
Vol.:(0123456789)

SN Applied Sciences           (2022) 4:280  | https://doi.org/10.1007/s42452-022-05174-x

Case Study

New cycloid rotor profiles design under different rolling circle radii 
for Roots vacuum pumps

Zhengqing Li1  · Xiaojun Wang1

Received: 9 May 2022 / Accepted: 21 September 2022

© The Author(s) 2022  OPEN

Abstract
This study presents two new cycloid rotor profiles for Roots vacuum pump formed by different rolling circle radii to 
improve the volume utilization rate and compression ratio. A new rotor profile composed of a pin-tooth arc and a 
cycloid is design and analyzed where its rolling circle radius is larger than 1/4 of the pitch radius. As the rolling circle 
radius increases, the volume utilization rate continues to increase and can be greater than 60%, which is an increase of 
20% relative to the standard cycloid profile. In addition, another new rotor profile composed of a large arc and a cycloid 
is designed and analyzed where its rolling circle radius is smaller than 1/4 of the pitch radius. As the rolling circle radius 
decreases, the length of the minimum gap between rotor profile and chamber increases, which is beneficial for improv-
ing the compression ratio and reducing backflow.

Article highlights

1. Two new rotor profiles are proposed and designed to 
improve the performance for Roots vacuum pump.

2. For the new rotor profile formed by a large rolling 
circle, its volume utilization rate is greater than 60%, 
which can pump more gas in a cycle and significantly 
better than that of traditional profile, such as arc pro-
file.

3. For the new rotor profile formed by a small rolling cir-
cle, its pressure ratio is greater than traditional rotor 
profiles because its length of minimum gap between 
rotor profile and chamber is critical increased to 
decrease the back flow.
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1 Introduction

A Roots vacuum pump is a double-rotor rotary and volu-
metric pump. During its operation, the two rotors rotate 
toward each other to transport gas from the inlet to the 
outlet to pump the gas. Owing to their fast start-up, low 
power consumption, high pumping speed, high efficiency, 

and low maintenance costs, Roots vacuum pumps are 
widely used in the semiconductor, metallurgy, chemical, 
pharmaceutical, and other industries. The rotors mesh 
with each other during the operation to reduce back-
flow. Therefore, the mesh design of the rotor profile of 
Roots vacuum pumps is important. Several studies have 
been conducted on the analysis of rotor profiles and the 
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exploration of new rotor profiles based on meshing char-
acteristics, which are directly related to the performance 
indicators of the pump [1, 2].

Traditional rotor profiles for Roots vacuum pumps are 
applied in several pumps and mainly divided into three 
types: cycloid, involute, and arc [3–5]. Meanwhile, new 
types of rotor profiles have been explored to improve the 
performance of Roots vacuum pumps. An elliptical rotor 
profile having three independent geometric parameters 
and a relatively higher area efficiency compared with the 
traditional rotor profile was studied [6]. An involute and 
variable extend cycloid profile for multiple stages was 
proposed, and a Roots vacuum pump was designed to 
obtain a better geometric performance than traditional 
rotor profiles [7]. A fifth-order polynomial and cubic spline 
were employed to produce a trochoidal rotor profile with 
a variable trochoid ratio to generate a smooth trochoid 
motion function [8]. To improve the design efficiency 
of the profile, an integrated automated system for rotor 
design was developed to obtain a theoretical profile for 
an internal lobe pump, where the outer rotor is typically 
characterized by lobes with an elliptical shape, and the 
inner rotor profile is a conjugate curve [9]. Based on the 
principles of instantaneous center and homogeneous 
coordinate transformation, a geometric approach was 
proposed to study rotor profiles that consist of two circu-
lar arcs [10]. To provide an efficient and intuitive approach 
for design, analysis, and development, Roots rotor tooth 
profiles were generated using arc-cycloidal curves and 
arc-involute curves via an Assur-group-associated virtual 
linkage method [11]. In addition, the performance param-
eters of the Roots vacuum pump were studied to select 
the optimal rotor profiles using Ansys and Fluent software 
programs. A three-dimensional numerical approach was 
developed using computational fluid dynamics. The fluid 
analysis models of cylindrical- and screw-type Roots vac-
uum pumps revealed the differences in their flow charac-
teristics and demonstrated their better average outlet flow 
rates; they also showed that the cylindrical-type pump is 
better than the screw-type one [12, 13].

