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ABSTRACT Electrostatic atomization minimum quantity lubrication (EMQL) employs the synergistic effect of
multiple physical fields to atomize minute quantities of lubricant. This innovative methodology is distinguished by its
capacity to ameliorate the atomization attributes of the lubricant substantially, which subsequently augments the
migratory and infiltration proficiency of the droplets within the complex and demanding milieu of the cutting zone.
Compared with the traditional minimum quantity lubrication (MQL), the EMQL process is further complicated by the
multiphysical field influences. The presence of multiple physical fields not only increases the complexity of the forces
acting on the liquid film but also induces changes in the physical properties of the lubricant itself, thus making the
analysis of atomization characteristics and energy distribution particularly challenging. To address this objective reality,
the current study has conducted a meticulous measurement of the volume average diameter, size distribution span, and
the percentage concentration of inhalable particles of the charged droplets at various intercept positions of the EMQL
nozzle. A predictive model for the volume-averaged droplet size at the far end of the EMQL nozzle was established with
the observed statistical value F of 825.2125, which indicates a high regression accuracy of the model. Furthermore, based
on the changes in the potential energy of surface tension, the loss of kinetic energy of gas, and the electric field work at
different nozzle orifice positions in the EMQL system, an energy distribution ratio model for EMQL was developed. The
energy distribution ratio coefficients under operating conditions of 0.1 MPa air pressure and 0 to 40 kV voltage on the 20
mm cross-section ranged from 3.094 %o to 3.458 %o, while all other operating conditions and cross-sections had energy
distribution ratios below 2.06 %o. This research is expected to act as a catalyst for the progression of EMQL by
stimulating innovation in the sphere of precision manufacturing, providing theoretical foundations, and offering practical
guidance for the further development of EMQL technology.
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1 Introduction harmful substances exhibit poor degradation capabilities

and can persist in the environment, thus causing adverse

Metalworking fluid, also known as cutting fluid, plays a
very important role in the field of cutting. It mainly
includes two categories: water solubility and oil
solubility. To improve the lubrication, corrosion resis-
tance, and rust resistance of cutting fluid, additives, such
as extreme pressure agents, preservatives, and fungicides,
should be included in the base fluid. However, these
additives often contain harmful substances, such as
chlorides, phosphates, nitrites, and sulfides [1,2]. These
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effects when released into soil and water sources. This
persistence leads to eutrophication, red tide occurrences,
and algal blooms in rivers, lakes, and oceans, which result
in acute and subacute mortality in aquatic organisms. The
extensive use of cutting fluids not only poses a threat to
the environment and the health of operators but also
incurs significant costs associated with post-treatment.
Such practices are no longer aligned with the current
principles of green, efficient, and sustainable develop-
ment [3—5]. As an environmentally friendly machining
technology, dry cutting eliminates the need for cutting
fluids entirely. It addresses the issues related to the high
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costs of cutting fluid usage and posttreatment, mitigates
harm to the natural environment, and supports the health
of operators. However, it presents challenges because of
the absence of a cooling medium in the cutting zone. This
absence severely restricts heat dissipation capacity, thus
imposing stringent requirements on tool materials, work-
piece materials, and process parameters. As such, dry
cutting is not suitable for difficult-to-machine materials or
operating conditions with high energy density [6—S8].

With the rapid development of mechanical processing
and manufacturing, issues such as environmental pollu-
tion and resource wastage have gained increasing
prominence, thereby leading to a growing focus on green
and sustainable processing methods. Minimum quantity
lubrication (MQL) has emerged as an ideal alternative in
this regard. This process is characterized by cleanliness,
energy efficiency, and high reliability, thus making it a
desirable substitute for traditional lubrication methods.
MQL has found widespread application in metal cutting
by offering advantages over conventional flood cooling
and microlubrication techniques. It not only reduces
usage costs and postprocessing requirements but also
minimizes environmental and occupational hazards
[9,10]. The effectiveness of MQL can be attributed to its
unique delivery method wherein a small amount of
microlubricant (10—100 mL/h) is atomized either within
or outside the nozzle using compressed air (0.40—0.65
MPa). This atomization process forms a cluster of
droplets that are carried by the airflow and directed
toward the cutting zone, thus providing cooling and
lubrication [11]. The increased specific surface area of
atomized lubricant droplets significantly enhances their
spreading and wetting properties. Consequently, even
with a lubricant dosage as low as 5%, the performance
achieved with MQL surpasses or equals that of traditional
flood cooling methods. Consequently, researchers are
actively exploring methods to improve the cooling and
lubrication capabilities of MQL further by enhancing its
atomization performance, specifically by reducing the
average particle size and size distribution of the droplets.
This area of research has garnered significant attention in
the academic community [12].

The two separate processes that constitute nozzle
atomization are the disintegration of small liquid clusters
in the main jet region and the fragmentation of the
continuous phase liquid at the nozzle exit in the initial jet
region. At the nozzle outlet, the force, deformation,
fracture, and fragmentation behavior of the continuous
phase liquid are the main topics of discussion during the
initial stage of atomization [13,14]. However, for
practical applications of MQL, researchers are primarily
concerned with the atomization process occurring in the
main jet region. The main jet atomization is a continuous
process without a fixed position or time scale for
measurement. Specifically, it refers to a phenomenon
wherein the small liquid clusters formed after the initial

breakup at the nozzle exit enter the main jet region and
undergo further continuous breakup or fragmentation
under external forces [15,16]. Current research on the
main jet atomization process primarily centers around the
deformation and rupture processes of individual liquid
clusters under external forces [17]. The findings demon-
strate that the primary cause of breaking atomization is
the velocity difference between small liquid and gas.
Surface tension tends to contract the small liquid clusters
into spherical shapes, while viscosity impedes their
deformation. Only when the external forces exceed the
internal forces can the liquid clusters undergo deforma-
tion or breakup [18]. Presently, high-speed imaging
experiments and simulation methods are predominantly
employed in the study of main jet atomization. Shlegel et
al. [19] and Pham et al. [20] conducted experiments using
high-speed camera particle image velocimetry (PIV) to
capture the breakup process of small droplets on the main
section of the jet; analyzed the effects of relative velocity,
viscosity, and other factors on the breakup; and discussed
the breakup mode under different Weber numbers.
Ridolfi and Folgarait [21] and Wei et al. [22] simulated
the surface waveforms of small liquid clusters and the
process of their breakup into smaller droplets. They
examined the influence of jet parameters on liquid
deformation and breakup and predicted droplet size and
distribution based on simulation results. However, the
complex nature of the two-phase jet breakup process
involves intense energy exchange between the gas and
liquid phases; multiple force interactions; and direct and
intricate influences of liquid morphology, external
environment, and liquid properties on liquid atomization
[23]. Furthermore, the main jet atomization process
involves additional complexities, such as droplet colli-
sion, droplet coalescence, droplet evaporation, and
droplet oscillation, thus further complicating the investi-
gation of liquid atomization [24,25]. In light of practical
industrial considerations, researchers have conducted
extensive experimental studies on droplet breakup
atomization using pneumatic nozzles by taking into
account the characteristics of different atomizer types and
statistical theories. They employ dimensionless parame-
ters, such as the Weber number (We), Reynolds number
(Re), and Mach number (Ma), to characterize the average
droplet size resulting from droplet breakup, thereby
developing various empirical and semiempirical models
for predicting droplet size [26-28].

Based on the aforementioned studies, researchers have
found that increasing the atomization gas pressure can
effectively enhance atomization performance and the
transport capability of microliquid droplets. However,
this approach can have negative effects. In the process of
liquid atomization and crushing, a violent energy
exchange behavior emerges between the gas and liquid
phases. At the same time, with the generation of a large
number of fine oil mist particles, these particles may
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easily fly and disperse in the process of entering the
cutting zone by relying on compressed gas [29,30].
Studies have shown that the oil mist droplets produced
during the spraying process contain inhalable fine
particles (PMjy and PM;s) with an average settling time
of 8.2 s for PMg particles and over 1.5 h for PM,;
particles. When the concentration of suspended particles
in the air exceeds a certain level, it can severely impact
respiratory system’s health. These fine particles deposit in
organs, such as the respiratory tract, alveoli, and bronchi,
which leads to allergies, pneumonia, irritant reactions,
asthma, pulmonary emphysema, and even various types
of cancer, including laryngeal cancer, thus posing a
serious threat to human health [31-33]. Therefore, good
atomization performance and green processing
requirements are difficult to take into account by using
pneumatic atomization. Hence, Jia et al. [34] proposed an
electrostatic atomization-assisted grinding technology for
MQL in 2017. The inspiration for this technology stems
from the fact that electrostatic atomization technology
exhibits small atomization particle size, high uniformity,
and strong enveloping ability. Moreover, it has demon-
strated significant advantages over other atomization
methods in various fields, including the preparation of
nanoparticles, nanocapsules, nanofibers, and high-
performance batteries in the bio-based materials and
pharmaceutical sectors [35-37]. Furthermore, research in
areas such as water coal slurry atomization, liquid fuel
atomization, and electrostatic spraying has shown that
charged liquid atomization can significantly refine droplet
size and reduce the range of droplet size distribution
[38,39]. Subsequently, Lv et al. [40] and other researchers
[41-48] conducted experiments on electrostatic atomiza-
tion in the context of MQL cutting for various metal
materials. The results of the experiment demonstrated a
significant improvement in tool life and workpiece
surface quality.

