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ABSTRACT 
The combustion of the kerosene sprays inside a swirl type combustor is studied. To decrease the 
exhaust emissions such as NOx, NO and S02, Natural Gas (NG) or Liquefjed Petroleum Gas 
(LPG) fuels are added to the combustion air with different ratios. The effects of different 
percentages of NG (10, 20, 30 and 40%), different percentages of LPG (1, 2, 3 and 4%), and 
thermal load (70, 100 and 130 kW) on the flame characteristics were investigated. Also, a 
comparison between addition of NG and LPG was carried out. During the experimental study, the 
air to fuel mass ratio and air swirl number are kept constants at 30 and 0.5, respectively. The 
experimental results show that, as the NG percentage increases from 10 to 40%, the flame lengths 
and the flame temperatures were decreased, so that, NOx, NO, C02 and SOz concentrations were 
decreased, while CO and O2 concentrations were increased. Also, as the LPG percentage increases, 
the flame lengths and the flame temperatures were decreased, so that, NOx and NO, COz and SO2 
concentrations were decreased, while COand O2 concentrations were decreased. 

.J>Y c . 1 4  ~jli J$> kL4+ &&I\ J > ~  ilij &l>f &cd ijJ1IL. Llj~ -1 I& 4 
diL%l &j ,Jl I& .&&I1 J$* &jL& &i &L+l d3 dl &j GjMI ~$41 dl & 
~ $ 3  &us@ ,j@iYl ilig ,! &LPi U y  LSjspJ I  &a & 6 j M l  J$JI y L  
GjU l  ~$91 i, & ski LA!> + .J+Yl PIP J! jblig?l jli 4 d l  j U l  & ~jli 
r .  Y ' j .  4ar, u;, &I jUl %Lbl P A4 . d l  Je dJl$l &JI3 cb-I 
&I> J L i f l S L s l r f U  & > d l  ~ $ ~ & a % t ~ r  ' Y  6 )  ++ jl+.Bdl j k & L b j 3 % t + 3  
~ j J 1  J! +I&\ + l + E + l : I ~ l  lj.;4krll i?~L+ll,y.d .&I3& ) Y . =  L V .  $+& 
jli 3 4 jlin i, & & 31 +Wl . ',o '3-G *I&\ 'f3h +j3 t"a h J I L  
& $d4 3 &ljli;Yl Xi+ Jib 'ijlJ-ll &L,J J& &a X J?lii J! GLb6JI jblidl 

3E3 ~X$I  +I 3% h39 w.i ~ J S I  +A J3i &a J5. &IS$ + 
.#Yl d3$1 +I J31 i, & &Is$ )i i&jJ 

Keywords: Gas Turbine, Spray Combustion, Emissions, Swirling. 

1. INTRODUCTION 
The fuel burning represents the main source of 
energy in the present time. The role of such source of 
energy somewhat decreased after the discovery of the 
nuclear energy and exploitation of solar energy. Also, 
the application of the fuel in petrochemical industries 
is increasing and the economical use of the fuel 
becomes an important parameter. However, several 
years must pass before fuel losses its leading 
position. 
The exhaust combustion emissions have harmful 
effects on the human health, soil and plants [14]. So 
that, many researchers studied various techniques for 
reducing the combustion emissions especially NO 
and NOx emissions [2,5, I 1,12,13,18]. The gaseous 
fuel additive to the combustion processes was 
considered as one of the most effective method for 
reducing NO, emissions. This is because it can assist 
in the production of the radical species necessary for 
reducing not only NO, but also NOz, N20, and may 
also lead to increase the burning velocity [5,18]. 
Most experimental studies were mainly concerned 
with the flame characteristics for Kerosene fuel only 
[1,6,8,10] or gaseous fuel only [5,7,11,13]. It can be 

seen that, the amount of information is relatively 
incomplete for combustion of dual fuel (Kerosene 
and NG). Therefore, in the present work, the flame 
cbaracteristics of Kerosene fuel were studied when 
adding of NG and LPG to the combustion air by 
different percentages. 
In the flame characteristic studies, temperature 
distributions in the axial and radial directions of the 
combustor were measured. In addition, the flame 
length and the exhaust species concentration at the 
end of the exhaust pipe were also measured. 
Temperature distributions were used to draw 
temperature maps. The flame length and different 
species concentration cuves were drawn under 
different operating conditions. In order to study the 
above parameters, a test rig described below was 
conshucted. 

