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Abstract: This paper analyzes the phenomenon of reduction in operating characteristics in the course of
operation of axial piston pumps which use water as the working fluid. The focus of the paper is to identify the
key causes of the decrease in pump efficiency. As part of this investigation, experimental testing was
performed on an axial piston water hydraulic pump. The key operating parameters were analyzed during the
simulation process as well as the condition of the components after the experiment. The results confirmed a
decrease in the efficiency and identified the dominant degradation mechanisms. Various wear mechanisms
relevant to water hydraulics and the influence of water as the working fluid on the wear processes were
studied. A mathematical model was developed to define the tribological aspects of the pump working
processes. Further research will be directed towards the development of new materials and surface coatings
with improved resistance to the identified degradation mechanisms.
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1. INTRODUCTION

Water hydraulics, as a fundamental principle of
power transmission using an incompressible fluid
(water) under controlled pressure, is experiencing
a significant renaissance in modern engineering.
Its increasing importance stems from the global
awareness of the need for sustainable
technological solutions and the reduction of the
negative impact of industrial processes on the
environment [1-6]. Unlike traditional hydraulic
systems based on mineral oils, water hydraulics
offers a number of key advantages.
Environmental friendliness is primary — water is
non-toxic, biodegradable, and widely available,

thus eliminating the risk of soil and water
contamination in case of leakage. Water is an
ideal working fluid in environments with a high
risk of fire, such as mines or certain industrial
processes. This aspect is particularly important in
the context of increasingly stringent safety
regulations and standards [7-9]. Furthermore, the
high thermal conductivity of water can contribute
to more efficient heat dissipation from the system,
potentially reducing the need for additional
cooling systems. These characteristics position
water hydraulics as a key technology for the
future, with the potential for widespread
application in sectors striving for sustainability
and safety [10-12].




Tribological aspects of water hydraulics represent
the key area of research and development. Unlike
oil hydraulic systems, water has significantly lower
viscosity and weaker lubricating properties, which
leads to increased friction and wear of contact
surfaces in hydraulic components, including
pumps. Effective lubrication in water systems is
therefore critical for achieving long service life and
high performance [13]. Tribological challenges in
water hydraulics include different lubrication
regimes, the interaction between water and
materials, as well as the influence of impurities
and dissolved gases in water on the formation of
a lubricating film and wear. It is necessary to
understand these complexinteractionsin order to
design reliable and efficient water hydraulic
systems [14-16].

Previous research in the field of water hydraulics
has focused on overcoming the aforementioned
tribological challenges. Significant efforts have
been invested in the development of new
materials with improved resistance to corrosion
and wear in aqueous environments, such as
special stainless steel alloys, ceramics and
composite materials. Intensive work has also
been done on the development of water additives
that can improve its lubricating properties and
reduce corrosion. Various surface treatment
techniques and the application of thin films have
been investigated to reduce friction and wear of
contact surfaces. In addition, significant attention
has been paid to the development of new design
solutions for hydraulic components optimized for
operation with water as the working fluid,
including improved sealing systems and bearings
[17-19].

In this context, axial piston pumps, as one of the
most efficient and commonly used types of
hydraulic pumps for generation of high pressure
and controlled flow, represent the key
component of water hydraulic systems. Their
complex construction, which includes precisely
manufactured pistons, cylinders, a rotating group
and valves, makes them susceptible to gradual
performance degradation during long-term
operation in contact with water. This paper

therefore focuses on a comprehensive analysis of
the fundamental physical and chemical processes
which lead to reduction of the operating
characteristics of these pumps under specific
conditions of water hydraulics.

The key investigated degradation mechanisms
include tribological phenomena on sliding
surfaces (abrasive and adhesive wear), the
interaction between the working fluid and the
pump materials (erosion due to hydrodynamic
forces and cavitation, electrochemical and
chemical corrosion), the response of the materials
to dynamic loads (cumulative damage due to
cyclic loading — fatigue) and losses of the working
fluid due to compromised sealing element
integrity [14]. The influence of the system
operating parameters (pressure, flow rate,
temperature), working fluid characteristics
(cleanliness, chemical composition, presence of
additives) and the pump construction materials
on the intensity of these processes is examined in
detail.

