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Abstract 

The present paper experimentally examines the influence of the progressive 

variations of the central air jet velocity in a concentric circular-elliptical inverse 

diffusion flame (IDF) on the visual and thermal structure and stability of the 

developed flames. All experiments are conducted at a fixed fuel flow rate (liquefied 

petroleum gas) throughput that emerges from the annular elliptic passage having an 

aspect ratio of 2:1. The visual images are aided via a digital camera and 

shadowgraphs, while the thermal structure (axial and radial temperature profiles) is 

acquired using a bare fine wire (125 µm) thermocouple; rendering radiation loss 

insignificant. The visual images and shadowgraphs clearly indicate the existence of 

four regimes: (i) an annular partially premixed region at the burner rim, (ii) an inner 

central premixed blue flame, (iii) an outer luminous yellowish post combustion zone 

and (iv) the flame tip buoyant zone. The progressive increases of the central average 

air velocity (�̅�𝑎 = 7.4 m/s up to 31.3 m/s) result in shortening the visible flame length 

and narrowing the flame width. These are coupled with changing the flame 

appearance from a yellowish diffusion flame with a sooty core regime to an intense 

central premixed flame surrounded by a soot ring to blue flames exhibiting intense 

central radiation regime associated with soot oxidation. At extremely high air velocity 

> 21 m/s, locals flame extinction and re-ignition occurs at the boundaries of the ellipse 

minor axis and further increase of �̅�𝑎 causes complete extinction of the main flame. 

These findings are very much supported by the mean gas temperature measurements 

that indicate steep temperature rise associated with the formation of a central 

premixed combustion within the flame core which is followed by the diffusion mode 

of combustion. A plateau of the axial temperature profiles is observed in the transition 

zone between the two regions whereby the rise in temperature due to soot oxidation 

is balanced by the radiation loss.  

Keywords: Inverse diffusion flame, Elliptic burner, Liquefied petroleum gas, Flame 

structure, Flame stability     
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Nomenclature 

Lf   Visible flame length measured from burner exit to flame tip [mm] 

�̅�𝑎 Averaged velocity of the central air jet  [m/s] 

�̅�𝑓 Averaged velocity of the fuel jet [m/s] 

y Height vertical distance measured from burner exit    [mm] 

   

1 Introduction 

Diffusion (non-premixed) flame represents one of the most common flame 

configurations in the combustion systems. The inverse diffusion flame (IDF) is a distinct 

sort of diffusion flames, which varies from the ordinary diffusion flame in the relative 

position of air and fuel jets. In the IDF, a central air jet is surrounded by an outside fuel 

jet, and the fuel is entrained inward by the high-velocity jet of air and merges with the 

air to form a partially premixed flame. Otherwise, it could burn mainly in the diffusion 

mode. The normal diffusion flame has a broad flammability limit. While the premixed 

flame has the characteristics of low formation of soot. Inverse diffusion flame exhibits 

the characteristics of both premixed and non-premixed (diffusion) flames, hence, can 

exploit the advantages of both flames in term of stability limit improvement, lower 

pollutants, and operating safety. The IDF is cleaner than normal diffusion flame and is 

improbable to the lift off and flash back phenomena when compared to a premixed 

flame. Consequently, the feasibility of utilizing IDFs in domestic and industrial heating 

applications is of interest, [1–5]. 

The flame stability investigation is a key issue in any combustion research. The study 

of flame stability is essential to understand the operating range of the combustor. The 

flame stability of a laminar inverse diffusion flame was investigated in a previous study. 

It identified six different types of flames at a wide range of fuel and air velocities with 

a double concentric tube, Ref.[6]. Other studies reported the flame stability limits of 

turbulent IDFs for different burner configurations and different fuels, [3], [7]–[10]. The 

turbulent flame stability limits of a recessed and back step Co-axial burners was 

examined and it was observed that the back step burner flame has a lower flame stability 

limit than the coaxial IDF, [8]. An experimental study investigated the flame structure 

of a methane IDF and its dependence on central air and coaxial fuel velocities using OH-

Planer laser–induced fluorescence (OH-PLIF) technique. Its OH measurements 

indicated local extinction occurrence, especially at the higher air-fuel velocity ratio, [9]. 

