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A B S T R A C T   

An experimental investigation was conducted to examine the air–liquid interactions in the spray flows exhausted 
from an airblast atomizer at different ambient pressures. The experimental study was conducted in a specially 
designed high-pressure spray test rig available at Iowa State University. During the experiments, while the 
pressure drop ratio across the airblast atomizer was fixed at a pre-selected value, the pressure in the test chamber 
was increased from 0.10 MPa (i.e., at ~1.0 bar) up to 0.72 MPa (i.e., at 7.2 bar) to simulate the scenario in the 
combustion chambers of small turboprop engines. A high-resolution stereoscopic particle image velocimetry 
(SPIV) system was used to measure the velocity fields of the airflow and spray droplets separately. While the 
airflow characteristics were found to be almost insensitive to the chamber pressure, the kinematic characteristics 
of the spray droplets were found to change significantly as the chamber pressure increases. A cross-correlation 
operation was performed to characterize the effects of the chamber pressure on the kinematic similarity of the 
spray droplets to the airflow. An improved formula was derived to estimate the corresponding Stokes number 
values of the spray droplets at different chamber pressures. It was revealed clearly that, a higher chamber 
pressure would lead to greater aerodynamic forces acting on the spray droplets to intensify the air–liquid in
teractions and promote the breakup of large droplets into finer droplets. As a result, while the average size of 
spray droplets exhausted from the same airblast atomizer was found to decrease substantially with the increasing 
chamber pressure, the finer droplets with smaller Stokes number values would follow the local airflow more 
faithfully, resulting in a higher kinematic similarity between the spray droplets and airflow at higher chamber 
pressures.   

1. Introduction 

It is well known that the process of breaking up or atomization of 
liquid fuel into droplets in the form of a fine spray plays a pivotal role in 
improving energy efficiency and suppressing pollutant formation while 
meeting the operability requirements for aero-engines. Significant im
provements in aero-engine performances can be achieved by having the 
ability to control the spray characteristics through optimal design of 
liquid fuel atomizers. Airblast atomizers, which generate sprays by 
exhausting slow-moving liquids into high-velocity air streams, are 
widely used because of the great benefits in improving fuel efficiency, 
suppressing pollutant formation, and meeting environmental regula
tions for aero-engines [1]. Unlike conventional liquid fuel atomizers 
depending solely on the ultra-high injection pressure for the fuel at
omization, airblast atomizers would utilize swirling airflows to enhance 
the air–liquid interactions for more efficient atomization, while the 

airflow exhaust from airblast atomizers can also be further utilized in the 
combustion afterward [2]. 

Extensive studies have been conducted in recent years on the char
acteristics of the liquid sprays exhausted from airblast atomizers [3–5]. 
Klein [4] reported that swirling airflow exhausted from airblast atom
izers is very efficient to achieve rapid mixing between fuel droplets and 
airflow, which is essential for desirable combustion efficiency. Rizkalla 
et al. [5] suggested that a higher air injection pressure to an airblast 
atomizer would result in a greater airflow velocity, which can improve 
the spray quality by reducing the mean droplet size. Urban et al. [6] 
found that preheating viscous fuel (e.g., crude rapeseed oil) is beneficial 
for obtaining finer sprays exhausted from airblast atomizers. Rizk & 
Lefebvre [7] suggested that the optimum arrangement of airblast at
omizers would be a swirling liquid jet surrounded by a coflowing air 
stream. Fan et al. [8] also reported that airblast atomizers with such 
design features can produce finer spray droplets, due to the stronger 

* Corresponding author. 
E-mail address: huhui@iastate.edu (H. Hu).  

Contents lists available at ScienceDirect 

Experimental Thermal and Fluid Science 

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

https://doi.org/10.1016/j.expthermflusci.2021.110514 
Received 25 March 2021; Received in revised form 3 August 2021; Accepted 26 August 2021   

mailto:huhui@iastate.edu
www.sciencedirect.com/science/journal/08941777
https://www.elsevier.com/locate/etfs
https://doi.org/10.1016/j.expthermflusci.2021.110514
https://doi.org/10.1016/j.expthermflusci.2021.110514
https://doi.org/10.1016/j.expthermflusci.2021.110514
http://crossmark.crossref.org/dialog/?doi=10.1016/j.expthermflusci.2021.110514&domain=pdf


Experimental Thermal and Fluid Science 130 (2022) 110514

2

shear stress induced by the swirling airflow to enhance the air–liquid 
interactions. Inamura et al. [9] found that the droplet size distribution 
could become much broader with the increasing thickness of the liquid 
film accumulated at the prefilmer edges of airblast atomizers. Chaus
sonnet et al. [10] suggested that, while the mechanisms of liquid 
breakup and atomization would stay the same under different ambient 
pressures, the variations of the ambient pressure could affect micro
scopic characteristics of spray flows exhausted from the airblast atom
izer (i.e., liquid breakup length and droplet size) by affecting airflow 
density and aerodynamic drag forces acting on the spray droplets. 

