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ABSTRACT
Spray performance of swirling airblast atomizer is important to fuel droplet combustion,
heat transfer and pollutant emission for aircraft engines. Optimizing atomization characteristics of
fuel injectors is one of goal for next generation aircraft. A comprehensive experimental
investigation motivated by improving the efficiency of aircraft engines and reducing pollutant
emissions was performed in a high-pressure spray test facility which is built in Iowa State
University to study spray characteristics of an airblast atomizer under different working conditions.
The effects of pressure drop ratio, ambient pressure, and fuel flow rate on spray characteristics and
fuel injector performance are studied using stereo particle image velocimetry (SPIV). It was found
that while air velocity fields can be significantly affected by the pressure drop ratio, the influences
of ambient pressure is very slightly. Furthermore, a theoretical analysis reveals that if the airflow
is assumed to be isentropic, inviscid and steady, airflow velocity should be proportional to the
square root of the pressure drop ratio. At atmospheric pressure, the flow field at various pressure
drop ratios can satisfy it very well but under high ambient pressure (e.g., 105 psi), the velocity
magnitude is not perfectly proportional to the pressure drop ratio. Next, it should be noted that
both ambient pressure and pressure drop ratio can greatly affect the spray velocity field. Spray
droplets can obtain a higher velocity with a larger ambient pressure or a higher pressure drop ratio.
Furthermore, the velocity profile of spray droplets gradually approaches the airflow velocity
profile as ambient pressure is increasing. This phenomenon indicates the tracing capacity of spray
droplets is getting better at high ambient pressures. A theoretical model is built to show the effects
of ambient pressure on the droplets tracing capacity by evaluating Stokes number of droplets under
different ambient pressures. The analysis suggests that at high ambient pressure, Stokes number
for droplets significantly gets smaller (i.e. better tracing capacity) due to the increase of air density.

x
It reveals that droplets seem more possible to closely follow air stream motion under high ambient
pressure. In addition, the shrinking size of droplets at high ambient pressure also provides better
tracing capacity for droplets. These results and analysis suggest that future studies about fuel
atomization should be conducted under high ambient pressure (e.g., >100 psi), since the airblast
atomizer may have distinctive performance under different ambient pressures. Finally, the effects
of the liquid flow rate on the spray velocity field are found to be very slight. When liquid flowrate
increases from 24 ml/min to 90 ml/min, the velocity magnitude of spray droplets gets a little
smaller due to the increase of the number of liquids but this change is within 5 m/s. This result
shows the stable performance of the airblast atomizer under different operating conditions.
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CHAPTER 1.

GENERAL INTRODUCTION

The fuel atomization systems play an important factor in improving performance of
modern aircraft engines because they significantly affect the breakup, vaporization and
evaporation process as well as velocity and motion trajectories of liquid fuels in the combustor
before igniting fuel droplets. The fuel atomizer is one of the most essential part of atomization
systems for aircrafts. A good design of fuel injector/atomizer highly reduces the greenhouse gas
emission, enhances fuel efficiency and provides higher reliability and security to the aircraft [1–
3]. There are plenty of atomizers designed for different applications such as pressure atomizer,
simplex atomizer, effervescent atomizer, rotary atomizer, plasma atomizer, airassist atomizer and
airblast atomizer [4–7]. However, pressure atomizer, rotary atomizer, and airblast atomizer are
three most widely used atomizers. The atomization process of pressure atomizer is achieved by
discharging the liquid at high velocity or high pressure into the surrounding quiescent air [8]. Plainorifice atomizer is a typical pressure atomizer and is widely used in diesel, rocket and turbojet
engines due to its simplicity and ease of manufacture. But its spray cone angle of it is relatively
narrow (i.e. ~10° ), which might affect combustion process [9]. Adding a swirl chamber or a spin
chamber in the front of the plain-orifice atomizer could overcome this problem by spreading fuel
radially outward to form a hollow conical spray whose cone angles could reach up to 30̊. The
pressure atomizer with such configuration is usually called simplex atomizer. As the liquid flow
rate is doubled for the plain-orifice atomizer and simplex atomizer, it requires a fourfold increase
in injection pressure, which significantly restricts the application of this kind of atomizers due to
practical limits on injection pressure [10]. The invention of dual-orifice atomizer attempts to
resolve this drawback by fitting one orifice atomizer concentrically inside the other to increase the
flow rate without an extra increase of injection pressure. Besides pressure atomizers, rotary
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atomizers, which utilize the centrifugal force to break up the liquid ligaments, can also achieve
good atomization results. More specifically, when a liquid is injected at the center over the surface
of a rotating disc, it radially moves outward to the periphery where liquid ligaments are formed
and then, break up in the form of droplets of fairly uniform size due to the Plateau-Rayleigh
instability. Airblast atomizers utilize the kinetic energy of a high-speed airstream to break liquid
jets or sheets into spray droplets, which increases the mixing rate of air and fuel and evaporation
rate of fuel droplets [11]. In addition to the lower operating pressure, the spray generated by airblast
atomizer is characterized by fine quality and uniform size, and the atomization process of airblast
atomizer is characterized by thorough mixing of fuel drops and air. High-speed airflow is used
either to break liquid sheets or to deflect the droplets radially outward to create a spray cone.
Recently, airblast atomizers have been widely used in aircraft engines because they require lower
supplying air pressure, have high fuel-air mixing ratio, and generate good-quality fuel sprays. The
atomizer which was investigated in the present study is an airblast atomizer and more specifically,
it is a swirling prefilming airblast atomizer. However, it should be noted that the performance of
airblast atomizers is affected by multiple factors such as supplying air pressure, rate of fuel flow,
ambient pressure, temperature, atomizer geometry, fuel viscosity, fuel viscoelasticity and fuel
surface tension. Hence, several studies have been conducted to find the optimal operating
conditions of airblast atomizers for different fuels [9,12–27].
One way to characterize the performance of an airblast atomizer is measuring the average
size or Sauter-mean-diameter (SMD) of spray droplets since droplet size distribution significantly
affect the droplet evaporation rate and combustion efficiency of fuels. Phase Doppler particle
analyzer (PDPA) and shadowgraph technique are often used to quantify the droplet size. Rizkalla
and Lefebvre [14] found that for a swirling airblast atomizer, the SMD of spray droplets is smaller
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with higher air velocity, and SMD is inversely proportional to the air velocity. Lorenzetto and
Lefebvre [28] also proposed that a decrease in the size of spray droplets can be achieved by raising
air velocity for airblast atomizers; they even claimed that air velocity undoubtedly is the most
important factor influencing droplet size in the spray. Then, Rizk and Lefebvre [29] confirmed the
research conclusion that the size of spray droplets decreases as air velocity rises after testing
different airblast atomizers. They also identified that the uniformity of droplets size in the spray
increases when average droplet size is reduced, which is beneficial to improving the fuel
combustion efficiency. Besides air velocity, design features of airblast atomizers also play an
important role in average droplet size and droplet size distribution. Rizk and Lefebver [16]
recognized that minimizing the angle enclosed by the liquid jet and the airstream can reduce the
SMD of spray droplet for plain-jet airblast atomizers so that liquid jets/sheets should be surrounded
by coaxial streams of air to improve the performance of atomizers. Harani and Sher [30] showed
that the most uniform droplet distribution is obtained when angle of impact between the air jet and
the liquid jet is 30°. Recently, the design and optimization of airblast atomizer geometry highly
relies upon high-accuracy numerical simulations to shorten the research time and to reduce
research expenses [31,32]. Additionally, physical properties of fuels also greatly affect the size of
spray droplets in fuel spray. For example, for a given air velocity, fuel flow rate and ambient
pressure, the mean droplet size of the liquid spray generated by an airblast atomizer increases with
the increase in liquid viscosity, surface tension and liquid density [14]. The increase in the viscosity
and surface tension of liquids fuels augments the forces resisting the breakup of liquid jets/sheets
into spray droplets so that the average droplet size of a more viscous liquid fuel is larger [33].
Mansour and Chigier [34] found that viscoelastic liquids are much more difficult to atomize
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compared to Newtonian fluids because the large normal stress developed in viscoelastic materials
inhibits the breakup of liquid jets/sheets and large droplets.
The performance of airblast atomizers can also be characterized by spray angle, penetration
depth and droplets velocity using flow visualization techniques such high-speed imaging system
and laser-based advanced flow diagnostic techniques. Extensive studies have been conducted to
investigate these physical parameters because fuel combustion efficiency and flame propagation
in the combustor of engines are strongly affected by them [22,35,36]. It was found that the spray
angle is not sensitive to the liquid flow rate for many airblast atomizers, but it can be substantially
affected by supplying air pressure [37]. Gad et al. [38] confirmed that the design feature of airblast
atomizer (e.g., atomizing air swirler angle and atomizing air exit orifice) can also affect the spray
angle as well as the droplets spatial density. While the increase of atomizing air swirler angle leads
to the rise of spray angle, the spray angle reduces when atomizing air exit orifice is increasing.
Kim et al. [36] associated the spray angle to Weber number, and they proposed that spray angle
increases as the Weber number increases before the break up of liquid sheets. Leong et al. [20]
reported the increase of spray penetration depth as air pressure drop rises. Furthermore, the
quantitative measurement of the droplets velocity or airflow velocity is very useful to understand
the underlying physics of the interaction between spray droplets and airstreams during the
atomization process. The particle velocity in the flow field can usually be measured by PDPA and
particle image velocimetry (PIV). PDPA is a technique of using the Doppler shift in a laser beam
to measure the velocity of particles in fluid flows but it can only measures the velocity at a point.
PIV is a technique for quantifying instantaneous velocity and related properties in fluid flows using
visible tracer particles and laser illumination; it can produce two-dimensional or three-dimensional
velocity fields. Merkle et al. [39] used PDPA to measure the flow field of airblast atomizers with
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co-swirl and counter-swirl configurations, and they found that the co-swirl arrangement has faster
mixing rate of fuel and air. Batarseh et al. [40] applied PDPA technique and high-speed video
system to study the frequencies of velocity fluctuation and shape fluctuation of spray flow, and
they noticed that both fluctuations have the same frequency over a wide range of spray parameters.
Rajamanickam and Basu [23] applied time-resolved PIV and high-speed imaging techniques to
explore the interaction between liquid sheets and airstreams. Based on their results, they prove the
existence of Kelvin-Helmholtz instability mechanism in the breakup of liquid sheets with the
assistance of proper orthogonal decomposition [24]. Rajamanickam and Basu [25] also stated that
the outer shear layer is dominated by shedding mode coupling in addition to the Kelvin-Helmholtz
instability, whereas inner shear flow is only dominated by Kelvin-Helmholtz mode. PIV technique
was combined with dynamic mode decomposition method to explore the basic flow mode of jet
flow, which helps to understand the disintegration of liquid jets in the atomization process [41].
While the influence of external physical environment (e.g., supplying air pressure and atomizer
geometry) and physical properties of fuels (e.g., fuel viscosity) has been widely investigated, the
effect of ambient pressure on fuel atomization has been often ignored because many studies of
airblast atomizers were conducted at atmospheric pressure (i.e. 105 Pa) or in an open chamber.
The effects of ambient pressure on the performance of atomizers have been investigated
by some previous studies [14,19,20,36,42,43]. Jasuja [19] stated that mean velocity of spray
droplets diminishes with increase in ambient pressure because this experiment keeps air-fuel mass
ratio to be a constant so that at high ambient pressure, airflow velocity definitely will be smaller
due to the increase of air density, and the airflow has less ability to scatter liquid sheets into
droplets. Leong et al. [20] found that the increase in ambient pressure leads to the decrease of spray
penetration depth when pressure drop and fuel flow rate are held constant. Zheng et al. [42] used
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PDPA to measure droplet size distributions and droplet velocity of a prefilming airblast atomizer
at different ambient pressures. The results showed that the effect of ambient pressure on the
average size and velocity profiles of spray droplets is quite small. This is mainly attributed to the
fact that for the specially-designed contraswirling airblast atomizers employed in their study, the
atomization mechanism is independent of pressure [42]. Although some of recent studies have
focused on the effects of ambient pressure on atomization process of airblast atomizers, the
quantitative measurement of the velocity of spray droplets and airstreams in the flow fields with
different ambient pressure has not been conducted yet, and influence of ambient pressure on the
velocity of spray droplet is unknown.
Moreover, the underlying physics of spray droplets performance at high ambient pressure
is unknown. The real operating pressure of airblast atomizers in the combustion chamber has to be
several times to the atmospheric pressure so that it turns out to be meaningful to explore the effects
of ambient pressure on the spray droplets and the mechanism of the interaction between spray
droplets and airstreams at high ambient pressure. The present study presents the effects of ambient
pressure, pressure drop ratio and liquid flow rate on the velocity fields of spray droplets and
airstreams, and explores the interaction between spray droplets and airstreams at different ambient
pressure by quantifying the three-dimensional velocity fields using stereo particle image
velocimetry (SPIV) technique. Chapter 1 summarizes the introduction and background of the
current study. Chapter 2 presents the experimental setup of high-pressure spray test facility and
the data acquisition system on it to record the pressure, temperature and liquid flow rate data. Then,
the setup of SPIV and a brief introduction of its mechanism are also presented. Chapter 3 shows
the experimental results of SPIV measurements for spray droplets and airstreams with different
experimental conditions, i.e. pressure drop ratio, ambient pressure and liquid flow rate and
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discusses the interaction between spray droplets and airstreams at different ambient pressures by
quantifying the tracing capacity of droplets. Chapter 4 gives a summary of the results and
conclusions of the present study.
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CHAPTER 2.

