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Abstract

Roots blower is a positive displacement machine that has the advantage of a larger flow than conventional blowers. Roots
blowers are widely used in industrial production such as chemicals, food, medical, etc. However, during actual operation, this type of
machine often achieves low performance. One of the issues that greatly affect performance is the flow characteristics of the blower.
Flow characteristics include factors related to flow rate, pressure, and flow phenomena in the blower chamber. Flow characteristic
analysis is a complex problem in hydraulic machines. Flow analysis helps to investigate the motion of the flow to design high-perfor-
mance machines. This study uses a mathematical model of gear theory to design the rotor profile with cylindrical and helical lobes
of the multi-lobe Roots blower. The rotor profile is formed on the principle that the ellipse rolls without slipping on the base circle.
On the basis of the mathematical model of the rotor profile, the paper compares the flow rate and pressure characteristics of the two
blowers. The fluid dynamics analysis model was built on ANSYS software. The structural grid model is also built to increase the
computational efficiency of the mathematical model. The lobes are embedded and rotated in the blower chamber. The results show
that with the same radial and axial dimensions, the cylindrical lobe has a larger flow. However, the helical lobe has a more stable flow
quality than the cylindrical lobe (15.2 % less flow fluctuation). In terms of pressure, the helical lobe type has a higher pressure than
the cylindrical lobe type. In addition, the helical lobe type also reduces the influence of eddy currents acting on the blower chamber
walls and rotors. That results in increased blower efficiency. The results of the paper will be a reliable basis for reducing time in the
development of multi-lobe Roots blowers with high performance.
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1. Introduction

The Roots blower was invented by the Roots brothers in the 1860s [1]. Since then, Roots
blower has been widely applied in various industries such as petroleum, chemical, and cement. The
blower is also used as an air compressor in compressed air equipment or as a high-pressure blower
with the advantage of large flow [2]. Scientists have been constantly working to improve the perfor-
mance of the blower. One of the current prominent research directions is improving the rotor profile
to increase the volume of air ejected after each rotation of the blower. A new rotor profile has been
proposed by adding a scaling factor on the rolling circle to increase blower efficiency [3]. Three-
lobe Roots blower has been proposed with the dedendum profile being a circular arc, the addendum
profile having a partial arc, and an epicycloid [4, 5]. In [6], a new method of designing Roots blower
rotors has been present by using the matching principle of non-circular gears and adjusting the
design parameters according to a given flow rate. In [7], the authors improved the profile in [8] by
using conjugate curves. In [9], two methods have been used that are DPD (Direct-Profile-Design)
and DF (Deviation-Function) combined with the centrode curve design method in non-circular
gears to change design parameters to create a new rotor profile. In [10], a new profile has been
proposed by replacing the rolling circle with a rolling ellipse according to the formation principle
of the epicycloid. The advantage of this design is that it is possible to change the semi-axes of the
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ellipse to increase the volume of the blower cavity. This design is also the object of research that
the authors present in this paper.

Recently, the CFD technique has shown to be effective and highly accurate in analyzing the
flow dynamics of positive displacement machines. Therefore, there have been many studies ana-
lyzing the complex flow phenomena inside Roots blowers using the CFD technique. The clearances
between the rotors were analyzed to improve the flow quality of the machine [11]. A new 3-D mesh
model is developed for screw compressors [12]. The effect of compression on the deformation of
the screw compressor has been determined [13]. The effect of clearance on flow oscillation of the
blower using the RNG K-epsilon turbulence equation has been presented [14]. In [15], the authors
compared turbulence models based on different mesh sizes to determine the efficiency of screw
compressors. Kovacevic [16] used numerical CFD to investigate the pressure and velocity distribu-
tion across the cross-section of the screw compressors. The effects of pressure angles on the lobe
pump have been analyzed in [17]. The flow is modeled in a three-lobed blower [18]. In this study,
the authors used the K-epsilon turbulence model to determine the eddy current positions accord-
ing to the change of the drive shaft rotation angle. K-epsilon (k—¢) turbulence model equations on
SC/Tetra software to analyze flow characteristics and temperature changes during the machine’s
operation. Numerical simulation data are used to adjust the initial geometry to improve the aero-
dynamic efficiency of the blower [19]. In another study, the fictitious domain method to improve
flow quality in a three-lobe rotor compressor has been applied [20]. In [21] these authors also con-
tinue to propose solutions to increase the meshing quality to improve the accuracy of the calcula-
tion results following the research presented in [19]. A solution to design the spiral outlet has been
proposed to reduce pulse pressure and use numerical simulation to adjust the blower design [22].