It should be noted that, while airblast atomizers are usually used to 
inject liquid fuel droplets into combustion chambers of aero-engines at 
substantially elevated chamber pressures (i.e., up to 2.0 MPa for modern 
aero-engines [11]), many of previous studies on spray characteristics of 
airblast atomizers were conducted with the pressure of the test chambers 
at an atmospheric pressure (i.e., ~0.10 Mpa). Only a limited number of 
studies can be found in the literature to examine the characteristics of 
spray flows exhausted from airblast atomizers at elevated chamber 
pressures. He et al. [12] found that the characteristics of spray flows 
exhausted from the same airblast atomizers under elevated chamber 
pressures would be significantly different from those under an atmo
spheric pressure, due to the effects of the gas density and associated 
aerodynamic forces. Rizk & Lefebvre [13] and Chrigui et al. [14] re
ported that the average size of the spray droplets exhausted from the 
same airblast atomizer was reduced substantially under elevated 
chamber pressure levels. Fu and Yang [15] found that, for a given 
pressure drop ratio across an airblast atomizer, the spray angle was 
found to be decreased substantially as the chamber pressure increases. 
Furthermore, while the density increase of the airflow under elevated 
chamber pressures would lead to greater aerodynamic forces acting on 
spray droplets, the momentum loss of the spray droplets became sub
stantial as the droplets moving downstream. Although those previous 
studies have uncovered useful information, the effects of the chamber 
pressure on the air–liquid interactions in the spray flows after exhausted 
from airblast atomizers have not been well understood [16]. More 
comprehensive studies are highly desirable to elucidate the underlying 
physics for a better understanding of the dynamic interactions between 
the airflow and spray droplets at elevated chamber pressure levels, 
which is essential to explore/optimize the design paradigm of airblast 
atomizers for maximized energy efficiency, while minimizing pollutant 
emissions from aero-engines. 

In the present study, a comprehensive investigation was conducted 
to examine the effects of the chamber pressure on the air–liquid in
teractions in the spray flows exhausted from an airblast atomizer. The 
experimental study was conducted by leveraging a specially designed 
high-pressure spray test rig available at Iowa State University. During 
the experiments, while the pressure drop ratio across the airblast 
atomizer was fixed at a pre-selected value to maintain a constant total 
velocity of the airflow exhausted from the atomizer, the pressure in the 
test chamber of the high pressure test rig was increased from 0.10 MPa 
(i.e., at an atmosphere pressure) up to 0.72 MPa to simulate the evalu
ated chamber pressure environments in the combustor of turboprop 
engines [17]. A high-resolution stereoscopic particle image velocimetry 
(SPIV) system was used to achieve whole field measurements of the 
velocity distributions of the airflow and the spray droplets separately. 
Based on the SPIV measurement results, a cross-correlation operation 
was performed to quantify the kinematic similarity between the airflow 
and the spray droplets at different chamber pressure levels. A theoretical 
analysis was also conducted to derive an improved formula in estimating 
the Stokes number of the spray droplets at different chamber pressures 
to elucidate the underlying physics for a better understanding of the 
effects of the chamber pressures on the air–liquid interactions in the 
spray flows. 

In the context that follows, the experimental setup used in the pre
sent study is described at first for characterizing the air–liquid in
teractions of spray flows exhausted from an airblast atomizer. Then, the 

SPIV measurement results are presented to quantify the kinematic 
characteristics of the airflow and spray droplets under different testing 
conditions, followed by a cross-correlation operation to quantify the 
kinematic similarity between the spray droplets and the airflow. A 
comprehensive theoretical analysis is also presented to elucidate the 
underlying physics pertinent to the effects of the chamber pressure on 
the traceability of the droplets to follow the local airflow for a better 
understanding of air–liquid interactions in the spray flows. 

2. Experimental setup 

The high-pressure spray test rig used for the present study is shown 
schematically in Fig. 1, which is featured by a cylindrical testing 
chamber made of alumina with an inner diameter of 220 mm, a length of 
470 mm, and 25.4 mm wall thickness. Three circular-shaped observa
tion windows are installed at the same height of the testing chamber 
with the angles enclosed by the neighboring windows being 120◦. The 
observation windows have a double-wall design with the inner window 
walls rotating at the desired rotational speeds (i.e., at ~2,000 rpm) to 
prevent the spray droplets from sticking onto the walls of the observa
tion windows during the experiments. Three big high-pressure tanks 
(8.0 m3 in volume and 1.0 MPa in rated pressure at full capacity) and an 
air compressor (Ingersoll Rand NirvanaTM) were used to supply high- 
pressure air for the experimental study. Pressure settings in the liquid 
and air paths are regulated by a series of pneumatic control valves to 
adjust the pressure levels of the high-pressure spray test rig. A high- 
speed data acquisition system is integrated with the high-pressure test 
rig to monitor the temperature and the pressure inside the test chamber. 
A ball valve is installed at the exit of the high-pressure test rig to adjust 
the air pressure in the test chamber and to make sure the pressure drop 
ratio of the airflow across the airblast atomizer was maintained at a pre- 
selected value under different test conditions. 

Fig. 2 shows the schematics of the airblast atomizer used in the 
present study, which is sited inside an air-conditioned room at a con
stant temperature of 20.0 ± 1.0 ◦C. The airblast atomizer, which has an 
outer diameter of d = 25.4 mm, is consisted of an inner high-swirling air 
path, an outer low-swirling air path, and a liquid fuel path between the 
two airflow streams. 10 guide vanes were designed in the liquid path to 
from swirl slits. While the airflow exhausted from the outer air path 
occupies 80% of the total mass of the injected air flowrate, the inner air 
path would inject the rest of the 20% air mass. Further information 
about the design of the airblast atomizer can be found in Pack et al. [18]. 

Deionized (DI) water was used as the working liquid for the present 
study, its dynamic viscosity, surface tension and density are 1.00 mPa⋅s, 
72.86 mN/s and 998.21 kg/m3, respectively [2]. The temperatures of 
the air and liquid streams were monitored during the experiments by 
using high-sensitive thermocouple probes (Type-K, OmegaTM). It was 
found that the measured temperatures of the air and liquid streams 
remained almost unchanged (i.e., within ±0.5 ◦C) under different test 
conditions. 

