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This paper investigates the effects of the displacement variation in swash plate type axial piston pumps on the
dynamics of a vented grooved slipper. A previously validated methodology based on the combined Dynamic
Fluid Body Interaction (DFBI) and morphing approach is exploited to continuously update the position of the
slipper with respect to the swash plate. The separate contributions of both slipper tilting and axial translation to
the instantaneous clearance height are presented, and their consequences on the pressure distribution within the

gap are pointed out. Moreover, the pressure induced hydraulic lift on the slipper surfaces is monitored, and a
specific balance coefficient is introduced.. The impact of the slipper-swash plate interface on the volumetric
efficiency of the pump is quantified by means of local measures of the leakage flow through the coupling
clearance. Finally, a detailed comparison of the results at different pumps displacements highlights the most

critical conditions.

1. Introduction

Axial piston pumps represent a frequent choice in industry to pro-
duce high power density. These machines have been deeply investigated
over the last decades and huge improvements have been achieved in
terms of both volumetric and mechanical efficiencies. The variable
displacement characteristic along with the wide range of working
pressure, i.e., up to 400 bar, represent the main merits for axial piston
pumps, making them the best choice for load-sensing applications.
However, the significant number of internal parts still represent an
important demerit of such architecture, where fine couplings are needed
to reach the best trade-off between friction and flow losses or, in other
terms, to ensure optimal performances.In this paper, the transient evo-
lution of the slipper-swash plate interface in axial piston pumps and
motors is investigated by means of the CFD numerical approach under
actual operating conditions. Many recent works are found in literature
about the optimization of the slipper mechanical and fluid dynamic
features in order to improve the overall pump efficiency. In [1], a
mathematical definition of the optimal clearance height is presented as a
function of several geometrical and operating parameters. However, the
constant gap assumption has been considered in the analysis, which is
not representative for a real scenario. Indeed, secondary tilting motions
apply to the slippers while sliding on the flat surface of the swash plate
as a result of the external forces and moments. The consequence for that
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is a variable clearance height between the parts which deeply affects the
pressure distribution and the hydrodynamic lift force. Therefore, a
detailed analysis of the slipper dynamics is necessary to fully charac-
terize the interface with the swash plate. Significant progress have been
done over the last few years in this sense, not only improving the
volumetric and mechanical efficiency of the pumps, but also preventing
an excessive wear of the components. In [2], an analytical model for the
computation of the power losses in slipper-swash plate interfaces
including slipper deformation highlights a major influence of the rota-
tional velocity on the power losses than the external operating pressure.
Moreover, a similar approach to [1] for the definition of the optimal gap
height in terms of minimum power losses is reported in [3] considering
different slipper designs. The importance of a non-flat running surface
for a successful slipper operation is pointed out in [4], where a validated
test rig for the analysis of the slipper behavior under steady-state con-
ditions is further presented. However, as it is stated by the same authors,
many difficulties must be faced to experimentally reproduce the real
slipper dynamics within the pump and a certain degree of approxima-
tion must always be accepted during tests. The state of the art for the
experimental investigation of the slipper-swash plate coupling in axial
piston pumps is set by [5], where a redesigned three-piston pump is used
as a test rig to minimize the alterations to the original component while
still ensuring the required space for the sensors. A significant step to-
wards a deeper knowledge of the slipper interaction with the other
components of the pump was achieved with the development of modern
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Nomenclature

Bg Slipper balance coefficient

c Speed of sound for mineral oil [m/s]
CAD Computer Aided Design

CFD Computational Fluid Dynamics

CPU Central Processing Unit

DFBI Dynamic Fluid Body Interaction

FEM Finite Element Method

Foap Lift force [N]

Fns Load pressing force [N]

Fpii Pressure force acting on the piston surface area [bar]
Fuii — g, i Effective force exerted by piston on the slipper [bar]

Fpimax ~ Maximum pressure force acting on the piston surface area
at full pump displacement [bar]

ho Nominal gap height [m]

d Slipper and Swash Plate minimum distance [m]

p Pressure [bar]

QrEAK Leakage flow [kg/s]

Quiax Maximum pump flow rate [kg/s]

B Swash plate tilt angle [°]

p Density [kg/ms]

Po Density at the atmospheric pressure [kg/m?]

