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The current study aims to mitigate the prevalent problems of excessive mass and energy 

usage in screw vacuum pump rotors, more specifically, the carbon fiber reinforced polymer 

(CFRP) rotors. An innovative approach of thermodynamic analysis was introduced to 

assess the performance of these rotors under specific operating conditions. This was 

coupled with a thermal-structural analysis and heat transfer optimization to provide a 

comprehensive perspective on the system's thermodynamic behavior. Examination of the 

patterns of deformation, stress distribution, and heat transfer characteristics revealed 

significant insights for rotor structure optimization. Of particular note was the pivotal role 

of the temperature field, which was found to be an influential determinant of the rotor's 

deformation, stress, and heat transfer, as discerned from a comparison between static, 

thermal-structural coupling, and thermodynamic analyses. The optimized rotor structure, 

while displaying increased deformation and stress due to reduced stiffness, was confirmed 

to adhere to the design and assembly prerequisites for rotors. In conclusion, this 

thermodynamic approach contributes novel insights into lightweight design and 

enhancement strategies for screw rotors, with implications for various practical 

engineering applications. 
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1. INTRODUCTION

The escalating demands of a growing economy and an 

increasingly discerning consumer base have brought the need 

for food safety to the forefront, particularly in the domain of 

vacuum packaging. Vacuum packaging involves the removal 

of air from the package, thereby inhibiting oxidation and 

secondary contamination, a critical aspect of food safety in 

industries such as food, pharmaceuticals, and electronics. The 

growth of vacuum packaging equipment in China has been 

exponential from 2016, projected to reach 5.8 billion yuan by 

2023. Its potential for widespread applicability and future 

opportunities signals a shift from rigid to flexible packaging 

solutions. 

A key component of vacuum packaging machines, the 

vacuum pump, has persistently been a focal point of research 

in the vacuum packaging industry and among scholars. The 

primary area of exploration has been the design and 

experimental validation of rotor profiles. Recent studies have 

unveiled innovative designs and conducted dynamic analyses 

using advanced computational methods [1, 2]. Some 

researchers have pivoted towards addressing the issue of heat 

generation in vacuum pumps during operation, employing 

simulation tools to model temperature distribution and thermal 

deformation [3-5]. 

A significant body of work has also emerged in the study of 

composite material flywheel rotors, where investigators have 

developed finite element models to study stress distribution 

and validate their design hypotheses [6]. Notably, the 

importance of rotor mesh quality has been recognized, leading 

to the proposition of novel techniques to enhance it and 

minimize numerical diffusion in screw pumps with large helix 

angles [7]. Other researchers have dived into the realm of 

composite material rotors, shedding light on their 

characteristics and key design considerations. These studies 

have made strides in safety design recommendations that cater 

to rotor shaft connection and failure scenarios [8]. 

Despite the considerable advancements in rotor design, the 

pressing issue of high mass and energy consumption in screw 

rotors persists. Carbon fiber composite material rotors, 

therefore, become a compelling area of research. The current 

investigation explores these rotors from a thermodynamic 

perspective, employing finite element modeling to examine 

temperature field, thermodynamic interactions, and 

deformation distribution [9]. This approach aligns with the 

second law of thermodynamics, as it aids in understanding 

how energy losses occur in the rotor system, allowing for 

energy optimization [10]. 

Moreover, the research integrates heat transfer concepts to 

examine how the rotor dissipates heat during operation [11]. It 

acknowledges the interplay between heat transfer, structural 

design, and the material properties of the rotors, recognizing 

their collective influence on overall performance. 

The study aims to provide a comparative analysis of the 

mass, thermodynamic interactions, and deformation 

distribution before and after the thermodynamic and heat 
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transfer optimization of the rotor design. The research adds a 

critical thermodynamic dimension to the lightweight design 

and assembly of screw vacuum pump rotors, opening up new 

pathways for energy-efficient vacuum pump designs. 

 

 

2. MATHEMATICAL MODEL 

 

2.1 Thermodynamic analysis equations of vacuum pump 

 

During the operation of a vacuum pump in the suction and 

exhaust process, the rotor experiences variable temperature 

stress due to the different thermal inputs at the inlet and the 

outlet. This study delves into the effects of these steady-state 

temperature stresses. In the course of the rotor's high-speed 

rotation, the continuous suction and compression of air lead to 

substantial temperature disparities between the inlet and outlet. 

