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Point-to-point reply to reviewer’s comments 
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Distributions, and Rotor Thermal Deformation of an R134a Screw Compressor). 
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Shun HUANG, Yu-Hua HUANG). 
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Please remove the hyperlink in the corresponding author email address (the font should be black without underline). 

 

Reply: 
The authors have removed the hyperlink in the corresponding author email address, as shown in Page 1 of the 

revised manuscript. 

 

Comment 4: 
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minor editing to stay within the page limit. 
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Comment 5: 
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color spectrum scale is used. This is left to the discretion of the authors. 

 

Reply: 
After comparing the Figures 7-10 shown by gray scale and the color spectrum scale, the authors think that the ones 

shown by color spectrum scale could be read more clearly. Therefore, the authors decide to use the color spectrum 

plots of Figures 7-10 in Page 8 of the revised manuscript. 

 

Comment 6: 

Please remove the hyperlink in the COMSOL entry of the References section (the font for the website should be 

black without underline). 

 

Reply: 
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ABSTRACT 
 

A numerical analysis is performed to systematically calculate the performance, rotor temperature distributions, and 

rotor thermal deformation of an R134a screw compressor. The analysis procedure includes three major steps. The 

first step calculates the efficiencies and the temperature- and pressure-time histories of the refrigerant during a 

compression cycle of the screw compressor. The calculation is performed based on a theoretical model, which 

considers the mass and energy conservation laws, the leakages through various paths, and the discharges of gas and 

oil. The heat transfer between gas and oil is also considered. The second step calculates the temperature distributions 

in the rotors by numerically solving the set of Helmholtz equations derived from the partial differential equations for 

transient heat conduction of the rotors. Each of the two rotors is subject to a periodic convective boundary condition 

and five steady boundary conditions. The third step calculates thermal deformations of rotors by a finite element 

method based on the calculated temperature distributions from the second step. The proposed theoretical models and 

numerical procedures are shown to be able to efficiently calculate the performance, rotor temperature distributions, 

and rotor thermal deformations. The calculated information is important and useful in the design of a refrigerant 

screw compressor. 

 

1. INTRODUCTION 
 

In a refrigeration system, a compressor is used to increase the pressure of gaseous refrigerant. The refrigerant screw 

compressor, compared with other types of compressors, is constructed with fewer parts and therefore is more 

reliable. The rotational operation of the rotors also provides better characteristics of dynamic balance. In addition, 

the exhaust flow rate is not affected by the discharge pressure due to the forced transportation mechanism used in 

screw compressors. Due to the above-mentioned advantages, the screw compressor is widely used in many industrial 

applications, in addition to refrigeration systems. 

 

When designing a refrigerant screw compressor, it is important to optimize the performance of the screw compressor 

in consideration of physical properties of refrigerants. The design work can be efficiently carried out by numerical 

design tools for the compressor geometry, analysis of thermo-fluidic compression processes and calculation of screw 

deformations caused by thermal and mechanical loads. In recent years, the development of numerical design tools 

has attracted attention of many researchers. The numerical design tool for compressor geometry has been used to 

design the screw profiles in consideration of the gear theory, performance of the screw compressor, and loadings on 

the rotors (Stosic, et al. 2005, Wu, et al. 2008, Xing 2000). The shapes of the case, inlet port, and outlet port, the 
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detailed information on the volume of compression chamber and the areas of the inlet port, outlet port, and leakage 

paths are also obtained by the numerical design tool. 

 

The numerical design tools for analyzing the compressor performance and thermo-fluidic processes could be 

separated into two categories: lumped parameter analysis and computational fluid dynamics (CFD) analysis. In 

lumped parameter analysis (Fleming, et al. 1998, Fujiwara, et al. 1995, Hsieh, et al. 2011, Seshaiah, et al. 2007, 

Stosic, et al. 1990, Wu, et al. 2004), the properties of the compressed refrigerant inside the compression chamber are 

considered to be uniform, but time dependent, and their changes are described by the conservation of mass and 

energy. The calculated volumetric efficiency, isentropic efficiency, and pressure curve are verified by experimental 

results. In CFD analysis (Kovacevic 2005, Kovacevic, et al. 2007, Kovacevic, et al. 2007), the transient, three 

dimensional thermo-fluidic model was proposed and solved by commercial programs to calculate the properties of 

the compressed refrigerant inside the compression chamber. The results were further used in the solid-fluid coupled 

model to calculate the deformation of rotors. The detailed phenomena, such as the flow fields, the temperature 

distribution, and the thermal deformation in the rotors, are available to the designers. The computation is, however, 

usually very long. 