2. EXPERMENTAL TEST RIG 
The present experimental work is divided into two 
parts: 
1- In the fust patt, NG fuel is added to the 

combustion air (as a mass percentage of NG to 
Kerosene fuel such as 10, 20, 30 and 40%). The 
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flame characteristics at these percentages were 
compared with similar conditions but without 
additives. The air to fuel mass ratio of 30 and the 
air swirl number of 0.5 were kept constants during 
all operating conditions for input thermal loads of 
70,100 and 130 kW. 

2- In the second part, LPG fuel was added to the 
combustion air (as a mass percentage of LPG to 
Kerosene fuel such as 1, 2, 3 and 4%). The flame 
characteristics at these percentages were also 
compared with similar conditions, but without 
additives and with those of the first part. 

The schematic drawing of the test rig is shown in Fig. 
1. A water cooled swirl type combustor of inner 
diameter 25 cm and 100 cm length was constructed 
to bun1 Kerosene fuel with air. The Kerosene fuel 
flow from the fuel tank and enters the combustor 
through a pressure swirl atomizer. The gaseous fuel 
was mixed with the combustion air of Kerosene fuel 
in the air duct at a distance of 2 m upstream the inlet 
of the combustor to insure good mixing with 
combustion air. The gaseous fuel flows from a 
pressurized gas cylinder, filled with NG at about 200 
bar and with LPG at about 3 bar. A pressure regulator 
was fitted on the gas cylinder to adjust the output gas 
pressure and consequently the issued mass flow rate. 
The gaseous fuels flow rates were measured and 
calibrated at different pressures using a rotameter 

device. The chemical compositions of NG and LPG 
are given in Tables 1 and 2, respectively. 

Table 1 Chemical cohosition of the NG (Natural 
Gas Vehicles Co. 2003) 

Table 2 Chemical composition of LPG (Egypt Gas 
Co. 2003) 

Fig. 1. Schematic diagram of the experimental test rig. 
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The pressure swirl atomizer that located centrally in 
the combustion air swirler was designed to ensure 
that the Kerosene fuel was issued with a swirl motion 
through a swirl (spin) chamber. A 5 kW blower was 
used to obtain the comhustion air. The air flow rate 
was measured by means of a calibrated orifice meter 
and U-tube manometer. The gaseous fuel enters the 
combustion air duct through the gas distributor. This 
distributor consists of a vertical pipe of 12 mm 
diameter and 150 mm length, closed from one end, 
while the other end is connected through the gaseous 
hoses to the gaseous cylinder. The combustor was 
equipped by 17 taping holes for the required 
measurements. The temperatures were measured 
along a half of the combustor tube using a bare wire 
thermocouple, type R (Pt and Pt & 13% Rh 
materials). A photograph of the experimental test rig 
is shown in Fig. 2. The burner consists of a pipe of 
100 mm inner diameter. The air swirler is fitted co- 
axially inside the burner tube. The pressure swirl 
atomizer is also fitted co-axially with the air swirler 
at the combustor entrance, as shown in Fig. 3. The 
shape and dimensions of the pressure swirl atomizer 
and the air swider are shown in Figs. 4 and 5 
resnectivelv. 

- 
Fig. 3. A photograph of the burner arrangement 

Fig. 4. Assembly and constnictiot~ of the pressure 
swirl atomizer 

I ("in,nni.lr mnnn I 

Fig. 5. Dimensions and detailed construction of the 
combustion air swirler 

The NG fuel was added at different mass percentages 
to the Kerosene fuel such as 10, 20, 30 and 40%, 
while the LPG fuel was added at different mass 
percentages to the Kerosene fuel such as 1, 2, 3 and 
4%. The Kerosene fuel mass flow rate is calculated 
to ensure that, the input thermal load with the 
additions is kept constant. Three input thermal loads 
of 70, 100 and 130 kW are used. The air swirl 
number and air to fuel mass ratio are kept constants 
at 0.50 and 30, respectively. 

