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Optimum Design on Lobe Shapes of Gerotor Oil Pump
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A gerotor pump is suitable for oil hydraulics of machine tools, automotive engines, com-
pressors, constructions and other various applications. In particular the pump is an essential
machine element that feeds lubricant oil in an automotive engine. The subject of this paper is
the theoretical analysis of internal lobe pump whose the main components are the two rotors.
Usually the outer one is characterized by lobes with a circular shape, while the inner rotor
profile is determined as a conjugate to the other. For this reason the first topic presented here
is the definition of the geometry of the rotors starting from the design parameters. The choice
of these parameters is subject to some limitations in order to limit the pressure angle between
the rotors. Now we will consider the design optimization. The first step is the determination of
the instantaneous flow rate as a function of the design parameter. This allows us to calculate
three performance indexes commonly used for the study of positive displacement pumps : the
flow rate irregularity, the specific flow rate, and the specific slipping. These indexes are used to
optimize the design of the pump and to obtain the sets of optimum design parameter. Results
obtained from the analysis enable the designer and manufacturer of the oil pump to be more

efficient in this field.
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1. Introduction

An oil pump is an essential part in the opera-
tion of an automotive engine. It changes the me-
chanical energy of the engine into pressure or ve-
locity energy of engine oil so that it feeds lubri-
cant oil into the parts of engine to prevent lobe
wear or the adherence of the parts. The gerotor
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pump with its inner and outer rotors is simple and
compact and is highly accurate due to the devel-
opment of the sintering process, although the
shape of the lobes is complex. And it has small
fluctuation and good performance for suction in
the long term because of the small relative motion
between the rotors.

The gerotor pump with less noise than the other
types is being used in driving the force of supply
in lubricant oil or pressure for a transmission’s
oil. The co-ordinates of inner rotor are obtained
by simulating the contact points of the two rotors.
A chamber between two subsequent pairs of lobes
in mesh is calculated by Colbourne (1975). The
lobe of the outer rotor with a circular shape is
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determined by Sae-gusa (Saegusa et al., 0000) as
rotating the outer rotor to separate the next points
in the inner rotor reference system, while the inner
rotor is always obtained as its conjugate. Recent-
ly, Tsay has determined the co-ordinates of an
inner rotor by simulating the cutting process (Tsay
and Yu, 1989 ; Yu and Tsay, 1990). Also Kim et.
all (2006) suggested a new method to derive the
close-form equation of trochoidal gerotor pump.
On the basis of this approach, an integrated sys-
tem to generate loci of the inner and outer rotor,
of contact points and rotation simulation, and
flow rate and its irregularity for the rotor profile
was constructed.

This study carried out a geometrical and kine-
matic analysis considering design variables and
design limits of outer rotor with a circular lobe
shape. Through the analysis, the design limit area
that does not present cusps and loops was found
and the specific slipping related to the pressure
angle and wear was calculated in the design limit
area. The study obtained the optimal design para-
meters by fixing the lobe numbers z; and 2 and
calculating flow rate and flow rate irregularity
according to d/e and 72/e.

2. Gerotor Geometry and Kinematics

2.1 Inner and outer rotors

The outer rotor is made of z lobes whose pro-
file is an arc of circumference centered in O
and with radius 7,2 as shown in Fig. 1. The pitch
curve is the circumference with a radius equal
to 7, in Fig. 1. The geometrical parameters that
allow us to completely define the outer rotor are
the number of lobes z,, the radius of curvature
712, the distance d between the center of curvature
Oy, the center of the outer rotor O and the pitch
radius 7.

n=z+tl, n=ez, n=cz (1)

So, in a reference system x2(:y» the inner rotor
center O is at a distance equal to 72/ from O,
and we can put O, on the positive x» axis for
convenience. A second reference system is taken
with origin in Oy, which is useful to determine the
equations that describe the inner rotor lobe.
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Fig. 2 Center of curvature in the rotated position

For a finite rotation of an outer rotor «’, the
coordinate of the center of the curvature circle is
expressed as Eq. (2) in Fig. 2.

