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A B S T R A C T

The atomization process is critical for combustion systems since it directly influences emissions and perfor-
mance. Thus injection system should provide the spray required structure and characteristics, e.g., angle and
droplet size distribution. Therefore, this work investigates the effects of varying the fuel type, air co-flow rates,
fuel mass flow rate and air co-flow temperature on the spray characteristics (e.g., droplet size distribution and
droplet velocity) in an annular co-flow spray burner. These effects were investigated by measuring droplet sizes
and velocities at different radial and axial positions of n-Heptane, n-Decane and n-Dodecane sprays under
non-reacting conditions at a room pressure of 1 atm and temperature of 298K and using the Microscopic
Diffused Back-illumination (MDBI) technique. In addition, the Sauter mean diameter (SMD) for different flow
conditions were predicted using three well-known correlations and compared to experimental measurements.
The outcomes of this research provided a fair understanding of the influence of varying these parameters on
the droplet sizes and velocity through a wide test matrix. Finally, the findings reported here will support future
research into the function of phase change in flame stability.
1. Introduction

Developing efficient and clean combustion systems requires a deep
understanding of all the processes experienced by liquid fuel through-
out the system, such as atomization, vaporization, turbulent mixing,
and combustion. Many of these processes are connected; the atom-
ization process, which results in different droplet sizes, can increase
or decrease the liquid fuel’s vaporization rate and hence influencing
the energy conversion process and pollutant emissions. Additionally,
the combustion/flame stability of a liquid-fueled gas turbine can be
affected by the fuel type and the air co-flow rates delivered in the
engine. Increasing the fuel and/or air flow rates can improve droplet
disintegration and flow turbulence, influencing the spray droplet size
distribution. Therefore, the droplet formation in air flows must con-
tinue to be investigated because it is a complex process that is not fully
understood yet. In the last decades, various experimental approaches
and high-fidelity computational fluid dynamics (CFD) efforts have been
used to understand the physical processes that drive the atomization
process. Thus, reliable experimental measures are required to validate
numerical modeling works [1–3] and are also used by designers to
optimize new injection systems. Finally, accurate experimental data
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is necessary to understand the fuel droplet interaction with the flame
structure through the evaporation and combustion steps.

In this context, several experimental investigations have been con-
ducted to evaluate the influence of the fuel properties (e.g., density,
surface tension and viscosity) on the atomization quality using different
nozzle types [4–7]. Additional works have implemented analogous
efforts on understanding the turbulent two-phase combustion in spray
flames [8–11], since it continues to be a challenge for experiments and
numerical simulations due to the complex interaction of the different
mechanisms that are involved in them. Although many experiments
have been conducted to investigate the relationship between the atom-
ization process and the flame stability mechanism that occurs in spray
flames, factors such as air co-flow, pre-heated and diluted co-flow,
and fuel mass flow rates, which can influence droplet size distribution
(DSD), velocity, and turbulence, require further investigation. Finally,
one of the most basic requirements, particularly for aircraft engines,
is the capacity to maintain combustion inside a gas turbine combus-
tor under a wide range of operating conditions (e.g., fuel/air ratio,
temperature, and pressure).
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Nomenclature

Acronyms

CAD Computer-aided design
CCD Charge-Coupled Device
CFD Computational fluid dynamics
DBI Diffused Back-Illumination
DSD Droplet size distribution
FOV Fields of view
fps Frames per second
GRT Global Rainbow Refractometry Technique
LDV Laser Doppler Velocimetry
LED Light-emitting Diode
LEM Laser Extinction Method
LII Laser-Induced Incandescence
MDBI Microscopic Diffused Back-Illumination
PDI Phase Doppler Interferometry
PDPA Phase Doppler Particle Analyzer
PID Proportional Integral Derivative
PIV Particle Image Velocimetry
PLIF Planar Laser-induced Fluorescence
SEM Scanning Electronic Microscope
SMD Sauter Mean Diameter
TEM Transmission Electron Microscope

Variables

𝜇𝑙 Dynamic viscosity
𝜈𝑙 Kinematic viscosity
𝜙𝑔𝑙𝑜𝑏𝑎𝑙 Global equivalence ratio
𝜌𝑎𝑖𝑟 Air density
𝜌𝑙 Fuel density
𝜎𝑙 Liquid surface tension
𝜃 Spray half-angle

Greek symbols

ø𝑎𝑖𝑟 Air outlet diameter
𝑑 Droplet diameter
𝑁 Total number of valid droplets
𝑇𝑐𝑜−𝑓𝑙𝑜𝑤 Air co-flow temperature
𝑉𝑐𝑜−𝑓𝑙𝑜𝑤 Co-flow velocity

Experimental works of sprays surrounded by turbulent air co-flows
ere also carried out to measure droplet size distributions and ve-

ocities, but they are limited. Sommerfeld and Qiu [12] measured
xperimentally droplet sizes, distributions, velocities, and droplet mass
luxes of a hollow cone spray surrounded by heated co-flow using Phase
oppler Particle Analyzer (PDPA). The experiments were conducted
t different flow conditions (i.e., varying air and liquid flow rates
nd air co-flow temperatures). The results exhibited that low air co-
low velocities compared to the droplet initial velocity increase the
vaporation rate due to the more significant droplet interaction time
resident time) with the surrounding heated air. In addition, decreasing
ir co-flow velocity allows for a wider radial spray. Alsulami et al.
13] investigated the effect of varying the air flow rates on the spray
haracteristics (e.g., droplet size distribution) in an annular co-flow
pray burner and using the PDPA technique. The droplet sizes and
elocities of the spray were measured at different radial and axial
ositions of n-heptane fuel under non-reacting conditions. The out-
omes evidenced that the spray characteristics, including droplet sizes,
2

velocities, turbulence, and DSDs, are long influenced by the air co-flow
rate and thus influence the droplet dissipation and vaporization.

Numerous optical and laser techniques have been developed for
studying the spray’s characteristics [14–19]. Friedman and Renksizbu-
lut [14] used Phase Doppler Interferometry (PDI) to measure the fuel
droplet size and velocity of a methanol spray in an annular air jet. This
technique is based on measuring the phase difference and frequency of
light scattered when a droplet passes through the intersection of two
laser beams. Marley et al. [15] conducted experiments to determine
the spray dispersion and aerodynamic properties of an ethanol spray
using the PDPA and the Laser Doppler Velocimetry (LDV) techniques.
Meanwhile, Düwel et al. [17] carried out experimental and numerical
studies in a spray burner, where air and liquid fuel are injected at ambi-
ent temperature favoring direct droplet interaction. Experimental and
computational results showed a good agreement in droplet velocities
profiles and droplet size distribution. Verdier et al. [18] investigated
an n-Heptane spray flame characteristics in an annular non-swirled air
co-flow that surrounds a central hollow-cone spray injector using laser-
based techniques. The PDPA measurements contributed to the analysis
of air and droplet aerodynamics and the ones of the Global Rainbow
Refractometry Technique (GRT) to investigate the droplet temperature
in different regions of the spray jet. Subsequently, Marrero Santiago
et al. [19] implemented PDA and Particle Image Velocimetry (PIV) to
measure droplet size-velocity and instantaneous velocity fields in an
n-Heptane spray, respectively.

