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If the internal heat of mechanical automation equipment exceeds or does not reach the 

thermal equilibrium temperature range, it will adversely affect the operational reliability, 

environmental protection and production efficiency of the equipment. To tackle the 

problem, there has been some research on the internal heat dissipation of mechanical 

automation equipment, but mostly of the existing studies have simply aimed to change the 

parameters of the cooling system, and little has been done on the loading process and 

implementation details of the thermal model. Therefore, this paper provides numerical 

analysis and optimization of the space heat dissipation of mechanical automation 

equipment based on a thermal model. First, the heat dissipation mechanism of mechanical 

automation equipment was elaborated in detail, and the structure of the cooling system for 

mechanical automation equipment was given. Then, a spatial thermal model of mechanical 

automation equipment was established, and the heat dissipation design process of 

mechanical automation equipment was given. After that, the differences between the 

natural convection heat dissipation in large space and that in confined space inside 

mechanical automation equipment were explored. The experimental results verified the 

effectiveness of the numerical simulation model proposed in this paper. 
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1. INTRODUCTION

A piece of mechanical automation equipment is both a heat 

source and a source of heat dissipation. If the internal heat of 

the mechanical automation equipment exceeds or does not 

reach the thermal equilibrium temperature range, it will 

adversely affect the operational reliability, environmental 

protection and production efficiency of the equipment [1-6]. 

Theories and practices have shown that, only when the heat 

generation and dissipation of the mechanical automation 

equipment reach the best equilibrium, can the mechanical 

automation equipment be in an efficient, energy-saving and 

environmentally friendly operation state [7-11]. In the 

manufacturing process of mechanical automation equipment, 

the inspection on all kinds of components is very strict, so that 

they will be able to withstand the test of harsh environments 

in practical applications [12-15]. Fans are an indispensable and 

important part of the cooling system of mechanical automation 

equipment. The noise of the main equipment, the economy of 

fuel and the cooling effect of the cooling system are all 

affected by the choice of fans [16-18]. Besides, there are also 

various other influencing factors that can affect the thermal 

environment inside the mechanical automation equipment. It 

is important to analyze all these factors, and explore effective 

measures to optimize the cooling conditions of the equipment, 

as this will provide references for the use of related equipment 

or engineering design. 

Wang et al. [19] studied a high-performance air cooling 

system with uniform heating plate temperature distribution 

and developed a fin and multi-flow air duct system, where 

there are rows of small inclined protrusions on the surfaces of 

the fins to improve the cooling performance. The multi-flow 

air duct system can bypass the fresh low-temperature air 

around the lower plate to promote the uniform temperature 

distribution of the plate. Satake et al. [20] studied the structure 

of the real-time heat dissipation model of electronic equipment 

according to the law of energy conservation, Laplace 

transform and other methods and determined that the model 

structure was an 11th-order transfer function. It built an 

experimental device to collect the heat dissipation and power 

consumption data of typical electronic equipment for 

parameter identification and model verification, and identified 

the unknown parameters in the real-time heat dissipation 

model. Through order reduction analysis, the third-order 

transfer function was selected as the heat dissipation model. 

This model not only describes the dynamicness and 

randomness of the heat dissipation of electronic equipment, 

but it is also of great significance to the calculation of the 

instantaneous cooling demand and energy saving. To 

quantitatively analyze the heat dissipation of high-power 

equipment, Li et al. [21] used the software Icepak to analyze 

and compare the effects of fans on heat dissipation. It 

established two models, one with fans and the other without 

them, and combined the mesh around the radiators with 

structured and unstructured meshes based on the advantages 

of Icepak. Karami et al. [22] conducted laboratory experiments 

at the real scale to fully describe the heat transfer between the 

fluid and the device. In some specific area of interest, to 

estimate the convective heat transfer coefficient, it directly 

measured the temperature distribution from the sub-layers to 

the wall, performed a large eddy simulation coupled with a 

thermal solver, and compared the results with experimental 
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data, enabling cross-validation between simulation and 

experiment. Kuntysh et al. [23] proposed a new boiling critical 

heat flow model for porous coatings based on the analysis of 

liquid film stability analysis, and described the parameter 

effects of porous coatings on CHF. The analytical model was 

in good agreement with the experimental results. 

