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Abstract: After the machine tool works continuously, the temperature of the hydraulic system
continues to rise, which affects the work efficiency of the machine tool. Therefore, it is very important
to control the temperature within a reasonable range. This paper proposes an improved scheme
to replace a single fan with dual fans to improve the heat dissipation capacity of the radiator.
Starting from the principle of heat exchange between oil and air, the relationship between the oil
temperature and the wind speed on the face of the heat exchanger is derived, and the theoretical
basis of the cooling system is given. Combined with logic control, the fan has the advantages of
fast action, high efficiency and low energy consumption, which ensures the efficient and reliable
operation of the machine tool. A one-dimensional simulation model of the thermal hydraulic system
is established, and the heat generation and heat dissipation power of each element are calculated.
Among them, the heat dissipation of the radiator is the largest, accounting for about 55% of the total
heat dissipation. The experimental results show that the optimal fan speed is 3200 r/min and the
flow rate is 0.2 m3/s at 26 °C. The thermal balance temperature of the hydraulic system is reduced
from the original 65 °C to 58 °C, and its cooling capacity meets the requirements of a high-altitude

and high-temperature environment.

Keywords: machine tool; hydraulic system; heat generation mechanism; heat balance; control strategy

1. Introduction

A good cooling and heat dissipation system can ensure the safe and reliable operation
of equipment, with low energy consumption, a low maintenance rate and high work effi-
ciency. Once the cooling and cooling system fails, it will cause the equipment components
to heat up severely due to the heat generated during the working process, which will
eventually cause the equipment to malfunction or even be damaged. Countless machine
tools have been disabled due to poor heat dissipation performance, which has brought
great losses. Therefore, it is particularly important to study the cooling and heat dissipa-
tion system of machine-tool equipment [1]. In recent years, equipment using hydraulic
transmission systems and servo control systems has been widely used in various fields
with the continuous development of society [2]. The hydraulic system occupies a crucial
position in the machining field such as machine tools by virtue of its advantages of small
size, light weight, smooth movement, and stepless speed regulation in a large range [3].
In actual production, the diagnosis of hydraulic-system faults is not very fast, accurate or
effective. Most of the related technical personnel do not have enough understanding of
the principles and methods of hydraulic-system fault diagnosis, which has caused certain
economic losses to the production of enterprises [4]. Various pipelines, hydraulic cylinders
and hydraulic pumps of machine tools are in a sealed state, and the internal state of the
system is not easy to directly check. The damage to the hydraulic transmission system is
far greater than that of the mechanical transmission system, and it is inconvenient to carry
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out instrumentation [5]. As the main power system of machine tools, the hydraulic system
has a compact mechanical structure and can ensure the normal operation of machine tools.
One of the main factors affecting the operation of the machine tool is the oil temperature
of the lubricating oil such as the gear oil in the machine tool. As the working medium of
the hydraulic system, the temperature of hydraulic oil directly affects the efficiency of the
hydraulic system, which in turn affects the normal operation of the machine tool. In general,
it is ideal to keep the oil temperature around 40-50 °C, which can maximize the efficiency
of the hydraulic system. However, due to unreasonable system design factors such as the
unreasonable matching of hydraulic components, or the type and viscosity of the oil not
meeting the standard, a large amount of heat will be generated inside the hydraulic system,
which will make the hydraulic oil temperature too high. On the other hand, the cooling
effect of the hydraulic system is not good, and the heat cannot be dissipated in time, which
will also cause the oil temperature to rise. Excessive oil temperature in the hydraulic system
will have many adverse effects on CNC machine tools. In order to effectively prevent and
control the occurrence of high oil temperature, improving the heat dissipation performance
of the hydraulic system is an important factor [6-9].