Another study introduced the stability limits and near blowout characteristics of 

unrecessed and recessed compressed natural gas (CNG) inverse jet flames by varying 

air jet velocity at a constant fuel jet velocity. The results revealed that unrecessed flames 

have higher flame stability as compared to the recessed flames for the same fuel jet 

velocity, [10]. 

Numerous previous studies have already been performed to understand IDFs 

characteristics. The length of laminar IDF proportionally increases with the air flow rate, 

[11],[12]. The diameter of the nozzle and the flow rate of air and fuel also affect the 

structure, thermal characteristics, and flame length of IDF, [13]. The air-fuel ratio also 

has effects on the flame appearance and centerline temperature distribution,[14]. The 
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effect of various air/fuel velocity ratio at a fixed fuel flow rate on the flame structure 

was studied to realize the role of mixing and entrainment in IDF, [9],[15]. The effect of 

burner configuration influences the thermal structure of the IDFs because of the mixing 

quality between fuel and air, [5]. Also, the diameter of the airport influences  the 

characteristics the heat transfer of IDFs, [16]. The effects of Reynolds number and 

equivalence ratios on centerline temperature, flame shape and CO emissions are also 

reported, [17]. The characteristics of the swirl-stabilized IDF including heat transfer, 

flame appearance, and emissions are reported in, [1], [2], [18]. Other studies investigated 

the characteristics of the IDF experimentally as well as numerically, they investigated 

the flame appearance, centerline temperature distribution, and the flame length, [19], 

[20]. 

Some previous studies investigated the effect of burner tubes’ shapes either circular or 

elliptical. The effects of elliptic and circle burner geometries on stability and global 

emission characteristics of premixed and partially premixed flames were reported in 

[21],[22]. They found that the elliptical burner geometry reduced the blowout stability. 

The premixed flames of elliptic burners characterize lower liftoff velocity, shorter, and 

lower heat radiation to the surrounding as compared to circular burner flames. Also, they 

produce higher peak in-flame temperatures and produced less peak NO as compared to 

circular burner, [23]. 

The concentric elliptic burners have also undergone several investigations with co- and 

cross-flow streams. The effect of elliptic burner orientation with respect to co-flow pipe 

on the stability limits and global emissions of diffusion flames were reported in [24]. It 

was found that elliptic burner diffusion flames when properly employed in elliptic co-

flow could reduce certain pollutants. Jet diffusion flames of another concentric elliptic 

burner with co- and cross-flow streams were examined in [25]. Shadow graphic imaging 

using ultraviolet laser was performed on non-premixed flame issuing from concentric 

elliptic burner, [26]. 

The demand for utilizing sustainable fuel sources in power generation and thermal 

processes has increased with the concern of the limited resources of petroleum-based 

fuels and greenhouse gases emissions. Liquefied petroleum gas (LPG) is considered in 

many research as one of the major future energy resources due to its wide availability 

[27], [28]. LPG characterizes clean, relatively low cost and abundant energy source, 

which drives the research to study its combustion characteristics to improve the prime 

movers efficiencies with reducing the NOx emissions, [28]. 

