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Abstract: In this paper, in order to reduce the spindle temperature rise and enhance the spindle
heat dissipation capability, a top complementary heat conductive path of the spindle based on the
IPTO algorithm was designed. In order to verify the heat dissipation effect of the heat conductive
path, an experimental test platform was constructed. Experiments on the thermal characteristics of
water-cooled and air-cooled heat conductive paths with different volume proportions were conducted
to test the temperature rise of the spindle and analyze the effect of the heat conductive path with
different volume proportions on the temperature distribution of the spindle. The heat conductive
path with the optimal volume proportion was determined and the heat dissipation effect of the heat
conductive path was verified.

Keywords: spindle system; heat conductive path; IPTO algorithm; topology optimization; heat
dissipation effect

1. Introduction

At the moment, with the rapid development of industry, the requirements for parts
are getting higher and higher. The machining accuracy of the machine tool directly deter-
mines the accuracy of the parts. At present, there are many factors affecting machining
accuracy, such as geometric errors, errors caused by cutting forces and thermal errors, etc.
Among them, the influence of thermal errors accounted for a relatively obvious proportion,
which can reach up to 70% [1-3]. Yan Liang [4] found in the experiment that in the process
of high-speed high precision machining, when the electric spindle ran at high speed, the
heat was generated by the friction between the spindle bearing and the electric spindle.
Excessive temperature would affect the spindle rotating accuracy and can cause serious
bearing failure [5]. At the same time, materials, sizes and structures of the spindle were
different, which led to uneven heat distribution and caused uneven thermal deformation,
resulting in large radial and axial runout and thermal errors. Therefore, the spindle thermal
characteristics have a large impact on machining accuracy.

Cooling and heat dissipation are commonly used methods to reduce the thermal
error of the spindle. Traditionally, a cooling water jacket is used for heat dissipation of
the spindle [6-8]. By installing the water jacket outside the bearing, the heat generated by
the machine tool spindle is taken away in the form of convection and the temperature is
reduced. Replacing the steel materials in the spindle with the low coefficient of thermal
expansion materials and composite steel materials is another way to enhance the spindle’s
heat dissipation [9].
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Transferring heat by conduction along certain paths was widely used in the field
of electronic devices to enhance chip heat dissipation. Those paths were filled with high
thermal conductivity materials so that the heat generated at each point was effectively
transferred to its boundaries [10,11]. In recent years, this method has also been applied in
the field of machine tools. Specifically, the heat conductive path was constructed along the
radial direction on the bearing housing and spindle shell, with one end linked to the outer
ring of the bearing and the other end linked to the external cooling system of the spindle,
and the path was filled with high thermal conductivity materials to allow the internal heat
of the spindle to be output to the bearing housing and the external part of the shell through
this path [12]. The current study showed that this method has good thermal conductivity,
but there was not sufficient research on the structure of the thermal conductivity path,
which should be designed in some way:.

The difference in the shape and size parameters of the heat conductive path directly
affected the magnitude of the thermal resistance and thus the heat dissipation effect [13,14].
A large number of scholars have studied the specific geometric parameters of the structure
by means of topology optimization [15]. Baotong Li et al. [16] specified the heat conductive
paths with the help of scalar field ridges. Qiyin Lin et al. [17] proposed a bionic hierarchical
generation design algorithm inspired by leaf vein growth and used the EFG method to
discretize the design domain. Shuhao Wu et al. [18] developed a topological complementary
optimization model for transient heat conduction problems with a regional temperature
control function as the design objective. The variable density method was a common
method for topology complement optimization of continuum structures and was widely
used in engineering fields [19-21]. M P Bendsoe and O Sigmund [22] analyzed different
material’s intermediate density penalty methods and finally proposed an isotropic penalty
microstructure model for solids.

A large number of scholars have attempted to study the topology optimization of
structures using the PTO algorithm. Yifei Zhang [23] applied the PTO algorithm to optimize
the multiphase material position by solving the proportion of flexibility occupied by each
phase of material. Zahur Ullah [24] proposed the maximum entropy-based PTO algorithm
for the problem of minimum flexibility and stress constraints of structures. Structural
optimization of MBB beams, cantilever beams and L-brackets was conducted according to
this method. The PTO algorithm can effectively update the design variables iteratively to
improve the computational efficiency and accuracy of the results. But the topology structure
obtained according to this algorithm is sometimes flawed. On this basis, Hui Wang [25]
further improved and proposed the IPTO algorithm, and applied the algorithm to optimize
the structure of the cantilever beam and verified the reliability of the algorithm.

