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Abstract In the ultra-precision fly-cutting machine tool,
the speed of the spindle is very high and the distance
between the tool holder and the workpiece is small.
There will be normal aerodynamic forces below the tool
holder and on the workpiece under the influence of exter-
nal air. The aerodynamic forces will directly result in the
vibration of the machine tool and further affect the surface
topography of the workpiece. This paper mainly studies
the external aerodynamic forces on a fly-cutting machine
tool. It results from the periodical and intermittent sweep
between the rotating tool holder and the workpiece. The
method of computational fluid dynamics (CFD) is
adopted to study this phenomenon. Besides, the aerody-
namic forces at different spindle speeds are compared.
With the increase of the spindle speed, the amplitude
and mean value of the aecrodynamic force grows regularly.
The aerodynamic forces on the slide and below the tool
holder when the cutter processes different regions is pre-
sented. The aerodynamic force on the slide shows differ-
ent behaviors at different machining positions along the
feed direction. However, the acrodynamic force below the
tool holder is identical. The simulated aerodynamic force
on the workpiece is well coincident with the experiment
results.
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1 Introduction

In the inertial confinement fusion device, there are plenty
of potassium dihydrogen phosphate (KDP) optical com-
ponents for frequency multiplication and electro-optical
switch cells [1-3]. KDP crystal is extremely soft, fragile,
anisotropic, and thermally sensitive. At present, KDP
crystals processed by fly-cutting machine tool have rela-
tively good surface quality. Whereas the KDP crystal
requires fairly flat topography in ICF program, which
needs very small not only roughness but also the root
mean square (RMS) and the power spectral density
(PSD) [4]. The surface topography of the workpiece is
generated by the relative vibration between the tool tip
and the workpiece. The vibration of the fly-cutting ma-
chine tool directly affects the machined surface quality
[5-7]. The vibration of the tool tip originates from the
spindle vibration excited by external force [8]. Similarly,
the vibration of the workpiece is from the slide vibration.
Traditionally, cutting force is regarded as the only exter-
nal exciting force [9-11]. However, in the cutting force
test of an ultra-precision fly-cutting machine tool, a suc-
tion on the workpiece is clearly observed when the tool
holder without cutter sweeps over the workpiece. This
suction is actually the aerodynamic force, which results
from the external airflow. Yang et al. also found this
phenomenon in the experiment, which was just regarded
as the effect of airflow disturbance and not studied fur-
ther [12]. Clearly, the aerodynamic force is an external
exciting force that will affect the machining accuracy.
Though there are many studies about the effect of the
spindle on the machining surface topography [13-16],
the external aerodynamic effect on the fly-cutting ma-
chine tool is always regarded too slight to be considered
and still remains unclear.
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Fig. 1 The fly-cutting machine
tool and the model of external air
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Table 1 Model dimensions
Rotation Workpiece Vacuum chuck Rotation speed (r/min) Workpiece Distance between tool
radius (mm) dimension (mm) dimension (mm) thickness (mm) holder and workpiece (mm)
330 430 x 430 480 x 460 390 10 17

The aerodynamic effects on the trains, aircrafts, and
racing cars are studied a lot. The vibration of the train is
aroused by the lateral acrodynamic force when a high-
speed train is traveling into the tunnel, and the force is
proportional to the square of the train speed no matter
whether there is a reverse cruising train [17]. The ampli-
tudes of the pressure changes in the tunnel and on the
train surface are both approximately proportional to the
square of the train speed, so are the drags of the train
when a train pass through a tunnel [18]. Due to the
ground effect, the airflow around the aircraft wings is
considerably modified when the plane is taking off or
landing, which will result in a sudden change of the aero-
dynamic force on the wings [19, 20]. The lift of airplane
wings will increase when approaching the ground, and the
down force of the racing car will increase by the inverted
airfoil [21].

