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Abstract. This paper presents an analysis of the load digtab in the trochoid pump with the
planetary movement of the impeller. There are aolfotheoretical and numerical analyses
conducted for the gerotor of the pump with fixegigons of the gear axis. Design of planetary
gerotor pump has a different load distribution tiganotor with fixed axes. A planetary gerotor
consists of a fixed outer gerotor gear with intergearing and inner gear with an external
gearing. The centre axis of the inner gear hascaller motion around the central axis of the
fixed gear, because of the eccentricity on driveftsiThe special shape of the gerotor teeth
forms chambers with varying volume that allows filo& and pressure of the fluid. During the
pump working process the forces of different dim@tiand intensity are present in each of the
working chambers. It is necessary to determingothesure in each of the chambers in order to
obtain the load model of the gerotor. Load modell whable the calculation of load
distribution in the zone of the maximum contacesses. This calculation should help in
dimensioning of the pump and the achievement débeerformance characteristics.

1. Introduction

The principle of trochoidal gears meshing is edentito the principle of the classical planetary
mechanism with parallel axes, with most of the glesolutions applying epicyclic motion, which
enable gain of high transmission ratios and comgastgn [1]. For pumps with internal trochoidal
gearing, the profile of one gear is defined by wd (curve from the cycloid family), while the
meshed profile is an appropriate inner or outeretpe. Because of the specific geometry, the entire
profile can be applied for meshing. Equidistant ification provides a profile with better functional
characteristics. These advantages are used iresiigndof the gerotor pumps.

Gerotor pumps have wide application in various hytic systems, including vehicles [2] and flow
meters [3], because they have numerous advantaggs as: compact design, small pulsations
(therefore lower noise), precise and stable operatt high speeds. Although they have simple design
they are complex from the kinematics aspect andire@dditional study, particularly a gerotor pump
with planetary movement of the gears. In the last flecades, a large number of papers have been
published covering all the main aspects in theare$efield of the gerotor pumps. The most important
investigations of the hydraulic pump parameters given in [2], [4], [5], the model of computer
dynamics of the fluid could be found in [6], andbfile of the gears in [7]. Research of the gap
calculation between the teeth profiles is preseintd8]. Significant publications that relate thieess
in the teeth contact of the trochoidal meshing[@+&1]. The problems of friction in cycloidal geagi
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were investigated in [12], [13]. The precise caitiain of the cycloid rotary pump flow and the flow
rate irregularity is described in detail in [14].

Requirements in terms of pumps performance ares@simgly stringent in modern industrial
applications. In addition, the environmental pratet standards prescribe the development of
hydraulic systems without any noise and withoukégg of the fluid. Taking into account the quality
of the gerotor pumps and the challenges they faceodern applications, as well as the requirements
of the standards, the authors have developed acoreept of the gerotor pump whose prototype has
been presented in the paper [15]. New topics ml&begerotor pumps and trochoid gearing are,
generally, numerical approaches supported by exgeatial investigation [16], [17].

This paper investigates the forces and momentsaittabn the gear pair of gerotor pumps with
planetary movement of the inner gear. In that cigeinner gear is mounted on the drive shaft, avhil
the outer gear is fixed. The main objective of thmalysis is to set up a force model, which would
further enable the definition of conditions for vethg contact forces. The reduction of contactderc
would reduce the wear. The problem of determinhng ¢ontact forces is complex since the load is
transmitted simultaneously at several points otacin In addition, the pressure forces of the fhiiakt
act on the tooth side of the gears are considevbdh depend on a large number of influencing
parameters. For these reasons, a simple physicdélnamd an appropriate analytical method were
applied.

2. Load analysis of thetrochoid pumpswith planetary movement of working elements

For the analytical determination of the fluid prassforce, Hall's method is presented, which is
described in the reference [18]. It is necessargmphasize that the basic aim of the researchisn th
chapter is to define the load distribution, so aertapproximations can be accepted in the force
calculation.