In this paper, we proposed to construct heat conductive paths and fill them with high
thermal conductivity materials to enhance the dissipation of the spindle. Based on the IPTO
algorithm, the optimal distribution of heat conductive paths was calculated. The thermal
characteristics of the thermal path were tested, and the heat dissipation effect of the heat
conductive path was verified.

2. Topology Structural Design Based on IPTO Algorithm
2.1. Centralized Thermal Conductivity Model

When the spindle is rotating at high speed, a lot of heat is generated at the internal
bearing. The heat is difficult to export to the outside quickly, resulting in a large temperature
difference between the inside and outside, which may cause the bearing to become stuck
and damaged. In order to solve this problem, heat conductive paths [12] are proposed to
be built in the design area of the front and rear bearing housing, which were filled with
high thermal conductivity material helping transfer the heat from the inside to the outside
directly. In order to obtain the optimal distribution of high thermal conductivity materials,
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the discrete mathematical model (Equation (1)) of the topological optimization algorithm
was chosen as the solution for the location of the material distribution [26]:

find x = {x1,xp,- -+ ,xn} € R"
n
minC=TI'KT=C= Y. T."KcTe
e=1

i XeUe < f'VO M
1

e=
s.t. KT — P
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where C is the heat dissipation weakness and denotes the objective function. x is the cell
design variable. T denotes the temperature vector within the design domain. v, is the
volume of the cell. Vj is the total volume of the design domain. f denotes the material body
fraction ratio. Xmin and xmax are the upper and lower boundary values of the discrete cell
Xe, respectively.

IPTO [Improved Proportional Topology Optimization] is a corrected proportional
optimization algorithm [27]. The algorithm is capable of filtering out variables that conform
to the normal distribution and then corrects for them. The corrected variables are used
as design parameters and the process is repeated iteratively. The SIMP(Solid Isotropic
Material with Penalization) model [28] was used in the specific structure solution of this
paper to screen the computational results of each discrete cell. The design parameter was
pseudo-density. Pseudo-density was virtual density. When the material density was greater
than the lower limit of the set density, the pseudo density was 1. At this time, the unit will
be filled with high thermal conductivity materials. In this algorithm, an iterative cycle of
density variables was solved for discrete cells according to Equation (2):

W = ol 4 (1 )l @

where xb™ and x7°™ are the discrete cell density variable obtained from the previous
iteration and the current iteration of the main cycle density variable update, « is the
scale factor.

Based on the above analysis, the material distribution was solved with the help of
COMSOL software. A circular model was established, and copper was chosen as the high
thermal conductivity material. The triangular unit was used to divide the ring, and the
temperature conditions were added according to Figure 1, which were derived from the
specific working conditions and theoretical analysis.

I=25°C

¢=40,000W/m?

Figure 1. Temperature conditions.

Supposing the volume proportion V of high thermal conductivity material was set
to 40%, the material distribution was solved according to the IPTO algorithm and the
iteration process was shown in Figure 2a. It can be seen that when the number of iterations
reached 50 times, the temperature tended to stabilize. The stabilized structure was the
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required heat conductive paths (black branch) as shown in Figure 2b. It can be seen from
Figure 2b, that the number of main branches was 16, and the shape of the branches was
not exactly the same, with some having multiple levels of branches and some having
no branches.
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Figure 2. Solution results: (a) Iterative process; (b) Topological structure of heat conductive paths
based on IPTO algorithm.

2.2. Ring-Shaped Model of Heat Conductive Path

The spindle was normally supported by two sets of angular contact bearings at the
front and rear, respectively. Supposing the bearing is NSK 7010C angular contact ball
bearing, its contact angle was 15° and the size was 50 x 80 x 16 mm. Assuming that the
total axial preload force was 300 N and the lubrication method was grease lubrication, the
relevant parameters are shown in Table 1.

Temperature(K)

Table 1. Parameters of angular contact ball bearing (7010C) r.

