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ABSTRACT The process of lubricating a sliding interface between the Slipper and the swashplate in axial
piston machines is a major solution for the improvement of its efficiency and performance. This lubrication
process is largely influenced by the phenomenon of the thermoelastic and hydrodynamic deformation of the
solid-liquid structure on this interface. This paper is mainly based on the study of the causes and processes
of deformation, as well as the conditions of improvement of this deformation by the lubrication on the
interface slipper/swashplate. For this, a mathematical model detailing the model deformation elastic and
hydrodynamic on the slide interface Slipper/swashplate is made. The major parameters in the deformation
such as the loads and the oil size are simulated. The energy equation is solved to understand the effect of the
temperature on the oil behavior. The Reynold equation is solved to simulate the hydrodynamic pressure
between the Slipper and the swashplate. A test rig is specially built to measure the torques and loads,
the pressure, the oil height, and the temperature between the Slipper and the swashplate for different input
conditions. The comparison between the simulation results and the experimental ones proves the coherence
and the precision of the results of this research. Finally, some propositions to improve the performance of
the axial piston machines for the lubrication mechanism on the Slipper/swashplate interface are given.

INDEX TERMS Axial piston machine, slipper-swashplate interface, efficiency improvement, lubrication

mechanism, elasto-hydrodynamic deformation.

I. INTRODUCTION

The axial piston pump is currently an element whose demand
is steadily growing on the market. Its popularity stems from
its compactness, relative ease in controlling the effective fluid
displacement per shaft revolution, and high pressure opera-
tion [1]. The interface between the Slipper and Swashplate is
one of the most important interfaces in which a large part of
the energy of the pump is lost. The performance loss mech-
anism on that surface is mainly caused by the thermo-elastic
and hydrodynamic deformation of the Slipper/swashplate
assembly. The thermo-elastic and hydrodynamic deformation
of the Slipper is caused by several mechanisms occurring
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during the pump operation, in specific, from the Slipper and
Swashplate dynamic motions to their deformations.

The Slipper performs several types of very complex move-
ments on the Swashplate. Besides the macro motions gov-
erned by the pump kinematics, the Slipper also exhibits some
micro motions such as a squeezing motion, tilting motion, and
spinning motion, which are essential for the slipper operation
[2]. Due to the multiple degrees of freedom on the macro
and micro scales, the Slipper/swashplate interface is the most
complicated lubricating interface in terms of dynamics [3].
Experimentally, Zhang et al. [2] investigated on the slipper
spin and concluded that slipper spin occurs and its speed
is approximately equal to shaft speed under test conditions.
A tribo-dynamic model of the slipper bearing where the angu-
lar rate of the slipper spin was considered and the pressure
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governing equation has been proposed by Lin and Hu [4];
the effects of speed, pressure and oil viscosity on the oil film
thickness of the slipper pair were investigated by means of
this tribo-dynamic model. Iboshi and Yamaguchi [5] studied
the Slipper bearing characteristics by deriving the Reynolds
equation for the slipper bearing from the Navier-Stokes equa-
tion to evaluate the fluid film parameters of slipper, including
tilting angle, maximum tilting angle azimuth and mean gap
height. Chao e al. [6] derived the Reynolds equation for the
slipper bearing in cylindrical coordinate systems using the
differential analysis of fluid flow by evaluating the bound-
ary condition of the Reynolds equation based on the slipper
kinematics on the swashplate. They found that the Slipper
does experience a translation in an elliptical manner rather
than a plane rotation on the swashplate. Hooke and Kakoullis
[7], Hooke and Li [8,] [10], Ko¢ and Hooke [9] investigated
the tilting behaviour and lubrication characteristics of the
slipper bearing with different slipper running surface profiles
theoretically and experimentally. They used the Reynolds
equation to solve for the pressure distribution under the slip-
per land and thus the fluid force and moment acting on the
slipper. According to their results, the fluid film thickness
under the slipper land could be predicted with a reasonable
accuracy through solving the force and moment equilibrium
equations of the slipper. By analysing the solid body motion
effect on the deformation on Slipper/swashplate interface,
the Swashplate is not lifted out.

The behaviour of the swashplate, in addition to its incli-
nation’s angle, also influences the lubrication mechanism of
the Slipper/Swashplate interface. The dynamic modelling of
swashplate for conditions monitoring applications has been
studied by Bedotti ez al. [11]. Based on the equation of swash-
plate’s motion, the pump regulators, the actuator torque, and
the Karnopp friction model have been modelled. The torque
characteristics for a swashplate-type seawater hydraulic axial
piston motor has been investigated by Yang et al. [12] taking
into account the dynamic pressure inside the piston chamber,
the piston friction, and the pre-compressible angle. They
found that an adequate pre-compression angle will not only
ensure the isolation of piston chambers from any exchange
ports, but also help diminish the pressure shock and the
associate fluid noise.