Compared with the traditional MQL, under the action
of multiple physical fields, the force of the liquid film is
more complicated, and the physical properties of the
lubricant itself are changed. Thus, examining the
atomization characteristics and calculating the energy
distribution are particularly difficult. Therefore, the
droplet size generated during the atomization process of
charged small liquid clusters must be analyzed
statistically, and relevant prediction models must be
established to guide the application in this field.
Meanwhile, in the introduction of the external electric
field, no comprehensive study has been conducted on the
energy consumption of the atomization system. Although
researchers have done some research work on energy
dissipation and energy transfer in the process of
electrostatic atomization, no relatively complete energy
distribution model has been developed so far. Therefore,
this study focuses on the atomization process in the
primary jet section of an internal-mixing two-phase flow

nozzle. Laser particle analyzers are utilized to measure
the volume mean diameter, size distribution span, and
inhalable particle concentration at different cross-
sectional positions along the primary jet section. Further-
more, based on a dimensionless analysis, a predictive
model for the volume mean diameter is established,
which correlates directly with the effective Weber num-
ber, electric Euler number, void fraction, and the ratio of
jet length to nozzle diameter. The study investigates the
variations in the potential energy of surface tension, the
loss of kinetic energy of gas, and electric field work at
different jet positions. Additionally, an energy distribu-
tion ratio model for the atomization system is developed
based on the relationship among these factors. The
influence of wvarious jet parameters, especially gas
velocity and initial voltage, on energy distribution is
analyzed. The results of this study not only stimulate
further understanding of energy distribution behavior
during the atomization process but also provide practical
guidance for the precise and controllable application of
the average droplet size in industrial settings [49-52].

2 Experimental investigation of the
breakup and atomization of charged
small liquid clusters

2.1 Experimental setup

Figure 1 presents the experimental setup for investigating
small cluster breakup and the particle size of atomization
under the electrostatic atomization minimum quantity
lubrication (EMQL) conditions, as well as the construc-
tion of the energy distribution ratio model. The electro-
static atomization system comprises the Bluebe microlub-
rication system, Hongda high-voltage DC power supply,
gas/liquid supply system, and internally mixed two-phase
flow electrostatic nozzle (self-made). The gas pressure
can be adjusted continuously within the range of 0-
0.8 MPa, while the liquid flow rate can be adjusted
continuously within the range of 0—-200 mL/h. The high-
voltage DC power supply allows for the continuous
adjustment of the voltage between 20 and 60 kV. The
nozzle outlet radius, which is denoted as ry, is set to
1 x 1073 m. Faraday cages and picoammeters are emp-
loyed to measure the charge-to-mass ratio of atomized
droplets. The Winner319 laser particle analyzer is utilized
to measure the average droplet size and its distribution. A
vortex flowmeter is used to measure the gas flow rate at
the nozzle outlet. The i-SPEED 221 high-speed camera
and LED high-intensity light source are employed to
observe the liquid film evolution at the nozzle outlet
visually and extract information for calculating the initial
liquid velocity.

2.2 Experimental design

Soybean oil, which is primarily composed of fatty acids,
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Fig. 1 Experimental and measuring equipment.

contains polar functional groups, such as —COOH and
—COOR. These groups form a physically adsorbed film
via Van der Waals forces along metal surface molecules,
thereby facilitating lubrication and friction reduction.
Additionally, soybean oil undergoes metal saponification
reactions with metal surfaces, which result in the
formation of chemically adsorbed films that also contri-
bute to lubrication and friction reduction. Consequently,
soybean oil is selected as the atomized oil, and the flow
rate is fixed at 60 mL/h. A pulse-type liquid supply with a
duty ratio of 1:5 is employed. The distance between the
electrostatic nozzle and the receiving plate is set to
50 mm. A full factorial experiment is conducted using
voltage, air pressure, and spray distance as independent
variables. The voltage levels are selected as 0, 20, 25, 30,
35, and 40 kV, while the air pressure levels are set at 0.1,
0.2, 0.3, and 0.4 MPa. In the case of free jet injection, an
initial jet length that is approximately 6.4 times the nozzle
diameter exists within which the primary atomization of
the liquid occurs.

As shown in Fig. 2, regarding the initial atomization
behavior at the outlet of the EMQL nozzle, we have
developed a mathematical model for the volume-averaged
droplet size during the initial atomization process based
on fluctuation theory. This model sheds light on the near-
field atomization mechanism of the EMQL nozzle. Our
analysis reveals the significant influence of the applied
external electric field on the morphology of the lubricant
annular film at the nozzle outlet. As shown in Figs. 2(a)
and 2(b), the annular film morphology under the pure
electric field condition of 40 kV exhibits the formation of
the distinctive Taylor cone and the presence of mono-
disperse small droplets. Figure 2(c) presents the annular
film morphology under the pure pneumatic condition of
0.2 MPa, which is characterized by minimal film oscilla-
tion and a relatively lower number of wave modes.
Meanwhile, Fig. 2(d) shows the annular film morphology
under the condition of 0.2 MPa and 30 kV, where the
transverse oscillation of the film becomes increasingly
pronounced, accompanied by a growing number of wave
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Fig. 2 Nozzle liquid film characteristics.

modes, shortened wavelengths, and a more uniform
distribution between wave peaks [1]. Considering that the
actual working position of the MQL processing nozzle is
not proximal to the nozzle itself, this study further
investigates the atomization characteristics in the spray
zone at distances of 20, 30, 40, and 50 mm. By employ-
ing a laser particle size analyzer, we measure the volume-
averaged droplet size under different voltage and air
pressure conditions across various spray cross-sections
while simultaneously tracking the distribution pattern of
droplet sizes and the content of PM;y and PM; s particles.

2.3 Measurement results and analysis of particle size

As shown in Fig. 3, the volume average diameter of
droplets (VAD) under different voltage and air pressure
conditions is experimentally measured. The observed
variations in the VAD on different cross-sections, which
are measured at various distances from the nozzle outlet,
exhibit a consistent trend.

As shown in Fig. 3, the average volume particle size of
the droplets decreases consistently with increasing
voltage and air pressure. Moreover, for a given air
pressure and voltage, an increase in spray distance results
in a decreasing trend in the average volume particle size
of the subdroplets. Notably, this behavior differs in the
case of an air pressure of 0.1 MPa and voltage of 0 kV.
Analysis reveals that at an air pressure of 0.1 MPa, the
gas atomization capability is insufficient, thus leading to
droplet breakup at 20 and 30 mm. However, as the gas
kinetic energy dissipates rapidly, the atomization
capability no longer supports further breakup of the liquid
at 40 mm. Instead, droplet collision and coalescence
occur, thus resulting in an increase in the average volume
particle size. However, when the nozzle is charged, the
decrease of the surface tension of the liquid itself and the
effect of the electric field force do not appear in this
phenomenon. Under the action of the electric field, the

same charge accumulates on the surface of the droplet
and causes the skin phenomenon. The charge repulsion
helps to offset the surface tension, and the droplet is more
likely to break [1]. Additionally, droplet collision and
coalescence are effectively avoided because of the
repulsive forces between droplets carrying the same
charge. With increasing voltage and air pressure, the
average particle size of droplet volume continuously
decreases. Under identical air pressure and voltage
conditions, the average particle size of the subdroplet
volume decreases with increasing spray distance, thus
indicating a consistent effect of the electric field on
particle size reduction at different positions. At a voltage
of 30 kV, the droplet size decreases rapidly with
increasing air pressure. This decreasing trend becomes
pronounced with the increasing distance, which suggests
that the influence of the airflow field in promoting
particle size reduction gradually strengthens at different
positions. Notably, the most significant reduction in
particle size occurs during the transition from an air
pressure of 0.1 to 0.2 MPa, thereby emphasizing the
inadequate atomization capability at 0.1 MPa air pressure.

2.4 Span assessment of droplet size distribution at the far
end of the nozzle

To investigate the impact of aerodynamic and electrical
parameters on the particle size distribution and the
generation of fine droplet concentration during the
spraying process at different spray distances, we have
collected data on the volume-averaged particle size of the
droplet population, span values (R.S) of the particle size
distribution, and the percentage content of PM;o/PMy s
under varying voltage and air pressure conditions. Figure
4 shows the cumulative distribution curves of droplet
sizes for different voltage conditions at 0.3 MPa/30 mm,
various air pressure conditions at 30 kV/30 mm, and
different spray distance conditions at 0.3 MPa/30 kV.

The droplet size distribution span, which is represented
by the R.S wvalue, exhibits a decreasing trend with
increasing voltage. Under conditions of 0.3 MPa/30 mm,
compared with pure pneumatic atomization, the droplet
size distribution span decreases by 47.85% at a voltage of
40 kV. Furthermore, the R.S value of the droplet size
distribution span gradually rises with increasing air
pressure. At 30 kV/30 mm, compared with 0.1 MPa, the
droplet size distribution span increases by 159.14% at an
air pressure of 0.4 MPa. However, the R.S value of the
droplet size distribution span shows little sensitivity to
changes in spray distance. Under conditions of 0.3 MPa/
30 kV, with increasing spray distance, the distribution
span initially increases and then decreases until it reaches
its maximum at 30 mm. Notably, under various spray
distance conditions, the variation in droplet distribution
span is minimal with a maximum difference of only
0.031.
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2.5 Percentage concentration assessment of PM o and
PM, 5 at the far end of nozzle

Given the poor atomization ability when the gas pressure
is 0.1 MPa, the droplet size is larger, thus resulting in the
practical absence of small droplets contributing to the
generation of PMj¢ and PM, 5. Therefore, the subsequent

discussion does not include the analysis of PMjy and
PM, 5 levels under such conditions. As shown in Fig. 5,
the percentage concentration of PM at the cross-sections
of 20, 30, 40, and 50 mm spray distances under various
air pressure and voltage conditions.

