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The spray characteristics of standard and alternative aviation fuels generated by a hybrid pressure-swirl airblast
(HPSA) atomizer were investigated at high ambient pressure conditions. The measurements were performed in
an optically accessible pressure vessel at pressures of 1, 2, 3, 4, 5, and 9.5 bar with heated gas and fuel tem-
peratures of 394 K and 332 K, respectively. The drop size and drop velocity of sprays from a standard (Jet-A) and
an alternative (C-5) aviation fuels were measured using phase Doppler anemometry (PDA), and 2-D visualization
of spray was imaged using simultaneous fuel-Planar Laser Induced Fluorescence (PLIF) and Mie scattering. The
spatially resolved PDA drop size measurements were obtained at 25.4 mm downstream of the swirler exit plane
and up to 30 mm in the radial direction from the spray centerline. The Sauter Mean Diameter (D3z) was observed
to decrease significantly with increasing ambient pressure, up to 5 bar. However, the change in D3z was observed
to be limited with a further increase in the ambient pressure. A higher swirler pressure drop resulted in a sig-
nificant reduction in the D3y at an ambient pressure of 5 bar. Using simultaneous fuel-PLIF and Mie scattering
imaging, the feasibility of the laser sheet drop-sizing (LSD) technique was examined for the spray at high ambient
pressure application. In addition, the effect of ambient pressure on the spray cone angle was investigated using
both instantaneous and averaged Mie images. The distribution of fuel vapor and droplets in the spray was also
imaged and identified by comparing instantaneous fuel-PLIF and Mie images. A phenomenological three-step
atomization model was used to predict the drop size and demonstrate the drop size trend with increasing
ambient pressure.

1. Introduction turbulent, swirling, and recirculating streams of reacting gases [2]. The

pressure and temperature of the ambient gas in the combustor can vary

The evaluations of spray characteristics and performance for alter-
native fuels at realistic gas turbine engine operating conditions are
critical tasks as part of the D4054 qualification process for the com-
mercial deployment [1] since combustion performance is strongly
affected by atomization quality. When atomization is insufficient, the
bulk of liquid or large droplets are produced. This can lead to fuel-rich
combustion resulting formation of soot and nitric oxides [2]. On the
other hand, sufficient atomization can lead to a greater volumetric heat
release rate with a greater surface area due to many fine droplets
compared to larger droplets. More vaporization occurs with finer
droplets; hence, it is easier to light up and likely to have more complete
combustion, resulting in lower pollutant emission [2].

In gas turbine combustors, fuel sprays are injected into highly
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widely depending on engine operability and can strongly affect the fuel
atomization. The operating pressure in combustors has been raised
continuously in recent years in the quest for better thermal efficiency.
Operational pressures can even exceed the critical pressure of the liquid
fuel [3]. Higher pressure in the combustor can lead to higher thermal
efficiency by improving the specific fuel consumption [3].

Several groups [4-10] have investigated the spray characteristics of
prefilming airblast atomizers at elevated ambient pressure and tem-
perature. Batarseh et al. [4] and Chrigui et al. [6] reported a significant
reduction in mean drop size with increasing ambient pressure from 1 to
5 bar, but further increases in ambient pressure resulted in increased
Dsy. The axial velocity of the drop, however, in both studies, was re-
ported to decrease continuously with the ambient pressure. Zheng et al.
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[10] also observed similar trends in mean drop size and axial velocity
with increasing ambient pressure, but the variation in drop size was
small. Zheng et al. [10] attributed this to the counter swirling airblast
atomizer in which the atomization process is dominated by the liquid
sheet breakup mechanism, which is independent of pressure. In contrast
to those findings in the literature [4,6,10], other studies [5,7-9] re-
ported that D3, decreased continuously with increasing ambient pres-
sures beyond 10 atm. However, the reduction in D3, was observed to
diminish with a further increase in the ambient pressure. The different
observations on the D3 trends with increasing ambient pressure in
literature may be caused due to different nozzle geometry and operating
conditions used in their studies. In this work, we have used PDA to
provide the drop size and drop velocity comparisons at realistic
combustor conditions with elevated ambient pressure, up to 9.5 bar, for
both standard and alternative aviation fuels using a hybrid pressure-
swirl airblast atomizer.

The spray cone angle is a vital combustion parameter since the op-
timum cone angle can lead to better fuel-air mixing and a wider
dispersion of fuel drops within the combustor. Zheng et al. [10] reported
a widening spray cone angle near the nozzle with increasing ambient
pressure from 1 bar to 12 bar; however, the cone angle at locations
further downstream of the nozzle remained fairly constant. Besides
Zheng et al. [10], the studies [4-9] did not provide the effect of ambient
pressure on the spray cone angle of the prefilming airblast atomizer. In
the present study, the spray cone angle of alternative jet fuel was
compared to that of standard fuel using the planar laser sheet imaging
technique and investigated to determine the spray fluctuation or
contraction at a high ambient pressure environment.

Laser sheet imaging techniques were employed in the present study,
fuel-Planar Laser-Induced Fluorescence (fuel-PLIF) and Mie scattering
imaging, to obtain simultaneous 2-D images of the spray. PLIF is widely
used in spray and combustion applications in which knowledge of the
concentration of liquid and vapor phase and 2-D measurements of flame
and spray are critical. In PLIF [11], a laser sheet illuminates the flow and
excites the ground-state molecules of the fluid to a higher electronic
energy state. The excited molecules then de-excite and emit light at a
longer wavelength due to a loss of vibrational energy. Depending on the
application, a fluorescent dye with an appropriate granularity can be
added to the fluid, or an aromatic hydrocarbon that presents naturally in
the fuel can be used as a fluorescent dye [11]. Under certain conditions,
the population of these tracer species in a unit volume of the fluid is
directly proportional to the fluorescence signal [11,12]. This can be used
to obtain information regarding the concentration or mass distribution
of the spray [12]. Mie scattering is elastically scattered light from par-
ticles similar to or larger than the incident light wavelength. Mie scat-
tering provides a 2-D representation of the spray, but only for the liquid
phase of the spray, whereas the PLIF signal is detected from both liquid
and vapor phases. In the present study, the distribution of the liquid and
vapor phases in the spray was determined using both PLIF and Mie
scattering images at elevated ambient pressure. Furthermore, the
feasibility of the laser sheet drop-sizing (LSD) technique was examined
for variable ambient pressure application using both PLIF and Mie
images.