These studies explore new rotor profiles to increase the 
volume utilization and enhance the performance param-
eters, such as pressure ratio, effective pumping speed, and 
ultimate vacuum. The rolling circle radius of the standard 
cycloid rotor profile is 1/4 of the pitch radius, and the vol-
ume utilization rate is 50%. Compared with the arc and 
involute rotor profiles, the standard cycloid profile has only 
one independent variable, which limits its applications [14].

In next section, a new rotor profile composed of a 
cycloid and a pin-tooth arc is designed where the roll-
ing circle radius is larger than 1/4 of the pitch radius; 
and another new rotor profile composed of a cycloid 
and a large arc is designed where the rolling circle radius 

is smaller than 1/4 of the pitch radius. Section 3 shows 
the volume utilization rate of the rotor profile obtained 
by the large rolling circle increases and can exceed 60% 
as the rolling circle increases which can pump more gas, 
and the length of minimum gap between rotor profile and 
chamber is critical increased as the rolling circle radius 
decreases for the rotor profile obtained by the small rolling 
circle radius which can improve its compression ratio and 
decrease the back flow. In Sect. 4, a summary and conclu-
sion of results are given.

2  Rotor profile analysis

The rotor profile of a Roots vacuum pump is centrosym-
metric and axisymmetric. One-fourth of the entire rotor 
profile must be designed. As shown in Figs. 1 and 2, b is the 
rolling circle radius and R1 is the pitch circle radius. When 
the profile is the standard cycloid rotor profile, b = R1∕4 , 
and the curve AC is the epicycloid. In Fig. 1, the rolling 
circle radius is larger than the standard b > R1∕4 , which 
corresponds to a cycloid with a large rolling circle. When 
the rolling circle rolls to point F at the top of the pitch cir-
cle, point A on the circle rolls to point E. The curve AE is 
an epicycloid, and the curve CE can be used to design a 
pin-tooth arc, where the arc center is point F and the arc 
radius is R2 = EF. For the meshing characteristics, the waist 
curve AB is the conjugate curve of AC. In Fig. 2, the rolling 
circle radius is smaller than the standard b < R1∕4 , which 
corresponds to a cycloid with a small rolling circle. When 
the rolling circle passes an angle π, point A reaches point E. 
The curve AE is an epicycloid, and the CE curve is designed 
as a large arc, where the center of the arc is point O and the 

Fig. 1  Profile with a large rolling circle
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radius of the arc is R3 = OE = R1 + 2b . For the meshing char-
acteristics, the waist curve AB is the conjugate curve of AC.

2.1  Cycloid profile with a large rolling circle

In Fig. 1, the rolling circle is tangent to the pitch circle at 
point A at the initial moment. When the rolling circle rolls 
from point A to point E, the curve formed is the epicycloid 
of the rotor profile. The arc length EF is (� − �)b , and the 
arc length AF corresponding to the pitch circle is �R1∕4 . 
Regarding the characteristics of the cycloid, the two arc 
lengths are equal and can be expressed as

The arc CE is a pin-tooth arc with point F as the center 
and EF as the radius. The length of EF can be expressed as

Therefore, the curve AC is composed of two parts: an 
epicycloid AE and a pin-tooth arc line CE for a cycloid pro-
file with a large rolling circle.

