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The present study is focused on studying the combustion characteristics of the modified pressure-
swirl atomizers (PSA) to operate as air assist pressure swirl atomizer (AAPSA) under different
operating conditions and different sizes of the atomizer swirl passage (width x depth). The new
design of the atomizer is considered to operate either as pressure swirl or air assist atomizers. The
operating condition studied are air to fuel mass ratio which changed as 27, 37, 52 and 65, assist air
mass flow rate which varied as 3, 4, 5 and 7.5 g/s, the input thermal load which changed as 27, 44,
60, and 80 kW. The atomizer swirl passages sizes are varied as 1x1, 1.5x1.5, 2x2 and 2.5x2.5 mm>.
Combustion test rig is designed and manufactured to investigate the effects of the above parameters
on the combustion characteristics. The temperatures maps, dimensionless visible flame length and
combustion species concentrations along the combustor are measured and presented using
commercial diesel oil as fuel. The results indicate that, by increasing the swirl passage size, the high
temperatures region size increased, the visible flame length increased, CO and O, concentrations
increased, while NO and CO, concentrations decreased. The axial NO concentrations trend is
matched with the axial flame temperature profile. The flame length increased by increasing assist air

mass flow rate, thermal load, swirl passage size and by decreasing the air to fuel ratio.

1. Introduction

Pressure swirl atomizer has good performance but requires
high reliable fuel pump provide the fuel at high pressure to
enhance the spray characteristics [1]. Pressure swirl atomizer
were widely used in aircraft and internal combustion engines
because of their inherent simplicity, high atomization
performance, and reliable combustion stability. Pressure swirl
atomizers have many advantages over other atomizer types,
simply constructed, low cost, and high reliability [2-8].

Zheng et al. [9] experimentally studied the
characteristics of the pressure swirl nozzle using particle
dynamics analysis and high-speed photography system,
specifically focusing on the dependence of geometrical
dimensions of orifice on the spray Sauter mean diameter, velocity
magnitude, droplet concentration distribution and spray cone
angle.

spray

Zhilin et al. [10] investigated experimentally five types of
pressure swirl atomizers with different swirl chamber length, also
changes the liquid fuel fed to atomizers with different liquid
viscosities to indicate the effects of the swirl chamber length and
the liquid viscosity on the air core size. The results were
confirmed the results obtained in [11].

Ahmad et al. [12] studied the optimum number of tangential
ports and sizes that produces widest spray and measured the air
core diameter of pressure swirl atomizer. It was concluded that,
increase numbers of tangential ports produce widest increasing
spray and decreasing air core diameter. Reza et al. [13] studied
the effect of swirling chamber length on the droplet size
distributions for the pressure swirl atomizer. The results indicated
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that, lowest ratio swirl chamber length to diameter ratio
generates hollow-cone type spray where spray structure gradually
turned to solid-cone type with increasing swirl chamber length to
diameter ratio.

Gad et al. [14] experimentally studied the effect of
geometrical parameters on spray characteristics of a modified
pressure swirl atomizer. Xue et al. [15] investigated the effect on
atomizer performance of four geometric parameters, swirl port
angle, swirl chamber convergent, discharge orifice length and
orifice diameter. The results indicate that, the increase in swirl
port angle leads to decrease film thickness and discharge
coefficient and wide spray cone angle. Gad et al. [16]
experimentally examined the spray performance of air blast
atomizer under different operating conditions and different
internal atomizer geometry.

The combustion process within a gas turbine engine is a complex
interaction between flow aerodynamics, chemical kinetics, and
air-fuel mixing [17]. Experimental measurements in a horizontal,
cylindrical, laboratory scale water-cooled combustor was
performed by Khodir et al. [18] to understand and analyze flame
characteristics of a light diesel fuel. Axial and radial inflame
temperature profiles, heat flux through the water jacket and flame
stability has been investigated.

