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Experimental investigation on the spray characteristics of agricultural
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Abstract: The spray characteristics of a full-cone pressure swirl nozzle have been investigated in this study. The results were
defined by Reynolds number, which focuses on the breakup of liquid film, droplet size, velocity, and liquid volume flux under
different Reynolds numbers at the near-field spray. The spray structure was visualized using a high-speed camera, and the
characteristics of droplets were measured using a Phase Doppler Anemometer (PDA) in both the radial and axial directions.
The tests were carried out at varying spray pressures (0.2 to 1.0 MPa), corresponding to different Reynolds numbers (5369 to
12 006). It was found that when the Reynolds number rises, the liquid became more unstable after leaving the nozzle, causing
the liquid film to break up faster. According to the measurements of PDA, the coalescence of droplets increased due to the
centrifugal effect. What’s more, the velocity of the droplets fluctuates significantly in the radial direction, and the droplets with
a smaller particle size had a higher average velocity. From the perspective of liquid distribution, the increase in Reynolds
number caused the spray liquid to move in the radial direction gradually. In contrast, the liquid volume distribution changed in
the radial direction more obviously than in the axial direction, growing to the maximum along the radial direction and gradually
reducing. It can provide a reference for selecting operating parameters for actual agricultural spray operations and the design of
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1 Introduction

The pressure swirl nozzle is widely utilized in a variety of
areas, including agricultural applications. The pressure swirl nozzle
is one of the most commonly used nozzles in orchards and
vineyards. It is possible to increase pesticide application efficiency
by combining electrostatic atomization technology!”. Pressure swirl
nozzles are one of the many devices used to accomplish liquid
disintegration. They may create well-atomized sprays by breaking
up the liquid layer. With the high angular momentum obtained in
the nozzle, the liquid film soon becomes unstable and disintegrates
because of different mechanisms®. Full-cone nozzles, as opposed to
fan and hollow-cone nozzles, can create a more uniform cross-
section spray and provide more coverage!’..
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The efficient deposition of pesticides on the target is
determined by the characteristics of droplet size and velocity. Spray
drift and other undesirable effects are caused by tiny droplet.
Large droplets will bounce back on the leaf surface, decreasing the
amount of material deposited on the target”®. The properties of
droplet velocity, which are connected to the disintegration of liquid
film and droplet size, are typically regarded as one of the most
significant factors in evaluating the spray quality for pressure swirl
nozzles. The liquid exiting the nozzle is more likely to travel from
the spray axis to the spray perimeter at a higher tangential velocity,
increasing spray dispersion and a broader spray angle. More
dispersion in the full-cone spray nozzle means a more uniform
circumferential distribution of liquid in the spray®'”. However, the
droplet size and velocity characteristics are connected to the
breakup of the liquid film and the collision, coalescence, and
subsequent breakup of the droplets in the near field of the spray'.
What’s more, in terms of studying spray characteristics in the near
field of the nozzle, electrostatic nozzles must establish the most
appropriate charging position of the electrode and the electrode
width. According to the electrostatic nozzle experiment of Patel et
al., a distance of 2-3 mm between the electrode and the nozzle may
achieve the optimum charge-to-mass ratio of 2.8 mC/kg, which is
governed by the liquid film breakup length and nozzle design'”.

The spray properties of the pressure swirl nozzle have been the
subject of the majority of investigations. Senecal et al.l'”! used the
liquid film-ligament-droplet hypothesis to correctly predict the
process of liquid film breakup and droplet size in pressure swirl
nozzles. Saha et al.'! investigated the breakup characteristics of two
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hydraulic injector nozzles using shadowgraph technology and
PDPA. According to their conclusion, which analyzed by the
characteristics of droplet diameters and velocities, the spray is
subdivided into three zones: zone 1 is consisted of film and
ligament with primary breakup and some secondary breakup; zone 2
continues to undergo secondary breakup, but the centrifugal
dispersion becomes dominant; and zone 3 that away from the spray
happens more coalescence of droplets. Davanlou et al.'”! conducted
an experimental investigation of the breakup properties of liquids
with various surface tensions and viscosities, as well as the droplet
size during spraying. The findings revealed that surface tension and
viscosity impact droplet behavior, as measured by droplet velocity
and diameter distribution in axial and radial directions in terms of
Reynolds number. When liquid leaves the nozzle, it condenses into
the liquid film, which is unstable owing to the air’s interaction.
When liquid leaves the nozzle, it condenses into a liquid film, which
is unstable owing to air contact. According to prior research, the
instability in the sinusoidal model grows fast. Once the instability
reaches its limit, the liquid film will break up. The breakup length
of the liquid film plays a vital role in the atomization of ligaments
and droplet characteristics, such as diameter, velocity, and spray
cone angle. However, most studies on the liquid film breakup of
pressure swirl nozzles concentrate more on hollow-cone nozzles
than full-cone nozzles.