Thus, from the existing literature, the aerodynamic force
has a large effect on the high-speed object, and the impact will
become more complex and dramatic when two relatively
moving objects are close. The spindle speed is fast and the
distance between the tool holder and the workpiece is close,
which is similar to the trains, aircrafts, and racing cars.
Besides, with the increase of the workpiece size and process-
ing efficiency, cutting velocity will increase inevitably. The
external airflow will become more complex and the impact
of external aerodynamic on the machining will become more
intense. Therefore, studying the external aerodynamic force is
very essential.

This paper focuses on the aerodynamic force below the tool
holder and on the slide. Lots of flow simulations are carried
out to study its mechanism. Utilizing the data of cutting force
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experiment on the fly-cutting machine tool, the characteristics
of this phenomena can be verified. In order to find the rela-
tionship between the spindle speed, and the mean value and
the amplitude of aerodynamic force, five spindle speeds of
390, 780, 1170, 1560, and 1950 r/min are calculated.

2 External air model and numerical method

Based on the structure of ultra-precision fly-cutting ma-
chine tool, a simplified model of external air is built (Fig.
1). This model removes some small grooves and some other
details of the tool holder but retains the pore structure below
the tool holder. In order to reduce the computational cost
and complexity, the model mainly considers the air around
the processing area.

Unstructured tetrahedral mesh for the model is created. The
boundary layer prism cells are established to better simulate
near-wall flow. As shown in Fig. 1, the model includes two
computing domains. The air zone near the fly-cutting head is
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Fig. 2 the boundary conditions of the CFD model
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the computational domain 1, and the air zone near the work-
piece is the computational domain 2. They are meshed respec-
tively. The sliding interface technology is used to solve the
relative motion between the tool holder and the workpiece.
The moving mesh rotates at the speed of the spindle. The
numerical simulations are conducted by using the computa-
tional fluid dynamics (CFD) with the software ANSYS
Fluent.

Table 1 shows the structure dimension of the external air
model. The velocity of tool nose is about 13.5 m/s, so the
Mach number of air flow is far less than 0.3. The compress-
ibility of the air can be ignored. The three-dimensional tran-
sient, uncompressible Reynolds-averaged Navier—Stokes
equations, and SST k-w turbulence model with curvature cor-
rection are employed in the calculations. The equations are
solved by the finite-volume method, and the curvature correc-
tion can mitigate the overestimation of turbulence level.
Because of increasing the boundary layer number can often
obtain steady numerical results, the model generates a 10-
layer prism mesh to improve the prediction accuracy of the
wall boundary layer. The pressure-based solver is used with

Aerodynamic force (N)

003 006 009 012 015
Time (s)

Fig. 4 Comparison of aerodynamic forces on the slide with different
meshes

Original position

(®)

coupled scheme to address the pressure-velocity coupling to
better solve the problem of rotating incompressible flow. The
boundary conditions of the CFD model are detailed in Fig. 2.
The pressures of the pressure inlet and pressure outlet are 0 Pa.

Figure 3a shows the processing principle of the ultra-
precision fly-cutting machine tool. The cutter processes the
workpiece with the rotation of the spindle. The vacuum chuck
with the workpiece feeds along the slide under the driving
linear motor. As shown in Fig. 3b, the tool holder rotates from
the original position in the simulation and other positions are
the points that are swept over by the tool holder in the follow-
ing. The aerodynamic forces on the slide (the aecrodynamic
force on the workpiece and the vacuum chuck) and below
the tool holder are concerned.

The residual errors of all variables converge to 5 x 107> at
each time step. The mesh (it is referred to as the medium
mesh) has 3.6 million grid cells. A coarse mesh of 1.4 million
grid cells and a fine mesh of 7.1 million grid cells are also
generated for the mesh sensitivity study. The simulation re-
sults with the time step size of 0.0008 s are a cycle of the
aerodynamic forces on the slide (Fig. 4). According to Fig.
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Fig.5 Comparison of aerodynamic forces on the slide with different time
step size
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Fig. 6 Aerodynamic force on the slide in a half of circle

4, the results of three kinds of mesh densities are similar. In
order to reduce the computational resources and increase the

30

60 90 120
Rotation angle (°)

150

180

calculation speed, the model adopts medium mesh density.
Respectively, the time step sizes are set as 0.0004,
0.0008, and 0.0012 s for time-independent verification.
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It can be seen from Fig. 5 that the result of the time step
size of 0.0008 s is consistent with the result of 0.0004 s,
but there is an obvious deviation from the result of
0.0012 s. The simulation is carried out with the time step
size 0.0008 s.