Inner Diameter/d

Outer Diameter/D  Width/B Highest Running Speed (Oil Lubrication) Weight Cor

50 mm

80 mm 16 mm 17,700 r/min 0.259 kg 21.9 kN

As the design area, the front and rear bearing housing were simplified as a ring-shaped
model to construct the heat conductive paths. The ordinary model and the model with heat
conductive paths containing the topology structure are shown as Figure 3a,b, respectively.
The inner diameter was equal to the outer diameter of the bearing. And the material of the
substrate was structural steel, which was a common material for spindle bearing housing.
The ordinary ring-shaped model (see Figure 3a) consists of pure structural steel and the
model with heat conductive path (see Figure 3b) consists of substrate and heat conductive
paths with the topology structure which were filled with copper. The relevant parameters
of the ring-shaped model are shown in Table 2.

(@)

Figure 3. Ring-shaped model: (a) Ordinary model (pure matrix material); (b) Model with heat
conductive path (copper volume proportion 40%).
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Table 2. Structural size and material parameters.

Thickness d

Inner Radius 7y  Outer Radius 7, Steel Thermal Conductivity ko Steel Thermal Conductivity kq

0.032 m

0.08 m

0.04 m 50 W-m— 1K1 401 W-m— 1K1

3. Experimental Verification of the Heat Dissipation Effect

An experimental test platform was built to test the heat dissipation effect. The ring-
shaped model of heat conductive paths with topology structure was used as the research
object, and the model without heat conductive paths was used as the control group. Their
temperature fields under certain thermal boundary conditions were tested separately, and
the average and maximum temperature of the model were used as the index to evaluate
the heat dissipation effect.

3.1. Experimental Testing Platform for the Heat Dissipation Effect of Heat Conductive Path
3.1.1. Experimental Platform

In order to improve the heat dissipation efficiency, heat conductive paths with topology
structure were built in the radial direction on the bearing housing shell. One end of the
heat conductive path was in direct contact with the outer ring of the spindle bearing, and
the other end of the heat conductive path was in contact with the cooling water jacket.
By using the heat conductive paths, the heat could be transferred from the heat source in
the form of heat conduction directly to the outside of the spindle for cooling. The testing
platform for the heat dissipation effect of the heat conductive path was built and is shown
in Figure 4. On the testing platform, the cooling water jacket (8) was supported by a fixed
V-shaped iron (2), and the ring-shaped testing sample was placed inside the cooling water
jacket. In order to replace the testing samples conveniently, the disc specimen and the
cooling water jacket adopted a clearance fit. The heating ring (9 was installed in the
inner ring of the testing sample, which was used to simulate the internal heat source of
the spindle to generate heat. The power of the heating ring was controlled by the PID
temperature control box (6. The cooling water jacket was controlled by the chiller ) to
provide constant temperature boundary for the testing sample. The temperature baffle (3)
was placed outside the cooling water jacket to prevent interference to the infrared thermal
imaging camera. During the experiment, on the one hand, the infrared thermal imaging
camera (1) lens was used to test the temperature distribution of the sample, and its testing
results can be uploaded to the PC terminal in real time (7). On the other hand, the PT100
temperature sensor was installed on the end surface of the ring-shaped testing sample to
test the changing process of the temperature. The data was transmitted to the multi-data
recorder (5), and the testing results were saved and shown in real time on the PC.

Figure 4. Experimental test platform for heat dissipation effect of heat conductive path.
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For the specific experimental implementation shown in Figure 5, the devices were first
connected according to the scheme. After the connection, all instruments were turned on.
The infrared camera and multi-channel data recorder measured the temperature. The chiller
cooled the cooling water jacket to ensure the constant temperature boundary of 25 °C,
and the PID temperature control box heated the heating ring to provide the heat source.
After the thermal steady state was reached, the data were recorded. Specific experimental
methods were described in Sections 3.2.1 and 3.3.1.

>

Cool

Chiller

TP700 Multi-channel data recorder
PT100 temperature sensor

Heat

Measuring temperature

Measuring temperature
field

@/ FLIR infrared thermal imager
NS PCl

Figure 5. The schematic for the experimental apparatus.

PID temperature control box

b

Cooling water jacket

3.1.2. Experimental Instruments

(1) Infrared thermal imager

The FLIR infrared thermal imager was used to display the distribution of the testing
sample in real time, and to record the temperature value of all pixel points in the current
shooting picture. By adjusting the infrared thermal imager to be horizontal, the lens was
facing the end face of the testing sample directly, and the error caused by lens deflection
during shooting could be effectively reduced. The distance between the infrared thermal
imager and the testing sample was also needed to be adjusted ensuring that the whole
end face of the testing sample was within the image. Infrared thermal imager was shown
in Figure 6.

