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Abstract. High-temperature gas will cause stress and deformation of the rotor during the
operation of the twin-screw compressor, which will affect the structural performance of the screw
rotor. Based on the CFD/CSD coupling solution technology, the method of thermal solid
numerical analysis is developed. The fluid control equations are time-averaged differential
equations, and the turbulence model is a two-equation Realizable K -& model. The thermal
deformation and thermal stress of the rotor are obtained by solving the structural static equilibrium
equation. The reliability of the proposed method is verified by solving the thermal deformation of
the L-shaped large-diameter buried pipeline. Finally, the thermal deformation and thermal stress
of the rotor under different exhaust pressures and different speeds are mainly studied. Through
simulation analysis, the variation law of rotor deformation, stress and modal under different
temperature fields of the compressor is obtained, which can provide a certain theoretical reference
for the compressor structural design and optimization.

Keywords: twin screw compressor, CFD/CSD, turbulence model, temperature field.
1. Introduction

In recent years, with the rapid development of Chinese economy, huge progress has been made
in construction, industrial manufacturing, cold chain logistics and other fields. These areas have
also driven the rapid development of compressors [1]. As a relatively new type of screw
compressor, its working principle realizes the three processes of gas suction-compression-
discharge through the meshing of the screw rotor. During the operation of the twin-screw
compressor system, the engagement of the screw rotor is prone to generate various physical fields
such as heat, sound, and structure field, among which the temperature and structure field have a
greater impact on the screw rotor meshing [2]. The meshing of the female and male rotors
produces an uneven ambient temperature field, and its heat distribution affects the dynamic
performance and compression efficiency of the screw rotor to varying degrees. At the same time,
the working process of the twin-screw compressor is periodic, resulting in a more severe coupling
of temperature field and structural field [3].

At present, the research of twin screw compressors is mainly focused on the flow field and
structure field in the compressor. Foreign scholar John et al. [4] used sliding grid technology to
simulate the internal flow field of screw compressors, which solved the difficulty of adapting the
block grid for a long time. Stosic et al. [5] uses a micro-injection method to cool the rotor structure
of a new type of oil-injected compressor, and uses a computer to simulate the temperature field of
the rotor. As a result, it is found that the temperature of the rotor is significantly reduced and the
pressure ratio of the compressor is greatly increased. Sauls [6] study for heat transfer and heat
exchange of the wall surface of the rotor screw compressor, resulting thermal performance of the
compressor cylinder and the rotor at the actual gap. Mustafin et al. [7] designed and proposed a
numerical simulation method to calculate the temperature field of the rotor in the working state,
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and analyzed the influence of the structural parameters and working conditions of the screw
compressor on the rotor temperature field. Hsieh et al. [8] proposed a mathematical model and
calculation program for screw compressors. The Helmholtz equations were derived by solving the
partial differential equation of transient heat conduction without internal heat, and the temperature
distribution of the inner and outer rotors of the oil-injected screw compressor was calculated more
accurately.

Domestic scholars are studying the flow field in the compressor. Cao et al. [9] have designed
a mathematical model that can describe the pressure distribution in the working cavity of the twin
screw compressor in detail, and obtained the pressure distribution in the cavity through
experiments, which can clearly understand the force situation of the twin screw compressor in the
actual working process. Tang et al. [10] simulated the periodically changing internal flow field of
the twin screw pump through different instantaneous flow field models, and verified that the
steady-state flow field of different instantaneous flow can be used to replace the unsteady flow
field of the screw pump. Wu et al. [11] used Fluent software to simulate the internal flow field of
the twin screw compressor, and obtained the pressure distribution trend of the flow field in the
compressor. Long et al. [12] used STAR-CCM+ software to simulate the internal flow field of the
screw compressor, and proved that the pressure value of the flow field in the compressor
periodically changed with time. He et al. [13] increased the meshing clearance and tooth clearance
of the twin screw compressor rotor to millimeter level through ANSA and Fluent software, which
provided a method for accurately analyzing the pressure change of the flow field in the
compressor. Feng [14] studied the structural characteristics of the complex surface screw rotor
based on the fluid-solid coupling analysis method, and analyzed the influence of the compressor
pressure field on the rotor performance. In studying the temperature on the performance of the
screw rotor, Zhou et al. [15] conducted a comprehensive analysis of the thermal deformation of
the symmetric screw flowmeter rotor based on the finite element theory, and deduced the effect
of thermal deformation on the leakage and operation of the screw rotor. Cao et al. [16] based on
the theory of elastic mechanics and finite element method, used the first type of thermal boundary
conditions to analyze the three-dimensional steady-state temperature field of the rotor, solving the
problem that the deformation of the 3D screw rotor can only be simplified to 2D calculation for a
long time. Wang et al. [17] used the finite element method to analyze the thermal stress of the
screw rotor, and accurately analyzed the true stress, deformation and constrained reaction force of
the rotor, which solved the problem that the simplification and accuracy of the screw rotor force
deformation is too low for a long time. Chen et al. [18] simulated the temperature field and thermal
deformation of the screw vacuum pump rotor, and obtained the distribution of the screw rotor
temperature field and the radial deformation of the rotor. Cui et al. [19] used the finite element
method to analyze the temperature field of the pump cavity system of the screw vacuum pump
and the thermal deformation law of the rotor, and obtained the influence law of the thermal
deformation on the gap in the pump cavity. Wei et al. [20] adopted indirect coupling and weak
coupling methods to realize the multi-field coupling of temperature field, flow field and stress
field for a new twin-screw kneader. It was obtained that the thermal deformation caused by the
temperature field is the most important factor affecting the rotor deformation.