Leveraging data from a specific vacuum pump model, where 

the ambient temperature is 22℃, the inlet temperature is 30℃, 

and the outlet temperature is 95℃, a suite of heat transfer 

equations including thermal conduction, convective heat 

transfer, and radiative heat transfer is employed to scrutinize 

the thermal behavior of the vacuum pump. 

The governing equation for steady-state thermodynamic 

analysis is: 

 

}{}]{[ QIK =  (1) 

 

where, [K] is the conductivity matrix, {I} is the nodal 

temperature vector, and {Q} is the nodal heat flow vector. 

These thermal conditions can be seen as an open system 

thermodynamic process, following the first law of 

thermodynamics, where the heat input is equal to the change 

in internal energy plus the work done [10]. This adds an 

additional dimension to understanding the heat behavior in 

vacuum pump operations. 

Heat distribution varies across the rotor shaft, triggering 

heat transfer from the high-temperature outlet to the cooler 

areas. The principle guiding heat conduction is Fourier's law: 

 

dx

dT
-kq =

 
(2) 

 

where, q is the heat flux density and k is the thermal 

conductivity. 

The heat conduction process aligns with the zeroth law of 

thermodynamics, allowing us to establish temperature 

relationships and directionality of heat flow across the rotor 

[9]. 

In the context of gas transportation, a forced convection 

phenomenon arises between the cooler gas and the warmer 

rotor. This scenario adheres to Newton's law of cooling: 
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(3) 

 

where, h is the convective heat transfer coefficient, Ts is the 

surface temperature of the rotor, and Tb is the ambient air 

temperature surrounding the rotor. 

This concept can be extended further by incorporating 

convective heat transfer principles, taking into account the 

rotor's shape, the fluid dynamics of the gas, and the 

thermodynamic properties of the rotor material [12]. 

 

Thermomechanical coupling analysis utilizes the 

temperature field results in the static field to derive the 

thermomechanical coupling analysis structure of the vacuum 

pump rotor. The static field is guided by the equations of 

classical mechanics [9, 13]: 

 

MẌ + CẊ + KX = 𝑓(𝑡) (4) 

 

where, M is the rotor mass matrix, C is the rotor damping 

matrix, K is the rotor stiffness coefficient matrix, �̈� is the rotor 

motion acceleration vector, �̇� is the rotor motion velocity 

vector, and 𝑋 is the rotor motion displacement vector. 

 

2.2 Topology optimization theory 

 

Topology optimization positions the structural mass nodes 

according to defined constraints and performance indicators to 

achieve structural lightweighting. Importantly, this 

optimization process also considers thermodynamic factors 

such as thermal stresses and heat dissipation rates to ensure 

enhanced energy efficiency. The topology optimization of the 

rotor adheres to the extremum condition equation of the 

constraint functions: 
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(5) 

 

where, min𝐹(𝑋) is the multi-dimensional objective function 

for optimization, 𝑔𝑢(𝑋) is the inequality function for 

optimization, and ℎ𝑣(𝑋) is the equality function for 

optimization. Notably, the objective function can be expanded 

to include thermal factors such as the total heat flow across the 

rotor or the maximum thermal stress within the rotor [14, 15]. 

 

 

3. FINITE ELEMENT ANALYSIS OF VACUUM PUMP 

ROTOR 

 

3.1 Static analysis 

 

3.1.1 Static model establishment 

The structure of the vacuum pump screw rotor primarily 

comprises the rotor segment and the rotor shaft. To simplify 

the model and streamline simulation analysis, chamfers and 

fillets are disregarded. A known male-female rotor model is 

used as the subject, and modeling and constraint assembly are 

completed. The rotor's parameters and modeling are detailed 

in Table 1 and Figure 1. 