<onz>_<cos @ —sin a><d>+<on> (2)
Yo sina cos a 0 Yor

At this time, the contact point p is able to be cal-
culated in Eq. (3).

3 OwPnt
=X
OpP |012Rm| 72 (3>

The inner rotor profile is obtained by calculating
geometrical parameters as increasing of rotated
angle. A point on the inner rotor profile, Pn (Xin,
Vin), is expressed as follows

<)(in>:<COS ezl —sin 021><Xcon_Xol> +<)(ol> <4>
Yi sin (9;:1 Ccos ezl Yeon— Yo You
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where 6, is expressed as shown in Eq. (5).

On _ 2

Va1 A1 =2 5

o~ 2 02=20 (5)
The outer rotor profile is obtained in the same
way. A point on the outer rotor profile, Pout (Xout,
Yout) , 15 expressed as Eq. (6).

<Xout>:<COS G2 —sin (922><Xcon—on> +<X02> (6)
Yout sin 0 cosbh Yeon— Yoo Yoo

2.2 Flow rate and its irregularity

The shaded area in Fig. 4 represents a chamber
between two subsequent couples of lobe in mesh.
The chamber is closed, and the movement of ro-
tors determines the variation of its volume. When

Pin(xii::Yin)

Fig. 3 Inner rotor profile tracing
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the volume increases (negative contribution to
the flow rate), the pump sucks the fluid, while
when the volume is decreasing (positive contri-
bution to the flow rate), a pumping action is de-
termined.

The expression in Eq. (7) can be obtained by
using the same principles expressed in detail in
(Mimmi and Pennacchi, 1997). For the sake of
brevity, only a brief explanation can be given here.
Therefore it is sufficient to consider a chamber,
e.g. the 7-th and evaluate the contribution to the
flow rate given by each flank of the rotors shown
in Fig. 5. For an infinitesimal rotation and uni-
tary axial dimension, the positive contribution is
given by the areas with the sign “+”, while the

13

areas with sign “—” have to be subtracted from
the previous ones. Since the areas are proportion-
al to the square of the distance of the contact
points from their respective centers, it is possible
to obtain Eq. (7) by considering the relationship

between the rotation of the two rotors.

a:(8) =3 bL(|OA P~ O.BP)
. (7)
—(10AP=10:BP)] > n
Where, 3=7—(a+0).
The ratio of angular velocities is directly pro-
portional to the ratio of the lobe number and is
expressed as Eq. (8).

o0 _z
o = (8)

B : starting contact point of i+1-th
chamber and ending contact poi
of i-th chamber

Fig. 4 Evaluation of the contribution to the flow rate given by each flank of rotors
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Fig. 5 Schematic diagram for the instantaneous flow

rate determination

Distances that are from centers of the inner and
the outer rotors to the contact points A, B of i-th
chamber are expressed as Egs. (9) and (10) in
Fig. 5.

|O1A =04, | A =02, (a=a) 9)
| OB |:Pz’+1,1, | 0.B |:Pz’+1,2, (a:a/z'+1) (10)

Where, @i1=a+27/2.

All the chambers in the expansion phase (suc-
tion) must be connected to the intake port, in the
same way that the contracting chambers are con-
nected to the exhaust. The expression of the flow
rate per revolution can be calculated as follows

27/22

21/ 2,
Q=a[ a@de=a 2 a (1)

i=

The specific flow rate (R) is defined as the ratio
between the flow rate generated in a revolution
and the overall volume of the pump in Eq. (12).

R=—2 12

Fp%,maxb ( )
The flow rate irregularity (), a performance in-
dex related to noise and vibration, is expressed by
Eq. (13).

j= {dmax — ¢min (13)
{ average

3. Design Limitations

Before considering the flow rate determination
we will think about the design limitations for the
rotor. There are two important aspects in partic-
ular that limit the possibility of realizing the pro-
files : pressure angle, geometry.

