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SOLUTION OF THE PROBLEM OF CALCULATING THE LEAKAGE WORKING FLUID IN
ECCENTRIC GAP OF THE BALL PISTON PAIR HYDRAULIC FLUID POWER MACHINE

Goal. Conclusion of an analytical expression for calculating leaks in the gap between the ball-pistons and cylindrical holes in the cylinder blocks of
radial-piston hydraulic pumps and hydraulic motors of hydraulic fluid power transmission. The object of study was the hydraulic fluid power
transmission of the GOP-900 model in a monoblock design, consisting of a pump with an adjustable displacement and an hydraulic motor with a
constant displacement. Method. For the laminar flow of the working fluid in the gap between the ball-piston and the cylinder, a calculation scheme is
developed and a corresponding mathematical model is proposed for calculating the flow differential in each of the sections along the forming hole in
the cylinder block of the hydraulic machine, followed by the integration of the specified differential. The calculation of the working fluid leaks in the
MathCAD-15 medium allowed us to determine the average values of leaks with a concentric and eccentric arrangement of the piston balls in the holes
of the cylinder blocks for specific set values for the diameters of the piston balls, the viscosity of the working fluid and the pressure drop between the
discharge and discharge cavities. Results. For the first time analytical expressions are obtained that allow calculating leaks in the gap between the ball-
piston and the hole in the cylinder block of a radial-piston hydraulic machine. The adequacy of the mathematical model is confirmed by the results of
comparisons with the data of experimental measurements of working fluid leaks. It is shown that the coefficient of eccentricity of the circular gap used
in the calculations using the Hagen-Poiseuille formula with a value of 2,5 is significantly overestimated. Conclusion. The method of calculating
working fluid leaks in ball-piston hydraulic machines is recommended for use by specialists when developing new hydraulic machines and conducting
diagnostics of the technical condition of those in operation in order to determine the volumetric efficiency and, in particular, its effect on the speed of
vehicles whose transmissions use hydraulic machines with ball-pistons.

Keywords: fluid power hydraulic machines, hydraulic transmissions, ball-piston, cylinder, mathematical model, working fluid leaks, Reynolds
number.

B. 5. CAMOPO/JOB, I'. A. ABPYHIH

PIIIEHHS 3AJAYI PO3PAXYHKY BUTOKIB POBOYOI PZINHU B EKCHEHTPUYHOMY 3A30PI
IMAPUKOIIOPIIHEBOI ITAPA OB'€EMHOI I'TIPOMALIINHHA