Looking at the previous review, it is clearly concluded that the
effects of the geometrical parameters for the pressure swirl
atomizer (PSA) and air assist pressure swirl atomizer (AAPSA)
on spray characteristics such as spray cone angle, breakup length,
spray distribution, penetration length, spray mean diameter, and
spray momentum were extensively studied. There is a lack of
information about the effects of the operating conditions and
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geometrical parameters on the spray combustion characteristics
of the atomizer such as flame temperatures distributions, flame
length, species concentrations or the flame structure.

The main objective of the present study concerns on studying
the combustion characteristics of the AAPSA under different
operating conditions such as air to fuel mass ratio, air assist mass
flow rate, input thermal load and different sizes for the swirl
passages of the atomizer. The air to fuel mass ratio (AFR) is
changed from 27 to 65. The assist air mass flow rate (rh,s)is
introduced as 3, 4, 5 and 7.5 g/s. The input thermal load (T.L) is
varied 27, 44, 60, and 80 kW. The atomizer swirl passages sizes
are varied by changing the width (W) and the depth (H) of the
passage and WxH takes the values of 1x1, 1.5x1.5, 2x2 and
2.5x2.5 mm?. The temperatures maps which describe the axial
and radial temperatures distributions, dimensionless visible
flame length and combustion species concentrations along the
combustor are measured and presented using commercial diesel
oil as fuel.

2. Experimental Test Rig

To study the above parameters and conditions, a combustion
test rig is designed and manufactured. The used combustion test
rig consists of combustion airline, assist airline, liquid fuel line,
burner head and a cylindrical water-cooled axisymmetric
combustor. The schematic diagram of the used experimental
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combustion test rig is shown in Figure 1. The combustion airline
comprises of air blower, control valve, 100 mm diameter air pipe,
calibrated combustion air orifice and water U-tube manometer.
thermometer. The liquid fuel line consists of fuel tank, suction
pipe, suction valve, and suction fuel filter, vane pump electrically
driven by AC motor, delivery control valve, high-pressure
flexible hose, pressure gauge and return control valve. The mass
flow rate is change with variation of discharge orifice diameter
and injection pressure. The flame stabilizer in the present study is
the air swirler with a constant swirl number (S) of 0.87. The
burner arrangement is constructed from pipe has outside diameter
of 150 mm which converged at the end to 100 mm diameter with
growth length of 400 mm. The air swirler of S = 0.87 is fitted to
100 mm diameter end with modified pressure swirl-type atomizer.
The test section is water-cooled horizontal cylindrical steel tube
of 200 mm inner diameter and 1000 mm length. The combustor is
equipped on one side with 19 tapping holes of 16 mm inner
diameter arranged in line along the combustor to introduce
measuring probes of gas temperature and for visual observation
to the flame. The axial distance between the adjacent taps along
the combustor is 50 mm. A double concentric jet burner is fitted
axially at the up-stream end of the test section in which air swirler
could be mounted at its outlet.
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Figure 1: Schematic diagram of the experimental combustion test rig

The new design of pressure swirl atomizer is manufactured
with air assist needle to overcome the defects of pressure swirl
atomizer. Pressure swirl atomizer require fuel pump to give high
pressure and stand by pump with same category if orifice
diameter of atomizer increase to still develop good spray
performance thus pressure swirl atomizer have orifice diameter
limitation for fuel pump also increase of atomizing pressure
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increasing cone angle. To overcome this defect, assist air is used
to operate two main functions; helping to get good spray
performance with large orifice area, low pressure fuel pump,
large annulus orifice area and increase cone angle of developed
spray. Assist air controls droplet size reduces droplet size and
break up length. Assist air is entering in the middle of the
atomizer through air needle at center of swirl chamber thus the
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fuel exit at annulus area around air needle. Assist air needle is
penetrates the swirl chamber and thus, spin chamber size was
reduced, therefore air needle should have lower diameter as
possible. The air needle size is subtracting from the size of swirl
chamber and reduces the radius of rotation of fuel, which reduces
the angler momentum of fuel entering swirl chamber. In addition,
increase the angler momentum at exit due to large annuls area.