The above scholars did not consider the influence of the temperature field generated during
the working process of the compressor on the structural performance of the screw rotor in the
study of the twin screw compressor. Due to the hermeticity of the compressor, it is difficult to
study the heating condition of the rotor tooth surface through the test method. Therefore, the
temperature field of the compressor is calculated based on the finite volume method, and the
CFD/CSD numerical interpolation technique is used to apply the temperature load as an external
load to the rotor tooth surface. Finally, the influence of the compressor temperature field on the
rotor structure is studied by solving the rotor structural static balance equation.
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2. Calculation method

This article uses Fluent and Static Structural modules in the Workbench platform. Based on
the loosely coupled one-way thermo-solid coupling calculation method, the internal flow field of
the compressor is obtained by solving the N-S control equation, and the temperature field is loaded
on the structural grid of the rotor using numerical interpolation technology after the flow field
converges. Finally, the displacement and stress fields of the rotor structure are obtained by solving
the static balance equation of the rotor structure. The specific process is shown in Fig. 1.

‘ Import compressor model ‘

v

Set boundary conditions
CFD temperature
field solution

convergence
NO

Interpolating the temperature field from
the CFD grid to the structural grid node

Solving the static balance equation
of rotor structure

Twin-screw compressor thermo-
coupling analysis results

Fig. 1. Flow chart of thermal-solid coupling
2.1. Flow field solving technology

Because the compressor is under variable heat load for a long time, the cycle is short, and the
thermal field changes little. Therefore, a quasi-transient thermo-solid coupling numerical
simulation can be performed on the compressor after the compressor reaches thermal equilibrium
[21-23]. The continuity equation, momentum conservation equation and energy conservation
equation of the fluid in the compressor flow field are respectively [24]:

d

LV () =0, (1)
D(pU

O pF ~v-p + uaw, 2)
D(pc, T

%:mmﬂ)q, 3)

where, U is the velocity vector; p is the fluid pressure. p is the dynamic viscosity of the fluid. ¢,
is the specific heat capacity of the fluid. p is the density of the fluid. 4 is the thermal conductivity.
F is the mass force acting on the fluid. q is the heat absorbed by the fluid. T is fluid temperature.
@ is energy dissipation function.

2.2. Structural solving technology

When transmitting data at the fluid-solid coupling interface, the displacement, stress, heat flow,
temperature and other conservation of fluid and solid should be satisfied:

Tf:TS, n'Tf:n'TS, szqs; Tf=T5; (4)
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where, f is the fluid domain. s is a solid domain.
The temperature field and thermoelastic finite element equations of the thermosetting
unidirectional calculation model are [25]:

aT
M§+KT—Q=O, (5)
DU = GT +F, (6)

where, M is a heat capacity matrix. T is a temperature vector. t is time. K is a heat conduction
matrix. Q is a heat flow vector. D is a stiffness matrix. U is a displacement vector. G is a thermal
stress coefficient matrix. F is a mechanical force vector.