As we all know, the fan speed needs to be reasonably matched with the cooling
requirements of the cooling system to avoid overcooling or overheating. In order not to
cause deformation of the workpiece affecting the machining accuracy and avoid burning
the tool, reliable cooling is required [10]. The hydraulic oil of the machine tool adopts the
air cooling mode, and the cooling system of the machine tool will have insufficient heat
dissipation capacity in the extreme high temperature and plateau environment [11]. If the
hydraulic oil temperature is too high, the hydraulic actuators will be weak and the working
action will be sluggish, which will seriously affect the working efficiency of the product [12].
A problem that cannot be ignored is that the air density decreases by about 8% to 9% for
every 1000 m rise in altitude. The heat dissipation capacity of air-cooled equipment using
air as the cooling medium is greatly reduced in high-altitude environments [13]. At the
same time, the increase of the ambient temperature reduces the liquid-air temperature
difference and reduces the heat dissipation efficiency [14]. Due to the high temperature of
the oil, problems such as many machine tool failures and reduced efficiency will eventually
occur [15]. Therefore, eliminating the heat load in the oil and lowering the temperature
plays a vital role in the stable and reliable operation of the machine tool [16].

The temperature rise problem of the hydraulic system is not only an important factor
affecting the normal performance of the system, but also the temperature change will
cause greater interference to the control accuracy [17]. Zhang [18] clarified the main heat-
generating and heat-dissipating components through experimental data, optimized the
design of various parameters of the system and analyzed the influence on the thermal
equilibrium temperature. Lu [19] established a heat exchange model of the hydraulic
system to study the effect of changing the flow rate through the radiator and using a load-
sensitive system on the thermal equilibrium temperature. Xie [20] derived mathematical
models of hydraulic pumps, multi-way valves, radiators, etc., based on the principles
of energy and mass conservation, and analyzed the temperature changes of the system
under different working conditions. Xu [21] divided the hydraulic system components into
resistive components and capacitive components, and established a hydraulic system heat
exchange model based on the bonded power diagram. Zheng [22] analyzed the influence
of the pressure of the hydraulic system of the lifting loader on the power consumption.
The research showed that the power loss of the new system was significantly reduced, and
the thermal equilibrium temperature of the system was also greatly reduced. Chen [23]
analyzed the heat generation principle and heat dissipation path of the hydraulic system of
the skid steer, combined with the results of the heat balance test to improve the confluence
valve and radiator. After the improvement, the system temperature decreased under
different working conditions. Zhou [24] studied the influence of the arrangement of the
radiator in the engine compartment of the loader on the heat dissipation performance of
the vehicle, and used the wind tunnel test to analyze the heat dissipation of the hydraulic



Energies 2023, 16, 7322

30f16

system and transmission system. Kwon [25] designed a new type of plate-fin liquid cooling
radiator with guide vanes to control the heat balance temperature of the system in a
reasonable range, aiming at the problem of insufficient heat dissipation capacity of the
loader hydraulic system in summer. Hui [26] established a heat exchange model of a
dual-pressure plunger pump, and compared it with a constant-pressure variable pump
to analyze its temperature rise and efficiency characteristics. There are many factors for
the high oil temperature, mainly including unreasonable system design, relatively large
mechanical loss, relatively large flow rate and relatively high viscosity of oil, or relatively
high ambient temperature and poor heat dissipation. At the same time, if a large amount
of oil flows back into the oil tank through the overflow valve during the working process,
it will also cause the oil temperature to rise continuously [27].

The existing literature mainly studies the internal structure of the radiator, but the
research on the overall cooling efficiency of the machine tool cooling system is less. In order
to meet the needs of higher spindle speeds, new lubrication and cooling methods have
emerged. These new lubrication and cooling methods not only reduce the temperature rise
of the bearing, but also reduce the temperature difference between the inner and outer rings
of the bearing to ensure that the thermal deformation of the spindle is small. Excessive oil
temperature in the hydraulic system of the machine tool will cause many hazards, which
will cause thermal deformation of mechanical components, resulting in system leakage or
jamming. It will also greatly affect the machining accuracy of the machine tool and the
working pressure of the hydraulic system. By improving the heat dissipation conditions,
rationally designing the hydraulic-circuit structure, selecting reasonable hydraulic com-
ponents, and improving the installation accuracy of the hydraulic circuit, the condition of
excessive oil temperature can be effectively solved. Aiming at the problem that the oil tem-
perature of a certain type of machine tool is too high, this paper proposes an improvement
plan to replace a single fan with double fans to improve the heat dissipation capacity of
the radiator. The one-dimensional simulation method is used to calculate the hydraulic oil
cooling system of a multi-function drilling rig, and the results show that its cooling capacity
meets the requirements of plateau and high-temperature environments. After verification
of the heat balance of the whole vehicle, the cooling effect of the improved scheme was
significantly improved, and the adaptability of this model to plateau and high temperature
environments was improved.