RESEARCH METHODOLOGY

The current investigation involved the characterizing and measuring the three-dimensional
velocity of spray droplets and airstreams in spray flows with different experimental conditions
such as ambient pressure, pressure drop ratio and liquid flow rate. The three-dimensional velocity
of droplets and airstreams were measured by the SPIV technique which has been widely used to
measure the instantaneous velocity fields of in fluids [44–47].
High-pressure Spray Test Facility
The present study was carried out in a specially-designed high-pressure spray test facility
where inner pressure is adjustable to meet different experiment requirements. The high-pressure
test facility was built in Department of Aerospace Engineering of Iowa State University, and the
build of this facility was cooperated with Collins Aerospace. As shown in Fig. 2-1, the chamber is
featured by a cylinder body of which diameter is 220 mm and length is 470 mm. There are three
spinning windows evenly distributed on the chamber wall at the same level to remove condensed
or splashing liquids on the window and to provide a clear view for the SPIV measurement. Three
spinning windows, which are independently controlled by three rotor systems, can tolerate 250 psi
(1.72 MPa) pressure in maximum. A spinning window has two parts that the inner part can spin
very fast to keep clear view, and the outer part is stationary to provide a proper working condition
and protection for the inner part. The space between the inner part and the outer part was connected
to the inlet of air to offset the pressure difference between the atmospheric pressure and the
chamber pressure so that inner part can spin very fast with a small friction force. The chamber was
connected to three high-pressure tanks where the total volume is 8 m3, and the maximum feasible
pressure is 150psi at full capacity. Several honeycombs were placed in the inlet of the chamber to
provide uniform incoming flow as well as reduce turbulence intensity which might affect the
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performance of the airblast atomizer. The pressure difference between the inlet pressure of air and
the air pressure inside the chamber can be adjusted by a ball valve near the outlet of the highpressure test facility. The pressure for the liquid injection was independently controlled by a
pneumatic valve to provide an accurate liquid flow rate. Liquids and compressed air went into the
atomizer from different paths, then mix in the atomizer. A smoke fluid container was connected to
the air path to provide tracer particles for SPIV measurement; the average size of tracer particles
is 1 μm [48,49].

Figure 2-1. (a). A photograph of the high-pressure test facility and one of the specially-designed
rotating window; (b). Schematic of the high-pressure test facility.
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The airblast atomizer implemented at the center of the chamber was developed by Collins
Aerospace as part of the combustor design for NASA’s Environmentally Responsible Aviation
program to reduce the emission of the greenhouse gas and to meet operability requirements of
aircraft engines [50]. The structure of the airblast atomizer is schematically shown in Fig. 2-2. The
airblast atomizer consists of an outer air path as the main air path, an inner air path which can
inject high-swirling airflow, and a swirling fuel injector between the inner and outer air paths.
Most of air (≈ 93%) go through the outer path to provide high shear stress and momentum to scatter
liquid sheets/ligaments into spray droplets. Additionally, the percent of air that flows through the
inner channel is relatively higher than traditional airblast atomizers to promote rapid mixing of air
and liquids [50]. Atomization of liquids happens in the airblast atomizer so only liquid droplets
are observed in the flow field rather than liquid sheets/ligaments, which provides convenience for
SPIV measurement since droplets could be used as tracer particles to reveal the real flow field of
the liquid phase. The diameter of the airblast atomizer is 25.4 mm (1 inch). Pure water was used
in this study to meet the safety guideline of the laboratory.

Figure 2-2. Structure of the airblast atomizer investigated in the present study.
The schematic diagram of the data acquisition system is shown in Fig. 2-3. The pressure at
airflow inlet and inside the chamber were monitored by two pressure transducers (Omega 150psi).
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Temperature at the inlet and inside the chamber were also monitored by two K-type thermocouples
respectively. The data of pressure transducers and thermocouples were acquired by a DAQ device
(National Instruments, 6009) and an acquisition unit (National Instruments cDAQ-9174),
respectively. A high-accuracy flowmeter (Omega, FLR1000) was used to monitor the liquid flow
rate. A homemade Matlab code collected all these data at a frequency of 10Hz and stored data into
a host computer. Fig. 2-4 shows the variation of pressure and temperature with an inlet pressure
of 110 psi and a pressure drop ratio of 4% at room temperature. It should be noted that pressure
and temperature almost keep constants during the experiment, as a result, spray flow should have
a consistent performance during the experiment.

Figure 2-3. The schematic diagram of data acquisition units.