Furthermore, the paper quantifies the impact of
the described degradation mechanisms on the
key pump performance metrics, such as
volumetric efficiency (reduction in flow rate at
nominal speed), hydromechanical efficiency
(increase in internal power losses) and reliability
(failure rate). Correlations between the degree of
the component degradation and the measurable
system operating parameters are also analyzed.

The application of predictive maintenance
strategies based on the analysis of historical data,
modelling of degradation processes and
prediction of the future state of the pump is also
discussed as the crucial approach for optimizing
maintenance intervals, reducing costs, and
increasing the overall reliability of hydraulic
systems with water as the working fluid.
Understanding and addressing the problem of the
reduction in the operating characteristics of axial
piston pumps is therefore of vital importance for
the further development and wider application of
water hydraulics as a sustainable and efficient
power transmission technology.




2. MATHEMATICAL MODELING

The three basic tribological pairs in a water
hydraulic axial piston pump are the
piston/cylinder liner, the slipper/swash plate,
and the cylinder block/valve plate (Figure 1).
These pairs represent the key zones of friction
and potential wear [20]. The mathematical
description of these interfaces requires
consideration of the contact geometry,
lubrication regime, friction forces, and wear
mechanisms. Modelling often includes the
analysis of hydrodynamic lubrication using
Reynolds equation, which describes the
pressure distribution within a thin film of fluid
between two relatively moving surfaces [21].
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Figure 1. Configurations of the axial piston
pump PPT VH10
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While in operation, a relative motion occurs
between the cylinder block and the valve plate,
during which a thin oil film is formed, enabling
hydrodynamic lubrication. The analysis of this
film is crucial for understanding the friction
mechanisms, wear, and leakage in the pump.
One of the fundamental equations used to
describe the behaviour of the fluid in this film is
Reynolds equation. In case of the axial piston
pump, an extended form of Reynolds equation
is used, so that it takes into account fluid
compressibility, variable viscosity, variable film
thickness, and temporal changes in geometry,
where:

e p—fluid density,

e h—thickness of the lubricating film,

e p—dynamic viscosity,

e p-—pressurein the film,

® v,Vvy—components of the relative
velocity of the surface inxand y
directions,

e t—time

The left side of the equation describes the
distribution and change of pressure in the fluid
film due to viscous effects, while the right side
represents the sources of fluid in that film —
either due to the movement of surfaces (fluid
transport) or due to changes in the film
thickness over time.

In the zone between the cylinder block and the
valve plate, the oil film is of crucial importance
because it prevents direct surface contact,
reduces wear, and enables even load
distribution. The pressure in the film needs to
be determined correctly in order to design
optimal geometry and achieve high
performance of the pump.

Reynolds equation enables a detailed analysis
of the lubrication processes in the contact zone
between the rotating and the sliding elements.
In axial piston pumps, the relative motion
between the parts and the oscillations of the
pistons lead to constant changes in the oil film
thickness, velocities, and pressure. Using this
equation, it is possible to:
e predict the pressure distribution in the
lubricating film;
e identify potential local wear sites;
e analyse energy losses due to friction
and leakage;
e optimise component design for better
lubrication.

Furthermore, the equation can be used in
combination with numerical methods (e.g.,
finite element method or finite volume
method) to obtain solutions for specific
operating conditions and geometries.

Reynolds equation is a fundamental tool for the
analysis of hydrodynamic lubrication in axial
piston pumps. Its application enables better
understanding of the complex mechanisms




within the contact zone, which directly
contributes to increasing the efficiency,
reliability, and service life of hydraulic systems.
By integrating this equation into the design
process, it is possible to improve performance
and reduce energy losses in pumps.

3. EXPERIMENTAL INVESTIGATION

In order to confirm the accuracy of the numerical
model, experimental measurements were
performed on:
e the pressure and flow rate in the hydraulic
circuit;
e the oil temperature and viscosity during
operation;
e the surface wear using microscopy and
profilometry;
e the vibration and noise — as indicators of
poor lubrication.

By comparing the simulation results with the
experimental data, it is possible to further
calibrate the model and improve the accuracy of
predictions.