2. Heat Generation Mechanism of Hydraulic System
2.1. Working Mode

As the main power system of the compound machine tool, the hydraulic system has a
compact mechanical structure and can ensure the normal operation of the machine tool.
Therefore, strengthening the research on the fault diagnosis of the hydraulic system of
the machine tool has strong practical significance for improving the operating efficiency
of the machine tool. The hydraulic system of the machine tool mainly provides the drive
for the key components of the machine tool such as the rotary tool rest, the tool rest,
the hydrostatic guide rail, and the hydraulic chuck. The system is mainly composed of
four parts: the computer control part, servo speed regulation part, pump control cylinder
power system and pressure sensor, as shown in Figure 1. When the system is working, the
pressure and flow from the gear pump to the rotary hydraulic cylinder are controlled by
adjusting the speed of the motor. The control part compares the pressure signal detected by
the pressure sensor with the set pressure to obtain the pressure deviation. According to
the deviation signal, the motor controller adjusts the pressure and flow delivered by the
pump to the rotary hydraulic cylinder, thereby stabilizing the preset clamping force of the
hydraulic chuck. The reciprocating motion of each hydraulic cylinder is controlled by the
three-position four-way reversing valve to adjust the working state of the sliding table. The
liquid is decompressed after passing through the electro-hydraulic proportional pressure-
reducing valve. By changing the working position of the electromagnetic reversing valve,
the movement direction of the piston of the rotary hydraulic cylinder is changed to realize
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the clamping or loosening of the chuck. Among them, the hydraulic lock composed of
two hydraulic control check valves can ensure that the position of the piston of the rotary
hydraulic cylinder and the pressure of the high-pressure chamber remain unchanged after
the system is shut down due to failure, so as to avoid the accident of the work piece flying
out. During the broaching process of the machine tool, hydraulic oil is injected into the
lower chamber of the hydraulic cylinder, and the oil is returned to the upper part and the
solenoid valve spool is disconnected. Another solenoid valve is pulled in to realize the
conversion of the oil circuit, so that the piston rod moves upwards. After moving to the
limit position, the limit switches will feedback the position arrival signal to realize the
broaching action. The on-off of the solenoid valve or the requirements of different speed
gears can realize speed regulation. After the knife is installed or the speed regulation is
completed, the solenoid valve will automatically disconnect. In the process of loosening
the knife, the lower part of the hydraulic cylinder is connected to the oil. The upper part
is injected with hydraulic oil, and the lower chamber of the cylinder is connected to the
oil. Then, both solenoid valves are powered on at the same time to switch the oil circuit so
that the piston rod moves down. After moving to the limit position, the limit switches will
feedback the position arrival signal, and then realize the loosening action. The oil supply of
the hydraulic system is realized by the motor-driven hydraulic pump, which also provides
power for the lubrication of the headstock.

(a)

Figure 1. Research object: (a) drive-system hydraulic station; (b) radiator-performance test device.

2.2. Mathematical Model of Hydraulic System

The function of the hydraulic system in the combined machine tool is to provide
stable pressure for the hydraulic chuck, hydraulic tailstock and hydraulic turret. The flow
equation of the orifice is as follows [28]

Q=dA\/2(PL—P2)/p M

where Q is the flow through the orifice; A is the flow area of the valve port; P; and P; are
the pressure before and after throttling, respectively; and p is the density of the oil.
Priority valve spool balance equation [28]:

PiA] = A + kx 2)
where A; is the end face area of the priority valve spool; k is the priority valve control

spring stiffness; and x is the priority valve control spring compression.
The displacement of the hydraulic pump is calculated as follows [29]:

Vp = (3)

where 1, is the rotational speed; gy, is the flow rate.
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According to the operating principle of the pilot-operated relief valve, the force balance
equation of the main valve spool is deduced as [29]

mx = P1A1 — paAy — k(XO + X) —Fy—F 4)

where A; and p; are the cross-sectional area and pressure; A, and p; are the cross-sectional
area and pressure; Fy is the viscous friction force on the valve spool; and F; is the steady-
state hydrodynamic force.