In this study, let’s use the rotor profile proposed by [10]. Let’s design cylindrical lobe rotors
and helical lobes. Finally, let’s analyze the flow characteristics in the pumps by using the immersed
method and the K-epsilon (k—¢) turbulence model.

2. Materials and methods
2. 1. Mathematical model of rotor addendum
As Fig. 1 shows, the two mating rotors rotate in opposite directions on two parallel shafts.

Yr

Xf

Fig. 1. The principle of designing the rotor profile

The coordinates systems S1(01x1y1), S2(02x2y,), and S/(Orxryy) are rigidly attached to the
rotational axes of rotor 1, rotor 2, and the frame, respectively. According to [10], the addendum is
formed on the basis of the locus of a fixed point on the ellipse when the ellipse rolls outside the
base circle. The rotor addendum equation expressed in the coordinate system S;(O;xy,) is given by:

x| |acos(&+6)(cosy —1)+bsin(&+6)siny +7cosd
%) =| y |=| asin(&+6)(cosy — 1) —beos (& +6)siny +rsind |, 6))
1 1
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where a, b, r are semi-major axis, semi-minor axis of the ellipse and radius of the base circle, re-
spectively. The angular parameters of (1) are given by:

[ . dyx(y)

E=tan 3 (v)’

0= [ 04w+ b w)? . o
x(y)| [-acosy

kel

2. 2. Mathematical model of rotor dedendum
Mathematically, the dedendum rotor is the envelope to a family of addendum curves. The
dedendum rotor equation r{*?) is determined via coordinate transformation:

r§%) = Myr(, 3

where
cos2d sin2¢p —2rcos2d
My =[—-sin2¢ cos2¢ 2rsin2¢ |.
0 0 1

From equation (3) there is:

X a(cosw—1)cos(§+9—2¢)+bsinwsin(§+9—2¢)+r(cos(6—2¢)—2c03¢)
%) = yy |= a(cosw—1)sin(§+6—2¢)+bsinwcos(§+6—2¢)+r(sin(9—2c]))+2005¢) . @
1 1

According to [10], (4) determine the relationship between the rotor angle parameter (¢) and
the angle parameter of the ellipse (0). Let’s use the meshing equation:

N VS5 =, ®)
where N is the normal vector given by:
Ny =0yr{™ xk = (i + dyy1j) x k = Nt (W)i + Nyt (W) (©6)
Relative velocity V%) is determined by:
VI =V (0,9)i+ V1 (9,w)j = (=27 sing+ 2y )i + (=21 + 27 cos ). )

Replace equation (6) and equation (7) into equation (5), let’s obtain:

S =(=2rsind+2y; )N (w)+ (=221 + 27 cosd) N1 (y) = 0. ®)

3. Results and discussion

3. 1. Governing equations

This study used the computational fluid dynamics on the CFX module of ANSY'S software.
The mathematical model is applied to the flow with a mathematical basis based on the governing
equations. The continuity equation for fluid flow is given by:

v V-pV =0 9
5 FV-ev=0. ©)
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The equation of momentum in the form:
A% - -
P §+(V~V)V Vp+(Vi)=pg+f, (10)

where p is the static pressure, T is the stress tensor, pg and f are the gravitational body force and
surface forces, respectively. The turbulence of the fluid flow is determined via the equation k—e:

J
g(pk)+V-(ka): V'[(M+?JVI{|+G]@ +Gp —PE—Ym + Sk, 1)
k

) W £ e?
g(pa)+V~(p8V):V~ O Ve +C1€z(Gk+C3€Gb)—C28?+SS, 12)
€

where the turbulent viscosity, W= pCukz/s and the model constants: Cio=1.44, C,.=1.92,
Cu=0.09,6,=0.3,0.=1.3.