Fig. 6 Schematic diagram for pressure angle

3.1 Pressure angle

The first aspect is relative to the pressure angle
between the rotors which are always ideally in
mesh in 2z points. Since the forces at contact points
are proportional to the pressure angle (&), we
have to verify if the inner rotor can drive the mo-
tion with a sufficiently low pressure.

First of all we will consider the pressure angle
0 in Fig. 6 as the smaller angle between the di-
rection of the contact force on the driven rotor
and the absolute velocity of the application point
of the force on it. In the case that there is no fric-
tion, the pressure angle is expressed by Eq. (14).

azg— y (14)
Where,
y=sin"'22sind (15)
©2

We can plot the diagram of the pressure angle ¢
for a single lobe in function of the rotation angle
a of the outer rotor, as is shown in Fig. 7.

The plot of Fig. 7 for each subsequent lobe is
cyclically repeated with a translation of 7/z as
shown in Fig. 8.

The pressure angle must be reduced as much as
possible for the correct driving of the rotors. The
diagram in Fig. 9, which reproduces the lower
part of Fig. 8, shows the plot of the most favour-
able pressure angle ot between the 2, contact
points on the two rotors.

Couples of rotors with reduced lobe numbers
are particularly disadvantaged, since the subdivi-
sion of the diagram of Fig. 7 into a few intervals
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Fig. 9 Schematic reference for the instantaneous

flow rate determination
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Fig. 10 Theoretical inner rotor profiles

can determine the impossibility of Jopt reaching a
value lower than an acceptable value.

3.2 Geometry

The second aspect is relative to the geometry
that limits the possibility of realizing the profiles.
The conjugated profile, generated by the outer ro-
tor, although analytically acceptable, is not feasi-
ble, if it presents cusps (Fig. 10(b), profile b) or
loops (Fig. 10(c), profile c).

The profile is correct as far as 7, is lower
than 7mmax as shown in Fig. 10(a). The limit
value that produces sharp points or cusps is 7=
7izmax. The condition 72> 72max produces under-
cutting as shown in Fig. 10(c). Even if in that
case the procedure to determine the conjugate
profile is quite different, the criterion can be also
applied here since it is based only on design
parameters. Therefore the value of 7;2max is given
by Eq. (16) (Mimmi and Pennacchi, 1997 ; Beard
et al., 1991).

/3Tv21(d—r§)

7Y2,max — m ( 1 6)

4. Design Optimization

The optimum design parameters for the gerotor
are obtained by fixing the lobe numbers z; and z,
by varying 7 and d in a suitable range and by
finding those that maximize the flow rate and
minimize its irregularity and specific slipping.
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By using the same values for z1, 2, 7 and d
and by varying d/e and 7;/e it is possible to
find the parameter value that maximize the flow
rate and minimize its irregularity for the gerotor.

The order of priority of the objective functions,
having influence on efficiency of the pump, was
obtained from the interviews with workers in an
actual field, and is as follows ;

(1) Flow rate and flow rate irregularity

(2) Specific slipping
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Fig. 12 Flow rate irregularity diagram for z;=6,
2=

4.1 The flow rate and its irregularity

When the lobe numbers are 6/7, the diagrams
obtained are similar to those reported in Figs. 11
and 12.

These figures show the flow rate irregularity
and specific flow rate in which the lower left part,
high values of the difference ; d-7;2, is eliminated
due to unacceptable Jopt values. In fact, for these
d/e and 7,5/ e values, Oopt during the mesh reaches
values greater than 45°. Similarly the upper right
part of Figs. 11 and 12, lower values of the dif-
ference ; d- 74, is eliminated because of loops and
cusps in the profiles of the inner rotor.

By observing Figs. 11 and 12, some consider-
ations can be made. The first is that specific flow
rate strongly depends on the difference d/e-7»/e
and decreases when this increases. This trend is
exactly the same whether z; is odd or even. When
z is odd and 2z even in Fig. 13, the flow rate ir-
regularity decreases when the flow rate increases.
So the couple which obtains the best specific flow
rate also gives the lowest flow rate irregularity.
When z is even and 2 is odd in Fig. 12, the flow
rate irregularity always decreases when 7,/d de-
creases. In this case the couples which obtain the
best specific flow rate do not obtain the lowest
flow rate irregularity.