The force balance equation for the pilot valve spool is [30]

pa-Ax=kpr-i—kpy-x+Cy-7m-d-x-sin(2¢) - ps (5)

where kp; is the current-force gain factor; i is the current in the coil; and ¢ is the spool
half-cone angle.

The efficiency-heat transfer unit-number method is a special thermal calculation
method for calculating internal heat exchangers. Its main principles are as follows [30]:

_min[(in- Cy)y, (11~ Cp) ]
© 7 max{(ir- Gyl (- Cy), X

where m is mass flow rate; C,, is specific heat at constant pressure.
The number of heat transfer units (NTU) together with the heat capacity ratio and
efficiency determine the dimensionless parameters of the performance of the radiator,

expressed as [30]
u-A
NTU = —— . (7)
min[(m - CP)h' (m - Cp)c]

where U is the total heat transfer coefficient; A is the heat transfer area.

There are many pipelines in the hydraulic system, and the pressure drop of the
pipeline is mainly caused by the resistance loss along the way and the local pressure loss,
namely [30]

I pv?

2
(%
ap=azt- 4+ ®)

The pressure loss of the pipeline is all converted into heat, and the heat generation
power is [30]
I pv? 02
i3 T ¢ 5 )Q )
The heat of the oil conducts convective heat exchange with the inner wall of the
pipeline, and the heat is then conducted from the inner wall of the pipeline to the outer
wall, and then conducts convective heat exchange and radiation heat exchange with the air.
Convective heat exchange between fuel tank and air [31]:

@ =Ap-Q= (A

Q=k-A-At (10)

where k is the overall heat transfer coefficient; A is the heat dissipation area; and At is the
temperature difference inside and outside the tank.
The convective heat transfer process of the pipeline is similar to that of the oil tank.
The radioactive heat transfer calculation adopts a relatively simple model. The formula of
radiant heat transfer rate is [31]
q=eo(T} = T}) (11)

where ¢ is the emissivity; o is the Steffen-Bailsman constant; T; is the surface temperature
of the shell; and T]' is the ambient temperature.
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2.3. Heat Generation Mechanism of Hydraulic System

According to the schematic diagram of the hydraulic system of the machine tool, a
simulation model of the hydraulic system of the working device is established in AMESim.
When modeling hydraulic components, the flow area of the valve port, the position limita-
tion of the valve core and the valve body and the relative motion relationship are mainly
considered. In AMESim, control signals —1, 0, 1 are used to control the open and closed
states of the valve. When the multi-way valve is in the neutral position, the hydraulic oil
of the hydraulic system of the working device is unloaded through the mid-position low
pressure of the multi-way valve. The principle of the hydraulic system is shown in Figure 2,
and the physical property parameters of the hydraulic oil are shown in Table 1.

©® E&o0d = {Po-0
! I |

Figure 2. Simulation model of hydraulic system of the machine tool.

Table 1. Thermophysical properties of hydraulic oil.

Parameter Relational Formula
; 3 _ 959.7
Density (kg/m”) P = T¥604x10-5(T—20)
Specific heat capacity (k]/kg °C) Cp = [0.0028(T — 100) + 2.06] x 10°
Dynamic viscosity (Pa-s) v=3x [101010'25467/ 69731 0.6]
Thermal conductivity (kW/m °C) A =0.1225(1 — 0.00054T)

When the working device is working, the pressure of the hydraulic system rises
rapidly. At this time, the maximum pressure of the cylinder, piston and cylinder is 5.7 MPa,
as shown in Figure 3a. Due to the action of the drag torque, the outlet pressure of the
hydraulic pump oscillates violently. During the return trip, the large cavity of the cylinder
enters oil and the small cavity returns oil. The pressure change trend and value of the
large cavity are consistent with the pump outlet pressure. The pressure of the small cavity
oscillates slightly, and its value is about 2 MPa. Therefore, the pressure should be adjusted
within the specified range; otherwise the oil temperature of the system will rise if it exceeds
the allowable pressure range. It can be seen from Figure 3b that the oil input into the large
cavity of the cylinder is 17 L/min at the beginning, and the oil flow is 23 L/min after
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running for a few seconds; the flow oscillates at 6 s and 7.5 s. From the characteristic change
curve of each parameter, it can be seen that due to the inertia at the end of the action of the
working device, each parameter oscillates around its stable value and returns to the stable
value within the interval after each operation mode is completed in the working condition.

