1626 Journal of Mechanical Science and Technology (KSME Int. J.), Vol 20, No. 10, pp. 1626~ 1637, 2006

Design of Port Plate in Gerotor Pump for Reduction
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The pressure pulsation due to the gear geometry of the gerotor (generalized rotor) pump

mainly occurs in an instant that the chamber of the gerotor enters the delivery port and leaves

the suction one. Such a pressure pulsation may result in undesirable vibration and noise of pump

components as well as cavitation in hydraulic system. Therefore, it is very important to examine

the pressure characteristic of the gerotor pump at its design and analysis stages. In this paper,
in order to reduce the pressure pulsation in the gerotor pump, the port plate with the relief
grooves is designed by referring to as notch of vane pump and relief groove of piston pump. A

series of the theoretical analyses on the pressure pulsation is performed in consideration of

various design parameters of the port plate, including the installation positions of the port inlet/

outlet and the groove width, and the operating conditions such as rotational velocity and

delivery pressure.
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1. Introduction

A gerotor pump, so called generalized rotor
pump, is advantageous in miniaturizing the ap-
plied systems due to its simpler structure and hig-
her delivery flow rate-to-volume than other hy-
draulic pumps such as vane and piston counter-
parts (Mancd et al, 1998). Moreover, its high
mechanical and volumetric efficiencies resulting
from small relative rotation velocity between in-
ner and outer rotors as well as its reliability in
long term operation environment bring out the
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applications of the gerotor pump to more and
more industrial fields, such as lubrication oil
pump for automobile engine and hydraulic source
for power transmission devices.

However, the gear geometry of the gerotor leads
pressure pulsations in an instant that the chamber
generated by conjugation of inner and outer ro-
tors enters the delivery port and leaves the suction
one. These pressure pulsations may result in un-
desirable vibration and noise of pump compo-
nents as well as cavitation in hydraulic system.
Therefore, it is very important to examine the
pressure characteristic of the gerotor pump at its
design and analysis stages.

Most of the previous researches on the gerotor
pump have been concentrated on its gear forma-
tion and design (Beard et al., 1989 ; Colbourne,
1974 ; Demenego et al., 2002 ; Litvin and Feng,
1996 ; Manfred and Adam, 2001 ; Mimmi and
Pennacchi, 1997 ; Saegusa et al., 1984). Also, some
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researchers have investigated the wear and me-
chanical stress occurred at the contact points be-
tween inner and outer rotors (Beard, 1992 ; Gamez-
Montero and Codina, 2000 ; Kim et al., 2000).
However, these results did not considered the
geometry of the inlet and outlet installed on the
port plate, through which the operating fluid comes
in and goes out, and therefore, it is difficult to
effectively evaluate the effects of pressure pulsa-
tions on the dynamic characteristics of the gerotor
pump.

As a consequence, the aim of this paper is to
design of the port place in the gerotor pump and
to investigate the effects of its design parameter on
pressure pulsations. First of all, the relief grooves
are installed at the inlet of the delivery port and
the outlet of the suction one, referring to as the
notch of vain pumps (Kim et al., 1998a and 1998b)
and the relief groove of piston pumps (Harris et
al,, 1994; Harrison and Edge, 2000; Manring,
2000 and 2003). Then, in order to reduce un-
desired pressure pulsations, the design parameters
of the relief groove are optimized through a series
of the theoretical analyses performed in consi-
deration of the installation positions of the port
inlet/outlet, the groove width and the operating
conditions such as rotational velocity and deliv-
ery pressure. The results presented in this paper
can be effectively used as a basic material for the
development of the gerotor pump with higher per-
formance and reliability as well as for the ex-
pansion of its applicability.

2. Gerotor Geometry and
Operationg Principle

As can be seen in Fig. 1, the gerotor pump
consists of an inner rotor in sliding contact with
an outer rotor and the port plate including the
suction and delivery ports. It is a major charac-
teristic of the gerotor pump that the inner rotor
has one less lobe than the outer counterpart. Since
the inner rotor rotates continuously contacting
with the outer rotor, a variety of the chambers
are generated by conjugating two rotors so that
the operating fluid can be transferred from the

suction port to the delivery port.

