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ABSTRACT 

The main aim of the present work is to study the effect of fuel swirling angle on the liquefied 

petroleum gas (LPG) diffusion flame combustion characteristics. The LPG is burned in case 

of open flame (unconfined flame). Two different constructed fuel nozzles were made so that 

the LPG fuel issues into the air. They are with grooved swirl angles and with holed swirl 

angles of 0, 45 and 90 degrees. The effect of the fuel swirl angle and its initial momentum 

was studied. The measured results obtained of both nozzles with different angles were 

compared. The lift-off length, flame shape, temperature distribution and the blow-off limit 

were measured. The results shows that, for the same operating conditions, for both holed and 

grooved spin chambers, increasing the fuel swirl angle decreases the flame size, the visible 

flame length and the flame lift distance, while increases the size of the stable flame region. 

For the same fuel swirling angle, the grooved spin chamber gives larger size of stable flame 

region, longer flame, and shorter flame lift distance than that for the holed spin chamber at the 

same operating conditions. 
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NOMENCLATURE 

Dn Fuel nozzle diameter, mm R Maximum flame radius, mm 

FL Flame lift distance, cm m f Fuel mass flow rate, g/s 

Lf Visible flame length, cm α Fuel swirl angle, ° 

LPG Liquefied petroleum gas   

 

INTRODUCTION 

 

The advantages of using gaseous fuels are cheaper with low emissions than the liquid. In 

addition to that, the discovery of gaseous fuel sources increases, while oil fuel sources 

decrease or remain constant. Therefore, burning both fuels together or gaseous fuel only may 

be important from both economical and environmental point of view. The lifted flames are 

very common in many fire scenarios, such as in jet fire [1-3]. The study of flame lift and 

stability is of fundamental relevance to many combustion applications, including the fire 

safety. The flame height of a turbulent diffusion flame is dominated by entrainment either 

buoyancy-controlled or momentum-controlled [4 and 5]. It increases with increase in the fuel 

supply flow rate in the buoyancy-controlled regime where the flow is governed by buoyancy. 

In contrast, the flame height is only determined by the nozzle diameter and it does not change 

with fuel supply rate in the momentum-controlled regime where the nozzle fuel flow velocity 

is the characteristic velocity [5]. 
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The effect of nozzle dimensions and fuel type on flame lift-off length is studied by 

Taskirana O. O. and Ergeneman M. [6]. The experimental results showed that, the nozzle with 

smaller diameter and divergent shape has shorter flame lift-off length that is thought to be 

related to lesser amount of injected fuel. One of the major considerations in burner design is 

the improvement of flame stabilization: the lift-off and blow-out limits. Three distinct types of 

lifting mechanisms have been observed for burner-rim-attached flames in a double concentric 

burner: I. Direct lifting from burner exit, II. Local flame extinction lifting and III. Lean-limit 

extinction lifting [7 and 8]. 

 

The flame lift-off height, velocity flow and mixing in a burner were investigated by Yon S. 

and Sautet J. C. [9] with two separated jets. The OH radical emission results show that 

addition of hydrogen and reduction of equivalence ratio permit to decrease the flame lift-off 

height and to reduce its fluctuations. Lift-off is a considerably more difficult problem than 

blow out as the detailed structure of the viscous boundary layer near the tip of the nozzle and 

heat loss to the nozzle play dominant roles [10-14].  

 

The stability diagram for lift-off and blow out of a round jet laminar diffusion flame is 

studied by Ghosal S. and Vervisch L. [13]. A critical value of the Schmidt number exists 

above which the lift-off height increases continuously from zero on increasing the jet speed 

but below which the flame lifts off in a discontinuous manner through a subcritical 

bifurcation. The technical applicability of low swirl fuel nozzle for liquid fueled industrial gas 

turbine combustor is investigated by Masamichi K. and Shigeru T. [15]. A low-swirl fuel 

nozzle, which is a new implementation of the basic low-swirl burner design, is configured by 

the velocity measurement of methane–air open flames under atmospheric pressure and a low 

velocity. It is shown that the configuration successfully stabilize the lifted flame under much 

higher velocity condition with kerosene fuel injected by a typical pressure atomizer. 