 

The numerical design tools for calculating the deformations of the screws caused by thermal and mechanical loads 

were proposed in the past (Gao, et al. 2011, Hsieh, et al. 2011, Kovacevic, et al. 2007, Lee, et al. 1999, Stosic, et al. 

2005). Stosic et al. (Stosic, et al. 2005) and Lee et al. (Lee, et al. 1999) used the calculated properties of the 

compressed medium, which were obtained by a lumped parameter analysis, to calculate the average axial radial 

forces exerted on the bearing. Hsieh et al. (Hsieh, et al. 2011) also used the calculated properties of the compressed 

medium from a lumped parameter analysis, and introduced the auxiliary complex equation (ACE) method to 

calculate the temperature distribution in the rotors. The calculated temperature distributions in the rotors were used 

to estimate the approximate thermal deformation of the screws. Considering the forces exerted on rotors and 

temperature effects, Kovacevic et al. (Kovacevic, et al. 2007) and Gao et al. (Gao, et al. 2011) performed an thermal 

and dynamic deformation analysis of the rotors by finite element method (FEM). 

 

Table 1: Design parameters and operating conditions 

 

 

Parameters 
Male 

screw 

Female 

screw 

Number of teeth 5 6 

Outer diameter (  ) 174 139 

Length of screw (  ) 164 164 

Lead (      ⁄ ) 228 273.6 

Clearance of the inlet 

end of the screw (  ) 
0.25 0.25 

Clearance of the outlet 

end of the screw (  ) 
0.05 0.05 

Clearance of the sealing 

line of the screw (  ) 
0.08 0.08 

Clearance between 

rotors (  ) 
0.03 0.03 

Type of refrigerant R134a  

Rotation speed (rpm) 3550  

Inlet pressure (MPa) 0.36  

Outlet pressure (MPa) 0.93  

 Figure 1: The numerical procedure used in this study 

 

In these above-mentioned numerical design tools, each tool can provide certain accurate and useful design 

information for designers. But these tools have not yet been completely integrated to efficiently calculate the 

performance, rotor temperature distributions, and rotor thermal deformations of a refrigerant screw compressor. In 

this paper, theoretical models and numerical procedures are proposed to efficiently calculate the performance, rotor 

temperature distributions, and rotor thermal deformations. The numerical procedure includes three major steps. The 



 

 1387, Page 3 
 

International Compressor Engineering Conference at Purdue, July 16-19, 2012 

first step calculates the efficiencies and the temperature- and pressure-time histories of the refrigerant during a 

compression cycle of the screw compressor. The second step calculates the rotor temperature distributions by 

numerically solving the set of Helmholtz equations derived from the partial differential equations for transient heat 

conduction of the rotors. The third step calculates rotor thermal deformations by a finite element method based on 

the calculated rotor temperature distributions from the second process. 

 

2. Theoretical models and numerical procedures 

 
In this study, numerical design tools are established and integrated to calculate the compressor performance, rotor 

temperature distributions, and rotor thermal deformations of a commercial refrigerant screw compressor (RC2-410A, 

Hanbell Precise Machinery Co., Ltd), which operates steadily under the condition listed in Table 1. Table 1 also 

shows the design parameters of the employed compressor. The numerical design tools include lumped parameter 

analysis for calculating properties of compressed refrigerant, ACE method, for temperature distributions in male and 

female rotors, and FEM, for thermal deformations of male and female rotors. The numerical procedures are shown 

in Figure1. In the first step, the lumped parameter analysis is implemented to calculate the volumetric and isentropic 

efficiencies and time variations of pressure and temperature of the compressed refrigerant. The calculated results are 

then used in the second step, in which the transient three-dimensional heat conduction equation subjected to periodic 

boundary condition without internal heat generation is solved by the ACE method. The calculated rotor temperature 

distributions are used in the third step, in which the commercial FEM program, COMSOL Multiphysics (COMSOL), 

is used to calculate thermal deformation of male and female rotors. These numerical procedures are completely 

integrated to efficiently calculate the performance, rotor temperature distributions, and rotor thermal deformations of 

a refrigerant screw compressor. The theoretical models adopted in the numerical procedures are shown in the 

following paragraphs. 