The power loss on Slipper/swashplate interface is partially
caused by fluid flow. The total power lost between Slipper and
Swashplate is a summation of the power due to the force of
the friction and that is due to the flow [13]. In order to improve
the efficiency of piston pump, Gao et al. verified the accuracy
of the hydraulic test rig using the deviation analysis method
[14]. Rizzo et al. [15] applied a nanocoating (developed by
ISTEC-C.N.R.) to the slippers of an axial piston pump to
reduce the friction losses. This improved the pump overall
efficiency map, which demonstrated that at low rotational
speed, hydrodynamic lift causes power losses in terms of
volumetric and mechanical efficiency due to the contrasting
need to increase leakage to provide lubrication and to keep
a minimum clearance in limit to limit the volumetric losses.
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Bergada et al. [16], Kumar et al., Bergada and Watton [18]
presented the expression for the leakage between the slipper
and Swashplate, which took into account the slipper spin.
The leakage expression was subsequently integrated into a
differential equation to evaluate the instantaneous pressure
in the displacement chamber. Gronberg [19] used a fluid
structure interacting model called CASPAR to calculate a
couple gap flow. He found that, the friction forces transmitted
in the coupled gap flow module have a large impact on the
power loss for low pump speeds with low pressure. How-
ever, the friction forces on the Swashplate/slipper interface
increase the temperature of fluid by generating heat, and that
heat generation causes a thermal deformation of the slipper
and swashplate, which can also influence on the gap height
between the slipper and the swashplate. Therefore, the ther-
mal effect should be considered for the lubrication character-
istics of slipper bearings [20]-[23]. The rising of temperature
causes the decrease of fluid viscosity, which leads to the
decrease of the fluid film thickness. And when the fluid film
thickness is reduced between Slipper and swashplate, there
is a greater chance that metal-metal contact occurs. Due to
the tilting moment, the fluid film height distribution resulting
from a rigid body separation of the slipper from the swash-
plate in the local slipper cylindrical coordinate system can be
described using the height of the three control points at the
outer diameter of the slipper [1], [13], [23], [24]. The defor-
mation occurring on the Slipper/swashplate interface is due
to the exchange and increase of heat between the solid-fluid
structure and caused by the thermodynamic pressure under
the Slipper. The fully coupled fluid-structure-thermal models
established for slipper bearings to account for the thermal,
elastic, and hydrodynamic effect [1], [25], [26] allowing the
dependence of fluid pressure on structural deformation to be
resolved as well as to update the temperature and viscosity
of the fluid film. In order to make the research results more
precise, several Slipper test rigs were built in various ways.
The Slipper test rig has undergone a lot of modifications and
can be classified into three categories [3], depending on the
operations allocated as well as their operational approxima-
tion to that of the real pump. In order to improve the method of
control of the hydraulic systems, Shen ef al. [27] established
an Integral Direct-drive Volume Control (IDDVC) electro-
hydraulic servo system and found that compared to the con-
ventional transfer model, the integrated model can precisely
simulate the feature of dead-zone nonlinearity during positive
and negative switchover motion; and Suzuki and Urata [28]
developed a new design of pressure compensated flow control
valve. Yu et al. [29] proposed VCR to denoise, fuse EWT
components at different frequency bands, and enhance useful
harmonic components in hydraulic pumps. At low rotational
speed, hydrodynamic lift causes power losses in terms of vol-
umetric and mechanical efficiency due to the contrasting need
to increase leakage, to provide lubrication, and to keep a min-
imum clearance in order to limit the volumetric losses [25].
Relying on the large demand of axial piston machines for
their multiple and various applications, it is understandable

VOLUME 7, 2019



G. Haidak et al.: Impact of the Deformation Phenomenon

IEEE Access

that the lubrication solution of an important interface such as
the Slipper/swashplate requires a more global and widespread
study. The cause of hydrodynamic deformation of the Slipper
and Swashplate are due to many factors such as the Slip-
per and Swashplate motion, the load on the Slipper, and
the heat exchange between solids and liquids. In addition,
the Swashplate moment and its dynamic angle regulation
strongly effects the deformation and lubrication mechanism,
and deserves greater research attention.

Therefore, the goal of the authors’ research in this work
is to discover the impact of the thermoelastic and hydro-
dynamic deformation and its lubrication mechanism on the
slipper/swashplate interface. First of all, the mathematical
model describing the kinematics and dynamics of the slipper
and swashplate are studied, then the flow, pressure, and heat
transfer equation on the slipper/swashplate interface are anal-
ysed. The second part presents the analytical and simulation
models, where the numerical results are presented. The third
part is the experimental part and the measurement of the data
by a new test rig specially designed in the laboratory for
measuring Fluid film thickness, temperature and, the axial
forces under different applied loads. The fourth part presents
a discussion and conclusion.

Il. MATHEMATICAL MODEL

A. SLIPPER DYNAMIC MODEL/SLIPPER MOTION

1) SLIPPER MOTION

During the operation of the pump, due to swashplate incli-
nation, shaft rotation, and piston forces, the slipper does not
describe a circular motion on the swashplate. The spatial
motion of the slipper is the combined movements of the
rotation along with the cylinder and the reciprocating motion
concerning the cylinder [2]. The mathematical equations of
the Slipper motion under the Swashplate have been developed
Yu et al. [30]. The instantaneous slipper velocity distribution
in the slipper local cylindrical coordinate system can be
defined for a given pump shaft speed, w [1] can be rewritten
as follows:

VG = {VXG =w-y1-cos(y) )

VyG =@ - Y2 - sin(y2) — (a).r.vp) with

ylz\/r2+ré—2'VG'COS(”_9)

2 2 2
2 2-yr

2) FLUID FILM THICKNESS

Following the action of the multiple forces exerted on the
slipper, it is driven to perform many movements. Its slight
rotation around the X-axis causes its inclination around the
Y-axis, and vice versa. Following the pressure of the stock-
ing, at any position given during the operation of the pump,
the oil film between the slipper and the swash plate is wedge-
shaped. The instantaneous lubricating oil film height 4 can be
expressed as a function of three different points 41, /7, and h3
on the outer edge with interval of 120° from each other [13];
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FIGURE 1. Wedge-shape of the oil film between the slipper and
swashplate.

as shown in FIGURE 1. And the film thickness at an arbitrary
point (r, 6) is calculated as follows:

r-cosd r - sinf
h(r,0) = hy —h 2-hi—hy—h
(r,0) ro~«/§(2 3) + 3-Xo( 1—hy—h3)
1
+§(hl+h2+h3)+Alslp_lswp 2)

where (r, 0) is the coordinate at the arbitrary point of the
slipper in cylindrical coordinates, while rg is the reference
radius. i1, hp and h3 are the height of the oil film in the three
distributed points of the slipper, [y, and I, are respectively
the Slipper and Swashplate pressure/thermal deformation.

3) FORCES

The centrifugal force due to the shaft rotation is applied to
the slipper/piston assembly [31]. The inclined external force
pressing the bodies of the translational friction pair with a flat
contact surface was analysed by Dobrov [32]. In TABLE 1,
three references are defined: (XYZ), (X,;YsZ) and (X;Y1Z1)
system are inertial systems. (X;Y1Z1) can be obtained by
a rotation of (XYZ) system around the X-axis clockwise
through an angle 8. (X;Y;Z;) defined in the center of gravity
of the slipper, and the forces involved are illustrated. This set
of forces, as presented below, rotate the assembly around the
axis Z of the inertial reference (XYZ).