¥ Slipper tilt angle [°]

Y Maximum slipper tilt angle from nominal gap conditions
[°]

computers. Indeed, more and more detailed numerical models of the
swash plate interface have been proposed by researchers. In [6], the
CASPAR simulation tool was introduced for the first time. The possibility
to simulate the entire piston machine including variable gaps and parts
dynamics still make it one of the most advanced tools for the prediction
of the viscous friction and gap flow losses. Along with the OD-1D
approach, several three-dimensional models have been developed to
explain the occurrence of many localized phenomena which normally
affect the pump performance as well as to quickly investigate the effects
of possible geometrical, technological and physical solutions. In [7], a
Finite Element Method (FEM) analysis highlights the stresses, strains,
and forces associated with the crimping process in piston-slipper
coupling, while a Computational Fluid Dynamics (CFD) methodology
for the simulation of an entire swash plate type axial piston pump is
described in [8]. In details, the model shows the effects of non-idealities
on both pressure and force signals against theoretical results. A similar
approach based on the Overset Mesh technique is adopted in [9,10],
where the heat transfer between moving metal parts and oil in a piston
pump and the influence of eco-friendly fluids on the performance of an
external gear pump are studied, respectively.

In [11], the general flow and pressure drop equations of a real slipper
architecture with single balancing groove are determined, and a com-
parison with the single land design is performed. A similar study is
presented in [12], where different slipper geometries are compared in
terms of pressure distribution, flow losses, and lift forces. In details, the
variation of the hydrodynamic lift as a function of the groove position
and length is discussed, and stationary CFD simulations are included to
assess the pressure distribution within the clearance. However, a
simplified approach based on fixed slipper positions is implemented in
the code, therefore neglecting the dynamic effect of pressure forces on
the slipper orientation. This paper aims at investigating the effects of a
complete pump displacement variation on the instantaneous slippers

dynamics in terms of motions, hydrodynamic balancing, leakages, and
pressure distribution at the swash plate interface. In this regard, a pre-
viously presented CFD methodology, [13], based on a combined DFBI
and morphing technique will be exploited to address the variable slipper
position and clearance height under transient operating conditions. All
theory and physic background is referred to as reported in the previous
work of the authors [13], and will not be reproposed here.

2. Materials and methods

The proposed simulation was performed through the multi-purpose
STAR-CCM+ v.2021.1.1 software, licensed by Siemens [14]. This
work considered an industrial swash plate type axial nine-piston pump
for closed loop applications with maximum continuous operating pres-
sure of 420 bar and a rotational speed between 500 rev/min and 3800
rev/min. However, according to the datasheet of the component, the
pump tolerates peak values of 450 bar and 4000 rev/min for very short
periods of time. The internal CAD tools of the software were exploited to
derive the fluid domain associated with a single slipper, and a circular
sector of 40 degrees, i.e., 360 degrees divided by nine pistons, with a
central mold of the slipper was obtained as a reference geometry for the
simulation. Different fluid regions were further defined according to the
principle of modularity, thus ensuring high controllability on both mesh
quality and total number of cells. Moreover, an initial clearance height
hy was set as a mean value of practical measurements performed on
different samples of the same assembly. This has been measured with the
machine turned off and with its components freshly new. This way a
nominal value is taken into account to work as the reference initial
clearance starting by ideal and not already worn out components (that
would be impossible to take into account). A high-quality discretization
of the 3D computational domain was reached to cope with the contin-
uous mesh distortion caused by several slipper dynamics. An automated
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Fig. 1. Fluid domain discretization: (a) Mesh section of the entire fluid, (b) Slipper central, (c) Grooves, (d) Clearance