During the experiments, the pressure drop ratio of the air stream 
across the atomizer was set at a constant value (i.e., at 4.0% of the pre- 
selected chamber pressure) in order to maintain the same total injection 
velocity of the airflow exhausted from the airblast atomizer [19]. While 
the velocity of the airflow was set at a constant value, the mass flowrate 
of the air stream would increase with the chamber pressure due to the 
higher air density. Table 1 summarizes the mass flowrates of the air and 
liquid streams supplied to the airblast atomizer for the different test 
cases examined in the present study (i.e., at different chamber pressure 
levels). 

A high-resolution, Stereoscopic Particle Image Velocimetry (SPIV) 
system was used in the present study to measure the velocity fields of the 
spray droplets and airflow exhausted from the airblast atomizer sepa
rately. For the SPIV measurements, a double-pulsed Nd:YAG laser 
(Quantel EverGreen − 200 mJ) integrated with a set of optical lenses 
was used to generate a laser sheet with a thickness of 1.0 mm to 
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illuminate the flow field in the area of interest. The laser sheet was 
aligned along the center of the airblast atomizer. The images of the 
tracer particles seeded in the airflow, or the images of the spray droplets 

were recorded by two high-resolution cameras (PCO-2000 of PCO- 
TechTM with the image resolution of 2048 pixels by 2048 pixels). The 
two cameras were arranged in the forward scattering direction of the 
laser sheet, and the angle enclosed by the cameras and the illuminating 
laser sheet was set to be 45◦. The two cameras and the Nd: YAG laser 
were synchronized by using a delay generator (Berkeley Nucleonics, 
Model 565) working at a sampling frequency of 10 Hz. While A general 
in-situ calibration procedure was conducted to obtain the mapping 
functions between the image planes and object planes for the SPIV 
measurements [20], the acquired PIV images was found to have a spatial 
resolution of 0.03 mm/pixel. The time interval between the two laser 
pulses was varied from 2.0 μs to 6.0 μs for different test cases. 

Fig. 1. Schematic of the high-pressure spray test rig used in the present study.  

Fig. 2. The airblast atomizer used in the present study.  

Table 1 
The mass flowrate of air and liquid of different test cases.  

Chamber pressure  
P, (MPa) 

0.10 0.24 0.72 

Mass flowrate of air, ṁair, (g/s)  11.00 23.00 75.00 
Mass flowrate of the liquid, ṁliquid, (g/s)  0.40 0.40 0.40  
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Lavision FlowMasterTM software was used to derive all three- 
components of the velocity vectors from the acquired SPIV images. A 
frame-to-frame cross-correlation technique was adopted to determine 
the instantaneous flow velocity vectors from the acquired PIV images 
with an interrogation window size of 32 pixels × 32 pixels by consid
ering the trading off of the PIV measurement accuracy and spatial res
olution[21,22]. An effective overlap of 50% of the interrogation 
windows was employed in PIV image processing, resulting in a spatial 
resolution of about 0.50 mm × 0.50 mm for the SPIV measurements. 

In the present study, the velocity fields of airflow and spray droplets 
were measured separately. For the measurements of the airflow velocity, 
while the liquid path was turned off, a smoke generator was used to 
generate ~1.0 µm smoke particles as the tracers to seed into the airflow 
for the SPIV measurements [23]. When the velocity fields of the spray 
droplets were measured, the injection of the smoke particles into the 
airflow was stopped, the spray droplets exhausted from the airblast 
atomizer were used as the tracers for the SPIV measurements. The effects 
of the liquid injection on the characteristics of the airflow were believed 
to be negligible since the mass flowrate of the air stream is much greater 
than that of the liquid stream for the test cases of the present study, as 
given in Table 1. 

It should also be noted that, while the spurious vectors in each frame 
of the instantaneous SPIV measurements were found to be less than 
1.0%, a comprehensive PIV post-processing procedure was used for 
subpixel interpolations and replacing the spurious velocity vectors with 
the values from averaging the neighboring vectors. While 1,000 frames 
of instantaneous SPIV measurements were used to calculate the mean 
flow quantities for each test cases, the accuracy level of the time- 
averaged velocity fields for both the airflow and spray flow (i.e., 
liquid droplets) is expected to be less than 2.0%. 

3. Measurement results and discussions 

3.1. SPIV measurements to characterize the spray flows in the test 
chamber 

As aforementioned, a high-resolution SPIV system was used to 
measure the velocity fields of the airflow and spray flow separately in 
order to examine air–liquid interactions in the spray flows after 
exhausted from the airblast atomizer under different test conditions. 
Fig. 3 and Fig. 4 give typical SPIV measurement results in terms of the 
velocity distributions of the airflow and the spray droplets in the test 
chamber with chamber pressure changing from P = 0.1 MPa to P = 0.72 
MPa. While the origin of the coordinate is selected at the center of the 
exit of the airblast atomizer, the coordinates along each axis are 
normalized by the inner diameter of the atomizer (i.e., d = 25.4 mm). 
The measured velocity fields are normalized by the total velocity of the 
airflow at the exit of the airblast atomizer (i.e., Viso). 

Following up the work of Chen & Yang [19], the total velocity of the 
airflow is defined as Viso =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2(Pi − Pc)/PcRT

√
, where Pi, Pc, R and T are 

air injection pressure, chamber pressure, gas constant and chamber 
temperature, respectively. The term of (Pi − Pc)/Pc is referred as the ratio 
of pressure difference across the airblast atomizer to the chamber 
pressure. As described above, the pressure drop ratio was kept at a 
constant value (i.e., 4.0%) in the present study to minimize the effects of 
the total velocity of the airflow on the kinematic characteristics of the 
spray flows exhausted from the airblast atomizer. 