Nowadays, Diffused Back-Illumination (DBI) has been widely used
for measuring different parameters in sprays [20–27]. Yan et al. [28] in-
vestigated macroscopic and microscopic characteristics of flash boiling
spray using Diffused Back-Illumination (DBI) imaging and PDA. Manin
et al. [29] studied the mixing process in sprays at elevated tempera-
tures and pressures using a high-speed camera coupled with a long-
working-distance microscopy lens to track individual fluid features.
Meanwhile, Payri et al. [22] determined the droplet size distribution
of a urea–water spray injected into a hot air stream through the DBI
technique, concluding that injection pressure plays an important role
in the global spray performance; the droplet size and droplet velocity
near the nozzle exit.

Pressure-swirl sprays are usually characterized to be quite dense
with different sizes and shapes; thus, measuring them is a complex
task [30]. Multiple scattering leads to a high level of noise and low
contrast of images, even the detection of separate particles might be
a problem. Therefore, choosing the appropriate optical technique that
provides reliable information about the droplet size and velocity is very
important. Microscopic Diffused Back-Illumination (MDBI) technique
was used for this work since it allows for the spatial distribution of
droplet size, allowing us to determine the droplet size and velocity.
MDBI requires focused images and a short deep field appropriate for
dense sprays. This work investigates the impact of varying the fuel type,
air mass flow rate, fuel mass flow rate and air outlet diameter on the
spray characteristics (e.g., droplet size distribution) in an annular spray
burner.

The optical technique and the image processing methodology used
for the present work provide several advantages over the laser tech-
niques in terms of a higher field of view and characterization of
high-density sprays. From the experimental outcomes, it is found big
droplets are less affected than small ones by aerodynamic conditions.
However, conditions that promote better atomization or high co-flow
velocities increase the number of small droplets close to the center axis.
Additionally, the spray opening angle depends on the fuel type, and at
extreme co-flow velocities, the angle is narrower. On the other hand,
for a particular fuel, it is found the co-flow temperature and fuel mass
flow rate have a strong influence on the global Sauter mean diameter
(SMD) since they affect the evaporation and the atomization processes,
respectively, and especially for droplets with diameters between 5 to
16 μm. Indeed when the co-flow temperature is too high, the effect of

the rest parameters is minimized. Droplet velocity is observed to be
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Fig. 1. Schematic representation of the high-flow and high-temperature facility.
more affected by injection pressure, droplet size, and co-flow velocity.
The current paper presents an experimental investigation of the effects
of varying liquid fuel type, co-flow temperature, air outlet diameter,
and air co-flow rates on the spray characteristics of a pressure swirl
atomizer in an annular spray burner under non-reacting conditions.
The remaining manuscript first describes the experimental facilities,
the experimental test conditions, the details of the optical setup, and
the image processing implemented in this work. Then, the results
are presented in terms of SMD, mean droplet profiles and velocity
profiles at different radial positions. In addition, a comparison between
estimated and measured SMD is performed. The last section summarizes
the conceptual findings using Microscopic Diffused Back-Illumination
technique to characterize the spray.

2. Material and methods

This section describes the facility used to carry out the measure-
ments, test plan, optical setup, and image processing methodology.

2.1. Facility

A schematic layout of the facility used to study the spray charac-
teristics at atmospheric conditions is presented in Fig. 1. A centrifu-
gal blower supplies air co-flow with an air blowing-capacity of 0 -
400 kg h−1 and is measured using a flowmeter. A 15 kW electric heater
has been installed at the air pipeline to increase the air temperature
up to 673K, letting to investigate its effect on the spray characteristics.
The air co-flow temperature is measured with K-type thermocouples at
different locations and controlled by a PID module.

The fuel injection system consists of a vessel (2 L capacity) pressur-
ized up to 5MPa using a nitrogen bottle coupled with an extra bottle
to minimize the pressure fluctuations and controlled by a pressure
regulator. The vessel has multiple input connection ports to attach
different sensors (e.g., thermocouples and pressure sensors). A relief
valve was also installed to prevent over-pressures in the system, re-
leasing the pressure when it exceeds 7MPa. An electronic Coriolis mass
flowmeter (Bronkhorst, CORI-FLOW) was installed in the fuel pipeline
to accurately measure the fuel mass flow rate. Two solenoid valves were
installed upstream of the injector to control the fuel delivery; during the
injection event, the first solenoid valve permits the fuel to pass while
the second one is closed. Otherwise, to interrupt fuel delivery, the first
one is closed while the second one is opened, releasing the pressured
fuel to the ambient to prevent the dribble effect in the injector. The fuel
3

temperature was monitored using a K-type thermocouple just before it
entered the hollow cone spray injector.

The influence of varying parameters, such as fuel mass flow rate, air
mass flow rate, and co-flow temperature, on droplet size and velocity,
was investigated using an annular co-flow spray burner. As illustrated
in Fig. 2, the burner design is modular, allowing for easy rearrangement
of the burner to simulate various air co-flow configurations. The burner
was positioned vertically to provide full access to the spray/flame and
prevent the gravity effect on the spray flame; moreover, no confine-
ment and no swirled flow configurations were used throughout the
experimental campaign. Furthermore, two air outlet diameters at the
burner exit were tested: 19mm and 21mm. A cross-section of insulating
material was placed between the external housing and the internal flow
duct to prevent heat loss and between the co-flow channel and the fuel
line, thus avoiding fuel heating. Finally, the injector was positioned
flush with the air outlet diameter piece, allowing the whole spray to
be registered from the nozzle tip.

All experiments were performed with a commercial pressure-swirl
atomizer, which atomizes a hollow cone spray with an angle of 80°.
Fig. 3 show the main components and dimensions of the injector.

Since the SMD will be calculated theoretically, the injector orifice
diameter was measured from the optical microscopy images of the
silicone molding of the injector, as depicted in Fig. 4. This methodology
is based on the one developed to measure the internal geometry of
the diesel injectors [31], which uses a specific type of silicone to
introduce inside the injector and thus obtain the internal geometry.
Once the molds are obtained and extracted, they are coated with gold
to create an electricity conductive layer, allowing them to be imaged by
Scanning Electronic Microscope (SEM) as depicted in Fig. 4. The result
will not be affected by this gold deposition because the thickness of the
gold coating is less than 0.1 μm. Finally, to measure the dimensions of
the orifice, CAD software was used, taking into account the reference
dimension (magnification factor) on the images to load them with the
appropriate scale factor.