Taking the 20 mm spray distance section as an exam-
ple, the percentage concentration of PM;q significantly
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increases under nonelectrified conditions with increasing
air pressure. The maximum increase is observed at 228%
when the air pressure is raised from 0.2 to 0.3 MPa. This
phenomenon is attributed to the accelerated fragmentation

and atomization of small liquid clusters within this
pressure range. The intensified interaction between the
gas and droplets at higher air pressure shifts the
fragmentation process toward an explosive mode, thus
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resulting in an increased production of smaller droplets.
However, when the air pressure is further increased from
0.3 to 0.4 MPa, the rate of increase in the percentage
concentration of PM;o diminishes to 25.14%. This
saturation effect occurs because the liquid fragmentation
process reaches a near-saturation state at an air pressure
of 0.3 MPa, thereby making the effect of further
increasing the gas pressure less noticeable.
Comparatively, the impact of voltage on the percentage
concentration of PMjy under identical air pressure
conditions reveals that charging the liquid effectively
suppresses the formation of small droplets in the PMj
range. This suppression is primarily attributed to the low
generation of small droplets during the initial atomization
stage under charged conditions. For example, in the case
of the 20 mm/30 kV configuration, the percentage concen-
tration of PM( decreases by 72.45%, 64.8%, and 64.78%
at air pressures of 0.2, 0.3, and 0.4 MPa, respectively,
compared with nonelectrified conditions. The greater
reduction in concentration observed at 0.2 MPa can be
attributed to the smaller base value used in the
calculations. A comparison of different spray distance
conditions shows that when the air pressure is either 0.2
or 0.3 MPa, the influence of voltage on PMjy is more
evident; that is, the suppression effect continues to
increase with the increase of voltage. However, this
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relationship no longer holds true when the air pressure
reaches 0.4 MPa. This outcome can be attributed to the
excessively vigorous interaction between the gas and
liquid phases at an air pressure of 0.4 MPa, which
increases atomization randomness. This observation
indicates that higher air pressures are not conducive to the
controlled parameterization of atomization. Using the
30 kV/0.3 MPa condition as an example, the analysis of
the percentage concentration of PM) at different spray
distance sections reveals a distinct variation when
transitioning from 20 to 30 mm with a small degree of
change as the distance further increases. Notably, the
concentration measured at 40 mm is lower than that at 30
mm. This discrepancy arises from the fact that the particle
size measurements are not obtained within the same
atomization process but represent an average of multiple
measurements, thus introducing a certain degree of
numerical fluctuation.

Figure 6 presents the percentage concentration of PM; s
at the cross-sections of 20, 30, 40, and 50 mm spray
distances under different air pressure and voltage
conditions.

The percentage concentration of PM,s closely
resembles that of PM;¢ under different conditions with
differences primarily in magnitude. Increasing the gas
pressure under nonelectrified conditions significantly
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enhances the percentage concentration of PM,s. The
maximum value of 2.012% is observed at a spray distance
of 50 mm and an air pressure of 0.4 MPa. Electrifying the
liquid effectively reduces the generation of small droplets
in the PM; 5 range. High voltages result in a pronounced
suppression effect at 0.2 and 0.3 MPa, while the impact
of voltage on PM; s generation is enhanced at 0.4 MPa
but not significantly, following a similar trend observed
for PM;q concentration. Furthermore, the influence of
spray distance on the percentage concentration of PM; s is
relatively minor.

3 Mathematical model of breakup and
atomization droplet size for small liquid
clusters

3.1 Development of a mathematical model for the size
distribution of fragmented and atomized droplets

The Buckingham Pi Theorem, also known as the =
theorem, is a universal method of dimensional analysis
that establishes relationships between various parameters
and the governing parameters based on experimental
observations. By constructing dimensionless groups and
analyzing their physical interpretations, a correspondence
is established between dimensionless groups and the
target phenomenon. For a complex physical process
described by n variables, including m fundamental
dimensions, the phenomenon can be expressed using
n — m independent dimensionless groups.

Based on the particle size experiments and energy
distribution coefficients of the gas-assisted EMQL
spraying system mentioned above, several observations
can be made. The VAD decreases with increasing nozzle
exit gas velocity (uo), increasing nozzle voltage (Up), and
increasing spray distance (x). The analysis of electrostatic
effects suggests that electrostatics can alter the liquid’s
surface tension coefficient, thus implying a proportionate
relationship between the surface tension coefficient (o)
and VAD. Additionally, VAD is correlated with the
liquid film thickness, which can be represented by the gas
core radius (rg) and reflect the gas-to-liquid flow rate
ratio of the atomization system. Although this study does
not specifically discuss the comparison of nozzle exit
diameters (dp), numerous studies have shown that the
average droplet size increases with an increase in the
nozzle exit diameter, thereby indicating a proportional
relationship between VAD and dy. To clarify the physical
meanings of the dimensionless groups involved in the
theory, the relative permittivity (s;) and gas density (p,)
are introduced. According to the Buckingham Pi
Theorem, the aforementioned physical quantities can be
expressed as follows:

F(VAD, ug, Uy, &, g, do, gy 0, x) = 0. (1)

The equation comprises nine physical quantities,
namely, & with dimensions [L3M™IT412], U, with
dimensions [L2MT>1"1], ug with dimensions [LT™'], p,
with dimensions [ML™3], dj with dimension [L], r; with
dimension [L], o* with dimensions [MT2], x with
dimension [L], and VAD with dimension [L]. These
quantities involve four fundamental dimensions, namely,
M (mass), L (length), T (time), and I (current).
Consequently, the equation can be reformulated in terms
of five dimensionless groups as follows:

Si(mmmmms) = 0. (2)

By selecting do, uo, Up, and pg as repeating variables,

each dimensionless group can be expressed using the

repeating variables and one nonrepeating variable in the
following manner:

o =dy", Uy, uy®, 0, VAD, (3)
m, = dOal’ anz,u0"3,pga4,8r, (4)
T = doal , UOaZ, uoaS’pgaét’ rg’ (5)
T = doal, anz,uol‘},pg‘”,O'*, (6)
T = doul, anz,uoﬂ3,pga4,x. (7)

Taking m; as an example, dimensional normalization
calculation is

M,L,T,l, = (L) (L*MT T y*(ML*)“'L. (8)
Equating the dimensional exponents on both sides of
the equation, the following is obtained: a; = —1, a, = 0,

a3 = 0, and a4 = 0. Note that m, = VAD/d,. Similarly,
nz=s,U02/pgu02d02. The electric Euler number Ey is
n; = 1,/d,, and its physical significance is consistent with
the void fraction a. Therefore, it can be expressed in
terms of the void fraction @, ny (my = pguo°dy/c™), the
Weber number, nts (75 = dy/x), and nozzle diameter to jet
length ratio F,. The function relationships among the
dimensionless groups can be established as follows:

VAD :A(Pguo do) ( ) (a)D(dO) ’ )

dy o* x
where A is the nozzle structure coefficient; and B, C, D,
and E are the fitting exponents for the corresponding
physical quantities. Taking the logarithm of both sides of
the equation yields the following:

2
& UO

2
pgqudO

AD *d, ?
ln(V )zlnA+Bln(F&*O)+Cln( Zid) 2)
dO 4 pgu02d0
d,
+Dlna'+Eln(—). (10)
X

Combined with the experimental data of the volume-
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averaged droplet diameter obtained under various
operating conditions, the fitting coefficients can be
determined through the least squares. Given the presence
of voltage in the numerator of the electric Euler number,
taking the logarithm is not meaningful when the voltage
is zero. Therefore, this empirical formula is only
applicable to charged operating conditions and does not
consider noncharged conditions. The correlation of the
experimental volume-averaged droplet diameter VAD is
as follows:

VAD

0

5 0.0036
81' UO )

2
Pelto’dy

*

o

0.2568
dy

Lo [ 20 )
X

Equation (11) demonstrates that the volume-averaged
droplet diameter exhibits an inverse correlation with the
Weber number, thus indicating that larger Weber
numbers correspond to smaller droplet sizes. The Weber
is positively correlated with the initial gas velocity and
negatively correlated with the liquid surface tension
coefficient. Therefore, increasing the gas velocity or
decreasing the liquid surface tension coefficient will
result in a reduction in the volume-averaged droplet
diameter. Notably, although the experiment shows that
the droplet size decreases with the increase of voltage, the
electric Euler number contains the initial gas velocity
term, which is inversely proportional to the electric Euler
number. By considering the combined effects of the
electric field and the airflow field, we find that the droplet
average diameter is directly proportional to the electric
Euler number. This observation implies that larger
electric Euler numbers correspond to larger droplet sizes.
The void fraction, which is mostly dictated by the gas
core radius of the annular liquid film at the electrostatic
nozzle outlet, is inversely proportional to the volume-
averaged droplet size, which also illustrates that the
droplet size is influenced by the thickness of the liquid
film. A larger gas nucleation radius, which is associated
with a higher gas velocity, leads to a larger gas void
fraction. Additionally, the droplet average diameter is
positively correlated with the ratio of the nozzle diameter
to jet length, but decreases as the spray distance increases.
The influence weights of various dimensionless physical
quantities on the average droplet size in atomization can
be determined based on their respective exponent
magnitudes. The void fraction has the greatest impact
weight, while the electric Euler number has the smallest
impact weight. The Weber number and the electric Euler
number take into account the synergistic effects of the
airflow field and the electric field. However, the analysis
suggests that the airflow field has a greater influence on
the droplet average diameter.

