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Abstract

Gerotor pumps are well known by a compact design, simple structure and low
noise level, which makes them suitable for use in the automotive industry,
and especially in hydraulic systems for engine lubrication. One of the main
disadvantages of gerotor pumps is the inability to adjust to wear, which
significantly reduces the pump efficiency. In order to mitigate the negative
effect of the inevitable wear process, this paper presents a methodology for
determining the optimal combination of trochoid gears design parameters for
a defined aspect. An appropriate mathematical model has been developed to
analyze the effect of changes in gear design parameters in relation to maxi-
mum contact stresses, pressure changes in gerotor pump chambers and wear
rate proportional factor (WRPF). Verification of the developed models was
performed by realizing physical pairs of gears and laboratory experiments
with simulation of pump operating conditions. The results and conclusions
presented in this paper, with an emphasis on the actual work processes, bring
very important perspectives for the gerotor pumps design with improved
performance.

Keywords: Trochoidal gearing, gerotor pump, volumetric flow rate, contact
stress, wear rate proportional factor.
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Introduction

Gerotor units have been used in a wide range of industrial application areas
for pumps, compressors, rotary motors, etc. Gerotor pumps are positive
displacement devices which have an internal and external gear rotor. Usually,
the external rotor has a circular gear tooth profile, while internal one has
related meshing trochoid profile. A typical low-pressure pump for lubrication
of the internal combustion engine, which is the subject of the present study is
shown in Figure 1.

The impeller of the gerotor pump is a trochoidal gear pair, of which
the internal gear is mounted on the input shaft. The pump body has fluid
outlets which are connected to pump suction line and delivery line. The
functional characteristics of the pump, in addition to the operating condition,
are significantly influenced by the gear pair set geometric parameters.

There are several methods for the geometric profiles design of the gerotor
gear pair set [1, 2]. One group of researchers proposed generating a profile by
equidistant modification of the epitrochoid and its conjugated envelope [3—
5]. The second one, used cycloidal gear tooth design method [6] and third
one is by using the circular pin gear generating technique [7]. Also, there
are numerous approaches to improve the pump performance and efficiency.
Significant contributions to the investigation of the benefits of the of plastics
components application in trochoidal machines have been made in the [6, 8—
10]. The higher area efficiency, the outlet pressure and the outlet flow, with
a larger span angle of the gerotor pump tooth profile, is shown in [11].
The impact of real-life technological clearances on the pump performance
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Figure 1 The gerotor pump schematics.
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is studied by numerical simulation in [12, 13]. The proportional wear rate
factor (WRPF) proposed in [14] is used as an indicator of the wear rate in dry
contact conditions [13, 15].

Taking into account previous research in the field of gerotor pumps, this
paper presents some of the possibilities for improving pump performance,
primarily the reduction of undesirable wear of gear teeth meshing.

Gerotor Pump Gears Meshing Model

Gear profile design approach proposed in [3-5] is adopted. The internal gear
profile is equidistance of the epitrochoid generated by rolling the inside of
a larger circle r, on a smaller fixed circle ;. The external gear profile is
the equidistance of the conjugate external envelope, described by circular arc
with 7. radius (see Figure 2). Figure 2 presents a meshing model of the gerotor
pump gears. Theoretical trochoidal meshing profiles have as many contact
points, as the number of teeth z of the external gear. When modeling teeth, as
well as for simulating meshing, it is necessary to generalize the equations of
the profile points coordinates applicable to all teeth. The internal gear profile
(Figure 2) is defined by coordinates of the contact point P; in the coordinate
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Figure 2 Gerotor pump gears meshing model.
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system of the trochoid Oy z; y; using the following equation:

acgl) = e{z)\cos [Ti+ ¢} — COS Zl/fl — CCOS [71;4— L ‘1‘51']}
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where the subscript denotes that considered point belongs to a profile, while
the superscript indicates the referent coordinate system.

In Equation (1), A is the trochoid coefficient which defines the relation
between the trochoid radius and moving circle radius, A = d/ez, c is the
equidistant coefficient, which defines the relation between the equidistant
radius and eccentricity, ¢ = r./e, 7; = 7(2¢ — 1)/z and 9 is the leaning

angle:
sin(; — 1)
A — cos(1; — )

In the coordinate system O s yy, Equations (1) are transformed into
form that defines the contact line of meshing profiles:

2

0; = arctan

xg) = {zAcos[r; =] — 1 — ccos[r; — ¢+ §;]}
yg) = e{zAsin[r; — 9| — csin[r; — ¥ + ]} 3)

And in the coordinate system of the envelope O,x,y,, they define the
external gear profile:

