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Abstract. The spray combustion characteristics of “inside-out” effervescent atomizer at low 

injection pressure have been investigated in the present study. The atomizer is mounted on 

experimental furnace cooled by separate segments water jacket the plain orifice atomizer is powered 

by diesel fuel and air as atomizing gas. The study shows the influence of A/F ratio, atomizing gas to 

liquid mass ratio (GLR), injection pressure, and exit orifice diameter on flame temperature 

distribution inside the furnace. cooling water heat flux, stack temperature, and combustion 

efficiency. The air to fuel mass ratio (A/F) varies from 20 to 50 Kgair/Kgfuel, and operating pressure 

varies from 0.5 to 2 bar. The results show that the increasing on A/F ratio decreases the flame length, 

and exhaust gas temperature, while the combustion efficiency increases. It was found also that, when 

using A/F ratios higher than 30 the combustion efficiency becomes greater than 90%. Where, the 

increasing on operating pressure increases the flame maximum temperature and heat transfer to 

cooling water. Moreover, increasing the combustion efficiency. The results could enrich our 

knowledge of effervescent spray combustion characteristics and achieving higher combustion 

efficiency with low pollutant emissions. 

Keywords: Twin-fluid; Effervescent atomizer; Flame temperature distribution; Combustion efficiency. 

Nomenclature 

GLR Gas to liquid mass ratio [%] � Density [Kg/m3] 

Pinj Injection pressure (g) [bar]   Surface tension [N/m] 

L length of exit orifice [mm] µ Viscosity [Kg/m.s] 

D Orifice exit diameter [mm] R Combustor radius [mm] 

!" Combustion efficiency [%] UHC Unburned hydrocarbons 

Q̇w/As Cooling water heat flux [Kj/hr. m2] A/F Air to fuel mass ratio [Kgair/Kgfuel] 

CO Carbon monoxide $p% Specific heat of water [Kj/Kg.K] 

 

 

1. Introduction 

Liquid atomization is a process of great importance in many applications. Today, liquid hydrocarbon fuels 

contribute a great amount of the energy source, due to its flexibility in of transporting and storing. However, 

liquid fuels cannot be used in their bulky form. Therefore, in most of the applications the liquid fuel is 

mixed with the oxidizer and burned in the form of sprays of small size droplets. This type of combustion is 
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relevant to a variety of the fuel systems. Hence, for developing these systems, and understanding of the 

basic physical processes related to spray combustion for increasing energy production and reducing 

pollutant emissions of fuel combustion. Therefore, great efforts are applied by the mechanical engineers in 

the world to investigate, develop, and then control the combustion processes and systems with the 

associated phenomena. 

In the present study, the spray and combustion characteristics produced by an effervescent atomizer is 

investigated experimentally at different designs and operating conditions for achieving clean combustion 

with high efficiency and low pollutants. Using a modern technique of fuel atomization “effervescent 

atomization”. This method of atomization has been shown to produce well-atomized sprays with only a 

small amount of aerating gas at relatively low injection pressures [1]. It has been shown to work well even 

with liquids of high viscosity (Bio-fuel) [2]. 

Effervescent atomizer uses gas injection into the liquid to form bubbles in the mixing chamber. The gas 

and liquid mixture move downstream towards the exit orifice. The bubbles inside the liquid flow enhances 

the atomization process by decreasing the amount of the liquid passing through the exit orifice and by the 

expansion of the bubbles inside the liquid after spouting the exit orifice due to a sudden pressure drop. The 

expansion of bubbles forms thin ligaments and small droplets [3]. The aim of liquid fuel atomization is 

enhancing the evaporation rate to ensure good mixing of the fuel vapor with air before reaching the flame 

zone.  

Studies of spray combustion are categorized into two major trends: the first is based on analyzing the real 

combustion process, starting from single fuel droplet combustion. The present work carried out by applying 

the second trend; direct observations of spray combustion are made to investigate the different 

accompanying phenomena such as flame length, heat transfer, flame stability, and combustion efficiency. 

