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If the cooling system equipped with prime motor is not reasonably structured or lubricated 

sufficiently, the friction heat generated by decelerator during operation could not be 

dissipated effectively. To solve the problem with prime motor that its performance and 

efficiency both decline greatly due to the too high temperature of heat balance, it is 

necessary to study the temperature field and heat balance of the decelerator system, and 

this work is meaningful for improving the design of target system and ensuring its 

operation stability and reliability. To find answers of the said matter, this paper studied the 

heat balance features of decelerator system with its real-time reliability taken into 

consideration. At first, this paper analyzed the possible thermal failure modes, influence 

and fatality of the decelerator system, and elaborated on the method and steps of its real-

time reliability analysis. Then, the decelerator system was modeled, its steady state 

temperature field was simulated in ANSYS Workbench, and the boundary conditions were 

built. At last, analysis results of the heat balance features of target system were given, 

which had verified the effectiveness of the proposed research method. 
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1. INTRODUCTION

Decelerators are widely used in modern machinery as they 

could match the rotation speed and transfer torque between 

prime motors and work machines or actuators [1-5]. If the 

cooling system equipped with prime motor is not reasonably 

structured or lubricated sufficiently, the friction heat generated 

by decelerator during operation could not be dissipated 

effectively [6-12], and a too high temperature of heat balance 

will not only sap the performance and efficiency of prime 

motor, but also adversely affect the sustainability of the 

operation of various components, in severer cases, dramatic 

temperature rise could even cause thermal damage to the prime 

motor and shorten its service life [13-20]. To find answers of 

the said matter, it is necessary to study the temperature field 

and heat balance of the decelerator system, and this work is 

meaningful for improving the design of target system and 

ensuring its operation stability and reliability. 

Yang et al. [21] used the compressible Reynolds averaged 

Navier-Stokes equations to perform numerical simulations on 

hypersonic inflatable aerodynamic decelerator, and analyzed 

the pressure, eddy viscosity, and heat flux under three 

Reynolds numbers (6.89E+6, 9.94E+6, 12.73E+6), and their 

results suggest slight difference in surface pressure 

distributions and significant difference in surface heating 

distributions; moreover, the authors believe that compared 

with one equation turbulence model, two-equation turbulence 

models maybe more suitable for hypersonic heating 

predictions. Scholar Hollis [22] carried out wind-tunnel tests 

to study the aerothermodynamic environment of a hypersonic 

inflatable aerodynamic decelerator with a flexible thermal 

protection system. The author measured the boundary-layer 

transition onset locations and surface heating distributions 

using global phosphor thermography on deflected, solid-

surface models representative of a hypersonic inflatable 

aerodynamic decelerator aeroshell with a flexible surface. His 

work offers an approach for estimating flexible thermal 

protection system deflection effects for future flight tests as 

well as an experimental database for use in the development 

and validation of computational methods for simulations of 

hypersonic inflatable aerodynamic decelerator in 

aerothermodynamic environments. Zhao et al. [23] pointed out 

in their paper that the inevitable boundary-layer transition and 

severe heating argumentation of Hypersonic Inflatable 

Aerodynamic Decelerator (HIAD) are posing challenges for 

survivability of Thermal Protection System (TPS), the authors 

minutely demonstrated the effects of sphere-cone angle on 

hypersonic heating and boundary-layer transition of stacked 

tori HIADs with 60°, 65° and 70° sphere-cone, and they 

discovered that transition and heating augmentation triggered 

on the leeward where the shape deformation causes crossflows 

and local flow separations are sensitive to cone angle, and 

smaller cone angle could withstand severer heating flux. 

After reviewing relevant literatures, it’s found that domestic 

research on the heat balance features of decelerators is quite 

insufficient, existing works are mostly calculations or 

theoretical researches of similar equipment systems based on 

thermal network method, few of them have simulated the 

temperature field of decelerator system based on finite element 

analysis with the real-time reliability of the equipment and the 

specific operating conditions taken into consideration. To 

solve these matters, we carried out relevant research, in the 

second chapter, this paper analyzed the possible thermal 

failure modes, influence and fatality of the decelerator system, 

and elaborated on the method and steps of its real-time 

reliability analysis. In the third chapter, the decelerator system 

was modeled, its steady state temperature field was simulated 

in ANSYS Workbench, and the boundary conditions were 
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built. At last, analysis results of the heat balance features of 

the target system were given, which had verified the 

effectiveness of the proposed research method.  