G. Mugzioli et al.

Table 1

Simulated operating conditions
Parameter Symbol Value
Rotational speed Npump 2500 rpm
Swash plate tilt angle B 0-18 degrees
Supply pressure Psupply 380 bar
Suction pressure Psuction 20 bar
Drain pressure Pdrain 0.5 bar

polyhedral mesh was chosen to ensure a balanced solution with fewer
cells than a tetrahedral mesh, [14], and local surface refinements were
set at the wall boundaries of the slipper for an accurate prediction of the
near-wall fluid-dynamic phenomena. Advanced meshing techniques
were further exploited to address the flow through the thin
slipper-swash plate gap and inside grooves. In details, a directed mesh
approach was employed to provide a structured mesh in the axial di-
rection, where five and fifteen layers of cells were respectively defined.
Moreover, a butterfly mesh, [15], was manually sketched on the plane
surface of the clearance region to achieve the highest possible degree of
control on the volume mesh inside the gap. The final grid resulted in
almost 3.4 million cells and 20 days were needed for the simulation of an
entire shaft revolution on a modern cluster architecture of 160 CPUs.
Please note that the implemented mesh is the minimum required in
order to avoid the formation of negative volume cells in the clearance. In
Fig 1a, a section view of the entire mesh is represented, while separate
details of the slipper central pocket, the grooves, and the clearance are
reported in Fig 1b — d, respectively.

A validated 0D-1D model of the entire pump was used to derive the
input data for the proposed CFD model, and a real off-highway vehicles
application was considered. An overview of the operating conditions is
reported in Table 1.
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In Fig 2, the pressure signal within the piston chamber is monitored
over a complete swash plate stroke, i.e., from null to maximum tilt angle,
and an initial settling was observed during the first three revolutions of
the driving shaft. Subsequently, a periodic trend was repeated, till the
maximum displacement was reached after fifteen shaft revolutions.
Similar considerations were deduced from the evolution of the net pis-
ton force pressing the slipper towards the swash plate, Fp;; _ ¢, j, which
far represents the main contribution to the slipper motion, as reported
by [13].

However, as reported in Fig 3 for the Piston-slipper force monitored
during the same working cycle as in Fig 2, a progressive increment of the
force during both suction and delivery intervals right after the initial
transient is denoted. This suggests a non-periodic swash plate perpen-
dicular force under constant pressure operations.

This concept is better explained by (1), where Fy;; _ g, i clearly in-
creases with the swash plate inclination angle p, being Fy;; the pressure
force acting on the piston effective area.

Fyii
cosf

@

F, pii—sli —

Therefore, due to the extremely large computation time associated with
a complete displacement variation, i.e., almost 300 days for the simu-
lation of fifteen shaft revolutions, the proposed analysis was limited to
the comparison between the initial transient and the maximum
displacement operation, where the highest piston force acts on the
slipper under stationary pressure conditions. Moreover, both the cen-
trifugal force and the constraint with the retaining ring were included in
the model by means of user-defined tables and field functions, while the
separate contributions of inertia, weight and viscous friction were pre-
dicted by simulation. The three-dimensional nature of the forces was
further addressed through local coordinate systems centred with the
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Fig. 4. Slipper free body diagram: (a) Slipper barycentric reference system, (b) X-forces, (c) Y-forces, (d) Z-forces
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application points, qualitatively described in the free-body diagram of
Fig 4.

The Dynamic Fluid Body Interaction (DFBI) algorithm was adopted
to solve the governing equations of motion, therefore deriving the
instantaneous slipper position in response to the external forces and
moments. The axial translation as well as the tilting rotations were
associated with the moving solid, while no spinning was considered for
the proposed high-pressure application, as a result of [16]. In other
terms, the slipper was modelled as a 3-DOF (Degrees of Freedom) rigid
body with the simultaneous possibility to translate along the Z'y and to
rotate about the X'y and Y’y axes, and a constant tangential velocity was
set at the wall boundaries to mimic the effect of rotation about the shaft
axis. Moreover, a periodic boundary interface of 40 degrees was defined
at both sides of the fluid domain to account for the influence of the
adjacent slippers, Fig 5. Indeed, the periodic interface can be used is CFD
to cyclically repeat the information across two physically separated
boundaries, so that the fluxes crossing one boundary are transformed
and applied to the other through constant rotation or translation.