Lian et al. [4] carried out an experimental study on the spray combustion produced by effervescent atomizer. 

A cylindrical furnace was used to investigate diesel oil spray flame systematically in swirling air flow. 

Cooling water heat transfer and mass transfer processes among vortexes induce flame propagation. The 

volume fractions of carbon monoxide (CO) and hydrocarbon (HC) in exhaust gases decrease gradually with 

the increasing of excess air and air/liquid mass flow rate ratio (GLR). The exhaust gas recirculation (EGR) 

reduces the nitrogen oxides by 30%. The air swirl intensity has distinct effects on spray flame structure [5]. 

Onuma et al. [6] compared the flame characteristics of kerosene spray burning and turbulent gas (propane) 

diffusion. They burnt with the same combustion air velocity in a vertical cylindrical furnace. Temperature 

distributions and exhaust gas composition were measured in the flame of an air-atomizing burner. It was 

observed that most of the droplets in the flame do not burn individually, but that fuel vapor from the droplets 

concentrates and burns like a gaseous diffusion flame.  

Okasha et al. [7] performed an experimental study using a vertical cylindrical water-cooled combustor. The 

flame stability and combustion efficiency were obtained over wide ranges of (A/F) ratios, and at different 

percentages of olive-cake in the diesel fuel. It was noticed that the rate of heat transfer to the water jacket 

of the combustor and the combustion efficiency is improved when the percentage of olive-cake in the diesel 

fuel is increased to 7 wt % [8,9]. 

 Akinyemi et al. [10] studied the combustion of diesel, and vegetable oil utilizing a twin-fluid atomizer. 

The results showed that the injector produced clean blue flames signifying mainly premixed combustion 

for the fuels. Low emissions of CO and NOx are achieved for the two fuels consistently showing the 

excellent combustion performance of the injector [11].  

The importance of spray quality is a key parameter in combustion applications, as it directly affects gaseous 

and particulate emissions. Incomplete combustion characterized by increased CO levels is a typical example 

of the possible consequences [12,13]. To enhance fuel combustion efficiency, use of fuel injectors which 

produce uniform circumferential and radial temperature patterns will be required. The higher combustion 

temperatures will put a greater heat load on the combustor liners. Lyons et al. [14] investigate the influence 

of effervescent atomizer on gas turbine emissions and combustion efficiency. The results showed that 

increased temperatures and pressures will make the aircraft gas turbine more efficient. 
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Failure to achieve maximum values of combustion efficiency is generally considered unacceptable. Because 

The combustion efficiency is related to the amount of unburned hydrocarbon (UHC) and carbon monoxide 

(CO). The higher combustion efficiency the lower combustion emissions [15-19].  

In literature, there is a lack of information about combustion characteristics and combustion efficiency of 

effervescent atomizer. Therefore, the main objective of the present study is to investigate the effect of spray 

and combustion characteristics of effervescent atomizer powered by diesel fuel in a horizontally positioned 

cylindrical furnace. Combustion efficiency and the effect of operating and design conditions on its 

performance will also be considered. 

 

2. Experimental set-up  

 

The test rig is constructed to facilitate the measurements of 

the flame characteristics (the flame structure and the flame 

temperature distribution, in addition to calculating 

combustion efficiency) of an effervescent atomizer. The test 

rig and auxiliary systems are schematically illustrated in 

figure 1. It consists of a horizontal small-scale cylindrical 

furnace connected to an effervescent atomizer installed 

through divergent cone that tied with air supply. The 

combustion air is supplied to the burner from a centrifugal 

blower. The combustion air flow rate is controlled through a 

globe valve and measured using a calibrated orifice meter. 