In FIGURE 2, F,k; is the centrifugal force, Frg; is the
piston ball joint force, Fpgx is the displacement chamber
force, Frk; is the force of the cylinder block, Fk; is the inertia
force, Frg is the Slipper viscous friction force, (Fskyi, Fskzi)
are the components of swashplate reaction force, and Fgg is

FIGURE 2. Free body diagram of slipper.
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TABLE 1. The geometric characteristics and some operation conditions of
the data used for the pump.

Parameters Values Parameters Values
Radius cylinder 46 Diameter 2.5
block Rp [mm] orifice slipper

dp [mm]
Diameter bushing  24.125  Piston/Slipper 48
dy [mm] mass assembly

my [g]
diameter piston 24 Length piston 37
dy [mm] surface lg¢

[mm]
length piston I 44 Mass of slipper 10
[mm] mg [g]
length bushing I 44 Shaft speed 2500
[mm] [rpm]
Swash plate 16 Distance piston 7.6
Angle B [deg] head-gap area

lg [mm]
Diameter orifice 0.8 Length orifice 348
piston head dpg slipper lpg
[mm] [mm]
Length orifice 11.8  Inner diameter 15
piston head I slipper d;
[mm] [mm]
Distance to the 31.9  Outer diameter 25
centre of mass of slipper dgq
the piston/slipper [mm]
assembly
lsx[mm]

the resultant of piston/slipper assembly force. These forces
have been mathematically modelled and expressed in detail
by Haidak et al. [13], Wang et al. [33].

It is worth noting that the external forces exerted directly
or indirectly on the Slipper have a considerable impact on the
lubrication mechanism of the Slipper/swashplate interface in
general and on the thermo-elastic deformation of Solids (Slip-
per and Swashplate) in particular. The slipper is loaded by
primarily in the form of the resulting piston pressure force and
secondary loads resulting from the contacts piston-cylinder
board and spherical joint [25].

With regard to the behavior of the thickness of the fluid
film at the bottom of the Slipper pocket, the influence of the
load capacity exercising on the slipper must be taken into
account. When the load on the slipper rises, the oil thickness
decreases and the risk of having metal-to-metal contact is
huge.

B. SWASHPLATE MOMENT

The swashplate moment is influenced by the fluid pressure
coming from displacement chamber. The pressurized fluid in
the displacement chamber exerts an axial fluid force on the

piston/slipper assembly and generates a reaction force on the
swashplate [34]. According to FIGURE 3, the force exerted
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FIGURE 3. Forces and moments of the swashplate.

on the swashplate can be expressed as follows:
Faki = Fpki + Faki + Frki (3)

Fpki is the pressure force depending on the instanta-
neous cylinder bloc pressure, and the components of the
Swashplate’s reaction force can therefore be subdivided
according to axes and is expressed in Eq. (4).

z 2
Fgx = 0: Fsy = Zi:l Fsyi = —tanp - Zi:l Fakis

z
Fsy=) . Fax @

Frsi = —Frgi  Frsxi = Fri.cosgi (5)

Fx changes its origin during one shaft rotation. The friction
force Fr exerted on the swashplate due to the slipper motion.
The moments relating to the forces exerted on the swashplate
are expressed as follows:

n

Mg, = Zi:l R - Fuki - cosgp; - (1 + tanz,B)

R n
= m Zi:] Faki - cosgi (6)
n

Msy = —R- Zi:l Fki - sing; (N
n

Msz = Zi:l Fsyi - xsi + Mrsi

n
n
= —R. ( E - Fre+ tanp - 21 Faki - sing;)  (8)
=

Here, n represents the piston number. The swashplate moment
in relation to X-axis is the sum of the moment of the
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components of Swashplate forces in the directions of Y and Z
(Frsi and Fry;). Similarly, Mg, is the moment due to Swash-
plate components in the directions of X and Z, given that the
strength of the swashplate in the direction of the X is zero, its
moment in the direction of Y is thus reduced to the moment
derived from the component Fs;. The components of the
swashplate moment following the Z axe is normally the com-
bination of the moment due to Fi,;, Fsy; and the moment due
to the friction force of Slipper Fr¢; but it reduces to the two
latest forces (Fsy; and F'rg) as Fsy; is equal to zero in this case.

C. PRESSURE MODEL

1) FLUID FILM PRESSURE MODEL

The calculation of the pressure distribution between the Slip-
per and the Swashplate is one of the important works in
predicting the lubrication of this interface. Thus, the fluid
has an assumed Newtonian, viscous, incompressible, and
laminar flow. For this, the equation of Reynold in cylindrical
coordinates [26] can be discretised according to the shape of
the base of the Slipper to calculate the pressure.

—-1/9 r-h38P+8 1w ap +1a rehevy
12r \ or w or a0 \ ur 06 ror 2

_’_1 0 (h-ve: oh; ve: dhg 0h; 0hy _
ro6 \ 2 oy
9

roa0 90 9t

w is the oil viscosity, £ is the fluid film thickness, and P is
the fluid pressure; Eq. (9) can be solved numerically using
the Finite Volume Discretization method as it can be seen in
FIGURE 4. Due to the fact that the finite volume mesh is
structured, the cell centroids are located such that the con-
nection between each neighbour is exactly orthogonal to the
shared cell face, so the face pressure differentials of Eq. (9)
can easily be represented discretely as in Eq. (10).

