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Abstract

Manufacturing errors are inevitable in hydraulic machines. The manufac-
tured geometry of solid parts directly governs the performance of these
machines. This paper reports an extensive simulation study for manufactured
inaccuracies on the performance of the piston/cylinder interface of an axial
piston machine using the state-of-the-art simulation tool. The performance
of swashplate type axial piston machines is characterized mainly by the
three lubricating interfaces including the cylinder block/valve plate, slip-
per/swashplate and piston/cylinder interface. Among the three lubricating
interfaces, the piston/cylinder interface is more sensitive to manufacturing
inaccuracies such as roundness and conicity of the solid parts as well as the
precision and accuracy of the manufactured nominal diameters of the solid
parts. This is because the manufactured geometry of the cylinder bore, and
the piston directly affects the height and the shape of the lubricating gap of
the piston/cylinder interface. Therefore, the manufacturing form deviations of
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the solid parts directly affects the viscous friction, leakage flow, wear process
and lifetime of such lubricating interfaces. The fully coupled fluid structure
thermal interaction model can predict the energy dissipation, viscous friction,
leakage flow and the gap height considering the geometry of the solid parts.

Keywords: Axial piston machines, piston/cylinder interface, manufacturing
errors, manufacturing tolerance.

1 Introduction

Axial piston machines are widely used in construction, mining, agriculture,
and aerospace applications. The performance of the axial piston machine in
itself is characterized by the lubricating interfaces, namely the piston/cylinder
interface, cylinder block/valve plate interface and, the slipper/swash plate
interface. These lubricating interfaces are designed to simultaneously achieve
both the sealing and bearing functions while avoiding high friction. The
challenge is to maintain the lubricating film thickness in a small margin, as
too large of a film result in excess leakage while too small films result in
excess friction in the interface. This small margin is of the order of microns,
similar to that of the geometric tolerances on the solid parts forming the
interface.

The manufactured geometry of the solid parts of the piston/cylinder
interface directly governs the fluid film thickness in the interface unlike the
other two interfaces. This makes the influence of the geometric tolerances
on the piston/cylinder interface the most significantly. The manufacturing
errors that are particularly studied in this article are: clearance between the
piston/cylinder interface, taper on the piston, taper on the cylinder bore and
roundness of the cylinder bore.

The study is extensively based on past research on numerical simulation
methodology and part geometry shape influence on the interface performance
for positive displacement machines. Some notable models developed for
analysing the piston/cylinder interface include studies by Gels and Murren-
hoff [1], Pelosi and Ivantysynova [2], Manring [3] and Xu et al. [4]. In
this paper, the model developed at the Maha Fluid Power Research Center,
Purdue University is used. Recently, Hasko et al. [5] showed that the model
was able to accurately capture the performance of the axial piston machines
when compared to experimental investigations in a broad range of operating
conditions. This experimentally validated model has been used to virtually
prototype and test axial piston machines as described by Chacon et al. [6].



Numerical Investigation of the Influence of Part Geometric Tolerances 345

There has been considerable research done to address the effect of geo-
metric shapes and manufacturing errors on the performance of axial piston
machines as well as other hydrostatic machines. Yamaguchi [7] proposed use
of a tapered piston instead of a conventional cylindrical piston to increase
the load carrying capabilities. Sadashivappa et al. [8] studied different piston
form shapes like elliptic piston, three-lobe profiles and tapered piston for an
axial piston motor and torque characteristics were compared to the conven-
tional unit. Rituraj et al. [9] studied the effect of conicity and concentricity
manufacturing errors on the performance of an external gear pump. Xu
et al. [4] studied the radial micro-motion of the piston in an axial piston
machine for different load pressures and different clearances. Although there
has been extensive research in this regard, no one has analysed manufactur-
ing errors for the axial piston machine interfaces. With the advanced fully
coupled multiphysics model, the effects of manufacturing errors are analysed
in this paper.