The effervescent atomizer used in the present work is a plain-

orifice atomizer, made from steel and “inside-out" 

configuration, where the air is injected into the mixing 

chamber from the aerator. The diesel fuel surrounds the 

aerator as shown in the figure 2. The atomizer cross section 

area is cylindrical shape of 40 mm diameter. The internal 

diameter of the mixing chamber is 20 mm. The aerator is 

made from steel tube with 5mm inner diameter. A two air 

injection holes of 0.5 mm diameter were drilled at 5 mm from 

the aerator end. Three nozzle cups with different orifice 

diameters are used in the present experimental work. Orifice 

dimensions of the cups are given in the following table.  

The atomizer is supplied with air from large screw compressor 

equipped with large capacity air vessel. The atomizing air 

pressure is regulated through a pressure regulator and its flow rate is measured using a calibrated orifice 

meter. The combustion air flows through swirl generator (swirler) with blade angle 45º before the furnace 

entrance. The fuel is supplied from a tank pressurized by the compressed air. The air pressure to the fuel 

tank is regulated using a pressure regulator. The combustor is an insulated horizontal cylindrical water-

cooled flame tube of 480 mm inner diameter and 1500 mm length. The cylindrical flame tube is cooled by 

a water circular jacket of 600 mm external diameter and is divided to 10 unequal segments. At the middle 

of each segment a radially aligned tap of 15 mm diameter is provided to allow the insertion of the different 

temperature measuring probes. At the bottom a main cooling water header is used for the distribution of the 

cooling water to each segment. The cooling water flow rate is measured using a calibrated orifice meter at 

D (mm) L (mm) L/D θ º 

1 5 5 45 

2 5 2.5 45 

3 5 1.67 45 Figure 1. Schematic diagram of the 

tested effervescent atomizer. 
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the inlet of each segment. The hot water leaves each segment at the top side and its temperature is measured 

using a thermocouple. The exhaust gas temperature is measured at combustor exit. 

 

Figure 2. schematic diagram of the experimental test rig 

In any atomization process the spray characteristics are dependent on several parameters including liquid 

physical properties, atomizer internal geometry, and operating conditions. Table 1 summarizes the design 

and operating conditions used in the present study.  

Run no. A/F Injection pressure (g) Atomizing Gas Liquid GLR L/D 

Effect of Gas to liquid mass ratio (GLR) 

1 30 1.5 bar Air diesel 0.8 % 2.5 

2 30 1.5 bar Air diesel 1 % 2.5 

3 30 1.5 bar Air diesel 1.2 % 2.5 

4 30 1.5 bar Air diesel 1.4 % 2.5 

)&'()Effect of injection pressure ( 

5 40 0.5 bar Air diesel 1 % 2.5 

6 40 1 bar Air diesel 1 % 2.5 

7 40 1.5 bar Air diesel 1 % 2.5 

8 40 2 bar Air diesel 1 % 2.5 

Effect of exit orifice length to diameter ratio (L/D) 

9 40 1.5 bar Air diesel 1 % 5 

10 40 1.5 bar Air diesel 1 % 2.5 

11 40 1.5 bar Air diesel 1 % 1.67 

Effect of air to fuel ratio (A/F) 

12 20 1 bar Air diesel 1 % 2.5 

13 30 1 bar Air diesel 1 % 2.5 
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14 40 1 bar Air diesel 1 % 2.5 

15 50 1 bar Air diesel 1 % 2.5 

Table 1. Design and operating conditions used in the present study. 

Experimental errors associated with the present investigation result from a number of sources including 

systematic measurement errors, and errors arising from the fluctuations in operating parameters during each 

run. The most common sources of errors in the measured parameters are found in the pressure drop across 

orifice meter, flame temperature, and cooling water temperature. These parameters have direct effect on 

the accuracy of temperature and mass flow rates. Uncertainty of each parameter is shown in Table 2. 