 

 

2. REAL-TIME RELIABILITY OF DECELERATOR 

SYSTEM 

 

The failure mode and influence analysis method for modern 

machinery is a commonly used qualitative analysis method for 

system qualitative analysis (Figure 1). To analyze the possible 

thermal failure modes, influence, and fatality of decelerator 

system, based on the said failure mode and influence analysis 

method, this paper adopted a “top-down” logical induction 

idea of drawing effects from causes, evaluations were made on 

heat dissipation design of the decelerator system from the 

bottom layer to the system level, then reviews and 

modifications were made to the design in a timely manner to 

figure out the influence of each thermal failure mode on the 

performance of the decelerator system.  

 

 
 

Figure 1. Real-time reliability analysis of decelerator system 

 

This paper classified the thermal failure modes of 

decelerator system into several types: 

Type A (major failure): failures that can endanger personal 

safety or damage the decelerator system. 

Type B (serious failure): failures that can result in personal 

injury and irreversible thermal failure of the decelerator 

system. 

Type C (general failure): failures that can result in minor 

personal injury or minor damage to the decelerator system. 

Type D (minor failure): consequences of this type of failure 

are not significant enough to affect the prime motor’s 

requirement for decelerator system, but a non-scheduled 

maintenance of the system is required. 

This paper chose to assess thermal failure modes based on 

the calculation results of the probabilities of thermal failure 

modes of the decelerator system, at first, the probabilities of 

thermal failure modes of the decelerator system were divided 

into five levels: 

Level I (high frequent): the decelerator system has a high 

probability of thermal failure under actual working conditions, 

that is, the probability of a thermal failure mode is greater than 

20% of the total thermal failure probability; 

Level Ⅱ (frequent): the decelerator system has a medium 

probability of thermal failure under actual working conditions, 

the probability of a thermal failure mode is about 10%-20% of 

the total thermal failure probability; 

Level Ⅲ (occasional): the decelerator system occasionally 

occurs thermal failure under actual working conditions, the 

probability of a thermal failure mode is about 1%-10% of the 

total thermal failure probability; 

Level IV (low frequent): the decelerator system has a small 

probability of thermal failure under actual working conditions, 

the probability of a thermal failure mode is about 0.1%-1% of 

the total thermal failure probability; 

Level V (very low frequent): the probability of thermal 

failure in the decelerator system under actual working 

conditions is close to zero, that is, the probability of a thermal 

failure mode is less than 0.1% of the total thermal failure 

probability. 

In this paper, the thermal failure severity of the decelerator 

system was estimated based on analytic estimation method. 

Under the severity degree of thermal failure modes, the 

maximum severity of a thermal failure mode in the multi-

failure mode of the decelerator system is set as Dij; assuming: 

βij represents the frequency ratio of a thermal failure mode in 

actuator unit i, which is the ratio of the number of occurrences 

of thermal failure mode j in actuator unit i to the number of 

occurrences of all thermal failure modes in actuator unit i; γij 

represents the conditional probability of actuator unit i to lose 

a specified function when its thermal failure mode is j, μi 

represents the thermal failure rate of actuator unit i, p 

represents the duration of actual operating condition; then for 

a given severity degree of thermal failure modes and the actual 

operating conditions, the severity degree of the i-th thermal 

failure mode in the decelerator system can be calculated by the 

following formula: 

 

ij ij ij iD p  =  (1) 

 

The γij in above formula is used to describe the severity 

degree of system failure when the j-th thermal failure mode 

occurs in actuator unit i. 

For a certain severity degree of thermal failure modes and 

the actual operating conditions, D (the severity degree of 

failure of actuator unit i) is the sum of Dij (the severity of 

thermal failure modes of actuator unit i under this severity 

degree of thermal failure modes), assuming: m represents the 

number of thermal failure modes of decelerator system under 

the corresponding severity degree of thermal failure modes, 

then there is: 

 

1 1

m m

i ij ij ij i

j j

D D p  
= =

= =   (2) 

 

In order to attain the real-time reliability of the decelerator 

system, this paper built a failure tree model to give real-time 

qualitative evaluations, and the results of qualitative 

evaluations contain three aspects: the minimum cut set of the 

failure tree, the qualitative importance degree of actuator units, 

and the sensitivity of common cause (or common mode) 

thermal failure, then we can get three main qualitative results 

of system reliability. 

