
Ibrahim, I. A.; Farag, T. M.; Abdel-baky, M. E.; El-samed, A. K. Abd; Gad, H. M.

Article

Experimental study of spray combustion characteristics of
air-blast atomizer

Energy Reports

Provided in Cooperation with:
Elsevier

Suggested Citation: Ibrahim, I. A.; Farag, T. M.; Abdel-baky, M. E.; El-samed, A. K. Abd; Gad, H. M.
(2020) : Experimental study of spray combustion characteristics of air-blast atomizer, Energy
Reports, ISSN 2352-4847, Elsevier, Amsterdam, Vol. 6, pp. 209-215,
https://doi.org/10.1016/j.egyr.2019.12.014

This Version is available at:
https://hdl.handle.net/10419/244024

Standard-Nutzungsbedingungen:

Die Dokumente auf EconStor dürfen zu eigenen wissenschaftlichen
Zwecken und zum Privatgebrauch gespeichert und kopiert werden.

Sie dürfen die Dokumente nicht für öffentliche oder kommerzielle
Zwecke vervielfältigen, öffentlich ausstellen, öffentlich zugänglich
machen, vertreiben oder anderweitig nutzen.

Sofern die Verfasser die Dokumente unter Open-Content-Lizenzen
(insbesondere CC-Lizenzen) zur Verfügung gestellt haben sollten,
gelten abweichend von diesen Nutzungsbedingungen die in der dort
genannten Lizenz gewährten Nutzungsrechte.

Terms of use:

Documents in EconStor may be saved and copied for your personal
and scholarly purposes.

You are not to copy documents for public or commercial purposes, to
exhibit the documents publicly, to make them publicly available on the
internet, or to distribute or otherwise use the documents in public.

If the documents have been made available under an Open Content
Licence (especially Creative Commons Licences), you may exercise
further usage rights as specified in the indicated licence.

  https://creativecommons.org/licenses/by-nc-nd/4.0/

https://www.econstor.eu/
https://www.zbw.eu/
http://www.zbw.eu/
https://doi.org/10.1016/j.egyr.2019.12.014%0A
https://hdl.handle.net/10419/244024
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.econstor.eu/
https://www.leibniz-gemeinschaft.de/


Energy Reports 6 (2020) 209–215

Contents lists available at ScienceDirect

Energy Reports

journal homepage: www.elsevier.com/locate/egyr

Research paper

Experimental study of spray combustion characteristics of air-blast
atomizer
Ibrahim I.A. ∗, Farag T.M., Abdel-baky M.E., Abd El-samed A.K., Gad H.M.
Department of Mechanical Power Engineering, Faculty of Engineering, Port Said University, Egypt

a r t i c l e i n f o

Article history:
Received 19 May 2019
Received in revised form 25 August 2019
Accepted 16 December 2019
Available online xxxx

Keywords:
Airblast atomizer
Atomizing air temperature
Spray combustion

a b s t r a c t

In the present work, the characteristics of spray combustion an airblast atomizer with an innovative
design were experimentally investigated. The flame was stabilized in a water-cooled combustor using
air swirler. A test rig was manufactured to investigate the different operating conditions — which
include the atomizing Air to Liquid fuel mass Ratio (ALR) of 5, 6, 7 and 8 and the elevated Atomizing Air
Temperature (AAT) of 300, 350, 400, and 450 K. The spray combustion characteristics are represented in
the form of axial and radial temperatures distributions, temperature gradients, visible flame length, and
species concentrations. The axial and radial temperature distributions of flame were measured using
the type R thermocouple. The species concentrations were measured by an infrared AO2000 series
gas analyzer. The results indicate that the high-temperature combustion region is shifted upstream
and outward and the flame length becomes shorter by increasing the value of both ALR and AAT.
In addition, the NO concentration reaches its maximum values near the location of the maximum
centerline axial temperature. Moreover, it was found that increasing the AAT leads to, on the one
hand, decreasing the gas temperature, the O2 and the CO concentrations at the combustor end, on the
other hand, it leads to increasing both the NO and the CO2 concentrations.

© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Combustion of liquid fuels in gas turbines, boilers and indus-
trial furnaces depends on the effective atomization to increase the
specific surface area of the fuel, thereby achieving high mixing
rates and evaporation. Spray serves as the heart of every type of
liquid-fuel combustion system. Ideally, to promote combustion
with maximum efficiency and minimum harmful emissions, an
injector should deliver a fuel spray that rapidly disperses and
evaporates to yield a homogeneous mixture of fuel and air (Lefeb-
vre, 1989). Fuel jets or sheets break up into sprays in various
regimes that depend upon the influence and interaction of the
liquid’s kinetic energy, surface tension, viscosity, and surrounding
air. The mechanism, by which the liquid jet breaks up into a
spray, is first broached by Rayleigh who analyzed the stability of
a low-speed inviscid jet (Lasheras and Hopfinger, 2000).

Some of the atomizer characteristics have been listed for good
atomization over a wide range of fuel flow rates and these include
the insensitivity to flow instabilities, low power requirements,
resistant to blockages, and production of a fine spray. Lin and
Reitz (1998) provided a review along with a stability analysis
to predict the breakup of liquid jets. Many investigators deal

∗ Corresponding author.
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with fuel sprays optimized for lean combustion (McDonell and
Samuelsen, 1991; Razdan, 1998; Mansour, 2005; Nakamura et al.,
2006).

The principle of the operation of the airblast atomizer de-
pends on the relative velocity between the air stream and the
liquid fuel stream, where the air has relatively high velocity and
the liquid fuel has low velocity (Ma et al., 2015; Lefebvre and
Dilip, 2010; Pipatpong et al., 2011; Arindam et al., 2013; Sovani
et al., 2011; Matouš et al., 2017). The airblast atomizers have
many advantages especially in the gas turbine engines. Those
advantages include low fuel pressure, finer spray, and creating
good mixing between fuels and air which results in low soot
formation (Lefebvre, 1980; Min et al., 2016; Hisham, 2012).

The airblast atomizer was found to have significant effects on
the spray characteristics. Many researchers investigated experi-
mentally, the effects of the airblast atomizer design on the spray
and combustion characteristics. The effects of liquid jet diameter
and the internal and external mixing between the atomizing air
and liquid fuel in the air blast atomizers were experimentally
studied (Baptiste et al., 2016; Gad et al., 2018; Batarseh et al.,
2008; Marek, 2016; Hai-Feng et al., 2006; Nguyen and Rhodes,
1998; Jorge et al., 2014).

Increasing fuel viscosity leads to blockage of fuel lines, filters
and poor atomization. Jaime et al. (2010) used canola methyl
ester (CME) biofuel and petroleum based No. 2 diesel fuel and
studied the effects of different parameters, such as air-preheat
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Fig. 1. Schematic diagram of the testing rig.

Nomenclature

ALR Atomizing air to Liquid fuel mass Ratio
AAT Atomizing Air Temperature
ṁf Fuel mass flow rate, g/s
ṁa.a Atomizing air mass flow rate, g/s
L Combustor length, cm
Lf Flame length, cm
r Local radius, cm
R Combustor radius, cm
X Local length, cm
Sn Swirl number

temperature, global equivalence ratio. Gas temperature, species
concentrations (i.e. NO, CO, CO2 and O2), spray droplet size and
mean droplet axial/radial velocities.

The effects of preheated air temperature on diffusion flame
was studied experimentally by Amer et al. (2015). The combus-
tion air was heated, electrically before entering the combustor,
up to a temperature of 500 K. They found that, as the preheated
air temperature increases, the volume of the high-temperature
region increases and the flame length decreases.

In the present study, the design of the atomizer and its operat-
ing conditions selected based on the experimental study carried
out by Gad et al. (2018). The main objective of the present work is
to investigate, experimentally, the combustion characteristics of
the commercial diesel fuel in a continuous combustion system.
The effect of changing the Atomizing air to Liquid fuel mass Ratio
(ALR) are investigated. Four values of ALR, i.e. 5, 6, 7 and 8.
Also, the effects of the Atomizing Air Temperature (AAT). Also,
four different values of AAT, i.e. 300, 350, 400, and 450 K, are
investigated. The properties of the commercial diesel fuel are
shown in Table 1.

