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Abstract. Twin screw vacuum pumps inherit the advantages of screw machinery, such as high
reliability, stable medium conveying, small vibration, simple and compact structures,
convenient operation, etc, which have been widely used in petrochemical and air industry. On
the basis of previous studies, this study analyzed the geometric features of variable pitch of the
twin screw vacuum pump such as the sealing line, the meshing line and the volume between
teeth. The mathematical model of numerical simulation of the twin screw vacuum pump was
established. The leakage paths of the working volume including the sealing line and the
addendum arc were comprehensively considered. The corresponding simplified geometric
model of leakage flow was built up for different leak paths and the flow coefficients were
calculated. The flow coefficient value range of different leak paths was given. The results
showed that the flow coefficient of different leak paths can be taken as constant value for the
studied geometry. The analysis of recorded indicator diagrams showed that the increasing
rotational speed can dramatically decrease the exhaust pressure and the lower rotational speed
can lead to over-compression. The pressure of the isentropic process which was affected by
leakage was higher than the theoretical process.

1. Introduction

Compared with the experimental results, the numerical simulation has the advantages of a short cycle,
low cost, wide application range and reliable performance prediction. In order to obtain better thermal
performance of the working process of the compressor, the optimal design of structural parameters is
needed. The optimal design is based on the numerical simulation of the internal working process. At
the same time, the numerical simulation of thermal process is an important way to predict the
performance of the prototype and to shorten the product cycle.

The key to establish the vacuum pump model is to confirm the leakage and heat transfer in the
process after obtaining the structural parameters of the rotor. The study of the screw vacuum pump can
be used for reference. At present, the study on the leakage of the screw compressor is mainly based on
the relevant leakage model[1]. The leakage of the screw compressor can be calculated according to the
experience to select the appropriate flow correction coefficient. At home and abroad, a lot of
experimental study and numerical simulation on the thermal process of the twin screw compressor are
carried out in order to optimize the design of the screw compressor rotor profile, the suction port and
the discharge ports. Zhanhua Feng[2]and Feichuan Huang[3] analyzed the deformation of vacuum
pump rotors and the performance of the screw vacuum pump. Compared with the experimental results,
the calculated results obtained with the performance prediction method can agree well. Northeastern
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University Zhao[4]and Zhejiang University Wang[5] derived a theoretical equation to calculate the
leakage of the twin screw vacuum pump, but there was no experimental verification. Ohbayashi[5]
proposed a method to calculate the pumping speed of the vacuum pump, which is based on the theory
of pumping speed, actual pumping speed and leakage. Dirk Stratmann[6]in Germany measured the
pumping speed curve of the vacuum pump, and a simplified thermodynamic model of the vacuum
pump was established.

In this study, the working process of the twin screw vacuum pump is analyzed. According to the
principle of variable mass thermodynamics and energy conservation equation, considering the effect
of leakage on the thermal performance mass conservation equation and gas state equation, the
mathematical model was established to describe the thermodynamic model of the twin screw vacuum
pump working process.

2. Geometrical parameters

2.1. Calculation of geometrical parameters

Many kinds of rotor profiles used for twin screw vacuum pumps were designed and patented by our
team, and in this paper, we used the most universal profile in the current industry consisting of arc,
pseudo Archimedes, pseudoArchimedes line envelope and cycloid. The equations of the profile can be
found in the paper by Yang[7] published in 2015.

2.1.1. Rotor Parameters. The male and female structure parameters are shown in Table 1 commonly
because their parameters are completely the same. The rotor pitch is divided into two sections, one
section of the pitch is 88mm, the other section of the pitch is 60 mm.

Table 1. Geometry parameters of screw rotor

Tip Radius/ mm 130 Root Radius/ mm 66
Rotor Length/ mm 340 Centre Distance/ mm 98
First Rotor Pitch/mm 88 Second Rotor Pitch/ mm 60
First Rotor Length/ mm 200 Second Rotor Length/ mm 140

Vacuum pump rotor structure shown in figure 1. As can be seen from the figure, the pitch of screw
rotor is variable, and divided into two parts. This design can reduce power consumption.

EE

Figure 1. Structure of screw rotors.