6

(s
T

N
T

N
T

Hydraulic system pressure(MPa)
- w

— Hydraulic system outlet pressure
wmn: Hydraulic system inlet pressure

0 ! ! ! ! ! ! ! ! !

0 1 2 3 4 5 6 7 8 9 10
Time(s)

(a)

24

)
S
T

>
T

o
T

Hydraulic system flow(L/min)
S

ES
T

— Hydraulic system outlet flow
wmmmn: Hydraulic system inlet flow
0 . ] ] ] ] ] ! . .

0 1 2 3 4 5 6 7 8 9 10
Time(s)

(b)

Figure 3. Simulation results of dynamic characteristics of hydraulic system. (a) Pressure-change
curve of hydraulic system. (b) Flow-change curve of hydraulic system.

After statistics of the whole working conditions, the useful work of the hydraulic system
is 24.5 k], the total output power of the hydraulic system is 43 k], the efficiency of the hydraulic
system under the composite working conditions is 59%, and the high-pressure overflow loss
of the working pump accounts for 18% of the total work. The main energy losses are (1) the
hydraulic oil flowing into the hydraulic system generates a large pressure difference after
passing through the variable orifice distributed on the steering gear, and loses a part of the
energy. (2) The pressure required by the hydraulic system during reversing is higher than the
pressure required by the hydraulic pressure of the working device, and the hydraulic oil that
enters the hydraulic system of the working device after passing through the distribution valve
generates a certain pressure difference, resulting in a certain energy loss. (3) The loss along the
way of the hydraulic oil passing through the multi-way valve and pipeline. To sum up, the
energy loss of the hydraulic system is mainly the high-pressure overflow loss. In a working
cycle, the multi-way valve and the working pump high pressure overflow loss work accounts
for 32.5% of the total work of a working cycle. Therefore, improving the efficiency of the
hydraulic system of the working device is mainly to reduce the power loss of the multi-way
valve and the high pressure relief of the working pump.
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2.4. Cooling System Optimization

According to the thermodynamic models of the above components, the overall thermo-
dynamic simulation model of the hydraulic system is built. The model is mainly composed of
drive module, thermal hydraulic module and cooling module. The heat exchange model of
the hydraulic system is shown in Figure 4, which consists of a hydraulic pump, a multi-way
valve, a hydraulic cylinder, a radiator, and a fan. The air cooling system has the advantages of
having simple structure and a light weight, a quick start-up and heating up, being insensitive
to heat dissipation capacity and temperature change, and convenient use and maintenance.
Therefore, the cooling of the machine tool generally adopts an air cooling system. The heat
generated in the system due to pressure loss, mechanical friction, etc., is dissipated to the
environment through forced convection heat exchange between the radiator and the air. In
addition, some of the heat is dissipated from the pipes and tanks through radiation, convection
and conduction. The components of the cooling module include an oil circulation sensor, oil
temperature-sensing resistor, oil circulation pump, oil tank, heat exchanger and cooling fan,
oil pressure switch and tube state detection circuit board. The circulating pump provides the
power to circulate the oil in the oil tank and the heat exchanger pipes, and is responsible for
supplying oil to the headstock and drive components. The temperature detection resistor
is responsible for detecting the temperature of the oil. As the temperature of the oil in the
tank increases, its resistance decreases. The oil temperature error signal is given when the
oil reaches the maximum temperature. The system will lock immediately if one of the three
signals of oil circulation, oil pressure and oil temperature is wrong.

|
®
Data = | ’7

Figure 4. Simulation model of machine tool thermo-hydraulic system.