2.2. Optical setup and image processing

2.2.1. Microscopic diffused back-illumination technique
The size distribution and velocity of droplets were measured using

the Microscopic diffused back-illumination (MDBI) technique, which is
based on the principle of measuring the amount of light attenuated or
extinguished by the interference of some features such as droplets, soot
particles, and so on. In this case, when a diffused light illuminates the
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Fig. 2. Cutaway view of the annular co-flow spray burner and the air outlet diameters.
Fig. 3. Pressure-swirl atomizer, main components and dimensions.

background, the droplets and ligaments appear as black silhouettes.
The MDBI setup was composed of a light source, diffuser, field lens,
long-distance microscopic lens and a high-speed camera, as shown in
a schematic diagram in Fig. 5. The camera (Phantom VEO640) and
light source were positioned on opposite sides of the spray to set up a
line-of-sight visualization arrangement. The camera was coupled with
a microscopic lens (Infinity K2 Distamax) to magnify the field of view
and record the droplets. A white LED unit capable of producing short
and high-power light pulses at high repetition rates was used as a light
source. The LED beams were directed at an engineered diffuser with a
divergence angle of 20.5° and a diameter of 100mm. Finally, the light
was projected onto a Fresnel lens (focal length 67mm) to reproduce and
concentrate the diffused illumination at the central plane of the spray.

This technique was tuned to capture the microscopic spray charac-
teristics (i.e., droplets and filaments). The camera acquisition rate was
set to 1,000 frames per second (fps) to use the whole camera sensor,
resulting in a resolution of 2560 × 1600 pixels. The LED energizing
time was adjusted at 300 ns as a compromise between the light intensity
and the recording speed. Therefore, this speed must be sufficient to
‘‘freeze’’ the droplet, and the illumination needs to be relatively good
to provide enough contrast at the middle plane of the spray near the
nozzle exit. The camera captures the light not blocked by the spray
(i.e., droplets and ligaments), thus rendering the spray’s liquid phase
as a shadow or dark pixels in the images. Using high-speed pulsating
4

LED as a light source makes this optical setup the best option for liquid
phase visualization. This technique also captures images sharper than
continuous light sources, reducing the spatial uncertainties [23,32].
This optical technique was also used to estimate the droplet velocity.
It was estimated by recording two consecutive frames with a slight
delay between them and controlling the background illumination by
the LED pulses, similar to the principle implemented in the PIV tech-
nique. Therefore, the camera’s exposure time was set to PIV mode
to provide a high resetting rate of the sensor and thus minimize the
time gap between the consecutive frames. Fig. 6 shows a schematic
representation of the camera signal and LED pulses. Note that the LED
pulse was sent at the end of frame A and the next one at the start of
frame B, resulting in two frozen instants of the droplets separated by a
relatively short time of 2.5 μs.

In order to optimize the optical setup, various fields of view (FOV)
were assessed during the experiments to select one with suitable mag-
nification and an adequate size. Fig. 7 shows the two magnifications
evaluated; the big one has a width of 14mm and height of 9mm,
resulting in a digital resolution of 5.6 μm per pixel, and the smaller one
has a width of 3.5mm and a height of 5.5mm, and a digital resolution
of 2.1 μm per pixel. As observed in Fig. 7.a provides a good size of the
FOV, enabling recording a suitable spray length. However, it does not
have enough resolution to capture the smallest droplets. Therefore, the
highest magnification (i.e., the one with the digital resolution of 2.1 μm
per pixel) was chosen to carry out the experiments. In addition, since
the sprays show a high symmetry, as shown in Fig. 7.a, the FOV was
located on the right side of the spray and the longest length vertically
to register much of the spray evolution as possible.

After defining the FOV, which was located to register the first
millimeters of the jet spray, registering from 2mm above the injector
tip. Details of the optical setup are summarized in Table 1.

2.2.2. Image processing methodology
Image processing methodology is a significant proceeding of data

analysis. Images captured using the MDBI technique were processed
with an algorithm to identify the droplets in the focused plane and
measure their diameters and velocities. Fig. 8 presents an example of
the processing steps for the frame depicted in Fig. 8.a and the steps are
the following:

• Fig. 8.b: is a zoomed section of the raw spray image recorded
through the MDBI technique.
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Fig. 4. Internal geometry of the pressure-swirl atomizer, X-ray at the atomizer outlet (a) and SEM images from the outlet chamfer and hole (b) and internal chamfer (c).
Fig. 5. Scheme of the optical set up used for the Microscopic Diffused Back
Illumination.

Fig. 6. Schematic representation of the camera signal and LED pulses.

Table 1
Details of the optical setup for the employed techniques.

Microscopic Diffused Back-illumination

Camera Phantom VEO 640
LED pulse duration 300 ns
Lens K2 DistaMax
Frame rate 1000 fps.
Resolution 2560 × 1600
Shutter time PIV mode
Pixels-mm ratio 465 or 2.1 μm per pixel
Repetitions 300

• Fig. 8.c: is the frame after the background subtraction (i.e., 𝐼𝑖𝑛𝑣 =
𝐼0 − 𝐼𝑟𝑎𝑤). This step removes reflections and background objects
that can generate bad estimations of the spray characteristics.
The subtraction was computed to obtain the particles as white
features, as presented in Fig. 8.c. The background results from
averaging the images captured before the injection event (𝐼0).

• Fig. 8.d: a rolling average was computed for resulting images
from the previous step (𝐼𝑖𝑛𝑣) to smooth the images (𝐼𝑠𝑚𝑜𝑜𝑡ℎ),
i.e., reduce the image noise. Then, a subtraction was carried out
(𝐼𝑐𝑙𝑒𝑎𝑛 = 𝐼𝑖𝑛𝑣−𝐼𝑠𝑚𝑜𝑜𝑡ℎ) to filter out the blurred/cloudy areas, which
have a low frequency and thus highlight particles with higher
frequencies.

• Fig. 8.e and Fig. 8.f: a gradient estimation was calculated for each
particle (𝐼𝑔𝑟𝑎𝑑) to identify which ones are at the middle plane
of the spray (i.e., focused particles), which has a depth of field
5

of approximately 0.032mm. High gradients represent particles
defined and focused, as shown in Fig. 8.e. Additionally, a one-step
dilation method was used to move the maximum intensity from
the particle borders to the center (𝐼𝑑𝑖𝑙𝑔𝑟𝑎𝑑).

• Fig. 8.g: a method was established to select both the valid and
focused particles and hence not consider the other ones that are
not in the focus plane. They are fleeting peaks in brightness that
are not particles. Thus, to determine the ‘‘good’’ particles at the
central plane, some thresholds and the information from 𝐼𝑖𝑛𝑣,
𝐼𝑐𝑙𝑒𝑎𝑛 and 𝐼𝑑𝑖𝑙𝑔𝑟𝑎𝑑 . Then, the center coordinates for each particle
were calculated using the local maximum intensity.

Droplet size determination
After distinguishing the valid particles in the photographs using the

previous methodology, the particles bigger than 5 μm were identified
and located. However, the small particles (i.e., lower than 5 μm) were
not treated. The particle size captured is limited by the optical setup,
which was optimized to favor the size of the FOV and record a rea-
sonable spray length. Additionally, a threshold-based method is used to
determine the pixels that belong to the droplet. Finally, multiple droplet
properties, such as equivalent diameter, mass center, eccentricity, and
so on, may then be calculated for these pixels using the image moment
theory [33]. To characterize very small droplets, other authors are
using X-ray scattering [34].