The main objectives of this research are to experimentally
investigate the effect of Reynolds number on the spray
characteristics including the breakup of the liquid film, droplet size,
velocity, and liquid volume flux in a full-cone pressure swirl nozzle.
The research consists of flow visualization using a high-speed
camera and simultaneous droplet size, velocity, and liquid volume
flux measurements with Phase Doppler Anemometry (PDA). In
addition, liquid film breakup length and spray cone angle are
quantified based on spray images captured by the high-speed
camera. With the theory of liquid film breakup and the analysis of
droplet characteristics in the axial and radial direction, the study
will provide a complete description of the near-field spray.

2 Materials and methods

2.1 Experimental system
The experiment was conducted in an ambient room with a

-380V, 50 Hz

temperature of 25°C and relative humidity of 50%. The spray
conducted in the experiment was mainly completed by the constant
pressure spray system, as illustrated in Figure 1. The constant
pressure spray system included a constant pressure controller,
frequency converter, plunger pump, variable-frequency motor,
pressure sensor, flowmeter, and the pressure swirl nozzle.

Constant pressure Frequency
converter
controller
Pressure
sensor (@ Nozzle |

Flowmeter
Variable-frequency motor

| ]

Water tank

Figure 1 Constant pressure spray system

The system utilized the fuzzy PID algorithm to optimize spray
pressure management in order to maintain a consistent pressure and
reduce the experimental error. Figure 2 gives the principle of the
spray system to achieve a constant spray pressure. Firstly, the spray
pressure U,(k) was set through the input panel of the controller. The
pressure sensor collected the spray pressure in real-time and
converted the pressure signal into an electrical signal, which was
converted into a feedback signal U, (k) by the signal conditioning
circuit. After the fuzzy PID controller acquired U/(k) and U.(k), it
calculated the Ugk) by adjusting the fuzzy PID algorithm online,
and output U(k) to the analog control terminal of the frequency
converter to control the AC frequency. The change in frequency
made the speed of the motor and the pump change to realize the
constant pressure in the spray system. A two-dimensional fuzzy
controller structure was used to output the PID parameter
adjustment amount by inputting the pressure signal error and the
change rate of the pressure signal error and then establishing fuzzy
rules for fuzzy reasoning. Finally, the control increment was
obtained by the PID controller so that the new control quantity was
output'®. The fuzzy PID control algorithm can make the system
keep the spray pressure constant and reduce the experimental error.
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Figure 2 Principle of the spray system


https://www.ijabe.org

July, 2023

Xue XY, etal. Experimental investigation on spray characteristics of agricultural full-cone pressure swirl nozzle

Vol. 16 No. 4 31

The primary goal of the research is to study a full-cone pressure
swirl nozzle (IKEUCHI Co., Japan). With X-shaped in the nozzle,
the liquid is rotated and atomized from the nozzle. The orifice
diameter of the nozzle is 0.8 mm, which is made of polyvinylidene
fluoride (PVDF).

A high-speed camera and PDA were separately used to conduct
spray visualization and simultaneous droplet size, velocity, and
volume flux measurement, respectively. Figure 3 shows a diagram
of the measurement.
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Figure 3 Schematic of the measurement

PDA is a single-point optical measuring technique that can
measure the droplet parameters in the fluid in real-time without
interrupting the fluid flow. The PDA system used in the research is
a three-dimensional particle dynamic analyzer produced by Dantec
Dynamic A/S. The system's key components are Argon-lon laser,
beam separator, transmitting optics, receiving optics, PDA
processor, computer with BSA Flow software, three-dimensional
traverse system, and controller. Table 1 lists the specifications of
the PDA.

Table 1 Parameters of the PDA system

Parameters Value
Power of laser/W 5

Focal length of transmitting optics/mm 800
Beam diameter/mm 2.2
Beam spacing/mm 74

Beam expander ratio 1.000

Type of receiving optics 112 mm Fiber PDA
Focal length of receiving optics/mm 800
Scattering angle/(°) 67
Scattering mechanism Refraction

The beam separator split the monochromatic light from the
laser into six beams in three different colors, green (514.5 nm), blue
(488.0 nm), and violet (476.5 nm), were then sent to the
transmitting optics. In this investigation, just two green beams
(514.5 nm) and two blue beams (488.0 nm) were utilized, and they
were focused on one spot, the measurement point. The receiving
optics received the reflected laser beams and transferred them to the
PDA processor, transforming the optical signal into an electrical
signal. Finally, BSA Flow software processed the electrical
impulses on the computer and produced the measurement results.
Thanks to the three-dimensional traverse system, multiple points
could be measured without optical alignment, which enabled the
transmitting and receiving optics to move simultaneously.
Moreover, the operation of the controller was also completed by the
BSA Flow software.