Parameter Uncertainty Range 

Atomizing air mass flow rate ± 0.85 % Up to 0.624 kg/hr 

Fuel mass flow rate ± 1.11 % Up to 16.5 kg/hr 

Combustion air mass flow rate ± 0.16 % Up to 350 kg/hr 

Flame temperature ± 2.5 ˚C 1:1800    ˚C 

Cooling water temperature ± 0.5 ˚C 1:100      ˚C 

Table 2. Uncertainty and ranges of measured parameters. 

3. Results and discussion 

  3.1 Influence of Air to Fuel Ratio (A/F)  

The effect of air-to-fuel ratio on temperature distribution, heat transfer to the cooling water and combustion 

efficiency will be discussed in detail. Different air to fuel ratios is used by fixing diesel fuel flow rate and 

changing the air flow rate in all the experiments. 

    3.1.1 flame temperature distribution 

Figure 3 shows the flame temperature distribution along the axis of the flame for different A/F ratios. The 

temperature distribution along the centerline of the furnace showed low temperature near the nozzle and 

then increases to the maximum temperature then decreases with moving downstream from the burner tip.  

 
Figure 3 Influence of air to fuel ratio on flame temperature distribution along the axis 

 at )&'( = 1 bar, GLR= 1 %, and L/D = 2.5 
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The high temperature is recorded where intense mixing among fuel, atomizing air, and combustion air 

streams with nearly stoichiometric mixture.  It is found also that the maximum temperature of the flame is 

nearly 25 % relative to furnace length, at which the mixing of air and fuel is approximately completed. 

Further increase in A/F ratio decreases the flame length as well. Therefore, the increasing of A/F ratio 

shifting the maximum temperature towards the burner tip. 

 
 

  
) in the combustor coD surface of flame temperature (-3. 4Figure  

A/F=50. d)A/F=40 c) A/F=30 b) 20 A/F= a)  bar= 1  &'() and at GLR= 1 %, L/D= 2.5, 

 

Figure 4(a-d) shows 3-D surface of flame temperature in the combustor at different A/F ratios (20,30,40 

and 50 Kgair/Kgfuel). It can be seen that the flame length decreases with increasing air to fuel ratio and the 

maximum temperature moves toward burner tip. The fuel mass flux decreases with increasing radial 

distance and become more uniform with increasing axial distance downstream the atomizer. Therefore, the 

profile near the burner tip shows a high temperature at the flame zone and then a very low temperature at 

the center and then lower temperature at the other points farther than the center because of the flame 

diameter is small, subsequently the other points locate outer the flame zone. The temperature profile 

becomes uniform with increasing axial distance as this region represents the exhaust gas temperature outer 

the flame region. 

    3.1.2 Cooling Water Heat Flux 

The heat flux to the water jacket of the furnace is calculated from the cooling water temperature 

measurements and mass flow rate for each segment according to the following expressions:  

*̇% = +̇ % $p% (,%,- − ,%,& )̇ 

Heat flux =
Q̇w

A/
 

Figure 5 shows heat flux for different values of air-to-fuel ratios.  It is found that the heat flux profile in all 

cases increases to the maximum value then decreases with moving downstream from the burner tip. There 

is a good agreement between the temperature distribution in the combustor and the distribution of heat flux 

as shown in Figure 3.   Decreasing of flame length with increasing air to fuel ratio beside the combustion 

air turbulence inside the furnace lead to increasing the heat transfer rate to cooling water. 

(a) 

(b) 
(d) 

(c) 
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Figure 5. Total heat flux to the water jacket for different air to fuel ratio 

at GLR= 1 %, L/D= 2.5, and )&'( = 1 bar. 

    3.1.3 Stack Temperature 

While stack temperature is considered as indirect measure of thermal efficiency, the present work interested 

with recording their values at different A/F. Figure 6 shows the relation between exhaust temperatures with 

different values of air- to-fuel ratios. It is observed that the exhaust temperature decreases with increasing 

air-to-fuel ratio up to 50. This decreasing is due to increasing the combustion air flow rate (leaner mixture). 

The excess air absorbs part of combustion energy and consequently exhaust temperature decreases. 