0P, Pp—Pp 9P, Pp—Py

b

30 rAO 130 rA@
P, Pg —P JoP Pp—P
n _ E P’ s _ P S (10)
or Ar ar Ar

2) DISPLACEMENT CHAMBER MODEL

The pressure in the displacement chamber acts directly
on the forces of the piston as illustrated in the FIGURE 5.
So, the instantaneous pressure, Ppc can therefore be mod-
elled using a separate lumped parameter approach and
is fully determined before the calculation of this model,
and considered as a transient boundary condition. This

FIGURE 4. Slipper/swashplate fluid film Finite volume discretization
scheme.
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FIGURE 5. Sketch of slipper pocket pressure control volume.

pressure is governed by the following pressure build-up
equation [16], [34].
dP, K (

ik Qr_QSS_QPB_QBV_cZ_‘t/> 11
In Eq. (11), K stands for the bulk modulus of the fluid, V is the
volume of the displacement chamber, and Q, represents both
the flow inlet and outlet of the displacement chamber dur-
ing respectively motoring mode and pumping mode. As the
displacement chamber transitions from discharge to suction
pressure, the hydrostatic pressure boundary, and resulting
deformation changes by significant magnitudes. To correctly
account for the contribution of transient deformation change
to Reynolds squeeze pressure, a backwards difference method
is used [26].

slp slp swp swp
alslp i L - (St—At. alslp _ L = t—At (12)

a At at At

dsip and by, are respectively the slipper and Swashplate
pressure/thermal deformation. Given that the deformation
referenced here is due to pressure, Eq. (12) can be modified
such that the Slipper deformation becomes a direct function
of pressure, and it shows that stationary deformation can
fluctuate and contribute to the compression effects if the
deformation of the cyclic plateau does not move with the
slippers, due to transient variations in the total amplitude of
the oil pressure acting the Swashplate.

3) THE SLIPPER POCKET PRESSURE MODEL

The pressure of the fluid at the bottom of the Slipper is a
pressure due to fluid flow. It is the flow coming from the
displacement chamber noted Qp;son Which can be calculated
using the orifice equation. The flow by the lubrication gap
QOsc can be calculated by integrating the velocity of the fluid
around the circumference of the Slipper [26].

Pg =Pg,—1 + At -

dVyock
<Qpismn —0sc — I;Otc €t)

pocket

(13)

Eq. (13) is identified as the pressure distribution under slip-
per, where K is bulk modulus and Vjpcker is 0il pocket volume
as it is illustrated in FIGURE 5.
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FIGURE 6. Illustration of 2D elastic slipper deformation.

D. THE FLOW ANALYSIS

The fluid flow analysis in the axial piston pump focuses on
three different areas, such as the flow in the displacement
chamber, the flow below the Slipper pocket, and the flow
between the Slipper and the swashplate. The leakage formula
on the Slipper/swashplate interface developed in the generic
form by Bergada et al. [16], Kumar et al. [17] can then be
used and integrated according to the value of k1 in Eq. (14).

Qslipper—swashplate = A m dos ( 14)

E. THERMOELASTIC AND HYDRODYNAMIC
DEFORMATION

1) SOLID BODY DEFORMATION

The slipper deformation in this case is due to the oil film
pressure distribution along the radius direction. To solve this
issue, the generic pressure distribution of a slipper with any
total lands number developed by Bergada et al. on reference

[35] can be rewritten as:
AP 1 r
—_— | = In| — (15)
S i (%) {h? <>}

‘n’ represents the number of lands, AP is the difference
between the outlet and inlet pressure, 7; is the i land radius,
r is the arbitrary radius point, and h; is the ﬂuld film thickness
between the slipper and swashplate at the i point.

The points A and B represent the small infinitesimal
element of the slipper. They were initially separated by a
distance L and (L + dr) after a deformation. Thus, the local
elastic deformation equation [23] can be modified and rewrit-
ten for slipper with multi-lands as:

(1-9)1
n.FE L

P = Piyjer —

de (ri) =

AP 1
. S LAY (L (16)
: 3
> 131 (rlrt]> g K

Eq. (16) represents the elastic deformation equation at point
A. To find the deformation equation at point B, the distance
L should be expressed as follows:

Pinler

2 2
\/r] +rf =215 ricosbp 1 > 1

L = a7y

\/}’1-2+ri2+2~rj~ricos0k rp <1
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0 represents the circular angle at the point A. By substituting
Eq. (17) in Eq. (16), the elastic deformation equation at the
point B can be found as follows:

(1-v?

) m+1
e
n.E Zj=1

Pinjer —

Se (ri) =

=i ()]

i

n
>
k=1

\/r/. +rl. E£2-r;-1i-cosO
(13)

3. 1s a local vertical deformation of point P and 9, the Pois-
son’s ratio, E is the Young’s modulus, r4 is a slipper radius at
point A, and L is the initial distance between A and B.

The elastic deformation of the solid bodies (Slipper and
Swashplate) show that deformation is linear and substan-
tially influences the lubrication mechanism of the Slip-
per/swashplate interface. This elastic deformation can be
calculated by solving the elasticity equation. The elasticity
equation with appropriate boundary conditions is an applica-
ble model of solid deformation [26].

V.o(x,y,2)=0 (19)
G(u,u)= —/ u(V - (o)b)dv (20)
%

G(u,ﬁ):/ ETDst—/ ﬁTtdA—/ ' bdv=0 (21)
\4 A \%

u=a"h, u=da'n (22)

o is a stress, ‘i’ are basis functions, and ‘a’ is the weight;
the finite element method with solid four-nodded tetrahedral
elements. The method of residuals is used to solve Eq. (24) by
introducing into the weak form in Eq. (25). Then, the Galerkin
method of weighted residual in Eq. (25) can be used to reduce
the infinite dimension formulation of Eq. (26)

2) PRESSURE DEFORMATION EQUATION

The contact between the Slipper and the swashplate is not in
dry contact a result of the existence of the oil film expressed
above in Eq. (1). The elastic deformation mentioned here is
the elastic linear deformation. This deformation is assumed
to be in the linear elastic regime. Although deformation can
change rapidly in response to varying pressure loads, the scale
of variation is significantly less than the speed of sound in
elastic solids and thus no steady terms are neglected for the
solid body analysis [26].

When the fluid film thickness deviation becomes less than
the critical film thickness, the solid body pressure is created
and the viscous body friction between solid-liquid acts simul-
taneously. This influences the lubrication mechanism of the
Slipper/swashplate interface.