24\ 048
= ()_3&2(@) (

(11)

3.2 Validation of the droplet size model

The coefficient of determination, R2, is a crucial metric
for assessing the goodness of fit in a regression model. It
represents the ratio of the sum of squares of regression to
the sum of squares of total deviation, typically
ranging from 0 to 1. In the fitted model, the R? value is
calculated as 0.9778, which indicates a high level of
significance. Furthermore, the F-statistic for this model is
825.2125, which significantly surpasses the critical F-
value. The test P-value is 0, which is less than the default
value of 0.05, thus further confirming the high accuracy
of the model regression. These statistical indicators collec-
tively demonstrate a significant relationship between the
average droplet size and the Weber number, electric Euler
number, void fraction, nozzle diameter, and jet length
ratio.

To assess the model’s performance visually, Fig. 7
presents the residual plot at a confidence level of 95%.
Based on a sample size of 80, all the observed data points
are evenly distributed around a zero point, and the
confidence intervals of the residuals encompass a zero
point within their ranges. The residual plot exhibits a
reasonably normal distribution pattern. It shows that the
regression equation can better conform to the original
data of the average particle size of the droplet volume.

0.16 1
— Fitted curve O Empirical data
0.14
0.12
0.10 | i ? 4 ° o

0.08 f¢
0.06 | ' 2o ? 1o [4 ? 1o |6

Residual

0.04 |
0.02

0 10 20 30 40 50 60 70 80
Sample size

Fig. 7 Diagram of residual lever.

To show the experimental discrete data points and the
fitting accuracy of the empirical formula of the
Buckingham Pi Theorem intuitively, Fig. 8 presents the
relationship between the experimental and theoretical
data. The analysis shows random errors in the measure-
ment of nozzle outlet gas velocity, charge-to-mass ratio,
detection position, and nozzle outlet liquid film velocity.
In addition, the measurement error of the laser particle
size analyzer leads to some errors in the empirical
formula, and the error is within the acceptable range.
Therefore, the utilization of this empirical formula
enables the prediction of the volume-averaged droplet
diameter in gas-assisted electrostatic spraying systems at
varying spray distances. This outcome provides a
theoretical and experimental foundation for the controlled
application of average droplet sizes in electrostatic
spraying engineering.
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Fig. 8 Fitting degree of particle size formula of broken
atomized droplets.

4 Model for energy distribution ratio in
atomization systems

The atomization behavior of the liquid in the main section
of the jet includes the violent energy exchange process
between the liquid phase and the gas phase. Moreover, it
demonstrates the effect of the electric field on the droplet.
The atomization efficiency is typically used to charac-
terize the relationship between the energy input of the
atomization system and the size of the generated droplets.
The change of the droplet size in the energy range is
characterized by the change in the surface tension
potential energy of the (AWs) of the droplet system
during the atomization process. In gas-assisted electro-
static atomization systems, the input energy primarily
consists of the kinetic energy of gas and the potential
energy of the electric field. A vigorous energy exchange
occurs between the high-speed gas formed by jet and the
liquid droplets and the surrounding air. The loss of kinetic
energy of gas (AK) primarily arises from friction with the
surrounding gas, the exchange of kinetic energy between
the gas and liquid phases, and the promotion of liquid
deformation. As such, this process is highly complex.
Additionally, the electric field force in the atomization
process performs work on the charged liquid droplets as
an external force. The ratio 7, which is defined as the
ratio of the AWs following liquid fragmentation to the
sum of the AK and the work done by the electric field
(AWEg), quantifies the proportion of system energy
converted into liquid surface tension during the
atomization process. This ratio 7' serves to characterize
the atomization efficiency of the system.

AW

T=——7o.
AK + AW,

(12)

4.1 Change in the potential energy of surface tension in
atomization systems

Under the condition of pneumatic atomization, the liquid
atomization process is assumed to be completed by a

split, thus ignoring the intermediate change process. In
other words, a mother droplet with a radius of R is
assumed to split into n daughter droplets, each with a
radius of ». The number of daughter droplets n can be
expressed based on the principle of equal volumes as
follows:

n=R/r. (13)
The surface potential energy (Ws;) of the mother
droplet before fragmentation is

Ws, = 4noR?, (14)
where o (N/m) represents the surface tension coefficient
of the liquid phase.

The total surface potential energy (Ws;) of the group of
daughter droplets formed after the fragmentation of the
liquid is given by

(15)

Therefore, the change in surface potential energy (AWs)
of the liquid before and after fragmentation is given by

4nocR*(R—r)

AW = Wg, — Wy, = (16)

In this experiment, soybean oil, which is a dielectric
material, is used as an atomizing oil. The surface tension
of soybean oil at room temperature is 32.17 mN/m. In
general, the surface tension of soybean oil decreases with
the increase of voltage under the same gas pressure
condition. Neglecting the influence of gravity, the droplet
tends to shrink into an ideal sphere with a radius of R
under the action of surface tension. This contraction
results in the presence of static pressure, Ps inside and
outside the droplet, as shown in Fig. 9(a). When a droplet
acquires a charge, the charges primarily accumulate on its
surface because of the skin effect, thus allowing for a
simplification into a surface charge model. Under the
repulsive force exerted by like charges on the surface, the
droplet experiences an opposing electrostatic expansion
force, P, as illustrated in Fig. 9(b) [1].

Fig. 9 Force analysis of charged droplet. The left diagram
shows the hydrostatic pressure. The right diagram shows the
electrostatic expansion pressure.
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The charged droplet is assumed to be an ideal sphere,
and its surface does not fluctuate. The total charge carried
by the droplet is Q4 (C), which is uniformly distributed on
the outer surface of the droplet. According to the
superposition of electrostatic fields, the electric field
strength Eg at any distance 7 from the center of the
droplet can be calculated as follows [52]:

Qq

N = 2 b
4ne,gor?

(17

where rg (m) is the distance from the calculated point to
the center of the sphere. E; (V/m) is the electric field
intensity from the center of the sphere to the point 7.

The surface potential of the spherical droplet and the
electrostatic energy stored in the droplet are further
obtained as follows:

Q4

U,= | Edr,= s 18
¢ Rf e 4ne.eR (18)
Q4
0;
= dQ, = ——, 19
W, OfUd Q= goip (19)

where U (V) represents the surface potential of the
droplet in volts. W, (J) represents the stored electrostatic
energy of the droplet in joules.

Assuming that the decrease in surface tension caused
by the charge on the droplet is represented by Ao, the
corresponding change in surface energy of the droplet,
AWs (J), can be expressed as

AW = dnAcR*. (20)

In this case, the total energy possessed by the droplet is

given by W =W, +AW;. According to the principle of
virtual work, the following can be obtained:

dw 0;
— =——"—+81A0cR=0. 21
dR 8ne.g)R? i @
Therefore,
0;
A= ———. 22
o 64n’e.g\R? 22)

If o = Ao indicates that the static pressure generated by
surface tension is completely balanced by the electrostatic
expansion force, the droplet will undergo deformation
and fragmentation. Thus,

— Qér
o= —.
64n’e.e)R?

Here, Qc; represents the limit charge of the droplet and
can be calculated by

Oc = 8n+oe.gR3. (24)

According to the limit charge of the droplet, the limit
charge—mass ratio Cc; can be obtained:

(23)

[oe.g,

Co =6 Rp (25)

When the actual charge of the droplet is Q4 < Qc,, the

droplet remains in a stable state. In this case, the effective
surface tension of the droplet can be defined as follows:

oc=0- i
64n’e,e,R?
The relationship between the effective surface tension
of the droplet and the actual charge-to-mass ratio (Cz) can
be expressed as follows:

. CGRp;

7 =97 36¢,,

The outlet of an internal-mix two-phase flow electro-
static nozzle is in the form of an annular liquid film. The
annular liquid film at the nozzle outlet must be converted

into a spherical droplet of equal volume. The volume of
the annular liquid film can be calculated as follows:

(26)

@7

Vi= (2 - 1)L, (28)

where V] (m?) represents the volume of the annular liquid
film in cubic meters. L (m) represents the length of the
annular liquid film in meters.