2.1.2. Calculation of tooth area and chamber volume.The tooth area of the rotor varies with the
rotational angle and can be calculated using the analytical method. The maximum tooth area was
8700mm2 as shown in figure 2.
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With the twin screw vacuum pump being representative of the screw machinery, there are generally
more than two rotor leads. During the operation of the pump, the chamber volume is completely
enclosed by the rotor and machine frame. The change of the chamber volume with the rotational angle
can be described as the change of the chamber area with the rotational angle. In this study, the basic
chamber volume needs to complete six processes including the suction, transportation, the first
compression, transportation, the second compression and exhaust as shown in figure 3. The maximum
inter tooth volume was 0.767L.
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Figure 2. Tooth area varies with the rotational angle. Figure 3. Chamber volume varies with the rotational angle.

2.1.3. Calculation of the sealing line.The length has a significant influence on the thermal
performance of the twin screw vacuum pump. The shorter the length of the sealing line, the lower
magnitude of leakage would be. The sealing line equation can be obtained by the simultaneous of
meshing condition and the rotor tooth surface equation. Figure 4 shows the complete sealing line of
the rotor profile, where Z is the axial length of the rotor and Y is the upright length of the rotor. The
section ab and ef are generated by the meshing of point and the cycloid curve; the section bc and de
are generated by the meshing of the tip and root circle; the section cd is generated by the meshing of
the archimedes spiral and the Archimedes spiral envelope conjugate.
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Figure 4. Sealing line.

The rotor profile of the vacuum pump is composed of a plurality of sections, and the length of the
contact is calculated by combining every component. The rotor profile consists of a point, the cycloid
curve, Archimedes spiral and Archimedes spiral conjugate envelope . The calculation of length should
be calculated according to the position of the sealing line segment. The length of the sealing line varies
with the rotational angle as shown in figure 5. The rotor pitch is divided into two sections, one section
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of the pitch is 88 mm, the corresponding complete sealing line length is 198 mm, the other section of
the pitch is 60 mm, and the corresponding contact length is 173 mm.
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Figure 5. Length of sealing line varies with the rotational angle.

3. Mathematical model of vacuum pump performance

In this study, the working process of the vacuum pump can be divided into six processes, such as
suction, transportation, internal compression, transportation, compression and exhaust as shown in
figure 6.

Figure 6. Vacuum pump working process.
(Shaded area is tooth area)

3.1. Certain assumptions
Certain assumptions had to be introduced to ensure efficient computation.These do not impose any
limitations on the model nor cause significant departures from the real processes and are as follows[8]:

(1) The state of the control volume is uniform, that is, each point of the control volume has the
same stated parameters;

(2) Gas inflow to and outflow from the pump ports are assumed to be isentropic;

(3)The volume of suction and the exhaust chamber are infinite. It is considered that there is no flow
resistance loss and no air flow pulsation, and the suction and exhaust pressure in the working chamber
is corresponding to be nominal.

3.2. Fundamental equations
According to the principle of variable mass thermodynamics and the first law of thermodynamics, the
following forms of the conservation equations have been employed in the model:

dU =dQ+dE, —dE, —dw )
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Which can be the following forms:
2 2
d(mu) =" dm (h +V7‘+zig)—2dmo(ho +V?°+ 2,0)+ > dQ—dw )

The kinetic energy and the potential energy of the fluid are ignored in the equation, and the
equation (2) is written as the change rate of the rotational angle:

d(mu) dm, dW_d_Q
Z n zdcoh dp de ©

Taking into account u=h—pvand v =VC /m:

d(mu) dh hd—m—pdvc—vcﬂ @
do d(p do  do do

According to the relationship between the thermal state parameters of gas:

dh ch) dv (oh) dT
— == —+] = | — ®)
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Taking equation(5) into the equation (3) and (4), and considering:
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According to the relationship between the thermal state parameters of gas:
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dT
— can be calculated in the equation (7) and brought into (6), the pressure varies within the
®»
rotational angle is given by the differential equation:
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(8)

Equation (8) is the basic equation of the numerical simulation of the working process of the screw
vacuum pump. This equation takes into account the effect of the leakage on the pressure. The leakage
model is introduced in detail.

