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Abstract: Modern methods of designing and constructing hydraulic pumps can no longer be imagined
without the use of appropriate mathematical models, phenomena and processes that take place in
concrete constructions. A mathematical model of a process represents an analytical interpretation
with certain assumptions. Obtaining a mathematical model requires detailed theoretical research,
based on knowledge of the laws of fundamental sciences and scientific disciplines, in order to fully
understand and interpret the process, upon which assumptions are adopted and model equations
are defined. As mobile machines continue to evolve, so do the demands on their hydraulic systems.
Efficiency, automation and other major industry trends present ongoing development opportunities
for the hydraulic systems used in mobile applications. Hydraulic systems remain an important
component in a range of mobile applications, from construction and agricultural equipment to heavy
trucks, because of the power density they can provide for a range of work functions. The power
density of hydraulics remains unmatched in many applications. The pump, as an essential hydraulic
component, converts mechanical energy into hydraulic energy with a relatively small amount and
speed of fluid.

Keywords: mobile equipment; piston-radial pump; mathematical modeling; hydrodynamic processes;
pressure; power; energy recovery; sensors; efficiency

1. Introduction

When a hydraulic pump is running, it performs two functions in the hydraulic system.
First, its mechanical action creates a vacuum at the pump inlet and allows atmospheric
pressure to force fluid from the reservoir into the pump inlet line [1-4]. Second, its hydraulic
action delivers fluid to the pump outlet and pushes it into the hydraulic system.

Several factors influence the design of today’s hydraulic components and systems:

e  Digitization, which includes the addition of sensors to products and efficiency, the
trends that most influence the design of hydraulic components.

e  Efficiency, particularly significant due to customers” emphasis on reducing energy
consumption leading to cost and emissions savings. Efficiency a key driver as there
is a greater focus on the environmental impact of machines and their components
shaping the way hydraulics are designed

These and many other factors affecting hydraulic system design are linked to major
trends affecting numerous industries, including fluid power and mobile equipment [5,6].

In this study, the identification and optimization of the working and structural pa-
rameters of the radial piston pump in the hydraulic circuit for energy recovery in mobile
machines (Figure 1) was carried out [7-10].
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Figure 1. Hydraulic circuit for energy recovery in mobile machines.

After formulating the mathematical model, we performed a mathematical interpre-
tation of the phenomena that occur in the entire physical model, i.e., a simulation of the
physical system was performed. When analyzing a concrete physical system, the bound-
aries of the system, the subsystems that make it up and their mutual connections, as well as
the processes that take place in it, are defined. Then assumptions and mathematical models
of all previously defined processes are determined. The resulting systems of equations and
their interconnections represent a simulation of the physical model. Finally, experimental
verification of the obtained results are performed and their accuracy analyzed [11].

The hydrodynamics of radial-piston pumps includes current and hydrodynamic pro-
cesses in the pump cylinder, suction and discharge piping, suction and discharge chamber
and pump distribution organs. Current processes in the pump cylinder during the high-
pressure part of the cycle were analyzed due to the occurrence of pressure pulsation [12].
Current processes in the suction and discharge pipeline, suction and discharge chamber
and distribution organs (valves) were analyzed in order to determine the influence of the
structure of the suction and discharge pipeline and the law of opening distribution organs
(valves) for filling and emptying the pump cylinder [13,14].

2. Mathematical Modeling

Modeling the main parts of a hydraulic radial piston pump involves understanding
its key components and their interactions.

By systematically modeling each component and their interactions, a comprehensive
simulation of the performance of a hydraulic radial piston pump can be created. This
approach enables a better understanding and optimization of hydraulic systems in practical
applications [6].