Given the lateral oscillations present on the surface of
the liquid film, the edges of the annular liquid film are
irregular. Therefore, measuring the length of the film
directly is impractical. Therefore, a fitting calculation is
necessary. After removing lens spots from the image, the
image is converted into a binary image. From the top,
bottom, and right directions, the first black pixel is
approximated, as shown in Fig. 10. The region of interest
for calculating the liquid film at the nozzle outlet is
automatically cropped. Then, the total number of pixels
and the number of black pixels within the rectangular
region are calculated, thus allowing for the determination
of the proportion of black pixels. By considering the
inherent pixel value-to-actual size ratio of the image, the
equivalent length of the annular liquid film, which is
denoted as L'(m), is obtained.

For each operating condition, 20 images were analyzed,
and their average values were obtained by considering

_____________ .
0.2 MPa 30 kV
P, p, PXY]:[1,65]
Binarization P,[X,Y]: [102,65]
P,[X Y]: [1,627]

|
|
PLXY]: (102,627 |
|
|
|

Calculation scheme of equivalent length of liquid film.
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different air pressures and voltages. The calculation
revealed that the equivalent length of the annular liquid
film, L', fluctuates between 0.264 and 0.291 mm across
all operating conditions. This trend indicates that the
difference in the equivalent length of the annular liquid
film is not significant under different operating
conditions. Furthermore, the equivalent length of the
liquid film exhibits a linear relationship with the
equivalent particle diameter. Therefore, an approximate
value of 0.276 mm can be selected as the average value.
Subsequently, the radius of the spherical droplet with an
equivalent volume to the annular liquid film, which is
denoted as R’, can be calculated as follows:

3
R = /0.75n(r - ralL.

The effective surface tension of the charged annular
liquid film is given by

29

Colr—r)Lpy
48¢.&

Based on the analysis above, the change in the potential
energy of surface tension of the system before and after
liquid atomization is primarily influenced by the
variations in the average droplet size and the coefficient
of surface tension. When the initial droplet volume is
large, it possesses a relatively low potential energy of
surface tension, thus having a minimal impact on the
overall change in the system’s potential energy of surface
tension.

s

o =0 (30)

4.2 Change in the kinetic energy of the atomization system

The primary source of atomization energy in an internal-
mixing two-phase flow nozzle is the kinetic energy
provided by the compressed air in the atomization
system. During the atomization process, intense interac-
tion and energy exchange occur between the gas and
liquid phases. However, this highly complex phenomenon
results in a reduction of the kinetic energy of gas. The

consumption of this kinetic energy can be attributed to
several factors, including the increase in the kinetic
energy of droplets, the viscous dissipation from droplet
deformation, the increase in surface energy due to droplet
breakup, and the heat carried away by droplet
evaporation. In the absence of the liquid phase, the high-
speed compressed gas flows out of the nozzle and enters
the stationary fluid region without any restriction. When
the pressure is 0.1 MPa, the Reynolds number at the
nozzle outlet is higher than 5000. Moreover, the formed
jet is a circular turbulent free jet, as presented in Fig. 11.
The circular nozzle with a radius of 7y generates a two-
dimensional turbulent free jet that is characterized by
tangential shear layers between the jet and the
surrounding stagnant fluid. Intense vortex microgroups
can be found at the discontinuity, which leads to the
momentum exchange, mass exchange, and heat exchange
between the jet and the surrounding medium. At the
nozzle outlet AA’, the jet velocity is denoted as ug, while
ABCD and A'B’C'D’ represent the outer boundaries of
the jet. AE and A’E are the inner boundary lines of jet. In
addition, the area included in the inner boundary line is
called the core area of the jet, where the velocity remains
at the outlet velocity uy without being affected by
turbulent mixing. The region between the inner and outer
boundaries, AABE and AA’B’E’, is known as the mixing
region of the jet. The mixing region enlarges because of
the entrainment effect at the boundary, thus continuously
drawing in the surrounding fluid. The core region and the
mixing region constitute the initial segment of the jet. The
downstream of the initial segment is the turbulent mixing
region, which is referred to as the main body segment of
the jet, where the jet further develops and expands its
width. Furthermore, a transitional segment exists between
the initial segment and the main body segment; however,
this segment is relatively short and often neglected in
engineering applications for simplicity [53].

Apart from viscous shear stress between layers,
turbulent shear stress also occurs on the boundary of

| D

Nozzle
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|<— Initial segment 4”‘;egmen_t’l<_ Main segment

Transition

Fig. 11 Binary turbulent circular free jet.
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turbulent jets because of the mass exchange and
momentum transfer between adjacent layers caused by
the fluctuation of turbulent particles. This is phenomenon
is also called the Reynolds shear stress [54]. As shown in
Fig. 12, a microliquid mass is assumed to be at point » in
the flow field. Its axial pulsation velocity is #’, and the
radial pulsation velocity is V. According to Prandtl’s
assumption, regardless of whether the microliquid mass is
pulsating to the (» + /)-liquid layer with a higher flow rate
or the (» — /)-liquid layer with a lower flow rate, it needs
to go through a distance /" that does not collide with other
microfluids. This distance is also known as the Prandtl
mixing length. After the microliquid mass is pulsating to
other layers, its original momentum is still mixed with the
surrounding liquid phase. According to the momentum
theorem and the principle of continuity, the turbulent
shear stress can be obtained as —pu'v’.

>
»>
-
Ou
v ot
= U >
S r+l >
3 > u
8 r ; > v
E| -y u'
~ ] l'@
—
or
—_—
>

%V

x-direction

Fig. 12 Turbulent mixing length and time-averaged velocity
distribution.

Given that the radial scale of the turbulent free jet is
much smaller than the axial scale, the radial time-
averaged velocity is much smaller than the axial time-
averaged velocity. Moreover, the axial gradient of the
time-averaged physical quantity is much smaller than the
radial gradient. The boundary layer control equation of
the circular turbulent free jet can be obtained by ignoring
the small amount of magnitude comparison:

ou Ou Ou 10p 1 0r(t,+71,)
iy—ty—=——ty 1 31
E)t+u8x+v(')r p(')x+pr or @D
d(ru) O(rv)
=0 32
ox | or ’ (32)

where x represents the axial coordinate, » represents the

radial coordinate, u# represents the mean axial velocity, v

. . ou
represents the mean radial velocity, 7, = ua— represents
r

the viscous shear stress in the jet, and 7,=—pu'v’
represents the turbulent shear stress. Given that the
viscous shear stress is much smaller than the turbulent
shear stress in a turbulent free jet, the 7; term is often

neglected in practical calculations. Additionally, the axial

.0 :
mean pressure gradient e can be considered a small

quantity and can be neglected. Therefore, for a circular,
axisymmetric turbulent free jet, the simplified boundary
layer governing equations along the axial direction can be
expressed as follows [53,54]:

Ou ou 1 _(9(r‘r2)

Ma + VE = ; or s (33)
o(ru) O(rv)

=0. 34

ox * or (34)

The aforementioned boundary control equations are not
closed. To complete them, the Tollmien solution is used
along with the Prandtl turbulent shear stress relation,
which can be expressed as follows:

T, 2(8u )2

=2 =pl=],

0 or
where / represents the mixing length at any cross-section
of the jet. A dimensional analysis reveals the following:

(35)

bocx, [« ax, (36)
where b represents the jet expansion width. « is the free
constant, considering the self-similarity of the free jet.

From this, the following can be obtained:

r r
(5) = f(a) = f(9).
where uy;, represents the centerline jet velocity. C is a

proportionality constant. Given the relationship u,, o< 1/x,
the above equation can be written as

2= (37)

Un

C,
u=uy,f(p) = 7f(¢),

where C) is a dimensional constant. By introducing the
Stokes stream function ¥, and combining it with the
continuity Eq. (32), the following can be obtained:

u= [ rudr=C*2u, [ ofpdp = CCCixFp).  (39)

(39%)

dF
where F(p) = fgof(qo)dgo. Set F’ = o then
@

10 ¢
:_;l’:ﬁﬂ’ (40)
rox x ¢
10 cC
=W S ). (1)
r ox X

Therefore, the convective term of the free jet can be
expressed as

ou  Ou cild (F F ’)

U—+v—=—-———-———|.
®

The term for turbulent shear stress in the jet is given by

T _pfou) _@CHF F
P or o ¢

(42)

F// F/
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[(F”—l“ﬂ’/(ﬂ)2
@

where « is an arbitrary constant. As a result, let o = C°.
By substituting Egs. (29) and (30) into the boundary
control equations, the following can be obtained:

or Or } - 69

d (FF\ d[(F-F/e)
_(_): _[ﬂ} (45)
dp\ ¢ ] do 9
After rearranging,
F'=F¢'=VFF'. (46)

The boundary conditions for the jet can be listed as
follows. At the centerline of the jet, note that » =0, ¢ = 0,
U=um,v=0, F'lp=ulun,=1, F'— Flp =0, F'(0) =0, and
F(0) = 0. Similarly, at the far-field of the jet in the radial
direction, » = o, ¢ = o, u = 0, F'lp = u/uy, = 0, and
F'(0)=0.

Using the Tollmien incremental approximation method,
the numerical solution is obtained as follows:

where by, represents the half-jet expansion width. By
substituting the Tollmien solution into the momentum
equation for the jet, the following can be obtained:

« > F/ 2
M= jpuz-andr = jpil(goz)
0 0

2nC* X pdy = gdzpug.