 

The flow Structure of swirling turbulent propane flames was studied by Alekseenko S. V. 

et al [16]. Flow structure of premixed propane–air swirling jet flames at various combustion 

regimes was studied experimentally. For the non-swirling conditions, a nonlinear feedback 

mechanism of the flame front interaction with ring-like vortices, developing in the jet shear 

layer, was found to play important role in the stabilization of the premixed lifted flame. For 

the studied swirl rates 0.41, 0.7, and 1.0, the determined domain of stable combustion can be 

divided into three main groups of flame types: attached flames, quasi-tubular flames, and 

lifted flames. 

 

Industrial burners, such as those used in materials processing furnaces, require precise 

control over the flame length, width, overall shape and other physical flame attributes [17-22]. 

An experimental study was conducted on the effects of initial temperature variation on the 

stabilization characteristics of turbulent nonpremixed flames in co-flow jets of methane fuel 

diluted by nitrogen [23]. The typical behavior seen in the study showed that the lift-off height 

increased linearly with the jet velocity regardless of the initial temperature in the turbulent 

regime.  

http://www.sciencedirect.com/science/article/pii/S0016236113000471
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From the above review, the importance of studying the fuel swirling flame was clearly 

appeared. The swirling of the fuel or combustion air is very important for improving the 

mixing between inlet fuel and combustion air which leads to increase in the chemical reaction 

rate. In the present work, the effect of fuel swirling angle on the liquefied petroleum gas 

(LPG) diffusion flame combustion characteristics was studied. The effects of fuel nozzle 

diameter, fuel swirling angle, fuel inlet momentum and fuel spin chamber type on the LPG 

diffusion flame combustion characteristics were investigated. The combustion characteristics 

studied are blow-off limits, flame shape, visible flame length, flame lift and temperature maps 

which represent the axial and radial flame temperatures distributions. The results were 

compared at different operating conditions to give clearly conclusion for the aim of the study. 

 

EXPERIMENTAL TEST RIG 

 

To study the effects of the above parameters on the LPG diffusion flame combustion 

characteristics, an experimental test rig showed in figure 1 was constructed. The experimental 

test rig consists mainly of the fuel line. The fuel line as shown in figure 1 consists of LPG fuel 

cylinder, velocity meter, thermometer, pressure regulator valve, two pressure gauges, an 

orifice, ball-type control valve and fuel nozzle. In the present study, the flame is unconfined 

(open flame), i.e. the LPG fuel is burned in the ambient air.  

 

Firstly four nozzles with different diameter used to study the effect of inlet fuel momentum 

on the flame combustion characteristics. The four nozzles used are with exit diameters of 4, 6, 

8, and 10 mm as shown in figure 2. Secondly, for studying the effect of fuel swirl angle for 

grooved spin chamber, three spin chambers with different swirling angle were constructed. 

The swirling angles used are 0, 45 and 90º as shown in figures 3 and 4. The three spin 

chambers were used for the same exit fuel nozzle diameter of 8 mm. Finally, for studying the 

effect of fuel swirl angle for holed spin chamber, three spin chambers with the same angles as 

in the second part but holed in the spin chamber as shown in figures 5 and 6 were constructed. 

The burner arrangement is shown in figure 7. 

 

 

Fig.1 A layout of the experimental test rig (LPG fuel line) 



International Journal of Advanced Scientific and Technical Research              Issue 5 volume 7, Nov. –Dec. 2015 

 Available online on   http://www.rspublication.com/ijst/index.html                                              ISSN 2249-9954 
 

©2015 RS Publication, rspublicationhouse@gmail.com Page 501 
 

 

    Dn = 4 mm Dn = 6 mm Dn = 8 mm Dn = 10 mm 

 

Fig.2 Photos of the used LPG fuel nozzles 

 

   

Swirl angle = zero Swirl angle = 45º Swirl angle = 90º 

 

Fig.3 A photo of the used grooved spin chambers 

 