The experimental study of comhustion characteristics 
were carried out in two ways. The first one was 
obtained by adding NG fuel to the combustion air of 
Kerosene fuel by different percentages at different 
input themla1 loads. Tiie second one was achieved by 
replacing the NG fuel by LPG. The temperature 
distributions, visible flame lengths and exhaust 
species concentration were measured. 

The temperatures were measured radially and at 
different axial distance from the measuring holes. 
From the radial and the axial temperature d~shibution 
maps could be drawn for given operating conditions 
with the aid of MS Excel program for these purposes. 
The temperames map is described by six 
temperature regions; each region has a range of 
temperatures described by a certain color. The higher 
temperatures region (i.e. from 1400 to 1600 K) is 
described by the black color. When the color is more 
blackness, this indicates that the temperature range is 
high. 

3. EXPERIMENTAL RESULTS AND 
DISCUSSION 

3.1 Temperature Distributions 
3.1.1 Effect of NG addition 
The temperature maps for different operating 
conditions are shown in Figs.6-10 assuming axi- 
symmetric measurements along the combustor. 
Figure 6 shows the effect of different percentages of 
NG fuel at constants values of thermal load, air swirl 
number and air to fuel mass ratio on temperature 
distribution maps. The figure shows that, the 
different percentages of NG fuel enter the 
combustion zone were burned rapidly nearer to the 
air swirler. The heat released from the combustion of 
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NG file1 increases the rate of evaporation of 
Kerosene fuel and this leads to increase in the mixing 
rate. That increases the chemical reaction rate or 
leading to improve the combustion process and 
consequently the flame size decreases causing the 
high temperature regions shift upstream. 
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Fig. 6 Effect of NG percentage on temperatures maps 
in K at input thermal load of 130 kW 

3.1.2 Effect of LPG addition 
The effect of different percentages of LPG fuel at 
constants values of thermal load, air swirl number 
and air to fuel mass ratio on temperature distribution 
maps is shown in Fig. 7. The figure shows that, the 
heat released from the combustion of LPG fuel 
increases the rate of evaporation of Kerosene fuel 
and this leads to increase in the mixing rate. That 
increases the chemical reaction rate or leading to 
improve the combustion process and consequently 

the flame size decreases causing the high temperature 
regions shifted down sweam, the same effect as the 
addition of the NG as described before. 
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Fig. 7. Effect of LPG percentage on temperatures 
maps in K at input thermal load of 130 kW 

3.1.3 Effect of input thermal load 
The effects of the input thermal load on the 
temperature maps when adding NG and LPG fuels to 
the combustion air are shown in Figs. 8 and 9 
respectively. From these figures, it can be noticed 
that increasing the input thermal load leads to 
increase in the fuel momentum as a result of 
increasing the fuel mass flow rate and the fuel 
pressure. Furthermore, the high temperature regions 
shifted downstream, and increased in size while the 
flame length is increased due to the increase of the 
fuel momentum. 
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3.1.4 Comparison between NG and LPG additions 
A comparison between the NG and LPG fuels 
addition when he added by the same percentage is 
shown in Fig. 10. The figure shows that, for the NG 
fuel, the high temperature region is found between 
the axial to diameter ratios of 1.0 and 1.2. But this 
region is found between 1.0 aud 2.2 for LPG. The 
high temperature region size is greater for LPG than 
that for NG and the flame size is greater for LPG 
than for NG (for NG, it is shofler in length but wider 
in diameter). For NG the temperatures are lower than 
that for LPG. This is because the heating value of 
LPG is greater than that of NG. Therefore, the heat 
released from combustion of LPG is greater than that 
of the NG. 

................... ..................... .. 
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Fig. 8. Effect of the input thermal load on the 
temperatures maps in K at the NG percentage of 20% 

........ ......... 

