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Abstract

The letter presents an analysis of interference fit of the electric spindle at dif-
ferent rotor speeds due to the influence of centrifugal force and provides a
theoretical formula showing the relationship of the speed, stress on the rota-
tion speed. The letter also established a finite element model of the interfe-
rence fit. The study found that as the rotation speed increases, the interfe-
rence and contact stress between the spindle and the rotor gradually decrease,
and the reduced speed is proportional to the square of the rotation speed.

Keywords

Electric Spindle, Interference Fit, Centrifugal Force

1. Introduction

As the core component of CNC machine tools, electric spindle has the advan-
tages of compact structure, stable operation and high speed, and is widely used
in the field of CNC machining [1]. In order to ensure the machining accuracy
and transmission capacity of the electric spindle, an interference connection is
adopted between the spindle and the rotor, and the amount of interference will
affect the overall cutting performance and processing efficiency of the machine
tool [2]. If the interference is selected too large, it will increase the difficulty of
assembly between the spindle and the rotor, and even cause the collapse of the
mating surface, which will affect the machining accuracy of the machine tool [3]
[4]. If the interference is selected too small, the extrusion force between the
spindle and the rotor will be small, and sufficient torque will not be transmitted,
or the mating surface will slide relatively, which will aggravate the wear of the
spindle and affect the service life of the machine tool [5] [6]. When the electric
spindle is running at high speed, due to the centrifugal effect, the spindle and the
rotor will expand to different degrees, resulting in a great change in the interfe-
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rence fit characteristics between the spindle and the rotor [7] [8]. The letter pro-
vides a theoretical formula showing the relationship of the speed, stress on the
rotation speed, and also establishes a finite element model of the interference fit
[9] [10]. Knowing the interference between the spindle and rotor during the
high speed, one can analyze the optimum transmission capacity to improve the

processing quality of the parts and hence life of the machine tools.

2. Principle of Calculation Interference of Electric Spindle

When the spindle and the rotor are in an interference fit, a positive pressure is
generated at the spindle surface, the spindle is compressed, and the rotor is ex-
panded. Since the axial size of the spindle and the rotor is relatively large, and
the size along the axial direction is almost unchanged, the axial elongation can
be ignored. The matching size of the spindle and the rotor is shown in Figure 1.

The outer surface of the spindle is squeezed, and the inner surface has no load.
The boundary conditions are:

{O-pi(pIZb):_P(aSplﬁb) (1)

O i (pl =a ) =0
where P is positive pressure, N/m%* o i is the radial normal stress of the spin-
dle, N/m”.

The inner surface of the rotor is subject to expansion, and the outer surface
has no load. The boundary conditions are:

{O-pe(pzzb)z_P(bszgc) )
O pe (pz = C) =0
where o, is the radial normal stress of the rotor, N/m’.

In polar coordinate form, take out the differential body at the angle ¢ and ra-
dius p, and the thickness of the differential body is equal to 1. Since the spindle
and the rotor are both axisymmetric cylindrical sleeves, the tangential displace-
ment and shear stress at the mating surface are zero in the polar coordinate sys-
tem. The stress distribution of this differential body is shown in Figure 2. The
forces on the differential body are projected onto the radial axis of the differen-
tial body to obtain a balanced differential equation.

di N c,-0,

P

=0 (3)

dp p

Figure 1. Spindle and rotor matching model.
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Figure 2. Spindle stress distribution.

According to the literature [11], the relationship between stress and displace-

ment under plane strain is as follows:

4
E(l—u) up+ v du, ®)
o, = -
7 (1+v)(1-20) p 1-v dp
Substituting (4) into (3), we get:
d’u du, u
0 L% My 5)
dp~ pdp p
The general solution of this second-order differential equation is:
u, =Cp+ <2 (6)
e

According to Formulas (1) (4) (6), the relationship between the stress and dis-

placement of the spindle can be obtained:

- =b2_P[1_i]
" (a2 Pt

b’P a’
o, =7 1+— (7)
[Z (a2_b2)[ plzj

(1+0,)b*Pp, ( 2]

u, 5 (@7 1-20, +=

P

where o, is the tangential normal stress of the spindle, N/m* u, is the radi-
al displacement of the spindle, m; E, is the elastic modulus of the spindle ma-

terial, N/m% v, is the poisson’s ratio of the spindle material.

