
                                                      Vol.43, No.1. January 2024 
 

 

133 
 

http://jaet.journals.ekb.eg 

Experimental Study of Gaseous Fuel Inverse Diffusion Flame  

I.A. Ibrahim 
1, *

, I. K. El-Kashef 
2
, H.M. Gad 

1
 

1
Mechanical Power Engineering Department, Faculty of Engineering, Port Said University, Port Said, Egypt 

2
Mechanical Power Engineering Department, High Institute of Engineering and Technology in Arish, North Sinai, Egypt 

* Corresponding author: eng.hema@eng.psu.edu.eg  
 

A R T I C L E  I N F O  A B S T R A C T 

Article history: 

Received: 

Accepted: 

Online: 

 The main aim of the present work is studying the effects of swirl number and equivalence ratio on 

the combustion characteristics of liquefied petroleum gas (LPG) for normal diffusion flame (the 

NDF) and inverse diffusion flame (the IDF). The effects of different swirl numbers of 0.5, 0.75,1.0, 

and 1.5 are studied at an equivalence ratio of 1.0. In addition, the effect of different equivalence 

ratios of 0.75, 1.0, 1.5, and 2.0 at a swirl number of 0.5 were studied. The flame shape, visible flame 

length, temperature distributions and species concentrations were measured. To study the above 

parameters, a test rig that consists of an air supply line, a fuel supply line, and a burner head was 

designed and constructed. The results showed that, by increasing the swirl number, the visible flame 

length is decreased for the IDF and the NDF. Moreover, by increasing the equivalence ratio Φ, the 

visible flame length, for the IDF, was increased by about 39%, 91%, 108%, and 620% for air swirl 

number 0.5, 0.75, 1.0 and 1.5, respectively. However, the maximum temperature decreased. It was, 

also, found that the concentrations of NO, CO2 and CO were increased until reach their maximum 

value. While the concentrations of O2 were decreased. The maximum value of the NO for the IDF is 

found to be 35 ppm, while for the NDF is 245 ppm. In addition, it was found that the IDF emitted 

less CO and NO than the NDF did. Therefore,  it is more suitable for environmental preservation. 
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1. Introduction 

Combustion produces large amounts of energy that may be 

used to power automobiles, heat homes, etc. Combustion research 

aims to improve combustion efficiency and lower pollutant 

emissions [1-3]. Many combustion systems divided the fuels and 

oxidizers before entering the reaction zone, where mixing and 

combustion occur. Flame burning using gaseous fuels was 

studied by many researchers [4, 5]. Diffusion flame combustion 

systems increased the variety of operation with gaseous fuels, 

including extremely reactive hydrogen fuels [6]. Diffusion flames 

has been employed in a wide range of applications. When 

compared with premixed flame combustion, diffusion flame 

combustion has good practical value because it provides superior 

stability, safety, and a broad working range [7]. Inverse Diffusion 

Flame (the IDF) may produce both pure diffusion and premixed 

flames, it has the benefits of both in terms of operational safety, 

flame stability, and low pollutant emissions. Through increasing 

research focus, the IDF is projected to influence not just fuel 

processing but also combustion and emissions in the future [8]. 

Kaewpradap and Jugjai [9] examined the combustion flames 

using fuel and air velocity changes. Because of improved mixing 

between inside air and ambient air, the luminous flame length 

was reduced and the premixed flame length was increased by the 

designed the IDF burner. Lower flame length and flame 

temperature were obtained when the equivalence ratio was 

reduced. Elbaz and Robert [10] used high-speed photos of 

Particle Imaging Velocimetry to observe the IDF. It was 

indicated that increasing the air to fuel velocity ratio improves 

fuel entrainment into the air jet, therefore enhancing fuel-air jet 

mixing. Utria et al. [11] studied the multi-fuel-jet inverse 

diffusion flames characteristics. The results show that the 

oxidizer momentum influences the flame structure characteristics 

Revised:10 May, 2022, Accepted:7 July , 2022         

These measurements indicates the flame length and the diffusion 

mode extension. 