In the present study, the spray characteristics of standard and
alternative fuels at high ambient pressure conditions were investigated
using phase Doppler anemometry (PDA) and fuel-PLIF/Mie imaging.
The ambient pressure was set at different values of 1, 2, 3, 4, 5, and 9.5
bar. The fuel temperature, Ty = 332 K, atomizing gas temperature
Tairbox = 394 K, fuel injection pressure APy, = 1.72 bar, and pressure
drop across the gas swirler AP/P = 3%. The spray characteristics
considered in this study include the Sauter Mean Diameter (D3z), drop
axial velocity (Uz), and cone angle (0) for a standard fuel (A-2) and an
alternative fuel (C-5). The same hybrid pressure-swirl airblast (HPSA)
atomizer that was used in the previous work [13] was used in this study.
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2. Experimental system
2.1. Variable Ambient Pressure Spray test rig

The Purdue Variable Ambient Pressure Spray (VAPS) test rig shown
in Fig. 1(a) is capable of creating conditions over a wide range of pres-
sures and temperatures for the ambient gas, atomizing gas, and fuel for
spray measurements. The VAPS test rig has two major components: the
airbox and the pressure vessel. The airbox is a length of pipe inside the
vessel and allows the atomizing gas flow to be isolated from the vessel
flow. This creates a pressure difference between the airbox and the
pressure vessel. The flow in the airbox exits through the gas swirler of
the hybrid pressure-swirl airblast atomizer, which is mounted at the exit
of the airbox.

The pressure vessel has four optical windows. The window orienta-
tion has been modified and is different than one from the previous study
[13]. For the present study, three 127-mm diameter windows are ori-
ented perpendicular to each other, and a 76.2-mm diameter window is
oriented at 60 from one of the 127-mm windows as shown in Fig. 1(b).
The heated (394 K) nitrogen flow was separated into three lines and
supplied directly into the airbox, vessel, and window purge flange. The
purpose of the window purge flow was to minimize the fuel wetting on
the window by creating an Ny flow shield near the window surface.
These heated flows also prevented condensation on the outer side of the
windows. The fuel temperature was measured just upstream of the
prime injector inlet port, while the pressure in the pilot fuel line was
measured at the inlet of the airbox.

2.2. Hybrid pressure-swirl airblast atomizer

A hybrid pressure-swirl airblast (HPSA) atomizer designed by the
Parker-Hannifin Corporation was used in this study. A schematic of the
atomizer’s internal layout and a Mie scattering image of the resulting
spray is shown in Fig. 2. For the results described in this paper, only the
pilot circuit was fueled. The atomization process involves: (1) a hollow
cone fuel spray exits the pilot nozzle and impinges on the prefilming
surface, (2) a fuel film develops along the surface and flows towards the
prefilmer tip, (3) ligaments are formed as the fuel film extends from the
prefilmer tip, (4) the swirling gas flow disintegrates the ligaments into
droplets. Some droplets resulting from primary breakup undergo sec-
ondary atomization in the bag breakup regime, resulting in a multi-
plicity of drop sizes [14]. A detailed discussion of this hybrid atomizer
can be found in Mansour et al. [15].

2.3. Diagnostic techniques

2.3.1. Planar laser Induced fluorescence and Mie scattering

Simultaneous fuel-PLIF and Mie scattering measurements were per-
formed to provide 2-D visualizations of the spray. In the present work,
the aromatics in jet fuel were the species that fluoresced. The fluores-
cence spectroscopy of kerosene gas (composed of benzene and naph-
thalene) at high temperature and pressure [16,17] showed that the
fluorescence intensity was stronger for 248 nm and 266 nm excitation
resulting from a strong absorption of the laser by the aromatics at these
wavelengths. Furthermore, the variation in kerosene fluorescence
excited by 266 nm wavelength in nitrogen was minimal with ambient
pressure at a constant temperature [16]. Therefore, a Q-switched Nd:
YAG laser, frequency quadrupled to 266 nm wavelength, was used in the
present work for the fuel-PLIF measurements.

Fig. 3 shows the schematic diagram of the PLIF and Mie measure-
ment systems in the VAPS test rig. This excitation light beam profile was
expanded to 40 mm in height and collimated into a cylindrical lens to
form a sheet, entering the pressure vessel through the fused silica win-
dow. The 266-nm pulse energy was approximately 70 mJ/pulse, and the
repetition rate was 10 Hz. The fluorescence spectrum of kerosene and
1,2,4 trimethyl benzene are shown in Fig. 4 [16,18]. The A-2 (Jet-A) fuel
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Fig. 1. Schematic diagram of VAPS test rig. (a) Nitrogen and fuel flow lines in the pressure vessel. (b) Orientation of the window ports on the vessel.

Fig. 2. Schematic diagram of the internal view of the atomizer and the
resulting Mie scattering image for the hybrid pressure-swirl airblast atomizer
[15]. The measurement plane as a red dashed line is shown along with the
location for the pointwise PDA measurements (as yellow crosses). z = 0 mm is
referenced to the exit plane of the gas swirler. Note that this is modified dia-
gram from one presented by Shin et al. [13].

has the same aromatic compounds as kerosene (JP-8), such as alkyl-
benzene and alkyl-naphthalenes [16,19], while C-5 fuel contains 1,2,4
trimethyl benzene as its aromatic compounds [19]. The fuel fluores-
cence and Mie-scattered light were separated using a dichroic beam
splitter, which reflected the 266-nm Mie-scattered light and transmitted
the fluorescence above 266 nm. Two time-synchronized ICCD cameras
(PI-MAX4) equipped with UV lenses (Nikkor 70 ~ 210 mm /4.5 and

Objectif UV 100f/4.5) captured the scattered light and fluorescence
from fuel. For the PLIF camera, a transmission filter centered at 320 nm
with a bandpass of 40 nm was used to capture the fluorescence spectra.
This scheme captures the entire emission range for Jet-A and almost half
of the fluorescence range for C-5 fuel. Although some fluorescence at
270 nm transmitted through the 266 nm bandpass filter, for the Mie
signal camera, that contribution of fluorescence signal was negligibly
small.