3.3. Leakage model

3.3.1. Gas leakages. The gas leakages in the screw vacuum pump can be divided into internal and
external leakage. The internal leakages refers to that gas leaks into the low-pressure chamber from the
high-pressure chamber through the leakage clearances, which increase the power consumption, and
reduce the adiabatic efficiency of the vacuum pump. The external leakages refer to that the gas leaks
into the low pressure chamber connected with the suction port from the high-pressure chamber
through the rotor sealing line, which reduces the volumetric efficiency of the vacuum pump. The
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leakage clearances of the vacuum pump can be divided into circumferential gap, sealing line gap, end
face gap and leakage triangle gap[9], as shown in figure 7.

h Contact Line Gap

End Face Gap
o

Circumferential

A
SUNANAVAVE:
1 \\ \\ | -

Leakage
Trianale Gao, NN

Figure 7. Leakage clearances.
For the oil free twin screw vacuum pump, the leakage is mainly calculated by the isentropic flow
nozzle model, which not only simplifies the model, but also has high accuracy:
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where p, is high side pressure, p,is low side pressure, T, is temperature of high pressure, A is

leakage area, C is flow coefficient, k is adiabatic exponent, R is universal gas constant, « is angular
velocity.

3.3.2. Calculation of flow coefficient. The sealing line of the rotor profile in this study can reach the
intersection of male and female of the rotor cylinder, so the leakage triangle can not be considered in
the calculation of leakage. The leakage from the sealing line gap, the circumferential gap and the end
face gap are considered in the calculation. Because of the adaptability the leakage, it is calculated by
the isentropic flow nozzle model[10]. In the leakage model, the choice of leakage coefficient is the key
to the correct calculation. The leakage from the sealing line gap and the circumferential gap are the
main leakage clearances of the twin screw vacuum pump. This study focuses on the calculation of the
flow coefficient of the leakage pass through the two gaps. The circumferential gap is deemed to the
flat leakage model, called flat leakage. As mentioned above, the sealing line can be divided into
ab(generated by the meshing of point and cycloid curve), bc(generated by the meshing of the tip and
the root circle) and cd(generated by the meshing of the Archimedes spiral and the Archimedes spiral
envelope conjugate) According to the geometric characteristics of contact, the first leakage clearance
can be designated as circular leakage and the later two leakage clearance can be designated as cuspate
leakage.
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In this study, the geometric models of the leakage from sealing line gap and circumferential gap
were set up, and the corresponding flow coefficient of the leakage clearance was calculated. The
geometric models were divided into structure grids by using ICEM®. The leakage coefficient was
calculated using Fluent®. The same boundary conditions were set up for different models. The inlet
and outlet are pressure boundary conditions. The inlet pressure was divided into 100kPa, 50kPa,
25kPa and 10kPa respectively, and the outlet pressures were set according to the pressure ratio of 1.11,
1.25,1.43, 1.67 and 1.82 respectively.

(1) Leakage through sealing line gap
The geometric of circular leakage model and the cuspate leakage model are shown in figure 8.

IS 60
£ o - ¢
= = / s
[\l—/T gl = I'F)
) - ) B S
I/'/J\J O'.' (@]
- 1.0mm |
L 1.0mm __j
(a) Circular leakage model (b) Cuspate leakage model

Figure 8. Leakage model.

The flow coefficients in the circular leakage model varied with pressure ratio as can be seen from
the figure 9(a). Flow coefficient changes little with pressure ratio which can be taken as 0.35-0.4 in the
model.

The flow coefficients in the cuspate leakage model varied with pressure ratio can be seen from the
figure 9(b). Flow coefficient changes little with pressure ratio which can be taken as 0.7-0.8 in the

model.
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Figure 9. Flow coefficient varies with the pressure ratio.
(2) Leakage through circumferential gap
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The geometrics of the flat leakage model is shown in figure 10.
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The flow coefficients in the flat leakage model varied with the pressure ratio can be seen from
figurell. Flow coefficient changes little with pressure ratio which can be taken as 0.08-0.12 in the
model.
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Figure 11. Flow coefficient varies with the pressure ratio.

The calculation results show that the three flow coefficients change little with the pressure ratio.
Under the given conditions, the flow coefficient of the circular leakage model can be taken as 0.35-0.4,
the flow coefficient of cuspate leakage model can be taken as 0.7-0.8, the flow coefficient of the flat
leakage model can be taken as 0.08-0.12. For the model of this paper, the flow coefficient of the
uspate leakage model is 0.4, the flow coefficient of cuspate leakage model is 0.75, the flow coefficient
of the flat leakage model is 0.08.