To evaluate and compare injector performance, some quantities that
can account for drop dispersion characteristics must be determined.
In many cases, a mean representative diameter and a variation value
around it are appropriate for the application. Therefore, different mean
diameter definitions are reported in the literature, each accounting for
a specific effect. The Sauter mean diameter (SMD), often employed in
combustion applications because it is most related to evaporation and
combustion rates [35], is used here and calculated as follows,

𝑆𝑀𝐷 =
𝛴𝑁
𝑖=1𝑑

3
𝑖

𝛴𝑁
𝑖=1𝑑

2
𝑖

(1)

where d is the droplet diameter and N is the total number of valid
droplets recorded. Additionally, different theoretical correlations for
pressure swirl atomizers have been established; three of the most well-
known correlations were developed by Radcliffe [36], Jasuja [37],
and Lefebvre and McDonell [38]:

𝑆𝑀𝐷𝑅𝑎𝑑𝑐𝑙𝑖𝑓𝑓𝑒 = 7.3𝜎0.6𝑙 𝜈0.2𝑙 �̇�0.25
𝑙 𝛥𝑃−0.4 (2)

𝑆𝑀𝐷𝐽𝑎𝑠𝑢𝑗𝑎 = 4.4𝜎0.6𝑙 𝜈0.16𝑙 �̇�0.22
𝑙 𝛥𝑃−0.43 (3)

𝑆𝑀𝐷𝐿𝑒𝑓𝑒𝑏𝑣𝑟𝑒 = 2.25𝜎0.25𝑙 𝜇0.25
𝑙 �̇�0.25

𝑙 𝛥𝑃−0.5𝜌−0.25𝑎𝑖𝑟 (4)

where 𝜎𝑙 is the liquid surface tension, 𝜇𝑙 and 𝜈𝑙 are the dynamic and
kinematic liquid viscosities, respectively; �̇�𝑙 is the liquid mass flow
rate, 𝛥𝑃 is the pressure drop across the spray nozzle and 𝜌𝑎𝑖𝑟 is the

surrounding air density.
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Fig. 7. Two FOVs with different digital resolution; 5.6 μm per pixel (a) and 2.1 μm per pixel (b). The frame shown is a n-Dodecane spray at air surrounding temperature of 328K,
air mass flow rate of 13.6 kg h−1 and fuel mass flow rate of 189.54mg s−1.
Fig. 8. (a) Raw image of the n-Dodecane spray jet at an injection pressure of 1.1MPa, air flow of 28.5 kg h−1 and air temperatures of 328K using MDBI technique and FOV of
14mm × 9mm. The dashed rectangle in the figure illustrates the location of the next images, only to appreciate the procedure easily. (b) Section of the raw image. (c) Image with
background subtraction and inverting of the pixels. (d) Smoothing background subtraction. (e) gradient step for each particle. (f) Dilation step to move the maximum intensity of
the gradient. (g) focused particles.
Droplet tracking
After separating the ‘‘good’’ droplets from the fake ones, it is nec-

essary to find the most likely assignments that match each droplet
in the previous frame with its counterpart in the current one, which
is not always trivial. The correct match for a droplet is not always
the one closest in the distance, and some droplets disappear or are
introduced with each new frame, leaving droplets without counterparts.
Therefore, for this task, the Python package Trackpy was used, which
was developed by Allan et al. [39]. At its basic level, this tracking
algorithm takes each particle in the previous frame and tries to find
it in the current one, requiring knowing where to look for it. The
basic algorithm (Crocker & Grier [40]) was developed to track particles
undergoing Brownian diffusion, which ideally means that a particle’s
velocity is uncorrelated from one frame to the next. As a result, the
best prediction for where a particle will move is that it will be close to
its most recent position, as shown in Fig. 9.

2.2.3. Fuel properties and test plan
The MDBI technique was carried out for a wide range of operating

conditions summarized in Table 2. These conditions include three air
co-flow temperatures (328, 373 and 423K) and nine global equiva-
lence ratios (which are directly related to air mass flow rate, injection
pressure, and fuel type) for each air outlet diameter.
6

Fig. 9. Droplet trajectories generated from MDBI images. The frame shown is a n-
Dodecane spray, for an air mass flow of 11.9 kg h−1, fuel mass flow of 135mg s−1 and
air surrounding temperature of 328K.

The co-flow velocity was theoretically calculated at the burner
outlet as

[ ]
𝑉𝑐𝑜−𝑓𝑙𝑜𝑤 =
�̇�𝑎𝑖𝑟

𝐴 ⋅ 𝜌𝑎𝑖𝑟
𝑚
𝑠

(5)
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Table 2
Test conditions matrix.
Parameter Value

Fuel mass flow rate (�̇�𝑙) [mg s−1]
(130, 159, 187.6)a

(130.8, 159.83, 188.89)b

(131.23, 160.4, 189.54)c

Air mass flow rate (�̇�𝑎𝑖𝑟) [kg h−1] 11.9, 13.6, 15.6

Global equivalence ratio (𝜙𝑔𝑙𝑜𝑏𝑎𝑙)
0.45, 0.52,0.55,
0.6, 0.63, 0.65,
0.73, 0.75, 0.86

Co-flow temperature (𝑇𝑐𝑜−𝑓𝑙𝑜𝑤) [K] 328, 373, 423

Air outlet diameter (ø𝑎𝑖𝑟) [mm] 19 and 21

an-Heptane.
bn-Decane.
cn-Dodecane.

Table 3
Physical and chemical properties of the fuels. Most of the properties were
extracted from the NIST database at normal temperature and pressure (i.e.,
293.15K and 1 atm) [42]. Laminar flame speed values were reported in previous
works at 400K, at 1 atm, and stoichiometric equivalence ratio [43,44].
Properties n-Heptane n-Decane n-Dodecane

Formula C7H16 C10H22 C12H26
Density (𝜌𝑙) [kgm−3] 683.94 730.53 749.5
Dynamic viscosity (𝜇𝑙) [Pa s] 0.00041 0.00091 0.00149
Surface tension (𝜎𝑙) [Nm−1] 0.0206a 0.0238a 0.0254a

Normal Boiling point [K] 371.53 447.27 489.3
P𝑣 [kPa] 160b 16,5b 3.8b

aAlong the saturation curve.
bAt 387K.

where �̇�𝑎𝑖𝑟 is the air mass flow rate, 𝐴 is the area of the cross-section
at the burner exit, and 𝜌𝑎𝑖𝑟 is the air density. Note that co-flow velocity
is influenced by varying the air co-flow temperature, which is changed
in this study (see Table 2), resulting in a wide range of velocities that
cover from 7.5 to 20.5m s−1.

The operating conditions summarized in Table 2 were tested for
three hydrocarbon fuels: n-Heptane, n-Decane, and n-Dodecane. The
fuels were chosen to cover a wide range of physical properties (sum-
marized in Table 3), including density, viscosity, and surface tension,
which influence the atomization (i.e., SMD), along with vapor pressures
(P𝑣) and normal boiling temperatures, which impact the vaporization
of the fuel. n-Heptane is the most volatile fuel, followed by n-Decane
and then n-Dodecane; which has a higher normal boiling point than
other two fuels. Similar fuel comparison has been used in the literature
to cover a wide range of properties [41].