3 Simulation results and discussion
3.1 Aerodynamic force on the slide

There are tool holders that sweep over the workpiece surface
in one circle. Take a half of a cycle to analyze the aerodynamic
force on the slide because the effects of the two tool holders on
the airflow are exactly uniform theoretically. Figure 6 shows
the change of aerodynamic force on the slide when the ma-
chine tool is processing the center of workpiece along the feed

5.00e+01
4.40e+01
3.80e+01
3.20e+01 ri
~

2.60e+01
2.00e+01
1.400+01
8.00e+00
2.00e+00
-4.00e+00
-1.00e+01
-1.60e+01
1 -2.20e+01
-2.80e+01
-3.40e+01
-4.00e+01
-4.60e+01
-5.20e+01
-5.800+401
-6.40e+401
-7.00e+01
-7.60e+01
-8.20e+01
-8.80e+01
-8.40e+01 -
-1.00e+02

(®)

5.00e+01
4.40e+01
3.80e+01
3.20e+01

2.60e+01
2.00e+01
1.40e+01
8.00e+00
2.00e+00
-4.00e+00
-1.00e+01
-1.60e+401
[ 22001
-2.80e+01
-3.40e+01
-4.00e+01
-4.60e+01
-5.20e+01
-5.80e+01
-6.40e+01
-7.00e+01
-7.60e+01 ( \
-8.200+01 >
-8.80e+01
-9.40e+01 =
-1.00e+02

(d

Fig. 7 Pressure profiles on the workpiece and vacuum chuck with different positions of tool holder. a Original position. b Scanning-into position. ¢
Central position. d Scanning-out position
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Fig. 8 Aerodynamic force below the tool holder in one circle

direction. The aerodynamic force on the slide experiences
three peaks and valleys during a half of circle.

It is distinct to qualitatively figure out the variable
characteristics of the aerodynamic force by analyzing the
time-varying pressure profiles on the workpiece and vac-
uum chuck that is shown in Fig. 7. When the tool holder
is in the high-speed movement, the air in front of the tool
holder is compressed to form a high-pressure zone and the
air behind the tool holder forms a negative pressure zone.
Figure 7 is the pressure profiles of the workpiece and
vacuum chuck when the tool holder sweeps over four
positions seen from down to up. As the tool holder grad-
ually approaches the workpiece from the original position,
the aerodynamic force on the slide gradually increases
because the positive pressure area on the workpiece be-
comes bigger and bigger. As shown in Fig. 7b, when the
tool holder reaches the scanning-into position, the tool
holder rotates 46° from the original position and the pos-
itive pressure area reaches its maximum, so the aerody-
namic force on the slide reaches a maximum value.

As the empty tool holder sweeps over the workpiece,
the aerodynamic force on the slide gradually decreases
due to the entry of the negative pressure zone behind
the tool holder. The aerodynamic force gets to be a min-
imum when the total negative pressure area just reaches
the workpiece completely. As the tool holder continues to
sweep over the workpiece, the aerodynamic force on the
slide will increase slightly and keep constant generally.
With the leaving of the positive pressure area on the
workpiece, the aerodynamic force on the slide begins to

Table 2 Time step sizes with different spindle speeds

Rotation 390 780 1170 1560 1950
speed(r/min)