4. The equation solution and the results analysis

4.1. The equation solution

The mathematical equations describing the working process of the twin-screw vacuum pump have
been established, and then were performed numerically by means of the Runge-Kutta 4th order
method, with appropriate initial and boundary conditions. First, the no-leakage process was calculated
on the assumption that the model was thermally insulated, and each thermodynamic parameter
changing with the rotational angle in the whole working process was determined, including initial
pressure and initial temperature. Second, considering the leakage influence, the procedure ran with the
initial pressure and temperature as given values. Then new pressure and temperature were obtained by
the iterative computations. If the relative error between the new values and the last values of pressure
and temperature was greater than ¢, then the procedure continued to run with the new values of
pressure and temperature as given values until the relative error was less than .

4.2. The result of the analysis
Based on the mathematical model of the working process in the screw vacuum pumps, the p-6
diagrams which describe the pressure changing with the rotary angle were calculated at three different
rotational speeds of 2400r min™ 2700r min™ and 3000r min™when the suction pressure was 3kPa, as
shown in Figure 12. Figure 12 indicates that the pressure varies greatly between the ideal condition
and the actual condition. The main reason is that the mesh clearance of the oil-free twin screw vacuum
pump is relatively large, plus the clearance gap seal, so that the leakage is more serious. The pressure
curve is roughly divided into two sections at the point of 1500 degrees. Before 1500 degrees, the
pressure rises slowly, and there is no significant difference in pressure at different speeds; after 1500
degrees, the control volume reaches the exhaust end and the exhaust pressure is 1.0 bar, the adjacent
control volumes have a larger pressure difference and there is a large leakage.

The exhaust pressures under these three speeds were 103.5kPa, 87.0kPa and 71.5kPa respectively,
which shows that the leakage can be reduced greatly by increasing the speed. There is the
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phenomenon of over compression at the speed of 2400r min™ which means the pressure is already
greater than the back pressure of the system before the control volume connected with the exhaust port.
The simulation results have guiding significance for the design of the screw pitch and the exhaust port.
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Figure 12 P-0 diagrams at different rotational speeds.
The figure 13 shows p-V diagrams turned by the p-6 diagrams, and the working process inside the

vacuum pump can be seen clearly. There is a constant volume stage in the working process, the reason
for the increasing pressure is the leakage.
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Figure 13 P-V diagrams at different rotational speeds.

According to the p-V diagram, the pressures of three speeds changed in the same trend, the leakage
reduced as the speed increased, and the pressure rose slower and slower. Because of the constant
volume stage there is a segment in which pressure rises perpendicularly. Overall, the variable pitch
rotor is beneficial to seal, and reduce the leakage from the exhaust port to the suction port. The power
consumption under different conditions can be seen directly from the p-V diagram, and the power
consumption at high speed is relatively low.

5. Conclusion
The working process characteristics of the oil-free twin screw vacuum pump were analyzed, including
suction, compression, transmission and exhaust. The basic control equations of the working process
were established according to the energy conservation equation and the basic principle of variable
mass thermodynamics, also considering the effect of leakage on the process. The main conclusions can
be summarized as following:

(1) The thermodynamic model describing the working process of twin-screw vacuum pump was

established according to the basic principle of variable mass thermodynamics, the energy conservation
equation, the mass conservation equation and the gas state equation.
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(2) The leakage through the sealing line and the meshing line were analyzed, and the
corresponding mathematical model was established. ICEM®was used to build the structure grid of the
geometric model, then the flow coefficients of each path were obtained by Fluent®. The flow
coefficient can be seen as a constant for the leakage models with a given geometry. For the model of
this paper, the flow coefficient of the cuspate leakage model is 0.4, the flow coefficient of the cuspate
leakage model is 0.75, the flow coefficient of the flat leakage model is 0.08.

(3) The Runge-Kutta method was applied to calculate the control equations of the working
process in the vacuum pump. The p-6 diagrams at three different rotational speeds of 2400r min™,
2700r min*, 3000r min™ were calculated when the suction pressure was 3kPa. The results show that
the pressure rise is small in the first half of the screw rotor and the pressure rise is larger in the second
half. There is the phenomenon of over-compression at the speed of 2400r min™. It is found that The
calculated results are instructive to the design of the screw rotor.
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