Considering the influence of the oil temperature rise of the machine tool hydraulic
system on the machine tool work, the heat transfer process inside and outside the radiator was
analyzed based on the heat exchange principle between oil and air. Then, we found the best
outlet oil temperature, and calculated the relationship between the inlet oil temperature of the
radiator and the oncoming wind speed. Combined with the logic control of the fan, the cooling
system has the advantages of fast action, high efficiency and low energy consumption. Finally,
the oil temperature is controlled in the high-efficiency region of its viscosity—temperature
performance, so as to ensure the efficient and reliable operation of the machine tool.
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First, we calculated the required cooling air flow according to the heat dissipation,
and selected the fan model according to the flow and torque, as well as the matching point.
When the ambient temperature is 40 °C, the cooling system is designed to have a maximum
heat dissipation of 19 kW, and the required cooling air flow is

oW 19
- At-C-p  30-1.047-12

Q =05 (m?>/s) (12)

The shaft power calculation formula when a single fan is working is

_ pr-Qf 600 x0.25

P N 0.4

= 0.375 (kW) (13)

The torque for a single fan is

9550P 9550 x 0.375
Tj=——="gs—=2(N-m) (14)

The performance curve of the matched fan after calculation is shown in Figure 5.
Table 2 lists the physical parameters of the cooling air when the ambient temperature is
23 °C % 2 °C and the humidity is 45-55%RH.

900
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—=—n=1600
n=1800 |
—a—n=2000
n=2200 |]
——n=2400
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Ps (Pa)

B00F - - - - - - - - N e - SN N
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2.0 : : .
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m
| | |
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| | l
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I I
E 10F-------- iy - - 4‘+n=16007
~ | | [ n=1800
z | | | ——n=2000
. .. . | —n=2200
0.5p-------- oo o | %—n=2400|1
I I I
I I I
| | |
I I I
O L L L
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Q (m*/min)
(b)

Figure 5. Cooling fan characteristic curves. (a) Static pressure—air volume characteristic curve.
(b) Shaft power-air volume characteristic curve.
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Table 2. Thermophysical properties of cooling air.

Parameter Relational Formula
Density (kg/m?) pc = 1.2916 — 4.5037 x 10~3T + 1.0583 x 10572
Specific heat capacity (k] /kg °C) Cpe = 1.003 + 0.02T + 0.0004T>
Dynamic viscosity (Pa-s) e = 17.1315 4 5.072 x 1072T — 2.4473 x 10~°T?
Thermal conductivity (kW/m °C) Ac = 55.1329 + 0.2563T — 1.2599 x 10~3T?

Oil temperature,

ambient
temperature

s the oil temperature

As a calibration, not only is the fan control logic is required to be normal, but also
the relevant control input information is executed accurately and without error. First,
you need to set the temperature of the thermostat to 60 °C, as shown in Figure 6. When
the temperature of the hydraulic oil entering the cooler is T < 60 °C, the system is in a
non-starting state. However, when the inlet oil temperature T > 60 °C entering the cooler,
the oil temperature sensor acts on the governor to adjust the air volume of the fan, so as to
release the internal heat of the hydraulic oil to the atmosphere in time and quickly.

<Jnitialize system parameters

Yes

s the oil temperature

Machine running or not
chine running or no sensor faulty?

PWM fan
runs at full
speed

The maximum value is
PWM signal calculated as the PWM Outp ! tPWM
. signal
signal output

End

sensor faulty? No

Determine the
temperature range

Figure 6. Control logic of cooling system fan.