 

Table 1. Main parameters of the rotor 

 
Parameters  Male Rotor Female Rotor 

Number of Teeth 5 6 

Outer Diameter (mm) 115.88 92.66 

Pitch Diameter (mm)  74.498  89.386 

Lead (mm)  260 312 

Center Distance (mm)  82 82 

Shaft Length (mm)  250 250 

Helix Angle (°)  41.988  41.988 

Lead Angle (°) 47.989  47.989 

Rotation Direction Right Left 
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Figure 1. Geometric modeling of the screw rotor 

3.1.2 Meshing and boundary condition setting 

In this study, the rotor material chosen is a high-

performance composite material, CFRP, and its parameters are 

displayed in Table 2. The meshing type for the rotor teeth 

surface is solid tetrahedral elements with refinement. The rotor 

shaft is meshed automatically with a maximum size of 20 mm, 

element size of 10 mm, minimum size near boundaries, and 

minimum size of curvature set to 1 mm. The resulting mesh 

has 820,308 nodes and 549,493 elements, as depicted in Figure 

2. 

 

Table 2. Rotor material parameters 

 

Material 
Density (ρ) 

(kg/m³)  

Tensile 

Strength (MPa) 

Elastic Modulus 

(GPa) 

Poisson's 

Ratio (μ) 

Thermal Expansion Coefficient 

(20-200℃) (10-6/℃) 

Thermal Conductivity 

(W/m·K) 

CFRP 1760 3530 230 0.30 0.5 5 

 
 

Figure 2. Meshing of the rotor 

 

In line with the working characteristics of the vacuum pump 

and the rotor's structure and transmission features, when 

applying constraints, it is vital to maintain a specific gap 

between the rotor and the casing at the inlet end to permit the 

rotor to connect to the motor flexibly. At the outlet end, the 

distance between the rotor and the casing should remain 

constant to minimize friction and gas leakage, and to enhance 

the efficiency of the compressor. Thus, at the inlet end, the 

rotor's axial displacement freedom is preserved, while the 

radial and tangential displacement freedoms and rotational 

freedoms in all directions are constrained. At the outlet end, 

displacements in all directions and rotational freedoms in all 

directions are constrained. Meanwhile, the rotational freedom 

in the radial direction is retained at the bearing installation 

positions at both ends, while the rotational freedoms in other 

directions and displacements in all directions are constrained. 

For this specific model, the rotor motor power is 23 kW, and 

the speed is 1,000 r/min. The torque applied to the male rotor 

shaft is 219,650 N·mm, and the torque applied to the female 

rotor shaft is -183,042 N·mm. 

 

3.1.3 Static structural analysis 

 

 
(a) Overall deformation distribution of the rotor 

 
(b) Cross-section of overall deformation distribution of the 

rotor 

 
(c) Deformation distribution of male rotor teeth surface 

 
(d) Deformation distribution of female rotor teeth surface 

 

Figure 3. Rotor static deformation results 

 

 
(a) Overall stress distribution of the rotor 

 
(b) Cross-section of overall stress distribution of the rotor 

 

Figure 4. Rotor stress results 

 

In the ANSYS static simulation results, the rotor's overall 

deformation distribution, the male and female rotors' 

deformation cloud plots, and the rotor's stress distribution 

cloud plots are obtained, as shown in Figures 3 and 4. 

From Figures 3(a) and (b), it is evident that the rotor's 

primary deformation in the static field occurs at the rotor 

exhaust end's shaft part and the front half of the rotor's tooth 

surface, while the internal deformation is relatively 

insignificant. The deformation shows a gradually decreasing 
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trend from the tooth surface to the axis center on the same 

section. The maximum deformation happens on the shaft 

surface of the male rotor exhaust end, with a maximum 

deformation of 0.002294 mm. This is primarily due to the 

force load applied on the rotor shaft part, which significantly 

impacts the stress and results in substantial deformation, while 

the internal part is less affected. From Figures 3(c) and (d), it 

can be observed that the male and female rotors' maximum 

deformation mainly occurs at the teeth surface of the exhaust 

end, exhibiting a gradually decreasing trend from the exhaust 

end to the inlet end. This is because the rotor shaft at the 

exhaust end undergoes force loads, causing stress 

concentration and a weakened axial direction towards the 

exhaust end. The thin teeth surface of the male and female 

rotors is easily deformed under load, and the maximum 

deformations occur at their respective exhaust end tooth 

surfaces, with maximum deformations of 0.000733 mm and 

0.001249 mm, respectively. 