Figure 2 shows the detailed dimensions of the modified
pressure swirl atomizer. The modified atomizer is consisting of
main five parts; (1) atomizer body, (2) locking part to swirl fuel
passage, (3) swirling part of fuel with different angles, (4)
atomizer cap with different orifice diameters which contains spin
chamber with cylindrical geometry and (5) central air needle. In
the present work, liquid is issued from annulus area around the
air needle with swirling motion. The red color refers to the liquid
fuel and the blue color refers to the assist air. The orifice length to
diameter ratio (L,/D,) and swirl chamber length/diameter ratio
(Ls/Ds) are kept constants as 0.25 and 0.93, respectively.
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Figure 2: Detailed dimensions of the air assist pressure swirl
atomizer

3. Experimental Results and Discussion

In this section the experimental results of the combustion
characteristics such as temperatures distributions, dimensionless
visible flame length along the combustor tube and species
concentrations are measured and represented.

Combustion performance of the assisted air pressure swirl
atomizer (AAPSA) is investigated for various operating and
geometrical conditions. Combustion air to fuel mass ratio (AFR)
is varied from 27 to 65, assisted air mass flow rate is changed
from 3 to 7.5 g/s, and the input thermal load varied as 27, 44, 60
and 80 kW. Geometrical parameter of AAPSA swirl passages
(width x depth) WxH which varied as 1x1, 1.5x1.5, 2x2 and
25x25 mm® The temperatures maps, radial and axial
temperatures distributions, dimensionless visible flame length
and combustion centerline species concentrations along the
combustor tube are measured and studied for the above different
operating and geometrical conditions using commercial diesel oil
as fuel.

3.1. Temperatures patterns

The temperatures distributions inside the flame are one of the
important fundamental quantities by means of which a complete
detailed study can be obtained of controlling the flow behavior

from the point of view of heat transfer and combustion in
industrial furnaces and combustion chambers. In the present work,
the local mean temperature is measured using thermocouple. The
used thermocouple is type R which consists of a Platinum-
Platinum / Rhodium (13 %) bare wire thermocouple [19-20]. The
used thermocouple of wire of 0.3 mm diameter. The radial
temperatures are measured using the thermocouple by inserting
the thermocouple in through the measuring ports to the flame
centerline to measure its temperature. The thermocouple is
shifted radially by increment of 1 cm to measure the radial flame
temperatures at certain axial distance. The axial flame
temperatures are measure using the thermocouple in the different
axial ports located along the combustor.

The radial and axial temperatures distributions through the
combustor tube are investigated. From the radial and the axial
temperatures profiles, the temperatures maps could be drawn at
any operating conditions by the help of EXCEL software
program. The mean axial and radial temperature profiles along
the combustor tube for all chosen operation conditions are
presented. The temperatures map is described by seven regions;
each region has a range of temperatures described by a certain
color. The effects of assisted air mass flow rate, air to fuel mass
ratio, the thermal load and swirl passage dimensions of AAPSA
on temperatures patterns are studied. The experimental results are
carried out using the commercial diesel oil as fuel. Table 1
illustrates the average properties of the used diesel fuel. The
following subsections present the influence of the studied
parameters on the different profiles of temperatures patterns.

Table 1: Average properties of used Diesel fuel (Petrobel, 2015)

Fuel property Value Unit
Kinematic viscosity at 40 °C 4.35 mm?/s
Density at 20 °C 850 kg/m®
Surface tension at 20 °C 0.0283 N/m
Carbon 87 Wt.%
Hydrogen 13 Wt.%
Cetane number 40-55
Heating value 45 MJ/Kkg
Thermal conductivity at 20 °C 0.13 W/(m-K)
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(i) Effect of air to fuel mass ratio on temperatures patterns