The hydraulic pump is the power source of the hydraulic system, and its working
condition affects the degree of heating of the system. If the matching position between the
valve plate in the pump and the cylinder block is greatly worn, it often causes the hydraulic
pump to heat up quickly. The working pressure of the hydraulic system depends on the
external load, and the relief valve is a device that overflows when the system pressure is
higher than the set pressure. When the pressure is high, the leakage in the system increases
and the oil temperature rises. If the pressure adjustment of the relief valve is too high or too
low, it will also cause the hydraulic system to heat up. If the system pressure is adjusted too
high, the hydraulic pump will run under the rated pressure, which will overload the pump
and cause the oil temperature to rise; on the contrary, if the system pressure is adjusted and
is too low, the working mechanism will frequently open and unload the overflow valve
under normal load, causing the hydraulic system to overflow and heat up.
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In order to better understand the heat source distribution of each component of the
hydraulic system, the comparison of the heat production of the main components under
different actions in a cycle when the hydraulic system reaches thermal equilibrium was
calculated, as shown in Figure 7. It can be seen from the figure that the heat sources
were mainly hydraulic pumps, hydraulic cylinders, hydraulic pipelines, relief valves and
reversing valves. Hydraulic pumps and multi-way valves and unloading valves were the
main heat-generating elements. Various operating valves generated the most heat, mainly
because the frequent opening and reversing of various valves leads to higher overflow
losses and generates more heat. The main reason why the working pump generates more
heat is that the leakage in the hydraulic pump increases the power loss. The internal wear of
the pump is serious, and then heat is generated, so a hydraulic pump with high volumetric
efficiency should be selected. In addition, the flow rate of the hydraulic system in the fast
running condition was relatively large, and the resistance of the hydraulic pipeline was
relatively large. The mechanical loss of the hydraulic cylinder and the pressure loss of the
pipeline also generated a certain amount of heat. The heat generated by the mechanical
friction inside the hydraulic cylinder in the hydraulic system was mostly absorbed by the
hydraulic oil and brought back to the tank, which is another main reason for the increase
in oil temperature. The heat production of the hydraulic pump mainly depends on the
volumetric efficiency of the pump. Therefore, improving the volumetric efficiency of the
hydraulic pump can effectively reduce the heat generation of the hydraulic system, and at
the same time has a great impact on the efficiency of the entire hydraulic system.

I Hydraulic cylinders
I Relief valves
[ ]Hydraulic pipelines
22% | I Hydraulic pump
B Re\ersing valves

1%

28%

6%

Figure 7. Distribution of heat production in hydraulic system.

From the heat dissipation distribution of each part of the system in Figure 8, it can
be seen that the heat generated by the hydraulic system is mainly dissipated through the
radiator and the oil tank. Among them, the heat dissipation of the radiator is the largest,
accounting for about 55% of the total heat dissipation of the system. The heat dissipation
of the fuel tank and pipeline accounts for about 14% and 10%, respectively. It can be seen
from the simulation results that the heat exchange efficiency of the radiator plays the most
important role in the heat balance of the entire hydraulic system. Since there is a dedicated
fan to enhance the heat exchange of the cooler, the heat dissipation efficiency is significantly
improved. And because the speed of the fan changes with the oil temperature, the oil
temperature can be controlled within a small fluctuation range, and the leakage caused by
the temperature rise and fall can be reduced, thereby improving the efficiency of the system.
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14%

12%

9%

10%

[ ]Hydraulic pump
[ ] Heat Exchanger
[ All hydraulic lines
I Al valves

B Tank
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Figure 8. Distribution of heat dissipation in the hydraulic system.

Excessive oil temperature will affect the life of hydraulic system components and the
reliability of the system, so necessary measures should be taken to control the temperature
of the hydraulic system within a reasonable range. The temperature change of the hydraulic
oil in the oil tank before and after the optimization of the cooling system is shown in
Figure 9a. When the ambient temperature is 40 °C, the thermal equilibrium temperature
of the hydraulic system drops from the original 65 °C to 58 °C, which is lower than
the upper limit of 60 °C to meet the heat dissipation requirements. It can be seen from
Figure 9b that the heat dissipation efficiency of the radiator after switching to two electronic
fans was higher than that of the original air cooling system. Plateau and high temperature
environments had little impact on the cooling system, so the improved cooling system could
meet the heat dissipation requirements of the machine tool hydraulic system in plateau
and high temperature environments. Figure 9c shows the heat transfer performance and
influence relationship of the radiator under different parameters, which can provide a
reference for the optimization of the control strategy. In actual work, the check valve of the
oil return filter element of the hydraulic system is installed at the bottom of the oil return
filter element and connected to the radiator in parallel. If the oil is not changed for a long
time and it is in disrepair for a long time, the oil will be seriously polluted, causing the
valve to be stuck in the normally open position. If this one-way valve fails, the oil will not
pass through the radiator, but will flow back to the fuel tank directly. Therefore, the oil
return radiator will not have a heat dissipation effect, which will inevitably cause the oil
temperature to be too high.