The atomization characteristics of the pressure swirl nozzle
were investigated by utilizing backlight photography technology to
capture the image of the spray. A high-speed camera (PCO. Dimax

cs4, with a pixel resolution of 2016x2016) and a cold light lamp
were used in the photographic technology. The camera employed a
zoom lens to capture high-quality photos of the liquid film (AF
Zoom NIKKOR 24-85 mm {/2.8-4D). The camera with a zoom lens
was placed in front of the nozzle, and the cold light lamp was
placed behind it to give enough backlighting for the spray. The
luminous efficiency of the cold light lamp (RF-400 Pro) was
155 1x/W, ensuring a stable and flicker-free image under high-speed
photography at 100 000 fps. Using Image-Pro Plus software, the
breakup length of the liquid film and the spray cone angle was
calculated from the collected pictures.

2.2 Experimental measurement setup

This article studied the spray characteristics at the near-field
spray of the pressure swirl nozzles at different Reynolds numbers,
focusing on droplet size, velocity, and distribution. Images were
recorded by PCO Dimax Camware 4 software at frame rates of
7600 fps (with an exposure time of 1.454 us) for far-field and 12 742
fps (with an exposure time of 1.28 us) for near-field, equivalent to
the resolution of 624x688 and 600x700 pixels, respectively. The far-
field images were for the observation of the entire spray, studying
the liquid process from leaving the nozzle to the formation of
droplets. The near-field images mainly captured the breakup
characteristics of the liquid film. The investigation of the breakup
length of the liquid film necessitated capturing more incredible
details. The experiment changed the camera and lens settings to
examine the transition from the liquid film to the ligament region.
Therefore a 60 mm macro lens with F8 aperture was used.

For the measurement of droplet characteristics, we set the first
measurement point to be 20 mm from the nozzle in the axial
direction, and we set the step size to 10 mm. The step size in the
radial direction was set to 2 mm and finally measured to the spray’s
edge. The setting of measurement points is shown in Figure 4. The
point here is the measurement point. The PDA system sampled
3000 points at each measurement point or the measurement time
was up to 30 s to complete the measurement. The experiment was
carried out at the spray pressures of 0.2, 0.4, 0.6, 0.8, 1.0 MPa, with
cach experiment being performed three times to ensure the
repeatability of the measurement statistics.
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Figure 4 Measurement points setting

Measurements were taken throughout the spray to completely
describe the flow and understand the spray dynamics for the
pressure swirl nozzles, and the findings were presented in terms of
Reynolds number. Reynolds number is the ratio of fluid inertial
force to viscous force, which is a dimensionless number used to
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categorize the fluid systems. Mathematically, Reynolds number is
defined as following equation!'”:
pivD
Re, = — (1)
Hi

With the liquid flow generated by the pressure swirl nozzle,
Bernoulli’s equation becomes!"*

1
p=pt Ep/vz (2)
With AP = p, — p,, v becomes
2AP
v=4/ (3)
L

D /2AP
Re, = 2= /== )
Hi P

where, v is the liquid film velocity based on pressure differential,
m/s. AP is the pressure differential, Pa. y; is the liquid viscosity,
Pa-s. p; is the liquid density, kg/m’, and D is the nozzle orifice
diameter, m.

Table 2 lists the calculation results of Reynolds number and the
flow rate at different pressures.

Table 2 Reynolds number and flow rate at different
spray pressures

Pressure/MPa Reynold number Flow rate/L-h™'
0.2 5369 54.024
0.4 7593 60.084
0.6 9300 83.205
0.8 10 738 99.377
1.0 12 006 112.993

2.3 Measurement parameters

The droplet size and velocity in the spray are the main physical
parameters of the essential spray properties. Moreover, the average
diameter is used to describe the spray quality and droplet size. SMD
stands for Sauter average diameter, which is defined as the ratio of
the total liquid volume to the total droplet surface area"”’, shown as
Equation (5):

>0
SMD = = (5)

N

> D
i=1

where, D, is the diameter of the droplets, m; and N is the total
number of the droplets.

In addition, as the average volume diameter Dj, is also often

used to describe the size of the droplets in the spray”.
N

D} 1
— ! 3
D;, = (%) (6)

The relative span factor (RSF) evaluates the dispersion of
droplet size and spray uniformity. RSF is a dimensionless parameter
calculated as:

DV(J,9 - DVO.]

V0.5

RSF = 7)

where, Dy, Dyys, Dy are the diameter at which, respectively,
10%, 50%, 90% of the volume of droplets are contained in droplets
at or below the diameter. The spray will be more uniform if the RSF
value is near 1.