Fig. 9. Effect of the input thermal load on the 
temperatures maps in K at LPG percentage of 3% 

....... 

Fig. 10. Temeratures maDs in K for the same 
percentage o f i ~  and LPG bf4% at input thermal 

load of 130 kW 

3.2 Effect of Adding Different Percentages of NG 
and LPG on: ..... 

a) The visible flame length 
The effects of adding different percentages of NG 
and LPG fuels to the combustion air of Kerosene fuel 
on the visible flame length are shown in Figs. 11 and 
12, respectively. It is shown that, when adding the 
NG, the flame length remarkably decreased as shown 
in Fig. 11. But when adding the LPG, the flame 
length slightly decreased as shown in Fig. 12. 
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Fig. 11. Effect of adding NG fuel with different 
nercentaees on flame l e n d  

1 2 3 1 
RwnrnwurLP(i % 

Fig. 12. Effect of adding LPG fuel with different - 
percentages. on flame length 

b) The exhaust species concentration 
It is important to study and discuss the experimental 
results reported by measuring some of exhaust 
species such as NO, NO& CO, CO2, 0 2  and SO2 
concentrations at different operating conditions. The 
above species concentrations were measured using 
digital gas analyzer (Model Testo 350). The 
measuring port is at the middle of the chimney to 
avoid the effect of the amospheric air on the 
concentrations of exhaust species and to be sure that 
the exhaust flow is steady. The exhaust 
concentrations were measured radially in the port 
cross-section and the mean value was obtained. The 
effects of the different operating conditions, such as 
NG and LPG percentages and inpnt thermal load on 
the species concentration have been investigated. 
The effects of NG and LPG percentages on the 
species concentration are shown in Figs. 13 and 14, 
respectively. Figure 13 shows that by increasing NG 
percentage, the average eihaust temperam 
decreased accompanied with a decrease of NO, NOx, 
C02 and SO2 concentrations, but an increase of CO 
and O2 concentrations [2,11,12,18]. 
Increasing the NG percentage from 0 to 40% - 
keeping air swirl number of 0.50, .air to fuel mass 
ratio of 30 and input thermal load of 100 kW 
constant- it was noticedthat NO, NOx, C02 and SO2 
concentrations decreased by about 50, 46, 30 and 
28%, respectively. While CO and 0, concentrations 
increased by about 106 and 40% respectively. 
Figure 14 shows the effect of LPG fuel percentage on 
the exhaust species concentrations. Increase of LPG 
percentage leads to a decrease of NO, NOx, C02 and 

SO2 concentrations, but it leads to an increase of CO 
and O2 concentrations. It is shown that, increasing 
LPG percentage from 0 to 4% at inpnt thermal load 
of 100 kW -keeping the air swirl number Of 0.5 and 
air to fuel mass ratio of 30 constant- leads to a 
decrease of NO, NOx, COz and SO2 concentrations 
by about 41, 38, 33 and 25%, respectively, but an 
increase of CO and Or concentrations by about 132 
and 27%, respectively. 

3.3 Effect of Changing Input Thermal Load and 
NGnPG Percentages on: 

a) The exhaust species concentrations 
The effects of changing the input thermal load on the 
species concentration with the addition of NG and 
LPG fuels to the combustion air are shown in Figs.15 
and 16 respectively. Figure 15 shows that, adding 
NG and increasing the input thermal load from 70 to 
130 kW led to an increase of NO, NOx, CO2 and SO2 
concentrations but a decrease of C O  and 0, 
concentrations. At constants air swirl number of 0.5, 
air to fuel mass ratio of 30 and at NG percentage of 
20%, by increasing the input thermal load from 70 to 
130 kW it was noticed that NO, NOx, C02 and SO2 
concentrations increas'ed b y  about 64, 67, 15 and 
26%, respectively. While CO and Oz concentration 
decreased by about 23 and 11% respectively. At air 
swirl number of 0.5, air to fuel mass ratio of 30 and 
NG percentage 40% by increasing the input thermal 
load from 70 to 130 kW it was noticed that NO, 
NOx, C02 and SO2 concentrations increased by about 
71, 67, 20 and 22%, respectively. While CO and 0 2  