 

2.1 Compressor performance 
The lumped parameter analysis of this study considers a deformable control volume that represents one of the 

compression chambers of a refrigerant screw compressor, as shown in Figure 2. The compression chamber is filled 

with refrigerant and injected with oil. The model considers the equations of the conservation of mass and energy for 

the refrigerant and the oil and the equation of state for the refrigerant. The entrance of the refrigerant, injection of 

the oil, reinjection of the refrigerant, discharges of the refrigerant and the oil and leakages through the contact line, 

sealing line, blow hole and ends of screws are considered on the boundary of the control volume. Within the control 

volume the heat transfer between the refrigerant and the oil drops and that between the refrigerant and the oil film 

are also included in the model. 

 

The four ordinary differential equations (ODEs) used in the lumped parameter analysis are the mass conservation 

equation for the refrigerant, Equation (1), the mass conservation equation for the oil, Equation (2), the energy 

equation for the refrigerant, Equation (3), and the energy equation for the oil, Equation (4). 

 

𝜔
𝑑𝑚𝑟𝑒𝑓

𝑑𝜃
=  ̇𝑟𝑒𝑓,𝑒𝑛𝑡 +  ̇𝑟𝑒𝑓,𝑑𝑖𝑠 +  ̇𝑟𝑒𝑓,𝑙𝑒𝑎𝑘𝑎𝑔𝑒   (1) 

𝜔
𝑑𝑚𝑜𝑖𝑙

𝑑𝜃
=  ̇ 𝑖𝑙,𝑖𝑛𝑗 +  ̇ 𝑖𝑙,𝑑𝑖𝑠 +  ̇ 𝑖𝑙,𝑙𝑒𝑎𝑘𝑎𝑔𝑒   (2) 

𝜔
𝑑𝑈𝑟𝑒𝑓

𝑑𝜃
= �̇�𝑟𝑒𝑓,𝑒𝑛𝑡 + �̇�𝑟𝑒𝑓,𝑑𝑖𝑠 + �̇�𝑟𝑒𝑓,𝑙𝑒𝑎𝑘𝑎𝑔𝑒 + �̇�𝑟𝑒𝑓,𝑟𝑒𝑖𝑛𝑗𝑒𝑐𝑡𝑖 𝑛 − �̇�𝑟𝑒𝑓− 𝑖𝑙 − �̇�𝑟𝑒𝑓   (3) 

𝜔
𝑑𝑈𝑜𝑖𝑙

𝑑𝜃
= �̇� 𝑖𝑙,𝑖𝑛𝑗 + �̇� 𝑖𝑙,𝑑𝑖𝑠 + �̇� 𝑖𝑙,𝑙𝑒𝑎𝑘𝑎𝑔𝑒 + �̇�𝑟𝑒𝑓− 𝑖𝑙   (4) 

 
In order to calculate mass flow rate of leakages, which were clearly classified by Fleming et al. (Fleming, et al. 

1995), the equation for isentropic flow is used to calculate the flow velocity, as shown in Equation (5). This equation 

can be used in calculating the mass flow rate of leakage of screw compressor (Hsieh, et al. 2011). In Equation (5),   

is the empirical constant for calculating the mass flow rate. Since there are four kinds of leakage, the mass flow rate 

of leakage through the blow hole is calculated by   𝑙  , the one through the sealing line by  𝑠𝑒𝑎𝑙𝑖𝑛𝑔, the one through 

the ends of the screws by  𝑒𝑛𝑑 , and the one through the contact line by  𝑐 𝑛𝑡𝑎𝑐𝑡. For calculating the mass flow rate of 

discharge, the Equation (6), is used to consider the two effects of the pressure difference across the outlet and the 

axial velocity of the refrigerant (Hsieh, et al. 2011). 