The outcomes of this research are two folds. Firstly, the performance
variation due to geometric deviation is numerically evaluated for each man-
ufacturing error. This allows us to quantify the influence of manufacturing
errors on the performance of the piston/cylinder interface. Furthermore,
the simulation results offer the opportunity of comparing the performance
influence between different types of errors. The comparison result can serve
as a guide of tolerance design for the piston/cylinder interface. These results
are explained in the article after a brief description of the simulation tool and
the operating conditions.

2 Piston/Cylinder Interface

The kinematic convention considered for the swash plate type axial piston
machine is shown in Figure 1. The origin of the global coordinate system is
located at the point where the shaft axis intersects the virtual plane connecting
all piston ball centers. As shown in Figure 1, the positive y-axis is along
the outer dead center (ODC), the positive z-axis pointing towards the swash
plate along the shaft axis and, the positive x-axis can be established from the
right-hand rule.

The maximum stroke (HK) of each piston inside the cylinder of the block
depends on the inclination of the swashplate (β) as well as the pitch radius of
the block (RB) and is defined as:

HK = 2RBtanβ (1)
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Figure 1 Kinematic convention.

The piston displacement (sK) in general also varies with the angular
position of the piston (ϕ).

sK = −RBtanβ(1 − cosϕ) (2)

Assuming the shaft angular speed as ω, the piston sliding velocity can be
derived as:

vK =
dsK
dϕ

ω = −1

2
ωHKsinϕ (3)

The physical forces acting within the interface for the kinematic con-
vention considered in the model is explained in detail by Ivantysyn and
Ivantysynova [10]. The external loads must be hydrodynamically balanced by
the pressure developed in the piston/cylinder lubricating film. The dynamic
fluid film geometry directly affects the deformations of the solid bodies as
well as the squeeze motion during operation. Therefore, it is important to
accurately define and calculate the fluid film geometry. The fluid film defini-
tion and thickness evaluations based on the eccentric position of the piston
within the cylinder bore as developed by Wieczorek and Ivantysynova [11] is
used in this study as demonstrated in Figure 2.

The eccentricity of the piston with respect to the coordinate system as
defined in Figure 2 can be written as:

xm(zK) =
e3 − e1
lf

zK + e1 (4)

ym(zK) =
e4 − e2
lf

zK + e2 (5)
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Figure 2 Instantaneous eccentric position of piston inside the bore [2].

Figure 3 Fully coupled multiphysics model.

3 Fluid Structure and Thermal Interaction Model

The non-isothermal fluid structure interaction model is used to analyse the
different geometric shapes resulting from manufacturing inaccuracies and
their effect on the performance of the interface. The piston/cylinder interface
model continually developed by Pelosi [2], Mizell [12] and Shang [13] is used
to model the behaviour of the interface over a full shaft revolution. Figure 3
shows a representative block diagram of the model used for the study. The
model used in the study is briefly summarized in this section but is not the
novelty of the paper. The detailed modeling approach is well explained in the
above references.

For every time step, the lubricating film thickness in the piston/cylinder
interface is updated along with the fluid properties. In this model, the
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fluid film behavior is solved within a finite volume grid where the pres-
sure and temperature distribution in the fluid film are described by the
Reynolds and energy equation respectively. The force balance loop takes into
consideration the external forces acting on the piston, the forces due to fluid
pressure field in the interface as well as the forces due to predicted contact
between the piston and the bore. Based on the residual force, the required
squeeze is evaluated by integrating the acceleration.

The elastic deformations due to the resultant pressure distribution in the
gap as well as other pressures namely the pressures in the neighboring gaps
and the case pressures are considered. The resultant solid body deformations
due to all the pressure fields are evaluated using the influence method, where
a set of influence matrices for the solid bodies are generated using a separate
finite element analysis. This approach is discussed by Ivantysynova and
Huang [14]. Once the required squeeze for balancing all the external forces
has been determined, the model proceeds to the next time step, until the
thermal convergence is achieved. The net energy dissipation in the fluid film
is computed from the viscous energy dissipation function, ΦD.