 

Fig.4 A technical drawing of the grooved spin chambers with different swirling angles 

 

   

Swirl angle = zero Swirl angle = 45º Swirl angle = 90º 

 

Fig.5 A photo of the used holed spin chambers 
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Fig.6 A technical drawing of the holed spin 

chambers with different swriling angles 

 

Fig.7 A photo of the burner head arrangement 

 

In the present work, the local temperature is measured by specially designed probe. A 

Platinum-Platinum / Rhodium (13 %) bare wire thermocouple type (R) are welded which is 

inserted in a ceramic sleeve. The measured flame temperature was corrected for convection 

and radiation. The error percentage in the flame temperature = 5 % (i.e., correction factor of 

1.05). The wire diameter is fine and equal 0.3 mm to minimize the disturbance and to obtain a 

high precision accuracy. The thermocouple is water-cooled. The LPG fuel mass flow rate is 

measured for calibrating the fuel orifice by using the rotating vane anemometer which is 

suitable for all measurement in the range of zero to 40 m/s. 

EXPERIMENTAL RESULTS AND DISCUSSION 

The experimental results consist of the LPG diffusion flame combustion characteristics 

such as blow-off limits, flame shape, visible flame length, flame lift distance and average 

flame temperatures distributions under different operating conditions of fuel nozzle diameter 

(4, 6, 8 and 10 mm), inlet fuel momentum, fuel spin chamber type (grooved or holed) and fuel 

swirling angle (0, 45, and 90º). 

 

Lean Blow-Off Limits 

The lean blow-off limit is one of the flame characteristics which indicate the stable burning 

conditions. The importance of the blow-off limit is for determining the operating conditions 

for stable flame. In the present work, the lean blow-off limit was measured at certain 

operating conditions for fuel nozzle diameter, spin chamber type, and spin chamber angle for 

fuel swirling. For determining the blow-off limits, at a certain operating conditions, a stable 

flame is achieved and by reducing gradually the fuel mass flow rate until the flame blows-off, 

so the LPG fuel mass flow rate is determined at blows-off and consequently the fuel inlet 

momentum at blow-off is also determined. By repeating the same procedures at different 

operating conditions to obtain the blow-off limit which is the limit between the blow-off 

region and the stable flame region. 
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Figure 8 shows the effect of the fuel nozzle diameter on the blow-off limits. It is shown 

that, at a certain fuel nozzle diameter, the flame blows-off at a certain inlet momentum which 

represented by the curve, greater than this fuel inlet momentum, the blow-off occurs while 

lower than this fuel inlet momentum, a stable flame occurs. From figure 8, it is shown that, 

the stable flame region size is decreased by increasing the nozzle diameter from 4 to about 7 

mm, but it is increased by increasing the nozzle diameter from 7 to 10 mm. by increasing the 

inlet fuel nozzle diameter the fuel mass flow rate at blow-off increased but the inlet velocity 

decreased. In the region of fuel inlet nozzle about 4 to 7 mm, the inlet velocity is very high 

which cause reduction in the stable region while in the region of 7 to 10 mm diameter, the 

inlet velocity is slightly low which leads to give the time of good mixing between the fuel and 

the quenched air. This good mixing improves the chemical reaction and increases the stable 

region size. 

 

Figure 9 shows the effect of fuel swirl angle on the blow-off limits for grooved and holed 

spin chambers. It is shown that, for both grooved and holed spin chambers, the flame stable 

region size increases by increasing the fuel swirling angle as a result of increasing the 

swirling of the inlet fuel which leads to good mixing between fuel and air and consequently, 

the blow-off region size decreases. Figure 9 also shows that, for the holed spin chamber, the 

stable flame region size is greater than that for the grooved spin chamber. The holed spin 

chamber leads to more damping for the fuel momentum which gives the chemical reaction 

zone shifted upstream and became closed to the burner. While for grooved spin chamber, the 

chemical reaction zone is shifted downstream to the burner and the flame blows-off faster 

than that for holed spin chamber for the same fuel inlet momentum.   