Mera. BHCHOBOK aHaJiTHYHOrO BHpa3y Ui PO3PaxyHKYy BHTOKIB B 3a30pi MK IIapHKaMH-TIOPINHSAMH 1 LMIIHAPUYHUMH OTBOPaMM B OJOKax
T HAPIB PaialbHONOPIIEBUX TiJPOMAIIHH — HACOCIB 1 TiApoMOTOpiB 00'eMHHX Timponepenad. O0'ekToM BHBUCHHS CTala 00'eMHA Tigpomepenada
Mozeni I'OIT-900 B MOHOGIOYHOMY BHKOHAHHI, IIJ0 CKJIAJAETHCS 3 Hacoca 3 PEryabOBaHUM POOOYMM 00'eMOM i TiApOMOTOpa 3 MOCTIHHUM POOOYHM
o0'emoM. Meron. [lns namiHapHOi Tewii po6GO4YOl PiaMHM B 3a30pi MK IIAPUKOM-NOPIIHEM 1 LIMIIHAPOM pO3po0ieHa po3paxyHKOBa cxema i
3alpOIIOHOBAHA Bi/IIOBITHA MAaTEMAaTUYHOI MOZENb Ui OOYMCIICHHS AuQepeHliana BUTPATH B KOXKHOMY 3 IEPETHHIB Y3I0BXK OTBOpPY B Onoii
LJTIHAPIB TIAPOMANINHHU 3 HOJAJIBIINM IHTErPYBaHHAM BKazaHoro qudepeHuiana. PozpaxyHok BUTOKIB pobouoi pizunau B cepenoBuii MathCAD-15
JIO3BOJIUB BH3HAYUTH CEPE/IHI 3HA4YEHHs BUTOKIB IPM KOHIEHTPUYHOMY i €KCIIEHTPUYHOMY DO3TalllyBaHHI IIAPUKIB-TIOPIIHIB B OTBOpAX OJIOKIB
LHWIHIPIB U1l KOHKPETHUX 3a/IaHUX 3HAY€Hb MO J[iaMeTpaM IIapHKiB-NOPIIHIB, B'S3KOCTI poOOYOl piAMHM i mepenaay TUCKY MiXK HarHITaJbHOIO i
3JIUBHOIO TTIOpOoXXHHHAMK. Pe3ynbraTi. Briepie oTpuMaHi aHamiTHYHI BUpa3y, 1O JO3BOJISIIOTH MPOBECTH PO3PAXYHOK BUTOKIB B 3a30pi MiXK IIapUKOM-
TIOPIITHEM 1 OTBOPOM B OJIOLI IWIIIHAPIB palialbHONOPIIHEBOI TifpoMammHy. ITiATBEpKEHO aIeKBAaTHICTh MAaTEMAaTHIHOI MOJEINI 3a pe3yJbTaTaMu
MOPIiBHSHB 3 TAHUMH EKCIIEPUMEHTAILHUX BUMIPIOBaHb BUTOKIB po0040i pianHu. [Toka3aHo, 1110 BUKOPUCTOBYBAHUIA MIPU PO3paxyHKax 3a Gopmysor
I'arena-Ilya3eitns koeQillieHT EKCIIEHTPHYHOCTI KPYroBOi IIUIMHM 3HA4EHHAM B 2,5 € iCTOTHO 3aBHIIEHHM. YKJIaJeHHA. MeToANKa po3paxyHKy
BUTOKIB POO0YOi PiIMHU B INaPHKONOPIIHEBHX TiJPOMAIINHAX PEKOMEHJYEThCS 0 BUKOPHCTaHHA (axiBIAMHU MPH Po3poOIli HOBHX TiIpOMAMINH i
MIPOBEJICHHI JIarHOCTUKU TEXHIYHOTO CTaHY THX, IO 3HAXOJSTHCS B EKCILTyaTalii, 3 MeTor Bu3HaueHHs 00'emHoro KK/I i 30kpema ioro BIIMBY Ha
IBHAKICT TPAHCIIOPTHHX 3aC00IB, B TPAHCMICISX SKMX BUKOPUCTOBYIOTHCS TiAPOMAIIMHH 3 HIAPHKAMU-IOPLIHIMH.

Kurodosi cioBa: 00'eMHi TizpoMamnHy, Tifponepeaadi, MapHK-MOpIIeHb, HUIIHAP, MATEMAaTUYHA MOJIENb, BUTOKHA POOOYOI PiJMHH, YHCIO
Petinonpaca.