The air to fuel mass ratio is increased by increasing the air
mass flow rate and keeping the fuel mass flow rate constant to
keep the input thermal load constant. The temperatures maps for
different values of air to fuel mass ratio are shown in Figure 3. It
is inferred that, there is one reaction region distinguished with
high temperature values. This region is called main reaction zone
and appeared around flame axis. For the small AFR of 27, the
temperature level is relatively high because of the existence of the
reversed hot products. A slight decrease in temperature appears at
upstream section inside the flame core. The volume of this zone
decreases by increasing air mass flow rate. By increasing the
AFR from 27 to 65, the flame decreased in length, increased in
diameter and the flame shifted upstream nearest to the burner exit.
The high temperatures regions are found at 0<X/D<0.2,
0<X/D<0.3, 0<X/D<0.2 and 0<X/D<0.4 for air to fuel ratio of 65,
52, 37 and 27, respectively. For AFR of 52 and 65, the black high
temperatures regions disappeared from the temperature maps
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because of the increase in the combustion air mass flow rate, also
the temperatures levels in the combustor tube are decreased.
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Figure 3: Effect of air to fuel mass ratio on the gas temperatures
distributions with AAPSA of geometry L,/D, = 0.25, L/D, =0.93,
@=90° and WxH=1x1 mm?

(ii) Effect of assist air mass flow rate on temperatures patterns

Figure 4 shows the effects of the assist air mass flow rate on
the gas temperatures distributions with AAPSA of geometry
Lo/D, = 0.25, L/Ds = 0.93, @ = 90° and WxH=1x1 mm?. By
increasing the air assist mass flow rate from 3 g/s to 7.5 g/s, the
high temperature region is shifted upstream close to the burner;
the flame diameter is decreased by increasing the values of the
assisted air, as the spray cone angle (SCA) increased with
decreasing of assisted air. The effects of the used atomizer
geometric parameters on the spray characteristics especially the
spray shape were presented and detailed studied by Gad et al.
[14]. The present study is considered an extension for [14] for

studying the combustion characteristics for the modified atomizer.

The increase in the evaporation rate of spray droplet in assisted
air pressure swirl atomizer because of insert of assist air, i.e.,
injecting of assist air helps of good atomization performance and

increase SCA, which are reflected in the combustion performance.

By increasing the mass flow of assisted air, the assist air helps for
more disintegration of liquids fuel, decreasing of SCA while
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increasing of penetration length and produce less droplets the
droplets Sauter Mean Diameter (SMD).
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Figure 4: Effect of the assist air mass flow rate on the gas
temperatures distributions at AFR = 52 for AAPSA of geometry
Lo/D, = 0.25, LD =0.93, @=90° and WxH=1x1 mm?

(iii) Effect of thermal load on temperatures patterns

The input thermal load is measured and calculated by the fuel
mass flow rate (kg/s) times the caloric value or the heating value
of the used fuel (kJ/kg). For changing the input thermal load, the
fuel mass flow rate increased and consequently the air mass flow
rate increased to keep the air to fuel mass ratio constant. Figure 5
shows the effects of changing values of the input thermal load on
the gas temperatures distributions at AFR=52 for AAPSA of
geometry Lo/D, = 0.25, L/D =0.93, @=90°. It is clearly obtained
that, only one main reaction zone is formed around the flame axis,
this zone increases in size by increasing the input thermal load. A
relatively low temperature zone appears at upstream section
around the flame centerline due to the existence of dense of fuel
vapor. The volume of this zone increases by increasing thermal
load input, i.e., increasing the fuel mass flow rate. Increasing the
thermal load, the high temperatures region size and the flame
length increased. The high temperatures regions are found at 0<<
X/D<0.75, 0<X/D<0.9, 0<X/D<0.9 and 0<X/D>1 for thermal
loads of 27, 44, 60 and 80 kW, respectively.
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Figure 5: Effect of the thermal load on the gas temperatures
distributions at AFR= 52 for AAPSA of geometry L,/D, = 0.25,
L¢/Ds =0.93, @=90°