When the rolling circle rolls from the initial point A to 
any point A′, as shown in Fig. 3, the central angle of the 
rolling circle is γ, the angle between  OOt and OA is θ,  OtM 
is parallel to  Ox1, and the angle between  OtM and OA′ is β. 
β can be expressed as [4]

(1)� = � −
�R1

4b
.

(2)R2 = 2b cos
�

2
.

(3)� = � + � −
3�

4
.

The arc length rolled by the rolling circle is DA� = b� 
and the arc length of the pitch circle passed by the rolling 
circle is DA = �R1 . They are equal and can be expressed 
as follows:

In ΔOtOA′, OA′ can be expressed as

where OA is ( x1 , y1 ), OtO is ( 
(
R1 + b

)
cos(� + �∕4) , (

R1 + b
)
sin(� + �∕4) ), and OtA′ is ( bcos� , bsin� ). Therefore, 

combining Eqs. (3)–(5), OA can be expressed as

The range of θ corresponding to the epicycloid AE of 
the rotor is (0, �∕4 ) in Eq. (6).

The top pin-tooth arc CE can be expressed as

The range of φ is (0, �∕2 ) in Eq. (7).
The top and waist curves of the two rotors of the Roots 

vacuum pump mesh together during its operation. When 
using the meshing characteristics to obtain the profile cor-
responding to the conjugate curve of the rotor, the mesh-
ing angle � of the rotor, that is, the angle between the line 
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b
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Fig. 2  Profile with a small rolling circle

Fig. 3  Analysis of a cycloid rotor profile with a large rolling circle
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 OtO and coordinate  Oy1, must be obtained. Therefore, in 
the epicycloid AE, � = �∕4 − � and its range is (0, �∕4).

Regarding the meshing characteristics, the top arc CE 
corresponding to the waist meshing curve is the pin-tooth 
arc GB and can be expressed as

The range of φ is (0, �∕2 ) in Eq. (8).

2.2  Cycloid profile with a small rolling circle

As shown in Fig. 2, when the rolling circle rolls from point 
A to point E, the formed curve AE is the epicycloid of 
the rotor profile. The arc length of the rolling circle is �b , 
and the arc length corresponding to the pitch circle is 
(�∕4 − �)R1 . Regarding the characteristics of the cycloid, 
the two curves are equal and can be expressed as

The arc CE is a large arc with point O as the center and 
OE as the radius. Then, the length of OE can be expressed 
as

Therefore, the curve AC is composed of two parts: an 
epicycloid AE and a large arc CE for a cycloid profile with 
a small rolling circle.

In Fig. 4, when the rolling circle rolls from the initial 
point A to any point A′, the central angle of the rolling cir-
cle is � , the angle between  OOt and OA is θ,  OtM is parallel 
to  Ox1, and the angle between  OtM and OA′ is � , which is 
determined using Eq. (3).

The epicycloid AE of the rotor is determined using 
Eq. (6), and the range of θ is (0, �∕4 − � ). The large arc CE 
can be expressed as

The range of θ is ( �∕2 − � , �∕2 ) in Eq. (11). As CE is a 
large arc, the gap between this arc and the chamber of 
the Roots vacuum pump is maintained at a constant value, 
which is different from other rotor profile lines, in which 
only a minimum gap is formed between the top point and 
the chamber. The large arc of the rotor profile with a small 
rolling circle evidently reduces the backflow of gas, which 
is of considerable significance for improving the compres-
sion ratio and ultimate vacuum.

The meshing angle of the small rolling circle is 
� = �∕4 − � and its range is ( � , �∕4 ); for the arc CE, 

(8)

{
x1 = R1 + R2 cos (� − �)

y1 = R2 sin (� − �)
.

(9)� =
�

4
−

b�

R1
.

(10)R3 = R1 + 2b.

(11)

{
x1 =

(
R1 + 2b

)
cos �

y1 =
(
R1 + 2b

)
sin �

.

according to the meshing characteristics, its meshing 
curve GB is the arc with the center O, and the arc radius is 
R2 = R1 − 2b . Therefore, its equation can be expressed as

The range of φ is (0, α) in Eq. (12).