 Patel and Shah [12] studied flame length, axial and radial 

temperature variations, and noise during hydrogen enrichment in 

swirling and non-swirling IDFs. Because of the higher fuel 

combustion rate and a shorter reaction zone nearby, the addition 

of hydrogen shorted the flame length and increased the 

combustion noise. In non-swirling IDFs, it has been discovered 

that raising the hydrogen content at constant energy addition 

decreased CO emissions but increased NOx emissions. Kotb and 

Saad [13] studied the effect of equivalence ratio on thermal 

efficiency for co and counter-swirl domestic burners relative to 

non-swirl design using LPG as a fuel. Under all operation 

conditions examined, the thermal efficiency of both swirl burners, 

i.e. co and counter burners, was larger than the non-swirled 

burner (base burner). The operational range of the co swirl burner 

was higher than that of the counter swirl burner. Kotb and Saad 

[14] designed co-swirl and counter-swirl burners, to investigate 

flame shapes, temperature distribution, and emissions under 

various operating conditions. The co-swirl flame with the IDF 

was found to be shorter and more stable than the counter-swirl 

flame with inverse diffusion. The flame temperature and 

emissions were greater in flame center for co-swirl the IDF while, 

counter swirl flames produced less NOx. Kotb et al. [15] studied 

the effects of swirling flow and porous media on the flame shape, 

temperature, and gas emissions of a triple coaxial ports inverse 

diffusion flame (TCP-IDF). The results showed that swirl 

reduced CO and HC emissions while increasing the peak 

temperature and NOx emissions. Badiger et al. [16] conducted an 

experimental investigation on an the IDF burner. The effect of the 

diameter of the air nozzle, the orientation of the fuel nozzle, and 

the swirl in the central air nozzle on the IDF shape were 

examined. Saad et al. [17] studied the effect of swirling on a 

double ring home LPG burner's gas hob. Four different swirl 
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orientation patterns were used such as: co-swirl, counter-swirl, 

star-pattern swirl, and radial flow. Except for the Star pattern 

burner, where the thermal efficiency improved but CO emissions 

decreased, the results showed that swirl motion enhanced both 

thermal efficiency and reduces CO emissions. Under all operating 

conditions, increasing the pan height to the burner outer diameter 

reduced thermal efficiency and CO emissions.  Rabee et al. [18] 

investigated the effects of changing the diameters of the IDF 

burners on flame properties. The flame resembles a typical non-

premixed flame with larger burner diameters, and the entrainment 

zone is not visible. Entrainment zone and mixing-combustion 

zone structure begin to appear as the nozzle size is reduced. By 

decreasing the nozzle diameters, the flame length was reduced, 

while the temperature rise rate and centerline temperatures were 

raised. Smaller nozzle diameters result in quicker emissions 

production, as well as faster depletion of the centerline oxygen 

concentration. 

From the previous review, because of its stability and 

excellent emissions, the inverse diffusion flame (the IDF) is 

promising. The majority of the IDF publications are limited to 

models with short lengths. As a result, the main objective of the 

present work is studying the combustion characteristics of LPG 

inverse diffusion flame in a relatively larger test rig. The 

investi

gated parameters are swirl number of 0.5, 0.75, 1.5, and 2.0 and 

equivalence ratios of 0.75, 1.0, 1.5 and 2.0. The measured 

characteristics are flame shape, visible flame length, temperature 

patterns, and species concentrations. 

2. Experimental Test Rig 

To study the above parameters, an experimental test rig was 
designed and constructed as shown in Figure 1. The test rig 

consestes of several components. Firstly, a compressed air supply 

line which consists of a compressor, a control valve, a pressure 

gauge, and an air rotameter. Secondly, an LPG fuel supply line 

which consists of an LPG cylinder, a pressure gage, a pressure 

regulator valve, a fuel rotameter, and control valves to adjust the 

fuel path in cases of the IDF and the NDF. In the present study, 

the LPG fuel has a chemical composition of , by volume,  70% 

butane and 30% propane by volume [19]. Finally, the burner head 

consists of nine nozzles each with 2 mm diameter for the IDF and 

one central nozzle with 6 mm diameter for the NDF as shown in 

Figure 2. In the present study, the flame is unconfined. The 

burner was made up of steel with the detailed dimensions as 

shown in Figure 3. The burner is provided with fuel that enters in 

the same direction as air. The swirl number used are 0.5, 0.75, 1.0 

and 1.5 with equivalence ratios of 0.75, 1.0, 1.5, and 2.0. 

 

 

Figure 1: Aphotograph and  schematic diagram of the experimental test rig 

 

 

Figure 2: A photograph of the plane view of the burner head and the detailed dimensions of the air swirler 

  

IDF fuel nozzle 

NDF fuel nozzle 
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Figure 3: A photograph and detailed dimensions of the burner head 

 

3. Experimental Results and Discussion 

The experimental results consist of studying the LPG normal 

and inverse diffusion flame combustion characteristics such as: 

flame shape, visible flame length, species concentrations, and 

flame temperature distributions under different operating 

conditions including equivalence ratio of 0.75, 1, 1.5, and 2.0, 

and swirl number of 0.5, 0.75, 1.0 and 1.5. 