(a)

xrp = e[zAcosT — ccos(Ti + 0i)]
yg) = e[zAsinT — esin(n + ;)] 4)
The following relations apply to the considered model of the gerotor
pump in which the shaft is connected to the internal gear: ¢, = —t and
dSOt = fild@a-

Procedure for Improving Gerotor Pump Performance

Problem Description

Basic requirements set for the gerotor pumps are to provide needed capacity,
pressure and reliability, with minimal pump mass, minimal flow pulsation and
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less wear. The design of the gerotor pump is realized according to the required
capacity, so this is a key condition that must be met. In order for the designed
pump to correspond to the space where it is intended for, it was adopted
that the following parameters be independent: the gear width b, eccentricity
e, and radius of the root circle of the external gear rs, (see Figure 2). The
values of the external gear teeth number z, coefficients A and ¢, are varied
in order to obtain their best combination in accordance with the defined
requirements.

Geometric and Kinematic Conditions

In this section the conditions that should be fulfilled by pair of meshing pro-
files in order to be potentially applied in practice are defined. The conducted
analysis was focused on preventing several types of interference in order to
ensure the proper functioning and installation of gear pair. In order to obtain
a profile with improved characteristics, conditions are defined that prevent
extremely high values of specific sliding and ensure uniform wear of the
flanks of the teeth of meshing gears, from the aspect of kinematics. These
geometric and kinematic conditions for trochoidal gearing design are given
in the Table 1.

In the Table 1 parameter S, is root circle of the external gear coefficient,
Spa = o,

The main criterion is fast generation of the optimal combination of geo-

metric parameters, from the aspect of minimizing the maximum equivalent

Table 1 The geometric and kinematic conditions for trochoidal gearing design

No. The Limit to Prevent/Achieve Condition/Formula
1. The trochoid does not have peaks A>1
2 The higher chamber volume 1<A<2
3. The correct gear assembly c>2
4 The contact line loop appearance c>z(A—1)
5. The gear profile undercutting c< Z\/(zfm A2 —-1)(z—1)
6. The interference of the neighboring external gear c< zAsin 2
teeth profiles
7. The interference of the meshing gear teeth profiles c=Xz+2—- S5,
8. The uniform teeth wear at the point with the c= ;if;\_)j

highest sliding velocity
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Table 2 Design parameters of the gear sets geometry
Gearset =z A c Sta e(mm) b (mm)
Model 1 1.575 395 175 3.56 16.46

6
Model2 6 1375 275
Model3 5 1.850 3.75

curvature of the meshing gear tooth profiles, defined by the following
equation:

_1
. . - [ Zp -2 -] T -1

(2A+2— Sfq)? { [

=0

=

2
z %(2—1)()\2—1)} —Z/\—2+Sfa}

4)

Improving Commercial Pumps

Three representative models were selected in this section. One of them is
commercial, Model 1, and the other two, Model 2 and Model 3, were obtained
as a result of applying the methodology developed for optimal design [16],
in order to improve the existing gerotor gear set design of lubrication pump,
capacity of ¢ = 14 cc/rev and working pressure of Ap = 0.6 MPa. Table 2
shows design parameters of the gear sets geometry.

For all three gear sets the material properties are: Young’s modulus, £ =
2 - 10° MPa and Poisson’s ratio, v = 0.3. Other parameters are input angular
velocity, w; = 507 s~! and technological clearance, € = 0.07 mm.

Pump Performance Indicators

According to the previous sections, the parameters that determine the gear
teeth profile, and thus the performance of the gerotor pump, have been
identified. Three indicators are used to evaluate the pump performance, and
to perform the improving procedure: the flow rate irregularity ¢,, the wear
rate proportional factor (WRPF) and the chamber pressure variation Ap;.

Volumetric Characteristics

In order to obtain a functional dependence that would provide the design of
a pair of pump gears, based on the required pump capacity, a mathematical
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model of the volumetric characteristics of the gerotor pump was developed.
First, the instantaneous pump chamber volume was considered [17] and then,
the following formula to determine the theoretical volume variation in the
active chamber is obtained:

i . . 2m
dhi = wibe’z {2)\ sin = sin (m - 1/})

dt z z
c 9 1 Ti+1
—— [T+ X =2Xcos (1 —¥)]? (6)
z Ti
Further, the formula for determined the theoretical flow of a gerotor pump
is defined: "
dv;
-3 %
=m
Finally, the equation for calculating the pump capacity is obtained:
n 27 O
q = be?z? Z {2/\sin7r/ sin <m — w> dy
: ZJo z
=m
27
_<£ / [1+ A2 — 2X\cos(T — w)]éliiﬂdw} (8)
ZJo

where m and n are the ordinal numbers of starting and the final chambers
which can be found at the same time in the thrust phase.

