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Abstract

Introduction. The performance and reliability of gerotor hydraulic machines depend on the geometry of the cycloidal
gearing profile. The existing methods of calculating and optimizing the profile parameters are cumbersome, multi-
criteria and difficult for practical application. Therefore, the problem of creating the methodology for calculating the
parameters of the gerotor machine profile suitable for engineering calculations at the stage of conceptual design is a
challenge. In this regard, the objective of this work was to modernize the methodology for designing the geometry of
the profiles of the end section of hypocycloidal gears used in gerotor hydraulic machines, and to analyze the
possibilities of their optimization during preliminary design. In the course of the study, the Mathcad computer
mathematics system was used; numerical experiments were carried out to study the influence of geometric profile
parameters on the performance and operability of the gerotor hydraulic machine, based on the data obtained and
analyzed; recommendations for the design of optimal profiles of the end section of gerotor hydraulic machines were
developed.

Materials and Methods. Materials included known methods of profile parameters calculation, based on application of
classical formulas of hypocycloidal equidistant used for outlining profiles of teeth of working elements of gerotor
machines. The basic research method was modeling the gerotor machine profile using Mathcad computer mathematics
system. Calculated data were obtained for the selected ranges of varying parameters, processed through the univariate
regression analysis.

Results. An algorithm for analyzing the tooth profile smoothness was developed. Two target parameters were defined:
the cross-sectional area of the end profile, which affects the productivity; the smallest reduced radius of contact that
determines operability of the working body. A technique for calculating the target parameters at the early stage of
design was proposed. A number of optimal values of profile parameters according to the criteria of productivity and
operability of gerotor machine was obtained. The dependences providing the optimum values of profile parameters at
the stage of designing were constructed.

Discussion and Conclusion. The developed methodology makes it possible to obtain an assessment of the performance
and operability of the gerotor hydraulic machine at the design stage of the working body. The research results can be
used in mechanical engineering when designing gerotor hydraulic machines in order to improve their technical and
operational characteristics.

Keywords: hydraulic machine, gerotor gearing, hypocycloid, rotor, stator, contact, open area

Acknowledgements: the authors would like to thank all the parties to the agreement for their assistance in conducting bench tests.

Funding information. The research was carried out within the framework of the state-funded R&D AAAAA20-
120012190068-8 “Study. modeling and development of innovative designs of machinery and equipment of oil and gas
fields”.

For citation. Kireev SO, Lebedev AR, Korchagina MV. Optimization of Geometric Characteristics of Cycloidal
Profiles of Gerotor Hydraulic Machines. Advanced Engineering Research (Rostov-on-Don). 2023;23(3):269-282.
https://doi.org/10.23947/2687-1653-2023-23-3-269-282

© Kireev SO, Lebedev AR, Korchagina MV, 2023

Machine Building and Machine Science

269


https://doi.org/10.23947/2687-1653-2023-23-3-269-282
https://doi.org/10.23947/2687-1653-2023-23-3-269-282
mailto:kireevso@yandex.ru
https://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=https://doi.org/10.23947/2687-1653-2023-23-3-269-282&domain=pdf&date_stamp=2023-09-30
http://orcid.org/0000-0001-9352-3852
https://orcid.org/0000-0002-6616-1099
http://orcid.org/0000-0001-7092-7176

http://vestnik-donstu.ru

270

Advanced Engineering Research (Rostov-on-Don). 2023;23(3):269-282. eISSN 2687—1653

Hayunas cmamos

OnTumMHu3anus reoMeTpHYecKHX XaPAKTEPUCTUK HUKJIOUAAJIBHBIX Npoduieil repoTopHbIX
TUAPOMALIMH

C.O. Kupees DX, A.P. JIedeneB ', M.B. Kopuaruna
JloHCKOM ToCyAapCTBEHHbIN TEXHUUECKUI YHUBEPCUTET, I. PocToB-Ha-Jlony, Poccuiickas deneparus
DX kireevso@yandex.ru