2.3  Conjugate curve

A conjugate curve can be defined as a pair of smooth 
curves with a given law of motion that maintain con-
tinuous tangential contact according to a given contact 
method during the movement [11].

As shown in Fig. 5, two coordinate systems were fixed 
to the rotors. According to the coordinate conversion rela-
tionship, the conversion relationship between coordinate 
systems S1 and S2 is expressed as [10]

The conjugate curve A′C′ was obtained by solving 
Eq. (13) in the S2 coordinate system meshing to the curve 
AC in the S1 coordinate system, where  (x1,  y1) is deter-
mined using Eq. (6). Based on the characteristics of the 
rotor profile, the conjugate curve A′C′ in the S2 coordinate 
system has exactly the same shape as the rotor part AB in 
the S1 coordinate system. This curve must be translated 
to S1 and rotated counterclockwise to obtain AB using 
Eq. (14).

(12)

{
x1 =

(
R1 − 2b

)
cos�

y1 =
(
R1 − 2b

)
sin�

.

(13)

{
x2 = x1 cos 2� − y1 sin 2� + 2R1 sin�

y2 = x1 sin 2� + y1 cos 2� − 2R1 cos�
.

Fig. 4  Analysis of a cycloid rotor profile with a small rolling circle
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Therefore, AB and AC form the cycloid of the rotor pro-
file, and the entire rotor profile is obtained according to 
the symmetry of AB and AC.

Based on Eq. (14), the conjugate curve AG is obtained 
for the cycloid profiles with a large rolling circle and a small 
rolling circle, as shown in Figs. 3 and 4.

3  Cycloid rotor profile design

According to the above analysis, the rotor profile of the 
Roots vacuum pump was designed, where the actual 
pumping speed was 70 L/s, the rotating speed was 3000 
r/min, the effective pumping speed was 75%, and the rotor 
pitch radius was R1 = 34 mm.

3.1  Cycloid rotor profile design with a large rolling 
circle

In the design of the cycloid rotor profile with a large roll-
ing circle, when the ratio of the pitch circle radius to the 
rolling circle radius c = R1∕b is 4.0, 3.5, 3.0, 2.5, 2.0, 1.5, and 
1.0, the radius of the rotor pin-tooth arc R1 , the radius of 
the pin-tooth circle R2 , the radius of the top circle R3 , the 

(14)

{
x�
1
= −

(
x1 sin 2� + y1 cos 2� − 2R1 cos�

)
y�
1
= x1 cos 2� − y1 sin 2� + 2R1 sin�

volume utilization rate � , and length l  of the rotor profile 
are analyzed and calculated.

The epicycloid AE of the 1/4 rotor profile is expressed as

The range of θ corresponding to the epicycloid AE of 
the rotor is (0, �∕4 ) in Eq. (15).

As shown in Fig. 3, the top pin-tooth arc is determined 
using Eq. (7), the conjugate curve AG corresponding to the 
epicycloid AE can be determined using Eq. (14), and the 
arc of the waist pin tooth is determined using Eq. (8). First, 
1/4 rotor profiles were obtained for different values of c, as 
shown in Fig. 6. Then, a 1/4 rotor profile was constructed 
symmetrically to obtain the entire theoretical profile of the 
rotor, as shown in Fig. 7. The parameters used are listed in 
Table 1.

In Fig. 7, as c decreases, the waist of the rotor profile 
becomes thinner and the top becomes higher. Therefore, 
if c is small, R2 is large. In Table 1, as c decreases, R2 and 
α increase, this indicates that the length of the pin-tooth 
arc and volume utilization rate also increase. Therefore, 
the length l of the rotor decreases at the same pumping 
speed. In particular, when c = 4 , the profile is a standard 
cycloid, and when c = 1 , the radius of the rolling circle is 
equal to the radius of the pitch circle corresponding to 

(15)

⎧⎪⎨⎪⎩

x1 =
�
R1 + b

�
cos

�
� +

�

4

�
− b cos

�
(c + 1)� +

�

4

�

y1 =
�
R1 + b

�
sin

�
� +

�

4

�
− b sin

�
(c + 1)� +

�

4

� .