2.3.2. Phase Doppler anemometry

A phase Doppler anemometry (PDA) system was used to measure the
droplet diameter and droplet velocity. The phase difference of Doppler-
burst signals from different detectors determines the droplet diameter,
while the frequency of Doppler-bursts determines the droplet velocity.
The fundamentals of the PDA measurement system can be found in
references such as Albrecht et al. [20]. The layout of the PDA system
around the VAPS test rig is shown in Fig. 5. The PDA system was used
previously for the LBO, and engine cold start measurements [13,21],
except the scattering angle was different. The scattering angle was set to
30 in this study, which is a recommended angle from PDA system
manufacturer due to a strong forward scattering. In the previous studies
[13,21], this scattering angle was limited to 60" due to the window
orientation prior to modification. Measurements were performed at
radial locations between + 30 mm from the spray center line in in-
crements of 5 mm. The measurement region of the PDA system was
constrained to a range of 60 mm due to interference from the mounting
flange of the 76.2 mm diameter window. Ten measurements, each with
20,000 samples, were recorded at each radial location (r) per test con-
dition. The velocity validation and spherical validation rates were in the
range of 95 ~ 97 % and 88 ~ 95%, respectively. The key optical settings
for the PDA measurement are shown in Table 1. The average un-
certainties of the PDA measurements for all ambient pressure conditions
are listed in Table 2. The uncertainty value at each ambient pressure
condition were obtained using the standard deviations of ten repeated
measurements at each radial location.

The measured D3, values at several radial locations for z = 25.4 mm
were used to calculate a single value of line-of-sight drop size (D3z,) that
measurement plane. The line-of-sight D3, is the averaged D3, over the
radial profile of the spray and is weighted by the measured volume flux
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Fig. 3. Schematic diagram of the fuel-PLIF and Mie measurement system in the VAPS rig.

Fig. 4. Emission wavelength of fuels with 266 nm excitation wavelength
[16,18] and optical filters configuration.

at each radial location. Similar to the approach by Dodge et al. [22], the
line-of-sight drop size (D3z,) can be obtained via:

> iDx(r)q(r)

Dy, = == &)

> q(r)

Here, r is the radial location from the spray center, and n is the number
of radial locations. D3,(7) and q(r) are the measured D3, and the volume
flux of droplets in axial direction through the probe volume (ecm3/cm?/s)
at each radial location, respectively. The PDA system provides a local
fuel volume flux at each measurement point by measuring the number of
droplets passing through the probe volume. This line-of-sight drop size
was used to demonstrate the effect of ambient pressure on the spray
structure for each fuel and compared to the model prediction.

2.4. Test conditions

The high ambient pressure conditions were defined here as
following: vessel pressure Pyesser = 1,2,3,4,5,9.5 bar, fuel temperature
Tre = 332 K, atomizing gas temperature Tyirbox Of 394 K, and fuel in-
jection pressure APy, = 1.72 bar, and the pressure drop across the gas

Table 1

Optical settings for PDA system.
Aperture mask Mask A
Spatial filter Slit 200 pm
Scattering angle 30
Receiver optic lens f 310 mm
Transmitter optic lens f 400 mm

Fig. 5. Schematic diagram of the PDA system and its geometry relative to the VAPS rig.
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Table 2

Averaged uncertainties for PDA measurements for A-2 fuel.
r [mm] U(D32) U(Uz)
30 1.6 % 1.2%
25 1.4 % 0.7 %
20 1.4 % 23 %
15 1.5% 4.2 %
10 2.7 % 4.0 %
5 2.8% 22%
0 3.6 % 1.2%

swirler AP/P = 3%. The fuel injection pressure is defined as the pressure
differential between the fuel line and the vessel. At APp;;o; = 1.72 bar, the
mass flow rate measured by the Coriolis flowmeter was 2.52 g/s. The
pressure drop across the gas swirler is the pressure difference between
the airbox and the vessel. At AP/P = 3%, the calculated gas velocity at
the exit of the swirler was 82 m/s, which was considered to be an
incompressible flow. The axial distance (z) downstream from the swirler
exit plane was set at 25.4 mm for the PDA measurements. The uncer-
tainty of each operating parameter is shown in Table 3, following the
approach of Kline et al. [23].

3. Test fuels

Jet-A (A-2) and C-5 were investigated in this study. The standard
aviation fuels are represented by code A while the alternative fuels are
represented by code C [1]. The A-2 fuel was found to be a “nominal fuel”
based on three combustion-related properties: flash point, viscosity, and
aromatics content [1]. The C-5 fuel was created by blending 1,3,5 tri-
methyl benzene with a C10 isoparaffinic solvent. This test fuel has an
extremely flat boiling range at roughly 165 °C and was designed to
evaluate the impact of a very limited vaporization range of the fuel on
the combustor [1]. Detailed discussions regarding physical properties,
chemical compositions, and fuel selection methods can be found in
Edward et al. [19].

Table 4. shows the key physical properties of each fuel, such as
surface tension, viscosity, and density. These properties were extrapo-
lated from a fuel temperature of 328 K using measured values provided
by the Air Force Research Laboratory (AFRL) [19]. The viscosity, surface
tension, and density values of the C-5 fuel were found to be different
from A2 by —53%, —15%, and —4.7%, respectively.

4. Results and discussion
4.1. Effect of ambient pressure on drop diameter and drop velocity

The spray characteristics of the standard (A-2) and alternative (C-5)
fuels were investigated using the Sauter Mean Diameter (D32) and drop
mean axial velocity (U,). The symmetrical nature of the spray properties
was consistently observed for both fuels, and therefore only half of the
spray data obtained from the PDA measurements are presented. Fig. 6
shows the trends of D3, and U, at P, = 1,2,3,4,5, and 9.5 bar for the
baseline condition corresponding to AP/P = 3%, APp;,; = 1.72 bar, T
= 332K, and Tgirpox = 394 K at z = 25.4 mm. As reported in the previous
studies [13,21], the spray generated from the hybrid pressure-swirl

Table 3

Uncertainty of operating parameters.
Operating Parameters Operating Conditions Uncertainty
Pessel 1,2,3,4,5,9.5 bar 0.4 %
APpitor 1.72 bar 25%
AP/P 3% 2.8 %
Tfuer 332K 4.2 %
Tairbox 394 K 1.1 %

Myyel 2.52 g/s 25%
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Table 4
Fuel physical properties at 332 K. The data points were extrapolated using
measured values provided by AFRL [19].