AHHOTaUA

Beeoenue. TIpon3BOANTENEHOCTE W HAIEKHOCTH PabOTHI TEPOTOPHBIX THAPOMAIINH 3aBHCHT OT T€OMETPHYECKHUX
mapaMeTpoB MPO(WIS TUKIOUAATHHOTO 3areruieHus. CyIIecTBYIONIIe METOIUKH pacueTa i ONTHMHU3AINH [TapaMeTPOB
npoGuIIs TPOMO3JIKUE. MHOTOKPHTEPUATBHBIC. CIOXKHBIC IS MPAKTUYECKOro NpUMEHeHHs. [lo3aTomMy akTyambHOMH
Ipe/ICTaBIsIeTCsl MpobiieMa Co3/IaHusl METOANKHU pacyera napaMmeTpoB MpoQuis pabodero opraHa repoTopHON MallnHBbI,
MIPUTOJTHOM /I MH)KEHEPHBIX PAacueTOB Ha 3Tare 3CKM3HOTO MIPOSKTUPOBaHKA. B CBsI3M ¢ 3THM Lienbio JaHHOH paboTh
SIBJISIETCSI MOAEPHU3AIINS METOANKN MPOSKTUPOBAHHS TeOMETPHU NMPodriIell TOPIIEBOTO CEYEHHs TUITOIMKIONIAIIBHBIX
3yOYaThIX 3alCIUICHUN, WCIOJIb3yeMbIX B TEPOTOPHBIX THIPABIMYCCKUX MAIIUHAX. W aHAIM3 BO3MOXKHOCTCH WX
ONTUMU3AINK TPH MPEIBAPUTEIFHOM IMPOCKTHPOBAaHWU. B Xome wmccmenoBaHus OblIa WCIIONB30BaHA CHCTEMa
KOMIbIOTepHOM Mmarematuku Mathcad, mnpoBeneHsl YHCIEHHBIE OKCIEPUMEHTHI JUIS  W3YYCHUS  BIHSHUS
TCOMETPHUECKUX MTapaMeTPOB MPOo(HiIel Ha MPOU3BOAUTEIEHOCTE U pab0TOCIOCOOHOCTh TePOTOPHON THAPABIMYCCKON
MAIIIMHBL. HAa OCHOBE ITOJIYYECHHBIX M MPOAHANM3UPOBAHHBIX JaHHBIX BHIPa0OTaHBI PEKOMEHIAINH 110 TIPOCKTHPOBAHUIO
ONTUMAITFHBIX TIPO(QHUIICH TOPLIEBOTO CEUCHHS TEPOTOPHBIX THAPABIUIECKAX MAIIINH.

Mamepuansl u memoodst. Marepuanbl BKIIOYAIOT B ce0sl M3BECTHBIE METOAMKM pacueTa IMapamerpoB MpoQuis,
OCHOBAHHBIC HAa MNPUMCHCHUHN KIIACCUYCCKUX (I)OpMyJ'I OKBUAUCTAHT TUIOUUKIION[, HMCIOJIB3YEMbIX IJId O4Y€pUYUBAHUA
npoduieil 3yObeB pabo4yMX OpraHoB TepoTOpHbIX MamnH. OCHOBHOW METOJ HCCIIEOBaHUS — MOJIEIMPOBAHHE
npoduiIs TepOTOPHOM MAIIUHBI C TIOMOIIBIO CHCTEMBbI KOMIIbIOTepHOU Marematuku Mathcad. IoyueHsl pacueTHbie
JAaHHBIE JUI BBIOPAHHBIX JIMANla30HOB BapbUPYEMbIX MapaMeTpoB. 00OpabOTaHHbIE METOJOM pPErpecCHOHHOTO
0HO(AKTOPHOTO aHATN3A.

Pe3ynomamut uccnedosanus. Pazpaboran anropuTM aHamn3a TIaIKOCTH Ipoduiei 3yopeB. OnpeeseHb! Ba IeJIeBhIX
mapameTpa: IDIOMIabh CEYCHHS TOPIEBOrO NPOQHiL. BIHUAIOMAS HAa NPOW3BOAUTEIHHOCTh. W HANMCHBIIHN
MIPUBEICHHBIA panyC KOHTAKTa. OMPEIEIIONINA paboTocrmocoOHOCTh pabouero oprana. IlpeanmoxkeHa METOAWKA II0
pacueTy NeNeBBIX MapaMeTpOB Ha paHHEW cTaaWu MpoeKTHpoBaHWs. [lomydeH psn ONTHUMANBHBIX 3HAYCHHN
napaMeTpoB MPOGMIIS 0 KPUTSPUSIM MPOU3BOJAUTESILHOCTH U PAOOTOCIOCOOHOCTH T€POTOPHON MaIHHbL, [I0CTPOCHBI
3aBUCUMOCTH. MTO3BOJIAIOMINE YCTAHOBUTH ONITUMAJIbHBIC 3HAYCHU MapaMETPOB HpO(l)I/IJ'ISI Ha CTaJIluu MPOCKTUPOBAHUS.
Obcyrycoenue u 3axniouenue. PazpaboTaHHas aBTOpaMU METOJMKA JIA€T BO3MOXHOCTh Ha dTame MPOEeKTHPOBAHUS
pabodero opraHa IOJYYUTHh OIEHKY IPOM3BOJUTEIHHOCTH U PAaOOTOCIOCOOHOCTH TEPOTOPHON TI'MIPOMAIIMHEI.
Pe3ynpTaTthl HMccneqOBaHUM MOTYT OBITH HCIOJNB30BAaHBl B MAIIMHOCTPOCHUH IPH IMPOEKTHUPOBAHHUU T'ePOTOPHBIX
TUAPOMAIINWH UIA YIIYYHICHUSA UX TEXHUKO-OKCIUTYyaTallUOHHBIX XapaKTECPUCTUK.