B. b. CAMOPO/IOB, I'. A. ABPYHHH

PEINEHUE 3AZIAYH PACYETA YTEYEK PABOYEN KHUJKOCTH B IAPUKOIOPIHIHEBOM
ITAPE OFBEMHOH 'NIPOMAIIINHBI

Llens. BeiBog aHAMUTHYECKOTO BRIPAKESHHS VIS pacdeTa yTeueK B 3a30pe MEXKy IIapHKaMU-NOPIIHAMY U IIINHIPHIECKAMU OTBEPCTHAMH B OI0KaxX
IIIMHIPOB PaJHaIbHOIOPIIEBHIX THAPOMAIIHH — HACOCOB U THAPOMOTOPOB OOBEMHBIX ruapomepenad. OOBEKTOM H3ydeHHs SBHIACh OObEMHAs
rupponepenada mMopenu 'OII-900 B MOHOOGIOYHOM HCIOIHEHHH, COCTOAINAs M3 HACOCA C PETYIUPYeMBIM pabodnM 00BEMOM U THAPOMOTOpa ¢
MOCTOSIHHBIM pabounM o0beMoM. Meron. s IaMHHApPHOTO TEUCHHs pabodeill >KUIKOCTH B 3a30pe MEXKIY MIAPHKOM-NIOPIIHEM H LHHIMHAPOM
pa3paboTaHa pacueTHas cXeMa M IPeIJIOKeHa COOTBETCTBYIOMIAs MaTeMAaTHIECKOH MOJeNb Ul BRIYHCICHU quddepenHnnana pacxona B KaxKI0M H3
CeyeHHi BJONIL oOpasyromeil oTBepcTHs B OJIOKE LIIMHIPOB THIPOMAIINHBI C MOCICAYIOIINM HHTEIPUPOBAHHEM yKazaHHOro auddepenHnuana.
Pacuer yreuek paboueit xuakoctu B cpeae MathCAD-15 mo3Bonui ONMpeAesuTh CpeJHAE 3HAYCHUS YTEYEK MPH KOHICHTPHUYHOM M SKCIEHTPHYHOM
PACIONIOKEHHU IIAPUKOB-NOPIIHEH B OTBEPCTHAX OJNOKOB IMIMHAPOB I KOHKPETHBIX 3aJaHHBIX 3HAYEHMH IO JUaMeTpaM IIapHKOB-IIOpIIHEH,
BS3KOCTH pabodyell >KUOKOCTH M Tepenaay AaBJICHHS MEXIy HAarHEeTaTeNbHOW W CIMBHOM MojocTsAMH. PesynbraTbl. BrepBble momydeHs
aHAIUTUYCCKHE BBIPA)KCHHS, MO3BOJIIOMINE IIPOU3BECTU PAcdeT yTedeK B 3a30pe MEXKIy HMIAPUKOM-TIOPIIHEM U OTBEPCTHEM B OJNOKE IHIIMHIPOB
PagHaTbHOIOPIIHEBOH THAPOMAIINHBL. IloATBepkIeHa aJeKBaTHOCTh MATEMAaTHYECKOM MOJENHM IO pe3yldbTaTaM CpPaBHEHHH C JaHHBIMH
9KCIIEPUMEHTAIbHBIX M3MEpEeHHH yTeuek paboueit kuakoctu. I[lokazaHo, 4TO HcHonb3yemblii mpu pacyerax no ¢(opmyne ['arena-Ilyaseitns
K09 (QUIUEHT dKCHEHTPHIHOCTH KPYroOBOH IIENU 3HaYCHHEM B 2,5 SIBISCTCS CYLIECTBCHHO 3aBBINICHHBIM. 3aKiioueHue. MeToauka pacyera yTeuek
paboueil JKHIKOCTH B MIAPHKONOPIIHEBBIX THAPOMAIIMHAX PEKOMEHIYeTCs K HCTIONB30BAHHUIO CHEIHAINCTAMH IIPU Pa3pabOTKe HOBBIX THIPOMAIINH U
IPOBEJCHUU AUATHOCTUKH TEXHUYECKOTO COCTOSHHS HAXOISMIMXCS B OKCILIyaTallMd C Lelbio ompeneneHus oobemuoro KIIJI u B wacTHOCTH ero
BJIUSIHUS HA CKOPOCTH TPAHCIIOPTHBIX CPEICTB, B TPAHCMHCCHUSIX KOTOPBIX HCIIONB3YIOTCS THAPOMALINHEI C IIAPUKAMU-TIOPIIHIMU.