3) THE HEAT TRANSFER MODEL AND SOLID'S

ELASTIC DEFORMATION

Viscous friction within the lubricant causes localized heat-
ing, and due to high thermal conductivity, boundary surface
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temperatures have a strong impact on the fluid temperature.
The temperature of the fluid plays an important role in the
lubrication of the Slipper/Swashplate interface and it is cal-
culated using energy equation defined in Eq. (27).

V-(p,cp,v,T) =V -(AVT)

v, \2 g \> 4 (W)z (V9>2

— — - (— — 23

+|:(8z> +<Bz +3 r + r 23)

The viscosity of the fluid depends on the temperature of the
fluid as it can be seen in Eq. (34), where Ty is the film tem-
perature. When the temperature rises, the viscosity decreases;
simultaneously the flow increases. This is a huge loss of

energy. Eq. (28) gives the link between the dynamic viscosity
of oil and the temperature, where a and b are constants.

w=a-e bl (24)

The boundary conditions for the solution of the energy equa-
tion according to the height of the fluid between the Slipper
and the Swashplate are described as follows:

Radially, the temperature of the fluid is elevated to the area
or the thickness between the Slipper and the Swashplate is
minimal, and smaller in the area or the thickness between the
Slipper and the Swashplate is maximal (Figure 4). Following
the Z-axis, the fluid temperature is equal to that of the swash-
plate when z = 0 and equal to that of the Slipper pad for z
according to function f defined in FIGURE 7.

FIGURE 7. Temperature boundary condition.

The determination of the solid bodies’ temperature
fields is based on a finite volume discretization. The
diffusive-convective form of the energy equation in solid
body can be expressed in differential form and its governing
equation for conductivity heat transfer is as follows:

V. (q) = 0withg = —AVT 25)

Here, A is the thermal conductivity of the solid material.
Similarly, to the elasticity one described in part ILE. 1) from
Eq. (23) to Eq. (25), the global form can be converted into
a weak variational formulation. The Galerkin method of
weighted residuals will then be used in conjunction with a
finite element approximation to solve the scalar temperature
field [19]. The weak form of the conductivity heat transfer
equation can be written as follows:

G(T,T)= / TO.NTYAQ =0 (26)
Q

Q represents the domain. The boundary of the definite solu-
tion domain is separated into two different parts, S; and
S>. Sp is the temperature boundary condition. S, are the
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FIGURE 8. Unstructured mesh configuration for four nodded tetrahedron
element (a) and tetrahedron natural coordinates (b).

other boundary conditions including heat flux, heat convec-
tion, and heat ratio.

Here, the solid is discretized into many individual finite
element method and Eq. (29) can be applied to each element
volume individually. In FIGURE 13, it can be seen how the
Slipper domain has been discretized into the sum of many
individual tetrahedral shaped volumes; and each element vol-
ume is illustrated by the four-node linear tetrahedron shaped
volume presented in FIGURE 8. Four natural coordinates
(L1, Lp, L3, Ly) are defined for the tetrahedron with the coor-
dinates values respectively (1,0,0,0), (0,1,0,0), (0,0,1,0) and
(0,0,0,1). It is important to emphasis that the tetrahedron
are not necessarily coplanar. For the thermal conductivity
analysis, the temperature is assumed to be a weighted linear
combination of the four nodal temperature; so that the tem-
perature of a point with natural coordinates (L1, Lo, L3, L4) is
interpolated as in Eq. (31.a), and the temperature field within
the tetrahedron is expressed on Eq. (31.b).

Tp = [L1, Lo, L3, L4] .

T(x, Y, Z) = [NI,NZaN3»N4] : T3 (b) (27)

Eq. (27) (a) and (b) represent respectively the temperature
of a point with natural coordinates and the temperature
field within the tetrahedron. Thus, the boundary condi-
tion usable for temperature analysis is that of mixed con-
vection; For which the magnitude of heat flux is directly
proportional to the difference between the temperature of
Slipper and the temperature of swashplate surface. This
difference is proportional to the heat transfer convective
coefficient.

IIl. ANALYTICAL AND SIMULATION PARTS
A. PARAMETERS AND INPUT CONDITIONS
For the simulation entirety made in this work, the geometrical
characteristics and certain operating conditions of the data
used for the pump as well as the characteristics of the fluid
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TABLE 2. Characteristics of the fluid.

Parameters Values
Kinematic viscosity P coefficient  1.5e-13
Pc1 [']

Kinematic viscosity weighting 0.9000
factor w [-]

Kinematic viscosity T coefficient  9.6310
Tc1 [']

Kinematic viscosity P coefficient ~ 2.1025
Pc2 I[']

Kinematic viscosity T coefficient ~ 3.7873
TC2 [']

Dynamic oil viscosity [Pa.s] 0.073
Density oil at reference point 1048
[kg/m’]

Volumetric thermal expansion 05.76¢e-4
coefficient [1/K]

Thermal conductivity of oil 0.037

[W/m.K]
Heat capacity of the oil [J/kg.K] 2000

and the material properties of slipper and Swashplate are
described in the following tables:

The oil used for the simulation is a natural viscous oil
whose characteristics are given in Table 2; and T defines the
temperature.

B. COMPUTATIONAL TECHNICS

In order to properly analyse the lubrication mechanism
of the Slipper/swashplate interface in the axial piston pump,
the preceded mathematical formulations are used for the sim-
ulation, and the procedure diagram is presented in FIGURE 9.
In the first part, the values of &, hy, and h3 are arbitrarily
attributed to the beginning of simulation to obtain preliminary

FIGURE 9. Flow chart of the complete proposed numerical simulation
model.
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FIGURE 10. The instantaneous radius of the slipper centre from the
swashplate centre.

distribution of the fluid. Nevertheless, the dependence of the
fluid pressure on the structural deformation is resolved, as is
the updating of the temperature and viscosity of the fluid
film. For the following, Newton’s iterative method can be
used to find a Slipper micro velocity which brings the fluid
pressure under the slipper into balance with the external loads
in the second calculation loop by regenerating and improving
the accuracy of the results.