  
Fig.8 Effect of fuel nozzle diameter on lean blow-off 

limits 

Fig.9 Effect of fuel swirl angle on lean blow-off 

limits 

 

Visible Flame Length 

The flame length is a very important parameter for the flame because it is indication for the 

combustion chamber size. In the present work, the flame length was observed visibly. Figure 

10 shows the effect of LPG fuel inlet momentum on the visible flame length for different fuel 

nozzle diameters (4, 6, 8 and 10 mm). It is shown that, the flame length is clearly increased 

with the increasing the fuel inlet momentum due to the increasing of the fuel mass flow rate. 

The increasing of the fuel momentum leads to the flame shifted downstream. It is also shown 



International Journal of Advanced Scientific and Technical Research              Issue 5 volume 7, Nov. –Dec. 2015 

 Available online on   http://www.rspublication.com/ijst/index.html                                              ISSN 2249-9954 
 

©2015 RS Publication, rspublicationhouse@gmail.com Page 504 
 

that, the flame length increased with the increasing of the nozzle diameter for the same fuel 

inlet momentum. 

Figure 11 shows the effect of LPG fuel inlet momentum on visible flame length for 

grooved and holed spin chambers with different fuel swirl angles. It is shown that, as in figure 

10, the flame length increases by increasing the fuel inlet momentum for all different fuel 

swirl angles and for grooved and holed spin chambers. It is also shown that, by increasing the 

fuel swirl angle the flame shifted upstream and consequently, the flame length decreased. It is 

also shown that, for holed spin chamber the flame length is shorter than that for the grooved 

spin chamber at the same operating conditions. It is shown that, for LPG fuel inlet momentum 

of 5.555 mN, by increasing the fuel swirl angle from 0 to 90°, the flame length decreases by 

about 24 % and 13 % for grooved and holed spin chambers, respectively. 

 

  
Fig.10 Effect of LPG fuel inlet momentum on 

visible flame length for different fuel nozzle 

diameters 

Fig.11 Effect of LPG fuel inlet momentum on 

visible flame length for grooved and holed spin 

chambers with different fuel swirl angles 

 

Flame Lift Distance 

The flame lift distance is a very important parameter for the flame characteristics because 

it is affecting the flame stability or the flame blow-off. In the present work, the flame lift 

distance is measured for different operating conditions. Figure 12 shows the effect of the fuel 

inlet momentum on the flame length for different fuel nozzle diameters but without fuel 

swirling (i.e. without fuel spin chamber). It is shown that, increasing the fuel inlet momentum 

due to increasing in the fuel mass flow rate leads to increasing in the flame lift. The flame is 

shifted downstream far from the burner with the increasing of the fuel inlet momentum due to 

increasing the fuel inlet velocity. It is also shown that, for constant fuel inlet momentum, the 

flame lift is decreased with the increasing of the fuel nozzle diameter as a result of the 

reduction of the fuel inlet velocity which leads to the flame is shifted upstream nearest to the 

burner. 

 

Figure 13 shows the effect of fuel inlet momentum on the flame lift distance for grooved 

and holed spin chamber with different fuel swirl angles. It is shown that with fuel swirling, 

the flame lift distance is clearly reduced if compared with that in figure 12. Increasing the fuel 

swirl angle through 0, 45 and 90°, the flame lift decreased because the flame is shifted 

upstream. The grooved spin chambers give shorter flame lift than holed spin chambers for all 
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swirl angles. It is shown that for LPG fuel inlet momentum of 5.555 mN, by increasing the 

fuel swirl angle from 0 to 90°, the flame lift distance decreases by about 38 % and 40 % for 

grooved and holed spin chambers, respectively. 

  
Fig.12 Effect of LPG fuel inlet momentum on the 

flame lift distance for different fuel nozzle 

diameters 

Fig.13 Effect of LPG fuel inlet momentum on the 

flame lift distance for grooved and holed spin 

chambers with different fuel swirl angles 

 

Flame Shape 

In the present work, the flame shape is presented by the flame photos under different 

operating conditions. Figure 14 shows the effect of the fuel nozzle diameter on the flame 

shape without fuel swirling (i.e. without fuel spin chamber) at fuel mass flow rate of 0.47 g/s. 

it is shown that the flame became wider with the increasing of the fuel nozzle diameter. Also, 

with the increasing of the flame nozzle diameter, the flame lift distance decreases as 

previously discussed. 

