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Load of the kinematic pair piston-cylinder block
in an axial piston pump

Tadeusz Zloto, Piotr Stryjewski
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Summary. The paper presents an analysis of the load
of the kinematic pair piston-cylinder block in an axial piston
pump. The analysis was carried out by means of a spatial mod-
els of discrete and analog piston load. The value of reaction and
friction forces occurring between the piston and cylinder block
were determined for a typical axial piston pump. The load sim-
ulation was performed by means of the Mathcad software [15].
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INTRODUCTION

Axial piston pumps have numerous industrial appli-
cations due to their ability to work with high pressures
and high powers, as well as high efficiency understood
as a ratio of power to mass or volume [11,12,20]. This
type of displacement machines is most often employed
in the drives of complex machines with high efficiency
requirements [19,24]. This motivates continuous research
on how to further improve exploitation parameters and
modernize construction of these pumps.

The most important applications of hydraulic piston
pumps include products of the companies Parker, Bosch-
Rexroth and others, mostly in the following fields:

— aviation industry (airplanes),

— automotive industry (presses, numerical control ma-
chine tools, injection molding machines),

— heavy industry (pressure foundries, rolling mills,
cokeries),

— building industry (excavators, loaders, extension arms),

— agriculture and forestry machines (forest cranes, eleva-
tors, drill rigs, mowers, combine-harvesters),

— military roadway systems (multifunction vehicles,
building bridges).

One of the most popular types of piston machines
with axial pistons are axial piston pumps with a sloping
swash plate (Fig. 1) [1,3,5,7,10,14,16,17,18,22]. The cyl-
inder block 4 rotates with the pistons 2, and the valve
plate 9 and the swash plate 5 are stationary. By varying
the inclination angle of the swash plate, the path of the

/)

Fig. 1. The main elements of the axial piston pump: 1 — shaft, 2 — piston, 3 — slipper, 4 — cylinder block, 5 — swash plate, 6 — re-
tainer plate , 7 — central spring, 8 — valve plate of the cylinder block, 9 — valve plate [11]
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pistons is affected in their to-and fro motion and at the
same time the flow intensity of the operating liquid varies.

Energy losses in axial piston pumps are most often
caused by the operation of the kinematic pair piston-
cylinder block.

ANALYSIS OF PISTON LOAD BY MEANS
OF THE DISCRETE AND ANALOG MODELS

One of the characteristic features of the operation of the
piston-cylinder block system in axial piston pumps with a slop-
ing swash plate is that the hydrostatic slipper is acted upon
by the radial force originating from pressure force. (Fig. 2).

Fig. 2. Forces in the piston system represented on a plane [6]

The radial force F7,, by pressing the piston towards the
cylinder, causes that the piston’s position is not parallel to
the cylinder and strong reactions R i R, appear [11]. As
aresult, the friction force /7, occurs in the piston working
cycle. The friction force /7, can be obtained from [6,13,20]:

F,=uR,+R)). )

Fig. 3. Piston load in the discrete model
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In the available literature, the computations of reaction
forces were performed in a two-dimensional system for an
extreme case, i.e. for the maximum piston displacement.

In this paper, a spatial model is employed for obtain-
ing the reactions R, and R, as functions of the angle ¢
of the cylinder block rotation. Typically, two cases of the
piston system load are considered: the discrete model [6],
assuming a focused load and the analog model [19, 22],
assuming a continuous load in a two-dimension system.
Fig. 3 shows the discrete model of the piston system load
in the three-dimensional representation. It was assumed
in the model that the following forces operate: the pres-
sure force F'originating from the pressure, the dynamic
force F, resulting from the changes in the piston system
velocity in the to-and-fro motion, the inertia force
occurring due to the rotation of the piston system around
the axis, the spring force F_pressing the piston system
to the swash plate, the force F, of the hydrostatic relief
of the slipper, the friction forces between the piston and
the cylinder block R , and uR , and the friction force F
between the slipper and the swash plate. R, and R, are
reactions acting where the piston presses on the sleeve
inside the cylinder block and reaction R, is exerted by
the slipper toward the swash plate.

On the basis of the distribution of forces, as shown in
Fig. 3, 3 equations are formulated representing projections
of the forces onto the X, Y and Z axes and 2 equations
representing moments with respect to the X and Y, axes.
All these equation are presented in a general form as:

ZF;'X ZOvZFiY :OaZE‘z ZO’ZM,‘X ZOiZMiY =0.(2

There are 5 equations and 5 unknowns: R, R ,,
R,,, R, and R . The equations were solved by means of
the Cramer method [2].

Active forces occurring in the model were obtained

from the formulas:
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According to the Cramer method [2] the following
set of equations was assumed:

ARy +B-R, +C,-R =J,,
DRy +E -R;y+F-R =K, 7
G Ry +H, Ry +1,-R =1, .

The angular range y of the main pressure zone is treat-

a, —«a,

ed as constant. The zone takes the range from %
to 7 (the point of departure of the cylinder block for the
overlap of the valve plate) with the constant pressure p,.