The outer rotor has N lobes with its radius
of S equally distributed on a circle with its ra-
dius S and its center at Q.. The center of the
inner rotor is positioned at O, departed with the
eccentricity of e from Q.. The inner and outer
pitch circles, which are respectively centered at
O; and O,, always rotate in identical direction
with relative velocity of N/(N—1).

The area of the j-th chamber, A,(@) for j=
1,2,---,N, obtained when the outer rotor coun-
ter-clockwise rotates equally to the rotation angle
a with respect to the reference position ¢=0
[deg] presented in Fig. 2, can be given by

Pitch
circles

Inner rotor ——-

Fig. 1 Schematic configuration of the gerotor

Fig. 2 Reference position and numbering of the
chambers and contact points
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Fig. 3 Integral calculation for the chamber area
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Fig. 4 The first chamber area with respect to the rota-
tion angle and the corresponding opening areas
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where 7:(@) and 7.(a) represent, respectively, the

2 Jo e

distances from O, to the inner and outer rotor
obtained at @, as can be seen to in Fig. 3. It is
noted that they are given as the function of the
corresponding gear formation. Fig. 4 shows the
first chamber area A;(a) with respect to the rota-
tion angle, obtained by using the gerotor designed
under the specification given in Table 1. This
gerotor is used as an example for the design of
the port plate, and the derivation procedure for its
gear formation can be found from various refer-
ences presented in this paper (Beard et al., 1989 ;
Colbourne, 1974 ; Demenego et al., 2002 ; Litvin
and Feng, 1996 ; Manfred and Adam, 2001 ; Mimmi
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Table 1 Specifications of the gerotor

Design parameter Value

Number of lobes in outer rotor : N 11
Eccentricity : e 2.2 [mm)]
Radius of lobes in outer rotor: S 7.5 [mm)
External radius of outer rotor: G 32.0 [mm]
Distance between lobe center and origin: K | 34.4 [mm]
Thickness of the gerotor 10.0 [mm]
Radius of outer pitch circle: R;=N-e |24.2 [mm]
Radius of inner pitch circle: Bi=(N—1)+¢|22.0 [mm]

and Pennacchi, 199 ; Saegusa et al., 1984). While
the chamber area is increased, the pressure within
it lowers below the atmosphere so that the oper-
ating fluid comes in from the tank. On the other
hand, while chamber area is decreased, the pres-
sure within it rises above the atmosphere so that
the operating fluid goes out to the tank.

3. Theoretical Analysis on
Pressure Pulsation

In this paper, the theoretical approaches to
the pressure pulsation of the gerotor pump are
achieved under the following two assumptions :
the operating fluid is incompressible, and the flow
leakages are negligible. The former is valid since
the isentropic bulk modulus of the operating fluid
is generally given by 1.62X10° [Pa], and the lat-
ter is conceivable in order to avoid the complexity
of the analysis.

While the gerotor rotates, the operating fluid
comes in and goes out of the chamber through the
opening areas between the chamber and the ports.
Therefore, the chamber and the opening areas can
be, respectively, considered by the control volume
and the variable orifice, and then, the delivery
and suction flow rates, Qs and @s, through the
j-th opening area are described as follows

de,s=5gl'1 (Pd,s‘—[)j) Cqu,s‘/ %l Pp,s_le B (2)

for j=1,2,-,N

where Py is the delivery pressure, Ps is the suc-
tion pressure, o is the density of the operating
fluid given by 875 [kg/m®], P; is the pressure of
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Fig. 5 The first chamber volume rate with respect to
the rotation angle

the j-th chamber, and Cq is the flow coefficient
given by 0.68, respectively. Also, A, and A; re-
present the opening areas of the delivery and
suction ports.

Moreover, the delivery and suction flow rates
related to the volume variation of the j-th cham-
ber with respect to time, V}, can be obtained as

Que=2Vs _dV; _d(A;-H)
ST dt T da @ de Y (@3
for j=1,2,--,N

where H is the thickness of the gerotor and w
is the rotation velocity of the outer rotor. The
volume rate with respect to the rotation angle,
dV1/da, is represented in Fig. 5.

Then, substituting Eq. (2) into Eq. (3), the pres-
sure within the j-th chamber can be given by

@) Eae) s

for j=1,2,---,N

P,-=Pd,s—sgn<

in which, it is noted that the second term in the
right-hand side describes the pressure pulsations.
Therefore, we can clearly see that the pressure
pulsation within the chamber is related to the geo-
metric variables of the gerotor and port plate, dV;/
da and Aag,s as well as the operating conditions,
Pd,s and Ad,s.