 

 ̇𝑟𝑒𝑓 =  ∙ 𝐴 ∙ 𝜌𝑟𝑒𝑓 ∙ 𝑉  (5) 
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𝑉 = 𝑉𝑠 𝑢𝑛𝑑  when the ratio of upstream to downstream pressures ≤ 𝛽∗ 
𝑉 =   𝑡 ∙ 𝑉𝑠 𝑢𝑛𝑑  when the ratio of upstream to downstream pressures  𝛽∗ 

 𝛽∗ = (2 𝑘 + 1⁄ )𝑘 (𝑘−1)⁄   

 ̇𝑚𝑖𝑥 = 𝐴𝑑𝑖𝑠 ∙ 𝜌𝑚𝑖𝑥 ∙ √ 𝑝 ∙ 2𝑘 𝜌𝑚𝑖𝑥(𝑘 − 1)⁄ ∙ ∆𝑝 +  𝑠𝑣 ∙ (𝜔 ∙ 𝐿𝑒 𝑑)
2  (6) 

  

  
Figure 2: The physical model of lumped parameter 

analysis 
Figure 3: The heat-transfer model of male and female 

rotors 
 

To calculate the heat transfers between refrigerant and oil, Equations (7) and (8) are used to calculate the heat 

transfer between refrigerant and oil drops (Fleming, et al. 1998, Hsieh, et al. 2011, Li, et al. 2009, Stosic, et al. 1992, 

Wu, et al. 2004, Zamfirescu, et al. 2004). Equations (9) and (10) are used to calculate the heat transfer between 

refrigerant and oil film (Fujiwara, et al. 1995, Hsieh, et al. 2011, Zamfirescu, et al. 2004). 

 

�̇� =   𝑒𝑎𝑡ℎ 𝑖𝑙 𝑑𝑟 𝑝𝐴 𝑖𝑙 𝑑𝑟 𝑝(𝑇𝑟𝑒𝑓 − 𝑇 𝑖𝑙) (7) 

ℎ 𝑖𝑙 𝑑𝑟 𝑝 = 𝑁𝑢 ∙ 𝜆 𝑖𝑙 𝐷 𝑖𝑙 𝑑𝑟 𝑝⁄   (8) 

𝑁𝑢 = 2 +  . 𝑅𝑒
0.5𝑃𝑟0.33   

�̇� =   𝑒𝑎𝑡ℎ 𝑖𝑙 𝑓𝑖𝑙𝑚𝑉𝑐
2 3⁄ (𝑇𝑟𝑒𝑓 − 𝑇 𝑖𝑙)  (9) 

ℎ 𝑖𝑙 𝑓𝑖𝑙𝑚 = 𝑁𝑢𝜆 𝐷𝑚𝑎𝑙𝑒⁄   (10) 

𝑁𝑢 =  .51𝑅𝑒𝜔
0.74   

𝑅𝑒𝜔 = 𝜔𝐷𝑚𝑎𝑙𝑒
2 𝜇⁄    

 
2.2 Rotor temperature distributions 
The heat-transfer model of male and female rotors is shown in Figure 3. When the screw compressor operates 

steadily, the temperature distributions in the male and female rotors are affected by seven heat-transfer boundary 

conditions, which are shown schematically in Figure 3. The first one is the heat transfer between the rotor and the 

bearing at the inlet shaft of the rotor. The second one is the heat transfer between the rotor and the bearing at the 

outlet shaft of the rotor. The third one is the convective heat transfer between the screw and the compressed air. The 

forth one is the heat transfer between the screw and oil at the inlet end of the screw. The fifth one is the heat transfer 

between the screw and oil at the outlet end of the screw. The sixth one is the heat transfer between the screw and oil 

at the sealing line. The seventh one is the heat transfer between the motor and the inlet shaft of the male rotor. 

 

In this study, the rotor temperature distributions are solved by the ACE method (Hsieh, et al. 2011), in which the 

Helmholtz equations are used to describe a boundary-value problem involving a periodic boundary condition. There 

are three advantages of calculating the temperature in the rotor by solving the Helmholtz equations and associated 

boundary conditions [Equations (11) – (15) given below]. The first is that the solution is independent of the initial 

condition of temperature. The second is that the original time-dependent three-dimensional system is converted to a 

time-independent three dimensional system. This reduces significantly the computation time. The third is that the 

temperature at any time during a cycle can be efficiently obtained by Equations (14) and (15), without the use of 

interpolation, which usually increases the calculation time. 
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 2 𝑚 −
𝑖∙𝜔 

 
 𝑚 =    (11) 

𝜆2
   

 𝑛
= ℎ ∙ (𝐴𝑚,𝑟𝑒𝑓 −  𝑚)  (12) 

𝜆2
   

 𝑛
=  ̇𝑎 ,     = 1, ,  ,             ,  𝑎 =    (13) 