Similarly, the rotor stress and displacement can be determined by the follow-

" :”_P(l_i]
- (cz—bz) P

b*P c*
o, =2 |1+ )
P (62 _bZ)( ,022]

(1+v,)b°Pp ¢’
l/lpe :T_bz)z 1—2Ue+—2

ing formula:

P>
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where o, Is the tangential normal stress of the rotor, N/m?* u e 18 the radial
displacement of the rotor, m; E, is the elastic modulus of the rotor material,
N/m% v, isthe poisson’s ratio of the rotor material.

The materials used for the spindle and the rotor are steel materials, and their
elastic modulus and poisson’s ratio can be considered the same. Therefore, the
amount of interference at the mating surface can be determined by the following

formula:

5:

200-0*)Pb( 2 o p2 P22
S (E) [c—i—b b+a] 9)

+
- b -a

3. The Influence of Centrifugal Force on Interference Fit

When the spindle is running at high speed it is subjected to centrifugal force.
The balanced differential equation at this time is:
d&+—o-”_%+poa)2p:0 (10)
dp P
where p, is the material density, kg/m* @ is the angular velocity, rad/s.
According to Formulas (1) (4) (10), the spindle stress and displacement equa-

tions are obtained:

(3-20)0’py0* (| &* & pf b’P a
O-pizg(l—_u)o 1+b—2——2—b—12 +sz 1——2 (11)
P (a ) P
o B2l & ot (+20)p0 | 0P (|
o 8(1-v) vop (3-20)0 | (-0 A
_(3-20)(1+0)(1-20)P’ py’p, | &P a“  p
Uy, = I+ -+ 2 2
8E(1-v) b* (1-20)p} (3-2v)b
B*P(1+v)p a’
+W 1—2U+?
1

According to Formulas (2) (4) (10), the rotor stress and displacement equa-
tions are obtained:

3-20)h> 2 2 2 2 2 2
8(1-v) b p; b (c -b ) o
_(3—20)172,006021 ¢ & (1+20)p; e [, ¢
O =iy Tt T A e 1T el
8(1-v) B> p; (3-20)b (c _b) pox
y :(3—20)(1+1))(1—21))b2p0a)2p2 i+ ¢ P
P 8E(1-v) p* (1-2v)p; (3-20)b°
2 2
bP(1+U)p2 1_204_0_2
(cz—bQ)E P>

When running at high speed, the interference of the electric spindle can be
determined by the following formula:

5:(3—20)(1+u)(02—a2)bp0a)2 +2(1—1)2)Pb(cz+bz bz+azj )

2F E = -4
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4. Finite Element Analysis

In the finite element analysis software ANSYS Workbench, the static structural
module is used to simulate the interference fit model of the spindle and the ro-
tor. The contact between the spindle and the rotor is frictional contact, where
the outer surface of the spindle is the contact and the inner surface of the rotor is

the target.

4.1. The Influence of Centrifugal Force on the Amount of
Interference Fit

When the electric spindle is running at high speed, the spindle and the rotor will
expand to different degrees under the action of centrifugal force, which will af-
fect the interference fit characteristics between the spindle and the rotor. Figure
3 shows the radial displacement of the spindle and the rotor at different rotation
speeds. In Figures 3(a)-(c) figures represent the radial displacement of the
model at different rotation speeds.