(iv) Effect of swirl passages size on temperatures patterns

In the present study, the size of the swirl passages is change in
width and depth. The width and depth of the swirl passage take
the same dimension to give a square cross sectional. Figure 6
shows the effects of changing the values of swirl passages size
(width x depth) on the gas temperatures distributions at AFR=37
for AAPSA of geometry L,/D,=0.25, L{/Ds=0.93, @=90°. By
increasing the swirl passages sizes of AAPSA, the main reaction
zone formed around the flame axis, increase in size by increasing
the swirl port sizes. A relatively low temperature zone appears at
upstream section around the flame centerline. It is appeared that,
the high temperatures regions of 800 to 1000 °C are found at
0<X/D<0.7, 0<X/D<0.75, 0<X/D<0.85 and 0<X/D<1 for swirl
passage sizes of 1x1, 1.5x1.5, 2x2 and 2.5x2.5 mm?, respectively.
The reduction of swirl passages sizes decreases the SMD due to
increasing of swirl velocity at the entrance of spin chamber,
which helps to increase the swirl effects, improve the spray
quality and enhance mixing process as discussed in detail in
spray characteristics [14].
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Figure 6: Effect the swirl passages size on the gas temperatures
distributions at AFR=37 for AAPSA of geometry L,/D, = 0.25,
LD, =0.93, @=90°

3.2. Dimensionless visible flame length

In the field of combustion systems, the study of flames is
considered one of the main objectives. Many practical
combustion applications required short and stabilized flames over
a wide range of operating conditions. In this case, it is important
to minimize the heat transfer from the flame to the bounding
surfaces as in combustion chamber of gas turbines. Some of
another combustion systems are to transfer as much as possible
heat from the flame to the working medium such as in boiler
furnaces. Therefore, the flame is in this case long with high heat
transfer. The flame length is defined as the length of the visible
part of the flame measured from the atomizer to the visible part
end. In the present study, the flame length is measured visibly
through the observation ports located axially along the combustor
at known different distances.

(i) Effect of air to fuel mass ratio on visible flame length

The effect of the air to fuel mass ratio on dimensionless mean
visible flame length at S = 0.87, T.L. = 27 kW, s, = 5 g/s,
AAPSA of geometry L,/D, = 0.25, LJ/Ds = 0.93, @ = 90° and
WxH=1x1 mm? is shown in Figure 7. It is shown that, the
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dimensionless mean visible flame length is decreased as the air to
fuel mass ratio increased. It is noticed that, by increasing AFR
from 27 to 65, the dimensionless mean flame length is reduced by
about 40%. As the AFR increased, the spray cone angle increased,
as well, this means that the radial velocity component of the
spray droplets increases and the axial velocity decreases.
Decreasing the axial velocity leads to decreasing the axial
movement of the spray droplets and, hence, the spray droplets
will proceed small distances inside the combustor tube to be
turned from liquid into vapor and consequently be burned.
Therefore, this leads to a decrease in the flame length.
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Figure 7: Effect of air to fuel mass ratio on dimensionless mean
visible flame length [S = 0.87, T.L. = 27 KW, 1i144,= 5 g/s, AAPSA of
geometry L,/D, = 0.25, L/D, =0.93, @ = 90° and WxH =1x1 mm?]

(i) Effect of assisted air on visible flame length

The effects of changing the values of the assisted air mass
flow rate on dimensionless visible flame length at S = 0.87, T.L.
= 27 kW, AAPSA of geometry L,/D, = 0.25, LJ/Ds= 0.93, @ =
90°, WxH =1x1 mm? and AFR = 52 is shown in Figure 8. It can
be seen that; at assisted air mass flow of 7.5 g/s the longest
dimensionless visible flame length is found due to the increase of
assisted air which increases SCA, thus penetration length
increases. The reduction percentage on dimensionless visible
flame length as the assisted air mass flow rate increased from 3
g/s to 7.5 g/s is about 59%. This reduction in the flame length
with the assist air mass flow rate is because the spray droplets
burned early, i.e., at a shorter distance from the atomizer, and
thus causing a decrease in the dimensionless visible flame length.
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Figure 8: Effect of assisted air mass flow on dimensionless mean
visible flame length at AFR =52 [S = 0.87, T.L. = 27 kW, AAPSA of
geometry Lo/D, = 0.25, L/D; =0.93, @ = 90°, WxH =1x1 mm?]