KaioueBble ci10Ba: 00beMHBIE THAPOMAIIMHBI, THAPONEPEAAduy, IOPIICHb-IIAPUK, IHIMHAP, MaTeMaTH4ecKas MOAeNb, YTeUKH paboueit
JKHJIKOCTH, YnCcIIo PeliHombaca.
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Introduction. Hydraulic fluid power [1] (HFP) have
become widely used as straight-line and rotary
transmissions in mobile machines for various purposes.
When assessing the energy efficiency of the use of HFP,
the efficiency is subject to evaluation, which significantly
affects the fuel consumption as a parameter of the
efficiency of the machine and the overall mass indicators,
which mainly affect the cost of its manufacture. In
hydraulic fluid power machines (pumps and hydraulic
motors), the total efficiency and its components are
distinguished - volumetric and hydromechanical
efficiency. The volumetric efficiency takes into account
the power losses due to the leakage of the working fluid
(WF) through the gaps of the precision pairs, and the
hydromechanical efficiency takes into account the losses
on mechanical friction and in local resistances during the
WF flow.

The object of the study is radial-piston pumps and
hydraulic motors, in which the working chambers consist
of ball-pistons in the cylindrical holes of the cylinder
block. These hydraulic machines with ball-pistons have
been used in mobile machines for general industrial and
special purposes in the last thirty years due to advances in
the technology of processing solid materials with high
accuracy [2, 3]. Such hydraulic transmissions include
monoblock HFP manufactured by Eaton [4] for
agricultural and road construction vehicles, Bradley
infantry fighting vehicle [5], HFP GOP-900 developed by
NIIGidroprivod [2], in which radial-piston HFP are used
in parallel power flow of two-stream hydraulic hydraulic
fluid power-mechanical transmissions (GOMT), providing
stepless speed control of rectilinear movement and
rotation for mobile vehicles. Recently, information has
appeared about the creation of hydraulic motors with ball
pistons of the 1QJM series by the Chinese specialists of
the company Ningo Kingbonny Machinery [6]. Hydraulic
motors are multi-pass, i.e. with a profile cam for driving
pistons, have a working volume from 83cm® to
10150 cm?, a nominal pressure of 10-20 MPa (maximum
16-32 MPa), a speed of up to 800 min™, develop a torque
of up to 15 kNm and a power of up to 150 kW.

It should be noted that two-flow continuously
variable automatic transmissions GOMT using HFP with
ball-pistons belong to the advanced and effective direction
of modernization of transmissions of mobile machines.
The development of the domestic industry of hydraulic
transmissions with ball-pistons of the GOP-900 type [7]
and stepless two-flow HVMT for various purposes [8]
became the basis for writing this article. For a number of
years, the authors have provided a theoretical and
experimental justification for the hydraulic transmission
of the GOP-900.

Analytical review of the literature. The creation of
the first domestic hydraulic transmission GOP-900 has
become a powerful basis for analysis of the kinematics of
ball piston jet ring stator, static and dynamic stress and
strain, and of course, the analysis of power losses in
friction hydraulic machines [9-16]. Such units are piston
pairs and a trunnion-type distribution unit. At the same
time, volume losses are caused by under-filling of the
working chambers in the pump, internal and external leaks

through narrow working gaps, compressibility of the WF,
which generally reduces the volumetric efficiency of the
hydraulic machine, the HFP and the transmission in
general. The hydrodynamic losses depend on the speed of
the WF movement, the viscosity, and the geometry of the
roughness class of the pipeline processing.

The solution to the fundamental problem of
calculating the WF leaks between the ball-piston and
cylinder hydraulic fluid power and hydraulic transmission
is of particular importance and relevance to subsequent
evaluation of the volumetric efficiency of the speed of the
HFP with beads-pistons running in full flow transmissions
and dual continuously variable GOMT. The analysis of
numerous literature sources, including fundamental works
of scientists and specialists in hydraulics and
hydroaerodynamics, has shown that there is no solution to
the problem of determining the flow rate of a liquid in a
narrow concentric or eccentric gap between a ball and a
cylinder under the influence of a pressure drop.