For the SPIV measurement results given in Fig. 3 and Fig. 4, while the 
vector fields illustrate the measured radial velocity component (U) and 
axial velocity component (V) within the measurement plane, the contour 
plots show the azimuthal velocity component (W) out of the measure
ment plane. It can be seen clearly that the velocity fields of the airflow 
shown in Fig. 3 were found to have a very similar distribution pattern 
with the normalized velocity magnitude increasing only slightly (i.e., 
within 10%, probably due to the slight variations in the discharge co
efficient of the atomizer at different operating conditions) even though 
the chamber pressure was increased from 0.10 MPa to 0.72 MPa (i.e., 
increased by 7.2 times). It indicates that the chamber pressure has only 
very limited effects on the kinematic characteristics of the airflow 
exhausted from the airblast atomizer. The very weak dependance of the 
airflow characteristics on the chamber pressure is believed to be 
contributed by the constant pressure drop ratio of the airflow during the 
experiments, since the total velocity of the airflow (Viso) is only a func
tion of the pressure drop ratio, instead of being dependent on the ab
solute value of the chamber pressure. 

However, as shown clearly in Fig. 4, the measured velocity fields of 
the spray flow (i.e., liquid droplets) under relatively low chamber 
pressure (i.e., P = 0.1 MPa) was found to be very different from those 
under elevated chamber pressures (i.e., P = 0.24 MPa and 0.72 MPa). 
While the SPIV measurement results given in Fig. 3 reveal that the 
airflow velocity fields were almost independent of the chamber pres
sure, the velocity vectors of the spray droplets were found to increase 
substantially as the chamber pressure increases, especially for the 
azimuthal components of the droplet flying velocity, as shown clearly in 
Fig. 4. One of the reasons why the velocities of the spray droplets were 
found to become much higher at the elevated chamber pressure levels is 
believed to be closely related to the fact that, the higher air density 
caused by the greater chamber pressure would result in larger aero
dynamic forces acting on the spray droplets [12]. Therefore, the spray 
droplets could be accelerated much faster for the test cases with higher 
chamber pressures, in comparison to those droplets at lower chamber 
pressures. In addition to the magnitude changes in the flying velocities 
of the spray droplets, the distribution pattern of the spray droplets at the 
lower chamber pressure (i.e., P = 0.10 MPa) was also found to be much 
different from those under the elevated chamber pressure levels (i.e., P 
= 0.24 MPa and 0.72 MPa). In comparison to the test cases with higher 
chamber pressures, the spray droplets at lower chamber pressures were 
found to have greater radial velocity components. 

Based on the significant differences in the flying velocities of the 
droplets within the spray flows from those in the surrounding regions as 

Fig. 3. Time-averaged SPIV measurement results of the airflow in the test chamber.  
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revealed clearly from the SPIV measurement results, the outer bound
aries of the spray flows can be easily identified, which are shown as the 
blue dash lines in Fig. 4. As a result, the cone angles of the spray flows (i. 
e., the angle between the dash lines) under different chamber pressures 
can be determined subsequently based on the SPIV measurements. It was 

revealed clearly that, the cone angle of the spray flow exhausted from 
the same airblast atomizer was found to decrease substantially as the 
chamber pressure increases. More specifically, while the spray cone 
angle was found to be about 80 deg. (i.e., θ spray ≈ 80◦) at the low 
chamber pressure of the P = 0.10 MPa, the corresponding values were 

Fig. 4. Time-averaged SPIV measurement results of the spray droplets in the test chamber.  

(a). At the chamber pressure of P = 0.10MPa

(b). At the chamber pressure of P = 0.24MPa

(c). At the chamber pressure of P = 0.72MPa.

Fig. 5. Transverse velocity profiles of the airflow and spray droplets at three typical downstream locations at different chamber pressures.  
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found to become only 55 deg. and 30 deg. (i.e., θ spray ≈ 55◦ and 30◦) at 
the elevated chamber pressure of P = 0.24 MPa and 0.72 MPa, respec
tively. Such a feature revealed from the present SPIV measurements 
confirmed again that many previous spray experiments conducted with 
a relatively low chamber pressure (i.e., P = 0.10 MPa) would signifi
cantly overestimate the spray cone angle in simulating the real scenario 
taking place inside the combustion chambers of aero-engines with much 
higher chamber pressures. It should be noted that, even though the 
experimental observation was reported in a number of previous studies 
[24–26], very little can be found in the literature to provide clear ex
planations on why the measurements conducted with low chamber 
pressures would overestimate the spray cone angles. With this in mind, 
we conducted the present study is to elucidate the underlying physics 
pertinent to the experimental observation of the decreasing spray cone 
angle with the increasing ambient pressures. 