During the pump working process, the forces ofedédht intensity and direction are acting in each
of the working chambers, as a result of the pressfirthe fluid. Modelling of the gear pair loads
requires the intensity of the pressure in each tearat an arbitrary point. For the force calculatid
the fluid pressure in the pump operating chamk@ermpdel shown schematically in Figure 1 is being
considered. In addition, the following assumptians introduced:

= the working fluid is incompressible,

= there is no friction between fluids and surfaces/ofking elements,

= there is a change in pressure in each chambereslh of changing the current volume of the

chamber,

= each opening of the valve is modelled as a damjikrtiae same discharge coefficiely
Compressive forces in each of the chambers, as agetheir resultant, will be defined via their
projections onto the axis of a stationary coordirgtstem of the envelope. The position of the inner
gear at the arbitrary time is determined by thetjpmsof the reference line with the use of angle

When the gears are rotating, the intensity ancttiome of the force change is related to the change
in pressure in the working chambers. Starting fribim above assumptions, a general pattern for
determining the flow in the chambi€rcan be writterj19]:

_dV . 2m
Q= o Cp/\)[ P } (1)

whereAp, is the pressure drop due to the flow of liquidjs the cross-sectional area of the opening of

the distribution valve ang; is the fluid density.

During the suction phase, the volume of the chanm@eases and the current geometric flow is
positive. Therefore, the following expression fetetmining the geometric flow for the chamisgin
the suction phase can be written:
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During the discharge phase, the volume of the cleamlbcreases and the current geometric flow is
negative. Therefore, the following expression canabitten for determining the geometric flow for
the chambek; in the discharge phase:

Q =—Cpﬂ{—2(p' : p""t)} ©

Ps

N

Based on equation (2), the expression for detengitfie pressure for the chamlibgiin the suction
phase can be written:

Ps [dV/dt]2
P = Pus oo (4)
%a’
I.e., according to equation (3), in the dischargase:
Py [dv/dt]?
P= P 5 ®)
d 2C2A

The pressure force in the chamber is a continuoree fthat can be represented by an equivalent
concentrated pressure forgg,, which attack line coincides with the symmetreliof the pathP.P,,,
connecting the two adjacent points of contact far dbserved chamber, as shown in Figure 1. The
equivalent pressure force in a chamber can be ss@dan vector form as:

F = pbk,x (PP, )® (6)

VectorP,P,,, that connects the two consecutive points of cortantbe expressed as the difference of
the position vector of those points in the coortreystem of the enveloi®Xayaz.:

Figure 1. The pressure forces of the fluid acting on the
inner gear in an arbitrary position.



KOD 2018 IOP Publishing
IOP Conf. Series: Materials Science and Engineering 393 (2018) 012049 doi:10.1088/1757-899X/393/1/012049

(a) - (a)

(PP =1 —rf = yé;’ii yé;’” (7)
0

When equation (7) is included in equation (6),fthilowing is obtained:

ia ja ka
F@ =pb| 0 o a|=pblbR -yl b -x0)i] @
Xou "X Ya, Ve O

The vector position of contact poiRt in the coordinate system of the envelope, can ligewrin
the form of the following matrix expression [19]:

_e{lecos— ccos{ﬂ(2I +d}}
||| darsn 20 o 120 5] o

1

where:

sin[ﬂ(2i = 1//}
J = arctan z

A= co{”(Ziz_l) —1//}

Angle 7 between the symmetry line of the teeth of the edlegear and the coordinate axiscan
be expressed as [19]:

(10)

7, = ”(Ziz_l) (11)

while, for the adjacent profile, this angle canch&ulated using the following expression:

nzi+1
Tin -2+ (12)
z
Starting from equation (9), and taking into accoequations (10), (11) and (12) and applying the
corresponding transformations, a final equatioobtained for the pressure force of the fluid in the
chamber;:

Tiv

sing — Asinr

- pb 22/]Sin7—TcoSZ_”+C :
Z —
[1+/12 —2xlcos(r—¢/)]z‘r
Fl()?) = 27i J Ti+1
- pb ozhsinLsin2® — o COY —Acox
z z

(13)

[1+ A2 =2Acodr —1//)]% ‘T
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The resultant of all pressure forces acting orirther gear is obtained as their vector sum:
q
F,=> Fu (14)
i=p

with its acting point coinciding with the pitch poiC.
The torqueM acts on the inner gear and it is equal to the sithe equivalent pressure forces in
the chambers:

M® =Mk, ZM @ (15)

According to the adopted convention, force momantscalculated in relation to the instantaneous
pitch pointC. Therefore, the moment of force equivalent to phessure in the chamb&t can be
expressed as the following vector product:

M =Cs® xF (16)

whereS§ is the middle vector poiP,,, (Figure 1). Based on the geometric relationsmpSigure 1,
the following vector relationships can be written:

CS, =CP, +PS a7)
1
RS =2 PPus (18)
PP :CPi+1_CPi (19)
and the following is gained:
cs =2[cr.+cr) (20)

Applying the rules for vector summation, the follogyis obtained:

1

2 (Xéii +Xeh )i+ (yéif Y )i (1)

If equation (19) is replaced by the equation (8¢, @quivalent pressure force can be expressed as:
F = pbl (v, -y )i, +(x2, -x2)i. | (22)

Substituting equations (21) and (22) in equatid),(the moment of force equivalent to the pressure
in the chambekK; can be expressed in the form of the followingtreta

i i k

M@ = %[Xéap)l X5 } [ycplﬂ Yon J 0

pi

cs® =
1

(23)

-pb| v -¥% | pbx X3 | o
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which can be presented in a simpler form as:
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Based on the equation (24) and using the trigondenétansformation, the final expression for
determining the intensity of the moment of presdaree in the chambéd¢; can be written:
2 . 1 Tia
M, = pbe’z’ 2)Isin7—ZTsin(7n—z//J —%[1+/12 -2 cos(r—z//)] 2 (25)
Ti
Starting from the law of conservation of energythie system, a connection can be established
between the drive torqud)., and the resulting torque of equivalent pressareek relative to the
pitch point,M. For the considered configuration of the pumpais the following form:

M,=-M (26)

Based on the analysis, it can be concluded thati@npumps with planetary motion of working
elements, the overall momentum of fluid pressuitgaianced by drive torque. Unlike the pump model
with fixed axes shafts, where equations of equiifr contain support reaction force [19], in the
observed model with planetary motions, fluid presdorce is balanced by the resultant of the cdntac
forces. From this condition and the equations ¢dt@e of forces acting on the gears, it is posdible
determine the distribution and size of the confiacte.

3. Results

In this part of the paper, the application of treveloped mathematical model for the trochoidal
gearing loads calculation for the particular calsgear pair will be presented. Parameters reqdoed
calculation are as follows = 6,e = 3.56 mm,b = 16.46 mmA=1.375,rc = 9.79 mm ¢ = 2.75),
C,=0.63, A;=178 mn3, 4p = 0.6 MPap: = 900 kg/m, m= 1500 rpm an@:=50r s*. The results were
obtained by testing the computer programs basesathematical model for the adopted parameters
of the gear pump, and graphically presented irfdli@wing figures. Figure 2 shows the fluid pressur
force diagram, and Figure 3 shows the resultinguerof fluid pressure force, depending on the drive
angley. Figure 4 shows the current pressure forces inrtieidual chambers of the pump, on the
basis of which their size and the course of theangies can be perceived. The results are presasited
a function of drive angley, for a period corresponding to the phase diffeeebhetween the two
adjacent chambers, ig, =277/ z, as well as for the period of a revolution of ¢iire shaft (Figure 5).
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Figure 2. The resultingforce of the fluic Figure 3. The resulting torqueof fluid
pressure force. pressure force.
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Figure 5. The fluid pressure forces in the pump chambersghifull
rotation of the drive shatft.

4. Conclusions

One of the basic problems in the design of intetrithoidal gearing is the impossibility of wear
compensation, which occurs as a result of largeacbistresses in certain phases of meshing. Related
to this assertion, one of the objectives of theepapas to define the initial conditions that would
further mitigate the reduction of maximum contaotsses by changing the geometrical parameters of
the teeth profiles. This had required a detailedlyeamis of the forces and moments that act on the
toothed pair of the trochoid rotary pumps. The wigtd results of this research can be used to amalys
the load distribution at the simultaneously mestwath pairs and its impact on the strength of the
teeth side. Such an analysis would be carried pul® finite elements method (FEM) in some of the
PLM software. In carrying out such analyses, tharigg parameters, given in Chapter 3 can be
varied, in order to obtain the optimum geometrytlud gearing, which would reduce the contact
stresses. These possibilities will be the subjéfiitare research.

Acknowledgments

This paper is a result of the research activit@sdacted under the projects "Sustainable developmen
of technology and equipment for motor vehicles oling" TR35033 and "Investigation and
development of Serbian zero-net energy house" TRR3Which are financed by the Ministry of
Education, Science and Technological Developmetti@Republic of Serbia.