Table 1 shows the configurations that obtain
the best performance ; for z; even and 2, odd we

Flow rate irregularity i[%]

Fig. 13 Flow rate irregularity diagram for z=7,
2=138



1396 J. H. Kim, Chul Kim and Y. J. Chang

have selected the couples which give the best com-
promise between specific flow rate and its irregu-
larity.

From the analysis of the data in Table 1 it is
possible to observe that the specific flow rate de-
creases as much as the lobe number increases,
while the behavior is the opposite for the flow
rate irregularity that drastically decreases.

4.2 The specific slipping

The design optimization of profile in the gero-
tor needs another performance index, the specific
slipping, in addition to the flow rate and its ir-
regularity. It is important to limit the wear as
much as possible because they can not be recov-
ered as occurs in involute gears when the profiles

Table 1 Best configurations

71 Zo 712/6 d/@ R [%] ) [%]
3 4 3.5 6.0 47.43 19.77
4 5 2.0 6.0 42.90 12.18
5 6 3.5 8.5 39.67 9.02
6 7 2.5 8.5 36.87 6.16
7 8 3.0 10.0 33.62 4.87
8 9 2.5 10.5 31.68 3.59
9 10 3.5 13.0 27.63 3.41
10 11 3.0 13.5 26.67 2.15
11 12 2.5 14.0 25.30 2.16
12 13 2.5 15.0 23.06 1.35
13 14 2.0 15.5 22.36 1.67
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of rotors meshing in 2, points are worn out. For
this reason it is important to minimize the specific
slipping.

Figure 14 shows the maximum specific slipping
of the rotors when d/e-7;/e assumes equal
values.

The specific slipping for the inner rotor is ex-
pressed as follows

|Sz—S1|
S2

S.S.= (17)
In the Eq. (17) s and s» are the displacement of
the contact point along the inner and outer ro-
tor profile for a generic rotation. The specific
slipping of the inner rotor is finite because the
contact point always moves along its profile in
the same direction and s; never becomes equal to
Zero.
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Fig. 15 The slipping distances regarding the lobe shapes of the inner rotor in Fig. 14
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Fig. 16 The slipping distances regarding the lobe shapes of the outer rotor in Fig. 14
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Fig. 18 Pump with same lobe numbers but different
ratio d/?’zz

The displacements of the inner and the outer
rotors regarding the values, d/e=8.25 and 7/
e=2.25: d/e=9.50 and 7;/e=3.50, shown in
Fig. 14 for a generic rotation were shown in Figs.
15 and 16. The inner rotor specific slipping, given
by the formula Eq. (17), is shown in Fig. 17. The
two pumps in Fig. 18 have similar performances
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Inner rotor specific slipping regarding the lobe shapes of the outer rotor in Fig. 14

in terms of specific flow rate, since d/e-7u/e as-
sumes equal values ; nevertheless they have a dif-
ferent specific slipping of the contact point along
the rotor contours. Fig. 18(a) shows the best ro-
tor with the minimum specific slipping obtained
from the design optimization.

5. Conclusion

This study has carried out a geometrical and
kinematic analysis considering design variables
and design limits of the outer rotor with a circular
lobe shape.

(1) The closed-form parametric equations for
the inner and outer rotor with a circular lobe shape
were suggested by a new approach.

(2) The suitable range that does not present
cusps or loops and that obtains the lowest press
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angle was found from a geometrical point of view.

(3) The optimal design parameters were ob-
tained by fixing the lobe numbers and calculating
flow rate and flow rate irregularity according to
d/e and rp/e.

(4) If the inner rotor lobe number is odd, the
design parameter sets that minimize the flow rate
irregularity also maximize the specific flow rate.
If even, the design parameter sets that optimize
the two performance indexes are different.

(5) A suitable choice of the design parameters
can improve the specific slipping of the inner
rotor.
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