Flow Rate Irregularity
As an indicator of flow non-uniformity, the flow rate irregularity J, is used,
which is calculated by the formula:

o Qmaw — Qmin
Qave

where Q4. 1s the maximum flow rate, Q,,;, is the minimum flow rate and
Qave 1s the average flow rate [15].

Figure 3 shows diagrams of the gerotor pump volume characteristics with
gear set Model 2 and Model 3 as a function of external gear rotation angle,
based on which their size and variation can be observed.

The differences of pump flow variation for both considered six-chamber
gear sets, are negligible [18]. This is confirmed by the calculated values

dq &)
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Figure 3 Volumetric characteristics for Model 2 and Model 3.
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of the flow rate irregularity, which for both six-chamber models amount to
dq = 10%. For a five-chambers pump model, the value 6, = 9.7% was
obtained, which confirmed that pumps with an even number of chambers
have higher pulsations, and therefore it is recommended to choose an odd
number of working chambers in pumps designing.

Wear Rate Proportional Factor

The wear of the Gerotor pump rotor is affected by the sliding velocity
and Hertzian contact stress. Therefore, it is convenient to use the Wear
Rate Proportional Factor (WRPF) to study both the sliding velocity and
Hertzian contact stress. WRPF proposed by [14] is proportional to the wear
rate between the rotor of the Gerotor pump in quasi-static and dry contact
conditions [13], and is defined as follows:

OnUs

WRPF = 10)
Wt
where o, is the contact stress, v is sliding velocity at the contact point:
Vgi = ewy {z[1+)\2—2)\00s(n—1/1)]% - E} (11
z

and wy is angular velocity of the internal gear.
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For contact stress calculation, when the gears are made of the same

material, £y = F, = E and vy = v, = v, the following expression is
evaluated through the classic Hertz theory [19]:
1.57F;FE

R 12

In Equation (12) F,; is normal force of the gear pair at the i-th contact
point which is formulated as:

MFn(Ot) sin (077

13
e(z—1) gsziHQOan (13)

Fni:

where p and ¢ are the ordinal numbers of the initial and the final tooth of
the external gear that transfer the load, a,; is the angle between the axis
xy and the normal CP;, and Mp, o,) is the total moment of normal forces
with respect to the gear center that is equal to the sum of drive moment and
pressure force moment with respect to the center of the internal gear [17].

In Equation (12) pequ; is equivalent radius of curvature of meshing
profiles at the the i-th contact point which is calculated by the following

formula: Tepei
crct
Pequi = (14)
e Te + Pei
where r. is radius of curvature of the external gear tooth profile and p.; is
radius of curvature at the current point of the internal gear tooth profile, which

is determined by the following equation:

3/2

ez[1 + A2 — 2\ cos(T; — ;)] _r, 15)

24+ A2 = Az +1)cos(ry — ;)

In order to create conditions that reduce contact forces, and thus reduce
wear, the forces and moments that affect the gerotor pump gear pair are
analyzed. Based on the analysis and the developed methodology, a program
was made in the software package Mathematica for the identification of teeth
in contact and calculation of sliding velocity, contact forces, contact stresses
and WRPF in the trochoidal pump gear set. Figure 4 shows values of the
contact force and the contact stresses, and Figure 5 shows WRPF, of the
different angular positions during one working process phase, obtained by
the analytical calculation for three considered gerotor set models.

The diagrams show that the newly generated Model 3 gives the lowest
value of the maximum contact stress compared to the value obtained in the

Pci =
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Figure 4 The contact forces and contact stresses for: (a) Model 1 and Model 2, tooth 1 (b)
Model 3, tooth 1 and tooth 3.

T 6E+05
— — Model 3, Tooth 1
6E+05 Model 1 S E0s odel 3, Too
SE+05 = ——Model 2 —— Model 3, Tooth 3
g 4E+05
4E+05
. E 3E+05
= 3E+05 e
2E+05 2E+05
1E+05 1E+05
0.E+00 T
0 10 20 30 40 50 60 P ——

External gearrotation angle, ®

External gearrotation angle, ®

(a) (b)

Figure 5 Wear rate proportional factor (WRPF) for: (a) Model 1 and Model 2, tooth 1, (b)
Model 3, tooth 1 and tooth 3.

commercial pump Model 1, up to 35%, while the lowest value of the WRPF
factor obtained in Model 2, approximately 14% compared to Model 1.