 

 
 

Figure 2. Failure tree model of decelerator system 
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The minimum cut set of failure tree is a combination of all 

actuator unit thermal failures that may cause system thermal 

failure. Figure 2 gives the structure of the constructed thermal 

failure tree model, the occurrence of events represents the 

occurrence of factors affecting the thermal failure of the 

system. 

According to the figure, an intermediate event Y will occur 

only when two basic events O1 and O2 occur simultaneously; 

an intermediate event D will occur only when at least one 

event between two basic events O1 and O2 occurs; a top event 

P will occur only when at least one event between events Y 

and D occurs, therefore, it can be inferred that, O1O2, O3, O4, 

O1O2O3, O1O2O4, and O1O2O3O4 are cut sets of events, and 

only O1O2, O3, and O4 are the minimum cut sets.  

The qualitative importance degree of actuator units 

describes the contribution of each actuator unit to the thermal 

failure of decelerator system. After attaining the minimum cut 

sets of the failure tree, by arranging them in ascending order 

according to the number of basic events that constitute the 

minimum cut sets, the qualitative importance degree of 

actuator units could be attained.  

In terms of sensitivity to common-cause (or common-mode) 

thermal faults, for a minimum cut set with a small number of 

basic events but a high sensitivity of each actuator unit to 

common-cause thermal failures, its contribution to the thermal 

failure of the decelerator system is not necessarily less than the 

contribution of minimum cut sets with more basic events.  

The OR gate of failure tree can be considered as a series 

connection in the reliability of the decelerator system. 

Assuming: the OR gate of failure tree whose reliability 

conforms to exponential distribution has m input events; μi 

represents failure rate, wherein i=1,2,3,...,m, then the 

reliability Sr(p) of the output events of OR gate can be 

calculated by the following formula: 

 

( ) ( ) 1

1 1

m

p

ii

pm m
p

r i

i i

S p S p o o


 =

 
 −
 −  

= =


= = =   (3) 

 

The formula for calculating the failure rate of OR gate is: 

 

( )
( )

( )

1
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r
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=
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The AND gate of failure tree can be considered as a parallel 

connection in the reliability of the decelerator system. 

Assuming: the AND gate of failure tree whose reliability 

conforms to exponential distribution has n input events; μi 

represents failure rate, wherein i=1,2,3,...,m, then the 

reliability Sr(p) of the output events of AND gate can be 

calculated by the following formula: 

 

( ) ( ) ( )
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p
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The formula for calculating the failure rate of AND gate is: 
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where, Cj=1/1-o-μ
j
p, j=1, 2, 3, ..., n. 

 

If the failure rates of each basic event that characterizes 

factors affecting the thermal failure of the system are equal, 

that is, μ1=μ2=...=μn=μ, then above formula can be transformed 

to: 

 

( ) ( )( )
1

1 1n

t p n C C 
−

= − −  (7) 

 

 

3. HEAT BALANCE MODEL OF DECELERATOR 

SYSTEM AND ITS BOUNDARY CONDITIONS 

 

Then, based on the premise that the simplification won’t 

affect the thermal analysis structure, this paper modeled the 

decelerator system and simulated its steady state temperature 

field in ANSYS Workbench, that is, numerical calculations 

were performed based on the real-time reliability analysis 

results of decelerator system and conventional thermal 

analysis method, and the attained results were imported into 

the boundary conditions of each actuator unit. The grid cell 

type and the contact of each actuator unit were correctly set in 

the software to ensure normal heat conduction between each 

unit of the decelerator system.  