Fuel Temp. p [kg/ o [N/ p [kg/ Notable Characteristics

Type m-s] m] m3]

A-2 332K 9.2E-04 0.023 770 Average flash point,
viscosity, aromatics

C-5 332K 4.4E-04 0.020 734 Flat boiling range (boils at

165 °C)

airblast atomizer in this study was a hollow-cone spray.

The effect of ambient pressure (Py,sse;) was found to affect the mean
drop size significantly. As shown in Fig. 6, a significant decrease in D3,
was observed with increased ambient pressure from 1 bar to 2 bar. The
D3y continued to decrease gradually with further increases in the
ambient pressure from 2 bar to 9.5 bar. However, the effect of ambient
pressure on drop diameters diminished with further increase in ambient
pressure, and a minimal decrease in D3y value was observed when the
ambient pressure increased from 5 bar and 9.5 bar. Furthermore, the
variation in drop diameter at each radial location became smaller as the
ambient pressure increased. Due to higher gas density, the greater in-
ertial force on the liquid sheet or ligament promoted greater disturbance
on the liquid sheet or ligament. Hence, this resulted in smaller droplets
[24]. The drop axial velocity was observed to be similar for all ambient
pressures, as shown in Fig. 6(b) and (d). This is believed to be attributed
to the smaller droplets that responded quickly to the gas flow and fol-
lowed closely the gas streamline. This atomizing gas velocity was kept
the same for all ambient pressure cases by maintaining constant pressure
drop. Since the reported drop velocity values are the averaged velocities
of all 20,000 droplets acquired at each radial location, they are heavily
weighted towards the velocities of those smaller droplets. However,
more experimental work, such as time-resolved PIV measurement of the
surrounding gas field, would be necessary to provide a clear explanation
on this drop velocity trend. Droplets near the spray edge were observed
to slow down with increasing pressure as they are more affected by the
drag force. The recirculation zone at z = 25.4 mm can be defined
approximately within r = +12 mm in the spray since the negative drop
velocity values within r = +12 mm indicate that droplets are traveling
towards the nozzle. From Fig. 6(b) and (d), it can also be seen that the
radial location of 12 mm (approximately) is the transition point where
those negative drop velocity values become positive values, indicating
the droplets are traveling downward from the nozzle. This hollow-cone
region boundary was observed to be preserved at higher ambient pres-
sure. The uncertainty bars shown in Fig. 6(b) and (d) indicate the root-
mean-squared (RMS) for the axial velocity.

The drop size probability density functions (PDFs) and cumulative
density functions (CDFs) are shown in Fig. 7 for C-5 fuel at radial lo-
cations of 0 and 20 mm. Each radial location is indicated as a red box in
the spray image. The PDFs and CDFs at both radial locations were
observed to shift towards the smaller drop diameter range with
increasing ambient pressure. The number of smaller drop diameters at
both radial locations increased with increasing Pyess; while the number
of larger drop diameters decreased at higher Py. This observation
supports the trend of decreasing in D3, with increasing Pyesse;, Moreover,
it can be seen that a greater number of smaller droplets present at the
spray center (r = 0 mm) compared to those numbers near the spray edge
(r = 20 mm).

Fig. 8 shows the effect of swirler pressure drop (AP/P) on D33 and Uz
at Pyessel = 5 bar for A-2 fuel. The pressure drop was varied to values of 2,
3, and 6 % at APpjo; = 1.72 bar, Tfye = 332 K, Tyirpox = 394 K, and z =
25.4 mm. As shown in Fig. 8(a), the D3, decreased with increasing AP/P
and tend to be monodisperse across the radial locations at higher AP/P.
The drop axial velocity was observed to increase with increasing AP/P as
shown in Fig. 8(b). Greater inertial force of the gas flow with increasing
AP/P is attributed to form smaller droplets.
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(@) Dz, A-2

(c) Dz, C-5

Experimental Thermal and Fluid Science 130 (2022) 110511

(b) Uz, A-2

(d) Uz, C-5

Fig. 6. Comparisons of drop diameters and drop velocities for A-2 and C-5 fuels at Pyesser = 1,2,3,4,5, and 9.5 bar, AP/P = 3%, APy, = 1.72 bar, Tfq = 332 K, and

Tairbox = 394 K for z = 25.4 mm.

(a) PDFs and CDFs, C-5atz=0mm

(b) PDFs and CDFs, C-5 atz =20 mm

Fig. 7. Comparison of number probability density functions and cumulative density function for C-5 fuel at Py = 1,2,3,4,5, and 9.5 bar, AP/P = 3%, APpjo; = 1.72

bar, Tpe = 332 K, Taipox = 394 K, and r = 0 and 20 mm for z = 25.4 mm.
4.2. Laser sheet spray measurement

Fuel-PLIF and Mie scattering images were acquired at 5 Hz for both
A-2 and C-5 fuels at Pyesser = 1, 2, 5, and 9.5 bar, AP/P = 3%, APpjor =
1.72 bar, Tpe = 332 K, and Tgirhox = 394 K. Fig. 9 shows normalized
instantaneous and averaged PLIF and Mie images at Pyse; = 2 and 9.5
bar for A-2 fuel. 200 images were used to create an averaged image.
From the instantaneous images shown in Fig. 9(a), more droplets were

observed in the hollow cone region at higher ambient pressure. This is
attributed to an increase in the number of smaller droplets at higher
ambient pressure, as also observed in PDA measurements. These smaller
droplets tend to recirculate into the hollow-cone region. This increase in
the number of smaller droplets causes a greater number of scattering and
absorption/emission events. Moreover, the probability of the reab-
sorption event will decrease for smaller droplets. Therefore, both PLIF
and Mie signals were observed to be increased at higher ambient
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(b) Uz

Fig. 8. Comparisons of drop diameters and drop velocities for A-2 fuel at AP/P = 2, 3, and 6 %, Pysset = 5 bar, APpjo = 1.72 bar, Tp = 332 K, and Toirpox = 394 K for

z = 25.4 mm.