Different colored lasers were used to detect droplet velocity in

different directions. The green light measured the axial velocity and
the blue light measured the radial velocity in this experiment. In
addition, the fluctuations of the root mean square (RMS) values of
the two velocity components were also discussed in the study of the
process of atomization.

The volume flux (cm’/cm*s) is a vector that represents the
liquid volume (cm’) that flows through a probe area (cm?’) normal to
the flow velocity direction, per unit time (s). Bade and Schick
compared the volume flux results obtained by mechanized
measurement and phase Doppler interferometry (PDI) techniques,
finding that the two measurement methods reached 97%
agreement”". The calculation equation of volume flux is as follows:

I

vFE=20
APV[/mal

Di,N

®)

where, Apy is the cross-sectional area of the probe area, m? N is the
total number of droplets. ¢, is the total measurement time, s. D3 is
measured by PDA; N and ¢, are also the parameters recorded by
PDA. Apy is related to the beam diameter, beam expansion ratio,
and beam spacing of the laser.

The spray cone angle is another essential element for
determining atomization quality since it influences the spray
coverage and dispersion in the application™. The angle between the
two straight lines connecting the center of the nozzle orifice and the
end of the straight line on the spray boundary, as illustrated in
Figure 5, is used to calculate the spray cone angle in this study. The
two lines in the figure represent the edges of the spray, and the
angle between the two lines is the spray cone angle.

Sl s g oBhes 10 a5 L0

Figure 5 Schematic of spray cone angle measurement

3 Results and discussion

3.1 Breakup characteristics of full-cone pressure swirl nozzle
The atomization process of pressure swirl nozzles can be
divided into two steps: primary breakup and secondary breakup.
There are initial disturbances at the liquid - gas interface during the
process of the primary breakup. Furthermore, the processes that
allow these disturbances to proliferate will produce hydrodynamic
instabilities and relatively large drag forces in the liquid film
emerging from the nozzle, causing the liquid film to break up into
ligaments or other irregular liquid elements. The aerodynamic
instabilities lead larger droplets to distort and break up into smaller
daughter droplets, resulting in a secondary breakup regime. Based
on the aforementioned analysis, this article divided the spray of a
pressure swirl nozzle into three regions, as shown in Figure 6. The
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first is the liquid film region, where it is produced by the liquid
leaving the nozzle after pressure swirling. Following the breakup of
the liquid film, the ligament region is formed, which consists of the
ligaments and other irregular liquid elements. The ligaments break
into the droplets during the secondary breakup, called the droplet
region.

4————— Liquid film
Primary

; breakup
{ 4= | igaments

" Secondary
et breakup

o

RO R N S B Pt

Figure 6 Representative spray profile for pressure swirl nozzle
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The Reynolds number influenced the spray profile of the
pressure swirl nozzle. It could be observed that the liquid film did
not break up immediately, but burrs formed on the surface of the
liquid film. This is because the surface wave at the liquid film had a
tiny amplitude. However, when the wave traveled a certain distance
in space and the amplitude reached its maximum, the liquid film
would be sheared off into ligaments. The development of time will
have little effect on the surface wave at a specific spatial location.
As a result, for the linear stability theory, commonly used to solve
surface waves, the spatial model was better suited for actual
application, such as determining the liquid film breakup length™.

Figure 7 depicts atomization images captured by the high-speed
camera at various Reynolds numbers. The images were taken with a
high-speed camera with a resolution of 624x688 pixels using the
shadowgraph method, with an exposure time of 1.454 us and a
frame rate of 7600 fps. The liquid film was produced after the liquid
exited the nozzle, as indicated in Figure 7. The liquid film
progressively broke down into ligaments and droplet clusters, which

eventually into droplets as the spray developed.

1.0MPa
Re,~12006

0.8 MPa
Re,~10738

Figure 7 Pictures of atomization at different Reynold numbers

The spray became denser near the nozzle as the Reynolds
number increased, as shown in Figure 8. The red circle in the figure
is the location where the liquid film is broken. However, the spray
appeared more transparent when compared to images with low

b. Re,=7593

a. Re,=5369

c. Re,=9300

Reynolds numbers. According to the flow rate data in Table 1, the
higher the Reynolds number, the higher the flow rate, which
implied that more spray liquid exited the nozzle, resulting in dense
spray near the nozzle.

¢. Re,~12006

d. Re,=10738

Figure 8 Pictures of the liquid film at different Reynold numbers

According to the above-mentioned judgment based on the
breakup length of the liquid film and the experimental images
(Figure 8), it can be concluded that there are three situations in
which the liquid film breaks up: 1) “Gap” appeared at the breakage
of the liquid film, that is, the surface wave broke at the wave hollow
(Figures 8a and 8b); 2) “Burrs” appeared at the breakage of the
liquid film, that is, the surface wave broke at the wave crest (Figure
8d); 3) Tearing occurred at the fractured liquid film, and bubbles
appeared in the original continuous liquid film, as shown in Figures
8c and 8e.