KaioueBble ciaoBa: TUApaBIMYCCKasd MalllnHa, IE€poOTOPHOC 3alCIUICHUE, THMINOUWKIONA4, POTOpP, CTATOP, KOHTAKT,
monagb >)KXUBOIro CCUCHUA

E.]IaFOIIapHOCTI/l: aBTOPbI BbIPAXKArOT 6Har0,£[apHOCTL BCEM Yy4YaCTHHMKaM J0roBopa 3a IIOMOIIb B IPOBCACHUU
CTCHOBBIX HCIBITAaHHH.

®unancupoBanue. Pabora BremmomHeHa B pamkax rocOwomkerHor HUOKP AAAA-A20-120012190068-8
«MccnenoBanue, MOJENMpPOBaHME M pa3pabOTKa WHHOBAI[MOHHBIX KOHCTPYKLIMI MalmMH H  000pyIOBaHHS
HedTera3oBbIX MPOMBICIOBY.

Jas uutupoBanus. Kupees C.O., Jlebenes A.P., Kopuaruna M.B. OnTtumuszaius TeoOMETPUIECKUX XapaKTEPUCTHK
[MKJIONIAIbHBIX mpoduieit  repoTopHbix ruapomammu. Advanced Engineering Research  (Rostov-on-Don).
2023;23(3):269-282. https://doi.org/10.23947/2687-1653-2023-23-3-269-282

Introduction. Gerotor hydraulic machines are increasingly being used in the construction and operation of oil and
gas wells. The reason is their structural and operational advantages, the primary of which are low delivery unevenness
for pumps or torque for motors, compact overall dimensions.

In the scientific literature, a large place is occupied by studies devoted to the operation of gerotor hydraulic
machines. The strong geometric effects of the rotor profile on the performance and reliability of screw gerotor hydraulic
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machines were noted by D. and F. Baldenko [1]. The basic unit of such a machine is a multithread screw gerotor
mechanism — a cylindrical planetary gear train of internal gearing, consisting of a stator and a rotor, with a difference
in the number of teeth equal to one. The stator profile in the end section contacts the rotor profile, forming closed
platforms. The authors also analyzed the technology of manufacturing gears.

R. lyer, V. Jatti and others investigated the feasibility of mathematical models in the design of screw pumps [2].
They also presented the results of modeling various sizes of twin-screw pumps when pumping water, a mixture of water
and air. Hong-Seok Park and Xuan-Phuong Dang proposed a CAD model optimization process using the results of CAE
modeling and Mathcad calculations [3]. Other authors (A. Lebedev. S. Kireev. M. Korchagina. S. Vlaskin. A. Efimov)
noted in their publications the effectiveness of designing various objects and processes based on parametrization and
subsequent optimization of the design according to one or more target parameters [4-6].

In their work, F.D. Baldenko and Yang Yao have emphasized that the open area does not depend on the relative
position of the rotor and stator profiles and determines the pump performance. They analyzed the effect of
dimensionless geometric profile parameters on the open area [7].

Jie Chen, He Liu, Fengshan Wang, Guocheng Shi, Gang Cao and Hengan Wu developed a finite element model of
the working body of a screw pump with a surface drive for the oil and gas industry [8]. Based on the results of modeling
and experimental tests, they concluded that the gaps in the coupling and the thickness of the stator were the two key
factors affecting the optimized target parameter — the volumetric efficiency of the pump.

New data were obtained by J. Gamboa, A. Olivet and S.H. Espin when modeling the working body of a multilobe
screw pump [9]. These authors determined a significant relationship between the sliding clearance area and the pressure
drop associated with the mechanical properties of the stator material.

Yang Yao and F. Baldenko investigated the effect of dimensionless coefficients of the end profile of a gerotor
hydraulic machine on the characteristics of cycloid engagement, which provided optimization based on geometric and
kinematic criteria [10]. I.A. Lyagov, F.D. Baldenk, A.V. Lyagov, V.U. Yamaliev and A.A. Lyagova proposed a
methodology for selecting the optimal configuration of power sections when designing sectional downhole motors,
noting the urgency of the problem of reducing the overall parameters of the screw pump length [11].

Yu.A. Korotaev, A.N. Alpatov, A.V. Sobolev and others have come to the conclusion that the most effective is mesh
profiling from the initial contour of the rail outlined by the equidistant shortened cycloid [12]. With regard to the
profiles obtained from the equidistant of an ordinary hypocycloid, the authors pointed out their major drawback: they
were built as special and did not provide for tension in the engagement. Yu.A. Korotaev and D.A. Goldobin drew
attention to the problem associated with the need to increase the performance of screw pumps, and the resulting
unacceptable rigidity conditions under the production of stators and rotors [13].