From the previous literature overview, it is found that the effect of elliptical burner shape 

on IDF characteristics was not well covered. So, the current study discusses the stability 

limits and structure of IDFs issuing from a concentric circular-elliptic burner. The effect 

of varying the central air velocity with constant fuel velocity on flame characteristics 

will be discussed. The study includes visual and shadowgraph imaging and inflame 

temperature measurements to investigate the flame structure. The flame images at 

different operating conditions are compared and analyzed. The analyses are focused on 

providing the associated variations in visible flame length, and shadowgraph imaging to 

show the details of different flame zones. The changes of axial and radial flame 

temperature inside the flame regimes are measured and analyzed for selected cases. 
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2 Experimental Setup, Facilities, and Program   

Figure (1) depicts the schematic diagram of the experimental setup, which contains the 

following: 

2.1 Burner test-rig 

The elliptic vertical burner shown in Figure (2) comprises of three concentric coaxial 

vertical tubes of stainless steel having a length of 300mm each. The central round tube 

has an inner diameter of 8mm. The inner elliptic tube has major and minor axes of 30mm 

and 15mm, respectively (Aspect ratio 2:1). The outer elliptic tube has major and minor 

axes of 70mm and 35mm, respectively (Aspect ratio 2:1). Fuel (LPG) exits through the 

inner elliptic tube and the air (central air) exits through the central round tube. The outer 

air of the outer elliptic tube is turned off in the current study. The assembly of the burner 

can be traversed in the horizontal and vertical directions. The movements are 

implemented by linear DC motors to scan the flame radially and axially. The movements 

are controlled by a software (LabVIEW) with a resolution of up to ± 0.05 mm.  The test 

rig is housed inside a rectangle room having side glass walls to further prevent the effects 

of any natural drafts. The present experimental program for the whole investigated cases 

is summarized in Table (1).The fuel flow rate is adjusted at a fixed value of 0.4 l/min 

and the total flow rate of the central air is varied from 40 to 54 l/min. The fuel used is 

liquefied petroleum gas (LPG) composed of 70% Butane C4H10 and 30% Propane C3H8, 

[28]. The fuel flow rate is electronically controlled by an ON/OFF solenoid valve 

through Lab VIEW program and measured by a calibrated ball rotameter having a full 

scale of 4 l/min. The air is supplied from air compressor. The air pressure from the 

compressor is regulated by pressure regulator. The central airflow rate is controlled by 

a needle valve and measured by orifice meter with a U-tube manometer. 

2.2 Measuring systems 

2.2.1 Flame visualization system 

A digital camera having a high resolution of 30.3 Megapixels is employed to obtain 

accurate, highly resolved, and colorful visual images of the flames under different 

operating conditions. These images allow obtaining both the visual flame length as well 

as identifying the different flame regimes. 

2.2.2 Shadowgraph imaging system  

The shadowgraph imaging of the investigated flames is obtained to differentiate between 

the flame zones.  A low power 20-mW compact continuous wave (CW) 405 nm laser 

diode is used to backlight in order to generate a large flow field shadowgraph on a distant 

florescent screen. The florescent screen is made of a standard fluorescent sticker that 

appears pale under the illumination of burner flames but glows under ultraviolet and 

blue laser radiation (300-420 nm). A digital camera is used to image the flame shadows. 

The acquired images undergo processing sequence (a to c) to improve their quality and 

to clear their details, see Figure (3). Mathematica 12.1 software was used to process and 

analyze the acquired images. 
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Figure (1) Schematic diagram of the experiment set-up. 

 

 
Figure (2) Elliptic burner details. 
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Table (1) Experimental program. 

Run �̅�𝑓[m/s] �̅�𝑎[m/s] 

Measurements 

Visual 

Imaging 

Shadowgraph 

Imaging 

In-Flame 

Temperature 

A 0.026 13.26 √ √ Axial 

B 0.026 14.42 √ √ Axial 

C 0.026 15.58 √ √ Axial & Radial 

D 0.026 16.74 √ √ Axial 

E 0.026 17.90 √ √ Axial 

 
(a)                                     (b)                                     (c) 

Figure (3) Image processing sequence for shadowgraph imaging, (a) raw image, (b) 

gray-scale image, and (c) sharpen image. 