4. Design of Relief Groove
on Port Plate

Considering the bulk modulus of the operating

fluid requiring the pressure variation of approxi-
mately 17000 [kPa] for the volume variation ra-
tio of 1 [%], the distance between the inlet of
the delivery port and the outlet of the suction
one should be equal to the overall length of one
chamber. If the distance becomes smaller than the
chamber length (so called overlapped condition),
the delivery and suction ports are passed through
each other so that the volumetric efficiency of the
gerotor pump is degraded due to the delivery flow
loss from the delivery port to the suction one. On
the other hand, if the distance becomes longer (so
called underlapped condition), the pressure of the
chamber can be seriously increased due to the
bulk modulus of the operating fluid so that the
gerotor pump can be locked or be destroyed.

As can be seen in Fig. 6, if both pointed end of
the chamber are engaged with the edge of each
port where the chamber volume become to be
maximized (at 343.64 [degree]), then the cham-
ber area can be obtained from the maximally
extreme value in Fig. 4 and the corresponding
chamber pressure is shown in Fig. 7. Here, we can
see clearly that the pressure within the chamber is
severely varied, since the opening area A4s(a) is
shrunken in the instant that the chamber comes
into the delivery port and goes out of the suction
port, as can be seen in Fig. 4. The pressure drop
occurring while the chamber passes through the
suction port (increasing volume phase) can cause
the cavitation phenomenon of the pump, and the
pressure rise while the chamber contacts with the
delivery port (decreasing volume phase) is suffi-
cient for the breakdown of the pump. In addition,
these pressure pulsations are major source of un-
desired vibration and noise of the operating fluid
and the pumping system. Therefore, it is very im-
portant to reduce these pressure pulsations in or-
der to guarantee the stable performance and reli-
able operation of the pump. For these reasons, the
notch or relief groove is being installed on the
port plates in vane and piston pumps in order to
gradually control the opening area and to smooth-
ly derive the pressure variations.

In this section, the port plate in the gerotor
pump is designed by referring to such a nature of
the relief groove. Considering that both pointed
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Fig. 7 Pressure pulsation in the first chamber with-
out the relief groove

points of the chamber inevitably generated due
to the geometry of the gerotor are impossible to
be modified, the grooves for the gerotor can be
designed, as described in the following sections :

4.1 Suction port

Figure 8 shows the design parameters for the
suction port. The suction groove depicted by
A’B’C’D’ is installed in order to extend the par-
tial outlet of the suction port so that the section
A’—D) of the groove is positioned on the edge
of the lobe in the instant that the chamber leaves
the port. Therefore, the opening area between the
chamber and the port can be effectively increased

0,

Fig. 8 Design parameters for the suction port and
groove

while the chamber area is increased, especially,
in the instant that the chamber leaves the suction
port.

The primary design parameters include the width
of the suction groove width /i and the port refer-
ence angle @g determining the port installation
position. And, 01,02, and 7, are the dependent
variables given as the function of the design para-
meters for the gerotor and the suction port /; and
ag1, Which are expressed by

y,,) {xo=(KZ+GZ—SZ)/(2K) (s)
’ yo=vG2—x§

_ w\ [a={K+(G—h)*=S"}/(2K)
Os=arctan <*>, {yx= —(G- ?11)2—:&

— Ye1 >
7 arctan( Py L

£1

xa1=K cos(ag) —S{K cos(ae) + R}/ T1 (7)
va=K sin(agn) —SK sin(ag)/ Th
Ti=VR}+K*+2R.K cos(aq)

where Ri=N-e¢ is the radius of the outer pitch
circle, K is the distance between the center of the

gy=4arctan (

Xo

(6)

outer rotor O, and the centers of the lobes, G is
the external radius of the outer rotor, and is the
lobe radius of the outer rotor, as shown in Fig. 1.
Then, the opening area Ag of the suction groove
with respect to the rotation angle of the outer
rotor can be derived as

Ag1=A£7p_'A,ct (8)
where Ajgp is the opening area in the open phase
where the chamber come in the suction groove as
can be seen in Fig. 10(c), and A% in the closed

phase where the chamber goes out of the suction
groove as can be seen in Fig. 10(d).
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4.2 Delivery port