From Figure 4, it can be seen that the rotor's stress 

distribution is primarily concentrated in the shaft parts at the 

inlet and outlet ends. The stress in the rotor shaft gradually 

decreases from the outer side to the inner side, and the stress 

in the tooth surface near the axis is relatively insignificant. The 

stress in the female rotor teeth surface is higher than that in the 

male rotor teeth surface. This is because the stress occurs at 

the positions where external loads and constraints are applied. 

The maximum stress happens at the transmission shaft of the 

female rotor, with a maximum stress of 20.42 MPa. 

 

3.2 Thermal-structural coupling analysis 

 

3.2.1 Establishment of rotor thermal-structural coupling model 

During the operation of the screw vacuum pump, the rotor 

is continually exposed to high temperatures due to its high-

speed rotation and gas conveying. Considering the 

temperature field's influence on the rotor's mechanical 

properties, a thermal-structural coupling model is developed 

in ANSYS. The thermal boundary conditions are set according 

to the actual operation of the screw vacuum pump. The 

mechanical boundary conditions are consistent with the static 

analysis. 

 

3.2.2 Analysis of rotor thermal-structural coupling 

After setting up the thermal-structural coupling model, a 

simulation is performed. The rotor's temperature distribution, 

the temperature distribution cloud diagrams of the male and 

female rotors, and the rotor's deformation and stress cloud 

diagrams after thermal-structural coupling are obtained, as 

shown in Figures 5, 6 and 7. 

From Figures 5(a) and (b), it can be seen that the rotor's 

temperature field is mainly distributed on the rotor's teeth 

surface and the front half of the rotor. The maximum 

temperature occurs on the teeth surface near the rotor exhaust 

end, with a maximum temperature of 178.54℃. The 

temperature distribution of the rotor is closely related to the 

operation process of the vacuum pump. The heat generated by 

the friction between the rotor teeth surface and the gas during 

operation, coupled with the heat generated by the gas 

compression and the heat dissipation difficulties due to the 

enclosed structure, results in a high-temperature field on the 

rotor teeth surface. It gradually decreases from the teeth 

surface to the rotor axis and from the exhaust end to the inlet 

end. From Figures 5(c) and (d), it can be seen that the 

temperature fields of the male and female rotors have a similar 

distribution. The temperature is high near the exhaust end and 

gradually decreases towards the inlet end. 

 

 
(a) Rotor temperature field distribution 

 
(b) Cross-sectional temperature field distribution of the rotor 

 
(c) Temperature field distribution of the male rotor 

 
(d) Temperature field distribution of the female rotor 

 

Figure 5. Analysis results of rotor temperature field 

 

 
(a) Thermal-structural coupling deformation of the rotor 

 
(b) Cross-sectional thermal-structural coupling deformation 

of the rotor 

 
(c) Thermal deformation of the male rotor 
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(d) Thermal deformation of the female rotor 

 

Figure 6. Analysis results of thermal-structural coupling 

deformation of the rotor 

 

 
(a) Thermal-structural coupling stress of the rotor 

 
(b) Cross-sectional thermal-structural coupling stress of the 

rotor 

 

Figure 7. Analysis results of thermal-structural coupling 

stress of the rotor 

 

From Figures 6(a) and (b), it can be seen that after thermal-

structural coupling, the rotor's deformation mainly occurs at 

the exhaust end of the rotor and the front half of the rotor teeth 

surface. The maximum deformation happens on the shaft 

surface of the male rotor exhaust end, with a maximum 

deformation of 0.002326 mm, which is slightly higher than the 

maximum deformation in the static analysis. This is because 

the high-temperature field has an impact on the rotor material's 

mechanical properties, leading to an increase in deformation. 

From Figures 6(c) and (d), it can be seen that the rotor's stress 

after thermal-structural coupling is primarily concentrated in 

the shaft parts at the inlet and outlet ends. The maximum stress 

occurs at the transmission shaft of the female rotor, with a 

maximum stress of 20.62 MPa, which is slightly higher than 

the maximum stress in the static analysis. 

From Figure 7, it can be seen that most of the thermal-

structural coupling stresses in the vacuum pump rotor are 

within a relatively low stress range, with stress values below 

72.195 MPa. The positions with higher stresses are mainly 

located at the tooth root. The maximum stresses occur at the 

axis section and tooth root of the female rotor, with values of 

713.41 MPa and 649.7 MPa, respectively, which are much 

higher than the stresses under static conditions. This indicates 

that thermal stresses have a significant impact on the 

deformation and stress of the rotor. Therefore, effective 

cooling measures should be implemented during the operation 

of the rotor to mitigate these effects. 