Based on the SPIV measurement results given in Fig. 3 and Fig. 4, 
transverse velocity profiles of the airflow and spray droplets were 
extracted at three typical downstream locations, i.e., Y/d = 0.5, 1.0, and 
2.0, respectively. Fig. 5 shows the extracted velocity profiles for both the 
airflow and the spray flow in the term of normalized velocity magni
tudes (i.e., |V|/Viso =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
U2 + V2 + W2

√
/Viso), which can be used to reveal 

the effects of the chamber pressure on the characteristics of air–liquid 
interactions in the spray flows more clearly and quantitatively. As 
shown quantitatively in Fig. 5(a), for the test case with the chamber 
pressure being at one atmospheric pressure (i.e., P = 0.10 MPa), the 
peak velocities of the spray flow (i.e., the droplets) were found to be 
substantially smaller than those of the airflow, especially in the region 
near the exit of the airblast atomizer (i.e., at the downstream location of 
X/d = 0.50). More specifically, while the normalized peak velocity of the 
airflow was found to be 0.52, the corresponding value for the spray 
droplets was found to be only 0.28 at the same downstream location of 
Y/d = 0.50. The regions with relatively high velocity of the spray 
droplets were found to be much wider than those of the airflow, and the 
velocities of the spray droplets became even higher than those of the 
local airflow in the outer periphery of the spray cone. This can be 
explained by the fact that, due to the swirling motion generated by the 
airblast atomizer, some of the spray droplets would be more readily to 
fly radially after exhausted from the airblast atomizer, i.e., moving away 
from the core region of the spray flow associated with the greater cen
trifugal forces acting on the droplets, in comparison to the air molecules. 
As they moving to further downstream locations, the velocity differences 
between the spray flow (i.e., the droplets) and the airflow were found to 
become smaller and smaller, due to the intensive air–liquid interactions. 
At the downstream locations of Y/d = 2.0, while the normalized peak 
velocity of the airflow was found to reduce to ~0.32, the corresponding 
value for the spray flow droplets was still ~0.28 at the same downstream 
location for the test case with low chamber pressure (i.e., P = 0.10 MPa). 

It can also be seen that that, while the variations of airflow charac
teristics were found to be minimal under different test conditions, the 
velocities of the spray droplets were found to increase greatly as the 
chamber pressure increases. For example, at the same downstream 
location of Y/d = 0.50, the maximum value of the normalized velocities 
of the droplets was found to increase from 0.28 to 0.60 as the chamber 
pressure was increased from 0.10 MPa to 0.72 MPa. It can also be seen 
that the differences (i.e., in the terms of both velocity magnitude and 
distribution patterns) between the velocities of the spray droplets and 
the airflow were found to become smaller and smaller, as the chamber 
pressure increases. While the velocity profile of the spray droplets was 
found to become almost identical as that of the airflow at the down
stream location of Y/d = 2.0 under the elevated chamber pressure of P =
0.72 MPa, there are still significant differences between the velocities of 
the spray droplets and the local airflow velocities at Y/d = 2.0 when the 
chamber pressure being at one atmospheric pressure (i.e., P = 0.10 
MPa). It confirms again that the droplets would be more readily to 
follow the motion of the local airflow under the elevated chamber 

pressures. It also suggests that the airflow and the spray droplets are 
becoming more and more kinematically similar as the chamber pressure 
increases. Such experimental observations are believed to be closely 
related to the fact that, as the chamber pressure increases, the air density 
inside the chamber would increase greatly, which would result in much 
stronger aerodynamic forces acting on the airborne droplets in the test 
chamber [27]. Therefore, with the much stronger aerodynamic forces 
acting on the droplets, they would follow the local airflow more faith
fully at higher chamber pressures, in comparison to the cases with lower 
chamber pressures. 

It should also be noted that, while an obvious asymmetry feature can 
be observed in the region near the atomizer exit (i.e., at Y/d = 0.50) 
from the measured droplet velocity profiles given in Fig. 5, the asym
metry feature was found to become much less obvious as the droplets 
moving to further downstream locations (i.e., at Y/d = 1.00 and 2.00). 
Similar asymmetry feature in the spray flows near atomizer exits can 
also be can also observed from the measurement results reported in 
previous studies [28]. This can be explained by the fact that, as revealed 
clearly in Fig. 2, since guide vanes were arranged with tilted orientation 
angles in order to form swirl slits for the liquid stream, the tilted guide 
vanes in the liquid path would cause non-uniform liquid films/ligaments 
over the prefilmer of the atomizer. It would lead to non-uniform 
breakups of the liquid films/ligaments into relatively large droplets at 
the exit of the atomizer [10]. Since the droplets in the region near the 
atomizer exit are relatively large, their flying trajectories would be 
affected mainly by the inertia forces which are closely related to the 
design of the swirling liquid slots inside the atomizer. As a result, the 
spray flow was found to have an asymmetry feature near the exit of the 
airblast atomizer. Due to the intensive interactions between the droplets 
and the swirling airflow in the test chamber, the large droplets would 
experience a secondary breakup process to form much more finer 
droplets as they moving downstream [10]. Since the motion of the 
smaller droplets would be influenced significantly by the surrounding 
airflow, the asymmetric feature of the spray flow was found to be almost 
diminished at further downstream locations (i.e., the velocity profiles of 
the spray flow becoming almost symmetric at Y/d = 1.00 and 2.00), as 
revealed from the SPIV results given in Fig. 5. 

3.2. To quantify the kinematic similarity of the spray flow to the airflow 
under different test conditions via a cross-correlation operation 

As revealed clearly from the SPIV measurement results given above, 
the velocity fields of the spray flow (i.e., liquid droplets) were found to 
become more and more resembling to those of the airflow in terms of 
both the velocity magnitude and distribution pattern as the chamber 
pressure increases. In the present study, a cross-correlation operation is 
performed in order to quantify the kinematic similarity of the spray flow 
to the airflow under different test conditions. 