To experimentally identify the key factors that
led to the reduction in the efficiency of axial
piston water hydraulic pumps, experimental
tests were performed at the Development and
Research Laboratory “PPT Namenska”. As part
of this experiment, a test installation was
specially designed [18]. The tested pump is the
model PPT VH10, manufactured by PPT
NAMENSKA Trstenik (Figure 2).

The basic component of the installation was a
37 kW electric motor with regulated
speed and torque. Figure 3 shows the
experimental hydraulic installation used to test
the characteristic parameters of the axial piston
pump consisting of a drive motor, an axial
piston pump (test object), a speed and torque
sensor, a module for data acquisition and
processing, temperature and pressure sensors,
an auxiliary feed pump, and secondary
hydraulic installation components. The
auxiliary feed pump was installed at the inlet
port of the test pump in order to ensure a safe

and predetermined supply of the working fluid
to the test pump.

Figure 2. Axial piston pump PPT VH10

Figure 3. Test installation scheme (P1,P2,P3-
Gauge pressure, Q1-Flow meter, T-speed and
torque meter,T1,T2,T3-Thermometer, M-Electro
motor)

The test stand was equipped with a water tank
with a capacity of 1000 litres and a temperature
control system, which would ensure stable
conditions during the test. The temperature of
the working fluid during the test was
maintained in the range from 2 to 50°C. Figure
4 shows the test pump installed on the test
stand.

Through the analysis of the collected experimental
data, the focus was on determining the influence of




various operating parameters (pressure, rotational
speed, working fluid temperature) on the pump's
efficiency, with a particular emphasis on identifying

the key causes of hydraulic and mechanical losses
that lead to a reduction in its efficiency.
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Figure 4. The test pump installed on the test stand

4. RESULTS AND DISCUSSION

The efficiency of axial piston pumps represents
a key parameter for evaluating their
performance in converting the input
mechanical power into useful hydraulic output
power. This parameter summarizes all internal
energy losses within the pump. In order to fully
understand the pump performance, it is
essential to analyse different components of
efficiency: overall efficiency, volumetric
efficiency and mechanical efficiency.

The overall efficiency (1) of a piston axial
pump is a key indicator of its effectiveness in
converting the mechanical energy of the drive
shaft into the hydraulic energy of the fluid. It
guantifies how efficiently the input power is
used to generate flow and pressure, while
minimizing losses due to friction, leakage, and
other non-idealities. A high overall efficiency
directly contributes to the reduction of energy
consumption and the operating costs of the
hydraulic system. The overall efficiency directly
depends on the volumetric efficiency (1,,) and
mechanical efficiency (7,,). The relationship
between them is given by the following
equation:

Nuk =My " Mm (2)
The volumetric efficiency 7, (3) defines

losses that occur while the fluid flows through
the pump.

n, = Q% 100% (3)

where:
n, - volumetric efficiency of the pump in %,
Q - fluid flow through the pump per a unit of
time I/min,
Q; - theoretic fluid flow through the pump per
a unit of time I/min.

Figure 5. shows a diagram of change in
volumetric efficiency 5, as a function of time t
for different operating regimes of the pump.
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Figure 5. Volumetric efficiency of the pump




The mechanical efficiency (1n,,) of an axial
piston pump represents the efficiency of
mechanical power transmission, specifically the
ratio of the theoretical torque required for
hydraulic work to the actual torque applied to
the drive shaft.

N = TT—T 100% (4)

where:

Nm- mechanical efficiency of the pump in %,
T- actual torque of the pump in Nm

Tr- theoretical torque of the pump in Nm

The flow through the clearances can be up to
forty times higher than the flow in the axial
piston oil hydraulic pump because viscosity of
water is much lower compared to oil. As a
consequence, the volumetric efficiency of a
water hydraulic pump decreases very rapidly
with the increase of the pump pressure,
therefore the decrease in the volumetric
efficiency is one the key problems in designing
water hydraulic pumps. As seen it the diagram,
when the pressure at the pump outlet drops
there are sudden jumps in the volumetric
efficiency values.