Fig. 5  Transformation of the coordinate system in the conjugate 
curve

Fig. 6  1/4 Rotor profile
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the maximum rolling circle. Furthermore, when c ≤ 2 , the 
volume utilization rate is � ≥ 0.5945 , which is significantly 
better than that of the arc and involute rotor profiles and 
20% better than that of the standard cycloid profile. In real 
product design, c can be selected as 2.0. The length of the 
rotor is then rounded to 150 mm.

3.2  Cycloid rotor profile design with a small rolling 
circle

According to the design of the cycloid rotor profile with 
a small rolling circle, when the ratios of the pitch circle 
radius to the rolling circle radius c = R1∕b are 4.00, 4.05, 
4.10, 4.15, and 4.20, the radius of the large arc R3 , the vol-
ume utilization coefficient λ, and the length l of the rotor 
are analyzed and calculated.

The epicycloid AE of the 1/4 rotor profile is determined 
using Eq. (15), and the range of θ is (0, �∕4 − � ). The large 
arc CE is determined using Eq. (11), the conjugate curve AG 

corresponding to the epicycloid AE is determined using 
Eq. (14), and the waist arc GB is determined using Eq. (12). 
The rotor profile is shown in Fig. 8. The top circle radius 
R3, volume utilization rate λ, and rotor length l are listed 
in Table 2.

In Fig. 8, the red arc is a large arc, and its central angle 
is defined as Ψ = 2α. For the angle Ψ of the top rotor pro-
file, the gap between the rotor and the chamber of the 
Roots vacuum pump is minimum and constant. As shown 
in Table 2 and Fig. 9, as c increases, R3 decreases, but Ψ 
increases, indicating that the length of the large arc 
increases, although the volume utilization rate decreases. 
When c = 4, the rotor profile is a standard cycloid and the 
length of the large arc is zero. Compared with the stand-
ard cycloid rotor profile, the volume utilization rate was 
reduced for the rotor profile with a small rolling circle, but 
the decrease was very small. For example, for c = 4.20, the 
volume utilization rate was only 2.24% lower than that of 
the standard cycloid rotor profile. In addition, as shown in 
Fig. 8, the length of the minimum gap between the rotor 
and the chamber increases, as c increases, and the flow 
conductance for a gas can be estimated using Eq. (16).

where C is the flow conductance, η is a constant, and v  is 
the average speed of the gas. As ψ increases, the flow con-
ductance decreases, which indicates that the backflow rate 
decreases. This is useful for improving the ultimate vac-
uum, compression ratio, and pumping speed. Therefore, 
c = 4.20 can be selected, and the rotor length is rounded to 
245 mm on the theoretical length of rotor l = 241.26 mm.

3.3  Discussion

Volume utilization rate and minimum gap are core param-
eters of rotor profile design. For the volume utilization 
rate of common rotor profiles, the arc rotor profile is not 
more than 58%, the involute rotor profile is not more than 
60%, and the standard cycloid rotor profile is 50% [13, 15]. 
However, the cycloid rotor profile designed with a large 
rolling circle is greater than 60% in volume utilization 
rate. Therefore, it has the advantage in volume utilization 

(16)C = �v
l3

R3�

Fig. 7  Rotor profile

Table 1  Parameters of the 
rotor profile with a large rolling 
circle for different values of c 

R
1
 (mm) 34 34 34 34 34 34 34

c 4.0 3.5 3.0 2.5 2.0 1.5 1.0
� (°) 0 22.5 45 67.5 90 112.5 135
R
2
 (mm) 17.04 19.06 20.94 22.62 24.04 25.19 26.06