3. General considerations

The raw images captured using the MDBI technique are shown in
Fig. 10, with a FOV of 3.5 × 5.5mm and positioned on the right side
of the spray, regarding the spray axis (see Fig. 7). Consider that this
technique is based on recording two consecutive frames with a short
delay to detect droplet displacement and thus measure droplet velocity.

Fig. 11 shows a scatter representation of the droplets captured using
this technique at the first millimeters of the spray for all fuels at
given operating conditions. From this, it is clear that the n-Heptane
fuel produces the most droplets with the smallest diameters, followed
by n-Decane and n-Dodecane. This trend will be further analyzed
in the results section. Fuel spray presents a complex heterogeneous
distribution, with droplets ranging from 2 to 100 μm, and with most
of the droplets and mainly the big ones at the spray borders, which is
expected by the hollow spray pattern of the pressure-swirl atomizer.
Contrary, most of the small droplets were close to the spray axis since
the droplets are expelled from the injector with a spray opening angle
of 80°, forcing them to interact quickly with the air co-flow, which drags
7

Fig. 10. Raw images at given conditions for the three fuels: n-Heptane (a), n-Decane
(b), and n-Dodecane (c). The frames shown are sprays with an air surrounding
temperature of 423K, a velocity of 12.6m s−1, a global equivalence ratio of 0.6 and
an air outlet diameter of 21 mm.

Fig. 11. Schematic representation of the droplet size at fixed conditions for the three
fuels: n-Heptane (a), n-Decane (b), and n-Dodecane (c).

the small ones to this region. Finally, Fig. 11 exhibits that the lighter
the fuel, the spray opening angle and the number of droplets increase.

The MDBI technique was used to record 300 pairs of consecutive
frames, allowing statistical analysis to calculate mean droplet diameter,
Sauter Mean Diameter (SMD), and mean velocities. Therefore, the
frame domain has been split into cells to calculate a specific parameter
in each one. Fig. 12 shows the SMD calculate by means of Eq. (1),
in each cell for the three fuels at the same operating conditions,
evidencing that most of the big droplets are at the spray borders and
the heavier fuel (n-Dodecane) produces the biggest droplets, followed
by n-Decane and then n-Heptane.

The individual droplet velocity is calculated for the droplets found
in each pair of images. The values of all captured droplets (i.e., of all
picture pairs) in the region of interest (e.g., a cell) are used for calcu-
lating average parameters, etc. The droplet velocity was represented as
the SMD, i.e., by determining the mean droplet velocity for each cell,
as can be seen in Fig. 13, where is also shown the standard deviation.
The higher standard deviation is observed at the spray borders, where
most of the droplets are located but with several different sizes and
velocities.

The data shown in the following sections correspond to velocity in
the cells at a certain height, resulting in a droplet velocity profile at
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Fig. 12. Calculation of the SMD for each cell and fuel at the same operating conditions
for the three fuels: n-Heptane (a), n-Decane (b), and n-Dodecane (c). White cells
represent the regions that do not overcome the threshold of a least 20 droplets to
conduct the statistics.

Fig. 13. Mean droplet velocity and standard deviation for each cell and the three fuels
at co-flow temperature of 423K and co-flow velocity of 12.6m s−1.

that specific height, as the example shown in Fig. 14. From this plot,
it is observed that as the height above the burner increases, the mean
droplet velocity increases, which is caused by the high velocity of the
air co-flow that accelerates them (the air co-flow velocity is higher than
droplets). Additionally, it is exhibited that the droplets are expelled
from the injector with significant velocity. They slow down as they
move through to the surrounding air and recirculation zone formed at
the injector tip, then droplets are accelerated again as they enter to the
co-flow region.

Before discussing the results, it is important to mention relevant
facts, such as the droplet trajectory behavior, regarding its size, as illus-
trated schematically in Fig. 15. This behavior is due to the centrifugal
movement inside the atomizer that forces the liquid to be expelled in
a hollow cone pattern with most droplets at the spray borders and
relatively few at the core zone (see Fig. 11). The droplets in the spray
core are mainly small and are more influenced by the air co-flow
that drives them to follow its streamline due to their small Stokes
8

Fig. 14. Example of velocity profiles at different heights above the burner (a) and
mean droplet velocity calculated for each cell for the n-Heptane fuel (b).

Fig. 15. Droplet trajectories for n-Dodecane fuel; red arrows represent the trajectory
of droplets with a diameter higher than 12 μm and blue or green arrows diameters
lower than 12 μm. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

numbers. In Fig. 15, both green and blue arrows represent the trajectory
and velocity of the small droplets (diameters below 12 μm). Contrary,
the aerodynamic conditions less influence the big drops with higher
Stokes numbers, which follow their ballistic trajectories, as observed
in Fig. 15, where red arrows represent the velocities and trajectories of
the big droplets (droplet diameters above the 12 μm).

Since the droplet velocity measurements were performed close to
the injector tip, aerodynamics influenced them. To further understand
the following results, a small analysis of the aerodynamic conditions
near the exit of the burner and close to the injector tip is presented in
Appendix.
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4. Results and discussion

The effects of the co-flow conditions, fuel type, and air outlet
diameter on droplet size and droplet velocity are presented in this
section. For simplicity, the results in this section are given in terms of
SMD and velocity profiles at different heights. Note that SMD presented
in this section was calculated for droplets between 2 and 3.5mm above
the injector tip to avoid the opening spray angles differences between
the fuels (see Fig. 12).

4.1. Effect of air mass flow rate and fuel mass flow rate on the droplet size
and velocity

Fig. 16 shows the influence of varying the air mass flow rate and fuel
mass rate on the SMD for the n-Decane fuel at a co-flow temperature of
328K. For a given fuel mass flow rate, Fig. 16.a shows that increasing
the air mass flow rate (i.e., co-flow velocity) decreases slightly the
SMD, which is likely due to enhancement of the droplet evaporation
process. In addition, since measurements were performed very close to
the burner exit, 2mm above it, the differences are not quite noticeable.
Previous research [13] found a different behavior, e.g., an increase in
mean droplet size due to the evaporation of the smallest droplets by
increasing the air mass flow rate; this effect will be detailed in the fol-
lowing sections. Fig. 16.b exhibits that the SMD reduces substantially as
the fuel mass flow rate increases because it implies higher pressure drop
through the nozzle orifice, which improves the atomization process,
producing smaller droplets resulting in a lower global SMD.