Figure 2-4. A typical acquired data of pressure and temperature during the experiment.
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Stereo Particle Image Velocimetry
SPIV is a nonintrusive flow velocity measurement technology, which is widely used for
conducting three-dimensional velocity field measurement of fluids [51–54]. SPIV can obtain
simultaneous two-dimensional or three-dimensional velocity vector fields by analyzing the
displacements of visible tracer particles; these particles are illuminated by a thin double-pulsed
laser sheet and recorded by two CCD cameras. The traditional PIV technique was firstly developed
in the 1980s by several research groups independently due to the rapid development of high-speed
cameras, laser techniques and computer science technologies [55–57]. Generally, PIV technique
indicates two-dimensional PIV which could measure two velocity components in a plane. In 2D
PIV, the particle-seeded flow field is illuminated by a double-pulsed laser sheet, and then is
recorded by a high-speed camera which is perpendicular to the laser plane. Then, the target area is
divided into lots of sub-sections which is usually called interrogation areas. The cross-correlation
is then conducted among interrogation areas to identify the common particle displacements by
detecting the peak value of cross-correlation coefficients as well as the velocity vectors derived
from the pixel displacements. The cross-correlation between two interrogation areas is given by
Eq. (2.1) where r is the cross-correlation coefficient ranging from -1 to 1 (i.e., 0 indicates no
correlation, and 1 and -1 represent maximum correlation). I in Eq. (2.1) is image intensity where
superscript a and b indicate the properties of two different images for an image pair of PIV
measurement, and subscript m and n are the indexes of interrogation windows.
𝑟𝑟 =

𝑎𝑎 −𝐼𝐼 𝑎𝑎
𝑏𝑏 −𝐼𝐼 𝑏𝑏
̅ )(𝐼𝐼𝑚𝑚𝑚𝑚
̅ )
∑𝑚𝑚 ∑𝑛𝑛(𝐼𝐼𝑚𝑚𝑚𝑚

2

𝑎𝑎 −𝐼𝐼 𝑎𝑎
𝑏𝑏 −𝐼𝐼 𝑏𝑏
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̅ � �
�(∑𝑚𝑚 ∑𝑛𝑛(𝐼𝐼𝑚𝑚𝑚𝑚

(2.1)

The interrogation window size is normally the power of 2 (e.g., 8, 16, 32) to reduce the
computer processing time. Inside the interrogation window, a searching window is set to identify
cross-correlation coefficient, and the size of the searching window is determined by the ‘quarter
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rule’ that searching window size should be approximately a quarter of interrogation window size
(e.g., 8pixel × 8pixel searching window for 32pixel × 32pixel interrogation window) to reduce the
measurement error and image processing time [58]. The time interval between two adjacent laser
pulses is determined by allowing particles or droplets to move 8 pixels on average. The
interrogation windows often have a 50% overlap to increase the density of velocity vector and
measurement accuracy. Once the displacements are obtained by a cross-correlation algorithm,
velocity vector fields can be given by Eq. (2.2) where V, Δx, and Δt are the velocity vector, the
particle displacement and the time interval between two laser pulses. As a result, the main task is
determining particle displacements.
𝑽𝑽 =

∆𝒙𝒙
∆𝑡𝑡

(2.2)

If a stereoscopic approach is added into traditional PIV measurement, the instantaneous
third velocity component in the laser plane could be obtained [47]. One approach to obtain all three
velocity components in the laser plane is adding an additional camera from a different view axis.
Two cameras at the different view axis can obtain different projections of the same velocity
component, and then, the real three-dimensional velocity vectors can be retrieved from these two
different projections of velocity vectors. The fundamental principle of SPIV is the same as human
eye-sight which is also a stereo vision. Our two eyes can see the same object from two slightly
different views, and comparing these differences. Our brain then is able to decode the underlying
information contained by these differences and make a three-dimensional interpretation. If we only
use one eye to see a moving object, it can barely see the motion away from us. The schematic
diagram in Fig. 2-5(a) graphically shows the principle of SPIV and the function of adding an
additional camera. It should be noted that the real displacement vector is projected to camera 1 and
camera 2 as vector dx1 and dx2 respectively. The length and direction of dx1 and dx2 are related to
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the tilted angle of cameras and the distance from the camera to the observed particle. The real
displacement vector can be retrieved if these parameters can be determined. An example of image
pairs of SPIV recorded by two cameras at different view axis is also shown in Fig. 2-5(b). It should
be pointed out that view 1 is almost the mirror flip image of view 2 since SPIV measurement
requires the same view of interest for two cameras. Although view 1 and view 2 are very similar,
there are still some visible differences so that real velocity vectors can be obtained by decoding
the difference. Applying the cross-correlation algorithm for two cameras can obtain two
displacement vector fields. The reconstruction of the real velocity vector field requires two
individual vector fields and also needs some spatial parameters which needs to be determined by
the calibration procedure.

Figure 2-5. (a). The principle of stereoscopic imaging; (b). An example of two cameras views for
SPIV measurement.
Following the work of Willert [46], a general equation for calculating three true particle
displacements (Δx, Δy and Δz) can be given as a function of displacement along the x-axis recorded
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by two cameras (Δx1, Δx2), displacement along the y-axis (Δy1, Δy2) recorded by two cameras and
four angles (α1, α2, β1 and β2) shown in Fig. 2-6:
∆𝑥𝑥 𝑡𝑡𝑡𝑡𝑡𝑡𝛼𝛼 −∆𝑥𝑥 𝑡𝑡𝑡𝑡𝑡𝑡𝛼𝛼

2
1
1
2
⎧∆𝑥𝑥 =
𝑡𝑡𝑡𝑡𝑡𝑡𝛼𝛼1 −𝑡𝑡𝑡𝑡𝑡𝑡𝛼𝛼2
⎪
∆𝑥𝑥 𝑡𝑡𝑡𝑡𝑡𝑡𝛽𝛽 −∆𝑥𝑥1 𝑡𝑡𝑡𝑡𝑡𝑡𝛽𝛽2
∆𝑦𝑦 = 2𝑡𝑡𝑡𝑡𝑡𝑡𝛽𝛽1 −𝑡𝑡𝑡𝑡𝑡𝑡𝛽𝛽
1
2
⎨
∆𝑥𝑥2 −∆𝑥𝑥1
⎪
∆𝑧𝑧 = 𝛼𝛼 −𝛼𝛼
⎩
1

(2.3)

2

Angles αi and βi (subscript is the index of the camera) are the function of the position of cameras
and the true position of particles which is given by:
𝑥𝑥𝑝𝑝 −𝑥𝑥1

⎧𝑡𝑡𝑡𝑡𝑡𝑡𝛼𝛼1 = 𝑧𝑧𝑝𝑝 −𝑧𝑧1
𝑥𝑥 −𝑥𝑥
⎪
⎪𝑡𝑡𝑡𝑡𝑡𝑡𝛼𝛼2 = 𝑝𝑝 2
𝑧𝑧 −𝑧𝑧
𝑝𝑝

2

𝑦𝑦𝑝𝑝 −𝑦𝑦1

⎨ 𝑡𝑡𝑡𝑡𝑡𝑡𝛽𝛽1 =
𝑧𝑧𝑝𝑝 −𝑧𝑧1
⎪
𝑦𝑦𝑝𝑝 −𝑦𝑦2
⎪
𝑡𝑡𝑡𝑡𝑡𝑡𝛽𝛽2 = 𝑧𝑧 −𝑧𝑧
⎩
𝑝𝑝
2

(2.4)

xp, yp and zp are three-dimensional true coordinates of the particle, and xi, yi and zi indicate the true
coordinate of the ith camera.
As a result, identifying the real coordinate of cameras and particles is fundamental for the
SPIV measurement. Magnification factor of cameras is dependent on the focal length, observation
angles, and nominal magnification but measuring all three factors accurately is not easy and
complicated for each experiment so a mapping function, which could be linear, second-order or
pinhole model, should be obtained before the experiments. The mapping function could be
obtained by a careful calibration procedure. Generally, a second-order warping approach is a
robust model in most situations [46]. The relationship between true coordinate and image
coordinate (i.e. CCD camera coordinate) can be given by:
𝑥𝑥𝑝𝑝 = 𝑎𝑎1 𝑥𝑥𝑖𝑖2 + 𝑎𝑎2 𝑦𝑦𝑖𝑖2 + 𝑎𝑎3 𝑥𝑥𝑖𝑖 + 𝑎𝑎4 𝑦𝑦𝑖𝑖 + 𝑎𝑎5 𝑥𝑥𝑖𝑖 𝑦𝑦 + 𝑎𝑎6
𝑦𝑦𝑝𝑝 = 𝑏𝑏1 𝑥𝑥𝑖𝑖2 + 𝑏𝑏2 𝑦𝑦𝑖𝑖2 + 𝑏𝑏3 𝑥𝑥𝑖𝑖 + 𝑏𝑏4 𝑦𝑦 + 𝑏𝑏5 𝑥𝑥𝑖𝑖 𝑦𝑦𝑖𝑖 + 𝑏𝑏6

(2.5)
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Twelve unknown variables are easy to be determined using a least-squares algorithm if the
coordinate of six objects is already known. The double-faced calibration plate shown in Fig. 2-7
can be used to get this mapping function since there are more than 6 dots on each face which can
be used as objects with a known position.

Figure 2-6. Schematic diagram showing the reconstruction of three-dimensional displacement
vectors of tracer particles using displacement vectors recorded by two cameras.
Two cameras could be placed at either side of the laser sheet at a favorable viewing angle.
The tilt of cameras contributes to the unavoidable distortion of the images. Image distortion or out
of focus problem lead to the loss of the out-of-plane velocity component while the in-plane
components are also affected by an unrecoverable error due to perspective transformation. The
distortion can be corrected by implementing a Scheimpflug optics following the Scheimpflug
principle which illustrates that a planar subject that is not parallel to the image plane can be
completely in focus by tilting lens until the plane of the camera, the plane of lens and the image
plane meet at the same line. The symmetry of two cameras was well studied by Willert [46] who
provided a generalized algorithm for the calibration of a nonsymmetrical system.
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Figure 2-7. Schematic diagram of SPIV setup and the photograph of SPIV setup on the highpressure test facility at Iowa State University.
The setup of SPIV is shown in Fig. 2-7. Two high-speed cameras (PCO 2000) were
arranged at either side of the laser sheet to record the flow field through the transparent rotating
windows, and a double-pulsed Nd:YAG laser (EverGreen BigSky 200mJ) was used to shoot a
laser sheet through the third rotating window. The laser sheet was aligned along the center of the
airblast atomizer. Three windows were evenly distributed on the chamber with an angular angle
interval of 120 degrees. Cameras and the laser were synchronized by a delay generator, and raw
images were stored into a host computer for image post-processing. The resolution of cameras is
0.026 mm/pixel, and the time interval between two laser pulses ranges from 6 μs to 8 μs, which
allows particles to have an average displacement of 8 pixels. The calibration procedure and the
post-processing for the SPIV were completed by a commercial software supplied by Lavision Inc.
500 image pairs were collected for each measurement to obtain time-averaged velocity fields of
air and spray droplets [53]. The calibration was done by using a two-level double-sided threedimensional calibration plate where dot space is defined precisely along the spanwise direction
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and in the out-of-plane direction. When the calibration was done in this study, firstly, calibration
plate was moved until one side is fully illuminated by the laser sheet and then, the camera focus
and Scheimpflug lens was adjusted until the whole plate can be viewed. Secondly, the plate was
carefully moved in the direction out the laser sheet to make laser illuminate another side of the
calibration plate, and focal length of another camera was adjusted. Finally, a little smoke was
exhausted and the focus of two cameras was carefully adjusted to clearly look particles. The
calibration procedure is a very essential procedure for SPIV measurement since a bad calibration
result could lead to the failure of SPIV measurements.
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CHAPTER 3.