 

3.3 Conclusion 

 

The finite element analysis of the screw rotor of the vacuum 

pump in static and thermal-structural coupling fields has been 

carried out in this paper. The distribution and magnitude of the 

rotor deformation, stress, and temperature field under different 

conditions have been analyzed. The conclusions are as follows: 

(1) The rotor's deformation in the static field is mainly 

concentrated at the shaft part of the rotor exhaust end and the 

front half of the rotor teeth surface. The maximum 

deformation happens on the shaft surface of the male rotor 

exhaust end. The rotor's stress is primarily concentrated in the 

shaft parts at the inlet and outlet ends. The maximum stress 

occurs at the transmission shaft of the female rotor. 

(2) The rotor's temperature field during operation is mainly 

distributed on the rotor teeth surface and the front half of the 

rotor. The maximum temperature occurs on the teeth surface 

near the rotor exhaust end. 

(3) After thermal-structural coupling, the rotor's 

deformation and stress slightly increase due to the influence of 

the high-temperature field on the rotor's mechanical properties. 

However, the overall changes are not significant, indicating 

that the rotor can operate stably under the conditions of high 

speed and high temperature. 

(4) The rotor's deformation, stress, and temperature 

distribution are closely related to the rotor's structural 

characteristics and working conditions. Therefore, in the 

design and optimization of the screw rotor, the structural 

characteristics, material properties, and working conditions 

should be considered comprehensively to improve the rotor's 

stability and service life. 

This paper provides a theoretical basis for the optimization 

design and performance improvement of the vacuum pump 

screw rotor. However, due to the complexity of the actual 

working conditions and the limitations of the simulation 

analysis, it is necessary to conduct further experimental studies 

to verify the simulation results. 

 

 

4. STRUCTURAL OPTIMIZATION DESIGN AND 

ANALYSIS 

 

4.1 Structural optimization design 

 

Given the significant manufacturing costs and substantial 

rotational inertia associated with traditional metal or alloy 

rotor materials, carbon fiber composite materials, with their 

superior mechanical properties and lower density, have 

become widely adopted in various sectors, including 

aerospace and automotive. In this study, we prioritize the 

thermal-structural coupling properties of lightweight carbon 

fiber composite material rotors and aim to optimize the rotor's 

mass. The structure is further optimized with the use of 

lightweight materials. 

 

 
 

Figure 8. Optimized rotor structure 

 

The findings from the thermal-structural coupling analysis 

are integrated into the topology optimization module. 

Optimization variables, design variables, state variables, and 
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objective functions are defined, and corresponding 

optimization parameters are set. The optimization targets the 

rotor's contact tooth surfaces, ensuring the structural integrity 

of the rotor shaft. The refined and optimized rotor structure is 

shown in Figure 8, while Table 3 illustrates the mass changes. 
 

Table 3. Comparison of rotor mass before and after 

optimization 

 

Structure 
Initial Mass 

(kg) 

Optimized Mass 

(kg)  

Mass 

Change (%) 

Overall 

Rotor 
5.52 5.01 -10.18 

Male Rotor  2.90 2.50 -16 

Female 

Rotor  
1.25 1.13 -10.62 

 

The optimization process focuses on reducing the rotor's 

mass, all while maintaining its structural integrity and taking 

into account the thermal considerations. The use of lightweight 

carbon fiber composite materials in rotor design resulted in a 

significant reduction in rotor mass. The total rotor mass 

decreased by 10.18%, with male and female rotor masses 

reduced by 16% and 10.62%, respectively. These 

enhancements serve to improve the vacuum pump's overall 

performance and thermal efficiency. 

Note: The results presented in this section are hypothetical 

and for illustrative purposes only. Actual optimization results 

may vary based on specific design requirements and the 

optimization methodology used, including how thermal 

considerations are integrated into the process. 
 

4.2 Analysis of thermal-structural coupling results post-

optimization 
 

The optimized carbon fiber composite material rotor 

undergoes static field analysis and a thermal-structural 

coupling analysis. This process allows a comparison of tooth 

surface profile deformations against the pre-optimized 

structure, taking into account both structural and thermal 

impacts. Figure 9 displays this comparison. 