Fig. 17.a depicts the effect of varying the air mass flow rate on
droplet velocity for a constant fuel mass flow rate and n-Decane fuel.
The mean droplet velocity profiles experience a dramatic rise as the
radial position increases, which is expected due to the spray pattern
that promotes a high number of droplets at the outer edge of the spray
(mainly big droplets with high Stokes numbers). Surprisingly, increas-
ing the air mass flow rate, the mean droplet velocity decrease between
the radial position of 0 and 1.5mm. This behavior is more evident
close to the spray centerline; this behavior is due to the recirculation
zone formed close to the injector tip, which intensifies as the co-flow
velocity increases, as is shown in Fig. A.29. On the other hand, the
velocity profiles are almost identical after a radial distance of 1.5mm,
with slightly higher droplet velocity values for the highest air mass flow
rate, which accelerated the droplets because the spray opening angle is
wide and the droplets immediately interact with the air co-flow.

The influence of varying the fuel mass flow rate on the droplet
velocity was analyzed at a constant air mass flow rate of 11.9 kg h−1,
as presented in Fig. 17.b. The mean droplet velocities increase as
the fuel mass flow rates increase; this is attributed to an increase in
droplet ejection velocity caused by increasing the injection pressure and
thus the fuel mass flow rate (the droplet ejection velocity is directly
proportional to the injection pressure). Regarding the mean velocity
profiles for the case of the 188.9mg s−1, it exhibits a drastic rise after
the radial position at 1.6mm, which correspond to the droplets at the
pray borders, most with big sizes and expelled at high velocity from
he spray. Alsulami et al. [13,45] conducted similar experiments using
pressure swirl nozzle and an annular spray burner, reporting similar

rends in the effect of the fuel mass flow rate on both droplet size and
roplet velocity.

.1.1. Effect of co-flow temperature on the droplet size and velocity
Since the air temperature significantly influences the droplet size,

he effect of varying the co-flow temperature on the SMD was in-
estigated, as shown in Fig. 18.a. For a constant air mass flow rate
f 11.9 kg h−1 and a given fuel mass flow rate (e.g., 130.8mg s−1),

increasing the co-flow temperature results in a significant reduction
in the SMD caused by the enhancement in the droplet evaporation. In
addition, there is an SMD difference between the different fuel mass
9

flow rates due to the variation in the injection pressure and its effect on
Fig. 16. Variation of SMD with the air mass flow rate (a) and fuel mass flow rate (b)
for n-Decane fuel and at a given air co-flow temperature of 328K.

the atomization quality. This difference becomes lower at the highest
temperature since its dominant influence on droplet evaporation over
the atomization quality. However, it is important to note that the
previous trend is likely affected by the co-flow velocity: increasing the
co-flow temperature reduces the air density, and therefore the co-flow
velocity increases (9.8, 11.1 and 12.6m s−1 for the co-flow temperatures
328, 373, and 423K, respectively).

To isolate the effect of the co-flow temperature on SMD, Fig. 18.b
was introduced, where it can be seen that, for a constant air co-flow
velocity (e.g., 13m s−1), increasing the co-flow temperature reduces the
SMD substantially. This trend is due to the enhancement in the droplet
vaporization rate by increasing the co-flow temperature, resulting in an
SMD reduction [46]. Furthermore, for the co-flow temperatures of 328
and 373 K, increasing the co-flow velocity reduces the SMD because
increasing it enhances the fuel jet breakup, resulting in smaller droplets
and, therefore, lower SMD values (see Fig. 18.b). However, the previous
trend is not observed with the co-flow temperature of 423 K, likely
because this high co-flow temperature accelerates droplet evaporation.
Thus, most of the smallest droplets are evaporated, keeping the SMD
values practically constant, independent of the co-flow velocity. To fur-
ther understand why SMD decreases as co-flow temperature increases,
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Fig. 17. Droplet velocity profiles at the height of 3.4 mm for different air mass flow
ates (a) and different fuel mass flow rates (b), both for n-Decane fuel and a fixed air
o-flow temperature of 328K.

he droplet size distributions for each fuel are shown in Fig. 19 to
upport the facts previously stated.

Increasing the co-flow temperature for each fuel enhances the evap-
ration process, affecting principally the smallest droplets and resulting
n a general reduction in the number of droplets. Furthermore, it is
orth noting that for the n-Decane and n-Dodecane fuels, the effect
f increasing the co-flow temperature is more evident in droplets with
mall diameters (i.e., lower than 18 μm). For the case of the n-Heptane

fuel, although the more significant effect is observed for the smaller
droplets, there is also a noticeable effect for big ones (i.e., higher than
18 μm), which is due to the physical properties of the fuel, mainly the
higher volatility (represented by the fuel vapor pressure in Table 3).
Finally, Fig. 19 exhibits that n-Heptane fuel produces smaller droplets
than the other two fuels, increasing the quantity of the droplets.

Various velocities profiles at different co-flow temperatures for two
different fuel mass flow rates at a constant air mass flow rate are
presented in Fig. 20 to investigate the effect of the co-flow temperature
on droplet velocity. As shown in Fig. 20, the mean droplet velocities
increase as the co-flow temperatures are increased. For a given air mass
flow rate, increasing the co-flow temperature leads to a reduction of
10
Fig. 18. Variation of SMD with the air co-flow temperature (a) and co-flow velocity
(b) for n-Decane fuel.

Fig. 19. Mean droplet distribution variation per frame with the co-flow temperature for
the three fuels: n-Heptane (a), n-Decane (b) and n-Dodecane (c) at the same operations
conditions.

the air density, which results in an increment of the co-flow velocity
since the cross-section of the burner exit was kept constant. The Table 4
summarized the theoretical co-flow velocities per each condition:
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Table 4
Theoretical co-flow velocities.

Air mass flow rate Diameter Co-flow temperature

328K 373K 423K

11.9 kg h−1
19 12.2m s−1 13.9m s−1 15.7m s−1

21 9.7m s−1 11.1m s−1 12.6m s−1

13.6 kg h−1
19 14m s−1 15.9m s−1 18.1m s−1

21 11.2m s−1 12.7m s−1 14.4m s−1

15.6 kg h−1
19 16m s−1 18.2m s−1 20.6m s−1

21 12.8m s−1 14.6m s−1 16.5m s−1

Fig. 20. Mean radial profile profiles of droplet velocities for two fuel mass flow rates
of 130.8 (a) and 159.83mg s−1 (b) for n-Decane fuel.

Fig. 20 also shows that increasing the fuel mass flow rate in-
creases the mean droplet velocity, which is generated by the increase
of the injection pressure, which enhances the droplet ejection veloc-
ity. Please note that the velocities profiles displayed correspond to
a height of 3.5mm above the injector tip and the injection pressures
were approximately 0.97 and 1.53MPa for 130.8 and 159.83mg s−1,
respectively.