Figure 6. FLIR infrared thermal imager.
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Within the range of —20 to 100 °C, the shooting accuracy of the infrared thermal
imager is £1 °C, which can meet the requirements of experimental tests. The parameters of
the FLIR infrared thermal imager were listed in Table 3.

Table 3. FLIR infrared thermal imager parameters.

. . Thermal Frame Rate Integration Time
Infrared Resolution  Measuring Range Accuracy Sensitivity (Full Frame) (at the Lowest Frame Rate)
Minimum 640 x 512 4-1500 °C +1°Cor 1% <25 mK >145 Hz <2 us

(2) Temperature Collector

In order to obtain the temperature rise process of the testing sample, temperature
sensors were adopted as well. The TP700 multi-channel data recorder can convert the
analog signal collected by the temperature sensor into a digital signal, which was displayed
in real-time by a computer. According to the testing results, the trend of temperature
rising was obtained, and it was determined if the sample had reached a steady state.
The PT100 thermocouple was a magnetic suction type which was easy to install and
uninstall. The testing accuracy is within £1 °C and the testing sensitivity is 0.01 °C.
The multi-channel data recorder and temperature sensor are shown in Figure 7.

(@) (b)
Figure 7. Multi-channel data recorder and temperature sensor: (a) TP700 Multi-channel data recorder;
(b) PT100 temperature sensor.
(8) Cooling water jacket

The cooling water jacket (8) in Figure 5 was controlled by a chiller, which can manually
set the temperature to provide a constant temperature boundary for the testing sample,
as shown in Figure 8.

 cNSHP

L ABART

Figure 8. Cooling system: (a) Chiller; (b) Cooling water jacket.
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(4) Heating device

The fully enclosed spring heating ring was adopted as the heater in Figure 5, and the
parameters are shown in Table 4.

Table 4. Heating ring parameters.

Width d Inner Radius Outer Radius Maximum Power Material

0.032m 0.04 m 0.035m 650 W Steel (Heating coil inside it)

The heat generation of the heating ring was controlled by a PID temperature control
box, as shown in Figure 9a. There were three control modes: automatic control, manual
control, and self-tuning mode. The manual control mode can manually set the output
power to heat the heating ring at a constant power. The parameters of the PID temperature
control box are shown in Table 5 below.

5
N
%
x
=
=
=
>

N
)

(b)

Figure 9. PID temperature control box and heating ring: (a) PID temperature control box; (b) Heating ring.

Table 5. PID temperature control box parameters.

Input Voltage

Temperature Sensor Temperature Range Ambient Temperature Output Load

AC220V

Accuracy =+ 0. 5% 0-600 °C 0-55°C 100-3600 W

(5) Thermal conductive and insulating materials

In order to minimize the influence of contact thermal resistance on the thermal conduc-
tivity of the model, heat conductive silicone grease was used to coat the assembly surface
of the testing sample sufficiently. The thermal conductivity of heat conductive silicone
grease was 11.8 W~1.m~1K~!, which can reduce the contact thermal resistance and play
a lubricating role. It effectively prevented the part surface from scratching and damage
during assembly. Coating the wall of the heat conductive path with cobalt oxide as the
main component and thermal conductivity was 0.025 W~!.m~1K~!, which can effectively
isolate heat transfer along the axis. At the same time, the front and rear end surfaces of the
testing sample need to be filled with thermal insulation coating as well.

3.2. Water Cooling Experiment
3.2.1. Experimental Plan

The testing object of the water-cooling experiment was the assembly sample inside
the cooling water jacket, as shown in Figure 10. The assembly consists of three parts; from
the inside to the outside were the heating ring, the ring-shaped model, and the cooling
water jacket.
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Ring

Heating ring

Infrared thermal imager
testing location

Temperature sensor
measurement points

Figure 10. Temperature test position for disc assembly.