The working environment of mechanical automation 

equipment is relatively harsh. Before the use environment is 

determined, it is difficult to understand its specific temperature 

characteristics. Foreign research has mainly focused on 

improving the heat dissipation performance within the internal 

space and paid less attention to the overall evaluation of the 

heat dissipation performance of the equipment during the 

design process. The research on heat dissipation in the internal 

space of mechanical automation equipment is also limited to 

simply changing the parameters of the cooling system, and 

little has been done on the loading process and implementation 

details of the thermal model. This paper focuses on analyzing 

the optimization conditions for the application of the cooling 

system for mechanical automation equipment, and performing 

numerical analysis and optimization of the space heat 

dissipation of mechanical automation equipment based on a 

thermal model. The whole paper is organized as follows: 1) 

the heat dissipation mechanism of the mechanical automation 

equipment is elaborated, and the structure of the cooling 

system of the mechanical automation equipment is given; 2) 

the spatial thermal model of the mechanical automation 

equipment is constructed; 3) the heat dissipation design 

process of the mechanical automation equipment is given; 4) 

the differences between the natural convection heat dissipation 

in large space and that in confined space inside mechanical 

automation equipment are explored; 5) the radiator check 

process for individual components is provided. The 

experimental results verified the effectiveness of the proposed 

numerical simulation model. 

 

 

2. HEAT DISSIPATION MECHANISM IN THE 

INTERNAL SPACE OF MECHANICAL 

AUTOMATION EQUIPMENT 

 

A piece of mechanical automation equipment is both a heat 

source and a source of heat dissipation. The drive system, 

speed control system and transmission system of any 

mechanical automation equipment being too cold or too hot ill 

adversely affect the equipment and even lead to engineering 

incidents. so a cooling system is required in the mechanical 

automation equipment to ensure the normal temperature rise 

inside the equipment and the normal production or operation 

of the equipment. When the equipment works at the optimal 

temperature, its working efficiency, energy saving and 

environmental protection will be improved. Figure 1 simulates 

the shell structure of a piece of mechanical automation 

equipment. 

The heat dissipation mechanism of mechanical automation 

equipment is shown in Figure 2. The whole equipment adopts 

air cooling for heat dissipation. The radiator set consists of an 

oil radiator for the drive system, an oil radiator for the 

transmission system torque converter and an intercooler and a 

water cooling radiator for the speed control system, which 

dissipate the heat in all kinds of parts and finally make all parts 

of the mechanical automation equipment work at a suitable 

temperature. Figure 3 shows the schematic diagram of the 

cooling system of the mechanical automation equipment. 

 
 

Figure 1. Shell structure of mechanical automation 

equipment 

 

 
 

Figure 2. Heat dissipation mechanism of mechanical 

automation equipment 

 

 
 

Figure 3. Cooling system of mechanical automation 

equipment 

 

 

3. CONSTRUCTION OF THE SPATIAL THERMAL 

MODEL FOR MECHANICAL AUTOMATION 

EQUIPMENT 

 

The internal space of a piece of mechanical automation 

equipment is a typical linear system because all components 

are linear components. For this linear system, the input is the 

power consumption of all components, and the state variable 

is the temperature of each monitoring point in the entire 

internal space of the equipment. Let the number of power-

consuming components be represented by N, and the number 

of monitoring points in the internal space by M, and M≥N. 

Then, let the distance between monitoring points i and j be sii, 

and the temperature value of monitoring point I be ELij. 

Assuming that the internal space temperature vector of the 

mechanical automation equipment is represented by 

a(τ)=(a1(τ), ..., aM(τ))T, and that the power consumption vector 

by o(τ), when o(τ) is expanded by M-N 0’s, the new vector 
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obtained is represented by ô(τ)=(o1(τ), ..., oM(τ),0, ..., 0)T. And 

then, the thermal system model for the internal space of 

mechanical automation equipment can be constructed as 

follows: 
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Assuming that the diagonal matrix is represented by DJ, Eq. 