MEASUREMENT RESULTS AND DISCUSSION

Effects of Pressure Drop Ratio on Spray Characteristics

Figure 3-1. Smoke particle images taken by two different cameras for the SPIV measurement at
an ambient pressure of 105 psi and a pressure drop ratio of 2%.
Airblast atomizers employ the kinetic energy of a flowing airstream to shatter a liquid sheet
or a liquid ligament into spray droplets, which needs a large amount of air. The air flow plays an
important factor in the atomization process of airblast atomizers, thereby, the characteristics of
airstreams were studied by many investigations. It was found that the velocity of airstreams
exhausted from airblast atomizers is mainly determined by atomizer geometry, ambient pressure
and pressure drop ratio across the airblast atomizer [19]. Pressure drop ratio is defined to be the
ratio of pressure drop across the airblast atomizer and the supplied air pressure, which is an
important parameter to study atomization since it significantly affects the velocity of the airstream,
atomization quality, droplet size and the mixing rate of fuel and air [19]. However, effects of
pressure drop ratio on the velocity of spray droplets are rarely discussed by previous investigations
[14,23,50]. To reveal the effects of pressure drop ratio on the velocity of spray droplets, both air
flow field and liquid flow field should be measured by SPIV technique with different pressure
drop ratios. In our study, the smoke tracer particles that is generated by smoke fluids were used
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for studying the air flow field; spray droplets were used to measure the velocity field of the liquid.
The smoke fluids were stored in a container which is connected to the high-pressure air path, and
soon were fully atomized by high-pressure air before exhausted from the atomizer outlet. The
average size of smoke particles is usually 1 μm so that it closely follows the motion of air [53].
Fig. 3-1 shows an example of raw images of illuminated smoke particles for SPIV
measurements that every particle in the image can be clearly observed. The central area in both
views is darker than other parts because the central part has a strong swirling flow where particles
have to move outward due to the centrifugal force. The smoke tracer particles used in this
experiment have very excellent tracing capacity because of its tiny size (i.e. ~1 μm) so that the
SPIV measurement can show the motion of airflow by analyzing the trajectories of smoke
particles. Pressure drop ratios of 2%, 4% and 6% were used in the present study to investigate the
effect of pressure drop ratio on the performance of spray droplets and air since these values of
pressure drop ratio are widely used in previous studies [19], and are the real operating condition
in aircraft engines.
The velocity vector field of two velocity components in the laser plane and color map for
the velocity out of the plane with different pressure drop ratios are shown in Fig. 3-2. It is should
be noted that the magnitude of all three velocity components increases at a higher pressure drop
ratio, which can be observed by the longer vector length in vector maps and darker color in color
maps. In this study, the length of vectors increased and the darkness of color maps increased when
velocity magnitude rises. The magnitude of velocity was extracted from different locations (i.e. Y
= 12.7 mm, Y = 25.4 mm and Y = 38.1 mm) in color map to provide quantitative comparisons of
velocity magnitude at different pressure drop ratio. Extracted velocity profiles are shown in Fig.
3-2 (d-f).

21

Figure 3-2. Time-averaged velocity vector fields of air at an ambient pressure of 15 psi with
different pressure drop ratios: (a) 2%, (b) 4% and (c) 6%. The profile of velocity magnitude of
air at three different locations: (d) Y = 12.7 mm, (e) Y = 25.4 mm and (f) Y = 35.1 mm.
Firstly, it was found that the velocity magnitude of air at a high pressure drop ratio is larger
than the air at low pressure ratios. The increase of pressure drop ratio provides more energy for
the injecting airflow so the average velocity magnitude of high pressure drop ratio is higher.
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Atomizer geometry determines the shape of velocity profiles. Primary airflow comes out from the
outer path so the velocity away from the center is relatively higher, while the secondary airflow
injected from the central part has a low flow rate leading to a low velocity around the atomizer
center. Besides, airflows move radially outward as they are moving to the further downstream
because the shape of airflows is expanding shown in Fig. 3-2 (a-c). The measurements show that
the atomizer could achieve a significantly higher airflow velocity for all three components with a
slight increase in pressure drop ratio. Liquid sheets/ligaments are easier to be shattered into
droplets with higher shear stress due to faster velocity of air. For a Newtonian fluid, the shear stress
is proportional to the velocity gradient given by:
𝑑𝑑𝑑𝑑

𝜏𝜏 = 𝜇𝜇 𝑑𝑑𝑑𝑑

(3.1)

τ is the shear stress, V is the velocity magnitude, μ is a constant only related to the fluid media for
Newtonian fluid like air in this study. Velocity profiles shown in Fig. 3-2 demonstrate that the
velocity gradient under higher pressure drop ratio has a larger value since the slope of it is shaper
than other cases which have a low-pressure drop ratio.
Turbulence kinetic energy (TKE) is a parameter for evaluating the kinetic energy
associated with eddies and turbulence in a flow, which is given by:
1

′ )2 + (𝑣𝑣
′ )2 + (𝑤𝑤
′ )2 �
�������
�������
�������
TKE = 2 �(𝑢𝑢

(3.2)

u', v’ and w’ are the velocity fluctuation of three components of simultaneous velocity. A higher
TKE value indicates the flow is more turbulent which might lead to strong shear stress. It is
worthwhile to mention that TKE value is relatively low for the experiment of a 2% pressure drop
ratio (Fig. 3-3 (a)) compared with other cases of 4% and 6% (Fig. 3-3 (b, c)). Therefore, the shear
stress induced by the velocity fluctuation and turbulent flow is going up with the increase of the
pressure drop ratio.
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Figure 3-3. Turbulence kinetic energy and a Reynolds stress component with vertical and
azimuthal velocity fluctuation (v’ and w’) at an ambient pressure of 15 psi with pressure drop
ratios: (a) and (f) 2%, (b) and (e) 4%, (c) and (f) 6%.
The shear stress also should be high when a large pressure drop ratio is selected since the
intensity of both velocity fluctuation induced shear stress and mean flow induced shear stress are
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stronger. Besides, while the pressure drop ratio is increasing from 4% to 6%, the magnitude of
TKE does not have a notable change. This phenomenon indicates that the growth of turbulence
intensity is not a linear function of pressure drop ratio. When the increase of pressure drop ratio
does not affect TKE, the increase of shear stress only can come from the increment of velocity
gradient based on Eq. (3.1). Generally, TKE at the central part is notably lower no matter what the
experiment condition is due to the low flow rate of air at the central air path. As air moves to the
downstream, TKE gradually goes down because the velocity of air is slower. Reynolds stress is
the component of the total stress tensor in a fluid to account for turbulent fluctuations in fluid
momentum, which is expressed as:
𝜏𝜏𝑅𝑅 = [�����
𝑢𝑢′𝑣𝑣′ ������
𝑢𝑢′𝑤𝑤′

������
𝑣𝑣′𝑤𝑤′]

(3.3)

Fig. 3-3 (d-f) shows the distribution of one Reynolds stress tensor component which has
vertical and azimuthal velocity fluctuation terms. Evolution of Reynolds stress is in good
consistent with the change of TKE. As pressure drop ratio is increasing, Reynolds stress is
becoming stronger but the relationship between them is not linear. The central part of the atomizer
also has a very low Reynolds stress value and at the marginal area of the atomizer, the Reynolds
stress is very strong. The positive values and negative values of Reynolds stress is influenced by
the velocity direction.
It must be mentioned that although one pressure drop ratio corresponds to a specific flow
condition, the velocity profiles shown in Fig. 3-2 suggest a potential similarity for all experimental
results through a proper normalization method since the position of peaks and valleys over profiles
matches very well. Therefore, the pressure drop ratio is probably associated with injection velocity
by a relationship. To find this potential similarity, the whole system is simplified to be an isentropic
system where the thermodynamic process is both adiabatic and reversible, and in another word,
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the system is frictionless without any heat transfer or matter transfer with the external system. The
isentropic relationship should start from the definition of enthalpy given by

(3.4)

𝑑𝑑ℎ = 𝑇𝑇𝑇𝑇𝑇𝑇 + 𝑣𝑣𝑣𝑣𝑣𝑣

h, T, S, v and P are enthalpy, temperature, entropy and specific volume, respectively. For a perfect

gas, h=CpT where Cp is the specific heat at constant pressure, and substitute the equation of state
PV=RT into Eq. (3.4) which is rearranged to obtain the function of dS
𝑑𝑑𝑑𝑑 =

𝐶𝐶𝑝𝑝
𝑇𝑇

𝑅𝑅

(3.5)

𝑑𝑑𝑑𝑑 − 𝑃𝑃 𝑑𝑑𝑑𝑑

R is the specific gas constant which for air at standard condition (T = 273.15 K, 1 atm), R=287

J/(kg˖K). Working with Eq. (3.5), an integral is conducted between initial state (subscript 1) and
final state (subscript 2), becomes
𝑇𝑇

𝑃𝑃

𝑆𝑆2 − 𝑆𝑆1 = 𝐶𝐶𝑝𝑝 𝑙𝑙𝑙𝑙 �𝑇𝑇2 � − 𝑅𝑅𝑅𝑅𝑅𝑅 �𝑃𝑃2 �
1

1

(3.6)

If the isentropic condition is satisfied, then, S2 = S1, and Cp is a function of R for the perfect gas,
Cp=γR/(γ-1) where γ is a constant for air. Substituting this equatio into Eq. (3.6), we obtain
𝛾𝛾

𝛾𝛾−1
𝑃𝑃2
𝑇𝑇
�𝑃𝑃 = � 2�𝑇𝑇 �
1
1

(3.7)

The pressure ratio is associated with a temperature ratio by Eq. (3.7). Actually, the

temperature ratio could govern the Mach number in the system based on the energy equation. The
general energy equation can be written as
2

𝐷𝐷�𝑒𝑒 + 𝑉𝑉2 ��
𝜌𝜌 �
𝐷𝐷𝐷𝐷� = 𝜌𝜌𝑞𝑞̇ − 𝛁𝛁 ∙ (𝑃𝑃𝑽𝑽) + 𝜌𝜌(𝒇𝒇 ∙ 𝑽𝑽)

(3.8)

e, V, q̇, and f are internal energy, velocity vector, heat flux, and body force vector, respectively.