During the test, the PID temperature control box was used to control the heating power
stay in a constant value and the outer cooling water jacket provided a constant temperature
boundary. At the same time, in order to reduce the uneven heating problem and the impact
of the thermal resistance, a uniform and sufficient amount of thermally conductive silicone
grease was applied. The temperature of the end face of the testing sample was tested with
an infrared thermal imager. The average temperature of circular dot array around the
heating ring was used as an index to evaluate the thermal conductivity ability of the testing
model. The PT100 temperature sensor was used to record the temperature rise of the disc
and monitor whether it reached the thermal steady state. The temperature of the room was
kept at 25 °C to reduce the influence of environmental temperature variation.

The specific steps for experiment are:

1.  Assemble the ordinary testing sample, the heating ring, and the cooling water jacket.
Then use thermal conductive silicone grease to fill the assembly gaps of the test pieces
to enhance thermal conduction and use insulation paint to coat the surface of the test
pieces and wait for solidification, which can enhance insulation performance.

2. Connect the heating ring to the PID temperature control box, the cooling water jacket,
and the oil cooler.

3. Adjust the position and angle of the infrared thermal imager and fix its position
after focusing.

4. Connect the infrared thermal imager to the PC terminal. Then debug and calibrate it.

5. Install a temperature sensor and connect it to a multi-channel data recorder to monitor
the temperature changes in real time and record the time from the start of heating to
the steady state.

6. The heating ring, controller and testing instrument were all powered on. A PID
temperature control box was used to control the heating ring to output a constant
power of P =292 W. The oil cooler circulates coolant to the cooling water jacket, which
made the cooling water jacket provide a 25 °C constant temperature boundary.

7. Use the FLIR infrared thermal imager to test the temperature changes of the entire
testing sample and quantitatively analyze the temperature of the pixel points.

8. After completely cooling down, without changing the position of the infrared thermal
imager, replace the ordinary sample with the sample with a heat conductive path and
repeat above steps.

3.2.2. Testing Results and Analysis
(1) Analysis of experimental data of the model with or without heat conductive paths

Before the experiment, check whether the thermal insulation coating and the thermal
conductive silicone grease were evenly applied. The thermal images under the initial state
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of the model with or without heat conductive paths are shown in Figure 11. Both discs had
reached 25 °C and the temperature distribution was uniform.

(b)

Figure 11. Initial temperature field distribution of testing samples: (a) The model without heat con-
ductive path; (b) The model with the heat conductive paths with copper volume proportion of 40%.

According to the experimental steps in Section 3.2.1, the testing was conducted.
When it reached the thermal steady state, the temperature field distributions of the ring-
shaped testing samples observed by the infrared thermal imager are shown in Figure 12.
Due to the machining error of the heating ring, it cannot be heated uniformly, so the average
temperature T, of one circle of the inner diameter of the sample (black circle in the figure)
was taken as the criteria for evaluation.

(b)

Figure 12. Thermal steady state temperature field distribution of testing samples: (a) The model
without the heat conductive path; (b) The model with the heat conductive paths with copper volume
proportion of 40%.

From the above figure, it can be seen that the average temperature T, of the inner
ring of the sample without the heat conductive path was 48.6 °C, and the average temper-
ature T, of the inner ring of the disc with the copper volume proportion of 40% was
41.5 °C. The temperature decreased by 7.1 °C. Because the fit between the disc model and
the cooling water jacket was a gap fit, there is a large gap at the top. This led to a more
sufficient cooling below than above, resulting in uneven temperature field distribution.

The following Figure 13 shows the temperature rise of the temperature sensor. From the
test results, it can be seen that at the beginning the temperature rose rapidly. After a certain
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period of time the temperature rise rate decreased and finally reached the thermal steady
state. Taking 99% of the maximum temperature as the standard for reaching the thermal
steady state, it can be seen that the maximum temperature of the sample without the heat
conductive path was 42.6 °C, and it took 1378 s to reach the steady state. The maximum
temperature of the disc with the heat conductive path (40% copper volume proportion) was
35.8 °C and the time to thermal steady state time was 1117 s. Compared with the former,
the maximum temperature of the latter decreased by 6.8 °C and the thermal steady state
time was shortened by 261 s.

Copper volume proportion=40%
l— =Without heat conductive path
45 T T T T T T T T T

44 F
43 LIm2.6°C

42+ -
a1 F

40 |

39 F Ve

38
37 5
36 L e
35
34
33
32
31
30
29
28
27
26
25 Il 1 1 1 1 1 1 1 1
0 200 400 600 800 1000 1200 1400 1600 1800

Time(s)

Temperature(°C)

TP PR PO T PO PO PR PO O PR PO O AU O PO PO B P

LI B B L B B L B
~

Figure 13. Comparison of temperature rise and the steady state time.