In this paper, a steady-state thermal analysis is performed on a twin-screw compressor, which
has nothing to do with the time term, so dT/dt in the Eq. (5) is 0. After the finite element is used
for discrete, the element equation of the finite element is obtained, the temperature field at the
steady state moment is solved, and the temperature field is brought into the thermoelastic Eq. (6)
to obtain the displacement field and stress distribution of the steady state analysis.

3. Validation

In order to verify the accuracy of the thermal-solid coupling calculation method in this paper,
the L-shaped large-diameter buried pipeline is taken as the research object [26]. The thermal-solid
coupling calculation method in the paper is used to calculate the thermal deformation under the
effect of temperature. The geometric model of the pipeline, the pipeline structure grid and the fluid
domain grid are shown in Fig. 2.
<[I1-lllh\,‘

Out

Buried pipeline

Structural grid Fluid grid Fluid internal grid

Bent pipe In
k< ~

Fig. 2. Buried pipeline

During the calculation, the turbulence model uses standard K -& and SIMPLEC solution
algorithms. The fluid inlet is set as a pressure inlet, the pressure value is 1.6 MPa, and the inlet
temperature is 140 °C. The outlet is set as the mass flow outlet, and the solid wall surface adopts
the non-slip boundary condition. The internal working medium of the pipe is water and the pipe
material is Q235B. When the thermal coupling is solved, the entrance and exit of the pipe are set
to have no displacement constraints. The numerical simulation results and experimental data are
compared as shown in Table 1. The results show that the simulation results of the fluid inlet
velocity, inlet pressure, inlet temperature, outlet pressure, and outlet temperature of the buried
pipeline are within 2 % of the data provided in the experiment. The flow field calculation method
in this paper is reliable.

Fig. 3 is a cloud diagram of the pipeline results under the temperature load. The deformation
distribution of the pipeline under the temperature load is the same as the deformation trend under
the temperature load in the literature. The deformation is 97.037 mm, and the error is within 0.3 %.
Therefore, the thermo-mechanical coupling method used in this paper is reliable and can be used
to solve the problem of coupling the temperature field and the structure of the compressor.
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Table 1. Comparison of numerical simulation results with experimental data

Monitoring parameters | Experimental results | Numerical simulation | Error /%
Inlet velocity / m-s’! 4.13 4.08 1.21
Inlet temperature / K 412.50 413.00 0.1
Oulet temperature / K 411.60 412.76 0.2

Inlet gauge pressure / Pa 1590300 1591681 0.1

Oulet gauge pressure / Pa 1580310 1583906 0.2

E: Static Structural
Total Deformation

Type: Total Deformation X,

Unit: mm

Time: 1 L ]
97.354 Max

86.537
7572

64.903
54.085
43.268
32451
21.634
10817
0 Min

Fig. 3. Pipe thermal deformation
4. Numerical model and grid generation
Fig. 4 is the internal flow field model of the twin screw compressor. Its working principle is

to realize the three processes of gas suction-compression-discharge through the meshing of the
screw rotor.

out

interface

Fig. 4. Compressor model

\\ Tip clearance | Engagemeiﬂ gap
N |

-

_~
Cylinder support /' Cylindersupport
A

Fig. 5. Flow field grid Fig. 6. Structural grid

There are a large number of curved surfaces of the compressor’s female and male rotors.
Tetrahedral elements are used to divide the internal flow field and structural model of the

l 5 3 8 JOURNAL OF VIBROENGINEERING. SEPTEMBER 2020, VOLUME 22, ISSUE 6



STRUCTURAL CHARACTERISTICS OF TWIN-SCREW COMPRESSOR ROTOR BASED ON THERMAL-SOLID COUPLING METHOD.
TUOLEI LI, JUNLI WANG, SHUAI LEI, WENSHENG ZHANG, ZHIGUI REN

compressor, and the flow field model is checked by the skewness to avoid the negative volume of
the flow field solution process resulting in failure of the solution. After the mesh is divided, the
number of grid nodes in the flow field in the compressor is 513667 and the number of units is
2464345, as shown in Fig. 5. The number of screw rotor grid nodes is 1,132,567, and the number
of units is 1,134,471, as shown in Fig. 6.