Experimental studies were limited to measuring the
flow rate of leaks during static modeling of the ball in the
cylinder or determining the total leaks in the piston pairs
and the distribution unit [14]. The problem of analytical
determination of leaks in the gap between the piston-ball
and the cylinder is caused by the fact that in the well-
known Hagen-Poiseuille formula [15] for the laminar flow
regime of the WF, leaks are inversely proportional to the
length of the sealing gap and in the case of the ball, the
problem becomes formally indeterminate, since when the
gap length tends to zero, the leak tends to infinity.

Due to the fact that the volume of WF leaks depends
on the nature of its expiration, the problem of analytical
calculation of leaks between the ball and the cylinder is
solved in two stages — determining the mode of WF
leakage (laminar or turbulent) in the gap and then creating
a method for analytical calculation of the volume of WF
leaks.

The main part. Fig.1 shows a radial piston
hydraulic transmission with ball-pistons GOP-900 of the
NIIGidroprivod design [4]. Max capacity (displacement)
of each hydraulic 680 cm®, the maximum frequency of
rotation of a hydraulic motor up to 3100 min™, pressure
up to 32 MPa, output power up to 700 kW; temperature of
up to 130 °C WF.

Let us solve the problem under the assumption that
the Reynolds number Re is less than the critical one and
the leakage between the ball and the piston is laminar.
Number Re for annular slit:

_Vav'dh _Vav2h_ Q2h _ Q

Re = = ,
v v 2nRh-v  z#R-v

(1)

where

V, — is the average fluid velocity in the radial
clearance h;

Q - fluid flow through the gap;

R — the average radius of the annular slot (half-
difference between the diameters of the cylinder and the
ball-piston);

v — the kinematic coefficient of viscosity of the fluid;

dy = 2h — hydraulic diameter.

82

Bulletin of the National Technical University "KhP1".
Series: Hydraulic machines and hydraulic units, no. 12021



ISSN 2411-3441 (print), ISSN 2523-4471 (online)

1 46532

@560
L

215

Fig. 1. Hydraulic transmission GOP-900 (a) and its individual parts (b):
1 and 2 — cylinder blocks of the pump and hydraulic motor, respectively; 3 — ball-piston; 4 and 5 — jet rings (clips) pump and
hydraulic motor, respectively; 6 — housing; 7 — block of camshafts; 8 and 9 — input and output shafts

When determining the flow rate in an eccentric thin
gap between the piston ball and the rotor (cylinder block)
cylinder of a hydraulic machine, assuming the existence of
a laminar flow (this will be justified below), it is assumed
that the WF outflow is adiabatic. In the first
approximation, the influence of the temperature gradient
caused by the throttling effect on the change in the
viscosity of the WF is not taken into account. The gap is
considered to be eccentric with an eccentricity parameter
€ =1 because the piston ball is constantly pressed against
the cylinder wall in the contact reaction zone. In Fig. 2
shows a design diagram for determining the differential of
the flow rate dQ in the diametrical section of the ball-
piston along the generatrix of the rotor cylinder.

An elementary slot with a width dx with a variable
gap h and a total pressure drop is considered Ap = p; — pa
(where p, — is the atmospheric outlet pressure), divided

into n sections. Each selected section is a rectangle with
vertices A; and B; a constant flow rate flows dQ. The angle
¢ is chosen small (0,05-0,30 rad), but arbitrary and, as
will be shown below, its value affects the calculation of
the elementary flow rate dQ. The flow rate between
sections 1 and 2 has the form of recording:

(P, p,)(0,5(h, +h,)+3)’ dx
Q= : L= e

12uR % cos @

where

p; and p, — are the pressures in the sections;

& — the smallest clearance between the ball and the
cylinder,;

0,5(h; + hy) + & — is the average gap in an elementary

slot on the path BB, = Rgcosw .
n

The clearance § is constant when the ball-piston is
concentric in the cylinder and is equal to zero when

pressed against its wall. Below in Fig. 3 at the point of

contact is shown the contact reaction N acting on the ball-

piston during the operation of the hydraulic machine.
Variable parameters characterizing the change in the

gap in sections 1 and 2 are given by formulas
hl:ZRsinZE; h, = 2R -sin? n__l.ﬂj.
2 n 2

Let us construct a chain of equalities for n sections of
an elementary gap.