𝑇𝑑 = ∑  𝑚 ∙ 𝑒 𝑝( ∙ 𝜔𝑚 ∙  )
 
𝑚 0   (14) 

 ℎ𝑒𝑟𝑒   = 𝑟𝑒 ( ,  𝑝)   

𝑇𝑟 = 𝑅𝑒(𝑇𝑑)  (15) 

 

In Equation (12), the convective heat-transfer coefficient ℎ is calculated as the product of an empirical constant  𝑟𝑒𝑓  

and an ideal convective heat-transfer coefficient ℎ𝑖𝑑𝑒𝑎𝑙 , as shown in Equations (16) – (19). The empirical constant 

 𝑟𝑒𝑓  represents the ratio of the actual to the ideal convective heat-transfer coefficients. 

 

𝑁  =
(𝑓  ⁄ )( 𝑒 −1000) 𝑟

1 12.7(𝑓  ⁄ )  ⁄ ( 𝑟  ⁄ −1)
[1 + (

  

 
)
2 3⁄

]  (16) 

5    𝑅𝑒  1 
 , 1   𝐷  ⁄  1     

ℎ𝑖𝑑𝑒𝑎𝑙 = 𝑁  ∙ 𝜆 𝐷 ⁄   (17) 

ℎ =  𝑟𝑒𝑓 ∙ ℎ𝑖𝑑𝑒𝑎𝑙   (18) 

 =  .25 [   (1 ( . 𝐷  ⁄ )⁄ + 5.  𝑅𝑒 
0. ⁄ )]2⁄   (19) 

 

The ideal heat fluxes from the oil to the screw at the sealing line, inlet end of the screw and outlet end of the screw 

are calculated by the formulas given by Xing (Xing 2000). The ideal heat flux at the sealing line is calculated by 

Equation (20) and the actual heat flux, Equation (21). The ideal heat fluxes from oil to the screw at the inlet and 

outlet ends of the screw are respectively calculated by Equations (22) and (24). The actual heat fluxes are calculated 

by Equations (23) and (25). 

 

 ̇ 𝑓,𝑖𝑑𝑒𝑎𝑙 = 𝜇𝜔
2𝐷 

2 (  𝑓)⁄   (20) 

 ̇ 𝑓 =   𝑓 ∙  ̇ 𝑓,𝑖𝑑𝑒𝑎𝑙   (21) 

 ̇ 𝑠,𝑖𝑑𝑒𝑎𝑙 = 𝜇𝜔
2𝑟2  𝑠⁄   (22) 

 ̇ 𝑠 =   𝑠 ∙  ̇ 𝑠,𝑖𝑑𝑒𝑎𝑙   (23) 

 ̇ 𝑑,𝑖𝑑𝑒𝑎𝑙 = 𝜇𝜔
2𝑟2  𝑑⁄   (24) 

 ̇ 𝑑 =   𝑑 ∙  ̇ 𝑑,𝑖𝑑𝑒𝑎𝑙   (25) 

 

The ideal heat flux from a bearing to the rotor shaft is determined by dividing the bearing power loss by the area of 

the bearing. The ideal bearing power loss is calculated by Equation (26) (Tedric, et al. 2006).The torque ( 𝑙) due to 

the applied load is calculated by Equation (27). The torque ( 𝑣) due to lubricant viscous friction is calculated by 

Equation (28) (Jeng, et al. 2003). The torque ( 𝑓) due to roller end-ring flange sliding friction for a roller bearing is 

calculated by Equation (29). The actual conductive heat fluxes from the bearing located at the inlet and outlet shafts 

of the rotor are respectively calculated by Equations (30) and (31). 

 

�̇� , 𝑖𝑑𝑒𝑎𝑙 =  .  1  𝜔     (26) 

 = {
 𝑙 + 𝑣             𝑟  ℎ𝑒       𝑒 𝑟   
 𝑙 + 𝑣 + 𝑓     𝑟  ℎ𝑒 𝑟   𝑒𝑟  𝑒 𝑟   

   

 𝑙 =  𝑙 ∙ 𝑑𝑚 ∙     (27) 

where 𝑙 = {
 .   2     𝑟  ℎ𝑒       𝑒 𝑟   
 .  15    𝑟  ℎ𝑒 𝑟   𝑒𝑟  𝑒 𝑟   

   

 𝑣 = 2.2  1 
−1 ∙   ∙ (  ∙ 2 ∙ 𝜔)

