Apr. 2025

Transactions of Nanjing University of Aeronautics and Astronautics

Investigation on Processing Technology of Minimum Quantity
Lubrication Nozzle and Its Influence on Atomization Effect

LI Donghui, ZHANG Tao", ZHENG Tao, QI Wei

National-Local Joint Engineering Laboratory of Intelligent Manufacturing Oriented Automobile Die & Mould,
Tianjin University of Technology and Education, Tianjin 300222, P. R. China

(Received 18 October 2024 ; revised 5 February 2025; accepted 17 March 2025)

Abstract: Minimum quantity lubrication (MQL) is a technique that achieves effective lubrication and cooling of the
cutting zone by using a minimal amount of cutting fluid. This results in a decrease in the cutting temperature,
extending the cutting tool life and improving the surface quality of the workpiece. Optimizing the nozzle settings can
enhance the cooling and lubrication performance of MQL, leading to increased processing efficiency and product
quality. Nozzles with different shapes are fabricated, and different outlet diameters and wall thicknesses are set. The
cutting process takes into account the impact of spindle speed and feed rate. An experimental study is conducted to
investigate the atomization cone angle and particle size distribution of different nozzles. The circular nozzle is more
conducive to the concentrated injection of an atomized liquid beam. The atomization cone angle is the largest when the
nozzle outlet diameter is 1.2 mm. Enlarging the nozzle outlet diameter will increase the diameter of the atomized
droplets. The atomization cone angle increases while the droplet diameter decreases with the increase of outlet wall
thickness. Properly increasing the outlet wall thickness is beneficial to improving the atomization quality. The droplet
diameter increases firstly and then decreases with the increase of spindle speed and feed rate. Increasing the MQL gas
supply pressure and reducing the lubricating oil flow rate will improve the atomization quality of the nozzle. Studies on

the influence of the MQL nozzle processing technology on the atomization effect can help to enhance the cooling and
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lubrication performance of the MQL technology, leading to improved processing efficiency and quality.
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0 Introduction

With the continuous progress of the global man-
ufacturing industry, fluid of metal cutting has be-
come an essential component of the cutting process.
This field has historically confronted the simultane-
ous challenges of resource utilization and environ-
mental conservation. Traditional flood cutting not
only consumes a lot of resources, but also the harm-
ful substances in the cutting fluid pose a potential
threat to the environment and operating workers'" ..
These issues have attracted increasing attention

from all walks of life, promoting the industry to

seek more environmentally friendly and efficient pro-
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cessing technology. The emergence of minimum
quantity lubrication (MQL) cutting technology oc-
curred in this environment. MQL compresses the
gas to atomize with small amount of cutting fluid in-
to micron-sized droplets. This process effectively
cools and lubricates both the tool and the work-
piece*’. As an efficient and green new cutting meth-
od, MQL has advantages of less cutting fluid, low-
er cutting force and cutting temperature, less cut
ting tool wear, and higher surface quality compared
with traditional dry cutting and flood cutting "',

The atomization effect of MQL has significant-
ly impact on cutting efficiency and process quality.

In the past, scholars focused on the influence of dif-
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ferent atomization methods on the spray effect and
the effect of application in cutting. Xu et al."" investi-
gated the atomization characteristics and grinding
performance of electrostatic MQL (EMQL). Com-
pared with pneumatic MQL, the average particle
size and droplet distribution range of EMQL drop-
lets were reduced by 7.1% and 40.3% , respective-
ly. Smaller-diameter droplets were more likely to
form a lubricating layer at the grinding interface. It
reduced the surface roughness of the workpiece by
3.04%. Zhang et al.'”’ investigated the droplet size
distribution during ultrasonic atomization using the
laser diffraction method. It had been observed that
the droplet size increases with the increase of fluid
flow rate, and the droplet distribution range also in-
creases. When the surface tension of the droplet
falls below 42.4 mN/m, the droplet size decreases
with the decrease of surface tension. Furthermore,
excessive or insufficient liquid viscosity will result in
a more scattered droplet distribution. Jia et al."*' in-
vestigated the fluctuation of EMQL liquid film and
the range of atomized droplet size distribution.
When electrostatic atomization was used instead of
pure pneumatic atomization, the liquid film at the
nozzle outlet had a clear Taylor cone shape. Addi-
tionally, the number of transverse peaks increases
and the peak distribution becomes more uniform.
The electrostatic atomization can not only reduce
the droplet size distribution range, but also signifi-
cantly inhibit the generation of PM,, and PM,; par-

1." introduced a novel form

ticulate matter. Liu et a
of cold gas EMQL technology. The cold gas ampli-
fies the temperature disparity between the cutting
zone and the surrounding environment, enhancing
the convective heat transfer capability. Lyu et al.""”’
introduced an EMQL technology that utilizes gra-
phene nano-lubricants (GPLs) as additives. The ad-
dition of GPLs promotes the further penetration of
oil droplets into the friction interface, resulting in a
significantly reduction in friction and wear.