3. 2. Roots blower 3-D model

In this study, the three-lobe roots blower model was built based on the theory presented in
section 2 with design parameters: @ =22.8563 mm, b= 13.8563 mm, r=74.2874 mm, rotor thick-
ness D = 80 mm, clearance between rotors A =0.01 mm. The rotor profile is designed in CAD soft-
ware, then Solidworks software is used to create the 3-D geometry of the cylindrical lobe and the
helical lobe. The left rotor rotates clockwise and the right rotor rotates counterclockwise. The heli-
cal rotors are designed with a fixed angle of twist (= 15 deg). The CFD simulation model has two
rotors immersed and rotated in the respective stator. The 3-D models are shown in Fig. 2.

g h

Fig. 2. Building 3-D models of cylindrical rotors and helical rotors:

a — cylindrical rotors model; » — helical rotors model; ¢ — cylindrical stator model;
d — helical stator model; ¢ — immersed cylindrical rotors model; f'— immersed helical
rotors model; g — immersed helical rotors model: front view;

h — immersed helical rotors model: front view

3. 3. Simulation parameters

This study builds simulation parameters for two types of blowers by using the CFX module
of ANSYS software. Simulation parameters of the two types of blowers are the same for efficient
and accurate investigation. Meshing parameters given in Table 1 and Fig. 3 corresponds to 2 types
of cylindrical and helical rotors.

The numerical simulation model is determined in 4 working cycles of the blower. The ro-
tation speed of the rotors is 1500 rpm. The physical characteristics of the mathematical model are
given in Table 2.
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Table 1
Simulation mesh parameters
Rotor type
Grid type — P =
Cylindrical Helical
Nodes 366622 346580
Elements 527302 508689
Max face size 7-e-003 m 7-e-003 m
Max Tet size 9-¢-003 m 9-¢-003 m

a b

Fig. 3. Grid structure of the model: @ — grid structure of cylindrical lobe blower;
b — grid structure of helical lobe blower

Table 2
Physical characteristics of the flow
Physical properties Fluid type
Material Air Ideal Gas
Domain type Fluid Domain
Morphology Continuous Fluid
Reference Pressure 1 bar
Heat Transfer Isothermal
Fluid Temperature 25 [°C]
Velocity Type Cartesian
Cartesian Velocity Components Automatic with Value
U 0 [m-s]
v 0 [m-s™]
w 0 [ms]
Turbulence Medium (intensity =5 %)

Flow rate and pressure are two characteristic parameters of the fluid flow in the blowers.
The numerical simulation results of the two types of blowers are described in the graphs below.
Fig. 4, a, b describe the instantaneous flow rate; Fig. 4, ¢, d describe the pressure at the outlet.