KOD 2018 IOP Publishing
IOP Conf. Series: Materials Science and Engineering 393 (2018) 012049 doi:10.1088/1757-899X/393/1/012049

References

[1] Maiti R 1991 Active Contact Stresses at Epitroch®&herated Rotor-Stator Set of Fixed Axis
or Equivalent System ROPIMA Type Hydrostatic Uniksyrnal of Engineering for Industry
113(4) 465-473

[2] Manco S, Nervegna N, Rundo M, Armenio G, Pachettar@ Trichilo R 1998 Gerotor
Lubricating Oil Pump for IC EngineSAE Transactions 107(3) 2267-2284

[8] Liu S, Ding F, Ding C and Man Z 2014 A High-PressuBi-Directional Cycloid Rotor
Flowmeter,Sensors 14(8) 15480-15495

[4] Ivanovi L, JosifovE D, lli¢ A and Stojanovi B 2013 Analytical Model of the Pressure Variation
in the Gerotor Pump Chambefgchnics Technol ogies Education Management 8(1) 323-331

[5] Rundo M and Corvaglia A 2016 Lumped Parameters MafdeCrescent Pumgnergies 9(11) 876

[6] Garcia-Vilchez M, Gamez-Montero P, Codina E, ClesH, Raush G, Freire J and Rio C 2015
Computational Fluid Dynamics and Particle Imageo¢ihetry Assisted Design Tools for a
New Generation of Trochoidal Gear Pumfdyancesin Mechanical Engineering 7(7) 1-14

[7] Demenego A, Vecchiato D, Litvin F L, Nervegna N aidnco S 2002 Design and Simulation
of Meshing of a Cycloidal Pumpjechanism and Machine Theory 37(3) 311-332

[8] Ivanovi L, DevedZt G, Cukovi¢ S and Miré N 2012 Modeling of the Meshing of Trochoid
Profiles With Clearancesgpurnal of Mechanical Design 134(4) 041003-1-041003-9

[9] Gamez-Montero P J, Castilla R, Khamashta M, CoHi2806 Contact Problems of a Trochoidal-
Gear Pumplnternational Journal of Mechanical Sciences48(1) 1471-1480

[10] Ivanovi L 2016 Reduction of the Maximum Contact StresseSHanging Geometric Parameters
of the Trochoidal Gearing Teeth Profildgccanica 51(9) 2243-2257

[11] Ivanovi L, Raki B, Stojanow B and Matej M 2016 Comparative Analysis of Analytical and
Numerical Calculations of Contact Stresses at Rotalt Elements of Gerotor Pumpg¥pplied
Engineering Letters 1(1) 1-7

[12] Ivanovi L, Josifove D, lli¢ A and Stojanovi B 2011Tribological Aspect of the Kinematical
Analysis at Trochoid Gearing in Contadburnal of the Balkan Tribological Association 17(1)
37-47

[13] Blagojevic M, Ko¢i¢ M, Marjanovi N, Stojanow B, Pordevi¢ Z, Ivanovi L and Marjanou
V 2012 Influence of the Friction on the Cycloidadeéed Reducer Efficiencypurnal of the
Balkan Tribological Association 18(2) 217-227

[14] Zhenxing R, Chunyan L and Yulong L 2015 Flow Chgeastic and Trapping Characteristics
of Cycloid Rotor PumpThe Open Mechanical Engineering Journal 9

[15] Gamez-Montero P J, Castilla R, Codina E, Freifdaratdé J, Sanchez-Casas E, Flotats | 2017
GeroMAG: In-House Prototype of an Innovative Seal€dmpact and Non-Shaft-Driven
Gerotor Pump with Magnetically-Driving Outer Rot&nergies 10(4) 435-448

[16] Raush G, Gamez-Montero P J, Castilla R and Cod2@1EZ Experimental Study on the Impulsion
Port of a Trochoid Wheeled Punipw Measurement and Instrumentation 55 13-22

[17] Blagojevic M, Marjanovic N, Djordjevic Z, StojanavB, Marjanovic V, Vujanac R and Disic
A 2014 Numerical and Experimental Analysis of thgcloid Disc Stress Stat@echnical
Gazette 21(2) 377-382

[18] Shung J B and Pennock G R 1994 The Direct Contattiém in a Trochoidal-Type Machines,
Mechanism and Machine Theory 29(5) 673-689

[19] Ivanovi L, DevedzE G, Miri¢ N andCukovic S 2010 Analysis of Forces and Moments in the
Gerotor Pumpsiroceedings of the Institution of Mechanical Engineers, Part C: Journal of
Mechanical Engineering Science 224(10) 2257-2269