2.2.3 In-flame temperature measurement 

Mean in-flame temperature was obtained by a 125μm platinum/platinum 10% Rhodium 

(type-S) wire thermocouple. The signal of the thermocouple is digitized by the usage of 

the Omega USB reader and its interface software by connecting to the PC. Radiation 

corrections were performed as in, [29], assuming a thermocouple emissivity of 0.2. The 

radiation corrections never exceed 30°C, giving further support to the previous findings 

that radiation loss could be ignored for fine wire thermocouples,[30]. 

3 Results and Discussion 

3.1 IDF structure 

All IDFs comprise base and main flames (dual structure) as depicted in Figure (4-a). 

The base flame is two crescent-shaped lower parts of the IDF between the flame neck 

and the burner exit, also known as the entrainment zone, where the fuel is entrained 

towards the central air jet, as depicted in Figure (4-b). At the flame base, a portion of 

the fuel burns in diffusion mode, and the other portion is entrained into the central air 

jet to burn premixed mode. The base flame is serving as a pilot flame, which heats the 

incoming reactants to stabilize the main flame. The main flame is the upper part of the 

IDF ensuing from the neck of the flame and contains the post- combustion zone and the 

inner reaction zone (blue zone), as depicted in Figure (4-b). The base and main flames 

are separated by a flame neck region with a yellow soot ring surrounds the flame neck 

[3]. The IDFs have unique flame characteristics including a base flame that is absent in 



Adel Mohamed Hussien / Engineering Research Journal 171 (September 2021) M33- M50 

M39 

NDF configurations. Moreover, the central airflow rate is in the turbulent regime and 

the fuel flow rate is in the laminar regime, [3], [20]. 

 
Figure (4) (a) Image of IDF appearance and (b) Schematic structure of IDF flame  

3.2 Flame stability 

The flame stability of IDFs is an essential parameter used to determine the range of 

operating conditions that can sustain a stable flame. A flame is considered stable if it 

was free of main flame local extinctions and it worth mention that there is no total flame 

blow-off for the current burner configuration. The flame stability in the current study of 

the LPG IDFs for the elliptic burner is investigated by varying the airflow rate at a fixed 

fuel flow rate. The following sections include analysis of the appearance and stability 

characteristics of LPG IDFs of the elliptic burner over a wide limit of operating 

conditions.  

3.2.1 Flame appearance  

As depicted in Figure (5), the effect of the central air jet velocity at constant fuel flow 

velocity of 0.026m/s on the visual flame appearance is examined. It is important to 

obtain a change in the overall equivalence ratio with maintaining a fixed thermal input. 

At the lower central air jet velocity (�̅�𝑎=7.4m/s), the flame has a similar appearance to a 

pure normal diffusion flame. The fuel burns with the air entrained from its surroundings, 

and the flame is highly luminous due to the soot incandescence. For a certain range of 

air velocity (�̅�𝑎=11.7-17.9 m/s), an IDF is established inside an ordinary diffusion flame. 

Similar flames were observed and reported in previous studies, [4], [13]. The IDF with 

lower blue zone enveloped by a luminous zone is observed in Figure (5b) for a central 

air velocity (�̅�𝑎=11.7 m/s). The blue flame with a soot ring at the neck of the flame is 

observed in Figure (5b-d) for a central air velocity range (�̅�𝑎=18.6-17.6 m/s), and the 

main flame becomes non-luminous because of improvement of partial premixing 

between air and fuel caused by air momentum increasing. Also, the soot ring decreases 

with increasing the air velocity due to combustion enhancement. 

With increasing the air jet velocity (�̅�𝑎=21.9-26.4 m/s), the main flame faces local 

extinctions and re-ignitions (flame tearing) as observed in Figure (5e-f). This is caused 

by an increasing in the strain rate. The strain rate parameter is determined by (�̅�𝑎 –�̅�𝑓) 
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/D, where D is the diameter of central air pipe. With increasing the air velocity (�̅�𝑓>31.3 

m/s), higher strain rate occurs at the air and fuel streams interface, which can cause the 

intense interaction of the vortical structure in the shear layer with the main flame, [7]. 