In this study, the effects of temperature and fluid loss through clearances during blower ope-
ration were not considered. From Fig. 4 it is possible to see that: with the same axial and glass size,
the flow value is similar in the two types of blowers (the percentage to represent the difference is
about 0.89 %). However, the flow variation of the cylindrical lobe blower is 15.2 % larger than that
of the helical type. It shows that the helical lobe has more flow stability than the cylindrical lobe. In
terms of pressure, the helical lobe type has a higher pressure of 12.5 % than the cylindrical lobe type.
Fig. 5 shows the pressure distribution changes in the blower chamber of the cylindrical lobe and he-
lical lobe during the blower operation. Rotation speed of rotors is constant at 1500 rpm. At the initial
time, the pressure is equally distributed in the inlet chamber and outlet chamber. When the machine
is running, the fluid will move due to the movement of the rotors. This movement is represented
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by the pressure difference between the inlet and outlet of the blower. In addition, at the junction bet-
ween the two rotors in the outlet chamber, the local pressure reaches the maximum value.
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Fig. 4. Instantaneous flow rate and pressure of the blowers:
a — Instantaneous flow rate of cylindrical lobe blower; b — Instantaneous flow rate
of helical lobe blower; ¢ — Pressure of cylindrical lobe blower; d — Pressure of helical lobe blower
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Fig. 5. Pressure distribution:
a — cylindrical lobe (¢ =0 deg); b — cylindrical lobe (¢ =45 deg);
¢ — cylindrical lobe (¢ =90 deg); d — cylindrical lobe (¢ = 135 deg); e — Helical lobe (¢ =0 deg);
f— helical lobe (¢ =45 deg); g — helical lobe (¢ =90 deg); i — helical lobe (¢ = 135 deg)

Fig. 6 shows the streamline in the blower chambers of the two types of blowers at diffe-
rent times. At the outlet of the helical blower, the streamline density of the flow is greater than
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that of the cylindrical blower. In the helical blower chamber, the eddy current disappears and the
stream flows smoothly, which means better flow quality than the cylindrical rotor.

Fig. 7 shows the variation of the velocity vector during the operation of the two types of the
blowers. At the initial time, the variation of the velocity vector is zero in the two pump types. The
speed of the velocity vector changes with each rotation of the rotor. This shows that the position
of the lobes will affect the distribution of velocities in the pump chamber. On the other hand, the
velocity at the outlet chamber also changes with the change of the drive shaft rotation angle. The
velocity of the fluid in the inlet chamber is less than the velocity of the fluid in the outlet chamber.
This change in flow velocity will affect the energy consumption significantly for the 2 types
of blowers. Eddy currents corresponding to the impact of the fluid flow appear more for the cylin-
drical lobe blower. That shows that the energy loss of the cylindrical lobe will be more than that
of the helical lobe. The paper’s findings will be used to explore the flow characteristics of new
high-efficiency machines in the future.

Fig. 6. Streamline distribution during blowers operation:
a — cylindrical lobe (¢ =0 deg); b — cylindrical lobe (¢ =45 deg); ¢ — cylindrical lobe (¢ =90 deg);
d — cylindrical lobe (¢ = 135 deg); e — helical lobe (¢ = 0deg); f— helical lobe (¢ =45 deg);
g — helical lobe (6 =90 deg); & — helical lobe (¢ = 135 deg)
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Fig. 7. Flow velocity vector during blowers operation:
a — cylindrical lobe (¢ =0 deg); b — cylindrical lobe (¢ =45 deg);
¢ — cylindrical lobe (¢ =90 deg); d — cylindrical lobe (¢ = 135 deg); e — helical lobe (¢ =0 deg);
f— helical lobe (¢ =45 deg); g — helical lobe (¢ =90 deg); # — helical lobe (¢ = 135 deg)
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4. Conclusions

This study analyzes the flow characteristics of two types of roots blower with cylindrical
lobes and helical lobes. The results presented in this study show that:

1) The flow rate of the cylindrical lobe is higher than that of the helical lobe, but this higher
amount is not significant.

2) The flow oscillation of the helical lobe is 15.2 % less than that of the cylindrical lobe,
demonstrating the helical lobe’s flow stability.

3) Pressure analyses at blower inlet chambers show that the helical lobe has a 12.5 % greater
pressure than the cylindrical lobe. The local pressure distribution in the blower chamber shows
high-pressure positions during blower operation. Turbulent eddy currents are also less frequent in
the helical lobe design.

4) The fluid dynamics analysis model shows the advantage of a helical lobe design when
meeting the requirements of high pressure and flow stability. Thereby saving energy and improv-
ing the blower’s performance.

5) The results of the paper are applied to investigate the flow characteristics of new high-ef-
ficiency machines in the future to satisfy the development of the blower.
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