3
Rsinz(P+Rsin2(n_1~(P)+8
2 2

p— P, n .
dQ = . ,
12uR 9cos<p
n
P, — Ps
d = —
Q=R
3
{Rsinz(n_l-(pj+ Rsinz[H~(pj+6}
n 2 n 2
) : N )
‘PCOS(—(pj
n n
Pi — Pia
d =
Q 12uR )

where i — is the number of sections, which varies from 1 to
N
' In this case, at the exit from the slot p, +1 = pa.
Sequentially equating the i-equation with the i—1
equation, starting with the last one at i=n, excluding
Pn Pn-1s ---» P2, We obtain the general formula for
calculating the leakage differential:

Bulletin of the National Technical University "KhP1".
Series: Hydraulic machines and hydraulic units, no. 12021

83



ISSN 2411-3441 (print), ISSN 2523-4471 (online)

Oy,
R
Rl 29
A
T x40
R o o | P 90,
P |
Tea ="
- e
\ T T B
i VAAn j//‘f‘f B; B, 1
Q="
5 //)ﬁ;- Pa Bl
- dx .V_Bn
0
A
-
// by dQ T, p
P: [P

Fig. 3. To the calculation of the flow rate in the eccentric clearance between the piston ball and the cylinder

dQ:(pl_pa)dX>< Sn: n _
12uR n-i+1

) oS e .
* : Zie1 @ 02, i+1 i )

n cos( ~(pj @ - Rsinz(n_“r )y Rsin[ P72 4

n n 2 n 2
(p; n—-i+1 n—i ’

{Rsinz( o (g}r Rsin® (n'g}rﬂ was investigated for convergence at n—oo in the
MathCAD-15 based on the d'Alembert test, when the limit
) ) of the ratio of the next member of the series S+, t0 S,
A series of a kind: with an unlimited increase in n remains less than 1 and the
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series S, converges.

Table 1 shows the results of the influence on the
convergence of the S, series (5) and on the flow rate Qgonc
through the concentric slot of the number n of splits and
the angle ¢. In this case, the flow rate through a concentric
slit with a radius of R=0,03175m with a gap of
d=20pum at a dynamic viscosity coefficient
p =0,0144 Pa:s, a pressure p; =10 MPa and ¢ =0,1 rad
tends to a value of 139 cm?/s.

As you can see, with the number of partitions
n=10-1000, the flow rate Qcn, €expressed for
convenience in cm®s, for different ¢ =0,05-0,3 has a
stable tendency to convergence due to the convergence of
the series (5).

Taking into account the eccentricity between the
piston ball and the cylinder (Fig. 3) 3(y) = 8(1 — &-cosy),
the differential dx = Rdy; eccentricity parameter ¢ = 1.

Then the expression for the numerical integration of
the total fluid flow rate between the piston ball and the
cylinder has the form:

AQ'l — (p1_ pa)x

124R
.| . (6)
XJ. lﬂl n-i+1 dv.
0 | COS(T-q))
(PZ n-i+1 n—i ’
= {Rsinz [7-9} Rsin? (—<gj+8(17cosw):|
n 2 n 2

Formula (6) at ¢=0 gives a special case for
estimating the flow rate between the cylinder and the
piston ball when they are concentric. If in the formula (6)
we take at small ¢ the leakage path L equal to
BiBh+1= R(pand

Cos(n_l +1.(pj=1; sinz(n_—l—’—l.g) =0;
n n 2

then the relation (6) takes the well-known expression for
determining the differential of the flow rate in a narrow
flat slot