This leads to the disappear of the re-ignition phenomenon, which leads to main flame 

extinction as observed in Figure (5g).  

 
Figure (5) The flame appearance with increasing air velocity �̅�𝒂 at a constant fuel 

velocity �̅�𝒇= 0.026 m/s. 

3.2.2 Flame stability characteristics 

The flame stability mapping was implemented by varying air velocity with constant fuel 

velocity as depicted in Figure (6). The flame stability regions comprise of yellow flame, 

blue flame, local flame extinction and re-ignition, and main flame extinction. For the 

current burner configuration, the operating conditions at very low air velocity led to 

normal diffusion flames. The IDF with lower blue zone enveloped by luminous zone 

appears at the upper region of the yellow flame zone. The blue flame zone lies above 

the yellow flame zone up to the air velocity value of 22m/s. Because of the enhanced 

mixing among fuel and air, the flames become momentum dominated instead of 

diffusion dominated that makes the flames blue. 

The almost-constant air velocity value of 22m/s forms a strain rate limit for the stable 

blue flames in conjunction with the fuel properties (i.e., burning velocity). With air 

velocity higher than 22m/s, the local extinction and re-ignition zone begins. With 

increasing air velocity, the interaction of the main flame with shear layer vortices can 

result in the greater flame stretch which can perform to main flame extinction. The main 

flame extinguishes from the neck of the flame while the base flame remains attached to 

the burner edge. The main flame extinction zone occurs for air velocity higher than 

32m/s. The main flame extinction limit increases slowly up to a constant fuel velocity 

of 0.056 m/s. It is important to observe that the main flame extinction limit keeps almost 

unchanged for the fuel velocity range of 0.056-0.064 m/s. The main flame extinction 

occurs because of high strain rates at the interface of the base and main flames 

accompanied by high rates of heat dissipation due to the high core momentum, [7]. 

Moreover, the equivalence ratio of the mixture at the main flame decreases significantly 

with an increase in the strain rate due to ambient air entrainment,[7]. It is remarkable to 

note that the flame lift-off phenomenon is absent because the base flame stabilizes and 



Adel Mohamed Hussien / Engineering Research Journal 171 (September 2021) M33- M50 

M41 

anchors the main flame to the rim of the burner. This is due to the base flame is stabilized 

with the surrounding air like a normal diffusion flame.  
 

 
Figure (6) Flame stability map for the current burner configuration. 

3.3 Varying central air velocity at constant thermal input   

3.3.1 Flame appearances   

The appearance of the flames helps in understanding the physical processes involved in 

the IDF combustion. The IDF's appearance relies on the burner configuration, the air 

velocity jet, and the fuel velocity. The IDF images with increasing air jet velocity, 

�̅�𝑎=13.26 to 17.9 m/s at fixed fuel velocity �̅�𝑓=0.026 m/s for major and minor axes are 

shown in Figure (7) and Figure (8). The enhanced mixing between air and fuel jets with 

increasing the air velocity is evident of an absent luminous zone. Moreover, the flame 

is observed to become thinner with air velocity increase. Due to the fuel is introduced 

through an elliptical tube around the circular air jet, a non-homogenous fuel distribution 

through the entraining air jet is existing. This leads to reshaping the flame on both major 

and minor axes of the elliptic fuel tube. 