As shown above, the efficiency of axial piston
hydraulic pumps is a complex parameter
encompassing various aspects of the pump
performance. To ensure optimal efficiency and
longevity, it is crucial not only to understand
the efficiency but also to identify the key causes
of its reduction.

Factors that can lead to a decrease in the

overall efficiency include:

Increased internal leakage: This directly affects

the volumetric efficiency, reducing the actual

delivered flow compared to the theoretical
flow. Causes can include wear of pistons,
cylinders, the valve plate, and seals.

e Increased mechanical losses: Friction in
bearings, seals, and other moving parts
increases the input torque required to drive
the pump, reducing the mechanical-
hydraulic efficiency. Causes can include
poor lubrication, fluid contamination, and
component wear.

e Increased hydraulic losses: Turbulent flow
and pressure drops through the internal
channels and orifices can reduce the
effective power transfer to the fluid.

e Non-optimal operating conditions:
Operating the pump outside the
recommended pressure, flow rate, or
rotational speed range can lead to a
decrease in efficiency.

e (Cavitation: These phenomena can damage
internal components and significantly
reduce it’s efficiency.

Understanding and identifying the main
causes of decrease in the efficiency is essential
for implementing preventive maintenance
strategies, optimizing operating conditions, and
ultimately, for improving the overall efficiency
and reliability of axial piston water hydraulic
pumps. Focusing on these aspects enables more
effective energy management and reduced
operational costs.

Figure 6. The wear of swash plate and sliper

After conducting the experimental investigation
of the performance of an axial piston pump, the
next critical step in evaluation of its efficiency and
reliability is a detailed inspection of the wear on
vital components. This process is essential for
understanding degradation mechanisms within
the pump during operation and for identifying
potential causes of decreases in efficiency. The
inspection involves careful visual examination as




well as precise measurements of the key
components such as pistons, cylinders, valve
plates, bearings, and seals. The aim is to detect
any signs of damage, including scratches, scoring,
corrosion marks, discoloration, or deformation.
Figure 6 shows the wear, due to tribological
aspects of friction, of the swash plate and the
slipper after experimental testing.

To quantify the extent of wear, advanced
measurement  techniques are employed.
Microscopy provides detailed insight into the
surface microstructure and allows identification
of minor defects not visible to the naked eye.
Profilometry is used for precise measurement of
surface roughness and detection of changes in
geometry due to material wear. By comparing
these measurements with factory specifications
and pre-experiment data, it is possible to
determine the extent and rate of wear for
individual components. This is crucial for
assessment of numerical wear models, prediction
of the remaining service life of the pump, as well
as for recommendations for future maintenance
strategies and potential design modifications.

5. CONCLUSION

In conclusion, the analysis of efficiency of axial
piston  hydraulic pumps represents a
fundamental step in understanding and
optimizing their performance and energy
efficiency. Breaking down the overall efficiency
into volumetric and mechanical-hydraulic
aspects provides a deeper understanding of the
various sources of internal losses within the
system. Experimental validation of numerical
models, accompanied by detailed wear analysis
of critical components, yields valuable insights
into degradation mechanisms and identifies the
key factors contributing to efficiency reduction
during operation. These insights are essential
for implementing effective maintenance
strategies, extending the pump service life, and
reducing operational costs.

In the context of increasing reliability and
reducing maintenance demands, the
application of advanced materials with superior

tribological characteristics plays a significant
role. High-performance polymers such as PEEK
(polyether etherketone) offer exceptional wear
resistance, low friction coefficients, and good
chemical stability, making them potentially
ideal candidates for manufacturing critical
components of axial piston pumps, such as
piston rings, seals, and bearing parts. The use of
such materials can significantly reduce wear
during operation, helping to maintain high
efficiency over extended periods and
minimizing the need for frequent replacement
and servicing

The future development of axial piston
hydraulic pumps will undoubtedly focus on the
integration of advanced materials and
sophisticated condition monitoring systems.
Continuous monitoring of key performance
parameters and component condition in real
time, combined with the use of wear-resistant
materials such as PEEK, paves the way for more
durable, efficient, and reliable hydraulic
systems with minimal maintenance
requirements. This approach will not only
reduce operational costs but also contribute to
more sustainable use of resources by extending
the service life of the equipment.
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