The first term at the right side of Eq. (3.8) is zero since the system is adiabatic which heat transfer
does not exist at all. The body force term, ρ(f˖V), is also assumed to be negligible. It should be
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noted that both variables P and V in the second term are functions of spatial coordinates so it should
be written as two separate terms. Eq. (3.8) becomes
2

𝐷𝐷�𝑒𝑒 + 𝑉𝑉2 ��
𝜌𝜌 �
𝐷𝐷𝐷𝐷� + 𝛁𝛁P ∙ 𝑽𝑽 + 𝑃𝑃(𝛁𝛁 ∙ 𝐕𝐕) = 0

A special equation can be derived from the continuity equation
𝐷𝐷𝐷𝐷
𝐷𝐷𝐷𝐷

𝜌𝜌

(3.10)

+ 𝜌𝜌(𝛁𝛁 ∙ 𝑽𝑽) = 0

𝐷𝐷(𝑃𝑃/𝜌𝜌)
𝐷𝐷𝐷𝐷

=

𝐷𝐷𝐷𝐷
𝐷𝐷𝐷𝐷

(3.9)

𝑃𝑃 𝐷𝐷𝐷𝐷

− 𝜌𝜌 𝐷𝐷𝐷𝐷

Substituting Eqs. (3.10) and (3.11) into Eq. (3.9) and assuming a steady-state we obtain
𝐷𝐷(ℎ + (𝑉𝑉)2 /2)⁄𝐷𝐷𝐷𝐷 = 0

(3.11)
(3.12)

The system is assumed to be steady, inviscid and isentropic until now. The sum of enthalpy and

kinetic energy is time-invariant which could build an association between initial state (subscript 1)
and final state (subscript 2) expressed as
ℎ1 + (𝑉𝑉1 )2 /2 = ℎ2 + (𝑉𝑉2 )2 /2

(3.13)

For the tested atomizer, injection velocity is much higher than the airflow velocity at inlet so V1 is
negligible. Velocity is determined by local speed of sound, a, which is a function of temperature,
a=(γRT)0.5, and velocity could be a function of a, V=M·a where M is local Mach number.
Substituting h=cpT and V=Ma into Eq. (3.13) and rearrange it
𝑇𝑇2
𝑇𝑇1

= �1 +

𝛾𝛾−1
2

−1

𝑀𝑀2 �

Substituting Eq. (3.14) into Eq. (3.7), we have
−

(𝛾𝛾 − 1)�
𝑃𝑃2
2
�𝑃𝑃 = �1 +
2 𝑀𝑀 �
1

𝛾𝛾
𝛾𝛾−1

(3.14)
(3.15)

P2 could be written as the sum of P1 and pressure difference ΔP, P2=P1-ΔP. The ratio between ΔP

and P1 is already defined as the pressure drop ratio. It should be noted that if M<<1 was satisfied,
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(1+aM2)b≈1+abM2. Generally, M ranges from 0.1 to 0.3 in this study which could be regarded as
M<<1. Therefore, Eq. (3.15) could be simplified to be
𝛾𝛾

∆𝑃𝑃% = 2 𝑀𝑀2

(3.16)

𝑉𝑉𝑐𝑐 = √2∆𝑃𝑃%𝑅𝑅𝑅𝑅

(3.17)

Substituting V=M(γRT)0.5 into Eq. (3.16), we obtain

A characteristic velocity for an isentropic, inviscid steady system with low Mach number could be
determined by Eq. (3.17). Injection velocity is also affected by the atomizer geometry and some
unideal conditions. The real airflow velocity might be proportional to the characteristic velocity.
Then, the velocity is normalized by the characteristic velocity.
The color maps of normalized velocity at different pressure drop ratios shown in Fig. 3-4
(a-c) do not have visible differences in the whole flow field. Surprisingly, the profiles of
normalized velocity collapse onto one curve, which confirms that velocity fields in this study with
different pressure drop ratios are similar. Furthermore, the pressure drop ratio dominates the
magnitude of velocity of air exhausted from the airblast atomizer but the structure of the flow is
similar in the field.
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Figure 3-4. Normalized time-averaged velocity fields of air at an ambient pressure of 15 psi with
different pressure drop ratios: (a) 2%, (b) 4% and (c) 6%. The profiles of normalized velocity at
locations: (d) Y = 12.7 mm, (e) Y = 25.4 mm and (f) Y = 35.1 mm.
Smoke particles could follow the airflow very well but droplets may not closely follow the
airflow since the density and size of them are at least one order higher than smoke particles.
Moreover, the size of droplets is not as uniform as smoke particles, and it might contribute to a
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distinct performance for spray droplets since the tracing capacity of droplets is different. Therefore,
investigating the spray flow field is a meaningful and essential work to reveal the interaction
between airflow and spray droplets. SPIV measurements are also conducted to study the velocity
of spray droplets but smoke particles are substituted by atomized droplets as tracer particles. Light
dots in Fig. 3-5, which shows an image pair for SPIV measurements of spray droplets, are droplets
illuminated by a laser sheet. Each droplet occupies a 5 pixel × 5 pixel area in images in average,
and droplets distribute evenly in the flow field with a proper density. The tiny size of droplets
avoids the double glare points or fringes generated by Mie scattering of droplets [59,60]. As a
result, SPIV measurement is possible to be conducted for the spray flow but a multi-pass
correlation with window sizes of 32pixel×32pixel and 64pixel×64pixel is operated for SPIV postprocessing to avoid losing useful displacement information. 500 image pairs are recorded and then
are averaged to obtain time-averaged velocity fields of spray droplets.

Figure 3-5. A typical image pair of spray droplets for SPIV measurements.
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Figure 3-6. (a) The time-averaged velocity vector field and color map of spray droplets at an
ambient pressure of 15 psi with a pressure drop ratio of 4%. (b) The velocity profile at Y = 25.4
mm of spray droplets and air.
The experimental condition for the spray test is a pressure drop ratio of 4% at atmospheric
pressure (15 psi), and a small flow rate of 22.4 ml/min to fully shatter liquid sheets into tiny
droplets. The vector field shown in Fig. 3-6 illustrates that spray droplets prefer moving outward
in the horizontal direction than the smoke particles, and it also should be noted that the velocity
magnitude of spray droplets is much slower than smoke particles at the same experimental
conditions. While airflow fields shown in Fig. 3-2 do not have a horizontally outward moving
trend especially in the area near the atomizer, droplets could move outward once coming out from
atomizer outlet due to a strong centrifugal force provided by a rotating motion. Therefore, it is
worthwhile to mention that under atmospheric pressure, airflow does not significantly affect spray
flow. The lower velocity of the spray flow also confirms this finding. A velocity profile (Fig. 3-2
(b)) used to compare spray flow and airflow indicates a notable difference between the velocity
distributions of spray droplets and air along the spanwise direction. The velocity profile of spray
flow (black diamond) is seen to be flatter than the velocity profile of airflow because of the
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relatively low peak and bottom values. If there is no airflow in the chamber, under the same
ambient pressure, such a low flow rate only provides some large drops (3 mm) with a little
azimuthal velocity. For that reason, injected liquids must be shattered into lots of tiny droplets or
ligaments by swirling airflow once it comes out from the atomizer but the motion of droplets is
not as the same as the airflow since droplets have an initial velocity and high inertia compared
with the aerodynamic force exerted over droplets. Some of shattered droplets with high initial
velocity move in the central area where airflow velocity is relatively low contributing to the large
velocity around the atomizer center of spray flows. Some droplets move radially outward to the
area barely affected by the airflow but they are accelerated when they are passing through the outer
air path of the tested atomizer. Therefore, droplets in those areas have a relatively high velocity
compared to airflows.
The response of spray droplets or any particles can be evaluated by a dimensionless number
called Stokes number which is defined as the ratio of the characteristic time of a particle to a
characteristic time of the flow or of an obstacle given by
𝑆𝑆𝑆𝑆𝑆𝑆 =

𝑡𝑡0 𝑉𝑉
𝑙𝑙

(3.18)

t0 is characteristic response time. V and l are moving velocity and reference length where particle
or droplet diameter is often selected, respectively. In the case of Stokes flow where Reynolds
number is much less than unity, the N-S equation could be linearized to be solvable so the
theoretical prediction of drag is proportional to the liquid viscosity, velocity and droplet size which
is also called Stokes law. The characteristic time of a sphere particle is usually written as [61]
2
𝜌𝜌𝑝𝑝 𝑑𝑑𝑝𝑝