ΦD =

∫ 2πRK

0

∫ L

0

∫ h

0
µ

((
∂û

∂ẑ

)2

+

(
∂v̂

∂ẑ

)2
)
dẑdŷdx̂ (6)

Where, RK is the radius of the piston and L is the gap length.
One of the other major sources for the energy dissipation is the leakage

from the displacement chamber through the interface into the case. The net
leakage flow at each shaft angle ϕ is evaluated by integration of the axial
velocity over the film thickness (h) and over the circumference (2πRK) [3].

QsK(ϕ) =

∫ 2πRK

0

∫ h

0
v̂(ϕ)dẑdx̂ (7)

In the current modelling approach a full film lubrication is assumed at
all instants and therefore, a correction contact stress is calculated where the
fluid film pressure forces are not enough to balance the external forces. The
correction stress is linearly proportional to the difference between the local
film thickness and the minimum specified film thickness.

σ(i) =

{
C(hmin − h(i)) h(i) ≤ hmin

0 otherwise
(8)

The model imposes a stress on the elements of the fluid mesh where
the film thickness drops below hmin (0.1 micrometers). The choice of
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proportionality constant is chosen to be as:

C =
E′

RK
(9)

Where, E′ is the equivalent Young’s modulus of the materials used for
the piston and the bushing in the interface and is defined as:

E′ =
1

1−νK2

EK
− 1−νZ2

EZ

(10)

The correction forces are obtained by integrating the stress fields and
are directly considered in the force balance loop. However, the model does
not consider the energy dissipation due to contact friction or mixed friction,
therefore, a separate metric of energy dissipation due to contact friction (ΦC)
is established based on the contact stress (σ) and the total piston velocity to
quantify these effects.

ΦC =

∫ 2πRK

0

∫ L

0
µσ

√
vK2 +

(
ω
dK
2

)2

dŷdx̂ (11)

The metric is defined as an average over one complete shaft revolution.
It establishes a correlation of energy dissipation due to contact friction with
the contact stress. For observing the relative trends among different interface
designs for a given operating condition, this co-efficient of friction is assumed
to be unit. However, the friction coefficient (µ) in actual will always be less
and will need to be investigated for different possible circumstances but is
beyond the scope of this paper.

4 Simulation Study and Analyses

A simulation study is performed considering a reference 75 cm3 pump design
using the above discussed model to study different part geometric shapes for
three different operating conditions summarized in the Table 1.

As shown, a frequently occurring operating condition, a high pressure-
high speed operating condition and a partial displacement operating condition
have been chosen to investigate the effect of the part geometry shapes.
The cylinder block and the pistons are made of steel while the bushings are
made of brass whose material properties are summarized in the following
Figure 4 shows the reference geometry and geometric parameters defining
the piston/cylinder lubricating interface.
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Table 1 Operating conditions
Operating conditions OC1 OC2 OC3
High pressure [bar] 475 325 325
Low Pressure [bar] 25 25 25
Angular Speed [rpm] 3600 2000 2000
Displacement [%] 100 100 20

Table 2 Material properties of solid parts
Material Property Pistons Cylinder Block Bushings
Elastic Modulus [GPa] 210 210 110
Poisson’s ratio [ν] 0.27 0.27 0.31

Figure 4 Piston/cylinder interface geometry parameters.

In the ideal case, the piston and the cylinder bore surfaces are perfectly
cylindrical. However, the solid parts forming the interface has manufac-
turing tolerances such as the true size, perpendicularity and parallelism.
These manufacturing tolerances are of the order of the film thickness in the
lubricating film. Therefore, it is highly critical to analyse the effect of the
resulting manufacturing shape deviations and define relative effect of the
resulting film geometry on the performance of the interface. Performance
parameters (ΦC and ΦD) are evaluated using Equations (6) and (11) for
different extent of the different manufacturing deviations and are compared
to the reference baseline simulation for different operating conditions. The
baseline simulation assumes perfectly cylindrical piston and cylinder at the
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nominal prescribed clearance for the reference unit. Four different manufac-
turing shape deviations are analysed and discussed in the following sections.
An exemplary tolerance limit is marked on each of the performance variation
plots.