The morphing technique was combined with the DFBI model to cope
with the mesh deformation produced by the slipper dynamics. Starting
from a high-quality volume mesh, this specific tool of the software al-

lows shifting the grid vertices according to the motion of boundaries and
regions in transient analysis. However, the real contact between mating
surfaces is not supported by the morpher, as it would produce zero or
even negative volume cells in the mesh. Logically, this modelling limi-
tation conflicts with the slipper design procedure presented in [1],
which accepts a certain imbalance of the forces in favour of the piston
pressing contribution with respect to the hydrodynamic lift since it is not
desirable for the slipper to actually lift from the swash plate. For this
reason, the contact coupling model was activated in the simulation to
ensure a minimum clearance height between the parts, therefore pre-
venting the slipper and the swash plate from colliding. In details, a re-
turn elastic force starts acting on the slipper along the swash plate
normal axis as soon as the distance between the sliding surfaces drops
below a user-defined effective range of 0.33hy, selected as the minimum
setting to avoid mesh instability problems. With lower values of 0.33hg
the mesh generation would create negative cells leading to instability
issues on the numerical calculations. This way, the chosen value acts as a
minimum limit. The fluid compressibility was included in the simulation
according to [10], and the actual properties of an ISO VG 32 mineral oil
at the operating temperature of 80°C were set in the continuum panel. In
(2), the physical variation of density as a function of the pump working
pressure is described.

p
P=Pot 3 &)

A variable time step approach was implemented to reach the nu-
merical stability of the solution under transient operating conditions.
Quantitatively, a temporal discretization of 4 ps was used during suc-
tion, while a significant time step reduction was performed during both
transitions and delivery intervals, where an incremental change of 1.33
us proved necessary to put up with the strong pressure gradients and the
extremely high working pressure. The K-o SST turbulence model with
the all-y+ wall treatment was chosen to precisely address the flow near
the slipper surfaces for a better prediction of the hydraulic forces and
torques. In addition, the Gamma Transition model was activated to
assess the onset of transition in the turbulent boundary layer in terms of
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turbulence intermittency.
3. Results and discussion

In this chapter, the influence of the swash plate inclination angle on
the slipper dynamics is investigated through a detailed comparison be-
tween the numerical results in the range of low displacement, i.e.,
during the first three shaft revolutions, and at maximum displacement.
Please note that all the results were clipped at the shaft angle of 35
degrees to discard the non-physical solution associated with the initial
solver stabilization. In Fig 6, both the slipper translation and orientation
are reported on the same plot in the normalized form. At first, the si-
nusoidal curves highlighted a dominant tilting motion of the slipper
during suction, while an almost null tilt angle suggested a uniform
clearance height in the region of high-pressure. Moreover, an increment

of the tilting amplitude was observed at maximum displacement in Fig 7.
On the other hand, the translation term denoted a progressive reduction
of the slipper-swash plate mean distance during suction, while a gradual
lift was experienced along the delivery stroke of the piston. Further-
more, a slightly higher clearance compression was found with the
increasing pump displacement, until a minimum gap height was reached
at the transition from suction to supply under maximum displacement
operations, in correspondence with the highest net piston force.

In Fig 8-9, the ratio of the flow losses to the ideal pump flow rate at
the constant working speed of 2500 rev/min is reported. The results
pointed out a proportional trend of the leakage with respect to pressure,
while no obvious dependence on the machine displacement was noted
after the initial pressure stabilization. In other terms, a major effect of
the slipper-swash plate interface on the volumetric efficiency of the
pump was observed at the delivery port opening due to the higher
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pressure drop across the gap.

Similar considerations were derived for the hydraulic force sup-
porting the slipper on the swash plate. In Fig 10-11, the evident corre-
lation with pressure outlined a dominant contribution of the hydrostatic
component, thus leading to a higher force in the interval of fluid
compression. In parallel, a close comparison with the DFBI contact force
was added to the plot. The curves highlighted a considerable increment
of the contact force with the swash plate inclination angle, while a
negligible variation of the lift force was measured.

According to [1], the balance of forces acting on the slipper is nor-
mally expressed as a coefficient Bg defined as in (3), where Fg,p, sym-
bolizes the force trying to move the slipper away from the swash plate,
while Fyg is the load pressing force.