A.F. Minikaev, V.A. Pronin, D.V. Zhignovskaya, Yu.L. Kuznetsov, F.D. Baldenko, A.E. Kovalenok developed a
methodology for studying the stress-strain state of the stator during contact interaction with the rotor of a screw working
body of a hydraulic machine using CAE modeling. They have stated that the classical Hertz theory of contact
interaction cannot be applied to determine contact stresses in the rotor and stator due to a number of features: change in
the curvature of the contacting surfaces of the rotor and stator; different thickness of the elastic lining along the
circumference of the housing; presence of preload in a pair; complex planetary motion of the rotor, accompanied by a
combination of friction rolling and sliding; displacement of the radial force vector relative to the normal at the point of
contact.

Summing up the review of scientific publications on the design of a gerotor hydraulic machine, it should be noted
that most researchers in this field strive to improve the efficiency of this machine by increasing the open area and
reducing the overall dimensions of the working body. Optimal results were achieved by applying and varying the
coefficients of off-centroidness, tooth shape, relative sliding speed, rail displacement, etc. Calculation methods were
cumbersome, they were difficult to apply in practice. End profiles were built, as a rule, on the basis of shortened
hypocycloids, which caused problems with providing kinematic accuracy of movement, contact interaction of the rotor
and stator. Some authors (Yu.A. Korotaev, A.N. Alpatov, A.V. Sobolev, et al.) pointed out the impossibility of creating
tension in the case of using an ordinary hypocycloid, but tension could be created through changing the equidistant
distance of the rotor and stator profiles.

Materials and Methods. To obtain profiles of the rotor and stator in the end section of the working body of the
gerotor hydraulic machine, we specify the following set of initial parameters (Fig. 1):

1) R,— profile contour radius, which determines the diameter of circle C1, describing the profile of the stator (mm).

In fact, this parameter assigns the radial dimension of the gerotor machine, which is particularly important in the oil and
gas industry when the projected object needs to be placed, e.g., in the trunk of the production well column;
2) z, — number of rotor teeth;
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3) R, — radius of the roller, which determines the distance of the equidistant line of the rotor and stator profiles

relative to the corresponding hypocycloids (mm);

4) A — tension in the coupling of the rotor and stator (mm).

Recall the principle of formation of hypocycloidal engagement profiles, which consists in the fact that inside circle
C, (base circle of the stator hypocycloid), circle C, (base circle of the rotor hypocycloid) rolls without sliding. The

center of circle C, is always at distance e (eccentricity) from the center of circle C,.
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Fig. 1. Diagram of formation of the hypocycloidal profile of the end section of the working body of the gerotor machine,
z, =4,R =150 mm, R =30 mm

Inside circle C,, circle C; (generating circle of the rotor hypocycloid), one point of which forms the rotor

3
hypocycloid, rolls without sliding. Inside circle C,, circle C, (generating circle of the stator hypocycloid), one
point of which forms the stator hypocycloid, rolls without sliding. Note that the radii of circles C, and C, are equal
to eccentricity e. The rotor and stator profiles are formed as equidistant lines deposited at distance R, from the

corresponding hypocycloids.
In this setting, the rotor and stator profiles provide an ideal contact under eccentric rotation of the rotor. When
required to provide tension/clearance in the engagement, the equidistant distance R, for the rotor profile should be

changed by A.
Let us move on to the mathematical description of the method of forming the profiles of the end section of the rotor

and stator. The number of stator teeth is equal to
z,=2,+1. (1)
The radius of the base circle of the stator hypocycloid R, is determined from the condition (Fig. 1):
R, =R —R.. 2

We determine eccentricity e of the transmission from the condition that the length of circle C, is equal to integer

z, of the lengths of generating circle C, with radius e:
2 prs :2 pezzv

then,
e=R,/z,. (3)
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Note that for z, =1 (Moineau mechanism) according to other formulas:
e=R, /3uR, =2e¢,if z; =1. 4)

The radius of the base circle of the rotor hypocycloid R,, is equal to (Fig. 1):
R, =R, —¢ ©)
We introduce a function to determine the radius of the base circle of the rotor or stator, fulfilling conditions (2)
and (5):
R(z)=R, —R, —e-(z,-2). (6)

Parametric formulas of the hypocycloid of the rotor and stator in the Cartesian coordinate system XQOY::

X(¢.2) = R(2)-[ (1-1/2)cos(@/ 2)+ (al z)cos((1-1/2)g) |

¥(0.2) =R(2)-[(1-1/2)sin(¢/ 2)—(a/ 2)sin((1-1/z)) ] "

where z — number of branches of the hypocycloid of rotor z, or stator z,, a — velocity factor of the hypocycloid. In
the case of an ordinary hypocycloid in theory, a=1. However, in practical calculations using computer mathematics
systems (Mathcad. MATHLAB) at a=1, difficulties arise with calculating equidistant profiles of the rotor and stator.
Therefore, in the model, we assume a=0.99, which is quite justified to achieve our goals; ¢ — rotation angle of the
radius vector drawn from the origin to each point of the hypocycloid. If the hypocycloid must be constructed from
N, points, then

o(i,2)=2-m-i-2/N, . i=0..N,. (8)

The profiles of the rotor and stator are determined from the well-known equidistant trajectory formulas relative to
the hypocycloids of the rotor or stator at distance R, taking into account the tension in the coupling A.