IV. RESULTS

A. SLIPPER MOTION EFFECT

The speed of the Slipper is unstable at the very beginning of
the operation of the pump, and begins to stabilize over time.
The evolution of the speed of the Slipper in function of the
angle of rotation of the shaft. The instantaneous radius of
the slipper centre from the swashplate centre denoted r as a
function of shaft angle is simulated and given in FIGURE 10.
rg is simulated as a function of the shaft rotation angle for
four different values of the Swashplate angle beta; the effect
of the Swashplate angle on the Slipper instability can be seen
on the left part of FIGURE 10. The right hand of FIGURE
10 represents rg for beta equal to 20 degree, including its
micro-motion.
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FIGURE 11. Swashplate moment in X-axis.

FIGURE 12. Slipper pocket pression and fluid film variation.

B. THE EFFECT OF SWASHPLATE MOMENT
In the case of pumps with a variable displacement Swash-
plate, the moment relative to the X-axis is not only coming
from the structure, but also from the its control system due to
the angle regulator which is pushing periodically the swash-
plate under the barrel plates. The swashplate is loaded by
multiple pistons in the high and lower pressure zone

The load applied on the Slipper/Swashplate interface
greatly influences the lubrication phenomenon. For a very
high load, the pressure is high and the thickness of
one between the Slipper and the swashplate is minimal.
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FIGURE 13. Hydrostatic pressure deformation of two lands slipper.

FIGURE 14. Single swashplate pressure deformation/superposed to the
non deformaed.

FIGURE 12 illustrates the variation of the pressure film and
oil height between the pocket of the Slipper and the swash-
plate for two different loads.

C. THE EFFECT OF HYDROSTATIC PRESSURE ON THE
SOLID BODY DEFORMATION

Since the Slipper is an external pressurized bearing,
the hydrostatic pressure field alone will cause a signifi-
cant deformation of the surface and the hydrostatic defor-
mation would affect not only the hydrodynamic pressure
due to the movement of the Slippery, but it will affect the
hydrostatic pressure field itself [26]. The Guyuan reduc-
tion method which is applicable for linear elastic and static
models neglecting inertial forces has been proposed by
Hashemi et al. [25]. However, the effect of the inertial force
in the lubrication mechanism of the Slipper/Swashplate inter-
face is very important, which can be computed before the
computational process.
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TABLE 3. The material proprieties of slipper and swashplate.

Proprieties Slipper Swashplate

Material Copper Cast steel
alloys

Mass density [kg/m’] 8500 7300

Thermal conductivity | 110 38

[W/m.K]

Specific heat [J/kg. K] 390 440

Poisson s ratio [N/A] 0.33 0.26

Sher modulus [N/ m’] 3.7e+10 7.8e+10

Eéasticily modulus [N/ | le+11 1.9¢+11

m’]

Yield strength [N/ m’] 2.396e+8 2.412e+8

FIGURE 15. Slipper position for the calculation of oil temperature.

Variaticn of Dynamic Viscosity

]
300 310 320 330 340 350 360 370 380 390
Temperature [K]

FIGURE 16. Dynamic viscosity of oil.

The hydrodynamic, inertial, and swashplate reaction forces
can be calculated by the formulas developed by Haidak ez al.
[13] in order to be applied in the simulation process and
boundary conditions. The swashplate reaction and hydrody-
namic forces applied respectively on the slipper lands and the
Slipper pocket.

The particular case here is the Slipper has two lands. The
mesh used is the tetrahedral one; each tetrahedral element has
four non-coplanar nodes with a specified connectivity. To per-
form the analysis, a pressure of 315 bar is applied under the
pocket of the Slipper, and the hydrostatic pressure deviation
can be observed in FIGURE 13. The outer part of the surface
of the second land of the Slipper is the part undergoing more
compression. This is explained by the last two terms of Eq.
(9). These terms represent the normal velocity of the slipper
and swashplate surfaces, and it is due to the squeeze action
(bearing surfaces move perpendicular to each other).
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TABLE 4. The types of sensors used for the experimental part.

Type of sensor Description
g ® g DISPLACEMENT
gz 7° @& SENSOR
S, Jo
U- e | Temperature stability:
3.07+0.05 _ _ g SOOZS%FSO/"C

Connection: integrated
coaxial cable 0.25m (o
0.5mm) with solder
connection board
Pressure resistance
(static): front 2000bar
/ rear side splash water
Maximum operating
temperature: 150°C
Housing material:
ceramic

PRESSURE
SENSOR

Pressure range up to
250 bar (3 626 psi)

* Membrane optimized
for thermal transients
and small sensor size

* Extremely wide
operating temperature
range

TEMPERATURE
SENSOR
Extension cable:

-PE sheath: 2.5 mm
- 85°C

-PTFE sheath: 2.5
mm

-200°C

The swashplate uses for the simulation is that a vari-
able angle. The characteristics material used are defined on
Table 3. During the operation of the pump, many of the forces
are applied to the swashplate which is taking support on the
bearings. In addition to its inclination and to the control mech-
anism of its angle, its deformation is less accentuated on the
supported areas (plain bearing size). Following the pressure
exerted by the loads of all the pistons on it by the slipper,
the swashplate undergoes a non-uniform deformation which
can be interpolated and calculated. In addition to pressure
deformation, that due to temperature followed by the local
deformation must also be taken into account. To achieve this
analysis, the constraints are applied on the two plains bearing.
The temperature distribution in the lubricating film can be
solved by the convective-diffusive scalar transport equation
defined by Eq. (27).

The area of high elastic deformation varies in function
of the inclination of the swashplate and the quantity of
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FIGURE 17. Distribution of temperature, density, dynamic viscosity and gap height of oil under slipper.

load (pressure force) applied, and also by what the lubricant
domain itself is moving.

D. THE EFFECT OF HEAT EXCHANGE ON FLUID

The effect of heat transfer between solid-liquid on the Slip-
per/Swashplate interface is one of the most complex and
delicate phenomena in the lubrication mechanism of the Slip-
per/Swashplate interface. The viscous friction forces, in addi-
tion to the loads applied on the Slipper, creates an increase in
the temperature between solid-liquid. As the Slipper motion
on the swashplate is dynamic, and taking into account the
deformation caused by thermal expansion and hydrostatic
pressure loads, the oil film thickness between the Slipper and
Swashplate is not uniform at under the Slipper land. When
the oil temperature is lowered, the increase in temperature
becomes more pronounced [36]. The oil thickness between
the Slipper land’s size subjected to the greatest load and
the swashplate is minimal (see illustration in FIGURE 15).
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Thus, the fluid temperature increases when the oil thick-
ness between the two solids (Slipper and swashplate)
decreases.