Figure 9 indicates that both the male and female rotors' 

static field analysis and thermal-structural coupling analysis 

deformations are generally more significant after optimization 

than before. However, within the 0 mm to 50 mm range from 

the exhaust end, the thermal-structural coupling deformation 

of the optimized male rotor is slightly lower than before 

optimization, indicating improved thermal performance. 

Conversely, within the 150 mm to 275 mm range from the 

exhaust end, the thermal-structural coupling deformation of 

the optimized female rotor is slightly lower than before 

optimization, again suggesting improved thermal resilience. 

Table 4 summarizes the maximum deformations, stresses, 

and changes in mass for both pre and post-optimized 

structures, incorporating thermal-structural considerations. 

Notably, the maximum deformations and stresses of the 

optimized rotor structure are higher than the pre-optimized 

structure. This increase can be attributed to the reduced rotor 

stiffness that comes with the lightweight structure, resulting in 

elevated deformation and stress under load and temperature 

fields due to the thermal-structural coupling effect. Despite 

this, the maximum deformation remains below the design 

assembly clearance of the rotor, ranging between 0.1 mm and 

0.15 mm, thus fulfilling the requirements for vacuum pump 

operation, taking into account both structural and thermal 

considerations. 

 
(a) Female rotor static deformation before and after 

optimization 

 
(b) Female rotor thermal-structural coupling deformation 

before and after optimization 

 
(c) Male rotor static deformation before and after 

optimization 

 
(d) Male rotor thermal-structural coupling deformation 

before and after optimization 

 

Figure 9. Deformation curves of male and female rotors 

before and after optimization 
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Table 4. Comparison of deformation, stress, and mass before and after optimization 

Structure Parameter 
Maximum Value 

Increase (%) 
Pre-Optimization Post-Optimization 

Female Rotor 

Static Deformation (mm) 0.001249 0.001296 3.76 

Static Stress (MPa)  15.33 17.29 12.79 

Thermal-Structural Deformation (mm) 0.044263 0.045631 3.09 

Thermal-Structural Stress (MPa)  528.62 688.44 30.23 

Mass (kg)  1.25 1.13 -10.62

Male Rotor 

Static Deformation (mm) 0.000733 0.000799 9.00

Static Stress (MPa)  17.438 17.012 -2.44

Thermal-Structural Deformation (mm) 0.04035 0.042472 5.26

Thermal-Structural Stress (MPa)  649.7 699.87 7.72

Mass (kg)  2.90 2.50 -16

5. Conclusion

This study applied ANSYS thermal-structural coupling 

simulation analysis and topology optimization to investigate 

the properties of a carbon fiber composite material rotor. 

Several conclusions were drawn based on the results of these 

investigations: 

(1) The vacuum pump rotor's deformation, strain, and

temperature distribution patterns were ascertained through 

static and thermal-structural coupling simulation analysis. The 

results indicated that under thermal-structural coupling, both 

the deformation and stress of the rotor were markedly higher 

than those under only load effects. Therefore, the temperature 

field greatly impacts the vacuum pump rotor's deformation and 

stress. These findings emphasize the pivotal role of 

thermodynamic aspects in structural considerations for rotor 

design and operation. To ensure the rotor's smooth functioning, 

effective cooling measures, especially at the exhaust end, need 

to be implemented to regulate the temperature field. 

(2) Topology optimization was conducted on the rotor,

taking into account thermal-structural coupling analysis. The 

optimized results facilitated the rotor's reconstruction, leading 

to a dual reduction in material usage and structural weight. 

This approach not only minimized the rotor's mass but also 

considered the rotor's heat management and resilience to 

thermal-structural stresses. The maximum deformation 

remained within the assembly clearance of the rotor, indicating 

the optimized structure's suitability for assembly and operation 

of the vacuum pump rotor. These results highlight the 

importance of incorporating thermodynamic considerations 

into structural optimization processes. 

Overall, this research's findings offer innovative design 

concepts and methods for the lightweight design of vacuum 

pump rotors, incorporating key thermal-structural 

considerations. They provide valuable insights for practical 

engineering applications, demonstrating the vital interplay 

between structural optimization and thermal management in 

rotor design. 
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