For Runs A and B, the blue zone enclosed by a luminous zone of the IDF was previously 

mentioned by Wu and Essenhigh, [6]. The formation of the luminous zone is due to the 

low air jet momentum, which reduces the effectiveness of fuel-air mixing. The increase 

in the velocity of the central air jet reduces the flame luminosity in the upper portion of 

IDF as observed in (Run C). The reduced flame luminosity with an increase in air jet 

velocity is an indication of reduced soot formation. It is evident that the soot ring at the 

top of the flame base in IDF refers to soot formation, which is attributed to the non-

premixed combustion of the fuel. With increasing the air velocity, both the luminous 

zone and the soot ring decrease (Run D and E). The higher entrainment of the annular 

fuel jet by the central air jet enhances the air-fuel mixing that imparts a partially 

premixed structure to the IDF. It can be noted that with increasing the central air jet 
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velocity, the length of the IDF is reduced, as shown in Figure (7) and Figure (8). It 

should be noted that for a fixed fuel jet velocity, the IDF main flame becomes locally 

lean with an increase in air jet velocity. Also, the main flame entrains more air from the 

ambient, that can create its local equivalence ratio further leaner. 

In a pure normal diffusion flame, the fuel is burned with an entrained air from the 

surrounding; thus, the flame is yellow. In IDFs, the central air jet drags the fuel jet. The 

degree of fuel entrainment by the air jet determines the degree to that the fuel is burned 

in the premixed mode or diffusion mode. Change in the color of the IDF is an indication 

of the effect of the entrainment of the fuel jet. It can be observed that the increasing air 

velocity jet enhances the entrainment of the fuel jet, which, performs to more fuel burnt 

in the premixed mode, [2]. The same influences of air jet velocity on color and flame 

length have been reported in, [2],[5]. Finally, at higher air jet velocity, stronger 

entrainment and turbulence aid mixing among fuel and air, so that the flame becomes 

more intense and shorter. 

3.3.2 Visible flame length  

In addition to the flame appearance, the visible length of the flame is a significant feature 

of the IDFs. The visible flame length is an important parameter to describe IDFs, which 

aid in estimating the range of mixing in air/fuel jets and it is an indication for the 

residence time. It is a significant to relate the visible flame length with dominant 

parameters such as exit tube diameters and air/fuel jet velocities, which will be helpful 

in designing practical combustion processes. The visible flame length is defined as the 

summation of the base flame and main flame lengths. 

In the present study, the visible flame length of LPG IDFs is investigated by varying the 

central air jet velocities at a constant fuel jet velocity, �̅�𝑓= 0.026m/s as shown in Figure 

(9). It can be found that there is a decrease in visible flame lengths (blue curve) with the 

increase of central air jet velocity for a constant fuel jet velocity, [2], [13], [14]. The 

flame length, Lf, is affected by the relative velocity between air and fuel jets (�̅�𝑎-�̅�𝑓). 

The increasing in the relative velocity between fuel and air jets causes an increase in the 

shear between them. The shear increases the turbulence intensity which enhances the 

air-fuel mixing resulting in a shorter flame. Also, the length of the base flame (red curve) 

decreases almost linearly and changes very little with the increase in the central air jet 

velocity. This is because the central air entrains more fuel and ambient air, [31]. 

3.3.3 Shadowgraph imaging    

Shadowgraph imaging is an ultra-simple method to generate a large flow field 

shadowgraph and show the details of different flame zones. The shadowgraph images 

evident flame zones that do not appear in the normal flame visual imaging. Figure (10) 

and Figure (11) compare the shadowgraph images of the IDFs with varying the air 

velocity at a constant fuel velocity for the major and minor axes. With increasing the air 

velocity, the air entrainment increases as shown in  Figure (10), where the outer flow 

shield moves inward to the inner flow jet. Also, more excessive interaction of the 

vortical structure in the shear layer with the inner jet, see Figure (11). Increasing the air 

velocity led to increasing corrugation in the flames. This is an indication that the flame 

length decreases with increasing the air velocity.    
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Figure (7) IDF images with varying central air velocities, �̅�𝒂at a constant fuel velocity, 

�̅�𝒇= 0.026 m/s for major axis. 

 
Figure (8) IDF images with varying central air velocities, �̅�𝒂 at a constant fuel velocity, 

�̅�𝒇= 0.026 m/s for minor axis. 