 

Figure 6. Stack temperature for different air to fuel ratio  

at GLR= 1 %, L/D= 2.5, and )&'( = 1 bar. 

3.1.4 Combustion Efficiency 

Figure 7 shows the influence of air to fuel ratio on combustion efficiency. The increasing on A/F ratio 

decreases the flame length. At low A/F ratio, the fuel needs to air to complete combustion. So, the flame 

stretches until all amount of fuel burned. The small amount of air leads to incomplete combustion and 

smoke appears with flame. Increasing of combustion air secures the necessary amount for complete 

combustion and non-smoke flame. Furthermore, the turbulence of combustion air makes good mixing of 

air with fuel and increases combustion rate. Therefore, the combustion efficiency increases at higher air to 

fuel ratios. The higher combustion efficiency achieves low emissions. Combustion efficiency is defined as: 

!"= (heat released in combustion) / (heat available in fuel) 
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Figure 7. Influence of injection pressure on combustion efficiency 

at GLR= 1 %, L/D= 2.5, and )&'( = 1 bar. 

   3.2 Influence of Gas to Liquid Mass Ratio (GLR) 

The atomizing gas-to-liquid ratio by mass (GLR) is an important operating parameter for atomization and 

spray characteristics since it is desirable to minimize the amount of atomizing gas supplied while 

maintaining a small mean drop size. In this section the effect of gas to liquid ratio (GLR) will be discussed 

in detail on flame temperature distribution, heat transfer to the cooling water and combustion efficiency. 

    3.2.1 Flame temperature distribution 

Temperature distribution along furnace axis at different GLR appears clearly in Figure 8. During the 

experiments, gas to liquid ratios ranging from 0.8% to 1.4 %. While A/F, injection pressure and nozzle 

diameter are kept constant at 30, 1.5 bar, and 2 mm respectively. It is found that the peak temperature is 

recorded where intense mixing among fuel, atomizing air, and combustion air streams with nearly 

stoichiometric mixture.  The maximum temperature of the flame is in range of 15% to 20 % relative to 

furnace length, at which the rate of reaction is relatively high. The increasing of GLR ratio decreases the 

flame length and widen the spray cone angle. Therefore, the increasing of GLR ratio leads to shifting the 

maximum temperature towards the burner tip. 

 

Figure 8. Influence of gas to liquid ratio on flame temperature distribution along the axis  

at A/F= 30 Kgair/Kgfuel, )&'( = 1.5 bar, and L/D = 2.5 

 

A uniform temperature region almost occurs in the outer recirculation zone and the temperature declines 

outside the flame boundary.  As the axial distance increases from the burner tip, the fuel mass flux become 
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more uniform. Subsequently, the temperature distribution become more uniform and flatter. Moreover, the 

increasing of GLR widen the spray cone angle with uniform mass distribution. At the end of furnace, the 

temperature difference disappear because of the measuring points are outside the flame zone. Figure 9(a-d) 

shows 3-D surface of flame temperature in the combustor at different gas to liquid ratios ranging from 0.8 

% to 1.4 %, A/F= 30 kgair/Kgfuel and exit orifice diameter 2 mm. It can be seen that the flame length 

decreases with increasing gas to liquid ratio and the maximum temperature moves to burner tip. 

  

  

A/F=  and bar, L/D= 2.5,= 1.5  &'()c) in the combustor at oD surface of flame temperature (-3. 9Figure 

GLR= 1.4%. d)GLR= 1.2% c) GLR= 1 % b) GLR= 0.8% a)  fuel/KgairKg 30 
 

    3.2.2 Cooling Water Heat Flux  

The effect of GLR on heat transferred to the water jacket is recorded as shown in Figure 10. During the 

experiments, GLR is increased by increasing the fuel flow rate while the atomizing air is kept constant.  It 

is found that the heat flux profile in all cases increases to the maximum value then decreases with moving 

downstream from the burner tip. It seems to take the same trend of the flame temperature distribution along 

the furnace centerline. The variation of fuel flow rate changes the amount of heat released in the combustor. 