The droplet size of MQL 1s influenced by the
atomization method, while the cutting effect is di-
rectly impacted by the spray angle and distance of the
nozzle. Haq et al.'" set the angle between the nozzle

and the workpiece surface to 45° and a distance of

25 mm. The nozzle directs the sprayed oil mist to-
wards the chip fracture point, ensuring that it consis-
tently fills the space between the cutting tool and the
chip fracture channel. Pusavec et al.'”" adopted the
MQL method of multi-nozzle spray simultaneously
to enhance lubrication and cooling efficiency during
the turning process of Inconel 718 alloy. The num-
ber and angle of nozzles can be adjusted to suit dif-

3 com-

ferent processing parameters. Huang et al.
bined and optimized the parameters of nozzle angle,
nozzle spacing, pressure, and flow rate in ultrasonic
MQL. The grinding experiment revealed an optimal
combination value for each parameter, leading to
the achievement of the maximum grinding value.

Furthermore, the internal jet nozzle that places
the nozzle inside the cutting tool is also widely
used™'. Internal spray MQL needs to avoid the col-
lision of droplets inside the pipeline. The implemen-
tation of internal spray requires modifications to the
cutting tool, handle, and even spindle of the ma-
chine tool, resulting in a decrease in the perfor-
mance of these machine tool components'!,

The nozzle 1s an important part of the MQL
system. Some researchers began to improve and re-
organize the nozzle in order to achieve better atomi-
zation effects. Yao et al.''" conducted a comparative
analysis of the atomization performance and cutting
performance of four distinct nozzle designs. The
shape of the nozzle outlet can significantly affect the
atomization and injection of droplets, and then affect

the cutting performance. Sharmin et al.""*

improved
the traditional circular nozzle by transforming it into
a multi-hole side-by-side nozzle. The grinding exper-
iments revealed that the upgraded nozzle outper-
forms the traditional nozzle in terms of performance.
The improved nozzle delivers the cutting fluid more
uniformly to the point of contact with the grinding
wheel compared with the traditional nozzle, result-
ing in a decrease in the grinding temperature. Chen

1.1 studied the atomization behavior of two-flu-

eta
id spray with or without self-excited vibrating cavity
(SVC) to improve processing performance and min-
imize environmental pollution. The droplet size of
the nozzle with SVC was reduced by about

46.85% , and the number concentration of droplets
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was increased by about 94.73%. They believed that
SVC-assisted atomization was advantageous in di-
minishing cutting tool wear, reducing cutting tem-
perature, and enhancing the surface quality of the
workpiece.

The atomization cone angle and droplet size
distribution are crucial parameters for assessing the
atomization performance of the nozzle. There is an
optimal combination of the parameters of the MQL
system, which makes the atomization effect best. In
the cutting process, optimal selection of MQL pa-
rameters is beneficial for improving cutting perfor-

[20]

mance 1.tz

.Liueta pointed out in the study that
the distance between the nozzle and the cutting zone
was too large or too small, which was not condu-
cive to the quality of droplets near the cutting zone.
Rahim et al.'*’ studied the performance of MQL un-
der different parameter combinations. The atomiza-
tion cone angle of 0.4 MPa pressure was found to be
the optimal atomization cone angle in the cutting
process, since it effectively covered the entire cut-
ting zone. In addition, the cutting force and cutting
temperature reached their minimum values when
the nozzle was positioned at a distance of 6—9 mm
from the cutting surface.

The machining accuracy of the nozzle directly
affects the internal structure and hydrodynamic char-
acteristics of the nozzle. The nozzle surface quality
is affected to the surface energy, wettability, and
wear resistance of the nozzle material. The machin-
ing accuracy and surface quality effect interact with
each other to affect the atomization effect of the noz-
zle. Currently, there is a dearth of systematic inves-
tigation on the processing technology of the MQL
nozzle and its specific influence on atomization cone
angle and droplet size distribution. Based on the
above analysis, this paper conducts an experimental
study to investigate the effect of MQL atomization.
Firstly, the nozzles with different parameters are
processed, and then the atomization test of the noz-
zle is carried out by single factor experiment. The re-
sults of this study provide a reference for improving
the overall performance of MQL, resulting in im-
proved lubrication and cooling capabilities. More-

over, the result of this paper provides an empirical

foundation for improving the design and parameter
choice of the MQL nozzle.