Pressure Variation in the Pump Chambers

Pressure variation due to the fluid flow

In a gerotor pump the fluid distribution is done through the holes with variable
fluid flow area, because it is assumed that fluid flow area is equal to instanta-
neous chamber area. This assumption led to expression for calculation of the
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pressure variation Ap; during the fluid flow in the active chamber C; in the
following form [17]:

(16)

2 72

A2 | dt

where p; is the fluid density and A; is the instantaneous chamber area.

Based on calculated pressure variation Ap;, in the pump chambers, the
following equations for chamber pressure calculation could be written: for
the inlet chambers, p; = pin — Ap;, and for the outlet chambers, p; = pout +
Ap; [171.

Pressure variation due to clearance

The previously described research considered a theoretical trochoidal profile
with assumptions about ideally accurate geometry. However, in real pump
designs, the tooth profiles are made with technological clearances, which are
necessary to allow proper assembling and meshing of the gears. In order
to model of the meshing of profiles with clearance it is adopted that a real
profile of the internal gear was obtained by a modification of the trochoid
with constant difference increased by the clearance size, € (see Figure 1),
[20, 21].

The inevitable gaps between the tooth profiles lead to the occurrence of
fluid leaks between adjacent chambers. Only losses due the fluid pressure
and losses due to the working fluid viscosity (as a consequence of adhesion
forces, fluid particles are paste to the side of gear tooth) are considered [21].
When considering the flow variation in pump chamber C;, it is assumed that
the flow Q(;;,); that comes from the adjacent chamber is positive (inflows
into the chamber C;), while the flow Q,,); is negative, since it is pushed
from the chamber C; to the adjacent chamber. The flowing of the fluid
through the gap between the profiles of the teeth is caused by the difference
of pressures between the two adjacent pump chambers. To calculate these
losses, a hydraulic fluid flow model through rectangular notch with variable
dimensions is adopted. Basic geometrical relations for determining the height
of the gap between gear profiles are presented in [18]. For calculating the
gap height, the internal gear profile is approximated by a circular arc of the
radius p.; which is equal to the radius of curvature of trochoid profile at
the point Py;, with technological tolerances € [2]. On the basis of this, an
equation can be written for calculating the height of the gap in following

form:
hi(2) = (hmin)i + 7e + pei — /12 — 22 F \/pgij (17)
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In Equitation (17) the sign “—” refers to the convex, and the sign “+”
is refers to the concave zone of the profile, A,,;, is the minimum clearance
between gear profiles [18].

In a limited segment defined by [—a, a] around A, the cross-section of
the gap between profiles of gears through which fluid flow can be modeled
with rectangles of constant dimensions. For the limit value of a, the value of
coordinate x are used for which related gap height according to Equation (17),
which is not much larger than h,,,;,, means © = a — h & hpi,. In order
to make a deviation from the accurate calculation of cross-section surface
negligible, limits of the relative error are set in advance, in particular:

P, - P,

a

100 < 2%, (18)

where P, is the value of the real surface of the cross-section of the gap
and P, is the approximate value of surface obtained by approximating the
geometrical form of the gap.

Upon the analysis presented in [21], the final form of equation for the
calculation of flow rate through the gaps between related profiles of gears for
the considered active chamber C; can be obtained:

(Ur)iJrlb(hmin)iJrl (Ur)ib(hmin)i

Qix = 5 = 5
B b(hmin )3 [pi — pi—1] _ b(hmin)? 11 [pi — Pist1] (19)
24na; 24na;+1

where 7 is fluid dynamic viscosity.

Volumetric losses significantly affect the pressure variation in pump
chambers. According from Equation (15) and taking into account the flow
losses defined by (19), an expression for calculating the pressure change
in the chamber depending on the gap height between the tooth profiles is
obtained:

Api(g) = %[Qi + Qi) (20)

The analysis of the influence of the trochoid coefficient and the gap height
on the pressure change in the pump chambers as a function of the external
gear rotation angle for the ideal and real tooth profile is graphically shown in
Figure 6, for Models 1 and 2, and in Figure 7, for Model 3.

In the legend in Figures 6 and 7, the index ¢ refers to the theoretical profile,
and r to the profile with the technological clearance.
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Figure 6 Chamber fluid pressure diagram variation for Model 1 and Model 2: (a) in the
chambers 2 and 3, (b) in the chambers 5 and 6.

Comparative diagrams are given only for the transition zone between the
suction and thrust phases due to significant pressure differences. Based on
the presented diagrams, it can be concluded that with the presence of the gap,
the size of the changes is larger, but the trend is maintained that with the
increase of the coefficient A, the size of these changes increases, for six-
chamber models. By comparing the shown diagrams for six-chamber and
five-chamber pump, it can be noticed that the trend of pressure change in
the chambers is similar, but the maximum values are lower in five-chamber
Model 3.
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Figure 7 Diagram of the chamber fluid pressure variation for Model 3: (a) in the chambers
2 and 3, (b) in the chambers 4 and 5.