Therefore, the increasing of GLR decreases the amount of heat transfer to the cooling water. 

 

3.2.3 Stack Temperature 

Figure 11 shows the relation between exhaust temperatures and different values of gas to liquid ratios. It is 

observed that the exhaust temperature decreases with increasing gas to liquid ratio. This decreasing is due 

to deceasing of flame length with increasing GLR. Moreover, the axial flame temperature at the end of the 

furnace give clear indication of exhaust gas temperature. 

 

    3.2.4 Combustion Efficiency 

The combustion efficiency is related to the amount of unburned hydrocarbon (UHC) and carbon monoxide 

(CO). The higher combustion efficiency achieves low combustion emissions. Figure 12 shows the influence 

of gas to liquid ratio on combustion efficiency. The increasing of gas to liquid ratio widen the spray cone 

angle with more uniform fuel mass distribution. This increasing of GLR providing spray with fine drops 

and higher evaporating rate of the drops achieving combustion with short stable flame. Therefore, the 

combustion efficiency increases at higher GLRs. 

(d) 

(c) 
(a) 

(b) 
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Figure 10. Total heat flux to the water jacket for different gas to liquid ratios  

at )&'( = 1.5 bar, L/D= 2.5, A/F= 30 Kgair/Kgfuel.      

 

Figure 11. Stack temperature at different gas to liquid ratio  

at )&'( = 1.5 bar, L/D= 2.5, A/F= 30 Kgair/Kgfuel. 

 

Figure 12. Combustion efficiency at different gas to liquid ratio  

at )&'( = 1.5 bar, L/D= 2.5, A/F= 30 Kgair/Kgfuel. 
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   3.3 Influence of Injection Pressure 

The injection pressure is an important operating parameter in most applications since it is desirable to 

minimize the amount of pressurized gas supplied while maintaining a small mean drop size. In this section 

the effect of injection pressure ()&'() will be discussed in detail on flame temperature distribution, heat 

transfer to the cooling water and combustion efficiency. 

 

    3.3.1 Flame temperature distribution 

 

The temperature distribution along the axis of the furnace for different values of injection pressures ranging 

from 0.5 to 2 bar are shown in Figure 13. While the A/F ratio and orifice diameter are kept constant and 

equal to 40, 2mm respectively. It is found that the temperature profile in all cases increases to the maximum 

temperature then decreases with moving downstream from the burner tip. It is shown that the maximum 

temperature of the flame is monitored between 15% – 25 % relative to furnace length from the atomizer tip 

at the different injection pressures, at which the mixing of air and fuel were nearly completed. As the 

injection pressure increases, the flame temperature increases in the flame region near the atomizer tip 

because of a good atomization and good mixing in this region and high reaction rate. In case of lower values 

of injection pressure, lower atomization degree is obtained and this leads to slow burning rate. 

 

 

Figure 13. Influence of injection pressure on flame temperature distribution along the axis  

at A/F= 40 Kgair/Kgfuel, GLR= 1 %, and L/D = 2.5 

Figure 14(a-d) illustrates 3-D surface of flame temperature in the combustor at different injection pressure 

ranging from 0.5 bar to 2 bar, A/F= 40 kgair/Kgfuel and exit orifice diameter 2 mm. It can be seen that the 

flame length decreases with increasing injection pressure and the maximum temperature moves toward 

burner tip. As the axial distance increases from the burner tip, the fuel mass flux become more uniform. 