(1) can be further transformed into: 

 

( ) ( ) ( )ˆDJa QSa o  = +   (4) 

 

Based on DJ, its inverse matrix DJ-1 can be calculated. 

Multiply both sides of the equation shown in Eq. (4) by DJ-1, 

and then there is: 

 

( ) ( ) ( )1 1a DJ QEa DJ o  − −= +   (5) 

 

For DJ-1, when i>N, ôi=0 is only valid to column N on the 

left side. Therefore, an M×N matrix H can be constructed to 

characterize the values of column N on the left side of DJ-1, 

and let 
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The input power consumption trajectory of the mechanical 

automation equipment can be viewed as a series of power 

consumption vectors. It can be considered that in a small time 

period Δτ, the power consumption vector o(τ) is fixed, and then 

there is the temperature vector: 

 

( ) ( ) ( )

0
0

G tG ta e a e Hdt o
 


  −   = + 

     (7) 

 

To reduce the computational load, let the state equation 

parameter matrices X and Y be expressed as: 

 

( )

0
,

G tGX e Y e Hdt
 

  −= =    (8) 

 

Combine the equations and there is: 

 

( ) ( )0a Xa Yo = +   (9) 

 

Suppose that the input power consumption vector in the 

time period [(m -1) Δτ, mΔτ] is represented by o(m-1). Since 

the mechanical automation equipment is a linear time-

invariant system, the same X and Y can be used to construct an 

equation for any small time period Δτ: 

 

( ) ( )( ) ( )1 1a m Xa m Yo m  = −  + −   (10) 

 

Let a(mΔτ) be denoted as a(m). Eq. (11) shows the iterative 

formula for calculating the internal space temperature vector 

of the mechanical automation equipment: 

 

( ) ( ) ( )1 1a m Xa m Yo m= − + −   (11) 

 

For a specific piece of mechanical automation equipment 

and fixed internal environment, the state equation parameter 

matrices X and Y only depend on the time period Δτ, that is, as 

long as Δτ, X and Y are determined, the constant matrix can be 

determined. o(m-1) is the input excitation of the linear system 

of the mechanical automation equipment, that is, the power 

consumption vector of all components of the equipment in the 

previous time period. In the internal space temperature vector 

equation of the mechanical automation equipment shown 

above, there are only simple matrix addition and multiplication 

operations. Compared with the thermal model that requires 

calculus operations, the operation process is much simpler, 

and the calculation efficiency is much higher. Therefore, it is 

an ideal thermal simulation model for the internal space of 

mechanical automation equipment. 

 

 

4. CALCULATION OF THE HEAT DISSIPATION IN 

THE SPACE OF THE MECHANICAL AUTOMATION 

EQUIPMENT 

 

Figure 4 shows the heat dissipation design process of the 

mechanical automation equipment. Based on the thermal 

model, the natural convection heat dissipation in the internal 

space of the mechanical automation equipment can be fully 

studied, and through the relevant numerical simulation 

equations, the heat dissipation power of each component in the 

internal space of the mechanical automation equipment can be 

calculated. 

 

 
 

Figure 4. Heat dissipation design process of mechanical 

automation equipment 
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This paper previously performed relevant simulation 

calculation of the parts evenly distributed in the internal space 

of the mechanical automation equipment, but the calculation 

amount is rather limited. In practice, the internal space of the 

mechanical automation equipment is often limited. This paper 

hopes to explore the differences between the natural 

convection heat dissipation in large spaces and the natural 

convection heat dissipation in the confined space inside 

mechanical automation equipment, and optimize the 

established thermal model so that it can be applicable to the 

heat dissipation in the internal spaces of mechanical 

equipment of different specifications. This will provide some 

references in the practical application of the model in 

mechanical automation equipment. 

The following section explores the method to calculate the 

natural convection heat dissipation in the confined space 

inside the mechanical automation equipment. If radiant heat 

loss is ignored, the heat dissipation of an individual component 

can be divided into two parts – the natural convection heat 

dissipation between the component and the internal 

environment of the equipment, and the natural convection heat 

dissipation between the component and other components or 

the main body of the equipment. 