Following up the work of Butcher & Spencer [29], the cross- 
correlation coefficient, R, is calculated based on following equation: 

R =

⃒
⃒
⃒
⃒
⃒
⃒
⃒

〈
UdropletUair + VdropletVair + WdropletWair

〉

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅〈
U2 + V2 + W2

〉

droplet

√ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅〈
U2 + V2 + W2

〉

air

√

⃒
⃒
⃒
⃒
⃒
⃒
⃒

(1)  

where U, V and W denote the measured three velocity components along 
the radial, axial, and azimuthal directions, respectively. It is apparently 
that the value of R would be in the range of 0.0 and 1.0, with R = 1.0 
indicating a perfect kinematic similarity (i.e., the two compared fields 
are identical), and R = 0.0 indicating no similarity (i.e., the compared 
fields are irrelevant). 

Fig. 6 shows the variations of the calculated R-value as a function of 
the downstream distance away from the exit of the atomizer. It can be 
seen clearly that, the value of R would increase gradually with the 
increasing distance away from the atomizer exit, indicating that the 
velocity distributions of the airflow and spray flow would become more 
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and more closely coupled at further downstream locations. The increase 
of the R-value also suggests that spray droplets would follow the local 
airflow much more closely at the further downstream locations. It can 
also be seen that, at the same downstream locations, the values of R were 
found to increase significantly as the chamber pressure increases. A 
notable example is that the value of R rises from 0.9 to 1.0 at the same 
downstream location Y/d = 2.0 as the chamber pressure increases from 
P = 0.10 MPa to P = 0.72 MPa. This can also be explained by that, the 
greater air density at higher chamber pressure levels would lead to 
stronger aerodynamic forces acting on the spray droplets, which would 
intensify the air–liquid interactions to enable the droplets to follow the 
airflow more faithfully, i.e., better traceability of the droplets under at 
higher chamber pressures. 

3.3. A theoretical analysis to examine the effects of the chamber pressure 
on the traceability of the spray droplets to follow the local airflow 

A comprehensive theoretical analysis was also performed to examine 
the effects of chamber pressure on the traceability of the spray droplets 
in order to elucidate the underlying physics for a better understanding 
about the air–liquid interactions in the spray flows. It is well known that 
the traceability of an airborne droplet in relation to the surrounding 
airflow could be characterized by using a non-dimensional parameter 
[30], named as Stokes number (St), which is defined as the ratio of the 
relaxation time of the droplet to the characteristic time of the sur
rounding airflow[28,31], which is usually expressed as: 

St =
t0|V|

d
=

ρpd2
p |V|

18μd
(2)  

where t0, d, ρp, dp and μ are the relaxation time of droplets, the exit 
diameter of the airblast atomizer, droplet density, droplet size and air 
viscosity, respectively. When St value is small (i.e., less than one), the 
airborne droplet would follow the airflow faithfully. If the St value is 
large (i.e., much greater than one), the droplet would detach from the 
airflow, especially for the scenario with the airflow having an abrupt 
acceleration or deceleration [32]. With the classical formula of Eq. (2) to 
calculate the Stokes number of an airborne droplet, the traceability of an 
airborne droplet seems to be affected only by the flying velocity and 
droplet size [33]. 

It should be noted that the classic formula given in Eq. (2) is only 
applicable for the scenario with the corresponding Reynolds (Re) num
ber of the airborne droplet is very small (i.e., much less than one) or in 
Stokes flows. However, the corresponding Re number for the spray 
droplets of the present study is much greater than one. For example, for a 
tiny droplet with the diameter of ~20 μm with a nominal flying velocity 
of 30 m/s (i.e., the typical flying velocity of the spray droplets in the 

present study), the corresponding Re value would be over 40. Therefore, 
instead of using the classical formula of Eq. (2), an improved formula is 
derived in the present study to estimate the Stokes number (St) of the 
spray droplets with much greater Reynolds number values. 

Since the Stokes number (St) is defined as the ratio of the relaxation 
time of an airborne droplet to the characteristic time of the surrounding 
airflow [27,31], the key point in deriving a new formula to estimate the 
Stokes number values of the spray droplets with much greater Re 
numbers (i.e., much greater than one) is to determine the relaxation 
time of the spray droplets properly. Information about the aerodynamic 
forces acting on the spray droplets are needed to determine the relaxa
tion time of the droplets. As described in Goossens [34], the drag coef
ficient of a droplet with the Re number less than 500 can be 
approximated by using an empirical equation: 

Cd =
24
Re
(
1 + 0.15Re0.687) (3) 

Following up the work of Crowe et al. [32], the characteristic ve
locity in Eqn. (3) should be the velocity difference between the droplet 
and airflow (i.e., |ΔV|) in calculating the aerodynamic force exerted by 
the airflow on the airborne droplet. Therefore, the aerodynamic force 
acting on the droplet can be estimated as: 

Fdrag = 3πμ|ΔV|dp

(

1 + 0.15
(ρgdp|ΔV|

μ

)0.687
)

(4)  

where ρg and μ refer to the density and viscosity of airflow, respectively. 
Based on Eqn. (4), it is evident that a greater air density at an 

elevated ambient pressure would lead to a greater aerodynamic force 
acting on the spray droplet, which would result in a faster acceleration of 
the droplet (i.e., reduction of the droplet relaxation time). The acceler
ation for an airborne droplet can be estimated as: 

a =
d|ΔV|

dt
=

18μ|ΔV|
ρpd2

p

(

1 + 0.15
(ρpdp|ΔV|

μ

)0.687
)

(5) 

Rearranging Eq. (5), it can be expressed as: 

ρpd2
p

18μ|ΔV|

(

1 + 0.15
(

ρpdp |ΔV|
μ

)0.687
) d|ΔV| = dt (6) 