Figure 9 shows the design parameters for the
delivery port. Similar to the suction ports, the de-
livery groove depicted to A”B” C” D" is installed
in order to extend the partial outlet of the delivery
port so that the section B”—C” is positioned on
the edge of the lobe at the instant that the cham-
ber comes into the port. The primary design para-
meters are the width of the delivery groove width
l» and the port reference angle ag=agn+27/N
determining the port installation position. The
additionally introduced variables g; and 7y, are
given by

gs=arctan <&>,
X2

{xz={K2+(G—Zz)2—SZ}/(2K) (9)
y2=m

o
Py
1

i
I
{1,,2g vy Y

1

Fig. 9 Design parameters for the delivery port and
groove
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Fig. 10 Panoramic phases of the chamber and
opening areas
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Then, the opening area Ag of the delivery port
with respect to the rotation angle of the outer
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rotor can be derived as
(11)

op 1s the opening area in the open phase

A — o ”
g2 <Llop el

where
where the chamber come in the delivery groove ac
can be seen in Fig. 10(f), and A% in the closed
phase where the chamber goes out of the delivery
groove as can be see in Fig. 10(g)

2
) } (G—h) bla—0) (n—detaad <p—antao)

2GE—1) (n—aptao) _%(G—/z) ‘bloi—0s)  (n—aet+a<a’<27/N)

[0 (¢"<27/N-2a)
{a”—27r/N+201
2(0‘1‘0‘3)

/-
i

Gh(ai—as) +%(2Glz— B (12— agm—o1+203) +7

in which o”"=a+27/N—aa

5. Analsys Results
and Discussion

In this section, the effects of the port design
parameters including the width of the relief grooves
/; and the port reference angles ag: for 1=1,2 as
well as the operating conditions, Pas and Aas, on
the pressure pulsation of the gerotor pump are
investigated theoretically.

5.1 Position of the suction port and width of
the relief groove
Figure 11 shows the pressure pulsations with
respect to the suction groove width /i and the port
reference position &g, from which we can see that
the closer the port reference position is to the
position for the chamber volume to be maximized
(343.64 [degree]), the more decreased the pres-
sure undershoot is for a specified groove width.

}zGlz(O'l—'O's) (2rn/N-201<d"<27/N—203)

Ghlo—a) +%(2Glz— P{a"—Qrn/N=20)} Q2r/N—-26:<a"<2n/N+71—an—0)

-1

l/_ 2 — — 2
¢ <n/ﬁaf:§za tm—0) )} (6-0b(a-0

Qa/N+1n—ap—0<d’<27/N+rn—to—0)

L(2(;12—122)(7’2“(1’,;2'*'0‘1)"L(G—lz)lz(ol—o':«)) (2n/N+r—ap—n<d <2r/N)
) 2

This means that the pressure drop can be signi-
ficantly decreased in the case that the volume rate
with respect to the rotation angle become close to
zero. Therefore, we can conclude that the effective
orifice term in Eq. (4) is closely connected with
the volume rate of the chamber. Moreover, Fig. 11
shows that the pressure undershoots are shapely
decreased with the increase of the groove width.
Especially, we can see that the pressure drop at
about 343.64 [degree] becomes approximately
—600 [kPa] without the groove, while the pres-
sure drop is effectively decreased even with small
groove width. Although the small groove width is
enough to decrease the cavitation in the pump, the
groove width as large as possible is preferred in
order to attenuate the pressure pulsation generat-
ing undesired vibration and noise. Fig. 13 re-
presents the groove width maximally obtainable
at the given rotation angle of the outer rotor,
which is dependent on the geometry of the ap-
plied gerotor.
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Fig. 11 Pressure pulsation with respect to the groove width and the reference position for the suction port