Velocity(m/s) 13.5 27 40.5 54 67.5
Time step size(s) 0.0008  0.0004  0.000267 0.0002 0.00016

decline. When the tool holder reaches the scanning-out
position, the positive pressure zone has left and the neg-
ative pressure zone begins to leave the workpiece; the
aerodynamic force on the slide reaches the second mini-
mum (Fig. 7d). Then, with the departure of the negative
pressure zone, the aerodynamic force begins to increase
and reaches the maximum when the negative pressure
area on the workpiece and vacuum disappears completely.
Finally, due to the tail vortex, another negative pressure
zone arises when the negative pressure zone is completely
away from the vacuum chuck. The negative area on the
workpiece and vacuum chuck gradually increases and the
aerodynamic force gradually reduced until the tool holder
reaches the position after the symmetrical position about
10°. Figure 7a shows the pressure profile in the original
position. It can be seen that the negative pressure area on
the workpiece and vacuum chuck is very clear. Figure 7c
shows the pressure profile of the vacuum chuck and the
workpiece when the tool holder is sweeping over the cen-
tral position.

3.2 Aerodynamic force below the tool holder

There is also an aerodynamic force below the tool holder
when the tool holder sweeps over the workpiece.
Aerodynamic force and cutting force as the external exciting
force result in the vibration of the spindle, which affects the
machined surface topography directly. Figure 8 shows the
changing process of aerodynamic force below the tool holder
in one period of rotation. It can be seen that the aerodynamic
force below the tool holder gradually increases with the tool
holder entering the workpiece from the original position, and
it reaches a maximum when the tool holder gets to the
scanning-into position. As the tool holder sweeps over the
workpiece, the aerodynamic force below the tool holder re-
mains approximately constant. The aerodynamic force begins
to decrease when the tool holder starts to leave the scanning-
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Fig. 9 Comparison of acrodynamic forces on the slide at five rotation
speeds
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out position and reaches a minimum in the symmetrical posi-
tion. There are two peaks and valleys in the latter half of the
cycle.

The amplitude of the aerodynamic force on the slide is
about 0.35 N, and the aerodynamic force on the lower surface
of the tool holder is 0.1 N, which cannot be neglected com-
pared to the cutting force.

3.3 The comparison of aerodynamic forces on the slide
at different rotation speeds

The aerodynamic forces on the slide at five speeds are studied.
The minimum spindle speed is the spindle speed of the verti-
cal fly-cutting machine tool, and the rest are the multiple of
that. To make the calculation accurate, the simulations set
different time step sizes so that the tool tip passes the same
distance during a time step size at different speeds. The spe-
cific spindle speeds and corresponding time step sizes are
shown in Table 2.

All the Mach numbers at five speeds are less than 0.3.
Therefore, the airflow fields around the tool holder can be
approximately regarded as a three-dimensional unsteady in-
compressible flow field at five speeds. Therefore, the same
algorithm will be used at five spindle speeds.
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Fig. 11 Comparison of acrodynamic forces on the slide at five rotation
speeds
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Figure 9 shows five time histories of aerodynamic forces
on the slide in a half of circle at five spindle speeds when the
tool holder passes the same processing path that goes through
the central position of the workpiece in both cut direction and
feed direction. At five spindle speeds, the trend of the aerody-
namic forces on the slide is uniform. As the spindle speed
increases, the absolute value of aerodynamic force increases
and aerodynamic change becomes more intense. The mean
values and the amplitudes of the aecrodynamic forces at differ-
ent speeds are compared.

Figure 10a gives the mean values of the aerodynamic
forces on the slide at five spindle speeds. The fitted equation
between the mean value of aecrodynamic force y; and the spin-
dle speed x is shown as Eq. (1). It can be seen that there is a
quadratic function relationship between the mean value of
aerodynamic force on the slide and the spindle speed.

¥ =—1.69 x 10°x* + 8.04 x 10%x—0.23 (1)

Figure 10b gives the amplitudes of the aerodynamic forces
on the slide at five spindle speeds. The fitted equation between
the amplitude of aerodynamic force y, and the spindle speed x
is shown as Eq. (2). There is a quadratic function relationship
between the amplitude of aerodynamic force on the slide and
the spindle speed.