As described in Crowe et al. [32], since the relaxation time of an 
airborne droplet is referred to be the time needed to accelerate the 
droplet from zero velocity to the 63% of the airflow velocity (i.e., (e −
1)/e, where e is Euler’s number), the relaxation time of the droplet can 
be obtained by integrating the term of |ΔV| from |V| (i.e., airflow ve
locity) to the value of |V|/e. As a result, the relaxation time of the 
droplet can be expressed as: 

t0 =
ρpd2

p

18μ

⎛

⎜
⎜
⎜
⎝

1 − 1.46ln

⎛

⎜
⎜
⎜
⎝

1 + 0.15
(

ρpdp |V |

μ

)0.687

1 + 0.15
(

ρpdp |V |

μe

)0.687

⎞

⎟
⎟
⎟
⎠

⎞

⎟
⎟
⎟
⎠

(7) 

Substituting Eq. (7) into Eq. (2), the improved formula to quantify 
the Stokes number of the airborne droplet with its Reynolds number less 
than 500 is given as: 

St =
ρpd2

p |V|

18μd

(

1 − 1.46ln

(
1 + 0.15Re0.687

1 + 0.15(Re/e)0.687

))

(8) 

It should be noted that, Eq. (8) can be used to evaluate St of spray 
droplets in a much wider range of Re., in comparison to the classic 
formula given in Eq. (2). If the Re number is very small (i.e., less than 
one), Eq. (8) will approach the value given by the classic formula of Eq. 
(2). 

As shown clearly in Eq. (8), in addition to the droplet diameter and 

Fig. 6. Variations of the cross-correlation coefficient (R) at different chamber 
pressure levels. 
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airflow velocity, the value of St for an airborne droplet (i.e., the trace
ability of the droplet to follow the local airflow) would also be affected 
by the air density. Since the air density is proportional to the chamber 
pressure, the changes in the chamber pressure would lead to the varia
tions of the Stokes numbers of the airborne droplets, thereby, affecting 
the traceability of the droplets to follow the local airflow. 

Fig. 7 give the estimated St values of the spray droplets as a function 
of the droplet size with a nominal flying velocity of 30 m/s at different 
chamber pressure levels relevant to the test cases of the present study, 
which can be used to elucidate the underlying physics for a better un
derstanding on the effects of the chamber pressure on the traceability of 
the spray droplets to follow the local airflow. It can be seen clearly that, 
with a fixed droplet diameter, the St value of the droplets would 
decrease substantially as the chamber pressure increases. More specif
ically, for a spray droplet of ~100 μm in size with a flying velocity of 30 
m/s, while the St value is estimated to be 8.9 at one atmospheric pres
sure (i.e., P = 0.10 MPa), the corresponding St value was found to 
become only 2.6 under the elevated chamber pressure of P = 0.72 MPa. 
It indicates again that, even for the same size of the spray droplets in the 
test chamber, the droplets would be more readily to follow the motion of 
the local airflow at the elevated chamber pressures, resulting in the 
better kinematic similarity between the spray flow and airflow, as 
revealed quantitatively from the SPIV measurement results described 
above. 

As revealed clearly in Fig. 7, in addition to the chamber pressure, the 
St value would also be a strong dependent of the droplet size, i.e., the 
estimated St value was found to increase monotonically as the droplet 
size increases, which agrees with findings reported by Jedelsky et al. 
[28]. It should be noted that, several previous studies had reported that 
the average sizes of the spray droplets exhausted from the same airblast 
atomizer would decrease substantially as the chamber pressure in
creases [2,6,35]. This can be explained by the fact that, a higher 
chamber pressure would cause a greater air density in the test chamber 
and lead to stronger aerodynamic forces acting on the spray droplets, 
thereby, promoting the secondary breakup of larger droplets into finer 
droplets due to the stronger air–liquid interactions [26]. Fig. 8 shows the 
typical acquired raw images of the spray droplets as the chamber pres
sure was increased from P = 0.10 MPa to P = 0.72 MPa. While it is very 
difficult to accurately determine the size of the spray droplets from the 
acquired images due to the complicated implications of the strong 
scattering and light refraction on the spray droplets [36], the acquired 
images can still be used to qualitatively reveal the noticeable size 
changes of the droplets as the chamber pressure changes. It can be seen 
clearly that, as the chamber pressure increases from P = 0.10 MPa to P =
0.72 MPa, the size of the spray droplets was found to decrease sub
stantially, which confirms the research findings reported in the previous 
studies [2,6,35]. 

It should also be noted that several empirical formulas/models have 
been suggested to estimate of the average droplet size of the spray flows 
after exhausted from airblast atomizers. As described in Tareq et al. [2] 

and Rizkalla & Lefebvre [5], the average size of the droplets exhausted 
from an airblast atomizer similar as the one used in the present study can 
be estimated by using following equation: 

SMD
LC

= A

(
σL

ρg|V|
2
airdp

)0.5
⎛

⎝1 +
ṁliquid

ṁair

⎞

⎠+B
(

μ2
L

σLρpdp

)0.5
⎛

⎝1 +
ṁliquid

ṁair

⎞

⎠ (9)  

where SMD, Lc, ṁliquid, ṁair and σL are the Sauter mean diameter of the 
droplets, initial liquid film thickness, the mass flowrate of liquid, the 
mass flowrate of the air, and the liquid surface tension, respectively. 
Sauter mean diameter (SMD), defined as the ratio of total droplet vol
ume to the total surface area of droplets, is widely used to represent the 
average size of droplets [9]. A and B are the constants to be determined 
empirically based on the atomizer design. 