5. Results and discussions

Compressor suction holes are set as pressure inlets, exhaust holes are set as pressure outlets,
the boundary conditions of the female and male rotors are set as rotating wall surfaces, and the
movement mode is absolute speed movement. The fluid control equation is a time-averaged
differential equation. The turbulence model is a dual-equation Realizable K-¢ model, which is
solved by the SIMPLEC algorithm. The final mass and energy residuals are controlled to be on
the order of 107 to ensure the results converge. When Fluent established the heat transfer model
of the twin-screw compressor, the ambient temperature and the inlet temperature were both taken
as 20 °C, and the shell of the compressor was simulated by using virtual wall thickness technology.
The material of the compressor casing is gray cast iron HT200, and the screw material is 40Cr.
When the structure is solved, a bearing constraint is added to the rotor bearing position, and the
shoulder of the exhaust hole bearing is subject to a displacement constraint, and the axial rotation
freedom is retained, so that one end of the rotor can swim.

5.1. Temperature field solution results

Fig. 7 is a cloud diagram of the temperature distribution of the wall of the male and female
rotors in the flow field of the compressor at an exhaust pressure of 0.2 MPa. It can be seen from
the figure that after the compressor has been operating for a period of time, the overall temperature
of the wall of the female-male rotor is high, the temperature of the wall surface of the screw rotor
is distributed in a herringbone shape, and the area A with the smallest volume between the teeth
of the female-male rotor has the highest temperature. The temperature from B to E gradually
decreases.

Fig. 8 shows the temperature distribution of the female and male rotors of the compressor. It
can be seen from the figure that the temperature distribution on the surface of the female and male
rotors is the same as the temperature distribution on the rotor wall surface of the internal flow
field. Part of the heat is diffused into the rotor through heat conduction, and is transferred from
the high-temperature part of the rotor to the low-temperature part. The other part transfers heat
through the rotating shaft and the casing, the rotating shaft and the air, and the rotating shaft and
the sucked low-temperature gas, and finally realizes the thermal balance of the rotor.

Temperature

50.747 Max

B2 B
320 | 33489

318

316 31983
28231
314 | 24478

35736

20725
16.973 Min

312
: 310
308

306

304
l 302
300

Fig. 7. Rotor temperature field distribution Fig. 8. Rotor thermal load distribution
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5.2. Thermal-solid coupling analysis
5.2.1. Thermal deformation and thermal stress of screw rotors

Fig. 9 is a deformation cloud diagram of a female-male rotor at an exhaust pressure of 0.4 MPa
and a rotation speed of 3000 r/min. The maximum deformation occurs at the end of the male rotor,
and the maximum deformation reaches 0.28607 mm. Part of the reason is that the female-male
rotor installation method uses one end to swim at one end, The screw rotor located at the exhaust
end of the compressor has been in a high temperature environment for a long time, resulting in the
thermal expansion of the female-male rotor from the compressor’s exhaust to the suction end, and
the deformation of the female-male rotor gradually increases. Another part of the reason is that
this position is connected to the motor, which is caused by the large torque during the work. The
position of the female-male rotor’s tooth top is more prone to deformation, because when
designing the female-male rotor, the rigidity of the tooth top is significantly smaller than the root
stiffness. In addition, during the operation of the compressor, the tooth tops of the male and female
rotors are in a meshing state for a long time, so it is easy to cause a large deformation of the screw
rotor tooth tops.

Fig. 10 is a stress cloud diagram of a female-male rotor at an exhaust pressure of 0.4 MPa and
a rotation speed of 3000 r/min. The stress distribution of the screw rotor at the root of the rotor is
because the size transition of the design of the male and female rotor roots is large, and machining
tool marks are easily generated along the tooth root spiral during processing, and stress
concentration is easy to occur. During the operation of the compressor, the motor drives the male
rotor to collide with the female rotor to perform meshing to complete the compression of the gas.
Therefore, a large stress concentration occurs in the male rotor and the meshing area between the
male and the female rotor and the mounting bearing position. In addition, during the work of the
shaft end where the bearing is installed, friction occurs with the bearing, resulting in greater stress
on the shaft segment.