(P.—P)dx n _ Apd’dx
12uL o1 12uL )
25
i=1

Aél = dQ =

According to the formula (6), it is necessary to make
three important remarks. First, in the presence of
eccentricity € e (0;1] in the annular gap, the known factor

1+ 1,5¢° cannot be used to change from the flow rate
through the concentric annular slot to the flow rate in the
eccentric slot. At ¢ =1 the flow rate in the eccentric slot
increases by 2,5 times in comparison with the concentric
slot. In the case of an outflow between the ball and the
cylinder, the studies carried out in the MathCAD
environment give another important factor for practice,
equal to about 1,93, i. e. less than 2,5. The results of this
study of costs are shown in Table2 with numerical
integration according to the formula (6) for the number of
partitions of the gap k=10; k=100 and k =360 of the
integration interval [0; 2x].

For n =200, ¢ =0,1, the convergence of the flow
rate on k can be considered ideal for practice. The flow
rate ratio at e=1 and €=0 in accordance with the
research results given in Table 2 (for different ball radius
R at a pressure drop Ap =10 MPa, u=0,0144 Pa-s,
8 =20 um, n=200, ¢ =0,1rad) gives an approximately
constant ratio 1,92-1,96.

Secondly, it is necessary to pay special attention to
the reliability of the assumption that the outflow through a
narrow gap between the ball and the cylinder is of a
laminar nature and the entire theory presented, which is
based on the Hagen-Poiseuille formula [15], is applicable.
Let, for definiteness, the annular eccentric gap be divided
into k=16 equal parts (2n/16) and in each elementary
section (Fig. 4) the number (Table 3) is estimated for
different radial gaps (10 um, 12,5 um, 15um and 18
microns).

Table 1 — Influence of parameters n and ¢ on the convergence of the series (5) and outflow Qcgnc

o Outflow Qggne, cM°/s
¢ = 0,05 ¢=0,1 ¢ =0,15 ¢0=0,2 ¢=0,25 ¢=0,3
10 144,56 146,39 155,27 168,65 - -
100 142,79 139,43 139,34 139,44 139,59 139,78
200 142,77 139,37 139,22 139,23 139,26 139,31
500 142,77 139,36 139,19 139,17 139,17 139,17
1000 142,77 139,36 138,18 139,16 139,16 139,16
Table 2 — Research of expenses according to the formula (7) for different k and R
R sm Qece, SM'/s to the formula (6) Qconc, SMIS Qece/ Qconc
' k=10 k=100 k =360 k =360 k =360
1 156,87 156,88 156,88 79,66 1,969
2 214,92 214,92 214,92 111,22 1,932
3,175 268,66 268,66 268,66 139,76 1,922
4 300,95 300,95 300,95 156,78 1,919
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Table 3 — Values of the number in the eccentric clearance between the ball-piston and the cylinder

Radial clearance between ball and cylinder 8, um
K Ap =10 MPa Ap =25 MPa
10 [ 125 ] 15 | 18 10 [ 125 ] 15 | 18
Re Re
1 0,0 0,0 0,1 0,1 0,0 0,1 0,2 0,3
2 0,7 1,3 2,0 3,2 1,8 3,2 5,0 8,0
3 4,7 8,2 13,0 20,5 11,8 20,6 32,5 51,3
4 15,7 27,5 43,5 68,5 39,4 68,9 108,6 1714
5 354 61,9 97,8 154,4 88,6 154,9 2444 385,9
6 60,1 105,0 165,8 261,8 150,2 262,5 4144 654,6
7 81,0 141,6 223,7 353,4 202,5 354,1 559,2 883,5
8 89,3 156,1 246,5 389,6 223,2 390,3 616,4 974,0
9 81,0 141,6 223,7 353,4 202,5 354,4 559,2 883,5
10 60,1 105,0 165,8 261,8 150,2 262,5 4144 654,6
11 35,4 61,9 97,8 154,4 88,6 154,9 2444 385,9
12 15,7 27,5 43,5 68,5 39,4 68,9 108,6 1714
13 4,7 8,2 13,0 20,5 11,8 20,6 32,5 51,3
14 0,7 13 2,0 3.2 1,8 3.2 5,0 8,0
15 0,0 0,0 0,1 0,1 0,0 0,1 0,2 0,3
16 0 0 0 0 0 0 0 0
Vay 29 50 80 127 74 127 204 323
A(jl, sm®/s 47,3 82,7 130,6 206,2 118,3 206,6 326,4 515,6
As you can see from the Table 3, for 10 MPa the Conclusion. 1. Shown and substantiated the