3.1. Flame Shape 

The flame shape in the present work is represented by flame 

photos taken using a digital camera, under different operating 

conditions. The appearance of the flame is dependent on the swirl 

numbers, S, and the equivalence ratios, Φ. The fuel mass flow 

rate was kept constant while the air mass flow rates was varied. 

These rates determine the overall equivalence ratio and the 

relationship between the impulses of the nozzles. The impulses of 

the nozzles help in understanding the physical processes involved 

in the IDF combustion. It can, also, help to differentiate between 

the IDF and the NDF. 

The effects of changing S on the flame shape at constant Φ = 

1.0 for the IDF and the NDF are shown in Figure 4. It is noticed 

that there is a lower blue zone surrounded by a luminous zone. 

By increasing the swirl number, the visible flame length is 

decreased for the IDF as shown in Figure 4a. For the NDF, 

visible flame has a small diameter as compared with the IDF, 

however, the NDF is longer. In addition, by increasing the swirl 

number, the visible flame length is decreased for the NDF as 

shown in Figure 4b. The flame's stability is improved 

significantly because of increasing S as  the air has more radial 

momentum. This gives it more time to mix with the fuel. A good 

mixture will make it easier to produce a stable combustion 

process. 

The effect of changing the equivalence ratio Φ on the flame 

shape at constant S = 0.5 for the IDF and the NDF are shown in 

Figure 5. It is shown that, by increasing the value of Φ, the flame 

size is increased with a slight decrease in the flame diameter for 

both the IDF and the NDF. A small blue region is detected in the 

case of the NDF at the beginning of the flame for Φ of 0.75 to 1.0, 

progressively decreasing until it reaches Φ = 2.0. The flame 

surface is wrinkled for the NDF and the flame is compact in its 

size for the IDF compared with the NDF. It is, also, shown that, 

with the increase of Φ, the air mass flow rate decreases and the 

flame length and size is increased for both the IDF and the NDF. 

In addtion, it is observed that the flame is attached for all the 

tested vaues of Φ.  

3.2. Visible Flame Length 

 The visible flame length is a significant characteristic for 

describing the IDF and the NDF, since it aids in determining the 

size of the combustion chamber and provides an indicator of 

residence duration [20]. Figure 6 shows the effect of equivalence 

ratios on visible flame length for both the IDF and the NDF at 

different air swirl numbers. From this figure it can be seen that 

the flame length is increased by increasing Φ. From Figure 6a, for 

the IDF, it is observed that, by increasing the equivalence ratio 

from 0.75 to 2.0, the visible flame length is increased by about 

39%, 91%, 108%, and 620% for air swirl numbers of 0.5, 0.75, 

1.0 and 1.5, respectively. The maximum value of visible flame 

length is found at Φ = 2.0 for S = 0.5, while the minimum value 

is occurred at Φ = 0.75 for S = 1.5.  

Figure 6b shows that, for the NDF, the visible flame length is 

increased by about 13%, 15%, 19%, and 18.6% for air swirl 

numbers of 0.5, 0.75, 1.0 and 1.5, respectively, when the 

equivalence ratio is increased from 0.75 to 2.  Generally, when 

the air swirl number increases, the flame length decreases for 

both the the IDF and the NDF. The flame length decreases as a 

result of increasing chemical reaction rate, resulting in a 

decrease in combustion duration. Furthermore, the values of 

visible flame length for the NDF are very high when compared 

with the IDF under the same operating conditions. 

3.3. Temperature Patterns 

To obtain a complete characterization of temperature patterns, 

the temperature distributions inside the flame were measured in 

both the radial and the axial directions along the flame to 
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understand the thermal structure of the IDF and the NDF.  In the 

present work, the temperatures of the flame were measured using 

a bare wire water-cooled thermocouple type B (Platinum 

Rhodium – 30% Platinum Rhodium – 6%). The thermocouple is 

introduced radially through the measuring ports arranged along 

with the traverse mechanism and moved with a radial increment 

of 10 mm as described in [21-24]. Temperature maps could be 

drawn under different operating conditions with the help of MS 

Excel for this purpose. The temperatures map is described by six 

temperature regions. Each region has a range of temperatures (in 

Kelvin) described by a certain color. The highest temperature 

region (from 1400 to 1600 K) is described by black color.