(48)
After rearranging,
U, 1 d
o (49)
Uy C+88 X
i F/ 2
where 8 = f (F) dgp ~ 0.536. Then,
5 ?
un, 096 1 (50)
u, C x/ry

The small distance between the pole point and the
nozzle exit can be neglected, and the calculation can be
based on the nozzle exit as the starting point of the jet. By
introducing the turbulence coefficient to analyze the
variation of the single-phase jet velocity with distance,
the axial velocity of the free jet can be expressed as
follows:

0.96u,

< +0.29

To

where u, (m/s) represents the axial velocity at the
centerline of the transverse interface at a distance x from
the nozzle exit. ¢ is the turbulence coefficient of the jet,
which is taken as 0.007.

When the liquid phase is introduced, the interaction
between the gas flow and the liquid phase leads to
atomization behavior. During the transport of the charged

u, =

(51

liquid droplet group by the gas flow, an energy exchange
process occurs between the gas and liquid phases at a
certain distance, thus resulting in a charged two-phase
flow of gas and liquid. The velocity distribution pattern of
this flow is similar to that of a pure gas jet. However,
with the addition of the liquid phase, the viscosity of the
charged two-phase flow increases compared with that of
the single-phase gas flow, thus causing changes in the
velocity attenuation of the jet. For an internal-mixing two-
phase flow with a circular nozzle, the following quantity
relationship exists:
= 0.96_tT0 VI + S0 ,
wd /1+0.5650%

0

(52)

where S, = m,x/m, is the jet density. mmix (kg) is the
mass of the gas-liquid mixture and m, (kg) is the mass of
the compressed air. 'y is the initial velocity ratio, which
is given by I'o =u/u,, where u; (m/s) is the initial
velocity of the liquid at the nozzle exit.

Given that the gas-liquid velocity difference at the
nozzle outlet is large, then u; < u, and I'y =0, which
further gives an approximation of x as

Upho

w |1+0.568,=
Uy

The velocity u, of the gas at a fixed cross-section x in
the jet can be determined based on the initial velocity of
the jet, the nozzle radius, and the jet density. In this study,
the initial velocity of the jet and the instantaneous liquid
flow rate are known. To obtain the value of u,, the gas
mass must be calculated within a spray step. In the case
of an internal-mixing two-phase flow, where the liquid
film at the nozzle exit is in the form of an annular film,
the accurate calculation of gas mass requires the
determination of the radius of the gas core within the
liquid film, r,. The void fraction within the annular liquid
film, which is defined as a, represents the ratio of the area
occupied by the gas core to the cross-sectional area of the
nozzle exit:

x=0.96

(53)

a= rz /re. (54)

In this study, a pulsed liquid supply method is
employed for the two-phase flow nozzle with a duty cycle
of 1:5. The instantaneous mass flow rate m; (kg/s) can be
obtained based on the average mass flow rate my;. If the
liquid velocity at the nozzle exit v, (m/s) and the liquid
density p; (kg/m?) are known, the void fraction a can be
determined using the following equation, thus allowing
for the calculation of the gas core radius.

m = pymra(l —a). (55)
By considering the gas density p, (kg/m?), the initial

velocity of the jet uy (m/s), and the time required for one
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atomization step ¢ (s), the gas mass m, can be calculated
as follows:

My = TpPgrauol. (56)

The time ¢ required for one atomization step can be
determined based on the liquid mass and the
instantaneous liquid flow rate. With this information, the
gas energy loss value (AK) at a distance x from the nozzle
can be obtained:

1
AK = Emg(uo —u,)’. (57)

As discussed above, the attenuation of kinetic energy in
the atomization system is primarily influenced by the
initial velocity of the gas, the gas core radius, the nozzle
exit diameter, the liquid flow rate, and the distance from
the nozzle exit. These factors play significant roles in
determining the rate at which the kinetic energy of the
system decreases.

4.3 Change in potential energy in the atomization system

In electrostatic atomization, the electrostatic nozzle can
be considered a needle-shaped electrode. It forms a
needle-plate configuration with the target, which results
in a nonuniform and stable electric field between them.
Based on the nonuniform electric field characteristics of
the needle-plate electrode configuration, a long rotating
ellipsoidal coordinate system (&,n,@) is employed, and
two rotating hyperboloids are used to approximate the
surfaces of the needle tip and the plate electrodes. This
process allows for the determination of the potential and
the maximum field strength in the needle-plate electric
field [55]. In the calculation process, a mathematical
model of the potential function for the standard
hyperboloids is reduced to the following boundary value
problem:

HE-1 D 31 -) 00
0t o on O

62_7]2 62(1) 3

— =0,
& -DA=7n*) 6a?
(58)

(I)|)7:O = 09 q)lq = (I)O,

=Ny

(59)
where @ represents the potential function in the needle-
plate electrode system. The solution for @ is given by

q)() 1+ n

Ty M\ 1y)

ln(—no) 1

L -7,

Based on the model from Mason theory, the electric

field strength at a distance x from the nozzle exit can be
constructed as follows:

®= (60)

2U,
E.= , (61)
(R, +2x)In[(R, +2d)/R.]
where E, (V/m) represents the electric field strength at a

distance x from the nozzle exit. R, is the curvature radius
of the nozzle, which is taken as 15 x 1070 (m).

Charged liquid droplets move downstream in the jet
under the influence of gas drag and electric field forces.
During the motion, the electric field works on the charged
liquid droplets. The work done by the electrostatic field
AWrg can be expressed as follows:

AWr = Qy(Uy - U)), (62)
where U, represents the potential at the position where
the liquid droplet is located after its motion. U, can be
expressed as follows:

2U,
v.= | R 2zomiR 2R @
Therefore, AWg can be computed as follows:
20,
AW, = - . (64
We =0 (U" J (R, +2x0)In[(R, +2d) /R, ] dx) 64

The charge on the liquid droplets can be determined by
the spray charge-to-mass ratio and the liquid mass.
Therefore,

(65)

In(R,+2
AW, = mchUO(l n(R, +2v) )

" In[(R, +2d)/R,]

Based on the derived equation, the work done by the
charged liquid droplets in a nonuniform electric field is
primarily determined by the liquid mass, the charge-to-
mass ratio, the nozzle voltage, the distance between
electrodes, and the distance from the nozzle exit.

By substituting the surface potential energy change
(AWs) after liquid fragmentation, the loss of kinetic
energy of gas (AK), and the work done by the electric
field (AWE) into Eq. (12), the energy distribution ratio T’
can be obtained as follows:

4noR*(R—-r)

T = . (66)

1
=my(Uy — u) +mC,U,|1

In(R, +2x)
; )

~ In[(R,+2d)/R,]

5 Results and analysis of the energy
distribution ratio model

5.1 Determination of model input parameters

Equation (16) indicates that the radius sizes of mother
droplets and daughter droplets before and after liquid
breakup must be given, along with the surface tension of
liquid under different charging conditions. Thus, the
change value of the potential energy of surface tension
before and after liquid atomization can be obtained.
Given that the initial potential energy of the surface
tension of the liquid is relatively small, approximating the
annular liquid film as a spherical droplet introduces
negligible errors in the model. The initial particle size of
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the mother droplet before crushing was calculated with a
liquid volume of 2 mL as a fog chemical step. The
microlubricant used in the study is soybean oil. Its density
is 916.8 kg/m3, and its mass is 1.8336 x 1073 kg.
Additionally, according to the principle of equal volume
transformation, the annular liquid film can be
approximated as a spherical droplet with a radius of
7.8172 x 1073 m3. The initial velocity of the gas at the
nozzle outlet is measured by the flowmeter. The analysis
shows that the influence of the electric field on the gas
velocity is negligible. The measured gas velocities under
conditions of 0.1-0.4 MPa are 38.25, 56.38, 69.40, and
79.92 m/s, respectively. The surface tension of the liquid
under different voltages is determined by measuring the
charge-to-mass ratio. In this study, the real charge-to-
mass ratio is determined using a Faraday pail and a
picoammeter. Given that the droplet sizes formed during
atomization exhibit a certain distribution width rather
than being uniformly distributed, the VAD of the droplets
in the atomization system under different gas pressures
and voltages is estimated using a Winner319 laser particle
size analyzer. Specific results can be found in Section 2.3.

The analysis reveals that the charge-to-mass ratio of the
liquid is independent of the distance from the measure-
ment point to the nozzle exit. Figure 13 presents the
measured real charge-to-mass ratios under different
voltages and gas pressures. At the same gas pressure, the
charge-to-mass ratio of the droplets increases with the
voltage. This behavior can be attributed to the stronger
charging capability associated with higher nozzle voltage.
However, as the voltage continues to increase, the
increment of the charge-to-mass ratio diminishes. This
trend can be attributed to the liquid reaching its maximum
charge limit, thus causing a challenge for the liquid to
acquire additional charge at higher voltages. Under the
same voltage, the charge-to-mass ratio of the liquid
decreases with increasing gas pressure. This trend can be
explained by the increase in gas velocity at the nozzle exit
with high gas pressure. The energy exchange between the
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Fig. 13 Droplet charge-mass ratio under different pressure and
voltage conditions.

gas and liquid results in an increase in liquid velocity.
Consequently, the contact time between the liquid and the
nozzle decreases, thus leading to a reduction in the charge-
to-mass ratio of the liquid. Moreover, this trend becomes
pronounced with increasing gas pressure. The maximum
charge-to-mass ratio obtained at a gas pressure of
0.1 MPa and a voltage of 40 kV is 0.3078 mC/kg, while
the minimum charge-to-mass ratio obtained at a gas pres-
sure of 0.4 MPa and a voltage of 20 kV is 0.1156 mC/kg.