1 Experimental Settings

1.1 Nozzle material and processing equipment

The MQL nozzle should have excellent ma-
chinability and corrosion resistance. The nozzle ma-
terial is a 6061 aluminum alloy bar with a diameter
of 6 mm. The 6061 aluminum alloy is widely used
for its exceptional processing capabilities, strong re-
sistance to corrosion, and no deformation after pro-
cessing. In addition, 6061 aluminum alloy has a low~
er density, which makes the nozzle more portable
and helps to realize the lightweight nozzle design.
The chemical composition and mechanical proper-
ties of 6061 aluminum alloy are shown in Table 1

and Table 2, respectively.

Chemical composition of 6061 aluminum alloy"™”’
%

Cu Mn Mg Cr Ti Si Fe Al

0.22 0.05 1.06 0.08 0.03 0.7 0.25 Bal.

Table 1

Table 2 Mechanical properties of 6061 aluminum alloy™’

Tensile Compressive  Modulus of rup-  Elastic
strength/  yield strength/ ture in bending/ modulus/
MPa MPa MPa GPa
=205 55.2 228 68.9

Considering the size of the nozzle and the ma-
chining accuracy, a three-axis vertical engraving ma-
chine is selected to process the nozzle. The engrav-
ing machine has maximum strokes of 200 mm,
300 mm, and 120 mm along X, Y, and Z axes, re-
spectively. The engraving machine fully meets the
requirements of nozzle processing, and the process-
ing is shown in Fig.1.

During the initial phase of processing, the end
face of the aluminum alloy bar is milled using a
4 mm diameter milling cutter. Subsequently, a high-
speed steel (HSS) twist drill with a diameter of
0.6 —4 mm 1s used to perform rough machining.
The working part of the twist drill has a hardness
ranging from 63—66.5 HRC, which has the advan-
tages of hard and durable, low friction coefficient,

and long cutting life. After the completion of rough
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Fig.1 Nozzle machining process

machining, the milling cutter is used to mill the bot-
tom of the hole. Finally, the nozzle outlet is com-
pleted by the process of engraving the milling cutter.
The diameter of the engraving milling cutter handle
is 3.175 mm, the diameter of the milling cutter tip is
0.1 mm, and the angle is 20°. The cutting tool is
made of tungsten steel with a titanium coating. This
cutting tool is extensively utilized in the machining
of aluminum, iron, steel, stainless steel, and other

metallic materials. The twist drill, milling cutter,

and fixture are shown in Fig.2.

(a) HSS twist drill

(b) Milling cutter (c) Elastic fixture

Fig.2 Cutting tool and fixture

1.2 Nozzle design and atomization parameters

selection

The parameters such as the shape and diameter
of the nozzle will directly affect the pressure and
flow state of the lubricating oil, and thus directly af-

fect the size and velocity of the atomized droplets.

(a) Rounded rectangle

(b) Inner cone

(c) Rectangle

Therefore, the nozzle design should not only consid-
er the shape and diameter, but also consider wheth-
er it can be processed under the existing conditions.
Combined with previous studies, the nozzle parame-
ters designed in this experiment are determined"**".

In this paper, five kinds of nozzle shapes are
designed: Rounded rectangle, inner cone, rectan-
gle, roundness, and square. The nozzle outlet
shape is shown in Fig.3. In order to ensure the unity
of the variables, the nozzle outlet area of different
shapes is set to be 3.14 mm®, and the nozzle outlet
wall thickness is 0.5 mm. In addition, the machining
parameters with a rotation speed of 15 000 r/min and
afeed rate of 0.015 mm/r are used for cutting.

In practical applications, the function of the at-
omizing nozzle is not only to decompose the liquid
film into small droplets, but also to discharge these
droplets in a symmetrical and uniform spray form.
In view of the small atomization cone angle of MQL
and the uniform distribution of droplets in the whole
spray volume, a flat-hole atomizing nozzle is used
for the experiment. Since the flat-hole nozzle produc-
es narrow and compact atomized droplets, only a
small number of droplets are affected by air resis-
tance. Therefore, the overall distribution of the drop-
let is mainly determined by the size and direction of
the velocity transmitted to it from the nozzle outlet.