2 ∙ 𝑑𝑚
3   (28) 

where  = {
 .     𝑟  ℎ𝑒       𝑒 𝑟   
     𝑟  ℎ𝑒 𝑟   𝑒𝑟  𝑒 𝑟   

   

 𝑓 =  .   ∙  𝑎𝑥𝑖𝑎𝑙 ∙ 𝑑𝑚  (29) 
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  𝑠 =   𝑠 ∙ 𝑄 𝑠, 𝑖𝑑𝑒𝑎𝑙 𝐴 𝑠⁄   (30) 

  𝑑 =   𝑑 ∙ 𝑄 𝑠, 𝑖𝑑𝑒𝑎𝑙 𝐴 𝑑⁄   (31) 

 

2.3 Rotor thermal deformations 

In this study, the calculated rotor temperature distributions are used in thermal deformation analysis. The thermal 

deformations in male and female rotors are obtained by solving Equation (32) with the commercial program 

(COMSOL Multiphysics). The reference temperature is 25  . The boundary conditions of zero axial and radial 

displacements are imposed on the two interfaces between the outlet shafts of the male and female rotors and the 

bearings. On the other hand, the boundary conditions of zero radial displacement are imposed on the two interfaces 

between the inlet shafts of the male and female rotors and the bearings. 

 

 𝑡 =
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 𝑥 
   
 𝑥 ]
 
 
 
 
 

𝑡 

=  𝑡 (𝑇𝑟 − 𝑇𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒) (32) 

 

3. Results and Discussion 

 

The above mentioned theoretical model and numerical procedure are used to calculate the compressor performance, 

rotor temperature distributions, and rotor thermal deformations. The calculated pressure- and temperature-time 

histories of refrigerant during a compression cycle are shown in Figure 4. Figure 4 shows that the pressure and 

temperature of refrigerant are steady during the suction process (less than the angle of 365 degrees). During the 

compression process (between angles of 365 to 560 degrees), the refrigerant pressure and temperature increase 

monotonically due to the compression. When the outlet port is just opened (at the angle of 560 degrees), the area of 

outlet port is still small and consequently, the resistance to gas flow through the outlet port is large. Thus, the gas 

pressure continues to increase and the first pressure peak appears near the angle of 577 degrees. The first pressure 

peak in the compression chamber begins to diminish when the outlet port area is large enough to relieve the pressure. 

The pressure in the compression chamber then maintains at a constant level until the second peak appears near the 

angle of 687 degrees. The second pressure peak is caused by the fact that the opening area of the outlet port is small 

and the following compression chambers are also in the discharge process. 

 

  
 

Figure 4: The calculated refrigerant 

pressure- and temperature-time 

histories during a compression cycle 

Figure 5: The calculated refrigerant 

mass- and density-time histories 

during the discharge process 

Figure 6: The calculated refrigerant 

specific compression work- and 

specific internal energy-time 

histories during the discharge 

process 

 

Figure 5 shows the calculated refrigerant mass- and density-time histories during the discharge process. During the 

discharge process, the mass of refrigerant in the compression chamber and the volume of the compression chamber 
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are both decreased. The decreasing rate of the mass of refrigerant is larger than that of the volume of the 

compression chamber. This results in the decreased density of refrigerant in the compression chamber, as shown in 

Figure 5. Figure 6 shows that the specific internal energy of refrigerant, which is affected by the compression work, 

mass transfer and heat transfer, increases continuously during the discharge process. The increase in the specific 

internal energy during the discharge process is due to the combined effect of the increased specific compression 

work (shown in Figure 6) and the decreased refrigerant mass in the compression chamber (shown in Figure 5). As a 

result of the increase in the specific internal energy, the temperature also increases monotonically during the 

discharge process as shown in Figure 4. 

 

The calculated refrigerant pressure shown above is used to calculate the axial and radial forces exerted on bearings. 