(a) Normalized instantaneous Images

(b) Normalized averaged Images

Fig. 9. Instantaneous and averaged PLIF and Mie images at Pyegse = 2.0 and 9.5 bar, AP/P = 3%, APpjor = 1.72 bar, Tpq = 332 K, and Tyirbox = 394 K for A-2 fuel.

pressure. The averaged PLIF and Mie images from Fig. 9(b) also show
that the signals in the hollow-cone region increased with ambient
pressure.

4.2.1. Feasibility of the laser sheet drop-sizing technique at high ambient
pressure application

Using simultaneous fuel-PLIF and Mie images, the laser sheet drop-
sizing (LSD) technique was performed to obtain the D3z map of the
spray, which is a unique feature compared to a point-wise measurement
such as a PDA system. The LSD technique is based on the assumption
that the fluorescent light signal from the droplet, I{D), is proportional to

the volume of the droplet <ie.If(D) = ;7D3) while the scattered light

signal from the droplet, (I(D)), is proportional to the surface area
(ie. L(D) = 2D? ) [25-28]. Parameter D is the drop size, and a; and af

are the unique constants to each experimental setup, such as the camera
sensitivity, collection efficiency of the optics, laser sheet intensity, etc.
[25]. With this signal-droplet proportionality assumption, the LIF and
Mie signal ratio can then represent the Dz, as shown in Eq. (2) [25].

e o DaND) _ J5oqly(D)AN(D)
v fl:ozo D’dN(D) f[:o:o ,,%Is(D)dN(D)
_ 1 f;:olf(D)dN(D) _ar
=% m7 where K = a—x 2

Here, dN is the number of droplets within the drop size class (D).
Parameter K is the calibration factor that is related to the LIF/Mie signal
ratio to the D3, of the measured droplets. Although the LSD technique
has been applied in various spray characterization studies [7,29-33], it
has not been applied or validated for the spray at variable ambient
pressure conditions. In this section, the feasibility of the LSD technique
for the spray at high ambient pressure application was examinated.

Fig. 10 shows the D3z estimation results using the laser sheet drop-
sizing (LSD) technique [26-28]. Laser absorption and laser sheet cor-
rections were not required since the PLIF, and the Mie scattering images
were obtained simultaneously on identical ICCD cameras. In order to
match the field of views, a cross-correlation was performed between the
instantaneous PLIF and Mie images by identifying the pixel locations of
the observable droplets on both images. Averages of 200 PLIF and 200
Mie images were overlapped to obtain the ratio of LIF and Mie signals.
The signal dependence on the laser spatial profile was canceled by the
ratio. The D33 map estimation using a ratioed LIF and Mie signals are
shown in Fig. 10(a) and (b) for P, = 1 and 2 bar cases [29,31,34].

The LIF/Mie signal ratio and the measured drop sizes by PDA system
at z = 25.4 mm were used for the drop size calibration for the case of
Pyesset = 1 bar, as shown in Fig. 10(a). This calibration was used to
generate the estimated D3, map. For validation, the estimated D3, values
at the measurement location (white dot) for z = 12.7 mm were
compared to measured D3, values at that same measurement locations.
In the present work, the LIF and Mie signals were not found to be pro-
portional to the volume (D?) and surface area (D?) of the droplet.
Therefore, the calibration curve shown in Fig. 10(a) was found to be not
following the typical trend of increasing LIF/Mie ratio with increasing
drop size [7,31-33], but showed an opposite trend. This is attributed to
multiple scattering [35,36] and high aromatic concentration in the fuel
[37-39]. Multiple scattering is a phenomenon in which a Mie photon
scatters off several other droplets before reaching the CCD/ICCD camera
sensor. These multiple scattering paths of photons can lead to a misin-
terpretation of the droplet size. In addition, the photons may not reach
the camera sensor due to multiple scattering [39]. This leads to a loss in
the Mie signal. The LIF signal may be absorbed or scattered by inter-
vening droplets or vapor phase. A high concentration of aromatic or
fluorescent dye in the liquid will increase the re-absorption within the
droplet and deviate the LIF signal’s proportionality to D® [37,40].

It was also discovered that the drop size calibration obtained from
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(a) Calibration curve for Pyessel = 1 bar

(c) Estimated D3> map for Pyessel = 2 bar
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(b) Estimated D32 map for Pyessel = 1 bar

(d) Comparison between estimated D3, and

measured D3z for Pyessel = 1,2,5, and 9.5
bar. The calibration curve obtained at
Puesset = 1 bar was applied to estimate
D3 at other pressure conditions.

Fig. 10. D3, estimation result using LSD technique for Pyes = 1, 2, 5, and 9.5 bar.

one ambient pressure condition was not applicable to any other ambient
pressure conditions. The calibration curve obtained at Py = 1 bar, as
shown in Fig. 10(a), was used to calculate D3, values on the spray map
for other ambient pressure conditions. For example, Fig. 10(c) shows the
estimated D32 map for Py = 2 bar using the calibration from Fig. 10
(a). These estimated D3, values at the measurement locations (white
dots) were compared to the measured D3, values at the same measure-
ment locations, as shown in Fig. 10(d). The percentage of deviation from
the measured D3, was observed to increase significantly for other
pressure conditions. A LIF/Mie ratio value should be assigned for each
PDA measurement point. However, it was observed that two different
measured D3, values were found for an identical LIF/Mie ratio value.
Furthermore, the calibration between LIF/Mie ratio and measured D3,
for each ambient pressure condition was found to be significantly
different. It is believed to be because the scattering signal scales with the
number density of particles [41]. As shown in Fig. 7, the number of
smaller droplets increased with increasing ambient pressure at a con-
stant fuel flow rate, resulting in increased total number of droplets.
Thus, both LIF and Mie signals were scaled differently at each ambient
pressure, resulting in different calibration factors for each ambient
pressure case.

Therefore, the Structured Light [llumination Planar Imaging (SLIPI)
technique is suggested to suppress the multiple scattering effectively in
LSD measurement for more accuracy [30,32,33]. Furthermore, it is
suggested to use a fluorescence dye to control its concentration in LIF
measurement with appropriate excitation laser wavelength, which does
not excite any of aromatic contents in the fuel, rather than relying on the
aromatic content present in the fuel [37,40].