Round nozzles are most widely used in practical
applications. The diameter of the round nozzle and
the nozzle outlet wall thickness are selected as pa-
rameters to explore the influence of the nozzle outlet
parameters on the atomization effect. The rotational
speed and feed rate are selected as processing param -

eters to explore the influence of processing technolo-

(d) Roundness

Fig.3 Three-dimensional and physical maps of MQL nozzle
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gy on the atomization effect of MQL. On this basis,
two MQL system parameters of gas supply pressure
and lubricating oil flow are added. Finally, the im-
pact of various factors on atomization, including

nozzle outlet shape (s), outlet diameter (), outlet

wall thickness (4), rotational speed (n), feed rate
(f) , gas supply pressure (p), and flow rate (q),
are studied. The range of experimental parameters
for atomization of the MQL nozzle is displayed in
Table 3.

Table 3 MQL nozzle atomization experimental parameters

s d/mm h/mm n/(remin ') f/(mmer ) p/MPa g/(mL+h ")
Rounded rectangle/inner cone/
0.6—1.8 0.0—1.3 13 000—21 000  0.005—0.025 0.2—0.4 18—90
rectangle /roundness/square

1.3 Set of atomization experiment

The pneumatic MQL device (Model: CH2000) Nozzle
is used in this study. The device modulates the gas Spray
pressure by adjusting the output gas volume, and boundary \“

: : _ _"Industrial
the pressure adjustment range is 0.03— 1.0 MPa. Spraylc%ne camera
angle

The oil channel outputs 0.03 mL oil when the oil
supply pump works once, with a total of three oil
channels. The plant-based lubricating oil (Model:
M-106) is used in the experiment, which is com-
posed of base oil and additives. The physical proper-

ties of the lubricating oil are shown in Table 4.

Table 4 Physical properties of lubricating oil

Relative density/ Boiling  Flash Viscosity/
Color

(kgem™°) point/C  point/C (Pa-s)
Amber 812 316 176 14.616 10"

The atomization experiment comprises two
components: The nozzle atomization cone angle ex-
periment and the atomized droplet size distribution
experiment. The schematic diagrams of the atomiza-
tion cone angle experiment and the atomized droplet
collection are presented in Fig.4. The nozzle injec-
tion state is captured using a high-speed industrial
camera (Model: NPX-GS6500UM). The camera
has a maximum frame rate of 10 000 frames/s, as
well as a minimum exposure time of 0.001 24 ms.

In order to avoid the issue of droplet overlap
during droplet collection, a baffle with a narrow ap-
erture is employed to obstruct the liquid stream.
The diameter of the small hole in the middle of the
baffle is 1 mm. The distance between the baffle and
the collecting plate (L) and the distance between
the nozzle and the baffle (/) are adjusted to 145 mm

and 120 mm, and the nozzle injection time is set to

droplets

(a) Experimental diagram of nozzle atomization cone angle

Collection plate
(b) Atomized droplet collection diagram

Fig.4 Experimental schematic diagram

10 s. The droplets on the collection plate are as
many as possible and do not overlap.

A major difficulty in defining and measuring
the cone angle is that the spray cone has a curved
boundary due to the interaction between air and
droplets. In order to overcome this problem, the an-
gle formed by the two cutting spray contours drawn
at the nozzle outlet is usually used as the cone angle.
A common method for measuring the spray cone an-
gle is to record the contour image of the spray at an
appropriate magnification. Fig.5(a) is the nozzle at-
omization photograph. The cone angle of the liquid
beam in the picture is measured to obtain the atomi-
zation cone angle of different nozzles, as shown in

Fig.5(b). The droplets are observed by an ultra-
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depth-of-field microscope (Model: VHX-970F).
Then, the droplet photo is binary processed to ob-
tain each droplet size data. The photographs of the
droplets and the binary processed images are shown
in Figs.5(c, d). Fig.6 displays the atomization cone

angle experiment of the MQL nozzle and the atomi-

zation droplet shooting scene.

(a) Nozzle atomization image (b) Cone angle measurement image

Magnification:x100.0

(c) Droplet real shot image (d) Droplet binary image

Fig.5 Atomization and droplet images

[ P
Air compressor 3 ; X
(a) Experimental diagram of  (b) Ultra-depth-of-field microscope

atomization cone angle photograph of atomized droplets

Fig.6 Experimental equipment

1.4 Data processing

The process of atomization will form a large
number of micron-sized droplets and eject with high-
pressure gas. The size of the ejected droplets is un-
even, and the mean diameter of the droplets is used
to replace the droplet diameter of the uneven droplet
group. The standard deviation is used to represent
the dispersion degree of the droplet size of nozzle at-
omization under a certain parameter. The calcula-
tion method of the mean diameter and standard devi-
ation of droplets are shown in

D="—"— (1)
n

where D is the average diameter of atomized drop-
lets, D, the particle size of the ith droplet, and 7 the
total number of droplets.