(iii) Effect of thermal load on visible flame length
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The effect of thermal load on the dimensionless visible flame
length for S = 0.87, AFR = 52, rh,ss = 5 g/s, AAPSA of geometry
Lo/D, = 0.25, Ly/Ds = 0.93, @ = 90°, and WxH =1x1 mm? is
shown in Figure 9. Increasing the thermal load, the fuel
momentum is increased due to the increase in fuel velocity and
fuel mass flow rate, so that, the dimensionless visible flame
length increased. It is observed that, the dimensionless visible
flame length increased by about 39 % when the thermal load
increased from 27 to 80 kW.
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Figure 9: Effect of the input thermal load on dimensionless mean
visible flame length at AFR =52 [S = 0.87, 1,45 =5 g/s, AAPSA of
geometry Lo/D, = 0.25, Ly/D; = 0.93, @ = 90°, WxH =1x1 mm?]

(iv) Effect of swirl passages size on visible flame length

The effect of swirl passages size on the dimensionless visible
flame length for S = 0.87, T.L. = 27 kW, AFR =37, m, = 5 g/s,
AAPSA of geometry Lo/D, = 0.25, LJ/Ds = 0.93, @ = 90° is
shown in Figure 10. By increasing the swirl passages size, the
spray quality is improved, the spray cone angle is reduced, and
the penetration length is increased. The fuel velocity at entry of
spin chamber is increased, so that, the dimensionless visible
flame length is decreased because of increase of SCA. It is shown
that, the dimensionless visible flame length is increased by
increasing swirl passages size from WxH = 1x1 to 2.5x2.5 mm?
by about 46 %. The liquid tangential velocity at the entry of the
spin chamber is converted into angular motion in spin chamber
producing low swirl effect by increasing swirl passages size and
reduced spray cone angle. The liquid jet enters the spin chamber
with high velocity at small dimension of swirl passages size, then
SCA increased produce thin film thickness by decreasing swirl
passages size resulting a decrease in dimensionless visible flame
length.
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Figure 10: Effect the swirl passages size on dimensionless mean
visible flame length at AFR = 37 [S = 0.87, T.L. = 27 kW, 1i144,= 5
g/s, AAPSA of geometry Lo/D, = 0.25, Ly/D, =0.93, & = 90°]
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3.3. Species concentrations

The species concentration is measured axially through the
cylindrical water-cooled combustor center line and radially at the
combustor tube end using the infrared AO2000 series gas
analyzer. Advanced Optima Uras 26 for CO, CO and NO
measurements measure the species concentrations and by
Magnos 206 for O, measurement. The maximum uncertainties
are 0.5%, 1%, 1 ppm and 3 ppm for O, CO,, CO, and NO,
respectively.

(i) Effect of air fuel mass ratio on species concentrations

The centerline axial species concentrations for different air to
fuel mass ratio is shown in Figure 11. It is found that by moving
axially downstream of the combustor tube, the concentrations of
CO, CO, and NO are decreased while the concentration of O, is
increased. The peak concentration values of NO values close to
the high temperature zone. The concentration is decreased
gradually to the end of the combustor tube. By increasing the
values of the air to fuel mass ratio, the disintegration process is
improved which leads to an enhancement of fuel combustion
reaction. This leads to an increase in fuel oxidation, which means
that some of the CO will be converted to CO, accompanied with
more release of heat energy from the combustion chemical
reactions. Increasing the heat released from the combustion
process raises the temperatures of the flame, which leads to an
increase of the NO formation. Increasing the air to fuel mass ratio
decreases the CO concentrations in flame upstream while
increases the O, concentrations. For higher air to fuel mass ratio,
increasing the axial center line O, and CO concentrations
downstream through the flame is due to the high air velocity
which causes imperfect mixing between fuel and air.
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Figure 11: The axial species concentrations for different air to fuel
mass ratios [S = 0.87, T.L. = 27 KW, mi,4=5 g/s, AAPSA of
geometry Lo/D, = 0.25, L/D; =0.93, @ = 90° and WxH =1x1 mm?]

Figure 12 shows the axial centerline NO concentrations and
gas temperatures profiles at air to fuel mass ratio of 65. It can be
seen that, both NO and gas temperature curves have the same
trend, and the maximum of NO concentrations are occurred at the
same position where the maximum temperature takes place. This
indicates that, the thermal NO mechanism is predominant one
according to Zeldovich mechanism that describes the oxidation of
nitrogen and NOx formation.
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Figure 12: Centerline axial NO concentrations and gas
temperatures profiles [S =0.87, T.L. =27 kW, AFR= 65, rit,5s = 5
g/s, AAPSA of geometry L,/D, = 0.25, L{/D, =0.93, @ = 90° and
WxH =1x1 mm?]