52 Position of the delivery port and width of
the relief groove

Figure 12 shows the pressure pulsation with
respect to the delivery groove width /2 and the
port reference position @g. In this case, the pres-
sure pulsation analysis should be performed only
in the increasing chamber volume phase. If the
chamber is connected with the delivery port in
the decreasing chamber volume phase, then the
operating fluid, which is flowed in the chamber

through the suction port until the chamber vol-
ume is to be maximized, is backward flowed to
the suction port while the volume decreases. Since
this causes the delivery flow loss of the gerotor
pump, such a situation should be excluded at the
design stage of the port plate. As can be seen in
Fig. 12, the pressure pulsation is significantly de-
creased at which the volume rate with respect to
the rotation angle is near to zero, that is, at the
position for the chamber volume to be maximized.
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In addition, we can see that the pressure pulsa-
tions are remarkably decreased and the region
where the pressure is smoothly increased without
undershoot of the pressure is extended, when the
groove width is increased. Especially, in the case
that the groove width is larger than 3.5 [mm], the
farther the port reference position is from 343.64
[degree], the more smoothly the chamber pres-
sure is increased to the delivery pressure in 300
[kPa). This is because the operating fluid is dis-
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groove width and the reference position for the delivery port

rged from the delivery port while the chamber
volume is increased but the volume rate is de-
creased, which can be verified through the com-

parison of Figs. 4 and 5.

5.3 Delivery pressure

Figure 14 shows the pressure pulsation accord-
ing to the variation of the delivery pressure, in-
vestigated under the following conditions: the
rotation velocity is 1000 [rpm], the width suction
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and delivery grooves is 4.5 [mm], and the port re-
ference position of the suction port is 343 [degree].
We can clearly see that despite of the variation of
the delivery pressures in the range of 200~2000
[kPa], the resultant chamber pressures is increas-
ed to the given delivery pressure without any pul-
sation. This is because the effective orifice term in
Eq.(4) is independent of the delivery pressure.
Therefore, we can conclude that the proposed
port plate dose not bring about any pressure pul-
sation due to the variation of the delivery pres-
sure.

5.4 Rotational velocity

Figure 15 shows the pressure pulsation with
respect to the rotation velocity of the gerotor, per-
formed with the delivery pressure of 300 [kPa],
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Fig. 15 Pressure pulsation with respect to the rota-
tion velocity of the outer rotor

the suction and delivery groove widths of 4.5
[mm], and the port reference position of the suc-
tion port in 343 [degree]. Although the pressure
pulsations are increased with the rotation veloci-
ty, the maximum pressure overshoot or under-
shoot in the rotation velocity range of 500~2500
[rpm] are approximately 1 [kPa] which are of
the extent negligible in a variety of hydraulic sys-
tems. This can be expected from the fact that the
effect of the dV,/da on the pressure pulsation
is remarkably decreased in which dV;/da is
close to zero, even though the roatation velocity is
included in the effective orifice term of Eq. (4).
Therefore, we can conclude that although the
pressure pulsation is increased with the rotation
velocity, its effect can be sufficiently decreased by
installing the groove in which the chamber vol-
ume rate is close to zero.

6. Conclusions

In gerotor pumps, the pressure drop occurring
in the instant that the chamber goes out of the
suction port and the pressure rise occurring in the
instant that the chamber comes in the delivery
port cause the cavitation in the hydraulic system
as well as undesired vibration and noise of the
mechanical components. In order to cope with
these undesired situations, the port plate with the
relief grooves was designed in this paper. Then,
the effects of the geometric variables, including
the groove width and the port reference position,
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and the operating conditions, including the deliv-
ery pressure and the rotation velocity, on the pres-
sure pulsation of the gerotor pump were investi-
gated through a series of the theoretical analyses.
The results obtained in this paper are summarized
as follows :

(1) The pressure pulsation can be significantly
decreased when the outlet of the suction port and
the inlet of the delivery one are positioned at the
pointed ends of the chamber where its volume is
to be maximized, respectively.

(2) The pressure pulsation can be decreased
when the groove width is increased as much as
possible so that the opening areas between the
chamber and the ports are extended.

(3) The delivery pressure as one of the operat-
ing condition of the gerotor pump has no an effect
on the pressure pulsation, which is because it is
independent of the effective orifice term represent-
ing the pressure pulsation.

(4) The pressure pulsation is increased with
the rotation velocity given-as the other operating
condition. However, its effect can be sufficiently
decreased by installing the groove in which the

chamber volume rate is close to zero.

On the other hand, it is noted that the depth
of the groove is specified equally to the height of
the gerotor so that the effect of the fluid inertia on
the pressure pulsation is not considered in this
paper. The groove depth varying according to its
length is conceivable to make pressure variations
in the gerotor pump more stable. In near future,
the effect of the various shapes of the groove on
the pressure pulsation in the gerotor pump will
be analyzed through theoretical and experimental
approaches.
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