X, (0,2,A) =x(9,2) + (R, +A)~ayg$ ) /\/[aygz Z)] +(axg$ Z)]

Y, (0,2,4) = Y(0,2) = (R, +A)- 5"(8‘2)' 2) /J(ay((p, Z)j +(6X(‘P’ Z)]

9)

2o gl
During transmission operation, the center of the rotor moves along a circle with radius e and rotates by angle
a=0...27. At the same time, all points of the rotor make an additional rotation by angle v, determined by the function
y(a)=a-(1-2,/z). (10)
The rotor rotation model is described by parametric coordinate transformation functions when moving and rotating
an object:

X, (0t 9, A) = €-c08(00) + X, (0,23, A) cos(w(00)) ~ Y, (9, 2, A)sin(y(c0)

Y, (ct, 0, A) = e-sin(0) if (z, =1,0,1) + X, (¢, 20, A)sin((c)) +Y, (¢, 2,, A) cos(y(c)) (11)

In expression (11), a conditional function is applied that zeroes the movement along Y axis in the case of rectilinear
movement of the rotor in the stator cavity at z, =1.

The experience of using this technique has shown that the equidistant profiles of the rotor and stator with an increase
in the equidistant distance or radius of the roller R, can lose smoothness. This occurs at the points of transition from the
equidistant circle to the equidistant hypocycloid. Figure 2 shows the problem of loss of smoothness of the stator profile
line in the vicinity of +1 mm from the transition point of equidistant lines.

In mathematics, the formula for the function smoothness criterion given in parametric form is known. For the stator
profile, such a function has the form
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T b N — R

_ aYp(p,z,O)laxp(p,z,O)

12
™ ™ (12)

F.(p.2)
where z =z,;
p — angle of the radius vector of the stator profile point.
It should be noted that function F, behaves unstable in the entire range o(i,z,), and it is quite difficult to find any

features of its behavior at the transition point of equidistant lines of interest to us. Therefore, the behavior of function
F, was studied only in the vicinity of the transition point when the angular parameter changes

p=n/z, —m...n/z, +m, (13)

where m — angle of deviation from the angle of the radius vector of the transition point.
m=2-p-u, (14)

where u — part of the angular sector of the stator profile to study smoothness in the vicinity of the transition point.
Value u (for z, =2..12) is determined from the empirical formula

u=0.12 —0.01-(z, —1). (15)

Figure 2 shows that with an increase in the radius of the roller in the vicinity of the transition point of equidistant
lines, the stator profile turns from smooth to self-intersecting. The behavior of function F, also changes, and when

the self-intersection effect of the profile appears, a loop occurs (Fig. 2 c).

This effect is taken as a basis for the stator profile smoothness control algorithm proposed by the authors of the
article (Fig. 3). It should be noted that, judging by numerous measurements, if the stator smoothness criterion is met,
then the smoothness of the rotor profile does not need to be checked, since it is built on a hypocycloid with a smaller
value of the radius of the base circle.

Yp, Yp Yp,
mm mm mm
Transition point Transition point Transition point
39.82 49.48 59.13)
39.15 48.81 58.46
1111 1117 1123 Xp,mm 1038 1044 1050 Xp,mm  96.67 97.34 98.01 Xp, mm
Fs Fs Fs
Smoothness is available Smoothness is still there Smoothness broken
0.34 0.34 0.34
] | E— | =
0.33 -0.33 -0.33,
-1 1 1
1111 1117 1123 Xp,mm 103.8 1044 105.0 Xp, mm 96.67 97.34 98.01 Xp, mm
a) b) c)

Fig. 2. Stator profile in the vicinity of +1 mm from the transition point of equidistant lines (upper graph) and values of
function Fs (lower graph) at z, =3 and R_=150 mm, forR :a—40mm; b — 50 mm; ¢ — 60 mm
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< Xp(p,z,A),z,,m, N, Ap >

G=0

+ es no
—P[ Cycle p=n/z, -m,n/z, +m,step Ap ]7
\ 4 >

y Smoothness not Smoothness broken
broken

no

\/_-

Xp(p,z,,0) 2
Xp(p+Ag,z,,0)

v Ves
10

Fig. 3. Algorithm scheme for monitoring the stator profile smoothness

End

Control of the stator profile smoothness should always be carried out when designing the geometry of the end
section of the gerotor machine. In order to study the parameter of the maximum radius of roller R, ., , below which the

smoothness of the curve was not violated, the authors conducted a series of numerical experiments where various values
of the contour radius R, and the numbers of rotor teeth z, were specified.