4.3. Effect of ambient pressure on cone angle

The full cone angle was estimated using both 200 instantaneous Mie
images and averaged Mie images at each ambient pressure condition. As
shown in Fig. 11(a), the spray boundaries in each instantaneous image
were defined using the Canny edge detection method [42]. A threshold

was set to include most of the droplet clusters in the outer spray
boundaries for each ambient pressure condition. The angle between two
lines along the outer spray boundaries was estimated as a full spray cone
angle. Fig. 11 (b) provides the estimation of full cone angle (20) at Pyessel
=1, 2,5, and 9.5 bar near z = 6.0, 18.0, and 25.4 mm for A-2 and C-5
fuels. The solid and dashed lines indicate the linear trends of cone angle
measurements at each ambient pressure for A-2 and C-5 fuels,
respectively.

The cone angle estimation shows that the effect of ambient pressure
on the spray cone angle at r = 6.0 and 25.4 mm was minimal for both
fuels. The fluctuations of the cone angle near z = 6.0 mm and 25.4 mm
were observed to be similar, and those values were found to be 4 8 and
+ 9 respectively for both A-2 and C-5 fuels. The values for angle fluc-
tuation are the standard deviation of estimated spray cone angles from
200 instantaneous images at each pressure condition. The cone angle
estimated at z = 18.0 mm, however, was observed to increase with
increasing ambient pressure. This is attributed to the entrainment of
smaller droplets at higher ambient pressure. Since smaller droplets tend
to respond quickly to the gas flow due to their smaller inertia, these
small droplets were entrained by the gas flow and recirculated
outwardly. This entrainment phenomenon is well captured in Fig. 12(c),
(f), and (i) in Fuel Liquid/Vapor Distribution section.

4.4. Fuel liquid/vapor distribution

The liquid and vapor discrimination analysis was performed using
the PLIF and Mie images. Fig. 12 shows pairs of simultaneously captured
PLIF (left) and Mie (middle) images and the normalized difference
image from PLIF and Mie images (right) at Pyese = 1, 2, and 9.5 bar.
Both PLIF and Mie images were divided by the peak intensity value. The
differences of images were calculated by subtracting the Mie image from
the PLIF image. The linear normalization was done on the difference
image to obtain the normalized difference image on a scale of 0 to 1, as
shown in Fig. 12(c), (f), and (i).

In this comparison, it should be noted some factors affect the PLIF
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(a) Spray boundary and full cone angle
estimation using 200 instant. Mie images

(c) Full cone angle estimation using

averaged Mie image. (200 images)
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(b) Averaged full cone angle from
200 instant. Images at r = 6, 18,
and 25.4 mm

(d) Measured full cone angle from
averaged image at r = 6, 18, and
25.4 mm

Fig. 11. Full cone angle estimations for A-2 and C-5 fuels at Pyge = 1 bar, AP/P = 3%, APy = 1.72 bar, Tge = 332 K, and Tgirpox = 394 K. Blue color indicates z =

6.0 mm. Red color indicates z = 18.0 mm. Yellow color indicates z = 25.4 mm.

and Mie signals differently. Ideally, the Mie scattered light signal is
proportional to the surface area of the droplets, whereas the LIF signal is
proportional to the volume of the droplets [28]. However, this hy-
pothesis was not valid in the present work, as also demonstrated in other
studies [25,37,40,43]. This will influence the LIF and Mie light signals
differently where the droplets have different sizes depending on location
in the spray. Another factor to consider is the multiple scattering, so-
called diffuse scattering, within the spray [44]. Diffuse scattering from
droplets on the periphery of the spray can be absorbed by the droplets
near the centerline and converted to fluorescence. The presence of signal
inside of the hollow cone region in the spray, as shown in Fig. 12(a), (d),
and (g), is likely caused by diffuse scattering from near the laser sheet
plane [35,36]. Thus, the comparison between the Mie and LIF images
presented in this section is non-quantitative. However, it can be a useful
approach to identify and distinguish liquid and vapor region in the
spray.

From Fig. 12(b), (e), and (h), it is evident that the number of droplets
near the spray center increased at higher ambient pressure. This is
believed to be due to an increased number of smaller droplets at higher
ambient pressure, as observed from droplet PDF comparison in Fig. 7.
Fig. 13 shows the data rate of PDA measurements at each radial location
for the C-5 fuel. The PDA data rate near the center of the spray increases
significantly with increasing ambient pressure. This observation sup-
ports the hypothesis that a significant number of smaller droplets are
recirculated into the hollow cone region and also increase the number of
scattering events and signals by increasing the surface area (D) [45].
Smaller droplets at Pyese; = 9.5 bar were observed to have more ten-
dency of following the gas flow compared to those observed at lower
Pyessel, as shown in Fig. 12(c), (f), and (i). This observation supports the
increase in spray cone angle at z = 18 mm with increasing ambient
pressure due to the entrainment of smaller droplets.

5. Semi-empirical model

A semi-empirical model for the hybrid pressure-swirl airblast (HPSA)
atomizer spray was developed in a previous study by Shin et al. [21].
Although the model developed in the previous study was able to predict
the drop size trend with increasing ambient pressure, the discrepancy
between the predicted and measured drop size values was significant,
especially at higher ambient pressure. This is believed to be due to the
fact that the previous model did not consider the variation of the
pressure-swirl spray cone angle with increasing ambient pressure in the
calculation. The contraction of the pressure-swirl spray at elevated
ambient pressure has been generally observed by other studies
[2,24,46]. This contraction in the cone angle reduces the length of film
development on the prefilming surface (r) and may affect the film
thickness on the surface. Moreover, the pressure-swirl spray may
interact directly with the atomizing gas from dome/outer swirlers
without impingement due to the smaller cone angle.