Suppose that the volume change coefficient is represented 

by γp, and for ideal gas, the reciprocal of the absolute 

temperature can be taken as γp. The acceleration of gravity is 

represented by h, the feature scale by K, the temperature 

difference by Δξ, the convective heat transfer coefficient of the 

thermal fluid in the mechanical automation equipment by f, the 

thermal conductivity of the static fluid by l, the heat flow 

viscosity by λ, and the isobaric specific heat capacity by χσ, the 

thermal diffusion coefficient of heat flow by μ, and the 

kinematic viscosity of heat flow by η. The convective heat 

dissipation between the component widely used in the project 

and other components or the main body of the equipment is 

expressed as Eq. (12): 
 

( ),
m

Nu Pr Gr=   (12) 

 

where, Nu is the Nusselt number, and there is: 
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l
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Pr is used to measure the ratio of heat flow momentum 

diffusion thickness to heat diffusion thickness, as follows: 
 

Pr
l




= =   (14) 

 

Gr is used to measure the ratio of heat flow buoyancy lift to 

viscous force, expressed as Eq. (15): 
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3

h K
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Figure 5 shows the shares of heat dissipation from 

mechanical automation equipment based on the air cooling 

system. The input power of the equipment will directly act on 

the equipment motor. When the motor converts and outputs 

the input power into mechanical power, it will consume part 

of the power for heat dissipation and loss. In addition, the drive 

and speed control devices will also release some heat. 

 
 

Figure 5. Shares of heat dissipation from mechanical 

automation equipment 

 

When the internal structure of the equipment is fixed, the 

heat transfer area and convective heat transfer coefficient of 

each component can be directly calculated, so the heat transfer 

in the confined space inside the mechanical automation 

equipment can also be calculated. Due to the complex heat 

transfer in the confined space inside the mechanical 

automation equipment under the actual working environment, 

the radiant heat transfer is not considered in the calculation of 

the natural convection heat dissipation between the 

components and the internal environment of the equipment. 

Assuming that the number of components is represented by m, 

Eq. (16) shows the calculation formula of the equivalent area 

of the components in direct contact with the internal 

environment of the equipment: 

 

( )1X r K m=   −   (16) 

 

The empirical equation of natural convection heat 

dissipation between components and the internal environment 

of the equipment can be calculated through experiments: 

Case 1: when the ratio of component spacing to component 

height is less than 0.3, the space inside the mechanical 

automation equipment is considered confined, and the feature 

scale uses the height of the confined space, and there is:  

 
3 2/Gr h F =     (17) 

 

Let the dimensionless number UP satisfy: 

 
65 10UP Pr Gr=      (18) 

 

Nu can be calculated by the following equation: 

 

3
1650

1 1.5 1 1
6100

UP
Nu

UP

  
= +  − + −  

   
  (19) 

 

Case 2: when the ratio of component spacing to component 

height is greater than 0.3, the internal space of the mechanical 

automation equipment is considered not confined, and the 

feature scale is set to be (r+K)/2, and then there is: 
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( )
3 2/ 2 /Gr h r K  =    +     (20) 

 

There are three situations: 

 
4when 2 10 , 1UP Nu  =   (21) 

 
4 6 4when 2 10 5 10 , 0.6UP Nu UP    =    (22) 

 
6 10 3when 5 10 2 10 , 0.6UP Nu UP    =    (23) 

 

According to the definition of Nusselt number Nu, 

f=Nu×l/F. 

Suppose that the temperature difference between the 

component and the internal environment of the equipment is 

denoted as ω. Eq. (21) shows the calculation formula for the 

heat transfer between the component and the internal 

environment of the equipment: 

 

( )1f m r K =  −      (24) 

 

For the heat dissipation of a single component, due to the 

fact that there is a certain temperature difference from the 

installation position to the top of the component in real 

practice, the component is treated as a non-isothermal module. 