2. The test rig

In order to investigate the effects of changing the values of the
ALR and the values of the AAT on the combustion characteristics
of an air blast atomizer with an innovative design, a testing rig
was designed and constructed. This testing rig consists of a com-
bustion air line, an atomizing air line, an atomizing air heating

Table 1
The properties of the commercial diesel fuel.
Fuel property Units

Kinematic viscosity at 40 ◦C 1.3–4.1 mm2/s
Density 850 kg/m3

Carbon 87 wt. %
Hydrogen 13 wt. %
Cetane number 40–55
Heating value 45 kJ/kg

unit, a fuel line, a burner head and a combustor. The layout of the
testing rig is shown in Fig. 1. In the heating unit of the atomizing
air, the steel box is divided into four sections by steel baffles
to force the atomizing air to pass through all electrical heaters.
The desired temperature is monitored on a temperature indicator
and is controlled manually by changing the electric power of the
heaters. The heating unit of the atomizing air is , schematically,
shown in Fig. 2. The fuel flows by gravity from the upper fuel
tank which is located at about 6 m above the fuel orifice. The
combustion air swirler with swirl number 0.87 is used as a flame
stabilizer.

The fuel enters the air blast atomizer which has an atomizing
air swirler. This air swirler gives the atomizing air a swirling
motion before exiting the orifice. The air blast atomizer is coaxial
with the combustion air swirler. The dimensions and the con-
struction of the used airblast atomizer are taken from Gad et al.
(2018) and are shown in Fig. 3. The fuel nozzle diameter (D) and
the Atomizing Air Swirler Angle (AASA) are taken constants as
1.0 mm and 45◦, respectively. A water-cooled horizontal com-
bustor tube was manufactured with inner diameter and length
of 20 cm and 100 cm, respectively. The combustor has nineteen
measuring tapings distributed along its length as shown in Fig. 4.

3. Experimental results and discussion

The flame characteristics of the combustion of the commercial
diesel fuel using air blast atomizer are studied. Combustion air to
fuel mass ratio, air swirl number and thermal load are chosen and
kept constant at 30, 0.87 and 45 kW, respectively. The effects of
changing values of the ALR and values of the AAT are studied.



Ibrahim I.A., Farag T.M., Abdel-baky M.E. et al. / Energy Reports 6 (2020) 209–215 211

Fig. 2. Heating unit of the atomizing air.

Fig. 3. Schematic of the airblast atomizer assembly.

Fig. 4. Combustor tube dimensions.

3.1. Effect of changing the ALR

The values of the ALR were taken as 5, 6, 7 and 8. The values of
the ALR was varied by changing the atomizing air mass flow rate
while keeping the fuel mass flow rate constant at 1 g/s. The effects
of changing the values of the ALR on temperature distribution,
temperature gradient, the visible flame length and the species
concentrations are studied.

Fig. 5. The effects of changing values of the ALR on the gas temperature
distribution.

(i) Temperatures distributions
The effects of changing the values of the ALR from 5 to 8

on temperature patterns (temperature maps, radial and axial
temperature distributions) and temperature gradient are shown
in Figs. 5–8. The axial and radial temperature distributions of the
flame were measured using the type R (Pt–Pt Rh 13%) thermo-
couple with correction factor of 1.03. Data acquisition was used;
the data was corrected for radiation and convection errors. The
temperature maps for different ALR values are shown in Fig. 5,
while the radial temperature distributions are shown in Fig. 6.
From the observations of these figures, it is clearly seen that
increasing the values of the ALR leads to an increase in the size
of the high-temperature region. This can be attributed to the
increase of the spray cone angle, which results in enhancement
of the spray quality, i.e. smaller droplet size, higher evaporation
rate and higher mixing rate of diesel fuel. Moreover, it can be seen
that the flame length is decreased while the flame diameter is
increased. In addition, a high reaction region can be distinguished
with high-temperature values around the flame centerline.

The centerline axial temperature profiles for flames at differ-
ent values of the ALR are shown in Fig. 7. It is observed that
the maximum centerline axial temperature is located upstream
before the flame end, i.e. inside the formed reaction zone. Then
the temperatures have lower values at further downstream sec-
tions. The decrease in the temperatures at downstream sections
indicates that the chemical reaction is almost completed. This
decrease in temperature is mainly due to the heat transfer from
the combustion products to the water-cooled combustor wall.
By increasing the values of the ALR, the centerline axial peak
temperature location shifts further upstream because the flame
becomes shorter due to the improvement of the spray quality and
mixing rate.

The gas temperature gradients along the flame axis were
obtained from the temperature distribution for the flames at
different ALR values, see Fig. 8. It is shown that, at an ALR value of
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Fig. 6. The effects of changing the values of the ALR on the radial temperature
distribution.