The model used in this work calculates the pressure-swirl spray cone
angle variation as a function of ambient gas density by implementing the
correlation provided by Dodge and Biaglow [47], whereas the previous
model predicted the cone angle as a function of pilot nozzle geometry.
This implementation improved the model in predicting the drop size
trend with less discrepancy between the predicted and measured drop
size value at higher ambient pressure. Detailed methodology of the
model can be found in Shin et al. [21]. The phenomenological atomi-
zation process considered in this semi-empirical model can be summa-
rized as follows:

(1) the pressure-swirl spray generated from the pilot nozzle breaks
into drops as it penetrates both axial and radial directions and
drops impinge on the prefilming surface.
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(a) Instantaneous PLIF at
Puessel = 1 bar

(d) Instantaneous PLIF at
Puesset = 2 bar

(9) Instantaneous PLIF at
Pvessel =9.5 bar

(b) Instantaneous Mie at
Puessel = 1 bar

(e) Instantaneous Mie at
Puessel = 2 bar

(h) Instantaneous Mie at
Pvessel = 9.5 bar
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(c) Subtracted (b) from (a)

(f) Subtracted (e) from (d)

(i) Subtracted (h) from (g)

Fig. 12. Liquid - vapor discrimination A-2 fuel at Py = 1, 2, and 9.5 bar, AP/P = 3%, APpjo; = 1.72 bar, Tfe = 332 K, and Tgipox = 394 K.

Fig. 13. Comparison of data rate measurement from PDA at each ambient
pressure for C-5 fuel.

(2) the impinged droplets then form a fuel film on the surface and
flow towards the prefilmer tip along with the inner swirl gas flow.

(3) the fuel film tears into ligaments as it extends from the prefilmer
tip.

(4) ligaments then interact with the outer swirling gas flow and are
disintegrated into droplets.

The model captures the atomization process through three different
sub-models: pressure-swirl spray drop formation, drop impingement and
film formation, and aerodynamic breakup [21]. Fig. 14 shows the
schematic diagram of the atomization process of the hybrid pressure-
swirl airblast atomizer. Location A corresponds to the pressure-swirl
spray drop formation sub-model adopting the linear sheet instability
analysis by Senecal et al. [48]. This is the location where the initial sheet
thickness, sheet breakup length, cone angle, sheet thickness at the
breakup, and pressure-swirl spray droplet size are determined. Location
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B corresponds to the droplet impingement and film formation sub-
model. In this location, the film thickness and velocity resulted from
the droplet impingement on the prefilming surface are determined by
adopting an impinging jet model by Naber et al. [49] and Ibrahim et al.
[50]. Location C corresponds to the aerodynamic breakup sub-model.
This is the location where the ligament diameter, ligament length, and
final droplet size resulted from the ligament breakup by the atomizing
gas are determined.
The predicted final drop size (dp) can be expressed as [21]

’

12 a

- s where C = 7
(1 +L) (CM> +4<l+l> ALREU;
ALR o dp AL

Here, ALR is the air-to-liquid ratio, and Uy is the atomizing gas velocity.
o and py, indicate liquid-gas surface tension and liquid density, respec-
tively. The parameters d; and 1; are the ligament diameter and the lig-
ament length. Adopting similar energy considerations, as discussed in
Lefebvre [51], this semi-empirical model was derived based on the
assumption that the energy required to atomize a ligament is equal to
some fraction of the kinetic energy of the atomizing gas. The first term in
the denominator accounts for the effect of aerodynamic forces on the
drop size, and the second term considers the liquid physical properties.

The parameter C is related to the energy transfer efficiency of the
atomizing gas to the liquid [51-53]. In this work, the parameter C is
correlated to ALR and U,. It is hypothesized that the parameter C de-
creases with increasing U,. As the velocity of the atomizing gas in-
creases, the local static pressure decreases, which causes the low-
velocity surrounding gas to be entrained into the atomizing gas stream
and to be accelerated [53]. This resulted in reducing the kinetic energy
available for atomization. The parameter C also decreases with
increasing ALR. At higher ALR, the rate of radial expansion of the exiting

d[):

3
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Fig. 14. Atomization process for the hybrid pressure-swirl airblast atomizer and photograph of the atomizer. Note that this diagram is adapted from work by Shin

etal[21].

gas stream increases. This causes the atomizing gas to transfer a fraction
of its kinetic energy to the surrounding gas instead of the liquid [53].
Moreover, the interference between the atomizing gas streams from the
dome and outer swirlers increases as the radial expansion increases at
higher ALR; thereby, the fraction of the atomizing energy will be
reduced. The values for constants a’, b’, and ¢’ in the parameter C were
iterated for the best agreement with the experimental data and were
determined to be 3.0, 0.2, and 1.65, respectively. These constants are
not the same as ones from the previous study [21], but were adjusted to
take all measurements at LBO [13], cold start [21], and high ambient
pressure conditions into consideration in the model. The model pre-
dictions presented in the later section of this work were predicted using
this adjusted parameter C and its constants.

Fig. 15 shows the predictions of essential parameters from each sub-
model, such as the pressure-swirl spray drop size (dpp), fuel film thick-
ness (tp), and its flow velocity (Upim) on the prefilming surface, ligament
diameter (dp), and ligament length (11). Except for the film velocity,
these parameters were dimensionalized by the pilot nozzle orifice
diameter (d,). As shown in Fig. 15(a), the droplet diameter of the
pressure-swirl spray was predicted to decrease with increasing ambient
pressure [2,24,46]. This is due to a greater gas inertial force by
increasing gas density. The gas flow with a greater inertial force causes
the growth rate and wavenumber of disturbance on the liquid sheet
(pressure-swirl spray) to increase. This resulted in a smaller droplet
diameter from the sheet/ligament breakup of the pressure-swirl spray.
Due to the smaller droplet size predicted at higher ambient pressure, the
film thickness formed on the prefilmer surface was predicted to become
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thinner as the ambient pressure increases, as shown in Fig. 15(b). Based
on the continuity, the film flow velocity was predicted to be increased as
the film gets thinner since the fuel mass flow rate was set to be constant.

The ligament diameter and length were predicted to decrease with
increasing ambient pressure, as shown in Fig. 15 (c) and (d). The liga-
ment diameter is a function of film thickness and wavenumber of the
film. At higher ambient pressure, the wavenumber of the film increases
as the growth rate of disturbance on the film rises due to a higher density
of gas flowing along with the film. Hence, the ligament diameter was
predicted to decrease with increasing ambient pressure. Similarly, a
higher growth rate of disturbance on the ligament with a higher wave-
number of the ligament caused the ligament length to be decreased with
increasing ambient pressure.