Subsequently, the temperature distribution become more uniform and flatter. At the end of furnace, the 

temperature difference disappear because of the measuring points are outside the flame zone. 
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L/D= 2.5, ,at GLR= 1 %r c) in the combustooD surface of flame temperature (-3. 14Figure  

bar.=2  &'() d)bar =1.5  &'()c) bar =1  &'()b) bar = 0.5  &'()a)  fuelKg/airKg A/F= 40 and  

 

    3.3.2 Cooling Water Heat Flux 

 

Figure 15 shows that the heat flux to the water jacket as a function of injection pressures. It can be 

considered that, decreasing the injection pressure, leads to an increase in the amount of heat transferred to 

the cooling water jacket. This behavior can be interpreted as the increasing of injection pressure increases 

the spray axial velocity. Therefore, the higher injection pressure increases the rate of heat transfer at the 

furnace exit. Exhaust gases temperature give an indication of that behavior. 

 

Figure 15. Total heat flux to the water jacket for different injection pressure  

at GLR = 1 %, L/D= 2.5, A/F= 40 Kgair/Kgfuel. 

    

(d) 

(c) 
(a) 

(b) 
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 3.3.3 Stack Temperature 

The exhaust gas temperatures at different values of injection pressure are illustrated in Figure 16. It is 

observed that the exhaust gas temperature increases with increasing the injection pressure. The main reason 

of this behavior is that the increasing of injection pressure increases the axial velocity of the spray. 

Moreover, the flame temperature distribution in the combustor and higher heat flux at last segment of 

cooling water give an indicate of higher exhaust gas temperature.  

 

Figure 16. Stack temperature at different injection pressure at GLR= 1 %, L/D= 2.5, A/F= 40 

    3.3.4 Combustion Efficiency 

Figure 17 shows the influence of injection pressure on combustion efficiency. The increasing of injection 

pressure increases the spray cone angle. This increasing of injection provides spray with fine drops and 

higher evaporating rate of the drops due to the higher turbulence of the air achieving good combustion with 

short stable flame. Therefore, the combustion efficiency increases at higher injection pressure. At higher 

A/F ratio, increasing of injection pressure more than 1 bar increases the combustion efficiency slowly. The 

higher combustion efficiency the lower pollutant emissions. 

 

Figure 17. Influence of injection pressure on combustion efficiency 

at GLR = 1 %, L/D= 2.5, A/F= 40 Kgair/Kgfuel. 
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   3.4 Influence of Exit Orifice Length to Diameter Ratio (L/D) 

    3.4.1 Flame temperature distribution 

The flame temperature distribution along the axis of the flame for different (L/D) ratios at constant A/F = 

40 Kgair/Kgfuel, )&'( =1.5 bar, and GLR= 1 % are shown in Figure 18. The small exit orifice diameter achieves 

good atomization. That leads to rapid evaporation of fuel and higher combustion rate and higher flame 

temperature.  The decreasing of (L/D) ratio decreases the flame length and widen the spray cone angle. 

Therefore, the decreasing of (L/D) ratio shifting the maximum flame temperature towards the burner tip. It 

is found also that the maximum temperature of the flame is occurred at 20 % relative to furnace length, at 

which the mixing of air and fuel is nearly stoichiometric mixture and the rate of reaction is relatively high. 

 

Figure 18. Influence of (L/D) ratio on flame temperature distribution along the axis 

 at A/F= 40 Kgair/Kgfuel, GLR= 1 %, and )&'( = 1.5 bar. 

 

Figure 19(a-c) shows 3-D surface of 

flame temperature in the combustor at 

different (L/D) ratios. It can be seen that 

the flame length increases with 

increasing (L/D) ratio and the maximum 

temperature moves to burner tip. All 

figures show nearly similar trend of the 

radial temperature profiles at different 

axial locations along the combustor. The 

profile near the burner tip shows a high 
 

(a) 



18th International Conference on Aerospace Sciences & Aviation Technology

IOP Conf. Series: Materials Science and Engineering 610 (2019) 012087

IOP Publishing

doi:10.1088/1757-899X/610/1/012087

15

temperature at the flame zone and then a 

very low temperature at the other points 

outside the flame boundary. A uniform 

temperature region almost occurs in the 

outer recirculation zone and the 

temperature declines outside the flame 

boundary.  Moving downward, the 

temperature profile becomes flat because 

of the measuring points lie outside the 

flame zone.  