According to the testing results of the temperature rise and the temperature field
distribution, it can be seen that the heat conductive path constructed by the topology
structures obtained through the IPTO optimization algorithm can significantly improve the
thermal conductive ability, thus reducing the temperature rise and the warm-up time.

(2) The effect of copper volume proportion on the heat dissipation effect of the heat
conductive path

The copper volume proportion in the topology structure of the disc with the heat
conductive path was selected as V€[30%, 50%], and the thermal steady-state water cooling
experiments were conducted for different volume proportion discs, respectively, and the
experimental results are shown in Figure 14.

Vr———FT—T——T——T7T—T T T T T 7T
39 === Copper volume proportion=30% i

38 Copper volume proportion=40%

p=== Copper volume proponionZSO%_'_‘_'_,_/—'—'_
37 B
36 - B

~35 -

)
=30 4

25 ! I I I 1 I I I I
0 200 400 600 800 1000 1200 1400 1600 1800

Time(s)

Figure 14. Temperature rise of heat conductive paths with different copper volume proportion based
on IPTO algorithm.

From the above figure, it can be seen that when the copper volume proportion in-
creased, the maximum temperature rise of the model gradually decreased, the maximum
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temperature rise of the disc with 30% copper volume proportion was 37.5 °C and the
thermal steady state time was 1135 s; the maximum temperature rise of the disc with 50%
copper volume proportion was 33.8, and the thermal steady state time was 1100 s. After the
disc reached thermal stability, the temperature field distribution of the disc can be obtained
through an infrared thermal imager, as shown in Figure 15.

(b)

Figure 15. Temperature rise of heat conductive paths with different copper volume proportion based

on IPTO algorithm: (a) Copper volume proportion of 30%; (b) Copper volume proportion of 50%.

According to Figures 12 and 13, it can be seen that the average temperature T, of
the sample without heat conductive paths was 48.6 °C. The average temperature T, of
the sample with 30%, 40% and 50% copper volume proportion was 44.9 °C, 41.5 °C and
40.8 °C. Compared with the samples without heat conductive paths, the corresponding
decrease in the inner circle temperature of the samples with three different copper volume
proportions was 3.7 °C, 7.1 °C and 7.9 °C. It indicated that the maximum temperature rise
after thermal steady state decreased as the copper volume proportion increases, but this
decreasing trend diminished after the copper volume proportion exceeded 40%.

3.3. Air Cooling Experiment
3.3.1. Experimental Plan

In order to study the temperature distribution on the surface of the outer ring of the
ring-shaped testing sample, multiple temperature sensors were arranged. Considering
the limitation of the cooling water jacket on the temperature sensor measurement points,
the cooling water jacket needed to be removed for air cooling experiments. The material of
the table was 45 steel material, whose thermal conductivity was much larger than that of
air. In order to reduce the testing error, the testing sample was placed on a wooden block
instead of on the table directly. The testing assembly and temperature sensor installation
position was shown in Figure 16 below. In order to make sure that the most of the heat
was transferred from inside to outside along the radial direction and reduce the loss
along the axial direction, the front and rear end surfaces needed to be evenly coated with
adiabatic coating.

During the air-cooling experiment, there was only convective heat exchange between
the outer ring and the air as there was no cooling effect of the cooling water jacket. The tem-
perature of the inner ring of the sample would rise quickly when it was heated. In order to
complete the experiment safely, the output power of the temperature control box needed to
be changed to 12% and the actual heating power was 44 W.
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Figure 16. Test diagram of disc assembly for air cooling test.

The specific steps of the experiment are:

Apply heat insulating coating evenly on the front and back faces of the ordinary
testing sample, assemble the testing sample and heating ring, connect the heating ring
to the PID temperature control box;

Install temperature sensors along the circumference of the outer circle of the testing
sample and connect to the multi-channel data acquisition instrument;

The heating ring, controller and test instrument were all turned on, and the PID
temperature control box was used to control the heating ring with a constant power
output of P =44 W;

The temperature changed points and the time required for the sample to reach steady
state were recorded,;

After completely cooling the machine, replace the ordinary sample with the one with
heat conductive paths and repeat the above steps.