4.1 Clearance

Any deviation from the nominal dimension of either the piston or the bore
would directly affect the clearance and finally, the lubricating fluid film
thickness and shape. The nominal clearance for a piston/cylinder interface
is defined as the difference between the diameter of the cylinder bore (dZ)
and the diameter of the piston (dK). This clearance directly affects the
fluid film thickness and hence, is very critical for the performance of the
interface. Also, technological advancements in manufacturing processes have
allowed reducing of the nominal clearances between the solid bodies for an
energy efficient operation of the pump. The following Figure 5 highlights the
variation in net energy dissipation (ΦD) with varying normalized clearances
for one piston/cylinder interface. A normalized clearance of 1 refers to the
baseline clearance of the reference unit.

As seen from the results, for all operating conditions, the energy dissi-
pation from the interface increases as the clearance is increased from the
nominal. This is because, at higher clearances, the average fluid film thickness
increases and causes more leakage from the interface. On the other hand,

Figure 5 Variation of energy dissipation with clearance.
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Figure 6 Contact energy dissipation variation with clearance.

as the clearance decreases, the energy dissipation is seen to decrease as
the clearance is decreased but then later increases with further decrease in
clearance. Additional reduction in clearance is studied to highlight this effect.
This limitation in reduction of energy dissipation with reducing the clearance
is because at very low clearances the viscous shear effects dominate a lot and
cause the net energy dissipation to increase beyond the reduction achieved
through leakage reduction.

Moreover, at very low clearances, the tendency of the fluid film to collapse
and cause metal to metal contact is also high. This can be visualized by
looking at the variation in the energy dissipation due to contact with the
normalized clearance for the operating conditions OC1 and OC2 described
in Figure 6.

4.2 Piston Taper

Even at the same nominal clearance, manufacturing tapers on solid parts can
change the fluid film characteristics although the average lubricating film
clearance is the same. The simulation study analyses the effect of different
resulting tapers on the piston surface. The following Figure 7 shows an exag-
gerated representation of the taper on the piston along with the characteristic
parameters.

In the simulation study, the average clearance is kept constant, and the
taper of the piston surface (m) is varied. The following Figure 8 shows the
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Figure 7 Piston taper characterization.

Figure 8 Energy dissipation variation with piston taper.

variation of energy dissipation (ΦD) with varying slope of piston taper (m)
defined in microns per millimeter.

The variation in the energy dissipation due to taper is within 15% of the
baseline for the tapers studied. The extent of variation is primarily limited
because the length of the piston is almost 1.8 times the lubricating film length.
Therefore, the piston taper has less effect on the fluid film characteristics and
the net energy dissipation as compared to clearance. Moreover, the positive
taper is detrimental to the energy efficiency of the interface while the negative
taper helps to reduce the energy dissipation. This can be attributed to the fact
that the piston with a negative taper will provide relatively higher resistance
for the leakage into the case of the pump as compared to the positive tapered.
However, it is also important to look at energy dissipation due to contact
metric and its variation with the piston taper is shown in Figure 9.
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Figure 9 Contact energy dissipation variation with piston taper.

Figure 10 Cylinder bore taper characterization.

Although negative taper reduces the net leakage from the interface, but
it is also more prone to contact at the case end thus, increasing the contact
energy dissipation metric. Therefore, the net effect of taper on the piston is
almost negligible in terms of energy dissipations from the interface.

4.3 Cylinder Bore Taper

The simulation study analyses the effect of different resulting tapers on
the inner bore surface of the bushing. In the simulation study, the average
clearance is kept constant and the slope of the taper of the bore surface (m’)
is varied. It is important to note that the taper deviation is on micrometers
scale and is exaggerated in the Figure 10 for better illustration.
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Figure 11 Energy dissipation variation with cylinder bore taper.

Figure 12 Contact energy dissipation variation with cylinder bore taper.

The above representation shows a negative tapered bushing. The follow-
ing Figure 11 shows the variation of energy dissipation (ΦD) with variation
of slope of the taper (m′) on the bottom bore surface defined in microns per
millimeter.

The variation of energy dissipation is considerable in case of OC3 but is
very limited for operating conditions OC1 and OC2. This reduction in energy
dissipation is primarily due to net reduction in leakage from the interface.
However, it is also important to look at energy dissipation and its variation
with the bore taper is shown in Figure 12.



