

Fig. 4 Flame temperatures (𝑻𝒇) versus equivalence ratio (Ø) at different LPG mixtures for (a) S = 0.918, (b) S = 

1.148, and (c) S = 1.377 

 

 

Fig. 5 Real images for cases of flame stability, BLF, and just before blowoff 

 

Figures 6 a, b, c, and d show that the smaller swirl 

number (0.918) gave better flashback resistance, but its 

resistance to blowoff was lower compared to the larger 

swirl number (1.377). However, the flame stability map 

was not significantly affected by the change in swirl 

number due to both the limits of flashback and blowoff 

being affected. Increasing the swirl number (S) led to 

moving the equivalence ratio limits for both flashback 

and blowoff towards the lean regions. Consequently, it 

can be said that the flame stability map improves with the 

increase of the S as a result of the equivalence ratio limits 

moving towards the lean regions as well as the 

improvement of the mixing and combustion processes, 

and this is beneficial to meet low-emissions 

requirements. 
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(a)  (b) 

  
(c)  (d) 

Fig. 6 Flashback and blowoff limits (flame stability map) at different swirl numbers for (a) LPG mixture 1, 

(b) LPG mixture 2, (c) LPG mixture 3, and (d) LPG mixture 4 

 

4.2.2 Effect of LPG Composition On Stability Map 

In addition to the swirl number's impact, changing the 

fuel type or composition is one of the most significant 

factors affecting the flashback and blowoff of the flame 

and, thus, the stability map. Figures 7 a, b, and c show 

the effect of changing the LPG composition on the limits 

of flame blowoff (BLO) and flashback (FB) as a function 

of total mass flow rate (�̇�) versus the equivalence ratio 

for swirl numbers 0.918, 1.148, and 1.377, respectively. 

From the figures, changing the LPG composition had an 

apparent effect on the FB limits and a slight effect on the 

BLO limits for each swirl number. Mixture 1 (C3.778 

H9.556) had an increase in the flashback propensity, while 

the flashback propensity decreased for mixture 2 (C3.648 

H9.2958), mixture 3 (C3.4736 H8.9472), and the best decrease 

was for mixture 4 (C3.3286 H8.6574). One of the reasons 

related to the increase in flashback propensity is the high 

flame speeds. However, it can be noted that the number 

of H atoms in mixture 1 is greater compared to mixtures 

2, 3, and 4, so increasing the number of H atoms in the 

mixture leads to an acceleration of the flame propagation 

and an increase in its temperature, which increases the 

flame speed and increases the flashback propensity but 

the difficulty of the flame blowoff. Also, the lower 

calorific value (LCV) is considered one of the fuel 

properties affecting the combustion process. The LCV of 

LPG mixtures 1, 2, 3, and 4 is 101296.5, 97922.2, 

93976.6, and 90983 kJ/m3, respectively, as shown in 

Table 1. Therefore, an LPG mixture that has a high LCV 

gave an increase in combustion temperatures and, thus, a 

flashback propensity.  

On the other hand, when the LCV of the mixture 

decreases, an increase in the fuel flow rate is required to 

maintain the same power output level. Thus, increasing 

the fuel flow rate increases the flow of the unburned 

mixture, resulting in a decrease in the flashback 

propensity. This can be seen in Figures 7 a, b, and c, 

where the flame flashback of LPG mixtures 2, 3, and 4 

occurred at higher flow rates than LPG mixture 1.  

In addition to the effect of the calorific value of the 

LPG mixture, the change in the proportions of  

propane (C3H8) and butane (C4H10), which are the two main 

components in the LPG mixture, also has an impact on 

the combustion characteristics. Increased levels of these 

higher-order hydrocarbons can cause an increase in flame 

speeds and, thus, a flashback propensity (Dirrenberger et 

al., 2011). Therefore, the mixture containing high 

percentages of butane (C4H10) has higher flame speeds, 

which is consistent with (Yasiry & Shahad, 2016). In this 

study, the proportions of (C3H8–C4H10) for Mix.1 were
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(a)  (b) 

 
(c) 

Fig. 7 Flame stability map (flashback and blowoff limits) at different LPG mixtures for (a) S = 0.918, (b) S = 

1.148, and (c) S = 1.377 
 

 (21.67%–77.84%), Mix.2 (35.01%–63.63%), Mix.3 

(52.24%–46.79%), and Mix.4 (67%–32.86%). Thus, the 

flame flashback propensity increases in Mix.1 and Mix.2 

was clear due to the high proportions of C4H10, which 

increased flame speeds. Whereas, the flashback 

propensity decreased in Mix.3 due to the low C4H10 

proportion becoming less than C3H8, and in Mix.4 the 

best reduction in the flashback propensity was achieved 

due to the increase in the high C3H8 proportion. 

 Although there was a slight change in the blowoff 

limits for all LPG mixtures, the flashback limits had a 

clear effect on the flame stability map. From Figures 7 a, 

b, and c, it can be seen that LPG Mix.4 gave the best 

flashback resistance for all swirl numbers and thus the 

widest stability map. The change in the stability map 

(ØFB - ØBLO) of the burner used for LPG Mix.4 was 

found at S = 0.918, 1.148, and 1.377, which were (1.26 - 

0.51), (1.16 - 0.466), and (1.10 - 0.41), respectively. 

5. CONCLUSION 

Experimental tests were performed on a tangential 

swirl burner, and the influence of changing the LPG 

composition on the limits of flame blowoff and flashback 

(stability map) at swirl numbers (S = 0.918, 1.148, and 

1.377) was studied. Four LPG mixtures were used with 

different proportions of ethane (C2H6), propane (C3H8), 

butane (C4H10), and pentane (C5H12). The flame 

flashback and blowoff limits were determined for each 

LPG mixture and swirl number. The following is a 

summary of the current study's conclusions: 

 1. For all LPG compositions and swirl numbers, the 

maximum flame temperature was found to be at a 

stoichiometric ratio of slightly richer side (Ø = 1.012), 

while decreasing on both the lean and rich sides of the 

mixture. 

 2. For all LPG mixtures, it was observed that the 

flame temperature decreases as the swirl number 

increases. 

 3. It was found that the maximum flame temperature 

was for the LPG mixture containing high percentages of 

butane (C4H10), while the lowest was for the mixture 

containing fewer percentages of butane. 

 4. For all LPG mixtures, it was observed that the 

flame flashback propensity is accelerated (getting worse) 

while the blowoff resistance improves with the increase 
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of S from 0.918 to 1.377. Thus, a rising S gave a better 

stability map. 

 5. It was observed that changing the LPG 

composition clearly affected the flashback limits and 

slightly affected the blowoff limits for each swirl 

number. It was found that mixtures containing high 

percentages of butane increase flame speeds and increase 

flashback propensity. 

 6. For all swirl numbers, the flame stability map was 

widest for LPG mixture containing lower percentages of 

butane. 

Therefore, it is preferred to use LPG with propane 

(C3H8) proportions higher than butane (C4H10) to reduce 

the flame temperature, flame speeds, and flashback 

propensity, thus improving the stability map. 
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