The Sauter mean diameter (SMD) is a key pa-
rameter to evaluate the atomization quality, which
can better reflect the atomization degree of the noz-
zle. In this experiment, the SMD is introduced to
quantify the influence of different parameters on the
atomization effect. The calculation of the SMD is

shown as

SIND?

De;z:L (3)

SIN.D?
i=1

where Dy, is the SMD of atomized droplets and N,

the number of droplets with a diameter of D.,.
2 Experiment Results and Analysis

2.1 Influence of nozzle outlet shape on atomiza-

tion effect

Fig.7 shows the result of nozzle outlet shape on
the atomization cone angle and droplet size. The ex-
perimental conditions are as follows: d=1.2 mm,
/=0.5 mm, n=15 000 r/min, /=0.015 mm/r, p=
0.3 MPa, ¢g=54 mL/h. As shown in Fig.7(a) , the
square nozzle has the largest atomization cone an-
gle, whereas the round nozzle is the smallest. The
four right-angle edges promote the dispersion of the
liquid when the lubricating oil flows through the
square nozzle. The edge right-angle effect makes it
easier for the oil mist to form a dispersed flow in
multiple directions, thus forming a larger atomiza-
tion cone angle. The edge of the round nozzle is
smooth, and the oil mist maintains a relatively con-
centrated flow through the circular nozzle, resulting
in a relatively small atomization cone angle. The at-
omization cone angles of round, rounded rectangle,
rectangle, and square nozzles increase. Therefore,
the round nozzle is more suitable when precise con-
trol over the spray range is required. In addition,

due to the structural characteristics of the round noz-



No. 2 LI Donghui, et al. Investigation on Processing Technology of Minimum Quantity Lubrication Nozzle - 267

50

50

231 —=—Mean diameter :%lounded rectangle]
s e ° nner cone
'S i —+—Standard deviation S a0k e Roundness
> = 40 +-SMD o —a—Rectangle
22 8 g .01 —=—Square
g g 5 30
) L =
5 S 30 & ol
S it 3 z
; 3 20 1 S 10}
20
1 1 1 1 1 1 0 1 1 A
& 08 08¢ 0 o & 0P 0B o o 0 20 40 60 80 100
‘2~°°“&\ é‘ecm0%$ecw0‘é\ el oY o & 6@0@(\%‘2@ g@“%\&@t O g ‘
Y&\)x\e’e ‘&0\)&\6 Droplet diameter / pm
Nozzle shape Nozzle shape
(a) Atomization cone angle (b) Droplet diameter (c) Droplet size distribution

Fig.7 Influence of nozzle outlet shape on atomization effect

zle, the spray shape is axisymmetric conical. From
the perspective of the cost of nozzle processing,
round nozzle processing is the easiest and the lowest
cost.

As shown in Figs.7(b,c), the square nozzle pro-
duces atomized droplets with the smallest mean di-
ameter and SMD. Additionally, the droplet distribu-
tion range is the narrowest. The inner cone nozzle
produces the largest atomized droplet size and also
is the largest standard deviation in droplet size. The
outlet of the inner conical nozzle is a conical shape.
As the diameter of the nozzle outlet gradually de-
creases, a certain pressure gradient is created when
the oil mist flows through the outlet. Therefore, the
oil mist is unevenly stressed during the ejection pro-
cess. This non-uniform force can impede the rapid
formation of tiny droplets after liquid is ejected.
Among the round, rounded rectangle and rectangle
nozzles, the rounded rectangle nozzle has the small-
est diameter and standard deviation of atomization
droplets. The rounded rectangle nozzle reduces the
mean diameter of its droplets by 14.88% and lowers
the SMD by 9.69% compared with the rectangle
nozzle. However, the mean diameter of the rounded
rectangle nozzle increases by 22.97% compared
with the square nozzle, and the SMD decreases by
25.49%.

The square nozzle has the widest atomization
cone angle, and the mean diameter of the atomized
droplets is the smallest and the distribution is more
uniform. However, the round nozzle has more ad-
vantages in precision injection. In the fields of ultra-

precision machining and micromachining, square

nozzles will be beneficial to improve the lubrication
and heat dissipation performance of MQL. In tradi-
tional metal processing, the use of round nozzles

will help reduce lubrication costs.