 

Figure 15 shows effect of the LPG fuel inlet momentum on the flame shape for the fuel 

nozzle diameter (Dn) of 4 mm without fuel swirling. It is shown that, with the increasing of 

the fuel inlet momentum, the fuel mass flow rate increases and the flame length and size also 

increase. The flame is shifted downstream increasing the flame lift distance by increasing the 

fuel mass flow rate as a result of increasing the fuel inlet momentum. 

 

The effect of the fuel swirl angle or spin chamber angle on the flame shape for grooved 

and holed spin chambers, at fuel nozzle diameter of 8 mm and fuel mass flow rate of 0.47 g/s 

is shown in figure 16. It is shown that, for both spin chambers (holed and grooved); by 

increasing the fuel swirl angle, the flame size is remarkably decreased. It also shown that, for 

a given fuel swirl angle, the flame size is smaller in the case of holed spin chamber if it is 

compared with that in the case of holed spin chamber. The flame lift distance is decreased by 

increasing the fuel swirl angle for both holed and grooved spin chambers. Also, the flame list 

distance is shorter for holed spin chamber than that for the grooved spin chamber at the same 

swirl angle. 
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Dn = 4 mm Dn = 6 mm Dn = 8 mm Dn = 10 mm  8.07 mN 22.22 mN 66.56 mN 

  

Fig. 14 Effect of LPG fuel nozzle diameter on the flame 

shape without fuel swirling (i.e. without fuel spin 

chamber) at fuel mass flow rate of 0.47 g/s 

Fig.15 Effect of the LPG fuel inlet momentum 

on the flame shape for the fuel nozzle 

diameter of 4 mm without fuel swirling 

      

      

α = 0 ° α = 45 ° α = 90 ° α = 0 ° α = 45 ° α = 90 ° 

(a) Grooved spin chamber (b) Holed spin chamber 

      

Fig.16 Effect of LPG fuel swirl angle on the flame shape for grooved and holed spin chambers, at fuel 

nozzle diameter of 8 mm and fuel mass flow rate of 0.47 g/s 

 

Flame Temperature Maps 

 

The combustion chamber is designed to burn completely the fuel injected in it and to 

produce a hot stream of a gas at a temperature level to suit the highly stressed turbine blade 

material. The temperature distribution at outlet should be as uniform as possible to obtain 

better performance of the turbine. The outlet temperature should be constant. It is necessary to 

measure the temperature through the flame in both radial and axial direction along the flame 

to obtain complete feature of temperature patterns. Finally, temperature distributions maps 

along the flame can be obtained. 

 

In the present work, the mean local temperatures of the flame are measured by means of a 

bare wire water-cooled thermocouple (Pt-Pt/Rh13%) type R. The thermocouple is introduced 

radially through the measuring ports arranged along the thermocouple carrier and moved with 

small radial increment of 10 mm using a traverse mechanism. Both radial and the axial 
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temperature measurements have been reported. From the radial and the axial temperature 

distributions, temperature maps could be drawn at any operating conditions by the help of 

Excel program for this purpose. The temperatures map is described by seven temperature 

regions; each region has a range of temperatures (in Kelvin) described by a certain color. The 

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

 

In this section, the flame temperatures maps should be investigated under different 

operating conditions such as LPG fuel nozzle diameter, fuel mass flow rate, type of fuel spin 

chamber and spin chamber angle. Figure 17 show the effect of the LPG fuel nozzle diameter 

on the flame temperatures maps without fuel swirling or without spin chamber. It is shown 

that, increasing the fuel nozzle diameter leads to increasing in the flame temperature levels, 

also the flame shifted upstream. The size of the flame temperatures levels around the burner is 

increased and consequently, the flame lift decreased. It is also shown that, in the case of 

nozzle diameter of 10 mm, the flame is anchored to the burner which is a great agreement 

with the flame lift and the flame shape shown in figures 12 and 14, respectively. The flame 

temperature maps give great agreements with the flame shapes, length and lifts. 