Fig. 7. The effects of changing the values of the ALR on the centerline axial
temperature distribution.

5, the temperature gradient curve has more than one peak, and
the temperature gradient reaches a steady state value at about
55% of the combustor length. For the value of the ALR of 8, the
temperature gradient curve has just one peak at about 5% of
the combustor length, then it starts to be convergent with small
values from about 30% of the combustor length to the end of the
combustor.

The small values of the temperature gradient, almost about
zero, after 30% and 55% of the combustor tube length for ALR of 5
and 8, respectively, indicate that the chemical reaction is nearly
completed upstream from these axial locations.

(ii) visible flame length
The effects of changing ALR values on the visible flame length

is shown in Fig. 9. It can be seen that, as the ALR increases from
5 to 8, the visible flame length is decreased by about 22%. The
reduction of the visible flame length is due to the increase in the
atomizing air flow rate which corresponds to higher atomizing
air velocity. Therefore, the spray quality is improved and this
led to decrease the time needed to complete the evaporation
of the spray droplets. This means that the spray droplets will
move shorter distances inside the combustor to be evaporated
and burned, consequently this causes a reduction in the visible
flame length.

Fig. 8. The effects of changing the values of the ALR on the axial temperature
gradient.

Fig. 9. The effects of changing the values of the ALR on visible flame length.

(iii) species concentration
The species concentrations are measured by Advanced Optima

Uras 26 for CO2, CO and NOmeasurements and by Magnos 206 for
O2 measurement the maximum uncertainities are 0.48% , 0.65%,
0.01 ppm and 0.03 ppm for O2, CO2, CO and NO respectively.
The species concentrations are measured along the axis of the
combustor tube. The effects of changing the values of the ALR on
the species concentrations along the axis are presented in Fig. 10,
while Fig. 11 shows the effects of changing the values of the ALR
on the species concentrations at the end of the combustor tube.
It is found that, by moving axially downstream of the combustor
tube, the concentrations of CO and O2 are decreased while the
concentration of CO2 is increased. Also, the concentration of NO
is increased to reach its maximum values close to the high-
temperature zone then the concentration of NO is decreased
gradually to the end of the combustor.

By increasing the values of the ALR, the atomization process is
improved which leads to an enhancement in the mixing process
between air and fuel. This leads to an increase of fuel oxidation
which means that some of the CO will be converted to CO2
accompanied with more release of heat energy from the combus-
tion process. Increasing the heat released from the combustion
process raises the temperatures of the flame which leads to an
increase of the NO formation. It could be concluded that increas-
ing the ALR leads to an increase of NO and CO2 concentrations,
but a decrease of CO and O2 concentrations.

The axial NO concentration and temperature profiles along the
combustor tube centerline for the values of the ALR of 5 and 8 are
shown in Fig. 12. It can be seen that both of them have the same
trend, as shown in Fig. 11. The peak values of NO are happened
to occur at the same position where the maximum temperature
takes place. This means that the reaction rates depend on reactant
temperatures.

3.2. The effects of changing AAT

A set of experiments were carried out to quantify the effect
of changing the AAT from 300 K to 450 K, on temperature distri-
butions, temperature gradient, visible flame length, and species
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Fig. 10. The effects of changing the values of the ALR on the axial species
concentrations.

Fig. 11. The effects of changing the values of the ALR on the species
concentrations at combustor end.

Fig. 12. The NO axial concentration and gas temperature profiles for ALR = 5
and 8.

Fig. 13. The effects of changing the values of the AAT on temperature
distribution.

concentrations at values of ALR, air swirl number and thermal
load of 6, 0.87 and 45 kW, respectively.

(i) temperature distributions
The effects of changing the values of the AAT, from 300 K

to 450 K in steps of 50 K on gas temperature patterns (tem-
perature maps, radial and axial temperature distributions) and
temperature gradient are shown in Figs. 13–16. The temperature
maps for different AAT values are shown in Fig. 13 and the
radial temperature distributions are shown in Fig. 14. From these
figures, it can be seen that by increasing the AAT values, the high-
temperature region is shifted upstream close to the burner, the
flame diameter is increased by increasing the values of the AAT.
This can be attributed to the increase in the evaporation rate of
the commercial diesel fuel.