K: 14E3000
T Tt Debemation

Unit: mm
Time: 1

0.28607 Max

I 0.27512
0.26416

= 02094
0.18863
0.16786

o 0.1464
0.11997
0.10015
0.076292
0.049101
0.024715
0.0030394
0.00034736
0 Min

K: 13000

Equivalent Stress 3

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1

522.43 Max
H 297.14
71.855

| 59.454

47.053
34652
22251
9.8497
4.9524

0.055176 Min

xv\‘/'
Fig. 9. Thermal deformation Fig. 10. Thermal stress

5.2.2. Influence of different exhaust pressures on thermal deformation and thermal stress of
screw rotors

In order to study the deformation law of the twin screw compressor rotor, the deformation and
stress changes of the male and female rotors under five different exhaust pressures were analyzed.
From Fig. 11, it is analyzed that the maximum deformation of the male and female rotors increases
non-linearly with the increase of exhaust pressure. Under low exhaust pressure working
conditions, the deformation of the female rotor is larger than that of the male rotor. As the exhaust
pressure increases, the deformation of the male rotor is gradually larger than that of the female
rotor, and the difference between the two is also significantly increased. It can be seen from Fig. 12
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that the maximum stress of the female-male rotor increases non-linearly with the increase of the
exhaust pressure. Under the working condition of 0.2 to 0.4 MPa, the increasing tendency of the
stress of the female-male rotor is larger than that under the 0.4-0.6 MPa. The maximum stress of
the male rotor is greater than the maximum stress of the female rotor, and the stress difference
gradually increases as the exhaust pressure increases.

0.40 7
Female rotor| 604 [T Female rotor
—e— Male rotor —— Male rotor
0.5
g 255
£0.309 =
k= 2
£ & 500
S 0.25 @
2 E
£ E 450
E 0.20 % 150
- 2
= 0.154 400
0.10 T T T 1 350 T T T 1
0.2 0.3 0.4 0.5 0.6 0.2 0.3 0.4 0.5 0.6
Exhaust pressure (MPa) Exhaust pressure (MPa)
Fig. 11. Relationship between deformation Fig. 12. Relationship between stress
and exhaust pressure and exhaust pressure

In order to study the influence of the temperature field generated by the twin screw compressor
on the bending deformation of the screw rotor, the path A and path B of the male and female rotors
are established in the working section, and the deformation of the male and female rotors is
projected on the path AB, as shown in Fig. 13.
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" -

B-2

Exhaust side Suction side

>

Fig. 13. Screw rotor path
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Fig. 14. Deformation of screw rotor along path
Fig. 14 shows the deformation law of the male and female rotors of the twin screw compressor
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along the path under different exhaust pressures. It can be seen from the figure that the deformation
of the female-male rotor is close to zero under the condition of pure torque of the screw rotor.
Considering the influence of the temperature field generated by the compressor on the rotor, the
deformation of the female-male rotor gradually increases with the increase of the axial length of
the rotor, and the thermal deformation of the rotor at the suction side of the compressor is the
largest. With the increase of the compressor discharge pressure, the deformation of the male and
female rotors gradually increases, but the increase gradually decreases. Therefore, when designing
the screw rotor structure, the temperature field generated by the compressor must be checked as
the load of the screw rotor.

5.2.3. Influence of different speeds on thermal deformation and thermal stress of screw
rotors

Fig. 15 shows the variation of the deformation of the female-male rotor with the rotation speed
of the rotor under different exhaust pressures of the twin-screw compressor. It can be seen from
the figure that under the condition of pure torque of the screw rotor, the deformation of the female
rotor decreases with the increase of the rotation speed, and the maximum deformation of the male
rotor increases with the increase of the rotation speed. Considering the coupling effect of the
temperature field generated by the compressor and the screw rotor, as the speed increases, the
torque acting on the male rotor decreases, and the maximum deformation of the male and female
rotors gradually decreases as the rotating speed increases. Therefore, properly increasing the
rotation speed can reduce the thermal deformation of the rotor.
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Fig. 15. Deformation of the rotor at different speeds
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Fig. 16. Stress law of the rotor at different speeds

1 5 42 JOURNAL OF VIBROENGINEERING. SEPTEMBER 2020, VOLUME 22, ISSUE 6



STRUCTURAL CHARACTERISTICS OF TWIN-SCREW COMPRESSOR ROTOR BASED ON THERMAL-SOLID COUPLING METHOD.
TUOLEI LI, JUNLI WANG, SHUAI LEI, WENSHENG ZHANG, ZHIGUI REN

Fig. 16 is the variation law of female-male rotor stress with screw rotor speed under different
discharge pressure of twin screw compressor. It can be seen from the figure that under the pure
torque working conditions of the screw rotor, the maximum stress of the female and male rotors
gradually decreases with the increase of the speed. Considering the coupling effect of the
temperature field generated by the compressor and the screw rotor, under the working condition
of 0.2-0.4 MPa, the maximum stress of the female rotor decreases with the increase of the rotating
speed. Under the working condition of 0.5 MPa, the maximum stress of the female rotor decreases
first and then increases as the speed increases. Under the working condition of 0.6 MPa, the
maximum stress of the female rotor increases with the increase of the speed. Under different
exhaust pressures, the maximum stress of the male rotor always decreases with increasing speed.
Therefore, choosing the proper working speed can reduce the stress of the screw rotor.