¥y =2.70 x 10°%*=7.53 x 10~*x + 0.26 (2)

With the increase of the spindle speed, the term and the
constant can be ignored compared with the quadratic term as
spindle speed increases in the fitted equation. Therefore, the
mean value and the amplitude of aerodynamic force is propor-
tional to the square of the spindle speed with the increase of
spindle speed, which is similar to the relationship between the
aerodynamic force and the velocity when a high-speed rail is
entering a tunnel [13, 14].
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3.4 The comparison of aerodynamic forces below the tool
holder at different rotation speeds

Figure 11 shows a circle of time histories of aerodynamic
forces below the tool holder at five spindle speeds when the
tool holder passes the same processing path that goes through
the central position of the workpiece in both cut direction and
feed direction. At different speeds, the trends of the aerody-
namic forces are similar. With the increase of the spindle
speed, the absolute value of aerodynamic force increases and
the aerodynamic change becomes more intense. The mean
values and the fluctuation magnitudes of acrodynamic forces
below the tool holder at different speeds are compared below.

Figure 12a gives the mean values of the aerodynamic
forces below the tool holder at five spindle speeds. The fitted
equation between the mean value of aerodynamic force y;
below the tool holder and the spindle speed x is shown as
Eq. (3). There is a quadratic function relationship between
the mean value of the aecrodynamic force below the tool holder
and the spindle speed.

y; =—1.73 x 10°x*~1.08 x 10™*x + 0.06 (3)
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Fig. 13 Five points of the workpiece

Figure 12b gives the amplitudes of the aerodynamic forces
below the tool holder at five spindle speeds. There is a qua-
dratic function relationship between amplitude of the aerody-
namic force y4 below the tool holder and spindle speed x:

Vs =3.93 x 10 +5.38 x 10%x—0.22 (4)

As the spindle speed increases, the mean value and the
amplitude of aerodynamic force below the tool holder is also
approximately proportional to the square of the spindle speed.
Besides, the acrodynamic force will exceed the cutting force
when the spindle speed is greater than 1170 r/min.

3.5 The comparison of aerodynamic forces on the slide
at different processing positions

Obviously, the aerodynamic forces are completely different
when the cutter is machining the workpiece at different loca-
tions along the feed direction. The impact of aerodynamic
forces on the machined surface topography will be different.
Therefore, the analysis of aecrodynamic forces when the tool
holder sweeps over different locations in the feed direction is
necessary. Five special positions are simulated and analyzed
to study this question.

e
w

Aerodynamic force (N)

60 120 180 240

Rotation angle (°)

360

Fig. 14 Comparison of aerodynamic forces on the slide at five
machining positions
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Figure 13 gives five points that is processed as the tool
holder sweeps over the workpiece along five paths in the feed
direction. Point A is the state when the tool holder first sweeps
over the workpiece. Point C is the state when the center of the
workpiece is swept. Point E is the state when it sweeps out.

Figure 14 shows the change trends of the aerodynamic
forces on the slide during one rotation period when the tool
holder sweeps over five machining positions A, B, C, D, and
E. The absolute value of the aerodynamic force gradually
increases from cutting in to cutting out workpiece along the
feed direction. However, the amplitude of the aerodynamic
force is not the same.

Figure 15a gives the mean values of the aerodynamic
forces on the slide at five machining positions. It can be
seen that the mean value gradually reduces with the pro-
cessing of the workpiece in the feed direction. With the
processing of the workpiece, the slide gradually arrives

-0.21
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0.27 ,-»f'

-0.30

Aerodynamic force (N)

_0’330 60 120 180 240 300 360
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Fig. 16 Comparison of acrodynamic forces below the tool holder at five
machining positions

into the middle of the two columns and beam. The inner
surface of the columns and the beam greatly affect the
airflow, which results in the suction phenomenon on the
workpiece becoming more obvious. In addition, the aero-
dynamic force varies greatly between C and D. Figure 15b
shows the amplitudes of the aerodynamic forces on the
slide at the five machining positions. The amplitudes of
the aerodynamic forces at the five positions are very dif-
ferent. The fluctuation magnitude of the aerodynamic force
(1.12 N) at point E is the largest, which is greater than the
cutting force.