R
3
 (mm) 51.04 53.06 54.94 56.62 58.04 59.19 60.06

λ 0.5 0.532 0.5575 0.5787 0.5945 0.6074 0.6152
l  (mm) 228.2 198.4 176.55 160.16 148.33 139.63 134.05
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rate obviously which means the Roots vacuum pump can 
pump more gas than other rotor profiles. On the other 
hand, for the minimum gap between rotor and chamber, 
it is just a point for the arc rotor profile, the involute rotor 
profile and the standard cycloid rotor profile, but it is a 
part of arc for the cycloid rotor profile designed with a 
small rolling circle. The flow resistance of minimum gap is 
proportional to the length of the minimum gap, but the 
backflow rate through the minimum gap is inversely pro-
portional to the length of the minimum gap which means 

Fig. 8  Cycloid rotor profile with a small rolling circle

Table 2  Parameters of the rotor profile with a small rolling circle for 
different values of c 

R
1
 (mm) 34 34 34 34 34

c 4.0 4.05 4.10 4.15 4.20
� (°) 0 1.75 3.45 5.11 6.73
R
3
 (mm) 51.04 50.79 50.59 50.39 50.19

λ 0.5 0.4976 0.4945 0.4916 0.4888
l  (mm) 228.2 231.46 234.78 238.05 241.26

Fig. 9  Angle and length of the 
minimum gap for different val-
ues of c, lm = R

3
�  is the length 

of the large arc
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the backflow rate is inversely proportional to the length 
of minimum gap. Therefore, the effective pumping speed 
and compression ratio can be significantly improved for 
the cycloid rotor profile designed with a small rolling circle 
compared with common profiles, which is inversely pro-
portional to backflow rate. Obviously, the cycloid rotor 
profile designed with a small rolling circle has advantage 
in the effective pumping speed and compression rate. 
Finally, whether the new cycloid profile formed by a large 
or small rolling circle, the volume utilization rate and the 
minimum gap length are not optimized simultaneous. 
Therefore, further research to explore new profiles is nec-
essary to improve both volume utilization rate and mini-
mum gap length.

4  Conclusions

The design of the cycloid rotor profile mainly determines 
the pitch circle radius and the radius ratio of the rolling 
circle to the pitch circle; thus, the design of the cycloid 
rotor profile has two independent variables. The mesh-
ing characteristics are used to obtain a hypocycloid in the 
design of the conjugate curve. In the design of a cycloid 
rotor profile with a large rolling circle, the rolling circle 
radius is greater than 1/4 of the pitch circle radius, which 
yields a new cycloid rotor profile composed of an epicy-
cloid, a hypocycloid, and pin-tooth arcs. In the design of 
a cycloid rotor profile with a small rolling circle, the roll-
ing circle radius is less than 1/4 of the pitch circle radius, 
which yields a new cycloid rotor profile composed of an 
epicycloid, a hypocycloid, and arcs. The rotor profile was 
designed considering a Roots vacuum pump with a pump-
ing speed of 70 L/s as an example. It was observed that, 
in the cycloid rotor profile with a large rolling circle, as 
the rolling circle radius increases, the volume utilization 
rate increases. When the ratio of the pitch radius to the 
rolling circle radius is less than 2, the volume utilization 
rate is 20% better than that of the standard cycloid profile 
and is also better than that of the arc and involute rotor 
profiles, which has evident advantages. In the cycloid rotor 
profile with a small rolling circle, as the rolling circle radius 
decreases, the volume utilization rate decreases; however, 
the length of the minimum gap between the rotor and 
the chamber increases, which can reduce the backflow 
and increase the compression ratio and ultimate vacuum. 
Certainly, the volume utilization rate and the length of 
minimum gap are not optimized simultaneous by the new 
cycloid profiles. Therefore, further research and explora-
tion are necessary to improve both volume utilization rate 
and minimum gap length simultaneous.
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