(ii) Effect of assisted air mass flow on species concentrations

The axial centerline species concentrations effect for different
values of assisted air mass flow rate are shown in Figure 13. It is
appeared that, the CO concentration at mass flow rate of 7.5 g/s is
decreased until it disappeared at X/L=0.2 of the axial length, on
the contrary at mass flow rate of 3 g/s, the CO concentrations are
increased because of poor disintegration of liquid at low mass
flow rate of assisted air producing low percentage of CO, due
incomplete combustion of atomizing fuel and low quality of
atomization process. NO concentrations are increased with
reduction of mass flow rate of assist air due to low spray
characteristics at low mass flow of assist air. The O,
concentrations are increased at the end of combustor at assist air
mass flow of 3 g/s than 7.5 g/s because of less mixing and poor
demand of oxygen in chemical combustion with low mass flow
of assist air.

Figure 14 shows axial centerline NO concentrations and gas
temperatures profiles. It can be seen that, both have the same
trend, and the maximum of NO concentration is occurred at the
same position where the maximum temperature takes place. The
peak concentration values of NO values close to the high
temperature zone then the concentration of NO is decreased
gradually to the end of the combustor.

iii) Effect of thermal load on species concentrations

Increasing of thermal load at constant air to fuel ratio, the
flame temperature increased, also NO increased. The effect of the
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thermal load on the species concentrations (NO, CO, CO, and O,)

for air swirl number of 0.87, air to fuel mass ratio of 52 and
thermal loads of 27 and 80 kW is shown in Figure 15. Increasing
thermal load, NO, CO and CO, increased, but O, decreased. For
air to fuel mass ratio of 52, by increasing the thermal load from
27 to 80 kW, NO, CO, while CO increased by about 58%, 40%,
47%, respectively, and O, decreased by about 8%. By increasing
thermal load from 27 to 80 kW the concentrations of O, and CO
are increased while NO and CO, are decreased.

Figure 16 shows the centerline axial NO concentrations and
gas temperature profiles for input thermal load of 27 kW. It can
be appeared that, the NO concentrations are raised sharply to
reach its peak coincide with the maximum temperature region
then begin to be decreased gradually towards the combustor end.
The peak concentration values of NO close to the high
temperature zone.
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Figure 13: The axial species concentrations for different values
of assist air mass flow at AFR =52 [S = 0.87, T.L.=27 kW, AAPSA
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Figure 14: The axial centerline NO concentrations and gas
temperature profiles [S = 0.87, AFR =52, T.L.=27 kW, m,,= 3 g/s,
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Figure 15: The axial species concentrations for different thermal
loads [S = 0.87, m,4=5 g/s, AFR =52, AAPSA of geometry L,/D,
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temperature profiles [S = 0.87, mit,4,=5 g/s, AFR =52, T.L.=27 kW,

AAPSA of geometry L,/D, = 0.25, L/D; =0.93, @ = 90°, WxH =1x1
2
mm?<]

(iv) Effect of swirl passages size on species concentrations

The axial species concentrations for different swirl passage
sizes at air swirl number of 0.87 and air to fuel mass ratio of 37 is
shown in Figure 17. By increasing swirl passages sizes from
WxH=1x1 to 2.5x2.5 mm? CO, NO and O, concentrations
increased, while CO, concentrations decreased at the combustor
tube exit. It is shown that, CO emission increases by increasing of
WxH because of incomplete combustion due to imperfect mixing
between fuel and air. When increasing the swirl passages size
from WxH=1x1 to 2.5x2.5 mm?, NO, O, and CO concentrations
at the combustor tube exit are increased by about 83%, 18.5%,
and 211%, respectively, while CO, concentrations is decreased
by about 55 %.
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Figure 17: The axial species concentrations for different swirl
passages sizes at AFR =37 [S=0.87, T.L. =27 kW, 1t 4, = 5 gfs,
AAPSA of geometry L,/D, = 0.25, L/D, = 0.93, @ = 90°]