According to the above situation, the broken images of liquid
film at various Reynolds numbers were processed and measured,
and the results were obtained.

Figure 9 depicts the breakup length and spray cone angle
measurements at various Reynolds numbers. The breakup length
reduces as the Reynolds number rises, but the spray cone angle
rises. The spray liquid had a low viscosity due to the high Reynolds
number so that the liquid in the swirl chamber was not easy to
overflow. In addition to this, when Reynolds number increased, the
swirl strength of the pressure swirl nozzle grew, and the liquid
leaving the nozzle had a higher axial velocity, so the liquid film had
a greater tendency to disintegrate earlier. The electrode of the
electrostatic nozzle with induction charging acted on the region
where the liquid film breakup. As a result, the position of the
electrode can be determined by the visualization of liquid film
breakup at various Reynolds numbers, enhancing the charging
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efficiency and reducing electrode material usage.

However, because of the increased swirl strength, the increased
friction of the spray liquid in the nozzle lowered the radial velocity.
Hence, the liquid film near the nozzle outlet had a greater chance of
spreading outward, resulting in the broader spray cone angle. The
spray cone angle represented the range of the spray in certain
senses. The wider spray cone angle indicated that the spray may
cover more targets, which had implications for the spray range of
the pesticide application.

4.4 Breakup length L 64
—=— Spray angle
- 62
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5369 7593 9300 10738 12006

Reynold number

Figure 9 Effects of Reynolds number on breakup length
and spray angle

The ligaments further disintegrate into droplets via Rayleigh
capillary instability, as shown in Figure 8. There were specific
differences in the atomization of the nozzle at different Reynolds
numbers. The degree of atomization was evident in the droplet
region at higher Reynolds numbers, and the droplets in this region
were dense. However, for the low Reynolds number, there were
primarily large droplets or droplet clusters at the droplet region after
the breakup of the ligaments. This indicated that the droplets have
not been atomized completely, resulting in a lower droplet density
than the spray with a higher Reynolds number.

On the one hand, low viscosity made it simpler to break up
ligaments into droplets for a high Reynolds number spray. On the
other hand, the increase of swirl strength accelerated the
fragmentation of the ligaments and droplet clusters, improving the
atomization of the pressure swirl nozzle. It was also illustrated by
the difference in the liquid film region and ligament region at
various Reynolds numbers (Figure 8). The length between the
nozzle tip and the droplet region was measured to evaluate the
droplet characteristics of the droplet region at different Reynolds
numbers, identifying the droplet characteristics research range.
According to the measurement results, the droplet region appeared
at a distance of approximately 2 cm from the nozzle.

3.2 Droplet size characteristics of full-cone pressure swirl
nozzle

Although the nozzle is a full-cone pressure swirl nozzle, as the
Reynolds number increases, the spray at the near-field of nozzle
will become challenging to maintain an accurate full-cone spray,
and the spray will become hollow™. In this measurement, the data
rate of droplets at the center core of the spray is relatively low,
especially at the high Reynolds number. The swirling component of
the liquid in a pressure swirl nozzle helped spread the droplets
toward the outer periphery, and the higher Reynolds number leads
to the greater centrifugal force™. As the Reynolds number
increased, the spray cone angle increased, explaining why the liquid
flows outwards and the interior became empty, finally producing an
air core inside the spray. Hence these measurement points will be

ignored in the following analysis.

Variation in SMD with the axial and radial location at various
Reynolds numbers is shown in Figure 10. The size of the green
bubble in the figure represents the SMD of each measurement point.
Larger droplets appeared near the center core of the spray and the
ligament region. This phenomenon was evident for the spray at
lower Reynolds numbers. For Re,= 5369 and Re,= 7593, the SMD
of droplets near the center core of the spray decreased slightly trend
with radial direction, suggesting the presence of droplet deformation
and breakup. However, this trend at higher Reynolds numbers was
not noticeable because the unstable and large droplets formed
through the breakup of the ligaments at lower Reynolds numbers.
Furthermore, these droplets experienced the secondary atomization
generating smaller and more stable droplets in the radial direction
due to centrifugal and shear instabilities. On the contrary, with
higher momentum and adequate atomization, the droplets formed by
the ligaments were more stable and smaller at higher Reynolds
numbers.