It can be seen from Figure 3 that when the interference between the spindle
and the rotor is kept constant, as the speed increases, the radial displacement of
the spindle on the mating surface gradually decreases, and the radial displace-
ment of the rotor on the mating surface increases. The radial displacement in-

side the spindle gradually decreases as the rotation speed increases, while the
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Figure 3. Radial displacement of spindle and rotor at different rotation speeds. (a) Radial
displacement at 5000 r/min; (b) Radial displacement at 10,000 r/min; (c) Radial displace-
ment at 15,000 r/min.

DOI: 10.4236/wjet.2020.84058

796 World Journal of Engineering and Technology


https://doi.org/10.4236/wjet.2020.84058

C.Dingetal.

radial displacement inside the rotor gradually increases as the rotation speed in-
creases. The relationship between the radial displacement of the spindle and the
rotor on the mating surface and the rotation speed is shown in Figure 4. In Fig-
ure 4, the X-axis represents the rotation speed, and the Y-axis represents the
displacement. The blue line represents the rotor displacement; the pink line
represents the spindle displacement; the red line represents the reduction of the
amount of interference fit between the spindle and the rotor.

When the rotation speed is 1000 r/min, the interference reduction is only
0.043 um, which is completely negligible; when the spindle speed is 10,000
r/min, the interference reduction is 4.3 pm. The reduction in interference be-
tween the spindle and the rotor is proportional to the square of the rotation
speed. When the interference is reduced too much, relative sliding or even loo-
sening will occur between the spindle and the rotor, resulting in insufficient
torque transmission capacity of the electric spindle, and aggravated spindle
wear, which affects the processing quality of the parts. Therefore, in high-speed
operation, in order to ensure that the electric spindle has excellent transmission
capacity and high speed, it is necessary to increase the interference between the

spindle and the rotor to eliminate the influence of centrifugal force.

4.2. Influence of Centrifugal Force on Contact Stress

Due to the centrifugal force when the electric spindle is running at high speed, it
will offset some of the compressive stress generated by interference, thereby re-
ducing the contact stress between the spindle and the rotor. Figure 5 shows the
equivalent stress cloud diagram at different rotation speeds. In Figures 5(a)-(c),
figures represent the equivalent stress cloud diagram of the model at different
rotation speeds.

Figure 5 shows the behavior of the stress on the rotor. The stress on the inner
surface is at large and it gradually reduces from the mating surface to the outer
surface of the rotor. Similarly, the stress on the outer surface of the spindle is less
than the stress on the inner surface of the rotor, and it gradually increases from

the outside to the inside. Because the spindle is more compact in structure and
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Figure 4. The relationship between speed and displacement.
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has less deformation space, most of the stress is reflected on the rotor. As the ro-
tation speed increases, the stress of the spindle at the mating surface gradually
decreases, and the internal stress also gradually decreases. The stress of the rotor
at the mating surface increases with the increase of the rotation speed, and the
internal stress also increases as shown in Figure 6.

It can be seen from Figure 6 that the contact pressure between the spindle and
the rotor decreases as the rotation speed increases. The higher the rotation
speed, the faster the contact pressure between the spindle and the rotor decreas-
es.
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Figure 5. Equivalent stress cloud diagram at different rotation speeds. (a) Equivalent
stress cloud diagram at 5000 r/min; (b) Equivalent stress cloud diagram at 10,000 r/min;
(c) Equivalent stress cloud diagram at 15,000 r/min.
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Figure 6. Relationship between rotation speed and contact pressure.
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5. Conclusion

When the electric spindle is running at a low speed, the coordination characte-
ristics between the spindle and the rotor are affected by centrifugal force very lit-
tle and can be ignored. When the electric spindle is running at high speed, the
coordination characteristics between the spindle and the rotor are greatly af-
fected by the centrifugal force. As the rotation speed increases, the interference
and contact pressure between the spindle and the rotor decrease, and it is pro-
portional to the square of the rotation speed. Therefore, the influence of centri-

fugal force on the interference fit of the electric spindle must be considered.
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