 

 
 

Figure 3. Heat exchange in decelerator system 

 

There are two modes of heat exchange in a decelerator 

system: heat conduction between gear and shaft, and heat 

convection between gear and lubricating oil. The heat 

convection coefficient of gear is also composed of two parts: 

the heat conduction coefficient of the contact between gear and 

shaft, and the heat convection coefficient of the contact 

between gear and lubricating oil (Figure 3). Assuming: f 

represents the heat convection coefficient, T represents the 

density of lubricating oil, c represents the number of gear teeth, 

dt represents the specific heat capacity of lubricating oil, l 

represents the heat conduction coefficient of lubricating oil, u 

represents the viscosity of lubricating oil, GF represents the 

Prandtl number, θ represents the angular speed of gear rotation, 

then the heat conduction coefficient of the contact between 

gear and shaft can be calculated by the following formula: 

 
1/4

1 1.395
2

tt
ldd u

f
lc





 
=  

 
 (8) 

 

The heat conduction coefficient of the contact between gear 

and lubricating oil is given by the following formula: 

 

( )
1/3

2

1.07 2 3.99
2

57

GF
f l

u

+ 
=  

 
 (9) 

 

In the decelerator system, the contact between shaft and 

gear, between shaft and bearing, and between shaft and 

lubricating oil, can perform heat conduction and heat 
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convection. Assuming: c represents the diameter of shaft, NO 

represents the Reynolds number, GF represents the Prandtl 

number, θ represents the angular speed of shaft rotation, u 

represents the kinematic viscosity of lubricating oil, l 

represents the heat conduction coefficient of lubricating oil, 

then the calculation formula of heat convection coefficient 

between shaft and lubricating oil is: 

 

1/3
2

3

2

0.14 0.487
l

f NO GF
c

c
NO

u




 =  


 =


 (10) 

 

After the constructed gear and shaft model was loaded in 

ANSYS Workbench, the model was then meshed based on the 

Hex dominant method. Then specific data of gear-shaft heat 

conduction coefficient, heat convection coefficients of 

ambient temperature and other actuator units, and the power 

of friction heat were loaded in the software model and 

boundary conditions, after the loading was completed, the 

Temperature in Solution was clicked to attain the solution of 

gear and shaft temperature field of the decelerator system.  

In the decelerator system, the contact between bearings and 

shaft, between bearings and box body, and between bearings 

and lubricating oil also perform heat conduction and heat 

convection. Assuming: m represents the rotation speed of the 

shaft, “+” represents the outer circle rotation of bearings, c0 

represents the diameter of bearing roller, γ0 represents the 

contact angle of bearings, “-” represents the inner circle 

rotation of bearings, cv represents the bearing pitch diameter, l 

represents the heat conduction coefficient of lubricating oil, 

GF represents the Prandtl number, u represents the kinematic 

viscosity of lubricating oil, then the calculation formula of heat 

convection coefficient between bearings and lubricating oil is: 

 

( )
1/2

1
0 0 3

4

cos
0.0972 1

u

cm
f lGF

v c

   
=    

   
 (11) 

 

After the constructed bearing model was loaded in ANSYS 

Workbench, it was also meshed based on the Hex dominant 

method. Again, the specific data of heat convection coefficient 

of each bearing group, heat convection coefficients of ambient 

temperature and other actuator units, and the power of friction 

heat were loaded in the software model and boundary 

conditions, after the loading was completed, the Temperature 

in Solution was clicked to attain the solution of bearing 

temperature field of the decelerator system. 

The box body of the decelerator system performs heat 

convection with the oil-gas mixture inside the box and the 

outside air. Assuming: NO represents the Reynolds number of 

the lubricating oil, GF1 represents the Prandtl number of the 

lubricating oil, k1 represents the length of the wall inside the 

box, u represents kinematic viscosity of the lubricating oil, v 

represents the flow rate of gear oil, then the following formula 

calculates the heat exchange coefficient between the box body 

of decelerator system and the oil-gas mixture inside the box: 

 

( )1/2 1/3

5 1 1 1 1

1 1

1

0.721 /f NO GF k

v k
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u
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
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

 (12) 

 

The formula for calculating the heat exchange coefficient 

between the box body of decelerator system and the outside air 

is: 

 

( )0.675 0.4

6 2 2 2 2

2 2

2

0.324 /f NO GF k

v k
NO

s

 =



=
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 (13) 

 

The operating environment of the prime motor system is 

usually complex, and it’s hard to determine the flow speed of 

air around the box body of the decelerator system, so in this 

paper, it’s assumed that L represents the heat conduction 

coefficient of the box, ε represents the average wall thickness 

of the transmission case, μ represents the heat conduction 

coefficient of the transmission case, then the formula for 

calculating the heat convection coefficient between the outer 

surface of the box body of decelerator system and the ambient 

air is: 

 

5 6

1

1 1
L

f f





=

+ +

 
(14) 

 

Once more, the constructed decelerator system box body 

model was loaded in ANSYS Workbench, and was also 

meshed based on the Hex dominant method. The specific data 

of heat conduction coefficient of box body, the ambient 

temperature, and the heat convection coefficients between 

other actuator units, lubricating oil, and the air were loaded in 

the software model and boundary conditions, after the loading 

was completed, the Temperature in Solution was clicked to 

attain the solution of box body temperature field of the 

decelerator system. 