3.6 The comparison of aerodynamic forces below the tool
holder at different processing positions

Figure 16 shows the time histories of the aerodynamic forces
below the tool holder during one rotation cycle when the tool
holder passes through the machining positions A, B, C, D, and
E. In the five processing positions, the changes of aerodynam-
ic forces below the tool holder are almost identical.

Figure 17 shows the mean values and amplitudes of the
aerodynamic forces below the tool holder.

The mean values and amplitudes of the aerodynamic forces
below the tool holder are almost exactly the same in the five
machining positions. The amplitudes are about 0.1 N which is
about one tenth of the cutting force. However, the impact of
aerodynamic force on the vibration of the spindle cannot be
ignored because the aerodynamic forces are applied to two
tool holders at the same time.

Fig. 17 Mean values and 020 0.20
amplitudes of the aerodynamic -0.22
forces below the tool holder at z 0.24 z 0.15
five positions g @
p § 2026 [ ./-\./l S 0.10 R .
c S ./
g -0.28 £
= < 0.05
-0.30
ME—R C D E 90— B [ D E
Position Position
(a) (b)
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Fig. 18 The force on the workpiece with the spindle speed of 390 r/min a force in the experiment and b force in the simulation

4 Experimental confirmation

Two cutting force tests are conducted on a vertical KDP
fly-cutting machine tool to verify the correctness of the
simulation. To decrease the difficulty of experiment, the
workpiece size is taken as 100 x 100 mm and not the
original dimension. Two experiments are performed with
different cutting parameters. One experiment is performed
under spindle speed of 390 r/min and feed rate of 37 pm/
r. Another is performed under spindle speed of 260 r/min
and feed rate of 18.5 um/r. Their cutting depths are
10 um. Figure 18a shows the force measurement on the
workpiece with the spindle speed of 390 r/min. According
to the experimental results, the value of cutting force is
about 1 N. The aerodynamic force on the workpiece is
calculated under the workpiece size of 100 x 100 mm.
The aerodynamic force on the workpiece plus the cutting
force is the simulating force in the first half of the cycle.
In the latter half of the cycle, the aerodynamic force

remains unchanged. The simulation result of the force
on the workpiece is shown in Fig. 18b. It can be seen that
the experimental results and the simulation results are al-
most identical in the latter half of the cycle.

In the experiment, the amplitude of aerodynamic force on
the workpiece is about 0.60 N and in the simulation, it is
0.51 N. The error of them is about 15%. The change trend
of'the force on the workpiece in the first half of the cycle is the
same. However, the amplitude of the force in the experiment is
larger than that in the simulation when the cutter is processing
the workpiece. That is because the cutter has an influence on
the aerodynamic force, which is not considered in the
simulation.

Figure 19a shows the force measurement on the workpiece
with the spindle speed 260 r/min. Figure 19b shows the cor-
responding simulation result. The amplitude of aerodynamic
force in latter half of the cycle is 0.30 N, and the simulation
result of the force is 0.23 N. The error of them is about 23.3%.
Therefore, the correctness of the simulation is verified well.

Fig. 19 The force measurement 3.992 0.4
on the workpiece with the spindle
speed of 260 r/min (a) force in the
experiment and (b) force in the 3. 467 02l
simulation )
o 200 ‘ ‘ g
T A i 3
5 il 8
= o2417] T T T T (" =
1.892
1.367 : 04 ? x x ' :
: 5926 5998 6070 6142 6214 0 60 120 180 240 300 360
Time(s) Rotation angle (°)
(a) (b)
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5 Conclusion and discussion

Via numerical simulation of external aerodynamic force, the
following conclusions are made:

1. The amplitudes of aerodynamic forces on the slide and
below the tool holder are prominent, of which the influ-
ence on the vibration of spindle and slide cannot be
ignored.

2. The amplitudes and mean values of the aerodynamic
forces on the slide and below the tool holder are approx-
imately proportional to the square of the rotation speed
with the increasing of the spindle speed.

3. The amplitudes and mean values of the aerodynamic
forces on the slide along the feed direction are very dif-
ferent, and the mean value of the aerodynamic force grad-
ually reduces. However, the aerodynamic force below the
tool holder is identical.
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