4.1.2. Effect of fuel type on the droplet size and velocity
Fig. 21 exhibits the influence of the fuel type on SMD, in which

the fuels show different droplet sizes for a constant fuel mass flow
11
Fig. 21. Effect of the fuel type on SMD at different co-flow temperatures of 328 (a),
373 (b) and 423K (c). The injection pressures for each fuel required to achieve the fuel
mass flow rate of ≈ 160.4mg s−1 were: 1.58, 1.53, 1.33MPa for n-Heptane, n-Decane,
n-Dodecane, respectively.

rate, with n-Dodecane presenting the largest droplet sizes of the group,
followed by n-Decane and then far distant by n-Heptane. This vari-
ation is due to the difference in the physical properties, specifically
in density, viscosity, and surface tension. Since n-Dodecane has the
highest viscosity, density and surface tension (see Table 3), it generates
droplets with relatively big sizes compared to n-Decane and n-Heptane.
These physical properties influence the global SMD, as was reported
in three well-known correlations to predict the global SMD in pressure
swirl atomizers [36–38]. Fig. 21 also shows the effect of the air co-flow
temperature on the SMD, as was already detailed.

The droplet velocity profiles plotted versus the radial position for
the three fuels are shown in Fig. 22 at two different fuel mass flow
rates: ≈ 160.4 a) and 187.6mg s−1 b). Since the n-Heptane droplets are
the smallest, they exhibit the highest mean droplet velocities, followed
by n-Decane and then n-Dodecane. Two phenomena cause this trend:
on the one hand, the droplet size differences, thus, influencing them
in a different quantity, i.e., the smallest droplets are more affected by
the co-flow velocity. On the other hand, since the fuels were injected
at slightly different pressures to obtain the same global equivalence
ratio, the ejection velocities from the injector are different. The ejection
velocity is directly related to the pressure drop, i.e., the pressure
difference between the ambient and the injector. The velocity profiles
in Fig. 22 b) show sudden increases, which corresponds to the velocities
of big droplets at the spray border and because the n-Dodecane spray
angle is narrower than the other two fuels (see Fig. 11), the peak is
closer to the spray axis. Furthermore, the points after peaks probably
were calculated with a small number of droplets, so the statistic is not
entirely accurate.

4.1.3. Diameter outlet effect on the droplet size and velocity
The effect of replacing the air outlet diameter at the burner exit on

the droplet size for the three fuels at constant conditions is presented
in Fig. 23. The trends shown are likely due to two factors: on the
one hand, the effect of the co-flow velocity, which increases when
the air outlet diameter is reduced since the air mass flow rate was
kept constant, accelerating the airflow and therefore enhancing the
droplet evaporation, particularly the small ones. This tendency is more
notable for n-Heptane and n-Decane fuels because they produce smaller
droplets than the n-Dodecane fuel, which exhibits larger droplets in size
and is the less volatile fuel (see Table 3). On the other hand, due to the
shape of the burner exit and the increase in co-flow velocity caused
by the reduction in the cross-section at the burner exit, the airflow

drags a higher number of big droplets to the spray core, displacing the
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Fig. 22. Effect of the fuel type on the droplet velocity at different fuel mass flow
rates of 160.4 (a) and 187.6mg s−1 (b). The injection pressures for each fuel required
to achieve the fuel mass flow rate of ≈ 160.4mg s−1 are in Fig. 21 caption and
for ≈ 187.6mg s−1 were: 2.5, 2.12, 1.95MPa for n-Heptane, n-Decane, n-Dodecane,
respectively.

SMD profiles to the left side, it for the air outlet diameter of 19 mm
regards to the air outlet diameter of 21 mm. This trend is more evident
for the n-Heptane fuel since it has the smallest droplets, as seen in
Fig. 24, which is a schematic representation of the droplets for n-
Heptane and n-Dodecane fuels for the two air outlet diameters, under
identical operating conditions.

When the air outlet diameter changes from 21 mm to 19 mm, the
external spray borders shift to the left side, and several droplets from
the edge are dragged close to the spray axis, increasing the droplet
12
Fig. 23. Mean droplet diameter at different radial positions and a constant co-flow
temperature of 328K at the height of 2.8mm for the fuel: n-Heptane (a), n-Decane (b)
and n-Dodecane (c).

Fig. 24. Droplet representation at constant co-flow temperature for n-Heptane and
n-Dodecane fuels and the two air outlet diameters of 19 and 21 mm.

concentration in the spray core (see Fig. 24). These tendencies result
from the cross-section reduction at the burner exit, which accelerates
the air co-flow, as was previously explained. Fig. 24 depicts that the
n-Heptane fuel produces more droplets with a smaller diameter than
the n-Dodecane fuel.
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Fig. 25. Droplet velocity profiles at constant co-flow temperature of 328K, height of
.8mm and two different fuel mass flow rates: 130.8mg s−1 (a) and 159.8mg s−1 (b). The
o-flow velocities for these air mass flow rates are detailed in Table 4.

Fig. 25 shows the effect of varying the air outlet diameter of the
urner on the mean droplet velocity at constant air mass flow rate and
uel mass flow rate. The mean droplet velocity increases as the air outlet
iameter decreases (smaller cross-section at the burner exit) since the
ir mass flow rate was kept constant. However, an opposite behavior
s observed between the radial positions of 0 and 0.8 mm, caused by a
ecirculation zone formed close to the injector tip. This region is formed
y the interaction between the air stream and the injector geometry
nd intensified by increasing the co-flow velocity, as was explained
reviously.

.2. Comparison between measured and calculated SMD

For comparing the measured and calculated SMD results, a global
auter Mean Diameter (SMD𝑔𝑙𝑜𝑏𝑎𝑙) was defined as a single parameter to
escribe the global spray droplet size. Note that related works refer to
his parameter, such as integral or overall SMD [47–49]. SMD 𝑔𝑙𝑜𝑏𝑎𝑙 was
alculated through Eq. (1). The measured SMD𝑔𝑙𝑜𝑏𝑎𝑙 using MDBI tech-
ique, described in Section 2.2 was compared with the SMD calculated
y using the Eqs. (2)–(4). All properties used in the SMD calculations
re listed in Table 3. Since the fuel injection is in the ambient, the
ressure drop is measured through a pressure sensor installed upstream
rom the nozzle.

The measured SMD𝑔𝑙𝑜𝑏𝑎𝑙 (droplets between 2 and 3.5mm) values for
he three fuel mass flow rates are compared to the predicted SMDs in
13

ig. 26. The correlations to predict SMD have been widely used in both
Fig. 26. Comparison between the measured and predicted SMD for a constant air mass
flow rate of 11.9 kg h−1 and different fuel mass flow rates: 130mg s−1 (a), 159mg s−1 (b),
and 1187.6mg s−1 (c). Accurate fuel mass flow rates for each fuel are listed in Table 2.

experimental [45,50] and computational [51] studies, showing a good
agreement between the measured and the predicted trends.

The differences in the physical fuel properties, particularly ones
included in Eqs. (2)–(4) (density, surface tension, and viscosity), result
in different droplet sizes even at almost similar fuel mass flow rates;
thus, n-Dodecane exhibits the largest droplet sizes, followed by n-
Decane and then n-Heptane. Amongst the fuel properties, viscosity
is the property that varies more; since n-Dodecane has the highest
viscosity (see Table 3), it exhibits the largest droplet size. Fig. 26 also
shows that increasing the fuel mass flow rate, �̇�𝑙, results in an SMD
decrease, which contradicts the correlations. This trend is due to the
fact in our experiment; the fuel mass flow rate is increased by increasing
the injection pressure, which has a more substantial effect on the
global SMD than the fuel mass flow rate. Although the measured global
values are higher than the predicted diameters, the predicted SMDs
closely follow their trends. The differences between the measured and
predicted values are lower for n-Dodecane fuel regardless of the fuel
mass flow rate, showing that likely correlations are more accurate for
heavier fuels. Consistently, the SMD predicted by Radcliffe’s correlation
is closest to the measured values, followed by Jasuja’s and Lefebvre’s
correlations.