 

 

4. EXPERIMENTAL RESULTS AND ANALYSIS 

 

This paper took ordinary decelerators as subjects to analyze 

the reliability of decelerator system and make predictions of 

non-scheduled system maintenance, thereby formulating 

effective and preventive decisions of maintenance cycle and 

plan. Calculations were made based on the analysis method 

proposed in the second chapter to count the severity of 

different failure modes of the decelerator system and give real-

time evaluations of system reliability. By summarizing the 

evaluation results, it’s determined that the average 

maintenance time and afterwards maintenance time of 

scheduled preventive maintenance are 1.5 hours and 2.5 hours, 

respectively. Table 1 shows the test results of general 

maintenance time distribution of the target decelerator system, 

then it can be known that the distribution of total service life 

(from rarely fail, to frequently fail, until the system is scrapped) 

of the target decelerator system conforms to the Weibull 

distribution. 

Figure 4 shows the node temperature field distribution of 

the decelerator system. According to the figure, the surface of 

sun gear in the target system reached the highest temperature 

of about 130℃, the driving bevel gears with large heat 

generation and some bearings also reached a high temperature 

of around 110℃. According to the results of entire node 

temperature distribution, it’s known that compared with 

measuring nodes with no generated heat, the temperature of 
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measuring nodes with larger heat generation or closer to the 

heat source was obviously higher. The surface of sun gear 

teeth and the inner surface of sun gear shaft perform heat 

conduction through metals, for measuring nodes set at these 

positions, the measured temperature values were close. Most 

of the heat of the decelerator box came from the convective 

heat exchange with lubricating oil, and the temperature of 

surface measuring nodes was relatively low. 

 

Table 1. Distribution of service life 

 

Distribution type 

X2 test K-S test 

Sampling 

statistics 

Critical 

value 

Accept or 

not 

Sampling 

statistics 

Critical 

value 

Accept or 

not 

Normal distribution 1522.465 5.879 No 0.915 0.254 No 

Logarithmic normal distribution 18.674 5.879 No 0.954 0.254 No 

Weibull distribution 3.724 5.879 Yes 0.218 0.254 Yes 

 

Table 2. Heat balance features of heat-generating nodes 

 
Node name Amount of generated heat Feature size Rotation speed Temperature 

Driving bevel gear 1350.4 57.8 6000 119.23 

Driven bevel gear 1350.4 221 1675 102.84 

Planet gear 460.8 94 789.6 112.54 

Sun gear 1361.5 84 1674 128.64 

Gear ring 588.4 257 0 105.56 

Bearing 1 849.3 97 6000 108.24 

Bearing 2 16.5 44 6000 101.24 

Bearing 3 195.5 52.6 6000 107.21 

Bearing 4 1687.5 197 1684 109.75 

Bearing 5 1348.5 197 1684 109.58 

Bearing 6 43.5 52.6 785.6 104.68 

Bearing 7 196.4 146 405 101.54 

Bearing 8 42.3 117 405 100.3 

 

 
 

Figure 4. Node temperature field distribution of the 

decelerator system 

 

 
 

Figure 5. Influence of lubricating oil temperature on the 

temperature of each measuring node 

Table 2 shows the heat balance features of heat-generating 

nodes in the target system. According to the table, the 

temperature of heat-generating nodes in the target system was 

greatly affected by the heat amount, feature size, and rotation 

speed of corresponding components, specifically, it was 

proportional to the amount of generated heat, and inversely 

proportional to feature size and rotation speed. In case of 

systems with small amount of generated heat, large size, and 

high rotation speed, the heat is less likely to accumulate, and 

the probability of thermal failure is lower.  