 

Figure 18 shows the effect of the LPG fuel swirl angle on the flame temperatures maps for 

grooved spin chamber at fuel mass flow rate of 0.47 g/s. It is shown that, increasing the fuel 

swirl angle through 0, 45 and 90°, the flame temperatures levels shifted upstream, the flame 

length clearly decreased and the flame lift distance is also decreased as a result of flame 

shifting upstream. The flame temperatures levels near the burner increased because the flame 

reaction zone is shifted nearest to the burner. There is a good agreement between the visible 

flame length, the flame lift, the flame shape and the temperatures distributions (temperature 

maps) as shown in figures 11, 13, 16a and 18, respectively. 

 

Figure 19 shows the effect of the LPG fuel swirl angle on the flame temperatures maps for 

holed spin chamber at fuel mass flow rate of 0.47 g/s. It is shown that, increasing the fuel 

swirl angle, the flame temperatures levels slightly shifted upstream, the flame length is also 

slightly decreased and the flame lift distance is clearly decreased. Also, the flame diameter is 

increased by increasing the fuel swirl angle. There is a good agreement between the flame 

length, the flame lift, the flame shape and the temperature maps as shown in figures 11, 13, 

16b and 19, respectively. 

 

If compared the grooved and holed spin chambers as in figures 18 and 19, it is obtained 

that, the flame temperatures levels for holed spin chamber is greater than that for grooved spin 

chamber. Also, the flame size for holed spin chamber is smaller than that for grooved as in 

shape (in figure 16a and b). The flame length for holed spin chamber is shorter than that for 

the grooved one (as in figure 11). 
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Dn = 4 mm Dn = 6 mm Dn = 8 mm Dn = 10 mm 

      

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

      

Fig.17 Effect of LPG fuel nozzle diameter on the flame temperatures maps without fuel swirling (i.e. 

without fuel spin chamber) at fuel mass flow rate of 0.47 g/s 

 

 

   
α = 0 ° α = 45 ° α = 90 ° 

      

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

      

Fig.18 Effect of fuel swirl angle on the flame temperatures maps for grooved spin chamber at fuel mass 
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flow rate of 0.47 g/s 

   
α = 0 ° α = 45 ° α = 90 ° 

      

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

      

Fig.19 Effect of fuel swirl angle on the flame temperatures maps for holed spin chamber at fuel mass flow 

rate of 0.47 g/s 

 

CONCLUSIONS 

The effect of the fuel swirling on the LPG flame combustion characteristics is 

experimentally studied by using two types of spin chamber (holed and grooved). Each type of 

spin chamber is constructed with different swirling angles. Also, the effect fuel nozzle 

diameter is investigated. From the experimental results, the main following conclusions are 

derived: 

1- Increasing the LPG fuel nozzle diameter leads to increase in the size of the stable flame 

region and the visible flame length but decrease in the flame lift distance. 

2- For both holed and grooved spin chamber, increasing the fuel swirl angle leads to 

decrease in the flame size, the visible flame length and the flame lift distance, but 

increase in the size of the stable flame region. 

3- For the same fuel swirling angle, the grooved spin chamber gives larger size of stable 

flame region, longer flame length, and shorter flame lift distance than that for the holed 

spin chamber. 

4- Increasing the LPG fuel inlet momentum leads to increase in the visible flame length, 

the flame lift distance, and the average flame temperature. 

5- At LPG fuel mass flow rate of 0.78 g/s, by increasing the fuel swirl angle from 0 to 90°, 

the flame length decreases by about 24 % and 13 % and the flame lift distance also 

decreases by about 38 % and 40 % for grooved and holed spin chambers, respectively. 
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6- There is a good agreement between the results obtained from the visible flame length, 

flame shape, flame lift distance and the flame temperature distributions. 
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