2.2 Influence of nozzle outlet diameter on at-

omization effect

Fig.8 shows the influence of nozzle outlet diam-
eter on atomization cone angle and droplet size. The
experimental conditions are as follows: s=round-
ness, /=0.5 mm, n=15 000 r/min, /=0.015 mm/r,
»=0.3 MPa, ¢=54 mL/h. The atomization cone
angle of MQL initially increases firstly and then de-
crease as the diameter of the nozzle outlet increases.
When the nozzle outlet diameter is 1.2 mm, the at-
omization cone angle reaches the maximum of
19.296°. When the nozzle outlet diameter is small,
increasing the nozzle outlet diameter increases the
gas-liquid ratio, resulting in more dispersed spray.
However, the dispersion effect may reach saturation
or transition when the nozzle outlet diameter increas-
es to a certain extent. The mixing effect of gas and
liquid is the best when the nozzle diameter is 1.2 mm,
so the atomization cone angle is the largest. As the
nozzle outlet diameter increases even more, the pro-
cess of nozzle atomization begins to converge, re-
sulting in a decrease in the atomization cone angle.
The cutting area i1s smaller than the spray area, and
the appropriate spray area helps to maximize the lu-
brication and cooling effect. According to different
processing methods, the appropriate atomization
nozzle diameter is selected to maximize the MQL ef-

ficiency.
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As shown in Figs.8(b,c), the mean diameter and
the SMD of the atomized droplets increase as the
nozzle outlet diameter increases. Compared with the
nozzle outlet diameter of 0.6 mm, the mean diame-
ter and SMD at 1.8 mm increase by 55.75% and
54.32% , respectively. The flow state of MQL in
the pipe and nozzle is an annular liquid film"*". By
maintaining a steady gas supply pressure and flow

rate, the gas-liquid ratio of the nozzle increases with

the diameter of nozzle outlet increases. The flow
rate of MQL is significantly lower than that of gas.
Therefore, the probability of fragmented droplets
reaching the middle of the liquid beam decreases, re-
sulting in a reduction in the secondary atomization
effect. Thus, both the mean diameter of the MQL
atomized droplets and the SMD show an overall in-
creasing trend when the outlet diameter of the noz-

zle increases.

90
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-3
T

—=—Mean diameter
—e—Standard deviation
—+-SMD

50

——0.6 mm

40

30F

10

Quantity percentage / %

) 0 ) e e e

0.6 0.9 1:2 1:5 1.8 0.6 0.9
Nozzle outlet diameter / mm
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Fig.8
2.3 Influence of nozzle outlet wall thickness on

atomization effect

Fig.9 shows the influence of nozzle outlet wall
thickness on atomization cone angle and droplet
size. The experimental conditions are as follows: s=
roundness, d=1.2 mm, n=15 000 r/min, f=
0.015 mm/r, p==0.3 MPa, ¢g=54 mL/h. As shown
in Fig.9(a), the MQL atomization cone angle shows
an overall increasing trend as the wall thickness of
the nozzle outlet increases. When the nozzle outlet
wall thickness is increased to 1.3 mm, the atomiza-
tion cone angle increases by 15.86% compared with
0.5 mm. The increase in the wall thickness of the
nozzle outlet means that the liquid film needs a lon-
ger distance of friction to be ejected. Therefore, the
resistance of the liquid film increases as the wall
thickness of the nozzle outlet increases, and the in-
jection speed decreases. The internal pressure of the
liquid beam is relatively low compared with the low-
speed spray, forcing the atmospheric pressure to
squeeze the liquid beam. Therefore, the lower wall
thickness of the nozzle outlet will result in a de-
crease in the atomization cone angle.

The diameter of the MQL droplets decreases

Nozzle outlet diameter / mm
(b) Droplet diameter

1.2 145 1.8 0 50 100 150 200
Droplet diameter / pm
(c) Droplet size distribution

Influence of nozzle outlet diameter on atomization effect

rapidly when the wall thickness of the nozzle outlet
increases from 0.5 mm to 0.7 mm, the mean diame-
ter and the SMD decrease by 50.7% and 45.72%,
respectively, and the droplet standard deviation de-
creases by 60.04%. In general, the MQL atomiza-
tion cone angle increases but the atomization droplet
diameter decreases with the increase of the wall
thickness of the nozzle outlet. The reason may be
that with the increase of wall thickness, the action
time and area of gas and liquid film increase accord-
ingly. The longer-time effect helps the gas to break
the liquid film and form smaller atomized droplets.
In addition, the distribution of MQL. atomized drop-
lets 1s more concentrated with the increase of nozzle
outlet wall thickness. In practical production, the
nozzle is easy to be worn by chips and tools. The
wear of the nozzle with thinner wall thickness at the
outlet has a great influence on the atomization ef-
fect, which increases the frequency of nozzle re-
placement and the maintenance cost. Therefore, ap-
propriately increasing the nozzle outlet wall thick-
ness can make the liquid beam coverage wider and

the droplet size distribution more concentrated.
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Fig.9 Influence of nozzle outlet