According to the preceding explanation, the centrifugal action
created an air core near the centerline, and the range of the air core
expanded as Reynolds numbers increased. Moreover, the droplets
formed by the ligaments were distributed outside the air core
because of the centrifugal effect. Analyzed in the radial direction,
SMD exhibited an increasing tendency at different Reynolds
numbers. At a relative radial position close to the air core, the
diameter of droplets was tiny and uniform. And the increasing
tendency of the radial position near the air core is not apparent.
When the Reynolds number was 10 738, and the axial location was
70 mm, SMD nearly remained between 45 ym and 57 um while the
radial location increased from 22 to 40 mm. SMD quickly increased
beyond the radial position of 40 mm, reaching between 70-110 m.
This trend illustrated that the centrifugal effect of pressure swirls
caused the heavier droplets to be carried to the periphery of the
spray while the lighter droplets remain inside the spray.

We analyzed droplet size's probability density function (PDF)
to learn more about the relationship between droplet size and radial
position. Figure 11 shows the PDF with different radial locations of
30, 40, 50, 60, 70 mm at Re, = 12006. As reported by the research
of Shrigondekar et al.*” on full-cone pressure swirl nozzles with X-
shaped blades, the droplet size distributions satisfied the log-normal
distribution, which was given by Equation (9):

L[]
V2nD(Ino )

where, D is the droplet diameter, m; j) is the logarithmic mean size

fuD)= )

of distribution, m; oy is the width of the log-normal distribution
(dimensionless).

The study analyzed the axial location of 80 mm, which had a
steadier spray than the area near the nozzle. It can be observed that
the droplet diameter exhibited a bimodal distribution, with the
second peak appearing on larger diameter values based on the log-
normal distribution, indicating the secondary breakup (Figure 11).
With the radial direction, the diameter value corresponding to the
second peak of the PDF moved to a higher value. At the radial
locations of 30 mm and 40 mm, the value of the first peak was
greater than the second peak, which meant that the population of the
finer droplets (droplet diameter of about 20 um) occupied the
majority at these positions. Nevertheless, with the centrifugal effect
of pressure swirls, the finer droplets began to coalesce, resulting in
the appearance of the second peak.
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Figure 10 Variation in SMD with the axial and radial location at various Reynolds numbers

Figure 11 PDF of various radial locations at Rep = 12 006 with

the axial location of 80 mm

Furthermore, the flow rate affected the population of droplets
after the breakup of the ligaments as a result of the higher
coalescence probability. The value of the second peak grew as the
radial location approached 60 mm, whereas the value of the first
peak steadily declined. The increase in the radial distance will lead
to a more substantial centrifugal effect and a higher coalescence
probability of the fine droplets. As the radial distance increases
further, the droplets will eventually contact outside airflow, which
will suffer a more significant drag force. Therefore, the diameter of
large droplets decreased at the outer periphery of the spray due to
the second droplet deformation. With the radial location of 70 mm,
it was evident that the proportion of tiny droplets started to increase,
while the proportion of large droplets decreased.

The RSF measured in the spray along the radial direction under
the Re, = 12 006, axial location = 80 mm, is shown in Figure 12.
The RSF is an excellent way to characterize the homogeneity of the
spray. The droplets had high homogeneity when the radial distance
was less than 30 mm, and the RSF was about 1. However, the
region with droplet coalescence, where the radial location was
between 30 mm and 60 mm, shows poor uniformity. This trend
indicated that the droplet coalescence had a particular effect on the
RSF. At the outer periphery of the spray, the uniformity of droplets
improved since the drag force broke the droplets.
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Figure 12 RSF of various radial locations at Rep = 12 006 with

the axial location of 80 mm

3.3 Droplet velocity characteristics of full-cone pressure swirl
nozzle

At varying Reynolds numbers, the velocity fields in the axial
cross-section are shown in Figure 13. As the Reynolds number grew
from 5369 to 12 006, the magnitude of the average droplet velocity
increased from 3.045 m/s to 3.330 m/s. This indicated that the
increase of Reynolds number helped promoting the pressure swirls,
causing higher momentum of droplets. From the description of
droplet size above, the droplet size was finer at the higher Reynolds
number. Compared to the larger droplets, finer droplets were more
prone to gaining higher momentum due to stronger pressure swirls,
resulting in a higher maximum value of droplet mean velocity.