The centerline axial temperature profiles for flames at differ-
ent values of the AAT are shown in Fig. 15. It is noted that, by
increasing the AAT, the temperature of the fuel spray droplets
increased, during the atomization process. The evaporation rate
increased too, and the flame became wider and shorter, and
the high-temperature region is shifted upstream, the atomization
process and the combustion are improved by increasing the val-
ues of the AAT. This leads to increasing the heat energy released
from the combustion which leads to the decrease in the centerline
axial temperatures at the combustor exit.

The temperature gradients along the axis of the combustor
tube at the values of the AAT of 300 and 450 K are shown
in Fig. 16. It is inferred that each temperature gradient curve
has only one peak and the temperature gradient starts to be
convergent with small values from about 50% of the combustor
length for AAT = 300 K, while at AAT of 450 K the temperature
gradient convergent with small values from about 33% of the
combustor length. This means that increasing the AAT enhances
the spray quality, i.e. smaller droplets and higher surface area of
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Fig. 14. The effects of changing the values of the AAT on the radial temperature
distribution.

Fig. 15. Effect of changing AAT on the centerline axial temperature distribution.

Fig. 16. The effects of changing the values of the AAT on the temperature
gradient at the combustor centerline.

fuel and mixing rate, and hence the chemical reaction between
fuel and air is enhanced.

(ii) visible flame length
The effects of changing the values of the AAT on visible flame

length are shown in Fig. 17. It can be seen that, the lower the
values of the AAT, the longer flame length by increasing; the AAT
from 300 to 450 K, the visible flame length is decreased by about

Fig. 17. The effects of changing the values of the AAT on the visible flame length.

Fig. 18. The effects of changing the values of AAT on the axial species
concentrations.

Fig. 19. The effects of changing the values of AAT on the species concentrations
at combustor tube end.

25%. By increasing the values of the AAT, the time needed to com-
plete evaporation of the spray droplets is decreased. Therefore,
the spray droplets burned early, i.e. at a shorter distance from
the atomizer/swirler, and thus causing a reduction in the visible
flame length.

(iii) Species concentration
The effect of changing the values of the AAT on the centerline

species concentrations are shown in Fig. 18. The species concen-
trations at the combustor tube end are shown in Fig. 19. Fur-
thermore, the chemical reaction is nearly completed and hence
the carbon dioxide increases to reach its maximum at the flame
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Fig. 20. The NO concentration and the gas temperature profiles along the
centerline of the combustor tube.

front. Consequently, carbon monoxide and oxygen concentrations
decreases.

The nitrogen oxide concentration increased to its peak values
which matched with the peak temperatures. Then, it decreased,
likewise the flame temperatures to the combustor end. Increas-
ing the AAT improved the atomization process which leads to
enhancement in the combustion process. Consequently, the gas
temperatures increases which matched with NO concentrations
according to Zeldovich mechanism. By increasing the values of
the AAT, the NO and CO2 concentrations increased while the CO
and O2 concentrations decreased at the end of the combustor tube
as shown in Fig. 19.

The gas temperature profiles are found to have the same trend
of NO profiles. Both of the centerline NO concentration and the
centerline gas temperature are shown in Fig. 20.

4. Conclusions

From the experimental results of spray combustion using air
blast atomizer by changing: 1- the values of the ALR to be 5, 6,
7 and 8. 2- the AAT to be 300, 350, 400 and 450 K, the following
conclusions are obtained.

– By increasing the values of both the ALR and the AAT, the
high temperature regions are shifted upstream towards the
burner head and also are shifted outward far away from the
combustor. In addition the flame length becomes shorter
and its diameter is increased by increasing the ALR and AAT.

– The visible flame length is decreased by about 22% by in-
creasing the values of the ALR from 5 to 8 while it is
decreased by about 25% by increasing the values of the AAT
from 300 to 450 K.

– By increasing the values of the ALR from 5 to 8, the O2 and
the CO concentrations are decreased ,however, the NO and
the CO2 concentrations are increased, at the combustor end.

– By increasing the values of the AAT from 300 and 450 K , the
O2 and the CO concentrations are decreased while the NO
and the CO2 concentrations are increased, at the combustor
end.

– The NO concentration and the gas temperature profiles are
found to have the same trend.

– Under the current setup, the flame characteristics could be
enhanced by increasing the values of both the ALR and the
AAT. However, this leads to an increase in the NO con-
centration. The ALR has significant effect higher than the
AAT.
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