The heat generated by the bearings is then obtained. The calculated refrigerant temperature shown above is used to 

calculate the heat transfer between refrigerant and rotor. With these calculated forces, heat generation and heat 

transfer, we can then calculate the rotor temperature distributions. The calculated rotor temperature distributions are 

shown in Figure 7. Figure 7 shows the isotherm graphs at the three cross sections of the male and female rotors [(a) 

0.01 m from the inlet end, (b) 0.08 m from the inlet end, and (c) 0.15 m from the inlet end]. Near the inlet end of the 

screw, the temperature distributes uniformly in the male and female screws, as shown in Figure 7(a). The 

temperature at the center of the screw is only slightly higher than that at the surface. In the middle of the screw, 

Figure 7(b) shows that the temperature distributes uniformly in the regions bounded by the root circles of the male 

and female screws. Lower temperatures exit in the area near the back flank of the male screw and in the area 

between the back flank and the top land of the female screw. Figure 7(c) shows the temperature distribution on the 

cross sections close to the outlet end of the screw. It is noted that the temperature at the center is the highest in the 

cross section of each of the male and female screws. This indicates that heat is transferred radially from the center to 

the surface of the screw and is taken away by the force convection of the compressed air at the surface of the screw. 

A comparison of Figure 7(a) with Figures 7(b) and 7(c) reveals that the temperature difference between the center 

and the surface of the screw on the cross section near the outlet end is larger than those on the other two cross 

sections. This indicates that the heat transferred radially from the center to the surface of the screw is larger at the 

section near the outlet end than that at the other two cross sections that are located at the middle and inlet end. This 

is probable due to the fact the bearing located at the outlet end of the rotor generates most heat. 

 

In order to investigate the effect of the heat generated by the bearings on the rotor temperature distributions, a 

parametric study is conducted in this work. In the parametric study, the heat generation from the bearings is 

systematically changed from 90%, 100% to 110% of the baseline condition. The baseline condition is the test 

condition shown in Figure 7. Figures 8 and 9 are the calculated rotor temperature distributions at 110% and 90% 

heat generation from the bearings of the baseline condition, respectively. In comparison of Figures 7 to 9, it is 

evident that the rotors temperature is raised by increasing the heat generation from the bearings. In Figure 9(c), the 

maximum temperature difference between the center and the surface of the screw is larger than the ones in Figures 

7(c) and 8(c). This implies that the increase in the heat generation form the bearings promotes the radial heat transfer 

in the screw. These two observations show that the calculated rotor temperature distributions are affected by the heat 

generation from the bearings. In order to obtain accurate rotor temperature distributions, the heat generated by the 

bearings need to be accurately verified by experimental results. 

 

In this study, the rotor temperature distributions are used to calculate rotor thermal deformations. The calculate rotor 

thermal deformations are shown in Figure 10. Due to that the temperature of the male and female rotors is larger 

than the room temperature (shown in Figure 7), both the male and female rotors expand in the radial and axial 

directions, as shown in Figure10. Figure 10 (a) shows that the rotors expand axially toward the inlet side of rotors. 

Because of the boundary conditions of zero axial and radial displacements applied to the surfaces of outlet shafts of 

rotors, the axial thermal expansion only happens in the direction toward the inlet side of rotors. The axial 

displacements on the inlet ends of screws are about   𝜇 . Figure 10 (b) shows that the profiles of tips of screws are 

affected by the radial thermal expansions. The radial displacements on the tips of male and female rotors are about 

  𝜇 . 

 

In this study, the computational times for the compressor performance, rotor temperature distributions, and rotor 

thermal deformations are about 10 s, 20 s, and 500 s, respectively, with a personal computer (Intel I3-2100 CPU at 

3.1GHz). These computational times are reasonably short, which indicates that the numerical design tools and 

numerical procedures of this work are efficient and suitable for parametric studies, compressor performance 

optimization, and sensitivity analysis. 
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Figure 7: The calculated rotor 

temperature distributions 

Figure 8: The calculated rotor 

temperature distributions at 110% 

heat generation from the bearings of 

the baseline condition 

Figure 9: The calculated rotor 

temperature distributions at 90% 

heat generation from the bearings of 

the baseline condition 

 

 

Figure 10: The calculated rotor thermal deformation 

 

4. Conclusion 

 

In this study, numerical design tools are established and integrated to calculate the compressor performance, rotor 

temperature distributions, and rotor thermal deformations of refrigerant screw compressors. The numerical design 

tools include lumped parameter analysis for calculating properties of compressed refrigerant, ACE method, for 

temperature distributions in male and female rotors, and FEM, for thermal deformations of male and female rotors. 