𝑡𝑡0 = 18𝜇𝜇

𝑔𝑔

(3.19)
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ρp and dp are the density and size of particles, and μg is the viscosity of surrounding fluids.
Substituting Eq. (3.19) into Eq. (3.18), we have
Stk =

2 𝑉𝑉
𝜌𝜌𝑝𝑝 𝑑𝑑𝑝𝑝

18𝜇𝜇𝑔𝑔 𝑙𝑙

(3.20)

A large Stokes number represents bad tracing accuracy since the response time is too long
to allow particles to follow the surrounding flow. Generally, if Stokes number is much less than 1,
particles can follow fluid streamlines or fluid motion very closely. Furthermore, for Stk < 0.1,
tracing accuracy errors are acceptable. Therefore, a small Stokes number is preferred by SPIV
measurements since they need to measure the velocity of flow field by observing tracer particles
which should follow the surrounding fluids motion as close as possible. All tests are conducted at
room temperature. The average size of smoke particles is approximately 1 μm, and the density of
smoke fluids is 1010 kg/m3. The reference length, l, is the diameter of the test atomizer (25.4 mm).
Therefore, the Stokes number for the smoke particles is 0.04 which is much smaller than unity,
and thus, smoke particles can closely follow the airflow to show the real flow field of air. It should
be noted that Stokes number is proportional to the particle density and the square of particle size
which indicates that spray droplets could have a much larger Stokes number compared with smoke
particles since spray droplets have a larger average size (~ 20 μm). The density of spray is
determined to be water density but the size could only be approximated due to the limit of the
measurement technique. The droplet size could be estimated using raw images for SPIV where
resolution is 28.1 μm/pixel; since droplets are very tiny, Mie scattering effect is negligible. Droplet
diameter could vary from 56μm to 280μm using this method under atmospheric pressure with a
pressure drop ratio of 4%. The Stokes number of smoke particles and spray droplets with various
diameter shown in Fig. 3-7 illustrates that smoke particles and spray droplets with a diameter less
than 5.2 μm could have a good tracing accuracy but spray droplets having an average diameter of
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10 μm so most of droplets cannot closely follow the airflow. The size of smoke particles is
normally around 1μm but the spray droplets can have a much larger diameter at least 20 μm.
Therefore, the motion of smoke particles is distinct from spray droplets due to different tracing
capacity to the surrounding airflow. Eq. (3.20) shows that Stokes number is more sensitive to the
particle size due to the existence of power of two so if droplets could be fully atomized to be very
tiny size, the motion of droplets and flow field will be distinct from the current results, and spray
flow field may be more likely to airflow velocity field. Other parameters like particle density,
velocity, and air viscosity are almost a constant for the tests. In addition, Eq. (3.20) only works for
particles in Stokes flow but it already shows that most droplets are not in Stokes flows so Eq. (3.20)
needs to be modified to meet the requirement of this study. Finally, Eq. (3.20) does not include the
effect of air density but air density plays an important role in acting force over particles. Therefore,
more factors should be considered to obtain a new equation to improve Eq. (3.20), and more tests
with different ambient should be conducted to confirm it.

Figure 3-7. Stokes number of droplets with different diameters.
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Effects of Ambient Pressure on Spray Characteristics

Figure 3-8. Time-averaged airflow velocity fields at a pressure drop ratio of 4% with ambient
pressures: (a) 35 psi and (b) 105 psi. The profiles of velocity magnitude at two different
locations: (c) Y = 12.7 mm and (d) Y = 38.1 mm.
Both airflow and spray flow was investigated by SPIV measurement under atmospheric
pressure condition but the effects of ambient pressure are still unknown for the flow field of air
and spray. In the present study, the airblast atomizer was tested at ambient pressures of 15 psi, 35
psi and 105 psi. The liquid flow rate was kept a constant of 24 ml/min.
Fig. 3-8, 3-9 and 3-10 show the velocity fields measured by SPIV at ambient pressures of
35 psi and 105 psi with pressure drop ratios of 2%, 4%, and 6%, respectively. Velocity fields all
look very similar that two main air streams are injected from the outer air path at a high speed with
a counter-clockwise swirling flow looking from the top to the bottom injected from the inner air
path. Atomizer geometry greatly determines flow patterns so all velocity field is very similar but
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flow characteristics like velocity magnitude could be affected by ambient pressure and pressure
drop ratio. Ambient pressure is not as important as pressure drop ratio for changing velocity
magnitude since at each figure at the same pressure drop ratio but different ambient pressures have
a very similar velocity magnitude and velocity vector field which can be seen from similar color
distribution. In addition, velocity magnitude is increasing as pressure drop ration is becoming
larger under both low ambient pressure and high ambient pressure.

Figure 3-9. Time-averaged air velocity vector fields at a pressure drop ratio of 4% with ambient
pressures: (a) 35 psi and (b) 105 psi. The profiles of velocity magnitude at two different
locations: (c) Y = 12.7 mm and (d) Y = 38.1 mm.
This change agrees with the prediction of Eq. (3.17) that injection velocity is a function of
pressure drop ratio at a constant temperature. Eq. (3.17) does not include the effect of ambient
pressure, and minor differences can be seen from the velocity color map indicating ambient
pressure being a secondary factor for injected airflow change. Velocity color map is a useful
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qualitative tool to show velocity distribution but a more accurate quantitative method needs to be
used to have a more accurate comparison. The velocity profiles at Y=12.7 mm and 38.1 mm are
extracted from each figure and are shown in each figure. It can be seen that at high ambient pressure
(i.e. 105 psi), the velocity magnitude of airflow is notably higher than other cases with low ambient
pressure for all pressure drop ratio.

Figure 3-10. Time-averaged air velocity vector fields at a pressure drop ratio of 6% with
ambient pressures: (a) 35 psi and (b) 105 psi. The profile of velocity magnitude at two different
locations: (c) Y = 12.7 mm and (d) Y = 38.1 mm.
For example, the blue curve with square symbols in Fig. 3-8 (c) showing the velocity
profiles at a pressure drop ratio of 2% and high ambient pressures are higher than other curves
representing cases with low ambient pressures. However, Eq. (3.17) and SPIV measurement
results show that at the same pressure drop ratio, the characteristic velocity and velocity
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distribution in the flow field should be independent of ambient pressure for inviscid, isentropic
and steady flows. The analysis is correct to get Eq. (3.17), and the normalized velocity profile can
be perfectly matched at a low ambient pressure which also proves the correctness of the theory.
Therefore, Eq. (3.17) needs to be improved to include more factors like ambient pressure into
consideration, and it will be developed in future. However, it should be noted that ambient pressure
plays a secondary factor in spray characteristics compared with the pressure drop ratio.
Ambient pressure is found to greatly affect the characteristics of spray flow at a pressure
drop ratio of 4% as shown in Fig. 3-11. Firstly, spray droplets could be accelerated to a higher
velocity at a high ambient pressure which is illustrated by comparing the velocity color map and
velocity profiles in detail. The color of Fir. 3-11 (b) is stronger than the color in Fig. 3-11 (a),
which illustrates that the velocity component of spray droplets in azimuthal direction is larger at a
higher ambient pressure. In addition, longer vector length in Fig. 3-11 (b) also indicates the larger
velocity of spray droplets under higher ambient pressures. Furthermore, the velocity profiles
extracted from y = 12.7 mm and y = 38.1 mm at different ambient pressure show that velocity
magnitude at an ambient pressure of 105 psi is more than twice to the velocity magnitude at an
ambient pressure of 15 psi. This is a very interesting phenomenon for spray flow since ambient
pressure has a slight effect on the velocity magnitude at the same pressure drop ratio as shown in
Fig. 3-9. As a result, spray droplets may also be affected by other factors like the droplet size which
is deserved to be studied in detail. Secondly, spray droplets are more likely to move outward under
low ambient pressure clearly shown by both the velocity vector field and velocity profiles in figure
3-11. At the high ambient pressure, spray flow velocity could sharply increase from almost zero
far away from the atomizer to 50 m/s at the atomizer center as shown in Fig. 3-11 (c) like the
velocity profile of airflow but under the same condition, velocity of spray flow gradually increases
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from zero to around 20 m/s at the atomizer center. Droplets at high ambient pressure move in a
small area near the atomizer but at low ambient pressure, droplets could move far away from the
atomizer. This is a very interesting and important phenomenon which indicates in the future,
investigating spray characteristics should be always conducted under real working ambient
pressure or ambient pressure as high as possible since low ambient pressure does not provide true
information about the flow field. If velocity profiles shown in Fig. 3-11 (c) and (d) are compared
with velocity profiles in Fig. 3-9 (c) and (d), the evolution of velocity profiles from low ambient
pressure to high ambient pressure is likely to be a process of spray flow field gradually approaching
airflow field.
To verify this idea, airflow velocity profiles and spray flow velocity profiles at the same
experimental conditions are plot together shown in Fig. 3-12. It is very clear that airflow and spray
flow has a significant difference under low ambient pressure that spray flow velocity magnitude
is notably lower than the airflow but the spray flow affects larger area than the airflow
demonstrated by a gradual change of velocity magnitude from the area far away from the atomizer
to the area near the atomizer center. While ambient pressure is increasing to 35psi, two velocity
profiles are being more similar especially in the downstream area but spray droplets still could
move in the radial direction, and the velocity magnitude of spray droplets is still slightly lower.
When ambient pressure increase to 105 psi, two velocity profiles almost overlap in the whole field
indicating droplets are closely following airflow motion. A little difference between two profiles
can be seen in Fig. 3-12 (e) which could be contributed to the asymmetric geometry of secondary
swirling air channels which is designed to be axially symmetric.
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Figure 3-11. Time-averaged velocity vector fields of spray flow at a pressure drop ratio of 4%
with ambient pressures: (a) 35 psi and (b) 105 psi. The profiles of velocity magnitude at two
different locations: (c) Y = 12.7 mm and (d) Y = 38.1 mm.
These comparisons demonstrate those spray droplets are more likely to follow the airflow
motion at higher ambient pressure. As aforementioned, Stokes number is used to evaluate the
tracing capacity of droplets and is given by Eq. (3.20) whereas ambient pressure is not included
in that equation. Although there is no pressure term in Eq. (3.20), spray droplets are observed to
be much smaller at high ambient pressure so ambient pressure may affect Stokes number of
droplets by changing droplet size. The Stokes number is sensitive to the droplet size since it is
proportional to the square of droplet diameter. Moreover, air can be denser under high pressure
since most of the volume of air is composed of a large amount of empty space between the gas
particles, and increasing pressure could easily reduce the amount of empty space.
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Figure 3-12. Velocity profiles of air and spray droplets at a pressure drop ratio of 4% with
ambient pressures: (a, b) 15 psi, (c, d) 35 psi and (e, d) 105 psi at two different locations: Y =
12.7 mm and Y = 38.1 mm.
For an ideal gas, the pressure is proportional to the product of density and temperature
given by Eq. (3.21) which is applicable in this study. Temperature is almost a constant during the
measurement process so density is only a linear function of pressure indicating under high-pressure
condition, air density being much larger than the low pressure. Intuitively, the movement of spray
droplets is probably affected by dense air under high ambient pressure since the force exerted by
dense air to a droplet is larger than atmospheric air. In this way, therefore, this makes evident that
the relaxation time of particle which is defined as the time constant in the exponential decay of the
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particle velocity due to drag should include an ambient pressure term. Undoubtedly, the calculation
of Stokes number given by Eq. (3.21) should be improved for this purpose.
𝑃𝑃 = 𝜌𝜌𝜌𝜌𝜌𝜌