Figure 18 shows the centerline axial NO concentrations and
gas temperatures profiles for the swirl passage size of
WxH=2.5x2.5 mm? input thermal load of 27 kW, air to fuel mass
ratio (AFR) of 37, assist air mass flow rate of 5 g/s, L,/D, = 0.25,
LD, =0.93, and @ = 90°. It is found that the center line NO
concentration is increased from X/D = 0 to reach its maximum
value because of the increasing in the center line flame
temperature. It is appeared that, axial NO concentrations profiles
are presented with the axial centerline flame temperatures which
found to be with the same trend. This means that the thermal NO
is formed in the flame envelope and the gas temperature is the
most important variable which affects the NO emissions. It is
clearly observed that, the peak of the center line NO
concentration is found at the axial distance at where the center
line peak temperature takes place, and both are found at axial
distance of X/D = 0.12. the center line flame temperatures
decrease through the flame from the peak value at X/D = 0.12 to
its minimum value at the combustor exit and the NO
concentrations take the same trend.
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Figure 18: The axial centerline NO concentrations and gas
temperature profiles [S = 0.87, T.L. =27 kW, AFR =37, m 4= 5
g/s, AAPSA of geometry WxH=2.5x2.5 mm?, Lo/D, = 0.25, Ly/D

=0.93, @ =90°]

4. Conclusions



Vol.43, No.1. January 2024

From the experimental results by studying the spray
combustion characteristics under different operating and
geometrical condition for assisted air pressure swirl atomizer; air
to fuel mass ratio changed as 27, 37, 52 and 65, assist air mass
flow rate varied as 3, 4, 5 and 7.5 g/s, the input thermal load
changed as 27, 44, 60, and 80 kW and the atomizer swirl
passages varied as 1x1, 1.5x1.5, 2x2 and 2.5x2.5 mm? the
following conclusions are obtained:

- The axial high temperature region is shifted upstream close
to the burner and shifted outward far away from the
combustor centerline by increasing the air to fuel mass ratio
(AFR), while it is shifted downstream and become thinner by
increasing the swirl passages sizes (WxH), input thermal
load (T.L.) and decreasing of assist air mass flow rate.

- The dimensionless visible flame length is increased by
increasing of assist air mass flow rate, input thermal load and
swirl passages sizes, while it is decreased by increasing the
AFR, the reduction in L/L as the assisted air mass flow rate
increased from 3 g/s to 7.5 g/s is about 59%, LL is
increased by about 39 % as the thermal load increased from
27 to 80 kW and by about 46 % when increasing swirl
passages size from WxH = 1x1 to 2.5x2.5 mmZ.

- Increasing the air to fuel mass ratio decreases the CO
concentrations in flame upstream while increases the O,
concentrations.

- By increasing the input thermal load, the centerline axial O,
concentrations is decreased while NO, CO and CO,
concentrations are increased.

- By increasing WxH the centerline axial O,, NO and CO
concentrations are increased while CO, concentration is
decreased.

- By increasing the assisted air mass flow rate the centerline
axial O, concentrations is increased while NO, CO and CO,
concentration are decreased.

- The peak concentration value of NO is close to the high
temperature zone then the concentration of NO is decreased
gradually towards the end of the combustor.
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H Swirl passage depth, mm
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L¢ Visible flame length, cm

Ld/L Dimensionless flame length

L, Orifice length, mm

Lo/Do Orifice length to diameter ratio
L Spin chamber length, mm
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L¢/Ds Spin chamber length to diameter ratio
111 Assist air mass flow rate, g/s

PSA Pressure Swirl Atomizer

r Radial distance, cm

R Combustor radius, 10 cm

r'R Dimensionless radial distance

S Swirl number

SCA Spray Cone Angle, degree

SMD Sauter Mean Diameter (D3;), um

W Swirl passage width, mm
X Axial distance, cm
X/L Dimensionless axial distance
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