4.2.1. Summary
Since the figures from the previous sections only show partial sets

of results, Fig. 27 is introduced as a summary to present most of the
tested conditions for the air outlet diameter of 21 mm. In Fig. 27, SMD
is plotted against the fuel mass flow rate and is divided by the different
co-flow temperatures. Fig. 27 shows most of the facts previously stated,
such as the significant influence of the fuel mass flow rate on the SMD
due to the enhancement of the atomization quality. This effect is more
evident for the n-Dodecane and n-Decane. As the co-flow temperature
increases, the impact of fuel mass flow rate on the SMD decreases
because the influence of droplet evaporation is stronger than the impact
of the enhancement of the atomization quality. Increasing the co-
flow temperature, regardless of fuel type, reduces the SMD due to an
increase in the droplet evaporation rate. As shown Fig. 27 the effect
of the air mass flow rate on the SMD is minimum, likely because the
measurements were conducted quite close to the injector tip. Finally,
n-Dodecane fuel presents the highest droplet diameters, followed by n-
Decane and then n-Heptane; this trend is generated by the differences
in the physical fuel properties, mainly density, viscosity and surface
tension.
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Fig. 27. SMD plotted against the fuel mass flow rate for the three fuels at different co-flow temperatures of 328, 373, 423K. Symbols represent the fuel type and are colored by
the air mass flow rate.
5. Conclusions

The purpose of this work was to investigate the effects of varying
liquid fuel type, co-flow temperature, air outlet diameter and air co-
flow rates on the spray characteristics of a pressure swirl atomizer
in an annular spray burner under non-reacting conditions. The micro-
scopic diffused back-illumination technique and the image processing
methodology were used to measure droplet sizes and velocities of n-
Heptane, n-Decane and n-Dodecane spray at different radial and axial
positions. The optical setup was optimized to achieve a field of view 5.5
× 3.5mm height and width, respectively. The field of view is relatively
big, allowing the measurement of the initial droplet sizes and their
velocities, i.e., close to the injector tip and after the primary breakup.
In general, the trends follow the expected behavior to variations of the
co-flow conditions, fuel mass flow rate and fuel type. From the results
and observation, the following conclusions can be drawn:

• Because of its spray pattern, the pressure swirl injector atomizes
the large droplets at the spray edge and the small ones close
to the centerline. The results demonstrate that big droplets with
higher Stokes numbers are less affected than the small ones
by the aerodynamic conditions and follow ballistic trajectories.
However, big droplets are dragged to the spray’s core at certain
operating conditions, mainly at high co-flow velocities.

• Isolating the effect of the air mass flow rate on the global SMD, it
has been observed that it is only slightly affected, which is due to
the enhancement of the droplet evaporation. The slight difference
is likely because the measurements were carried out very close to
the injector tip, where the influence of the air co-flow is minimal.
Regarding the effect of the air mass flow rate on the droplet
velocity, as it increases, the droplet velocity is increased because
the co-flow accelerates the droplets since the cross-section at the
burner exit was kept constant. However, this trend is contrary
between 0 and 1.5 mm (radial position) due to a recirculation
zone formed close to the injector tip influencing the droplet
velocity. This recirculation zone is intensified by increasing the
air mass flow rate.

• The influence of the fuel type on the global SMD is evident and
is related to the physical fuel properties, especially the density,
viscosity, and surface tension. n-Dodecane exhibits the largest
droplets, followed by n-Decane and then n-Heptane. Therefore,
the trajectories of the droplets behave differently, depending on
their size; the co-flow stream more influences the small droplets
than the big ones, which follow ballistics trajectories. n-Dodecane
droplets show lower velocities since they are bigger and their
ejection velocities are lower than the other two fuels because
14
the injection pressure is lower, thus the fuel mass flow rate. The
fuel type also affects the spray opening angle under the same
operating conditions, with n-Heptane having the widest opening
angle, followed by n-Decane and then n-Dodecane.

• For a constant fuel mass flow rate, increasing the co-flow tem-
perature results in a significant reduction in the SMD caused by
the enhancement in droplet evaporation. In addition, there is an
SMD difference between the different fuel mass flow rates due
to the variation in the injection pressure and its effect on the
atomization quality. This difference becomes lower at the highest
temperature since the influence of droplet evaporation is more
dominant than the atomization effect.

• Regarding the effect of the air outlet diameter on the SMD, it has
been observed that when the air outlet diameter decreases, the
global SMD increases at constant operating conditions. This trend
can be related to an increase in co-flow velocity, which increases
the evaporation rates of the fuel droplets, particularly the smaller
ones, leading to a higher global SMD. On the other hand, due to
the shape of the burner exit and the increase in co-flow velocity
caused by the reduction in the cross-section at the burner exit,
the airflow drags a higher number of droplets of larger size to
the spray core, displacing the SMD profiles to the spray axis, it
for the air outlet diameter of 19 mm regards to the air outlet
diameter of 21 mm. Because of reducing the air outlet diameter,
the air co-flow velocity is increased. Therefore, the droplets are
also accelerated, exhibiting higher droplet velocities.

• The correlations do well at predicting SMD values and the rel-
ative change of the SMD with varying the fuel mass flow rate.
However, since the correlations do not consider the influence of
the co-flow conditions, the current formulas do not predict the
variations in the global SMD when the air mass flow rate or
co-flow temperature are increased.
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Appendix. Aerodynamic conditions at the burner exit

This analysis comprises a basic computational simulation of the
flow dynamics at the burner exit, only considering air. The results
show that the air recirculation is more intense close to the injector tip,
affecting the droplet velocity profiles presented in the following section.
Fig. A.28 exhibits that by increasing the air mass flow rate or reducing

Fig. A.28. Axial velocity map at a constant co-flow temperature of 328K, and different
test conditions: two air outlet diameter a) and two air mass flow rate b).
15
Fig. A.29. Axial velocity profile of airflow at the height of 3.8mm, the constant co-flow
temperature of 328K, and different test conditions: two air outlet diameter (a) and two
air mass flow rate (b).

the air outlet diameter, the recirculation zone is intensified due to the
acceleration of the surrounding air stream.

Fig. A.29 represents the axial velocity profiles at the height of
3.8mm above the injector tip, exhibiting that increasing the co-flow
velocity (e.g., by an air mass flow rate increased or air outlet diameter
reduction), a more intense recirculation zone is created. However,
the vortex size is only slightly affected regardless of the operating
condition, as seen in Fig. A.29.

Note since only air was considered in the simulation, the results
show negative velocity values; it is expected that these values should
change to positive velocity values with fuel injection.
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