𝐷𝐷 = 6𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋

(3.21)

(3.22)

Eq. (3.21) assumes flow around particles in Stokes flow which is a type of flow that has a
Reynolds number much less than one where the drag of sphere particles is given analytically by
Eq. (3.22). Air pressure or air density term cannot be found in it since viscosity is a dominant
factor for this problem. To estimate the Reynolds number, flow velocity, average droplet diameter,
and air density is estimated to be 20m/s, 10µm, and 1.23kg/m3, respectively, which are typical
values for experiments. In this way, Reynolds number is 20 which is much larger than unity
indicating that in this study, flow is not Stokes flow. As a result, a new equation for relaxation time
term should be derived for mediate Reynolds number (i.e. Reynolds number less than 500).
Deriving relaxation time term is based on the force analysis for a droplet which is assumed to be
a sphere due to the existence of surface tension so knowing the drag of a sphere is an important
job. Usually, instead of measuring drag force, most of the studies measured drag coefficient, which
is a dimensionless number defined by the ratio of drag force and the product of dynamic pressure
and a reference, to provide a correlation of physical phenomena to scalable systems. Some wellknown and useful theories include Stokes law (Reynolds number < 0.2) given by Eq (3.22),
Oseen’s correction (Reynolds number < 2) and Newton’s viscous drag (Reynolds number > 500).
The range of Reynolds number for this study is from about 20 to approximately 500 so none of
these models is qualified. Besides, there are also lots of empirical equations to fit the sphere drag
coefficient curve which can be perfectly fitted by a complex correlation equation in the whole field
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[62]. When Reynolds number is less than 500, an empirical equation found by Schiller and
Naumann given by Eq. (3.23) can fit the drag coefficient curve very well [62].
24

𝐶𝐶𝑑𝑑 = 𝑅𝑅𝑅𝑅 (1 + 0.15𝑅𝑅𝑅𝑅 0.687 )

(3.23)

𝐷𝐷 = 3𝜋𝜋𝜋𝜋𝜋𝜋𝑑𝑑𝑝𝑝 (1 + 0.15𝑅𝑅𝑅𝑅 0.687 )

(3.24)

Drag could be obtained by it, expressed as

Following the procedure of deriving Stokes number for droplets in Stokes flow [61], the equation
of motion of droplets is written as
𝑑𝑑𝑑𝑑
𝜌𝜌 𝜋𝜋𝑑𝑑𝑝𝑝3 𝑑𝑑𝑑𝑑
6 𝑝𝑝
1

= −3𝜋𝜋𝜋𝜋𝜋𝜋𝑑𝑑𝑝𝑝 (1 + 0.15𝑅𝑅𝑅𝑅 0.687 )

(3.25)

Rearrange equation (3.25)

1
0.687 ) 𝑑𝑑𝑑𝑑
(1+0.15𝑅𝑅𝑅𝑅
3𝜋𝜋𝜋𝜋𝜋𝜋𝑑𝑑𝑝𝑝

= − 𝜌𝜌

6

3
𝑝𝑝 𝜋𝜋𝜋𝜋𝑝𝑝

(3.26)

𝑑𝑑𝑑𝑑

Then, Eq. (3.26) is integrated from initial time (i.e. t = 0) and initial velocity (i.e. V = 0) to a
specific time (t) and velocity (V)
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(3.27)

Generally, velocity is expressed as a function of time but for convenience, Eq. (3.27) shows time
being a function of time which could easily obtain the relaxation time. According to the definition
of relaxation time [61], velocity should be in the exponential decay of initial velocity, so the
relaxation time using Schiller-Naumann equation is given by

𝜏𝜏 =

𝜌𝜌𝑝𝑝 𝑑𝑑2
18𝜇𝜇

𝜌𝜌𝑉𝑉0 𝑑𝑑𝑝𝑝 0.687
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𝜌𝜌𝑉𝑉0 𝑑𝑑𝑝𝑝 0.687
�
1+0.15�
𝜇𝜇

1+0.15�
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��

Therefore, a new calculation equation for Stokes number could be written as

(3.28)
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𝑆𝑆𝑆𝑆𝑆𝑆 =
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(3.29)

Rearrange Eq. (3.29), we have
𝑆𝑆𝑆𝑆𝑆𝑆 =

𝜌𝜌𝑝𝑝 𝑉𝑉𝑑𝑑2
18𝜇𝜇𝜇𝜇

1+0.15𝑅𝑅𝑅𝑅 0.687

�1 − 1.46 ln �1+0.15(𝑅𝑅𝑅𝑅⁄𝑒𝑒)0.687 ��

(3.30)

It was apparent that the term outside the bracket in Eq. (3.30) is the calculation of Stokes
number given by Eq. (3.22). The second term in the bracket of Eq. (3.30) is the correction term
that includes the effect of air pressure or density on the motion of droplets. If Reynolds number
approaches zero, the second term in the bracket approaches zero so that equation (3.30) becomes
Eq. (3.20) which used in Stokes flow where Reynolds number is much less than unity. Therefore,
Eq. (3.30) could be used for more situations with wider Reynolds number range.
Based on Eq. (3.29), Stokes number for spray droplets at different ambient pressure as a
function of average diameter is the plot and compared in Fig. 3-13. The moving velocity of droplets
is assumed to be 30 m/s and air viscosity is 1.81×10-5 kg·m/s. It was apparent that as ambient
pressure is increasing, particles with the same diameter have a higher Stokes number indicating
that tracing accuracy is being worse and a droplet is hard to follow air streamlines. Therefore, the
airflow velocity field is distinct from the spray flow field at low ambient pressure as shown in Fig.
3-8 since air drag force exerted on spray droplets is not powerful enough to change the motion of
droplets or long response time is needed for droplets to change their motion. At atmospheric
pressure, Stokes number could easily reach the critical value (i.e. Stk = 1) when droplet size
increases to 36 μm which is higher than other conditions. Furthermore, although exact droplet size
is hard to measure due to the limitation of measurement technique, the effect of ambient pressure
on droplet size is apparent seen in Fig. 3-14 that at atmospheric pressure (15 psi), droplets are
sparse but each droplet is relatively large but at high ambient pressure (105 psi), droplets are too
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small to be seen and their distribution is very dense. Three images shown in Fig. 3-14 have the
same liquid flow rate. Fig. 3-13 illustrates that Stokes number is going up when droplet diameter
is increasing so large droplets at low pressure have higher Stokes number, and are hard to follow
air streamlines but small droplets at high pressure could closely follow airflow since they have low
Stokes number and small relaxation time. Moreover, while the particle diameter is larger and
larger, the slope of curves is also getting steeper and steeper so Stokes number is growing faster.
As a result, low ambient pressure could contribute to relatively large droplet size and small drag
force, and both of them will lead to the increase of Stokes number and bad tracing accuracy so the
flow field of spray droplets is distinct from airflow velocity field. Therefore, it is easy to understand
spray droplet could move radially outward at low ambient pressure but it cannot be observed at
high ambient pressure because a velocity component of droplets in azimuthal direction provide a
centrifugal force pushing droplets away from the original trajectory at low-pressure situation but
droplets motion is greatly affected by airflow which moves outward very slightly at high-pressure
situation.

Figure 3-13. Effects of ambient pressure on tracing capacity of spray droplets at ambient
pressure: 15 psi (cycle), 35 psi (triangle), and 105 psi (cross).
Stokes number of droplets with the same diameter is dropping while ambient pressure is
decreasing illustrated by Fig. 3-13. When ambient pressure is rising to 35 psi, Stokes number
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reaches a unity until droplet diameter reaches 30 μm, and this value for 105 psi ambient pressure
is 47 μm. The derivation of Stokes number starts from aerodynamic force analysis where dense air
under high-pressure conditions could provide a large force to a droplet. Therefore, the relaxation
time for a droplet becomes shorter as pressure is rising or droplets could respond faster in a short
time. Undoubtedly, the gradual approach of velocity profiles of spray flow to airflow velocity
profiles as ambient pressure is increasing can be contributed to a gradual decrease of Stokes
number and improvement of droplets tracing ability. Size effect of atomized droplets is also
important that the average droplet size can be observed to get smaller at higher ambient pressure
in Fig. 3-14, and small droplets have a small Stokes number and better tracing capacity.