In the first step, the lumped parameter analysis is implemented to calculate the volumetric and isentropic efficiencies 

and time variations of pressure and temperature of the compressed refrigerant. The calculated results are then used 

in the second step, in which the transient three-dimensional heat conduction equation subjected to periodic boundary 

condition without internal heat generation is solved by the ACE method. The calculated rotor temperature 

distributions are used in the third step, in which the commercial FEM program, COMSOL Multiphysics (COMSOL), 
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is used to calculate thermal deformation of male and female rotors. These numerical procedures are completely 

integrated to efficiently calculate the performance, rotor temperature distributions, and rotor thermal deformations of 

a refrigerant screw compressor. The numerical design tools are noted to be efficient and suitable for parametric 

studies, compressor performance optimization, and sensitivity analysis. 

 

NOMENCLATURE 

 
A area ( 2) 𝑇𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒   reference temperature ( ) 

𝐴𝑚  the amplitude (–)    the internal energy (   ) 
𝑑𝑚  bearing pitch diameter ( ) 𝑉  the flow velocity (  ⁄ ) 

𝐷  diameter ( ) �̇�  the work (𝑊) 

𝐷   hydraulic diameter ( ) Greek symbols 

𝐷   outer diameter of the screw ( )    thermal diffusivity  ( 2  ⁄ ) 

   friction factor   𝑡   
the coefficient of 

thermal expansion  
(  ⁄ ) 

 𝑎𝑖𝑥𝑎𝑙   
average axial load on the 

bearing 
(𝑁)  𝑑  

clearance of the outlet 

end of the screw 
( ) 

 𝑟𝑎𝑑𝑖𝑎𝑙   
average radial load on the 

bearing 
(𝑁)  𝑓  

clearance of the sealing 

line of the screw  
( ) 

ℎ  Heat-transfer coefficient (𝑊 ( 2 ∙  )⁄ )  𝑠  
clearance of the inlet end 

of the screw 
( ) 

�̇�  
the rate of change of 

enthalpy 
(  ⁄ )    roughness  ( ) 

𝑘  heat capacity ratio   𝑡   thermal deformation  ( ) 

𝐿  the length ( ) 𝜇  dynamic viscosity ((𝑁 ∙  )  2⁄ ) 

   
the summation of the 

torques 
(𝑁 ∙  )    empirical constant (–) 

  𝑡   Mach number (–)    time in a period  ( ) 

 𝑓  
torque due to roller end-

ring flange sliding friction 
(𝑁 ∙  )  𝑚  the space function (–) 

 𝑙  torque due to applied load (𝑁 ∙  )    the compression angle  (Degree) 

 𝑣  
torque due to lubricant 

viscous friction 
(𝑁 ∙  ) 𝜔  rotational speed  (𝑑𝑒 𝑟𝑒𝑒  ⁄ ) 

   the mass (𝑘 )    heat conductivity  (𝑊 ( ∙  )⁄ ) 

 ̇  the mass flow rate (𝑘  ⁄ )    kinematic viscosity  ( 2  ⁄ ) 

   
the unit vector normal to 

the boundary surface 
(–) 𝜔𝑚  the frequency  (𝐻 ) 

𝑁   Nusselt number (–) 𝜌  the density of refrigerant  (   3⁄ ) 

𝑁    
Nusselt number for pipe 

flow 
(–) Subscripts 

𝑃𝑟   Prandtl number (–)    bearing 

 ̇𝑎  heat flux of unit area (𝑊  2⁄ )     bearing on the inlet shaft of the rotor 

�̇�  the rate of heat transfer (𝑊)  𝑑  bearing on the outlet shaft of the rotor 

𝑟  radial distance ( ) 𝑑    discharge 

𝑟𝑒 ( )  reminder (–) 𝑒    entrance 

𝑅𝑒  Reynolds number (–)  𝑑𝑒    ideal condition 

𝑅𝑒𝜔  
rotational Reynolds 

number 
(–)      mixed fluid 

𝑅𝑒   
Reynolds number for pipe 

flow 
(–)     

oil in the clearance of the inlet end of the 

screw 

𝑅𝑒( )  
the real part of a complex 

number 
(–)  𝑑  

oil in the clearance of the outlet end of 

the screw 

   the marching time ( )     
oil in the clearance of the sealing line of 

the screw 
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 𝑝  time period ( )      oil 

𝑇  temperature ( ) 𝑟  rotor 

𝑇𝑑  the auxiliary temperature ( ) 𝑟𝑒   refrigerant 
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