 

    3.4.2 Cooling Water Heat Flux 

 

Figure 20 shows heat flux for different 

values of (L/D) ratios.  It is found that the 

heat flux profile in all cases increases to 

the maximum value then decreases with 

moving downstream from the burner tip. 

There is a good agreement between the 

temperature distribution in the combustor 

and the distribution of heat flux. The 

decreasing of (L/D) ratio decreases the 

flame length and widen the flame. 

Therefore, the rate of heat transfer to the 

cooling water increases near the burner 

tip then deceases at furnace exit because 

of decreasing flame temperature. 

 

 

 
c) in the oD surface of flame temperature (-3. 19Figure 

and ,fuel/KgairKg combustor at GLR= 1 %, A/F= 40 

L/D= 1.67c) L/D= 2.5 b) L/D= 5 a)  bar= 1.5  &'()  

 

Figure 20. Total heat flux to the water jacket for different (L/D) ratio 

 at GLR= 1 %, A/F= 40 Kgair/Kgfuel, and )&'( = 1.5 bar. 

    3.4.3 Stack Temperature 

Figure 21 shows the exhaust gas temperatures at different values of (L/D) ratios. It is observed that the 

exhaust gas temperature increases with increasing (L/D) ratio. The main reason of this behavior is that the 

increasing of (L/D) ratio increases the flame length. Moreover, the flame temperature distribution in the 

combustor give an indication of higher exhaust gas temperature.  

(c) 

(b) 
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Figure 21. Stack temperature at different injection pressure at GLR= 1 %, and )&'( = 1.5 bar. 

    3.4.4 Combustion Efficiency 

Figure 22 shows the influence of (L/D) ratio on combustion efficiency. The increasing of (L/D) ratio 

providing spray with fine drops and higher evaporating rate of the drops achieving combustion with short 

stable flame. Therefore, the combustion efficiency increases with using small exit orifice diameter. The 

higher combustion efficiency achieves low emissions because of The combustion efficiency is related to 

the amount of (UHC) and (CO). 

 

Figure 22. Influence of (L/D) ratio on combustion efficiency at GLR= 1 %, and )&'( = 1.5 bar. 

   4. Conclusion 

In the present study, the spray and combustion characteristics produced by an effervescent atomizer is 

investigated experimentally for achieving clean combustion with high efficiency. The effects of air to fuel 

ratio, injection pressure, gas to liquid ratio, and exit orifice dimensions on the spray atomization and 

combustion characteristics are studied. From the obtained results, the important conclusions can be 

summarized as follows: 

1. The flame temperature profile in all cases starts with a low temperature and increases rapidly to the 

maximum temperature then decreases with moving downstream from the burner tip.  the maximum 

temperature of the flame lies in range of 15% to 20 % relative to furnace length. The maximum 

temperature moves toward burner tip with increasing A/F ratio, GLR, and injection pressure. 

2. The increasing of injection pressure from 0.5 to 2 bar, GLR, and air to fuel ratio decreasing the 

flame length and providing clean combustion. The stack temperature decreases with increasing of 

gas to liquid ratio (GLR), exit orifice dimeter, and air to fuel ratio (A/F). 

3. There is a clear similarity between the temperature distribution in the combustor and the 

distribution of cooling water heat flux. 
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4. The combustion efficiency increases at higher air to fuel ratios. At A/F ratio higher than 30 

Kgair/Kgfuel the combustion efficiency is over 90%. The increasing of injection providing spray with 

fine drops and higher evaporating rate. Therefore, the combustion efficiency increases with 

increasing injection pressure from 0.5 to 2 bar. The combustion efficiency at injection pressure 1 

bar(g) is higher than 95% at A/F ratio 40 Kgair/Kgfuel. 
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