As described in Rizkalla & Lefebvre [5], Eq. (9) has been widely used 
to estimate the size of spray droplets exhausted from airblast atomizers 
with reasonably good accuracy over a wide range of experimental 
conditions, especially for the cases with low-viscosity liquids like the DI 
water used in the present study. Since the airblast atomizer used in the 
present study has a very similar design as the one used by Tareq et al. 
[2], the empirical values of Lc, A and B suggested by Tareq et al. [2] (i.e., 
A = 1.299, B = 34.184 and Lc = 0.055 mm) were adopted in the present 
study for a rough estimation of the SMD value of the spray droplets 
exhausted from the airblast atomizer of the present study. Table 2 
summarizes the estimated SMD values based on Eq. (9) under the testing 
conditions examined in the present study. 

Based on the data given in Table 2, it can be seen clearly that the SMD 
of the spray droplets would decrease greatly with the increasing 
chamber pressure (i.e., SMD value was found to reduce from ~50 μm at 
the atmospheric pressure of P = 0.1 MPa to only ~26 μm at the evalu
ated chamber pressure of P = 0.72 MPa). As a result, the corresponding 
St values were found to decrease much faster, i.e., from 3.3 to only 0.4 
accordingly. The much smaller St value of the spray droplets at the 
elevated chamber pressures (i.e., St is only 0.4 at the evaluated chamber 
pressure of P = 0.72 MPa) indicates that the spray droplets would be 
more readily to follow the motion of the local airflow. As a result, the 
spray flow and the airflow were found to have a better kinematic simi
larity as the chamber pressure increases. 

In summary, the measurement results of the present experimental 
study reveal clearly that the chamber pressure would play an important 
role in promoting the air–liquid interactions in the spray flows. With the 
fixed total velocity of the airflow, a higher chamber pressure would 
induce a greater air density, leading to larger aerodynamic forces acting 
on the airborne droplets to intensify the air–liquid interactions. As a 
result, the corresponding Stokes numbers of the spray droplets were 
found to decrease rapidly as the chamber pressure increases, enabling 
the spray droplets to follow the motion of local airflow more faithfully. 
Furthermore, the higher chamber pressure would also result in smaller 
size of the spray droplets, which would also lead to better traceability of 
the spray droplets to the local airflow. Therefore, the spray flow and the 
airflow were found to have a higher kinematic similarity at higher 
chamber pressures, as revealed quantitatively from the SPIV measure
ment results. 

4. Summary and conclusions 

A comprehensive investigation was conducted to examine the effects 
of the chamber pressure on the air–liquid interactions in the spray flows 
exhausted from an airblast atomizer. During the experiments, while the 
total velocity of the airflow was fixed at a pre-selected value, the 
chamber pressure of the high-pressure spray test rig was increased from 
0.10 MPa (i.e., at an atmosphere pressure) up to 0.72 MPa (i.e., at ~7.2 
times of the standard atmosphere pressure) to simulate the working 
environments in the combustor chamber of a small aero-engine. A high- 
resolution stereoscopic particle image velocimetry (SPIV) system was Fig. 7. Variations of the Stokes number (St) as a function of the droplet size 

with a nominal flying velocity of 30 m/s at different chamber pressure levels. 
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used to quantify the velocity fields of the airflow and the spray droplets 
separately under different test conditions. 

After being exhausted from the airblast atomizer, while the charac
teristics of the airflow were found to be almost independent of the 
chamber pressure, the velocities of the spray droplets were found to vary 
significantly as the chamber pressure increases. As the chamber pressure 
increases, while the velocity magnitudes of the droplets were found to 
increase substantially, the spray cone angle was observed to decrease 
monotonically. The SPIV measurements confirm quantitatively that the 
experimental measurements conducted at an atmospheric pressure 
condition would greatly overestimate the cone angles of the spray flows 
in simulating the real scenario taking place inside the combustion 
chambers of aeroengines at elevated chamber pressures. A cross- 
correlation procedure was performed to quantify the kinematic simi
larity between the spray droplets and airflow at different chamber 
pressure levels, and the kinematic characteristics of spray droplets were 
found to become more and more similar to those of the airflow as the 
chamber pressure increases. 

An improved formula was derived to estimate the Stokes number of 
the spray droplets to help shed light on the effects of the chamber 
pressure on the air–liquid interactions in the spray flows. In addition, an 
empirical model was used to estimate the average size of the spray 
droplets exhausted from the airblast atomizer at different chamber 
pressures. It was revealed clearly that, a higher chamber pressure would 
lead to greater aerodynamic forces acting on the spray droplets to 
intensify the air–liquid interactions to promote the breakup of large 
droplets into finer droplets. As a result, while the average size of spray 
droplets exhausted from the same airblast atomizer was found to 
decrease substantially with the increasing chamber pressure, the finer 
droplets with smaller Stokes number would follow the local airflow 
more faithfully, resulting in the higher kinematic similarity between the 
spray droplets and airflow at higher chamber pressures. 

It should be noted that, while the present study focuses on eluci
dating the underlying physics pertinent to the effects of the ambient 
pressure levels on the kinematic characteristics of the spray flows 
exhausted from the airblast atomizer, the effects of liquid properties (e. 
g., liquid viscosity, surface tension and viscoelasticity) or/and ambient 
temperature on the characteristics of the spray droplets are beyond the 
scope of the present study. A following-up study will be conducted in the 

near future to evaluate the effects of the liquid properties by comparing 
the measurement results of different working fluids (e.g., water against 
aviation fuel or substitutes such as Jet A-or kerosene). Meanwhile, by 
integrate a heating system to the high-pressure test rig used in the pre
sents study, the effects of the ambient temperature on the kinematic 
characteristics of spray droplets and their evaporation process will also 
be explored in the near future. 
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