maximum number Re does not exceed 400 (average — no
more than 127). For a control point pressure of 25 MPa,
the maximum number Re (Table 3) does not exceed 1000
(the average is not more than 330), i. e. much lower than
critical.

Experimental pouring of a ball in a cylinder with
TAD-17(GL-5) oil at a temperature T =100°C and a
radial clearance 6 =15 um under a pressure of 10 MPa,
carried out in the laboratory of the NIIGidroprivod —
Research Institute of Hydraulic Drive (Ukraine, Kharkov),
fully confirmed the laminar nature of the RL flow.
Unfortunately, such a test was not carried out for a load
pressure of 25-30 MPa.

However, in the laboratory of NIIGidroprivod, a
mock-up of a piston-ball in a cylinder was tested during
spillage in a static mode of supplying WF under a pressure
of up to 20 MPa with the following data: Ap = 5-20 MPa,
n=0018Pa:s (v=20mm%*s at  p =900 kg/m®),
8§=9-12um, D=2R=50,8mm. The experimental
leakage value was 2,73 1/min. The calculated value
according to the algorithm developed above for the
indicated data (specifically for 6 = 12 um) for a piston ball
with D = 50,8 mm was 6,41 I/min.

The participants of the experiment, however, note a
possible inaccuracy in the above initial data. So the
kinematic coefficient of viscosity v during the experiment
could be in the range v = 18-23 mm?s. The gap between
the piston-ball and the cylinder was determined by
measurement as 6 = 12 um with a possible error 3-5 um.
It turned out that at the values of these "suspicious"
parameters v = 23 mm?/s and & = 9,2 um (these values are
included in the range of errors), the calculation according
to the proposed algorithm gives a leakage of 2,78 I/min
(close to the experimental value of 2,73 1/min at
v=20mm?s and &=12pum). Further theoretical and
experimental developments will make it possible to clarify
analytical expressions and an algorithm for calculating
leaks in thin eccentric slots between piston balls and guide
cylinders in rotors of modern radial piston hydraulic
machines.

existence of a laminar flow regime of the working fluid in
the gap between the ball-piston and the cylinder in the
rotors of powerful radial-piston modern hydraulic
machines in the entire range of their operating parameters.

2. A mathematical model of the flow of the working
fluid in the eccentric gap between the ball-piston and the
cylinder of radial-piston hydraulic transmission machines
of the GOP-900 type has been developed. The problem is
solved on the basis of the principle of passing a constant
differential of pressure leaks through a set of elementary
planes with their elementary pressure drops and by way of
leaks, i. e. finite elements for which the Hagen-Poiseuille
formula is applied. The integral calculated values of leaks
in the case of a laminar flow are obtained. The problem
with determining unproductive fluid leaks between the
piston ball and the cylinder is that the zero leakage path in
the denominator of the Hagen-Poiseuille formula turns the
leak into infinity. The proposed mathematical model
solves this issue.

3. The ratio of working fluid leaks with an eccentric
and concentric arrangement of the ball-piston in the
cylinder is 1,93, which is almost 30 % less than that used
in the Hagen-Poiseuille formula for calculating leaks in a
spool or piston pair with a real value of the sealing gap.

4. The developed method of analytical calculation is
recommended for use in design calculations of volumetric
hydraulic transmissions of radial piston type with piston
balls to assess pressure leaks and is decisive in
determining their volumetric efficiency.
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