 
Figure (9) Visible Flame length variations with different air velocity at a constant fuel 

velocity of �̅�𝒇 =0.026 m/s. 
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Figure (10) Shadowgraph images of IDFs with varying central air velocity at a constant 

fuel velocity, �̅�𝒇 = 0.026 m/s for major axis. 

 

Figure (11) Shadowgraph images of IDFs with varying central air velocity at a constant 

fuel velocity, �̅�𝒇= 0.026 m/s for minor axis. 

3.3.4 Axial and radial temperature measurement   

In order to understand the thermal structure of the IDFs, temperature profiles including 

the axial and radial temperature distributions and the temperature contour are introduced 

in the next sub-sections. 

3.3.4.1 Centerline Temperature Distribution (Axial Temperature)  

The mean centerline temperatures of the LPG IDFs versus the axial distance y for 

varying air velocities with a constant fuel velocity are shown in Figure (12). Generally, 

the value of the peak means centerline temperature decreases with increasing the air 

velocity. This is because the air velocity increasing causes cooling down the flame core 

(central region) while the heat input remains constant, [32]. 

For all flames, the mean centerline temperature gradually increases in the vicinity of the 

base flame up to the value of axial distance an almost (y=40mm) from the burner rim. 

Then, the temperature increases by a very steep climb up to the blue zone (inner reaction 

cone). The temperature has almost close values (the peak) due to the color of central 

region evens out, [13]. The peak centerline temperature is reasonably coincident with 

the blue zone, [2]. However, the temperature gradually decreases as the axial distance 

ascends into the post combustion zone due to the heat release in the main flame is 

transported by convection. This is due to the entrained cold ambient air dilutes and cools 

down the combustion products.  

Outer flow 

shield 

Inner flow 

jet 

Vortical 

structure 

interaction 
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The maximum temperature position within the blue zone (inner reaction cone) exhibits 

position shifting while increasing the air velocity due to blue zone length variations, as 

shown in Figure (12). With increasing the air velocity from 13.26 to 14.42 m/s, the peak 

temperature position moves downstream the inner reaction zone. This is due to the inner 

reaction zone is reconstructed and grows up during the conversion from the normal 

diffusion flame to establish the IDF. While increasing the air velocity up to 17.9 m/s, the 

peak temperature position gradually moved upstream the reaction zone. This is attributed 

to the enhanced mixing between fuel and air, which leads to retract the inner reaction 

zone. This is an indication to a shorter flame as discussed earlier. For the air velocity of 

17.9 m/s, the peak value slightly increases due to the flame slender.  

  

 
Figure (12) Centerline temperature distribution with different air velocity at constant 

fuel velocity of �̅�𝒇 =0.026 m/s. 

3.3.4.2 Radial Temperature 

 

Figure (13) shows radial profiles of temperature distribution for major and minor axes 

at different axial distance (y=30, 60, 120, 180 and 240mm) at �̅�𝑎= 15.58m/s and 

�̅�𝑓=0.026m/s. The temperature profile at y=30 and 60mm, the temperature is low at the 

flame centerline and increases sharply in the radial direction to the peak and then falls 

rapidly. However, the temperature profile at y=120 mm poses the same trend but with 

smoother variation. It is seen that the radial temperature profiles have peak values at the 

radial positions from 5 to 10mm from the center-line. The rapid rise in the temperature 

is attributed to the preheating of the air-fuel mixture form the reaction (combustion) 

zone. After rising the mixture temperature to the reaction limit, the combustion occurs 

forming the reaction zone with the highest temperature. Due to the high entrainment of 

the ambient cold air, the temperature falls rapidly towards the outside of the flame in the 

radial direction. The centerline temperature has the highest value in the radial profiles 
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for y=180 and 024 mm. This is attributed to the cold ambient air entrained into the flame 

that cools down the hot combustion products, [33].  