356 S. Sarode et al.

Although the positive taper also reduces the net energy dissipation, but the
reduced localized film thickness near the case end will result in more contact
friction. The reduction in leakage is mostly because of the inherent resistance
the taper offers to the leakage flow to the case. On the other hand, a negative
taper will give the piston more scope to tilt near the low-pressure case end.
This not only better seals the interface but also reduces chances of any metal
to metal contact. This phenomenon is also observed by Busquets [1] on the
surface shaping of the bore. Therefore, having a negative taper on the bore
bushing surface will in turn help improve the net performance of the interface.

4.4 Roundness of the Bore

Roundness error is a measure of how closely the shape of the object
approaches that if the prescribed nominal circle. Although, there are a lot
of possible permutations of roundness errors of the cylinder bore, this study
limits itself to study of elliptic roundness. Elliptic roundness is commonly
seen after finishing processes of circular parts.

To avoid any effects of clearance variation, it is ensured that the sum of
the major axes of the ellipse is equal to two times the nominal diameter of
the bore. The deviation of the axes along the X axis from the nominal shape
(δ) in micrometers is varied in the simulation study. The deviation is assumed
to be only circumferential and is symmetric along the bushing length. The
following Figure 13 shows a representation of the roundness error of the
cylinder bore and the convention used in this study.

The following Figure 14 shows the variation of energy dissipation ΦD

with variation of roundness of the bore. It is important to note that a positive

Figure 13 Bore roundness characterization.
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Figure 14 Energy dissipation variation with elliptic bore roundness.

Figure 15 Contact energy dissipation variation with roundness of the bore.

deviation along the X-axis in the scope of our study implies that the profile
has a negative deviation from the nominal shape along the Y-axis.

In general, the elliptic roundness error is mostly detrimental to the energy
efficiency of the interface. However, the energy dissipation does not change
much with small magnitude of roundness error. The following Figure 15
shows the variation of the contact energy dissipation metric (ΦC) with respect
to the deviation (δ). It can be seen that an elliptic roundness error with
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negative deviation as defined in Figure 13 ensures the piston is able to tilt
more as the effect of the piston side force preventing metal to metal contact
at the either ends of the lubricating film. However, a minor axis along Y-axis
(Positive Deviation in Figure 13) not only increases the contact but also
allows more leakage thus increasing the net energy dissipation.

5 Conclusions

The presented paper analysed the effect of different solid part geometries
resulting from commonly observed manufacturing inaccuracies on the perfor-
mance of the piston/cylinder interface of an axial piston machine. Different
manufacturing inaccuracies resulting in change in nominal dimension of the
solid parts, tapering of the solid part/s and roundness of the bore are analysed
in an independent extensive simulation study using the model developed by
the authors’ team. A separate metric for quantifying the relative extent of
energy dissipation due to contact friction is established to supplement the
capabilities of the model.

The performance of each of the resulting piston/cylinder interface con-
figuration incorporating the above-mentioned inaccuracies are compared to
the ideal baseline configuration for three different operating conditions. The
energy dissipation from the interface is highly dependent on the clearance
between the solid parts which directly governs the average lubricating film
thickness in the interface. Energy dissipation increases if we increase the
clearance, decreases when we decrease the clearance only up to a certain
reduced clearance. At very low clearances, viscous shear effect dominates and
significantly affect the net energy dissipation from the interface. The variation
in the energy dissipation due to taper on the piston is limited and within
15% of the baseline energy dissipation. Although negative taper reduces the
net energy dissipation by reducing leakage but is also more prone to metal-
to-metal friction and therefore, altogether taper has very less effect on the
energy dissipation of the interface. The bushing taper on either direction
helps in reducing the energy dissipation predominantly by reducing the net
leakage from the interface. However, looking at the energy dissipation due to
contact friction, only the positive taper on the cylinder bore will help in better
operation of the interface. The elliptic roundness error on the cylinder bore
is always detrimental to the net energy dissipation of the interface beyond a
certain deviation and therefore, needs to be limited by a prescribed tolerance.
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