The fluid viscosity is a vital property of the fluid; it is
directly linked to the temperature. When the fluid temper-
ature increases, the viscosity decreases. And when the vis-
cosity decreasing, the leakages between the Slipper and the
Swashplate increases and the oil thickness decreases. This
phenomenon is delicate because it can lead to metal-metal
contact and in addition, when the oil thickness is very small,
the thermo-elastic deformation becomes larger. The variation
of the viscosity of the fluid in function of the temperature
present in FIGURE 16 is calculated using the formula of the
equation described in part II-E.1), and the ambient dynamic
viscosity oil is as given in Table 2 (0.073 Pa.s). As well
as viscosity, the density of the fluid depends largely on the
temperature and they all have high influence on the load
carrying capacity of the Slipper pad.
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FIGURE 18. Slipper pad primary loads variation. (a) Primary load for
n = 1000 RPM. (b) Primary load for n = 2000 RPM.

Considering the inclination angle of the slipper is very
small, the pressure and temperature will be higher near the
inner edge of the sealing earth with a large deformation of
the thickness of the oil film. This can cause the oil thickness
of the interior edge of the slipper’s ground to be convex. But
for some important values of the slipper tilting angle, these
behaviours of the film of oil on the edges are not the same.

The fluid used for the simulation is that of which the char-
acteristics are described in Table 2. For the heat distribution
in the fluid, the heat diffusion equation described in Eq. (30)
is solved. For this simulation part, the Slipper with a land
is considered. The temperature distribution, the viscosity,
the density, and the thickness of o0il between the slipper and
the swashplate are illustrated in FIGURE 17.

E. LOADS AND HYDRODYNAMIC PRESSURE EFFECTS

The thermoelastic deformation of the components (Slipper
and Swashplate) is mainly due to the operation with their
poorly lubricated interface, and this causes a huge loss of
energy. The range of values in which the fluid film thickness
must belong for optimal lubrication has been previously stud-
ied by Haidak et al. [13]. There is a minimal critical value
below which the risk of having metal-metal contact is wide
[25]. Increasing the speed of shaft rotation can play a big role
in adjusting the oil thickness variation.

All the forces applied to the Slipper pad are represented
in the form of a load which has a significant effect in the
deformation phenomenon on the Slipper/swashplate inter-
face. To fully understand how the slipper pad is loaded,
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FIGURE 19. Slipper/swashplate interface simulated unwrapped dynamic
pressure and fluid film thickness field over one shaft revolution, for four
different values of pocket pressure and with n = 1000 RPM. (a) Supplied
pressure value 30bar. (b) Supplied pressure value 35bar. (c) Supplied
pressure value 40bar. (d) Supplied pressure value 45bar.

the mathematical equations of the primary loads in the form
of the resulting piston pressure developed in reference [25]
are used to calculate the slipper pad load for four different
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FIGURE 20. The 3D and real slipper test bench set-up in its environment.
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FIGURE 21. Steady state testing circuit.

values of the supplied load and two (1000 RPM, 2000 RPM)
shaft rotation speeds as presented in FIGURE 18 FIGURE 18.

The effects of loads on the lubrication mechanism is
well observable on the hydrodynamic pressure simulated in
FIGURE 19. Due to the hydrodynamic motion of Slipper,
the hydrodynamic pressure deformation influencing the dis-
tribution of the oil thickness on the Slipper/swashplate inter-
face can then be observed. The region with a high-pressure
value contains the smallest value in the oil height.

The hydrodynamic and squeeze motion of Slipper is char-
acterised by the pressure distribution form. The fluid film
thickness field is not a strict wedge-shaped plane.

V. EXPERIMENT MEASUREMENT

To verify the accuracy of our simulation results, the rig test
was designed, allowing us to measure the temperature and
the oil size between the Slipper and the swashplate. The
pressure of the Slipper pocket and the torque moments are
also measured in the operation conditions. FIGURE 21shows
the SteadyState testing circuit of the test rig.

In FIGURE 20, (A) is the Slipper test rig, (B) is the Main
part of the Slipper test rig, (1) Electric motor, (2) hydraulic
motor, (3) hydraulic hose, (4) Torque sensor, (5) shaft (6)
Electromagnetic relief valve, (7) main pump, (8) computer
and requisition data, (9) Piston, (10) Slipper, (11) Swashplate,
(12) Cylinder block, (13) Compensated flow control valve.

In this test rig, the rotor is the swashplate, it rotates with
the shaft, and the cylinder block is the stator. The main pump
provides pressure oil for the test pump and motor. The motor
drives the swashplate shaft through the coupling and torque
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(@)
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FIGURE 22. Experimental results of pressure between slipper and
swashplate under running condition, versus time (s). (a) Supply load is
50 bar. (b) Supply load is 40 bar.

meter to realize reciprocating movement of the Slipper/piston
asembly. The torque meter collects the torsional moment
during the movement of the motor. The electromagnetic relief
valve helps to change the supply pressure, and the pressure oil
for the piston chamber by the oil pipeline.

The whole slipper piston assembly used here for the exper-
imentation is specifically designed based on the quantity and
qualities of the sensors to be inserted. A total of six sensors
are inserted into the Slipper pad and a pressure sensor inserted
into the Slipper pocket. Among these six sensors inserted
in the Slipper pad, three are the displacement sensors that
are placed on the same circular line and separated by 120
degrees from each other. These sensors are used to capture
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(b)

©

FIGURE 23. The output pressure and force at n = 1000 rpm. (a) Supplied
pressure P = 40 bar. (b) Supplied pressure P = 35 bar. (c) Supplied
pressure P = 30 bar.

the oil height between the Slipper and the Swashplate. The
other three sensors are the temperature sensors which are
places similarly to those of the displacement. These last three
are places to capture the fluid temperature data between the
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(a)

(b)

FIGURE 24. Fluid film thickness for one rotation shaft. (a) For a speed of
speed of 1000 RPM. (b) For a speed of 1500 RPM.