Figure 3-14. Illuminated spray droplets by a laser sheet with a pressure drop ratio of 4% under
different ambient pressures: (a) 15 psi, (b) 35 psi and (c) 105 psi.
Effects of Liquid Flow Rate on Spray Characteristics
Changing the liquid flow rate for airblast atomizer is demanded frequently to adjust output
power for every engine so investigating the effect of liquid flow rate on the atomization process is
an important task for real applications of this tested atomizer. Spray characteristics should not have
a notable variation when the flow rate is changing in an acceptable range to promise a reliable
performance of aircraft engines under different operating condition. The effect of the liquid flow
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rate on the performance of the tested airblast atomizer is unknown so investigations are necessary
to be conducted. Based on the results of previous sections, fuel injector performance is highly
dependent on the ambient pressure and pressure difference. Spray droplets at low ambient pressure
do not closely follow airflow streamlines but at high ambient pressure, spray flow can be the same
as airflow due to the shrink of average droplet size and increasing air density. It should be noted
that Stokes number which shows the tracing accuracy of particles is more sensitive to droplet size
since it is proportional to the second power of droplet size. The increase of fuel rate probably
changes the average droplet size since there are more liquid injected from the atomizer and the
airflow condition is the same while due to the limitation of the measurement technique, the exact
average droplet size cannot be measured. To provide some qualitative comparisons, raw images
of SPIV showing spray droplets at a pressure drop ratio of 4% with different ambient pressure and
liquid flow rate are shown in Fig. 3-15. The maximum flow rate tested in this study is 90 ml/min
since this is the maximum liquid flow rate at high ambient pressure condition (105 psi), and to
minimize uncertainty, experiments conducted under low and atmospheric pressure also apply for
this flow rate number. Droplet size is observed to be notably smaller at high ambient pressure than
other low ambient pressure cases. Instead, droplet size does not have a significant change for
different liquid flow at any ambient pressures but it was clear that a high flow rate generally gives
a higher spatial density for droplets. For the airblast atomizer, air flow rate (from 5×105 ml/min to
3.6×106 ml/min) is much larger than the liquid flow rate (< 90 ml/min) in volume so airflow is
capable to shatter liquid sheets/ligaments no matter what flow rate is provided in this test.
Therefore, the average droplet size at the same ambient pressure does not vary a lot. If the droplet
size is independent of the liquid flow rate, droplet density must be higher as the liquid flow rate is
increasing. Droplet size is observed to be nearly independent of flow rate under all experimental
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conditions, which indicates the flow rate may not greatly affect the spray flow since Stokes number
does not change a lot.

Figure 3-15. Spray droplets at a pressure drop ratio of 4% with ambient pressures of 105 psi (a,
b), 35 psi (c, d) and 15 psi (e, f) and flow rates 24 ml/min (a, c, e) and 90 ml/min (b, d, f).
Velocity profiles at a pressure drop ratio of 4% with different ambient pressure and
different flow are shown in Fig. 3-16, 3-17 and 3-18 where velocity profiles do not show a
significant difference which agrees with observations of unchanged droplet size at a different
liquid flow rate. Although there are more droplets in the flow field, each of them is driven by the
airflow in the same degree since the Stokes number of them is almost the same so the velocity
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measured should be the same. With the increase of the number of droplets, the drag of spray flow
may have a slight increase because the spray becomes denser for spatial distribution and more
droplets are interacting with air. As a result, a slight drop in velocity profile with a large liquid
flow rate can be observed. Atomizer performance being independent of flow rate is good to the
aircraft engine to have a reliable and consistent performance during the flight time.

Figure 3-16. Velocity profiles of air and spray flow at a pressure drop ratio of 4% with an
ambient pressure 15 psi and flow rates of 24 ml/min and 90 ml/min at two different locations: (a)
Y = 12.7 mm and (b) Y = 38.1 mm.

Figure 3-17. Velocity profiles of air and spray flow at a pressure drop ratio of 4% with an
ambient pressure 35 psi and flow rates of 24 ml/min and 90 ml/min at two different locations: (a)
Y = 12.7 mm and (b) Y = 38.1 mm.
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Figure 3-18. Velocity profiles of air and spray flow at a pressure drop ratio of 4% with an
ambient pressure 105 psi and flow rates of 24 ml/min and 90 ml/min at two different locations:
(a) Y = 12.7 mm and (b) Y = 38.1 mm.
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CHAPTER 4.

CONCLUSION

In the present study, experimental investigations were conducted to evaluate the
performance of a swirling airblast atomizer under different working conditions (i.e. ambient
pressure, pressure drop ratio and liquid flow rate) using SPIV technique to provide reliable data
for the improvement of atomizer design and the verification of flow simulations. A high-pressure
spray test facility was built for the present study at Iowa State University, which was collaborated
with Collins Aerospace. Using the high-pressure test facility, the effects of pressure drop ratio,
ambient pressure and liquid flow rate on the velocity of air and spray droplets are investigated. It
was found that the airflow velocity magnitude is greatly affected by pressure drop ratio. An
increase of airflow velocity magnitude can be observed when the pressure drop ratio is rising and
vice versa. The velocity of air is also slightly influenced by ambient air pressure. At high ambient
pressures, velocity magnitude is also observed to have a small increase compared to the velocity
magnitude at a lower ambient pressure. A theory based on assumptions of isentropic, steady and
inviscid flow is successfully developed to find the relationship between airflow velocity and
pressure drop ratio. It should be noted that at atmospheric pressure, airflow velocity should be
proportional to the square root of the pressure drop ratio. However, at high ambient pressure
conditions, airflow does not satisfy the same rule very well because airflow may not be isentropic
when ambient pressure is elevated. Furthermore, ambient pressure also have significant effects on
the spray velocity field. While pressure drop ratio is the same, spray droplets will have higher
average velocity at high ambient pressure. Moreover, the spray velocity field is much more similar
to the airflow velocity field under high ambient pressure conditions (e.g., 105 psi). For instance,
while the pressure drop ratio is the same, at atmospheric pressure (i.e. 15 psi), spray flow is
observed to have a radially outward motion but most spray droplets do not have velocity in radial
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direction under the elevated ambient pressure (105 psi). The influence of ambient pressure on
droplets tracing capacity is studied theoretically by analyzing Stokes number of a single droplet.
It was found that when ambient air pressure increases, Stokes number becomes significantly
smaller, which means droplets are able to closely follow the motion of air. This result suggests that
experiments should be conducted under high ambient pressure in future for atomization
experiment since spray flow velocity is sensitive to the ambient pressure. Finally, while liquid flow
rate changes from 24ml/min to 90ml/min, the change of spray droplets velocity is very slight at all
ambient air pressures. It should be noted that the change of liquid flow rate does not have a notable
effect on the velocity field of spray droplets for the airblast atomizer so this fuel injector can
provide reliable and consistent performance under different flight conditions.
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APPENDIX A.

Case
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

Temperature
Trace Particle
(°C)
Smoke

Smoke

Smoke

Water
Droplet

Water
Droplet
Water
Droplet
Water
Droplet
Water
Droplet

21.5
21.5
21.5
21.5
21.5
21.5
21.5
21.5
21.5
21.5
21.5
21.5
21.5
21.5
21.5
21.5
21.5
21.5
21.5
21.5
21.5
21.5
21.5
21.5
21.5
21.5
21.5

LIST OF TEST CASES
Liquid Flow
Rate
(ml/min)
0
0
0
0
0
0
0
0
0
4.7
24.4
39.2
54.7
91.0
10.0
24.5
89.5
90.7
113.5
148.2
24.0
68.0
110.2
22.0
79.0
24.0
90.0

Inlet
Pressure
(psi)
15.3
36.1
108.9
15.0
35.4
106.8
15.6
36.9
111.0
15.3
15.3
15.3
15.3
15.3
36.1
36.1
36.1
36.1
36.1
36.1
106.8
106.8
106.8
107.8
107.8
108.9
108.9

Ambient
Pressure
(psi)
15
35
105
15
35
105
15
35
105
15
15
15
15
15
35
35
35
35
35
35
105
105
105
105
105
105
105

Pressure
Drop Ratio
(%)
4
4
4
2
2
2
6
6
6
4
4
4
4
4
4
4
4
4
4
4
2
2
2
3
3
4
4
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APPENDIX B.

SUMMARY OF MEASUREMENT RESULTS OF SPRAY FLOWS

Figure B-1. Time-averaged velocity fields of spray flow at a pressure drop ratio of 2% with an
ambient pressure 105 psi and flow rates of (a). 20 ml/min, 68 ml/min and (c). 110 ml/min.

Figure B-2. Time-averaged velocity vector fields of spray flow at a pressure drop ratio of 3%
with an ambient pressure 105 psi and liquid flow rates of (a). 22 ml/min and (b). 79 ml/min.
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Figure B-3. Time-averaged velocity vector fields of spray flow at a pressure drop ratio of 4%
with an ambient pressure 15 psi and liquid flow rates of (a). 4.7 ml/min, (b) 24.4 ml/min, (c) 39.2
ml/min, (d) 54.7 ml/min and (e). 91 ml/min.
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Figure B-4. Time-averaged velocity vector fields of spray flow at a pressure drop ratio of 4%
with an ambient pressure 15 psi and liquid flow rates of (a). 10.0 ml/min, (b) 24.5 ml/min, (c)
69.5 ml/min, (d) 90.7 ml/min, (e). 113.5 ml/min and (f). 148.2 ml/min.