The first target parameter of this study is the open area of the working body S. This parameter is included in the
formula for feeding the gerotor machine, and it determines its performance. With the available parametric functions
describing the profiles of the rotor and stator, the task of determining S is reduced to calculating the difference in the
areas of the parametric curves of stator S and rotor S, (9). The formula for the area of the parametric curve is known

from mathematics; therefore, in the authors' methodology, it looks like this:
2 2m oY, (p,z,,0) v o oY, (p,z,A)
S=85,-5 = o22 {Xp(p!zzlo)'%jdp_ 012 (Xp(P:ZpA)'% p (16)

The second target parameter of the study is the reduced radius p, of curvature at the contact interaction of the rotor

np
and the stator. Recall that according to Hertz theory, when two cylindrical surfaces come into contact, the reduced
radius is calculated, which is in the denominator in the contact stress formula. Consequently, the magnitude of the
contact stresses, along with the physical and mechanical parameters of the materials of the contacting surfaces, has the
largest value at the lowest value of the reduced radius p,,, determined from the formula:

Py =P, P (P, +p,). 17)

where p,— radius of the equidistant circle of the rotor, equal to parameter R_; p,— radius of the stator profile

curve.
Note that if p, >1, then the numerator in formula (17) always grows faster than the denominator; therefore, the

smallest value p, .. is completely determined by the parameter of the smallest radius of the stator p,, ;.-

In the end section of the working body of the gerotor machine, at any rotation angle of the rotor, continuous contact
of its equidistant circle and a complex curve of the stator profile is made. Based on the results of observations of the
contact interaction dynamics, it can be concluded that the greatest stresses occur at the transition points of the
equidistant hypocycloids in the equidistant circumference of the stator profile. Consequently, the smallest radius of the
stator profile line p_, . i also located in the transition zone of equidistant lines and determined by the formula known
from mathematics:

3

8Xp(p,22,0) 2 6Yp(p,22,0) 2
op " op
pcmmin ( p) = ax .
2(P.2,0)) (Y, (p.2,,0)) (X,(p.2,,0)) (@Y, (p.2,,0)
_( op M op? H op? N op J

(18)
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where p=mn/z, angular parameter of the stator profile point at the junction of equidistant lines. In case of loss of
smoothness of the stator line, parameter p_, . tends to zero.

The technique described above was implemented in the Mathcad system of mathematical calculations. When
performing calculations, the hypocycloid velocity factor a=0.99, N, = 40,000.

At the first stage of research. it was planned to study the maximum radius of roller R, ..,
line smoothness criterion G was zero. Variable parameters — contour radius R, (100, 150, 200 mm) and the number of
rotor teeth z, (from 1 to 7). Calculations were performed with a sequential increase in parameter R, from 5 mm until
the smoothness criterion G was trigged. The investigated parameter R, . was fixed with an accuracy of 1 mm.

At the second stage, a series of calculations were carried out to study the effect of the roller radius R, (from 5 mm
to R, . ), the number of rotor teeth z, (from 2 to 7) and the contour radius R, (100, 150, 200 mm) on the open area S
and the minimum reduced contact radius p, ...-

The described method of calculating the profile geometry of the end section of the working body of the gerotor
machine can be implemented in any other programming system or in a computer mathematics system.

Research Results. The data of numerical experiments to determine the parameter of the maximum radius of roller
at which the stator profile line smoothness is preserved, are shown in Table 1.

at which the stator profile

r max

R

r max '

Table 1

Maximum radius of roller R (mm) at different contour radii R, (mm)

r max

z, R, =100 R, =150 R, =200
1 66.6 100 133
2 45 68 91
3 27 41 55
4 20 31 40
5 15 23 31
6 12 19 25
7 10 16 21

Based on the data in Table 1, graphs were constructed (Fig. 4 a). It can be seen that the estimated parameter R, ...
grows proportionally with increasing contour radius R,. We introduce into consideration the relative parameter
R, =R, . / Re, Whose graph is presented in Figure 4 b.

t]|h|.\’mm RO
140 | 0,9
120 P 08
0,7 1
100 oe‘
80
3 0,5
60 b 0,4
2
0 | / 03 IR
1 0,2 /
20 | # o1
0 ' 0
1 3 5 7 Z1pCs 1 6 11 16 21, PCs
a) b)

Fig. 4. Dependence of maximum radius of the roller on the number of teeth of the rotor:
a— R .and R :1—100 mm;2— 150 mm; 3 — 200 mm; b — R, (1) and trend line (2) with extrapolation to z, =16

T max
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The empirical formula from which it is possible to determine the maximum allowable radius of roller R has the form:

r max !