    

    
S = 0.5 S = 0.75 S = 1 S = 1.5 

Figure 4: The effect of swirl number on flame shape for (a) the IDF and (b) the NDF at Φ =1.0 and ṁf = 0.45 g/s 

    

    
Φ = 0.75 Φ = 1.0 Φ= 1.5 Φ = 2.0 

Figure 5: The effect of equivalence ratio on flame shape for (a) the IDF and (b) the NDF at S = 0.5 and ṁf = 0.45 g/s 

  a- the IDF b- the NDF 

Figure 6: The effect of equivalence ratio on visible flame length for different swirl number at (a)the IDF and (b)the NDF at ṁf = 

0.45 g/s 

(a) 

 

(b) 

 

(a) 

 

(b) 
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Figure 7 shows the effect of the equivalence ratio on the 

temperature maps for the IDF at S = 0.5. It is observed that the 

size of the high-temperature region (1400 – 1600 K) is the largest 

at Φ = 0.75 and is decreased with increasing the equivalence 

ratios until disappeared at Φ = 2.0. The region near the centerline 

and close to the burner head is associated with lower temperature 

compared with the radial region and it decreases when the 

equivalence ratio is increased due to the weak effect of chemical 

reaction in the centerline. The effect of equivalence ratio on 

temperature map for the NDF at S= 0.5 is shown in Figure 8. It is 

observed that the high temperatures region (red region from 1000 

to 1200 K) is located around centerline of the flame. Moreover, 

by increasing the equivalence ratio, the temperature levels and 

flame diameter are decreased while the flame length is increased. 

The effects of swirl number on temperature maps for the IDF 

and the NDF at Φ = 1.0 are shown in Figures 9 and 

10,respectively. It is observed that the black region appears 

clearly with a large size at S = 1.0 and S = 1.5 for the IDF, while 

the highest temperature region at range of (1200-1400 K) is 

achieved at S = 1.0 in the case of the NDF. Figure 11 shows that 

the effect of equivalence ratio on maximum flame temperature 

for the IDF and the NDF at S = 0.5, and S = 1.0. It can be seen 

that, by increasing Φ from 0.75 to 2.0, the maximum temperature 

decreases by about 16 and 8 % for the the IDF and the NDF, 

respectively at S = 0.5, while the maximum temperature 

decreases by about 8.5 and 8 %, a for the IDF and the NDF, 

respectively at S= 1.0. Moreover, the maximum temperature for 

the the IDF is higher than that for the NDF at all air swirl 

numbers. 

Φ = 0.75 Φ = 1.0 Φ = 1.5 Φ = 2.0 

Figure 7: The effect of equivalence ratio on temperature map for IDF [S = 0.5, ṁf = 0.45 g/s] 

Φ = 0.75 Φ = 1.0 
  

Φ =1.5 Φ = 2.0 
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1600-1400 K 1400-1200 K 1200-1000 K 1000-800 K 800-600 K 600-400 K 
 

Figure 8: The effect of equivalence ratio on temperature map for the NDF [S = 0.5, ṁf = 0.45 g/s] 

  
S = 0.5 

 
S = 0.75 

 
S = 1.0 

 
S = 1.5 

Figure 9: The effect of swirl number on temperature map for the IDF [Φ = 1.0, ṁf = 0.45 g/s] 

 
S = 0.5 

 
S = 0.75 

  
S =1.0 

 
S = 1.5 

      
 

1600-1400 K 1400-1200 K 1200-1000 K 1000-800 K 800-600 K 600-400 K 
 

Figure 10: The effect of swirl number on temperature map for the NDF [Φ = 1.0, ṁf = 0.45 g/s] 

(a) (b) 
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Figure 11: The effect of equivalence ratio on maximum flame temperature for the NDF and the IDF at ṁf = 0.45 g/s 

for (a) S = 0.5 and (b) S = 1.0 

3.4. Species Concentrations 

 The composition of gas species concentrations gives information about the combustion process and combustion efficiency. Therefore, species concentrations of the IDF and the NDF were studied under different operating conditions. NO, CO, CO2, and O2 emissions are measured at the flame axial centerline using infrared AO2000 series gas analyzer (Advance Optima Uras 26 for CO2, CO and 

NO measurements with measuring ranges of 0 -100 vol. %, 0 - 5 

vol. % and 0 - 5000 ppm, respectively and Magnos 206 for O2 

measurement with a measuring range of 0 – 21 vol. %). The 

species concentrations were measured and presented at the axial 

centerline for S = 0.5. The species concentrations for different 

equivalence ratios for the IDF at S = 0.5 are shown in Figure 12. 

It is observed that, by moving axially downstream inside the 

flame center, the concentrations of NO, CO2 and CO are 

increased until reaching their maximum values at X/D = 0.6 to 

1.08 while the concentrations of O2 are decreased. 