2.4 Influence of nozzle machining spindle speed

on atomization effect

Fig.10 shows the influence of nozzle machining
spindle speed on atomization cone angle and droplet
size. The experimental conditions are as follows: s=
roundness, d=1.2 mm, /=0.5mm, /=0.015mm/r,
»=0.3 MPa, ¢g=54 mL/h. As shown in Fig.10(a),
when the nozzle machining spindle speed is below
17 000 r/min, the nozzle atomization cone angle in-
creases with the increase of the nozzle machining
spindle speed. However, when the spindle speed ex-
ceeds 17 000 r/min, the atomization cone angle fluc-
tuates greatly. In addition, the diameter of MQL at-
omized droplets increases first and then decreases

with the increase of nozzle machining spindle speed.

wall thickness on atomization effect

Increasing the spindle speed will reduce the rough-
ness of the machined surface™. Lower roughness
helps to reduce the friction and retention of the liq-
uid in the nozzle, which may improve the atomiza-
tion effect and make the droplets more easily broken
into smaller particle sizes.

In the process of precision machining and ultra-
precision machining, the atomization effect of MQL
has a great influence on the processing performance.
Therefore, nozzles with high surface quality are of-
ten needed to improve the atomization effect of
MQL. In the traditional rough machining process,
considering the cost of nozzle manufacturing and
post-maintenance, the surface quality of the nozzle

is usually low.
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Fig.10 Influence of nozzle machining spindle speed on atomization effect

2.5 Influence of nozzle machining cutting tool

feed rate on atomization effect

Fig.11 shows the influence of the nozzle feed
rate on the atomization cone angle and droplet size.
The experimental conditions are as follows: s=round-
ness, d= 1.2 mm, /=0.5 mm, »=15 000 r/min,
»=0.3 MPa, ¢g=54 mL/h. It can be seen from

Fig.11(a) that the feed rate has a poor effect on the
atomization cone angle. This may be because in-
creasing the feed rate leads to irregular shape or size
deviation of the nozzle outlet, which in turn affects
the stability and consistency of the atomization cone
angle. As shown in Figs.11(b,c), the diameter and

standard deviation of the atomized droplets increase
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firstly and then decrease and tend to be stable as the
feed rate of the nozzle increases. When the feed rate
of the nozzle is 0.015 mm/r, the droplet diameter is
the largest and the particle size distribution curve is
the rightmost. During the initial phase of the feed
rate increase, the surface roughness and geometric
accuracy of the nozzle change. The flow resistance
of the fluid inside the nozzle increases, making it
more difficult for the droplets to break or the break-

ing mode changes, thereby increasing the droplet di-

ameter. The diameter and standard deviation of the
MQL atomized droplet decreases with the further in-
crease of the feed rate. This may be because the tur-
bulence intensity of the liquid film inside the nozzle
increases so that the liquid film and gas have a stron-
ger mixing. However, it should be noted that this
trend of increasing firstly and then decreasing is not
absolute. The atomization quality of the nozzle is af-
fected by many factors, such as the surface rough-

ness and geometric accuracy of the nozzle, etc.
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(a) Atomization cone angle
Fig.11
2.6 Influence of MQL gas supply pressure on

atomization effect

Fig.12 shows the influence of gas supply pres-
sure on the atomization cone angle and droplet size.
The experimental conditions are as follows: s=round-
ness, d=1.2 mm, /=0.5 mm, »=15 000 r/min,
/=0.015 mm/r, ¢=54 mL/h. The atomization
cone angle of the MQL nozzle shows an increasing
trend as the gas supply pressure increases. The in-
crease of gas supply pressure will improve the flow
characteristics of gas-liquid two-phase flow. The air-

flow velocity at the nozzle outlet increases signifi-

(b) Droplet diameter

(c) Droplet size distribution

Influence of nozzle machining cutting tool feed rate on atomization effect

cantly with the increase of gas supply pressure. The
shear effect of high-speed gas on the oil film increas-
es, which helps the oil film to break into smaller
droplets. As shown in Fig.12(b), the mean diameter
of atomized droplets decreases with the increase of
gas supply pressure. The mean diameter at 0.4 MPa
is 16.92% lower than that at 0.2 MPa. The SMD of
atomized droplets decreases firstly and then increas-
es with the increase of gas supply pressure. When
the pressure 1s high, the mean diameter of the drop-
lets decreases, and the number and speed of the
droplets increase. The high pressure environment in-

creases the collision between droplets, so the SMD
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Fig.12