It can be seen from the experimental results in Figure 10 that after the improvement,
the heat balance temperature of the hydraulic oil can be well controlled at 60 °C, within
the allowable error range (in the case of ensuring a good heat exchange effect, and leaving
a margin for the cooler). The experimental results show that the optimal fan speed was
3200 r/min and the flow rate was 0.2 m3/s at 26 °C. The heat dissipation efficiency meets
the heat dissipation requirements of the machine tool and is higher than the original air
cooling system. Obviously, the fluctuation of temperature is relatively small, within 1 °C.
In addition, after adopting the new control strategy, the distribution of the fan’s working
state over time has become significantly more uniform. The system has the advantages of
intelligence, sensitive action response, high efficiency and low energy consumption, and
adopts air-cooled type, which does not pollute water compared with water-cooled type,
and plays a role in energy saving and environmental protection. Moreover, the stability of
the machine tool work is improved, thereby greatly improving the work efficiency of the
machine tool.
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Figure 9. Simulation results of heat dissipation performance of cooling system. (a) Oil temperature
comparison in fuel tank. (b) Hydraulic oil temperature at radiator inlet and outlet. (c) Heat transfer
relationship of radiator under different parameters.
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3. Conclusions

The error caused by the thermal expansion of the machine tool is the biggest source of
error that affects the stability of the machining accuracy of a machine tool. The temperature
of the key point of the machine tool has a nonlinear relationship with the thermal error of the
spindle, and has a certain dynamic and periodicity. Therefore, how to establish an effective
and accurate model has become a research hotspot. Because the machine tool is subject to
many internal heat sources and external heat sources, the heat exchange method cannot
be ideally calculated. In addition, there are many parts in contact and the relationship is
complex, so it is extremely difficult to qualitatively analyze the position of the main heat
source of the machine tool according to the heating principle. Therefore, it is difficult to
establish an accurate temperature field and thermal deformation model by the general
finite element method. In this paper, a one-dimensional dynamics and thermodynamic
simulation model of a certain machine tool hydraulic system was established, and the
existing hydraulic system was optimized. The coupled simulation method was used to
analyze the heat generation characteristics of the heat generation distribution of different
components of the hydraulic system. The heat dissipation path of the hydraulic system
and the heat balance characteristics of the cooling system in the extreme high temperature
environment were, further, obtained. The experimental results showed that the optimal
fan speed was 3200 r/min and the flow rate was 0.2 m3/s at 26 °C. The thermal balance
temperature of the hydraulic system was reduced from the original 65 °C to 58 °C, and its
cooling capacity met the requirements of high altitude and high temperature environment.
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Iy Length of damping hole [m]
P, Inlet pressure [Pa]

Pout Outlet pressure [Pa]

Fy4 Output force [N]

Aq Cross-sectional area [m?]
A,y Cross-sectional area [m?]
Abbreviation

min  Minimum value

max  Maximum value

NTU  Number of heat transfer units

exp Exponential

Superscripts and subscripts

Out  Outlet

In Inlet

m Motor

4 Pump

f Fan

4 Pressure

h Hot

c Cool

Vv Valve

s Steady-state

d Damping hole

Greek Symbols

7 Transmission efficiency
Emissivity

[ Spool half-cone angle [°]

0 Density [kg-m 3]

v Viscosity (m?2/s)

Nomenclature
Symbols
A Heat transfer area [m?]
Cp  Specific heat capacity [J/kg.K]
1% Thermal power[kW]
Qr  Volume flow [m3-s1]
At Temperature difference [°C]
P Fan drive power [kW]
Ty Fan torque [N-m]
u Heat transfer coefficient [J kgflel]
m Mass flow rate [kg s~!]
n Percentage of heat in the fuel heat
g fuel consumption rate [g/kW-h]
N Calibrated power of the engine
h Low calorific value of fuel
Viu  Flow rate of motor [mL-r—!]
P,  Pump power [kW]
ap Pump flow rate [mL-r~!]
1y Pump speed [r'min—1]
Py pressure of the main valve cavity
Py Pressure of the pilot valve cavity [N]
Fs Steady-state hydrodynamic force [N]
kp1  current-force gain factor
i Current [A]
kq Current-force gain
ky Displacement-force gain
y Displacement [m]
x Displacement of valve spool [m]
dg Diameter of damping hole [m]
A;  Flow area [m?]
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