Fgay = Bg-Fns 3)

As previously mentioned, a balance coefficient Bg lower than one
represents the normal choice among the manufacturers to protect the
volumetric efficiency of the pump, and a slight contact between the parts
is accepted. In Fig 12-13, the balance coefficient is monitored on a full
swash angle cycle, showing an almost perfect equilibrium of the forces, i.
e., Bg between 0.9 and 1, in the intervals of high pressure. On the other
hand, a more pronounced gap compression was expected during suction
due to the higher discrepancy between the net piston force and the
hydraulic lift. Moreover, an almost stationary condition, i.e., Bg equal to
0.75, was found in the range of low displacement, while a progressive
reduction of the balance coefficient during maximum displacement
operations led to an absolute minimum, i.e., Bg equal to 0.57, in the
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transition from suction to supply. Similar considerations were derived
for the delivery stroke, where the non-compensated increment of the
pressing force at maximum swash plate tilt angle produced a relevant
reduction of the slipper balance coefficient, i.e., B below 0.9. In this
phase, a linear increment of the coefficient with the piston stroke was
observed, and a local peak, i.e., Bg almost equal to 1, was reached at the
suction port opening. To summarize, these results denoted an important
correlation between the pump displacement and the slipper dynamics.
In details, a more rapid wear of the component is expected during high
displacement and low-pressure operations due to the larger force un-
balance, which could frequently lead to heavy collisions with the swash
plate.

Slipper Radius Finally, the pressure distribution within the clearance region was
(a) investigated by means of a structured grid of probes regularly arranged
on the slipper sliding surface. In Fig 14, a three-dimensional represen-
tation of the pressure field at the interface with the swash plate during
suction operations highlights a non-uniform pressure drop through the
variable gap height due to the dominant slipper tilting. Conversely, Fig
14 shows a linear pressure drop between the inner and outer groove
(identifiable with means of (a) in Fig 1 following the internal profile
lines), in the interval of high working pressure, where the tilt cancel-
lation leads to a uniform clearance height below the surface of the
slipper. Moreover, a null value of the intermittency confirmed the fully
laminar nature of the flow through the gap, [1].

Pressure [bar]

Angular Position

Pressure [bar]
)

Angular Position

(b) Slipper Radius 4. Conclusion

Fig. 14. Pressure distribution below the slipper sliding surface at maximum This paper considered the effects of a complete displacement varia-
pump displacement (a) during suction (b) during supply tion on the tribological elements of the slipper-swash plate interface in
axial piston machines. A previously presented CFD methodology was
exploited to simulate the dynamic fluid-body interaction of the slipper
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under actual operating conditions. At first, a strict connection between
the slipper dynamics and the working pressure of the pump was found.
In details, a dominant slipper tilting was observed during suction, while
a uniform clearance height was measured in the region of high working
pressure, which denoted a parallel arrangement of the slipper with
respect to the swash plate. Moreover, an evident correlation with the
pressure distribution through the gap was derived. Actually, a homo-
geneous pressure drop was associated with a uniform clearance height,
while local alterations were induced by variable height conditions. In
terms of forces, the main contribution of the hydrostatic term on the
slipper lift was demonstrated, with no obvious dependence on the pump
displacement. On the other hand, a proportional increment of the con-
tact force with the swash plate tilt angle was needed to cope with the
incremental pressing force of the piston. According to (3), these results
were further included in the analysis of the slipper design coefficient Bg.
Indeed, a higher force discrepancy was achieved during suction opera-
tions due to the lower hydrostatic lift, and a progressive reduction of the
balance coefficient with the increasing pump displacement was pre-
dicted. In other terms, those specific applications with maximum pump
displacement, i.e., maximum flow rate, and low working pressure
represent the most critical scenario for a proper lubrication of the slip-
per. To summarize, this manuscript points out all the inaccuracies
related to the common assumption of a constant Bg between 0.95 and
0.99 in the design stage of axial piston pumps and motors, [1]. To
conclude, the flow losses through the gap increased with pressure, while
no apparent connection with the displacement was obtained. An accu-
rate prediction of the multi-phase flow physics at the slipper-swash plate
interface, such as the occurrence of both aeration and cavitation phe-
nomena, would further enhance the results of the proposed simulation.
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