Variations in droplet size and average droplet velocity changing
in the radial direction, were highly significant in analyzing the spray
velocity field (Figure 14). The mean velocity of droplets at various
Reynolds numbers decreased with the radial direction (Figure 13).
Analyzing the droplet size under the same conditions, it was clear
that the droplets near the air core inside the spray were finer and
more susceptible to centrifugal action. So, the droplets inside the
spray had a greater average velocity. On the contrary, the droplets
outside the spray had a greater diameter due to coalescence. On the
one hand, the droplets’ coalescence meant that there were many
collisions between the droplets. The collision caused the droplets to
lose kinetic energy, which led to a decrease in the average velocity.
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On the other hand, big droplets had a large surface area and a larger
area in contact with the outer air when moving, which experienced

v-mean/(m-s™")

greater drag force so that the mean velocity of the periphery was
lower than the mean velocity inside the spray.
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Figure 14 SMD and average velocity vector along with the axial and radial distance at different Reynolds numbers

The direction of the droplet average velocity vector had also
changed with the Reynolds number (Figure 14). The size of the
green bubble in the figure represented the SMD of each
measurement point, and the direction of the arrow at each position
indicated the direction of the average velocity, and the length of the
arrow indicated the size of the average velocity. The velocity
direction of the droplets away from the spray center axis was
outward when the Reynolds numbers are 5369 and 7593. However,
the average droplet velocity gradually inverted as the Reynolds
number rises. From the aforementioned study, the velocity

decreased with the increase of the radial distance. As indicated in
Equation (10), this was related to the centripetal force experienced

by the droplets in the pressure swirl spray.
mv*

F=""
.

(10)

where, F is the centripetal force experienced by the droplet, N; m is
the mass of the droplet, kg; v is the tangential velocity of the
droplet, m/s; and r is the radial distance of the droplet, m.

At a low Reynolds number, the kinetic energy of the droplets
after leaving the nozzle was relatively small, resulting in the
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centripetal force was not enough to continue the swirling motion, so
the droplets located on the periphery of the spray began to spread
outward. It can be seen that the increase in Reynolds number made
the droplets obtain greater kinetic energy (Figure 13). Although the
collision of the droplets reduced the kinetic energy, the mass of the
droplets was also increasing due to the coalescence, so the velocity
direction was inwards. This showed that the increase of Reynolds
number promotes the atomization of the pressure swirl nozzle in
some ways so that it can maintain the swirl motion better.

The study also analyzed the RMS value of axial and radial
velocity and the radial distance at different Reynolds numbers
(Figure 15). The RMS of the axial velocity component (Velocity U-
RMS) had a small RMS value near the spray core, and velocity U-
RMS tended to increase slightly as the radial distance increased.
However, from the perspective of velocity U-RMS fluctuations,
velocity U-RMS does not vary significantly, remaining essentially
constant at 1. In addition, Reynolds number also had little effect on
the fluctuation of velocity U-RMS, which meant that the axial
velocity component was mainly affected by gravity, and hence will
not experience substantial changes causing by droplets breakup, or
coalescence.

The tendency of RMS of radial velocity component (Velocity
V-RMS) is opposite to the velocity U-RMS. The tiny droplets
located in the center region of the spray had a larger velocity V-
RMS, while large droplets far from the center region had fewer
fluctuations of velocity U-RMS. The explanation for this might be
that tiny droplets are more prone to be affected by the pressure
swirls, while the large droplets had a limited response to the
fluctuations™. What’s more, the velocity V-RMS was significantly
affected by the Reynolds number. It can be seen from Figure 15 that
when the Reynolds number was 5369, the velocity V-RMS
fluctuation from the center of the spray to the periphery of the spray
was about 1. On the contrary, as the Reynolds number rises to 12 006,
the variance decreased to around 20. The results demonstrated that
Reynolds number also affected the flow of the spray, activating the
droplets of the spray, which led to an increase in the fluctuation of
velocity V-RMS.

3.4 Liquid volume flux of full-cone pressure swirl nozzle

The values of liquid volume flux measured in both the radial
and axial direction for various Reynolds numbers is shown in
Figure 16. The abscissa and ordinate here represented the axial and
radial locations respectively, and the curve at every axial location
was drawn from the volume flux values calculated from
measurement points at different radial locations. In this paper, the
volume flux curve varying with radial distance was plotted in the
exact figure under the same Reynolds number and different axial
distances. The dashed line under each axial distance represented
that the volume flux is 0. The figure can depict the distribution of
the liquid volume flux.

With the increase of Reynolds number, the volume flux
gradually diffused in the radial direction as the axial distance
increased. When the Reynolds number increased from 5369 to 12 006,
the maximum radial diffusion range of the volume flux with an
axial distance of 80 mm rose from 45 mm to 80 mm. Furthermore,
the liquid volume flux with a radial distance of less than 20 mm
gradually decreased as the increase of Reynolds number, resulting
in more and more hollowness in the center region of the spray.
From the above analysis of droplet size and velocity, the droplets
were mostly tiny with low velocity when the Reynolds number was
low. The increase in Reynolds number meant that the spray liquid
had a higher swirl strength, resulting in the droplets with greater

momentum. The centrifugal effect was conducive to the
acceleration of tiny droplets and their outward movement, which
increased the probability of droplets’ coalescence at the same time.
These factors led to the diffusion of the liquid volume flux with the
increase of the Reynolds number. This effect may also be seen in
the spray cone angle, which increased as the Reynolds number
increases. It can be known from the change in volume flux that an
appropriate increase in Reynolds number can increase the spray
range and the coalescence and acceleration of the droplets,
improving the deposition of droplets on the target.