concentrations decreased by about 22 and 16%, 
respectively. 
Figure 16 shows the effects of changing the input 
thermal load on species concentrations with the 
addition of LPG fuel to the combustion air. By 
increasing the input thermal load, the combustion 
flame temperatures increased, accompanied with an 
increase of NO, NOx, C02 and SO2 concenhations, 
but a dkcrease of CO and 0 2  concentiations. At LPG 
percentage of 2%, air swirl niunber of 0.5 and air to 
fuel mass ratio of 30, by increasing the input thermal 
load &om 70 to 130 kW i t  was noticed that NO, 
NOx, C02 and SO2 concentrations were increased by 
about 50,44, 13 and 25%, respectively while CO and 
O2 concentrations decreased by about 12.5 and 
15.2%, respectively. At LPG percentage of 4%, air 
swirl number of 0.5 and air to fuel mass ratio of 30, 
by increasing the input thermal load from 70 to 130 
kW it was noticed that NO, NOx, C02 and SO2 
concentrations were increased by about 60, 42, 20 
and 16%, respectively, while CO and 0 2  

concentrations decreased by about 11 and 18, 
respectively. 
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Fig. 13. Effect of adding NG with different percentages . . on exhaust species concentration. 
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Fig. 16. Effect of changing thermal load on exhaust species concentration (when adding LPG) 

Table 3 shows the effects of adding NG and LPG 
with the same percentage of 4% at input thermal load 
of 130 kW, on exhaust species concentration. For NG 
case, the concentrations of NO, NOx, C02 and SO2 
were lower than that for LPG case: That is because 
the exhaust gas temperatures of NG were lower than 
that of LPG. 

Table 3 Species concentration for NG and LPG at a 
oercentaae of 4% - 

4. CONCLUSIONS 
From the present results, the following conclusions 
are obtained: 
1- At air to fuel mass ratio, air swirl number and 

thermal load of 30, 0.5 and 100 kW, respectively, 
lncreasing the percentage of additive NG fuel 
tends to: 
- Shift the high temperature regions upstream, 
- Decrease the flame length, 
- Decrease NO, NOx, C02 and SO2 concentrations 

by about 50,45,29 and 27%, respectively, 

NOX, P P ~  I 30 I 15 I 17 

- Increase CO and O2 concentrations by about 100 
and 39%, respectively. 

2- At NG percentage, air swirl number and air to fuel 
mass ratio of 30%, 0.50 and 30, respectively, 
increasing the input thermal load tends to: 
- Shift the high temperature regions downstream, 
-Increases the flame length, 
- Increase NO, NOx,C02 and SO2 concentrations 

by about 60, 63, 14 and 19%, respectively, 
-Decrease CO and 0 2  concentrations by about 21 

and 14%, respectively. 
3- At air to fuel mass ratio, air swirl number and 

input thermal load of 30, 0.50 and 100 kW, 
respectively, increasing the percentage of additive 
LPG fuel tends to: 
;Shift the high temperature regions upstream 

nearer to the air s ~ l e r ,  
-Decrease the flame length slightly, 
- Decrease NO, NOx, C02 and SO2 concentrations 

by about 40,37,33 and 25%, respectively, 
- Increase CO and 0 2  concentrations by about 13 

and 27%, respectively. 
4- At LPG percentage, air swirl number and air to 

fuel mass ratio of 3%, 0.50 and 30, respectively, 
increasing the input thennal load tends to: 
- Shift the high temperature regions downstream, 
- Increase the flame length, 
- Increase NO, NOx, C02 and.S02 concentrations 

by about 46, 50, 17 and 15%, respectively, 
- Decrease CO and 0 2  concentrations by about 12 

and 15%, respectively. 

Species 
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5- For the same additive percentage 4% of NG and 
LPG, it was found that NG additive was more 
effective for the reduction of NO and NOx 
concentrations than those of LPG. 

NOMENCLATURE: 
NG Natural Gas 
LPG Liquefied Petroleum Gas 
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