The actual heat transfer is rather complex. To simplify it, the 

following assumptions are made in this paper: 1) the 

temperature changes only along the height direction of the 

component; 2) the top of the component is thermally insulated; 

3) the material of the component is uniform, with fixed 

thermophysical properties; 4) the heat flow inside the 

mechanical automation equipment is an incompressible fluid 

with fixed thermophysical properties; 5) all thermal contact 

resistances and thermal spreading resistances are ignored. If 

the heat dissipation of the component reaches a steady state 

and the radiant heat transfer is not considered, when the ratio 

of component spacing to component height is greater than 0.3, 

it can be considered that the internal space of the mechanical 

automation equipment is not confined, and the feature scale 

should be the height of the component F. And then, there is 

the corresponding calculation formula of Gr: 

 

( )( ) ( )4 2/ 2 /SS SS gGr h W F K F l =        (25) 

 

The corresponding UP can be calculated according to the 

following equation: 

 

SS SS SSUP Pr Gr=    (26) 

 

The corresponding Nu can be calculated according to the 

following equation: 

 

0.55SS SSNu UP=    (27) 

 

When the ratio of component spacing to component height 

is less than 0.3, the space inside the mechanical automation 

equipment is considered confined space, and the feature scale 

is set at r/2, and there are the following three situations: 

 
4when 10 , 1SS SSUP Nu =   (28) 
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7 9 3when 10 10 , 0.44SS SS SSUP Nu UP  =    (30) 

 

The natural convection heat transfer between a single 

component and the internal environment of the equipment can 

be calculated according to Eq. (31): 

 

( )SS SS dW l X n tanh n F=        (31) 

 

where, 

 

( )SS SS SSn f v l X=     (32) 

 

The total heat dissipation of all components and the internal 

environment of the equipment is: 

 

ALL SSW W m W= +    (33) 

 

 
 

Figure 6. Flow chart of radiator checking for a single 

component 

 

According to the characteristics of the cooling system of the 

mechanical automation equipment, the radiator checking 

process for a single component is shown in Figure 6. In the 

checking process, analyze the two types of natural convection 

heat dissipation according to the geometric parameters of the 

radiators, including feature scale, UP, heat transfer and so on. 

Then check the working temperature of each component so as 

to complete the checking of the whole equipment. 

 

 

5. EXPERIMENTAL RESULTS AND ANALYSIS 

 

Figure 7 shows the effects of component spacing on the 

average temperature of the equipment space. It can be seen that, 

with the spacing between components gradually increasing, 

the average temperature of the equipment space also showed a 

steady upward trend. When the component spacing was 

22.6mm, the average temperature of the equipment space was 
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414.2K. In the case that the internal space of mechanical 

automation equipment was confined, the average temperature 

of the equipment space was 414.8K under the same simulation 

conditions. And when the component spacing reached the limit 

- the entire width of the component, the temperature reached 

the average temperature of the equipment space. 

In the simulation experiment, the component spacing was 

set at 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13 and 14mm. The average 

temperatures of the equipment space under different 

component spacing were calculated, with the results shown in 

Table 1. For the above simulation examples, to explore the 

differences between the natural convection heat dissipation in 

large space and that in the confined space inside the 

mechanical automation equipment, a series of changes and 

calculations are required. Below is the derivation and 

calculation of the differences between the two, with the results 

shown in Table 2. 

Compared with the thermal conductivity and convective 

heat transfer coefficients of the air, the thermal conductivity 

coefficient of a component is larger. Therefore, the difference 

between the average temperature of the equipment space and 

the temperature of components is not large. Assuming that the 

average temperature of the equipment space is the same as the 

temperature of components, it can be said that the temperature 

difference between the radiators and the environment is 

approximately equal to the temperature difference between the 

equipment space and the environment. The relevant data are 

shown in Table 3. 

Table 4 shows the measured average temperatures at the 

temperature monitoring positions under different models. 

Figure 8 compares the computational accuracy of different 

models. It can be seen from the above experimental results that 

the calculation results of the standard k-ε model, the RNG k-ε 

model and the proposed model were all higher than the 

experimental values. It can be further found that the results of 

the proposed model were closer to the experimental values 

than those of the standard k-ε model and the RNG k-ε model. 

The calculation results of the standard k-ε model are quite 

different from experimental values, while those of the RNG k-

ε model are closer to the experimental values. From the 

accuracy of the calculation results shown in Figure 8, the effect 

of the proposed model is the best, showing its effectiveness. 