It can be observed that the liquid volume flux gradually
increased along the axial direction. From the velocity analysis
above, although the axial velocity of the droplet fluctuated slightly,
the axial velocity component mostly impacted by gravity dominates
the spray flow field, causing the volume flux to rise as the distance
increases. Analyzing from the radial distance, the volume flux along
the radial direction, beginning at the central axis of the spray,
gradually grew to its maximum first and then gradually decreased. It
was because of the size of the small droplets near the spray air core.
With the development of the spray, the centrifugal effect helped the
small droplets move gradually outwards, increasing the probability
of droplets collision and coalescence, so the liquid volume flux
increased. However, when the droplet size grew larger, the drag
force slowed down the further diffusion of the droplet, resulting in a
reduction in volume flux. In general, the development of the spray
made the liquid volume on the spray section in the axial direction
more uniform. The analysis of liquid volume flux provided the
apparent distribution of liquid at the near-field of the nozzle, which
may be used as a reference for electrostatic nozzle electrode design
and spray distance selection.

4 Conclusions

This article investigated the near-field atomization properties of
a full-cone pressure swirl nozzle at various Reynolds numbers. The
high-speed camera was used to research and analyze the spray
breaking visually. At the same time, the particle size, velocity, and
volume flux of the spray droplets were measured from the axial and
radial directions using PDA. The results of the study are as follows.

According to the results of the high-speed camera, this paper
divides the spray produced by the full-cone pressure swirl nozzle
into three regions, the liquid film region, the ligament region, and
the droplet region. The breaking length of the liquid film of the
solid cone pressure swirl nozzle is related to the Reynolds number.
The Reynolds number influences the flow of liquid in the pressure
swirl nozzle, i.e., the swirl strength and the stability of the liquid
film created after the liquid exits the nozzle are related to this. The
higher the Reynolds number, the more unstable the liquid film is,
leading to the shorter breakup length of the liquid film. In addition,
the spray cone angle is also affected by the change in swirl strength
caused by the Reynolds number.

In order to create a clear description of the spray characteristics
of the full-cone pressure swirl nozzle at the near-field of the nozzle,
this article examines the three parameters of droplet size, velocity,
and volume flux in the droplet region. It can be observed that large
droplets appear in some areas with a low degree of atomization,
such as the proximal ligament area, the area near the central spray
axis, and the area with a relatively low Reynolds number. In the
radial direction, the droplet size tends to increase. The droplet size
distribution function shows that the coalescence of droplets happens
along the radial direction due to the centrifugal force, increasing the
droplet size. In the case of a large Reynolds number, the droplets
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Figure 15 RMS value of axial and radial velocity along with the radial distance at different Reynolds numbers
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Figure 16 Liquid volume flux measured along the radial and axial direction under various Reynolds number

will have greater momentum during the spraying process. The
average velocity of droplets with smaller particle sizes near the
spray center axis is high, and these small droplets are more
susceptible to the influence of the airflow and produce larger
velocity fluctuations. Because the droplets are mainly impacted by
gravity, the average droplet velocity in the axial direction has little
change, and the fluctuation is slight. The liquid volume flux
distribution shows the liquid distribution of the spray in the droplet
region. It can be observed that with the increase of Reynolds
number, the spreading range of spray expands. However, due to the
large axial velocity, the volume flux increases with the axial
distance. The liquid volume flux will increase to a maximum in the
radial direction and then decrease, related to the droplet size inside
the spray.

This article focuses on three factors relevant to applications
when studying the spray of a full-cone pressure swirl nozzle:
droplet size, velocity, and volume flux. The droplet size and
velocity characteristics influence the trajectory of the droplet in the
air, and in turn, its deposition on the crop target. The volume flux
distribution represents the volume distribution at each position of
the droplet region, and to a degree, depicts the quantity of spray at
each position. Evaluating the droplet size, velocity, and volume flux
may offer a definite reference for the selection of operating
parameters such as spray distance and Reynolds number, thereby
reducing droplet drift loss and boosting operating efficiency. On the
one hand, the application of breakup characteristics in agricultural
nozzles is that the deformation of liquid affects the following
production of droplets, therefore affecting droplet deposition. On
the other hand, the broken area of the liquid film is the principal
action position of the agricultural induction electrostatic nozzle. As
a result, the location of the electrode may be reliably established by
observing the breakup characteristics and measuring the breakup
length of the liquid film, providing a certain reference for the design
of the electrostatic nozzle.
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