Based on the presented results, it can be concluded that the influence of
the gap on the pressure change is greatest at the end of the thrust zone and
entry into the suction zone, which can be explained by the largest pressure
difference between adjacent chambers. The highest pressure values change
are achieved at the beginning of the considered phase period, in chamber 6,
in the Model 1.

Experimental Validation

The experimental testing of gerotor pump with three considered gear sets was
done in laboratory with real operating conditions simulation (see Figure 8).
The layout of the test rig was in accordance with the hydraulic circuit shown
in Figure 9. The tested gerotor pump was driven by electric motor up to 2.2
kW. The working medium of the pump was SAE 15W30 mineral oil, and
the oil temperature was maintained within 40 £ 2°C. The speed is adjusted
by a speed controller and measured by a contactless tachometer. In doing so,
three values of the pump rotational speed were varied (500 rpm, 1000 rpm
and 2000 rpm).

A vacuum gauge was used to measure the intake pressure of the pump
working fluid, while a pressure gauge was used to measure the discharge
pressure of the working fluid. The test rig enabled measurements of the outlet
flow rate by a flow meter. Measuring the pump flow rate was performed at
the discharge pressure of the pump from O up to 1 MPa in increase steps of
0.1 MPa.



Improving Gerotor Pump Performance Trough Design, Modeling 341

; | speed controller

;"f‘ é %torque meter
j AEY | RN

Figure 8 Gerotor pump test rig.

Nl |

| [N |
(D-O=O D@ Hnls
® @ @] ® |

Figure9 ISO schematic of test rig: 1-tank, 2-cooler, 3-heater, 4-filter, 5-oil level indicator, 6-
temperature gauges, 7-ball valve, 8-vacuum gauge, 9-motor, 10-tachometer, 11-torque meter,
12-tested pump, 13-safety valve, 14-pressure gauge, 15-valve, 16-flow meter.
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Figure 11 Volumetric efficiency diagram.

The measurement results of the pump flow rate and volumetric efficiency,
as a function of discharge pressure, are shown in the Figures 10 and 11,
respectively. Based on the shown diagram, it can be observed that there is
a linear relationship between the flow rate and the discharge pressure, and
the output flow was approximately 13 I/min at 1000 rpm, which is about 7%
less than the calculated value pump capacity (14 cc/rev). In addition, it was
observed that the value of the volumetric efficiency is higher for the Model 2
and at higher rotational speed.

The deviation between the calculated and experimentally measured flow
was found during the experiment, but as the pumps tested on the same device
from the regular manufacturing process showed the same difference, the
newly made model was considered to satisfy the experimental validation and
as such could be to use in practice.
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Conclusions

Gerotor are low pressure pumps in which one of the negative occurrence is
wear and consequent increase of the gap between the coupled tooth profiles,
which can lead to fluid losses, then additional dynamic forces, reduce stability
and increase noise and vibration. In order to reduce these negative effects, rel-
evant geometric parameters were identified, as well as indicators for assessing
the effects of changes in geometric parameters on pump performance. For
this purpose, geometric-kinematic constraints have been formulated and a
mathematical model for defining the volumetric characteristics of the gerotor
pump has been developed. Also, the procedure for calculating volume losses
and pressure changes in the pump chambers due to the gap between the
meshing tooth profiles is defined. A factor WRPF was adopted as a parameter
of profile wear sensitivity.

By applying a defined mathematical model, through the variation of
influential parameters and simulation of operating conditions, three gear sets
of were selected, one of which is commercial, and the other two proposed
improved solutions. The obtained results showed that with six — chamber
pumps of the same width and foot diameters of the external gear, there are
no significant changes in volume characteristics, while with five — chamber
pumps, a smaller flow irregularity was confirmed. It was shown that the
highest values of pressure change were achieved at the end of the thrust
zone and the suction zone entry in chamber 6, in the commercial model.
Also, the newly created five — chamber model gives the lowest maximum
contact stresses compared to commercial pumps, up to 35%, while the highest
WRPF factor was obtained in the newly created six — chamber model,
approximately 14% compared to the commercial ones. The experimental
results, along with all other presented results, were confirmed that more
beneficial indicators are derived from the six — chamber model proposed
as a solution with improved characteristics compared to the existing com-
mercial ones. Future work will be focused on including the influence of
the coefficient of friction and material type of gerotor gear set on the pump
performance.
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