 

 
 

Figure 7. Effects of component spacing on the average 

temperature of the equipment space 

 

 
 

Figure 8. Comparison of different models in computational 

accuracy 

 

Table 1. Variation pattern of the average equipment space temperature under different component spacing in the confined space 

 
Spacing/mm 2 3 4 5 6 7 8 

Heating power/W 50 50 50 50 50 50 50 

Average space temperature/K 415.2 425.6 413.1 423.8 418.4 429.6 426.4 

Ambient temperature/K 302.24 301.57 306.48 302.75 301.95 306.25 302.17 

Spacing /mm 9 10 11 12 13 14  

Heating power/W 50 50 50 50 50 50  

Average space temperature/K 413.8 435.2 426.8 417.4 432.6 415.7  

Ambient temperature/K 303.68 303.48 302.49 301.64 302.48 305.27  

 

Table 2. Relationship between the heat transfer temperature difference and the height of the confined space 

 
Height of the confined space/mm 11 16 22 26 31 

Heat transfer temperature difference/K 122.24 98.57 93.26 90.14 89.58 

Ambient temperature /K 302.15 301.48 303.29 302.81 301.74 

Heating power /W 50 50 50 50 50 

Height of the confined space/mm 36 42 48 52 57 

Heat transfer temperature difference/K 92.48 92.63 93.68 94.15 95.26 

Ambient temperature /K 305.85 303.62 301.74 304.59 302.16 

Heating power /W 50 50 50 50 50 

316



 

Table 3. Monitoring data of different components of the equipment when the ambient temperature is fixed 

 
Component Working condition 1 Working condition 2 Working condition 3 Working condition 4 Mean 

A 

1 50.15 51.36 52.14 53.62 

53.682 

2 52.48 53.26 53.75 55.27 

3 53.62 54.18 54.71 55.62 

4 52.64 53.74 50.27 52.29 

5 51.47 52.62 50.16 53.68 

B 

1 52.62 50.48 52.13 50.64 

55.817 

2 52.42 55.62 56.84 54.18 

3 53.26 57.49 58.26 55.15 

4 50.24 53.62 55.79 53.61 

5 53.64 50.14 51.72 52.37 

C 

1 54.16 54.28 52.37 55.61 

56.748 

2 55.49 57.84 58.49 53.26 

3 55.17 52.24 54.72 51.27 

4 55.86 52.64 50.62 56.57 

5 55.14 57.42 55.26 57.49 

D 

1 54.17 57.49 56.24 51.26 

53.264 

2 53.16 57.49 53.26 53.16 

3 53.28 54.11 50.75 51.49 

4 53.86 55.62 57.49 52.18 

5 52.16 57.19 52.62 51.37 

 

Table 4. Average temperatures of the temperature monitoring positions under different models 

 
Temperature monitoring position Experimental value Standard k-ε model RNG k-ε model Proposed model 

1 50.267 55.162 51.248 50.192 

2 61.361 57.492 55.263 61.274 

3 63.495 62.482 56.418 62.185 

4 62.174 63.295 58.492 63.152 

5 58.728 59.514 55.628 59.472 

6 61.112 61.689 57.146 61.241 

7 59.228 54.136 52.856 59.287 

 

 

6. CONCLUSION 

 

This paper conducted numerical analysis and optimization 

of the space heat dissipation of mechanical automation 

equipment based on a thermal model. Firstly, the heat 

dissipation mechanism of mechanical automation equipment 

was elaborated in detail, and the structure of the heat 

dissipation system of mechanical automation equipment was 

presented. Then, the spatial thermal model of mechanical 

automation equipment was established, and the heat 

dissipation design process of mechanical automation 

equipment was given. Finally, the difference between natural 

convection heat dissipation in large space and that in the 

confined space inside the mechanical automation equipment 

was explored. Through experiments, the variation pattern of 

the average temperature of equipment space and the 

relationship between the heat transfer temperature difference 

and the height of the confined space with different component 

spacing were explored. Through summary of the monitoring 

data of different components of the equipment and the average 

temperatures at the temperature monitoring positions under 

different models, the calculation accuracy of different models 

was compared, which showed the effectiveness of the 

proposed numerical simulation model. 
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