Under different pressure and voltage conditions, the
mass of the liquid (m) within a single atomization step
can be calculated as 1.8336 x 1073 kg based on the liquid
volume and density. However, the gas mass (mg) varies
because of the changing gas core radius (r) within the
atomization step under different pressure and voltage
conditions. Equation (42) represents the velocity of the
liquid film at the nozzle exit to determine the gas core
radius. However, given the complex interactions among
the liquid phase, gas phase, and electric field at the nozzle
exit, no theoretical formula is currently available to
calculate the velocity accurately. In this study, PIV, a
high-speed form of photography, is employed to analyze
the liquid film at the nozzle exit. Binary images are
obtained by capturing images of the adjacent nozzle
liquid films. The coordinate values of the first black pixel
approaching from the right side of the image are
recorded, along with the X-coordinate value of the
rightmost black pixel from the adjacent captured image
(as shown in Fig. 14). The difference in X-coordinate
values between the two adjacent images represents the
distance traveled by the liquid film. A time interval of
0.002 s is maintained between consecutive photos.
Additionally, the pixel-to-real size ratio is used to
determine the velocity of the liquid phase at the nozzle
exit.

Under different nozzle gas pressure P (MPa) and
voltage U (kV) conditions, 20 sets of adjacent images are
analyzed and averaged to determine the average liquid
phase velocity u; at the nozzle exit, as shown in Fig. 15.

T e |
0.2 MPa 0kV 0.2 MPa 0kVv
Binarization Binarization
g s P "t P,

P.LX,Y]: [155,239] PLX,Y]: [189,254]

3.48 pixels = 1 mm? 3.41 pixels = | mm?

Fig. 14 Calculation scheme of liquid film velocity at nozzle
outlet. Time lag =0.004 s.
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The results show that the liquid velocity increases with
rising gas pressure. The rate of increase in liquid velocity
is pronounced within the gas pressure range of 0.1-
0.3 MPa, while the increment diminishes when the gas
pressure reaches 0.4 MPa. This analysis suggests that as
the gas pressure rises, the exchange of kinetic energy
between the gas and liquid intensifies, thus leading to a
substantial increase in liquid velocity. However, when the
gas pressure reaches 0.4 MPa, the increment in liquid
velocity becomes limited because of the constraints
imposed by the energy exchange interface. Under the
same gas pressure conditions, the liquid velocity
increases with higher voltage. Compared with gas
pressure, the effect of voltage on liquid velocity is
comparatively minor.
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Fig. 15 Liquid velocity at nozzle outlet under different voltage
and pressure conditions.

Based on the liquid volume within a single atomization
step and the instantaneous flow rate of the nozzle, the
time duration of the atomization step (f) can be
determined. Moreover, by utilizing the atomization time,
initial gas velocity, and gas core radius, the gas mass (m,)
within a single atomization step under different voltage
and gas pressure conditions can be calculated, as shown
in Fig. 16. The gas mass exhibits a significant increase
with rising gas pressure, and the magnitude of this
increase is substantial. However, the impact of voltage on
the gas mass is minimal. This analysis suggests that the
negligible influence of voltage is attributed to the
variation in gas core radius caused by the charging effect.

Equation (57) shows that the change in the kinetic
energy of gas within the atomization system can be
determined by the gas mass within a single atomization
step and the difference between the initial gas velocity
and the velocity at the detection point. Additionally,
Eq. (40) demonstrates that the velocity at the detection
point depends on factors such as the distance from the
nozzle to the detection point, spray density, initial gas
velocity, nozzle voltage, and nozzle radius.
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Fig. 16 Gas quality in one atomization step under different
voltage and pressure conditions.

5.2 Model result analysis

I. Variation of the potential energy of surface tension of
atomization system.

Based on the provided model input parameters and
Eq. (16), Fig. 17 demonstrates the variation in the
potential energy of the surface tension of the atomization
system before and after breakup. The change in the
potential energy of surface tension across different cross-
sections at varying distances from the nozzle outlet aligns
with the variation in gas pressure. As the spray distance
and pressure increase, the change in the potential energy
of surface tension also increases. This phenomenon is
attributed to heightened pressure, which intensifies the
energy exchange between the gas and liquid phases,
thereby facilitating liquid breakage. The increase in the
potential energy of surface tension remains relatively
consistent among the cross-sections when the gas
pressure ranges between 0.1 and 0.3 MPa. However, at a
gas pressure of 0.4 MPa, the magnitude of change in the
potential energy of surface tension gradually amplifies
with increasing spray distance because gas energy
increases with the increase of gas pressure. However,
given the limitation of the atomization space, incomplete
energy exchange occurs. With increasing spray distance,
the atomization space expands, thus leading to a
substantial enhancement in droplet breakup capability. In
addition, the energy constraint point is observed between
0.3 and 0.4 MPa of gas pressure near the nozzle.
Increasing the gas pressure near the nozzle further will
result in a diminishing increase in the potential energy of
surface tension. The atomization capability under high
gas pressure can be fully demonstrated with increased
spray distance and atomization space.

Furthermore, the variation of the potential energy of
surface tension in the atomization system across different
cross-sections exhibits distinct trends in response to
voltage. Within the gas pressure range of 0.1-0.3 MPa,



Dongzhou JIA et al. Atomization droplet size and energy distribution ratio 19

E\Nsrrrrrrrrrrrrrssrssi
35 DOIIIIIIIIIIIIIIIIN
. RN s rrrrrrrrrrrrrsrrssi
=
S
25 DI
VIR, rrrrrrrrrssrssrsss
\ L2222 Spray distance =20 mm
0 05 1.0 1.5 20 25 3.0 35 40 45 50 55
AW x107
40 PN
35 DRI
30 5.859
o 3 R
=
S 5.830
25 DI
5.619
20 PN
5.183
0 PN

Spray distance =40 mm

0 0.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.5
AW) x107

40 DI
35 DI
4.920
> 30 R0
=
S) 4.947
25 BTN
4.86
20 DI
4.574
\Wrrrrrrrrrrrrrzzs Spray distance = 30 mm
0 0510152025303540455.05.56.06.
AWYT x107
40 D B 0.4 MPa
.3 MPa
MPa
35 DN MPa
> 30 DT
=4
) 6.582
25 DN
6.394
20 P

5.358
Spray distance = 50 mm

0 2 4 6 8 10
AWI

%1073

Fig. 17 Variation of the potential energy of surface tension in atomization system.

the magnitude of change in the potential energy of
surface tension is greater under electrified conditions
compared with nonelectrified conditions. This outcome
can be attributed to the decrease in the liquid’s surface
tension coefficient resulting from its electrification.
Moreover, the increase of the potential energy of surface
tension is small with the increase of the voltage. Based on
the aforementioned analysis, the energy exchange
between gas and liquid is more efficient within this gas
pressure range, and the influence of gas pressure on liquid
breakup is more pronounced. However, this pattern
undergoes a shift when the gas pressure reaches 0.4 MPa.
At a distance of 20 mm from the nozzle, the variation in
the potential energy of surface tension deviates from
other cross-sectional positions. The change in this
potential energy does not exhibit a monotonic increase
with increasing voltage but rather shows an initial
increase followed by a subsequent decrease. This
phenomenon can be attributed to a pronounced reduction
in the liquid’s surface tension coefficient at high voltages.
Nevertheless, given the limited space available for gas-
liquid energy exchange, the exchange remains
incomplete, thus resulting in this combined effect. With
an increased spray distance, the space for gas-liquid
energy exchange expands, thus gradually diminishing this
phenomenon.

II. Change of gas kinetic energy in the atomization
system.

Figure 18 presents the variation of the kinetic energy of
gas in the atomization system under different conditions
and at various ejection cross-sections. The impact of
voltage on the loss of gas energy during the atomization
process is minimal or even negligible. The trend of this
loss remains consistent across different gas pressure
conditions. As the spray distance increases, the gas
energy loss continues to rise. However, the rate of
increase shows a downward trend.

This analysis indicates that proximity to the nozzle
outlet enhances gas expansion and intensifies the
interactions among gas, liquid, and surrounding air, thus
accelerating gas energy dissipation. As spray distance
increases, the total gas energy progressively diminishes in
conjunction with expanding atomization space, thereby
resulting in a reduced magnitude of the loss of gas
energy. Taking the example of a gas pressure of 0.4 MPa
and a voltage of 40 kV, when the spray distance increases
from 20 to 50 mm, the increase in the loss of gas energy
is  58.18%, 23.76%, and 13.33%, respectively.
Furthermore, at any cross-sectional position, the loss of
gas energy exhibits a clear increasing trend with
increasing gas pressure. For instance, at the 20 mm cross-
section with a voltage of 0 kV, the system’s gas energy
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Fig. 18 Variation of gas kinetic energy in the atomization system.

losses are 0.352, 1.325, 2.752, and 4.44 J for gas
pressures of 0.1, 0.2, 0.3, and 0.4 MPa, respectively.

II1. Work done by the electric field force.