To analyze the influence of lubricating oil temperature on 

the temperature of each measuring node, this paper selected 

four measuring nodes for temperature measurement, including 

the driving bevel gear(P1), driven bevel gear(P2), sun gear(P3) 

and planet gear(P4). By changing the temperature of 

lubricating oil, the temperature values of these measuring 

nodes were attained, and the results are given in Figure 5. As 

can be seen in the figure, with increase of lubricating oil 

temperature, the temperature values of the four measuring 

nodes increased linearly with it, which had verified that 

decreasing the lubricating oil temperature can improve the 

cooling effect of the target system, and reduce the operating 

temperature of important measuring nodes.  

The ambient temperature was set to 10℃, 20℃, 30℃, and 

40℃ respectively to measure the steady-state temperature 

field distribution of the target system, and the distribution 

results are shown in Figure 6. 

To further figure out the law of temperature changes of the 

four measuring nodes (P1-P4) and the decelerator box (P5) 

under different ambient temperatures. Figure 7 shows the 

changes in temperature of each measuring node of the target 

system under different ambient temperatures. 

According to the figure, measuring nodes with greater 

amount of generated heat or closer to the heat source were 

greatly affected by ambient temperature, compared with 
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measuring nodes without heat generation, the trend of their 

temperature rise was faster. As the temperature rose, the 

decelerator box and the lubricating oil as a whole showed a 

linear upward trend. When the ambient temperature exceeded 

40℃, the operating temperature of each actuator unit in the 

target system was higher, the real-time reliability of the system 

was poor, and the probability of thermal failure was high. 

 

 
 

Figure 6. Steady-state temperature field distribution of the 

target system under different ambient temperatures 

 

 
 

Figure 7. Changes in temperature of each measuring node of 

the target system under different ambient temperatures 

 

 
 

Figure 8. Temperature field distribution of target system 

under different input rotation speeds 

 
 

Figure 9. Temperature variation of each measuring node of 

target system under different input rotation speeds 

 

Figure 8 and Figure 9 show the temperature field 

distribution and the temperature of each measuring node of the 

target system under different input rotation speeds. According 

to Figure 8, the temperature of the target system was greatly 

affected by the input rotation speed, the thermal damage of the 

target system got worse as the input rotation speed grew 

higher, and more heat generated by the thermal failure could 

not be effectively dissipated. Compared with the temperature 

rise of measuring nodes on gears, the temperature rise of 

measuring nodes on bearings was greater, and the main reason 

is that compared with the influence of rotation speed on the 

temperature field of gears, the influence of rotation speed on 

the temperature field of bearings was greater. 

According to Figure 9, the temperature of each key 

measuring node showed a trend of linear slow rise at and 

below the rated rotation speed. If the rotation speed of the 

target system exceeds the rated rotation speed, the overall 

system temperature will rise faster, the real-time reliability of 

the system will get worse, and the probability of thermal 

failure will be higher. Therefore, measures should be taken to 

prevent the rotation speed of the system from exceeding the 

rated rotation speed so as to avoid thermal failure and prevent 

the target system from overheating. 

 

 

5. CONCLUSION 

 

This paper explored the heat balance features of decelerator 

system with its real-time reliability taken into consideration. 

At first, this paper analyzed the possible thermal failure modes, 

influence, and fatality of decelerator system, and elaborated on 

the method and steps of its real-time reliability analysis. Then, 

the decelerator system was modeled, its steady state 

temperature field was simulated in ANSYS Workbench, and 

the boundary conditions were built. Calculations were made 

based on the analysis method proposed in the second chapter 

to count the severity of different failure modes of the 

decelerator system and give real-time evaluations of system 

reliability. After that, this paper gave the test results of general 

maintenance time distribution of the target decelerator system, 

and found that the distribution of total service life (from rarely 

fail, to frequently fail, until the system is scrapped) of the 

target decelerator system conforms to the Weibull distribution. 

Moreover, this paper figured out the heat balance features of 
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the heat-generating nodes of the target system, analyzed the 

influence of lubricating oil temperature on the temperature of 

each measuring node of the target system, and verified that 

decreasing the lubricating oil temperature can improve the 

cooling effect of the target system. At last, this paper also gave 

the steady-state temperature field distribution and the 

temperature variation of each measuring node of the target 

system under different ambient temperatures and under 

different input rotation speeds, and gave the corresponding 

analysis results. 
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