Although the distributions of the radial temperature for the major and minor axes follow 

the same trend as shown in Figure (13), there is a difference between them. For the entire 

range of axial distance, the highest temperature on a minor axis is higher than that on 

the major axis. This is attributed to non-homogenous fuel distribution through the 

entraining air jet because the fuel is introduced through an elliptical tube around the 

circular air jet. Also, at y=120mm, the temperature profile on minor axis is wider than 

the profile on the major axis, that is because the flame in the minor plane (parallel to the 

minor axis) is V-shape. 

        

 
 

Figure (13) Radial temperature distribution at different axial distance, y, for 

�̅�𝒂=15.58m/s and �̅�𝒇 =0.026m/s; (a) Major direction (b) Minor direction. 

 

The temperature contours for the major and minor axes under the same �̅�𝑎and �̅�𝑓, are 

shown in Figure (14). The temperature distribution can be divided into four specific 

regions, namely: the base flame zone, mixing zone, main reaction zone, and post-

combustion zone, [1],[33]. The base flame (entrainment zone) has relatively low 

temperatures due to the low-temperature fresh reactants. The base flame comprises a 

cool core which is located in the potential core region of the air jet. In the mixing zone, 

the flame temperature steadily increases from the flame neck due to the chemical 

reaction, while the temperature at the core of the flame is still cold due to the presence 

of the air jet at the flame axis. The main reaction zone (inner reaction cone) is typically 

associated with the maximum flame temperature. This is due to the completion of the 

air/fuel mixing process and the release of more heat. The post-combustion zone is 

associated with the decrease in the temperature due to the entrainment of ambient air 

that cools down the hot combustion products, as well as the lower liberated heat. It can 

be observed that the temperature contours are dense in the closeness of main reaction 

zone. 

 

 

(a) (b) 
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Figure (14) Temperature contours of the IDF at �̅�𝒂= 15.58m/s and �̅�𝒇=0.026m/s for both 

major and minor directions. 

4 Conclusions  

An experimental study is performed to investigate the stability limits and flame structure 

of IDFs issuing from a concentric circular/elliptic burner. The stability limits of IDFs in 

the present study is implemented by varying central air velocity at a constant fuel 

velocity. The influences of varying central air velocity with constant fuel velocity on 

flame appearance, shadowgraph imaging, flame length, and flame temperature 

distribution were examined. The major conclusion of this study may be summarized as 

follows:    

(1) The IDF structure comprise base and main flames. The base flame exhibits a pilot 

flame, which stabilizes the main flame. The base and main flames are separated 

by flame neck region with a soot ring around the flame neck. The appearance of 

IDFs characterizes dual structure (a bluish reaction zone confined in a diffusion 

combustion zone).  
 

(2) The flame stability comprises four stages, yellow flame, blue flame, local flame 

extinction and re-ignition, and main flame extinction zones. It was found that the 

blue flame zone lies above the yellow flame zone up to the air velocity value of 

22m/s. Also, the air velocity of 22m/s in conjunction with the fuel properties 

forms a strain rate limit for the stable blue flames. 



Adel Mohamed Hussien / Engineering Research Journal 171 (September 2021) M33- M50 

M48 

(3) The main flame faces local extinction and re-ignition (flame tearing) at higher air 

velocity greater than 22m/s. The main flame extinction zone occurs for air 

velocity higher than 32m/s. furthermore, at a high air jet velocity, the main flame 

extinguishes from the flame neck resulting the base flame to remain attached to 

the burner rim preventing flame lift-off. 

 

(4) The visual analysis showed that with increasing the air velocity, the luminous 

zone, soot ring at the top of the base flame decreases and the flame becomes 

thinner. Also, the flame length decreases because of the improved fuel 

entrainment. Shadowgraph imaging of the flames show increased corrugation in 

the flames due to shorter flame with higher air velocity. 

 

(5) The peak mean centerline temperature decreases by up to 17.5% with increasing 

the air velocity. Moreover, the highest radial temperature on the minor axis is 

higher than that on the major axis due to the non-homogenous fuel distribution 

(elliptical fuel tube). 
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