The movement of a charged liquid under the influence
of electrostatic traction occurs in a nonuniform electric
field between the nozzle and the receiving plate. During
this process, the electric field force performs work, as
shown in Fig. 19. The work exerted by the electric field
force escalates as the cross-sectional distance expands.
This phenomenon arises from the nonuniform electric
field distribution between the nozzle and the receiving
plate, where the electric field strength diminishes with
increasing distance from the nozzle. Consequently, the
rate of increase in the work done by the electric field
force diminishes as the cross-sectional distance widens.
Within the same cross-section, the work done by the
electric field force significantly increases with the
elevated nozzle voltage, which is attributed to heightened
liquid charge and increased electric field strength
resulting from a high nozzle voltage. However, an
increase in gas pressure results in a slight decline in the
work done by the electric field force. Higher gas pressure
results in increased liquid velocity, thus reducing the
contact time between the liquid and the charged nozzle
and lowering the liquid charge. At the 50 mm cross-
section, the maximum work done by the electric field

force is 16.717 mJ when the voltage is 40 kV and the gas
pressure is 0.1 MPa. Conversely, at the 20 mm cross-
section, the minimum work done by the electric field
force is 3.620 mJ when the voltage is 20 kV and the gas
pressure is 0.4 MPa.

Based on the collected data concerning the variations in
the potential energy of surface tension, the loss of the
kinetic energy of gas, and the work done by the electric
field force in the atomization system, Eq. (66)
demonstrates that the energy distribution coefficient 7' can
be obtained, as shown in Fig. 20. At the 20 mm cross-
section, within the operational range of gas pressure from
0.1 MPa and voltage from 0 to 40 kV, the energy
distribution coefficient falls within the range of 3.094 %o
to 3.458%o. For all other operational conditions and cross-
sections, the energy distribution coefficient remains
below 2.06%o. The analysis suggests that at a gas pressure
of 0.1 MPa, the nucleation pressure is relatively low, thus
resulting in a low gas expansion rate and reduced loss of
gas energy compared with other gas pressure conditions.
Moreover, the low energy distribution coefficient obser-
ved at other cross-sections, in contrast to the 0.1 MPa gas
pressure case, can be attributed to the fact that when the
position is closer to the nozzle outlet, the energy
exchange between the gas and the surrounding
environment is less complete, thus leading to diminished
energy losses.
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Fig. 19 Work done by electric field force in atomization process.

As shown in Fig. 20, under the same voltage condition
and within a given cross-section, the energy distribution
coefficient exhibits a rapid decrease with increasing
system gas pressure. This trend can be attributed to the
significant increase in the loss of gas energy as the gas
pressure rises, as discussed in the previous analysis.
Furthermore, this trend becomes pronounced as the cross-
sectional distance increases because high gas pressure
results in great penetration ability and intense interaction
between the gas at the nozzle far end and the surrounding
environment. The charged atomization system demon-
strates a slightly higher energy distribution coefficient
when comparing the energy distribution coefficients of
the charged atomization system and the pure pneumatic
atomization system under the same gas pressure condition
and on the same cross-section. Although the charged
atomization system incurs additional energy consumption
because of the work done by the electric field force, this
energy consumption is significantly smaller than the loss
of gas energy. Furthermore, the decrease in the surface
tension coefficient of the charged liquid enhances its
susceptibility to fragmentation. Consequently, the charg-
ing of the atomization system does not increase its energy
consumption. Instead, it improves the overall efficiency
of the energy utilization of the system. As the gas
pressure increases, the enhancing effect of voltage on the

energy distribution coefficient diminishes. The substantial
increase in the loss of gas energy surpasses the work done
by the electric field force as the gas pressure rises.
Additionally, the increase in gas pressure leads to a
decrease of liquid charge.

6 Conclusions

Based on the particle size information collected at
different spray distances, a dimensionless average particle
size model for the fragmentation atomization of charged
small liquid clusters was developed. An energy
distribution ratio model for electrostatic atomization was
established to investigate the energy distribution ratio
during gas-assisted electrostatic atomization, as well as
the effects of air velocity, voltage, and other related jet
parameters on the volume-averaged droplet size. The
main findings of this research work are as follows:

I. The influence of airflow field parameters and
electrical field parameters on the volume-averaged
droplet size was investigated based on particle size
measurement experiments conducted with the EMQL
nozzle at varying spray distances. Dimensional analysis
was employed to establish an empirical model for the
volume-averaged droplet size by incorporating factors
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Fig. 20 Energy distribution ratio of the atomizing system.

such as initial gas velocity, nozzle voltage, and spray
distance. The results revealed an inverse correlation
between the volume-averaged droplet size and the Weber
number, as well as the void fraction. The results indicate
that the volume mean diameter of droplets exhibits
negative correlations with the Weber number and void
fraction as well as with the electric Euler number and the
ratio of nozzle diameter to jet length. Furthermore, the
influence of the airflow field on droplet size variation is
more pronounced compared with the electrostatic field.

II. At air pressures ranging from 0.1 to 0.3 MPa, the
potential energy of surface tension exhibited an increase
with increasing air pressure, which was relatively
consistent across different sections. However, at an air
pressure of 0.4 MPa, a pattern emerged where the
magnitude of increase in the potential energy of surface
tension gradually grew with increasing spray distance.

This behavior can be attributed to the decrease in the
surface tension coefficient of the charged liquid, thus
resulting in an enhancement of the charged potential
energy of surface tension. Consequently, the potential
energy of surface tension exhibited a slight increase with
increasing voltage. However, at the 20 mm section under
the 0.4 MPa condition, the change in the potential energy
of surface tension deviated from the other conditions. In
this case, the potential energy of surface tension initially
increased and then decreased with increasing voltage.

II1. In the atomization system, the loss of kinetic energy
of gas exhibits a significant increase with air pressure and
spray distance. The maximum loss of this energy is
observed at the 50 mm section under an air pressure of
0.4 MPa, which reached 10.159 J at a voltage of 40 kV.
The electrical field work increases with higher nozzle
voltage and spray distance. At a voltage of 40 kV, the
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maximum electrical field work is observed at the 50 mm
section, which reached 16.717 mJ under an air pressure of
0.1 MPa.

IV. The energy distribution ratio model of a gas-
assisted electrostatic spray was established. The energy
distribution ratio decreased significantly with the increase
in air pressure and spray distance. Moreover, the
coefficient of the energy distribution ratio of charged
atomization was higher than that of pure pneumatic
atomization. Furthermore, the energy distribution ratio in
the charged atomization system is slightly higher than in
pure air-assisted atomization. Specifically, at the 20 mm
section, under an air pressure of 0.1 MPa and a voltage
range of 0 to 40 kV, the energy distribution ratio
coefficient ranged from 3.094 %o to 3.458 %0. For other
conditions and sections, the energy distribution ratio
remained below 2.06%o.

Therefore, this study conducted a comprehensive
investigation into the atomization of small liquid clusters
by EMQL nozzles, thus addressing the deficiency in
related research. It provides theoretical support for the
further development of EMQL in enhancing the
atomization characteristics of lubricants and improving
the migration and permeation capabilities of droplets
within the cutting zone. This study serves as a guiding
force in the field by stimulating a deep contemplation on
energy distribution behaviors during atomization. Thus,
this work offers practical guidance for precise and
controllable applications of average-sized droplets in
industrial settings.

Nomenclature

Abbreviations

EMQL  Electrostatic atomization minimum quantity lubrication
MQL Minimum quantity lubrication

PIV Particle image velocimetry

R.S Span values

VAD Volumetric average diameter

Variables

A Nozzle structure coefficient

B Fitting index of corresponding physical quantity
b Jet expansion width

C Fitting index of corresponding physical quantity
C Constants containing dimensions

D Fitting index of corresponding physical quantity
d Distance between electrostatic nozzle and target
do Nozzle outlet diameter

E Fitting index of corresponding physical quantity
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Mmix
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Wsi

AWg
AWy
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Pg
P1

Electric field intensity far from the nozzle outlet x

Nozzle diameter jet length ratio

Current dimension

Loss of kinetic energy of gas

Length dimension

Mixing length of any section of jet

Prandtl mixing length

Mass dimension

Compressed air quality

Instantaneous mass flow

Mass of gas liquid mixture

Average mass flow of micro lubricant

Determination coefficient

Radius of curvature of nozzle

Outlet radius of round nozzle

Radius of gas nucleus

Jet consistency

Time dimension

Time required for one atomization step

Nozzle initial voltage

Position potential of the droplet after moving

Axial time average velocity of microliquid mass at r point in
flow field

Axial fluctuating velocity of microliquid mass at r point in flow
field

Initial velocity of gas at nozzle exit

Initial velocity of liquid at nozzle exit

Jet velocity on the centerline

Axial velocity of the center of the transverse section away from
the exit x

Radial time average velocity of microliquid mass at r point in
flow field

Radial fluctuating velocity of microliquid mass at r point in flow
field

Liquid velocity at nozzle outlet

Surface potential energy of mother liquid drops before crushing
Total surface potential energy of subdroplet group

Work done by electric field force

Variation of the potential energy of surface tension of droplet
system

Axial distance from nozzle outlet

Free constant

Relative permittivity of air

Jet turbulence coefficient

Gas density

Liquid density

Surface tension coefficient
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(] Potential function in needle plate electrode system

Ty Initial velocity ratio
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