R, =0.7682, %% (19)

At z, =15, R, =150 mm, R, = 0.0517 mm, R, =7.76 mm, the profile smoothness is achieved at Rr= 7.5 mm.

r max

At z, =10, R, =200 mm, R, = 0.0775 mm, R, =155 mm, the profile smoothness is achieved at Rr= 15.5 mm.

r max
Thus, we can conclude about the satisfactory accuracy of empirical formula (19) for predicting the maximum allowable
parameter Ry max.

It should be noted that formula (19) was obtained at the values of the velocity factor a = 0.99. A decrease in a causes
the smoothness of the profile with a more significant increase in parameter R. However, the shape of the cycloidal
engagement tooth changes, and the conditions of contact interaction between the rotor and the stator are violated,
specifically, in those places where the rotor should touch the stator with the sides of the teeth. Calculations show that at
a=0.99and R = 38 mm, the smoothness criterion is at the limit of feasibility. Though at a=0.90and R =38 mm,
good smoothness of the stator profile is achieved, but the kinematic contact of the parts of the working body of the
machine is disrupted, which can be restored only by a special selection of the values of the hypocycloid parameters of

the rotor and stator. Therefore, the study of the influence of the velocity factor on parameter R is beyond the scope

of this research.
Table 2 presents the data of calculations of the target parameters of the studies for the number of rotor teeth z, =3

at different values of contour radii. The obtained values of the open area S and the minimum reduced contact radius

Pupmin 1N the last two columns of Table 2 are given in a dimensionless form for ease of analysis.
Table 2
Calculation data of target parameters at z;=3
R,, mm Pupmins MM S, mm?2 S/max(S) Pup min» IMAX(P, i )
R, =150 mm
5 4,72 18,038 0.9712 0.2656
10 8.83 18,256 0.983 0.4969
15 12.28 18,415 0.9915 0.6911
20 14.98 18,513 0.9968 0.843
25 16.85 18,572 1 0.9482
30 17.77 18,530 0.9977 1
35 17.63 18,450 0.9934 0.9921
40 16.28 18,307 0.9857 0.9162
R, =200 mm
10 9.14 32,275 0.9786 0.3857
20 16.37 32,738 0.9926 0.6909
30 21.36 32,982 1 0.9015
35 22.9 32,980 0.9999 0.9664
40 23.69 32,943 0.9988 0.9998
45 23.695 32,844 0.9958 1
50 22.82 32,685 0.991 0.9631
55 20.98 32,466 0.9844 0.8854
R, =100 mm
5 4.57 8,068 0.9773 0.3857
10 8.18 8,184 0.9914 0.6903
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R, mm Prpmins MM S, mm?2 S/max(S) Pup min» /MAX(P 1y i)
R, =150 mm
13 9.83 8,225 0.9964 0.8295
15 10.68 8,245 0.9988 0.9013
17 11.32 8,255 1 0.9553
20 11.85 8,235 0.9976 1
24 11.64 8,189 0.992 0.9823

Figure 5 shows graphs of variation in the target parameters of studies at z, =3. It is easily seen on them that with an
increase in the radius of roller R, there is a slight change in the open area S and a sufficiently strong change in the
reduced contact radius, whose maximum value falls on a fairly narrow range R, . This is of the greatest interest to the
designer, since in this case, the contact stresses are minimal. Calculations for other values 2z, (from 2 to 7) showed
approximately the same qualitative picture as in Figure 5.

1.0 0“‘/"”'"“ """"" + 1.0 o0 08800g | 10 | o0900:0-gg
0,9 l 0,9 / 0]9
0.8 1 1
' 2 0,8 0,8
07 — 2
0,7 _— 0,7 2
0,6
05 0,6 0,6
04 0,5 0,5
0,3 0,4 0,4
0,2 0,3 0,3
0 10 20 30 R,mm 0 20 40 Ry, mm 0 10 20 Ry, mm
M) b) ©)

Fig. 5. Dependences of the target parameters of the study on the radius of roller R, atzi=3.a=0.99. A=0:1— S/max(S);

2 — Py min /MAX( Py i ) (Table 2); R, . mm: a — 150; b — 200; ¢ — 100 mm

Table 3 shows the calculation data of the optimal radii of rollers Ry oy for various parameters z, and R, . As a result
of the analysis, it turned out that parameters Rropt and R, for one z, change almost the same. Therefore, if you enter the

parameter of the relative optimal radius of the roller

R, =R

ro T opt

IR, (20)

then, with the help of a single-factor dependence of R =f(z,) )-type, it is possible to determine the optimal radius of
roller R, at the preliminary stage of designing the working body of the gerotor machine.
As a result of similar reasoning, for parameters S and p, .., given in Table 3, dimensionless parameters of the

relative reduced radius of contact p,,, and relative open area p, ., were also introduced (Table 3):