The set of equations (7) was solved by means of the
Cramer formulas [2], utilizing the following expressions:

R,y
R,y :Ta ®)
Ry,
R,y = R - ©)
R,
Ry :Ti” (10)
h
where o C
R, =\D, E, F)| an
G H I
J B C
R,y =|K; E; Fj| (12)
L H oI
4 J C
R, =|D; K, F (13)
G L I
A B J
Ry, =D, E; K (14)
G H L
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The total reactions are:
[ 2 2
RA,.Z RAX, +RAY,_ , (15)
[ 2 2
RB’ = RBX‘ +R3x . (16)

In the computation model it was also assumed that
the pressure variation in the upper transition zone be-

tween the suction zone and the pressure zone is linear

a, —a
[4] in the angular range from 0 to % i.e. from 0°

to 9,283° in accordance with:

2'(pt_ps).
o, —a

m c

The hydrostatic force acting on the piston surface
varies in accordance with:

B r-d*
= Pjr 4

(18)

Also, the hydrostatic relief force of the slipper var-
ies, as below:

p.T P22
F,=C-—L .|z w (19)
s
2 ln—r”
r

ws

Introducing the analog model of the load of the kine-
matic pair piston-cylinder made it possible to calculate the
load of the pair also in the spatial system. Fig. 4 shows
the computation model of the analog load.

Unlike in the previously discussed model, a triangular
distribution of the analog load occurring between the
piston and cylinder was assumed, as discussed in [8,19,20].

In the analog model a coefficient of load transfor-
mation k£ was introduced (Fig. 4). The coefficient was
obtained by solving Eq. (20) and taking into account the
reactions R, and R, of the discrete model:

k*-(Ry—R,)-2-k-Ry-ly+ Ry -1y =0, (20)

where

:2-RB-10—\/(—z-RB-10)2—4-(RB—RA).RB-15

k
2-(Ry—R,)

. Q)

In the subsequent computations of the reaction to the
action of the piston to the cylinder block in the analog
model, Fig. 4 was used and the computation procedures
adopted in the discrete model were retained.
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X

Fig. 4. Piston load in the analog model

RESULTS 3500 —
— —R |
The following dimensions and exploitation param- 3000 _l, = ~h__ —A—Ry ]
eters of the pump were assumed in the calculations: 2500 _I "~
— pump pressure p,= 32x10° Pa, | ™ —
— pump suction p_= 0 Pa, = 2000 I e
— shaft angular velocity @ = 157 rad/s, o 1500 .]
— central spring force ;=75 N, . F=Sul
— total mass of the piston and slipper m = 0,07 kg, 1000 ,T‘A A i
— coefficient of friction between the plston and cylinder in e g
H= 0,1 [3]’ 500 l‘ D I
— coefficient of friction between the slipper and the swash 0
plate #_= 0,004 [9], 0O 20 40 60 80 100 120 140 160 180
— coefficient of pressure loss at the slipper C = 0,9 [4], ¢o[°]

— swash plate inclination angle a = 16°,

— distance between the centre of the joint to the slipper
base ¢ = 0,01 m,

— distance between the gravity centre of the slipper and 500
piston and the piston front ¢ = 0,028 m,

— distance between the gravity centre of the piston and
slipper and the centre of the joint /= 0,02 m,

— piston diameter d = 0,015 m,

— internal radius of the slipper chamber 7 = 0,00498 m,

— external radius of the slipper chamber »_ = 0,0101 m,

— length of the sleeve leading the piston l =0,033 m,

— radius of the positioning of the pistons r,= 0,035 m,

— angular coefficient of the cylinder port a =26,109°, 100

— angular coefficient of the valve plate brldge (overlap) r
a = 44,674°. 0

As presented in Fig. 5, the values of reactions were 0 20 40 60 80 100

obtained in the calculations as a function of the angle ¢ 0[]

of the cylinder rotation in the discrete model. The values

of the friction force (1) depending on the cylinder rotation

angle are presented in Fig. 6.

Fig. 5. Reaction as a function of the angle ¢ of the cylinder
rotation in the discrete model
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Fig. 6. Friction force F,, as a function of the angle ¢ of the
cylinder block rotation in the discrete model

On the basis of the calculations it can be observed
that the friction force (1) occurring in the kinematic pair
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piston-cylinder block in the pressure zone is about 4 to 8
% of the pressure force (3) in the discrete model.

Fig. 7 presents reactions in the analog model and
Fig. 8 shows a comparison of the friction forces occur-
ring between the piston and the cylinder obtained in the
analog and discrete models.
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Fig. 7. Reactions R, and R, as a function of the angle ¢ of the
cylinder block rotation in the analog model
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Fig. 8. Friction force F, for the analog model and F, for the
discrete model depending on the cylinder rotation angle

In the analog model the ratio of the friction force (1)
to the pressure force (3) is about 7 to 13%.

CONCLUSIONS

The following conclusions can be stated on the basis
of the present study:

1. The computation models of the piston load enable the
assessment of friction forces and piston load depen-
ding on the cylinder rotation angle. The models can
be employed for designing the kinematic pair piston-
cylinder block in axial piston pumps.

2. The significantly high values of the friction force be-
tween the piston and the cylinder press the cylinder
block towards the valve plate in the pump operation

10.

11.

12.

13.

14.

15.

16.

17.
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system and in the opposite direction in the motor op-
eration system.

. The analog model of the piston load is more reliable

than the discrete model due to the fact that the gap
height between the piston and cylinder is small.
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OBCIAZENIE PARY KINEMTYCZNEJ TLOCZEK-CYLINDER
W POMPIE WIELOTLOCZKOWEJ OSIOWEJ

Streszczenie. W pracy przedstawiono analizg obcigze-
nia pary kinematycznej ttoczek-cylinder w pompie wielottocz-
kowej osiowej. Analiz¢ przeprowadzono z wykorzystaniem
przestrzennych modeli dyskretnego i cigglego obcigzenia tloka.
Okreslono wartosci reakc;ji i sily tarcia wystepujace pomigdzy
tlokiem i cylindrem dla typowej pompy wielottoczkowej osio-
wej. Symulacje obciazenia przeprowadzono z wykorzystaniem
programu Mathcad [15].

Stowa kluczowe: pompa wielottoczkowa osiowa, ob-
ciazenie ttoka.