Influence of MQL gas supply pressure on atomization effect
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increases. As shown in Fig.12(c), increasing the sup-
ply pressure reduces the probability of generating
too large or too small droplets, making the droplet
distribution more concentrated. In summary, in-
creasing the gas supply pressure helps to increase
the atomization effect of MQL.

For high pressure environment, the nozzle
needs to have good sealing performance. In the me-
dium and low pressure environment, the nozzle seal-
ing requirements are relatively low, but it is still
necessary to effectively prevent leakage. Although
the high-pressure nozzle is costly, it can significant-
ly improve the processing efficiency and quality. Me-
dium and low pressure nozzles have more cost ad-
vantages and are suitable for mass production. Dif-
ferent industries should choose the right nozzle ac-

cording to the needs to achieve the best benefits.

2.7 Influence of lubricating oil flow rate on at-

omization effect of nozzle

Fig.13 shows the effect of lubricating oil flow

rate on the atomization cone angle and droplet size.

The experimental conditions are as follows: s=round-
ness, d=1.2 mm, /=0.5 mm, »=15 000 r/min,
/=0.015 mm/r, p=0.3 MPa. Keeping the gas sup-
ply pressure of MQL unchanged, increasing the lu-
bricating oil flow rate leads to a decrease in the gas-
liquid ratio at the nozzle outlet. This reduces the
shearing and crushing effect of gas on liquid is re-
duced. The mean diameter of atomized droplets in-
creases with the increase of lubricating oil flow rate,
which in turn affects the dispersion of droplets in the
gas. Therefore, with the increase of the lubricating
oil flow rate, the atomization cone angle gradually
decreases. The atomization cone angle is reduced by
20.67% when the flow rate is 90 mL/h compared
with 18 mL/h. As shown in Figs.13(b,c), the SMD
of the atomized droplets is the smallest and the drop-
let distribution is the most concentrated when the
flow rate is 54 mL/h. Too large or too small flow
rates will affect the quality of MQL atomization.
During long-term processing, excessive lubricating
oil flow will also lead to waste of lubricating oil and

increase processing costs.

75
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Fig.13

3 Conclusions

The MQL nozzles with different parameters
are manufactured. The atomization cone angle and
particle size distribution by changing the shape and
parameters of various nozzles are investigated in the
experiment. The conclusions are as follows:

(1) In all shapes, the square nozzle produces
atomized droplets with the smallest mean diameter
and SMD. The circular nozzle has more advantages

in small-area precision injection.

Influence of lubricating oil flow rate on atomization effect of nozzle

(2) The atomization cone angle reaches its
maximum value when the nozzle outlet diameter is
1.2 mm. The mean diameter of the MQL atomized
droplets and the SMD show an overall increasing
trend with the increase of the nozzle outlet diameter.
Increasing the nozzle outlet wall thickness will ap-
propriately reduce the droplet diameter. The larger
nozzle outlet wall thickness can make the liquid
beam coverage wider and the particle size distribu-

tion of the atomized droplets more concentrated.
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(3) The diameter of MQL atomized droplets
initially increases and subsequently drops as the
spindle speed and feed rate increase. Optimal selec-
tion of processing parameters can effectively de-
crease the diameter of atomized droplets and in-
crease the atomization effect.

(4) The atomization cone angle of MQL in-
creases with the increase of gas supply pressure and
decreases with the increase of lubricating oil flow
rate. However, the mean diameter of atomized drop-
lets decreases with the increase of gas supply pres-
sure and increases with the increase of lubricating oil
flow rate. Therefore, the higher gas supply pressure
and the lower lubricating oil flow will improve the
atomization quality.

(5) Optimizing the nozzle structure and atomi-
zation parameters is of great significance to improve
the processing quality and reduce the production
cost. In practical applications, appropriate nozzle
structure and atomization parameters should be se-
lected for different processing methods of different
materials in order to maximize benefits. In the fu-
ture, the nozzles of different materials and the atom-
ization stability of nozzles of different materials can

also be studied.
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