SO :S / sz;pnp() :rn'pmin / Rk (21)
New relative values are also presented in Table 3.
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Table 3
Optimal radii R, ,, and relative engagement parameters
R,, mm z, roptr MM S, mm? Pupmins MM R, Puo S,
200 2 68 36,103 43.2 0.340 0.216 0.903
150 2 51 20,318 32.2 0.340 0.215 0.903
100 2 34 9,015 21.65 0.340 0.217 0.902
100 3 21 8,235 11.85 0.210 0.119 0.824
150 3 32 18,530 17.8 0.213 0.119 0.824
200 3 42 32,800 23.1 0.210 0.116 0.820
200 4 28 30,015 15.32 0.140 0.077 0.750
150 4 21 16,880 11.5 0.140 0.077 0.750
100 4 14 7,495 7.63 0.140 0.076 0.750
100 5 10 6,860 5.35 0.100 0.054 0.686
150 5 15 15,441 8.1 0.100 0.054 0.686
200 5 20 27,452 10.81 0.100 0.054 0.686
150 7 9 13,050 4.7 0.060 0.031 0.580
200 7 12 22,100 6.2 0.060 0.031 0.582
100 7 6 5,780 3.2 0.060 0.032 0.578

It should be noted that all newly introduced relative values with a high degree of confidence obey approximating

formulas that include one factor — the number of rotor teeth z,.
The formula for the relative optimal radius of roller R, has the form

R, =0.9331-7, %% (R2 = 0.9965),

where R? — value of the approximation accuracy.
The formula for the relative reduced contact radius p,,, has the form

P, =0.635- 2, (R? = 0.9995).

The formula of the relative open area S, has the form

S, =1.0175-0.0641z, (R*=0.9911).

(22)

(23)

(24)

Let us consider an example of the application of the results obtained in the design of the geometry of the end section
profile of the gerotor machine. We specify the following set of initial data: contour radius R, =120 mm, number of

rotor teeth z, =4, tension in the coupling A=0 mm (empirical formulas are obtained at zero tension). The relative

optimal radius of roller R according to formula (22):

R, =0.9331-4™%% = 0,135,

Absolute value of the roller radius R, =R, -R, =0.135-120 =16.2mm.
Relative reduced contact radius p,,, from formula (23):
Py, = 0.635-47+% =0.076.
Absolute value of the minimum reduced contact radius

pnp min

Relative open area S, from formula (24):
S, =1.0175-0.0641-4=0.761.

Absolute value of the open area

= rnpo

R, =0.076-120 =9.12mm.

Machine Building and Machine Science

279



http://vestnik-donstu.ru

280

Advanced Engineering Research (Rostov-on-Don). 2023;23(3):269-282. eISSN 2687—1653

S=S,-R?= 0.761-120° = 10,958 mm?.

Mathcad calculations give the following values: S =10,820 mm?, p =9.167 mm. As can be seen in this

np min
example, empirical formulas accurately predict the basic parameters of the geometry of the end section of the gerotor
machine.

Discussion and Conclusion. The conducted research was aimed at solving the problem of improving the working
bodies of gerotor hydraulic machines. It sufficiently corresponds to the works of domestic and foreign authors [10-15].
The key difference is that when constructing the rotor and stator profiles, ideal hypocycloids are used, providing the
greatest kinematic accuracy of movement and contact interaction of the engagement elements. It was proposed to solve
the well-known problem of providing tension in the coupling with respect to the difference in the parameters of the
roller radius. A special algorithm was developed to control the smoothness of the profiles [12]. The optimal geometry of
the profile, as in [10], was proposed to be determined on the basis of the maximum open area of the working body of
the gerotor machine. But at the same time, the reduced contact radius should also have the largest value, as a guarantee
of the lowest contact stresses. In this study, based on a large number of calculations using a purpose-built Mathcad
program, in the range of rotor teeth z, from 2 to 7 and contour diameter R, from 100 to 200 mm, optimal values of the
equidistant hypocycloid distance, or roller radii R, at which the best combination of the reduced contact radius and the
open area of the working body of the gerotor was achieved. It turned out that the introduction of relative values of the
radius of the roller, the open area, and the reduced contact radius provided obtaining absolute values of the same
magnitudes for any contour radius within the established ranges using simple empirical dependences at an early stage of
design.

The developed technique makes it possible to evaluate the performance and operability of the gerotor machine at the
design stage of the rotor and stator profiles. In the future, similar studies can be carried out for epicycloid and mixed
engagements in gerotor hydraulic machines.

The research results can be used in mechanical engineering under the design of gerotor hydraulic machines to
improve their operating characteristics.
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