The comparisons of dimensionless predicted (dp/d,) and measured
drop sizes (D3z,/d,) for A-2 and C-5 fuels are shown in Fig. 16 for AP/P
= 3%, APpjjor = 1.72 bar, Tfyet = 332 K, Tairbox = 394 K, and z = 25.4 mm.
The orifice diameter of the pilot nozzle (d,) was used for this dimen-
sionless quantity. The diminishing effect of ambient pressures on the
drop size was observed for both A-2 and C-5 fuels. Moreover, it can be
observed that the A-2 drop size are slightly larger than for C-5 fuel. The
percentage difference in dimensionless measured drop sizes (D3z20/d,)
between A-2 and C-5 fuels was 1% at Pyesse; = 1 bar and 17 % at Pyegse =
9.5 bar. This difference is believed to be due to the higher viscosity and
surface tension of A-2 fuel compared to those of C-5 fuel, as shown in
Table 4. Higher liquid viscosity and higher surface tension hinder bulk
liquid deformation and disintegration through dissipation of the aero-
dynamic force by increasing the restorative force of the liquid and
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(a) Predicted  pressure-swirl
drop size

spray

(c) Predicted ligament diameter and
film wavenumber
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(b) Predicted film thickness and film
velocity

(d) Predicted ligament length  and

wavenumber on the ligament

Fig. 15. Predictions for the pressure-swirl spray drop size (dpp), film thickness on the prefilmer surface (ty), film velocity (Usm), and ligament diameter (d), film
wavenumber (kg ), ligament length (4,), and ligament wavenumber (k,;). The model predicted these parameters at AP/P = 3%, APy, = 1.72 bar, Tg,e = 332 K, and

TﬂinOX = 394 K.

Fig. 16. Comparison of non-dimensionalized measured average drop sizes
(D320/d,) and predicted drop size (dp/d,) at different ambient pressures for A-2
and C-5 fuels at AP/P = 3%, APpo; = 1.72 bar, Tfye = 332 K, and Tyirpox = 394 K
for z = 25.4 mm.

viscous damping effects [2,54]. This resulted in larger droplets for the A-
2 fuel.

The model predicted drop sizes at Pyesse; = 1, 2, 3, 4, and 5 bar within
+ 6 % and drop sizes at Py = 9.5 bar with approximately 17 % error
compared to experimental data. This inaccuracy in the drop size pre-
diction is believed to be due to the assumptions and simplifications in
each sub-model, such as the inviscid assumptions for the cone angle
estimation, film thickness estimation on the prefilmer surface, simplified
drop-surface interaction mechanisms, etc [13]. For accurate predictions,
a viscous film formation analysis including all droplet-surface interac-
tion mechansims such as droplet stick, spread, splash, and droplet
rebound in the drop impingement and film formation sub-model would
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likely be necessary. Therefore, more experimental work such as X-ray
measurements within the atomizer would provide additional insights
into the drop formation at high ambient pressure and would also help to
validate our proposed model experimentally. The uncertainty bars for
D3z, were obtained by applying the same weight factor that was used for
D3y, to each uncertainty (standard deviation) of measured D3, at each
radial location. The uncertainty values were observed to be within 3%
for both A-2 and C-5 fuels.

Fig. 17 shows the comparison of predicted and measured dimen-
sionless drop sizes for A-2 fuel at AP/P = 2, 3, and 6 %, Pyss = 5 bar,
APpjgor = 1.72 bar, Tpye = 332 K, and Tyirbox = 394 K for z = 25.4 mm. The
model predicted the drop size at different AP/P within 17% error and
successfully demonstrated the drop size trend observed with AP/P
variation at Py = 5 bar. The uncertainty bars for D3y, in Fig. 17 were

Fig. 17. Comparison between the measured and predicted dimensionless drop
sizes at AP/P = 2, 3, and 6% and P, = 5 bar for A-2 fuel.
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also obtained in the same way for those in Fig. 16, and the uncertainty
were observed to be within 5%.

6. Conclusions

The characteristics of a non-reacting spray, generated by the hybrid
pressure-swirl airblast (HPSA) atomizer, were investigated under high
ambient pressure conditions for a standard and an alternative aviation
fuel using PDA and simultaneous PLIF and Mie imaging techniques.

A significant reduction in D3, was observed with increasing Pegse
from 1 bar to 9.5 bar. This is attributed to higher ambient gas density
causing a greater drag force and greater inertial force on the bulk of
liquid resulting in smaller droplets. However, the effect of ambient
pressure on the drop size diminished with a further increase in ambient
pressure. Furthermore, the spray tends to have a monodisperse droplet
at higher ambient pressure. The droplet sizes of A-2 fuel were greater
than those for C-5 fuel due to the higher viscosity and surface tension of
the A-2 fuel. The axial drop velocity was observed to be similar for all
ambient pressures, but droplets near the spray edge were observed to
slow down with increasing pressure. A larger number of smaller droplets
were observed at higher ambient pressures. The Mie scattering data
indicate that these droplets tended to recirculate into the hollow-cone
region. Moreover, the smaller droplets near the spray edge tended to
follow the gas flow. The spray cone angles at z = 6.0 and 25.4 mm were
observed to be independent of ambient pressure for both A-2 and C-5
fuels. However, the spray cone angle at z = 18 mm was observed to
increase with increasing ambient pressure due to the entrainment of
smaller droplets at higher ambient pressure. The LSD technique with the
conventional fuel-PLIF and Mie scattering images was limited for the
spray at variable ambient pressure conditions due to the high concen-
tration of the aromatic contents in the fuel and multiple scattering.
Hence, SLIPI with an appropriate concentration of the fluorescent dye
was suggested.

A phenomenological three-step atomization model, including
pressure-swirl spray droplet formation, droplet impingement and film
formation, and aerodynamic breakup, provided some valuable insights
into the effect of the ambient pressure on the drop formation as it suc-
cessfully demonstrated the drop size trend with increasing ambient
pressure. The model predicted the drop size within + 6 for P,ese =
1,2,3,4,and 5 bar cases and 17% for Pyesse; = 9.5 bar. This is believed to
be due to the assumptions and simplifications in the analysis. Further
experimental work, such as X-ray measurements within the HPSA
atomizer, would provide additional insights into the spray morphology
and be helpful to validate the model further.
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