3.3.2. Testing Results and Analysis

According to the above steps, the temperature of the outer ring surface of the sample

with different copper volume proportions was tested, and the temperature rise measured
by the front-end temperature sensor is shown in Figure 17. Similarly, taking 99% of the
highest temperature was the criterion for evaluating if it reaches the steady state.

Temperature(°C)
S B
g

[}
=

N
[N}

20

T
= Without heat conductive path

{=—— Copper volume proportion=30%|
{=——— Copper volume proportion=40%|
l—— Copper volume proportion=50%|

1 1
50 100 150 200

Time(min)

Figure 17. Temperature change curve of the front end of the disc.

From the figure above, it can be seen that the maximum temperature of the sample

without the heat conductive path was 32.7 °C and the thermal steady state time was 139 min.
The maximum temperature of the sample with the copper volume proportion of 30% was
32.2 °C and the thermal steady state time was 125 min. The maximum temperature of the
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sample with the copper volume proportion of 40% was 31.3 °C and the thermal steady
state time was 120 min. The maximum temperature of the sample with the copper volume
proportion of 50% was 28.9 °C and the thermal steady state time was 117 min.

Based on the data measured by three other sensors arranged along the circumference
of the outer ring of the testing sample, the maximum, minimum and average temperatures
can be obtained, as shown in Figure 18.

34.0 . .
[ ] Without heat conducive path
335 Copper valume proportion=30%| ]|
330 F Copper volume proportion—40% ]
- 32.7 325 Copper volume proportion=50%|
325 [ —
322 394 323
320 ¢ 316 ]
315 314 —314 ]
Y30} 1
305 F ]
L 30.1
2300 [ ]
=
5295 F 294 4
g0 ]
&8st 283 b
28.0 -
275 F 273
27.0 | —
26.5 —
26.0
Average Maximum Minimum

Figure 18. Temperature data at steady state.

From the figure above, it can be seen that the average temperature of the outer ring of
the sample without the heat conductive path was 32.2 °C under the thermal steady state.
The average temperature of the outer ring of the sample with the copper volume proportion
of 30%, 40% and 50% was 32.1 °C, 31.4 °C and 28.3 °C. The difference between the maximum
temperature of the sample without and with heat conductive paths (the copper volume
proportion of 30%, 40% and 50%) was 0.2 °C, 0.4 °C and 3.3 °C. Comparing with the
water-cooling experiment, the temperature drop after using the heat conductive paths was
not significant. But it can still be seen that with the increase in the volume proportion of
copper in the heat conductive paths, the temperature rise decreased. It meant that with the
heat conductive paths the heat dissipation was enhanced.

4. Conclusions

In this paper, the topology structure of the heat conductive path was constructed based
on the IPTO algorithm. The heat conductive path can efficiently export the heat inside
the spindle from inside to outside. And the spindle heat dissipation could be enhanced,
the spindle temperature rise can be reduced, and the time required to reach the thermal
equilibrium state could be shortened. The following conclusions can be drawn from the
results of the experiments, which were conducted with water and air cooling;:

1. Under water-cooled conditions, the maximum average temperature of the inner ring
of the ring-shaped testing sample without the heat conductive path was 48.6 °C, and
the time to reach thermal steady state was 1378 s; the average temperature of the inner
ring of the sample with the heat conductive path (40% copper volume proportion)
was 41.5 °C, and the time to reach thermal steady state was 1117 s. Compared with
the former, the temperature was reduced by 7.1 °C, and the time required for thermal
equilibrium was shortened by 261 s. Under the air-cooling condition, comparing with
the sample without the heat conductive path, the temperature of the sample with heat
conductive path (40% copper volume proportion) was reduced by 2.4 °C, and the
time required for thermal equilibrium was shortened by about 20 min. In summary,
the heat conductive path can effectively reduce the temperature rise and enhance the
heat dissipation of the spindle.

2. As the copper volume proportion increased, the maximum temperature of the disc
after thermal stabilization decreased gradually. But after the copper volume pro-
portion exceeded 40%, the trend decreased. It indicated that when the ratio of high
thermal conductivity materials reached a certain value, the difference in thermal
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conductivity brought by different topology structures was no longer obvious, and the
effect brought by the structural optimization had been overshadowed by the high
thermal conductivity properties of the material at this time.
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