Slipper and the swashplate. A pressure sensor is placed under
the Slipper pocket to retrieve the data on the fluid pressure in
the Slipper pocket. The same test is repeated several times,
while exchanging the speed of rotation of the shaft and the
supplied pressure in order to determine the effect of loads on
the temperature and height of oil.

For different applied load and rotation speed of the
shaft, the pressure and the shaft torque are visualized
in FIGURE 22. FIGURE 23 presents the variation of the
pressure and the axial force for different values of rota-
tion’s speed, and load. The figures from FIGURE 22(a) to
FIGURE 23(c) each shows the distribution for a large time
and for a short time.

FIGURE 24 demonstrates the circumferential distribution
of the estimated fluid film thickness between slipper and
swashplate. For the experimental conditions, the height val-
ues are taken for five different values of the supply pressure.
As a first step, the shaft rotation is fixed at 1000 RPM
(FIGURE 24(a)), and also for the same values of the sup-
ply pressure with a shaft rotation speed of 1500 RPM
(FIGURE 24 (b)). The oil temperature in the cylinder is 30°,
and the viscosity of the fluid is 0.0735 Pa.s.

To get the experimental data of the temperature, the rig
test set is initialised and the measurements are made for
four different values of loads (45, 40, 30 and 25 bar). For
each load-applied value, four different values of the shaft
rotation speed (600, 1000, 1500, and 2000 RPM) are changed.
The taking of the temperature data is carried out by the
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FIGURE 25. The measured fluid temperature between
Slipper/swashplate. (a) For n = 600RPM. (b) For n = 1000RPM. (c) For n =
1500 RPM. (d) For n = 2000 RPM.

three different sensors for each value of the shaft rotation
speed. Thus, for each applied load, four data Sockets are
performed corresponding to the four different rotation speeds.
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The temperature shape of the curves based on the data col-
lected on the computer from the three different sensors is
given in FIGURE 25 for the different shaft rotational speeds.

VI. DISCUSSION

The instantaneous radius of slipper Centre from the shaft
centre vary unstably between 46 and 50 mm; this proves the
non-circularity movement of the Slipper on the swashplate,
which is one of the sources of possible contact or deformation
on the Slipper/swashplate interface

Experimentally, the results of measurement show more
clearly the effect of the load and the temperature on the
lubrication mechanism. The difference in pressure for the two
different loads (50 and 40 bar) is approximately 14.5 and
15 bar, respectively. For the four different values (30, 35, 40,
and 45 bar) of the supplied pressure, the pressure distribution
is approximately (37, 38, 48, 42, and 48 bar) respectively;
these values justify the results obtained in the simulation part.
For each these supplied pressures, the value of % is given. The
respective values of & for these supplied pressures in order are
respectively (6.6, 6.2, 5.8, and 5.4 um). These results mean
that for a large value of load, 4 is small. The same values
of supplied pressure used for simulations in part IV. IV-E
are also used for experimental measurement, and the results
are given on FIGURE 23. In the same way, the values of
the fluid temperature are measured and FIGURE 24 clearly
demonstrates the load effect and the speed of the shaft rotation
on the temperature evolution.

The value of the temperature is high when the load value
is large. The temperature is slightly higher than the first
half-turn (between 0 and 180 degrees) the shaft rotation angle,
while the value of 4 is at the minimal. This directly translates
the impact of the pressure (load) on the oil thickness between
the Slipper and the Swashplate.

VIl. CONCLUSION

In this paper, a thermoelastic and hydrodynamic deforma-
tion model mainly based on the load’s effects for the Slip-
per/swashplate interface of Axial piston machines has been
presented. This model considers several physical parame-
ters involved in the deformation mechanism influencing the
Slipper/swashplate interface fluid film performance in terms
of fluid-structure and thermal interactions. The mechanical
parts’ elastic deformation problems are solved. The param-
eters involved in the process and the mechanism of the
thermoelastic and hydrodynamic deformation on the Slip-
per/swashplate interface are mathematically and analytically
studied. More attention is paid on the influence of load on the
behaviour of the fluid structure. The Slipper and Swashplate
motion, the fluid film thickness fields, the pressure distribu-
tion fields, and the temperature fields are solved. The elastic
deformation due to the effect of the hydrostatic pressure of
slipper and Swashplate are simulated. The influence of Slip-
per load on the oil film thickness is analysed for several shaft
rotation speeds, and the hydrostatic pressure deformation
of the slipper and Swashplate are made. This experimental
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study has been conducted to measure and compare the torque
and the Slipper load carrying capacity under different shaft
rotation speeds, the axial forces, the fluid film thickness, and
the oil temperature between the Slipper and the Swashplate
under different supplied loads. The results obtained in the
simulation part are well verified by the experimental results.
From all the results ensuing from this research, the following
conclusions and suggestions can be drawn:

(1) The preliminary origin of the deformation phenomenon

@

3

“

on the Slipper/swashplate interface is the nature of
the movements of the solid (Slipper/swashplate) com-
ponents, due to the fact that the instantaneous radius
of slipper Centre from the shaft centre vary unstably
(between 45-50mm).

The load set exerted on the Slipper by reducing the oil
height to cause a large deformation can be adjusted by
increasing the speed of rotation of the shaft. The eleva-
tion of the fluid temperature on the Slipper/swashplate
interface is due to the heat exchange between the solid
bodies and the fluid by the friction forces.

The dynamic viscosity, density, and fluid size are the
parameters determined by the lubricant that decrease
with the increase of the temperature on the Slip-
per/swashplate interface. When the temperature rises
by 40K, the dynamic viscosity of the oil decreases of
0.061Pa.s.

The insertion of a good retained from the Slip-
per is solution. The Swashplate’s angle regulator
largely influences the Swashplate’s elastic deforma-
tion. The result of elastic deformation on the diamet-
rically opposed areas of the angle regulator is higher
(from 5-8um).
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