5.3. Thermal modal analysis

In order to study the influence of temperature on the vibration of the screw rotor, Table 2 is
the natural frequency of the screw rotor itself and the modal frequency under thermo-solid
coupling. It can be seen from the table that the first-order modal frequency of the rotor under
thermo-solid coupling is 53.5 % less than its natural frequency, and the second-order modal
frequency is increased by 3.5 %. On the one hand, the thermal stress generated by the compressor
causes the rotor structure to produce additional geometric stiffness. On the other hand, the
temperature field generated by the compressor affects the reduction of the elastic modulus of the
rotor material, which eventually causes the modal frequency of the screw rotor to change.

M: Modal M: Modal

Total Deformation Total Deformation 2
Type: Total Deformation Type: Total Deformation
Frequency: 897.97 Hz Frequency: 1701.8 Hz
Unit: mm Unit: mm

14.158 Max
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6.2923
47182
31481
15731
0 Min

28.812 Max
2561

22409
19.208
16.007
12.805
9.6039
6.4026
32013

0 Min

A\

a) First-order natural mode b) Second-order natural mode
L: Modal L: Modal
Total Deformation 2 Total Deformation 3
Type: Total Deformation Type: Total Deformation
Frequency: 584.8 Hz Frequency: 17614 Hz
Unit; mm Unit: mm

13.412 Max
. 11.922
10431
— 89412

7451
E 5.9608
44706

2.9804
I 14902
0 Min

28.159 Max
! 2503
21801

= 18773
15,644
12515
9.3863
6.2576
31288
0 Min

Y

%

¢) First-order mode shapes under coupling d) Second-order mode shapes under coupling
Fig. 17. Comparison of rotor vibration modes under different conditions

X

Fig. 17 is the first two modes of mode inherent in the screw rotor and under thermo-solid
coupling. The first-order vibration mode of the rotor is mainly represented by the torsional
vibration of the rotor. In both cases, the maximum value of the mode vibration mode occurs at the
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tooth tip of the male rotor, but the position is different. The second-order vibration mode mainly
shows the bending vibration of the rotor, and the trend of the vibration mode is the same in both
cases. It shows that the temperature field generated by the compressor has a certain influence on
the modal frequency and vibration mode of the screw rotor.

Table 2. Comparison of rotor modal frequencies under different conditions

Natural frequency / Hz | Thermo-solid coupling / Hz | Rate of change
fi 897.97 584.8 Increase 53.5 %
fa 1701.8 1761.4 decrease 3.50 %

6. Conclusions

Based on the CFD/CSD thermal-solid coupling method, the influence of the twin-screw
compressor temperature field on the rotor structural characteristics is analyzed. and the following
conclusions are obtained.

The temperature of the compressor screw rotor wall is distributed in a herringbone shape when
the compressor is operating stably. The temperature at the discharge side of the compressor is the
highest, and the temperature at the suction side is lower.

The temperature field generated by the compressor affects the thermal expansion of the screw
rotor and causes a large deformation of the screw rotor near the end of the suction hole. Therefore,
a certain gap should be reserved in the axial direction when installing the screw rotor. In addition,
there is a large stress concentration in the female-male rotor meshing position and the mounting
bearing position.

From the discharge end to the suction end of the compressor, as the axial length of the rotor
increases, the deformation of the female-male rotor gradually increases, and as the discharge
pressure increases, the deformation of the female-male rotor also gradually increases.

Under the action of the temperature field, the deformation of the female-male rotor decreases
with the increase of the speed. The stress of the male rotor decreases with increasing speed at low
exhaust pressure and increases with increasing speed at high exhaust pressure. The stress of the
female rotor decreases with increasing speed. The modal frequency of the screw rotor is 53.5 %
lower than the natural frequency in the first order and increased by 3.5 % in the second order.
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