 Figure 13 shows the effect of variation of Φ on the 

concentrations of NO with temperature, for the IDF. It is 

observed that, by increasing the equivalence ratio, NO 

concentrations are steadily raised until they reach their 

maximum at the peak temperature value and become closer to 

the beginning of burner. It is found that, for Φ = 0.75, the peak 

value of NO and temperature is occurred at X/D = 1.08, while it 

occurred at X/D = 0.75 at Φ = 2.0. In the case of the NDF, the 

concentrations of NO, CO2 and CO have the maximum values at 

the beginning of the burner as shown in Figure 14. This indicate 

that the chemical reaction is started after burner head directly. It 

is observed that the maximum value of NO for the IDF is found 

to be 35 ppm, while for the NDF it is 245 ppm. In general, NO 

concentrations vary with the temperature of the primary reaction 

zone. Because the flame is largely premixed in nature, the 

temperature of the flame rises because of two factors can impact 

the NO concentration at the axial center. These factors are the 

mean flame temperature and the residence time of the flame 

gases in the high-temperature flame zone as a result of the 

internal recirculation zone. 

 In the IDF, the CO concentration is observed to be lower than 

that in the NDF. The emission of CO at low Φ is attributed to 

the extended effect of the flame cooling, further reducing the 

temperature of the flame. Thereafter, the concentration 

decreases due to dilution of the flue gas by the entrained 

ambient air and due to oxidation of CO to CO2. It is observed 

that the CO concentration reaches the peak value of 2900 ppm 

for the IDF at Φ = 1.5 and 35000 ppm for the NDF at Φ = 1.0.  

The percentage of the O2 concentration decreases when the 

concentration of the rest of the previous emissions increases, 

which indicates that the oxygen has been consumed during the 

chemical reaction process. 

Figure 15 shows the axial centerline NO concentrations and 

gas temperature profiles for different Φ in the case of the NDF with 

S = 0.5. It can be seen that both NO and gas temperature curves 

have the same trend, and the maximum values of the NO 

concentrations occur at the same position where the maximum 

temperature takes place. This indicates that the thermal NO 

mechanism is the predominant one according to Zeldovich 

mechanism that describes the oxidation of nitrogen and NOx 

formation [23]. 

  

  

Figure 12: Axial center line species concentrations for different Φ at the IDF, S = 0.5 
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  Figure 13: Axial center line NO concentrations with temperature at different Φ for the IDF, S = 0.5 

  

  
Figure 14: Axial center line species concentrations for different Φ at the NDF, S = 0.5 

  
Figure 15: Axial center line NO concentrations with temperature for different Φ at the NDF, S = 0.5 

4. Conclusion 

From the experimental results of the present study and by 

changing the combustion air swirl number as 0.5, 0.75, 1.0, and 

1.5, and equivalence ratio as 0.75, 1.0, 1.5, and 2.0, and 

measuring the flame shape, visible flame length, temperature 

patterns, and species concentrations are measured, the following 

conclusions can be drawn: 

 By increasing Φ from 0.75 to 2.0, the flame size increased with 

a slight decrease in flame diameter for the IDF. 

 By increasing Φ from 0.75 to 2.0, the visible flame length, for 

the IDF, increased by about 39%, 91%, 108%, and 620% for air 

swirl number 0.5, 0.75, 1.0 and 1.5, respectively.  

 The maximum value of the visible flame length, for the IDF, 

was found at Φ = 2.0 for S = 0.5, while the minimum value was 

occurred at Φ = 0.75 for S = 1.5.  

 By increasing Φ from 0.75 to 2.0, the maximum temperature 

decreased by about 16 and 8 % for the IDF and the NDF, 

respectively at S = 0.5, while the maximum temperature 

decreases by about 8.5 and 8 %, a for the IDF and the NDF, at 

S= 1.0. 
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 The species concentrations of NO, CO2 and CO were increased 

until reaching their maximum values then decreased, while, the 

concentrations of O2 were decreased. 

 By increasing S, the visible flame length decreased for the IDF 

and the NDF. 

 By increasing S, the values of the IDF visible flame length were 

very large compared with IDF at the same operating condition. 

  The peak concentration value of NO is close to the high-

temperature zone then the concentration of NO is decreased 

gradually towards the end of the flame. 
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Abbreviation and symbols 

D Burner diameter, 20 cm 

IDF Inverse diffusion flame 

Lf Flame length, cm 

LPG Liquefied Petroleum Gas 

NDF Normal diffusion flame 

R Burner radius, 10 cm 

r/R Dimensionless radial distance 

S Swirl number 

X/D Dimensionless axial distance 

Φ Equivalence ratio 
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