The basic approach to cylinder-piston modeling involves the use of a set of differential
equations, which represent the motion of the pistons based on fluid dynamics and pressure
differences. Modeling the swashplate that drives the reciprocating motion of the pistons
as the rotor rotates represents the swashplate angle and its effect on piston stroke length.
The modeling of the rotor driven by the engine that creates the centrifugal force and moves
the pistons is related to the speed of rotation and its relation to flow and pressure [15,16].
The hydraulic fluid inlet and outlet are modeled by implementing a fluid flow equation
(like Bernoulli’s equation) to describe the flow dynamics through these connections. The
pump housing, which contains the components and directs the flow of hydraulic fluid, is
modeled with a fixed volume in the fluid pressure and flow equations.
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To model the pump function, it is necessary to define parameters such as fluid viscosity,
density, piston diameter, swashplate angle, etc. To model the dynamics of the fluid, the
continuity equation and the Bernoulli equation are used. It is necessary to establish
kinematic equations that regulate the movement of the pistons based on the rotation of the
rotor and the angle of the tilting plate [17]. To calculate the forces acting on the pistons
and the torque on the rotor, pressure differences and mechanical losses are taken into
account [18].

2.1. Mathematical Modeling of Valves

The role and location of the suction and discharge valves can be seen in Figure 2,
where the pump is shown in isometry and in section. The first phase of the mathematical
modeling of the valve refers to the determination of the sizes of the flow sections of the
valve. For the valve separation of fluid in radial-piston pumps, the size of the geometric
flow section depends on the stroke of the valve parameters and then the differences are
highlighted in terms of their functions.
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Figure 2. Radial piston pump. 1. pressure valve, 2. piston, 3. suction valve, 4. the pump shaft,
5. intake space of the pump, 6. cylinder block, 7. discharge space of the pump.

The size of the geometrical flow pressure of the valve is determined by the expression:
Ay = 1tdyxy (1)

With the connection d¢ = wdt, the differential equation of movement of the moving
mass of the valve is arrived at, to which 1/3 of the mass of the valve spring is added, in

the form: p e
Uy v )

de — wmy

where F; is the resultant of all forces acting on the moving mass of the valve m,, which
depend on the position of the moving mass. All elements are shown in Figure 3.
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Figure 3. Dynamic model of the valve of the radial-piston pump.

During valve stroke 0 < x;, < h,, the resultant of all forces acting on the valve consists
of fluid pressure force, spring force, friction force proportional to the first degree of speed
and constant friction force:

F, = AU(PC - Pv) - Cv(xv + xO) —kyvy — Fyo (3)

where:

og=1foruv, >0
o= —1forv, <0
h,—maximum valve stroke.

When the stroke of the valve is x;, > hy, the valve is additionally acted upon by a force
originating from the deflection of the valve stop and the damping force that additionally
occurs during the deformation of the stop (it is assumed that this force is proportional to
the first degree of the deformation rate):

F, = AU(PC - Pv) - Cv(xv + X()) — kyvy — Fypo — Ogv [Cgv(xv - hv) + kgvvv + Ftrgva] (4)

where:

(Tgy - OfOI' Xy S hy
Ogv = 1 for xy > hy.

In the case when x, < 0, the valve is additionally acted upon by a force originating
from the deformation of the valve seat and the damping force that additionally occurs dur-
ing the deformation of the valve seat (proportional to the first degree of deformation rate):

F, = AU(pC - Pv) - Cv(xv + xO) — kyvy — Fypo — 0 [Csvxv + kspvyp + Ftrsv‘ﬂ (5)

where:
0o = 0forx, <0
Ogy = 1 for x, > 0.
The differential equation of the valve path is:

dx, Uy

%:; (6)
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The effective flow section of the valve through which the fluid flows in or out is ob-
tained as a product of the geometric flow section and the corresponding flow coefficient, i.e.,

Apo = Avply(;) )

When it is a suction or discharge valve, all the expressions (1) to (7) given above receive
the corresponding indices (u1—when it is a suction, that is, when it is a discharge valve).

This is the first phase of modeling and represents the basis for all other phases, both mod-
eling and design of the valves of the suction and discharge lines of the radial-piston pump.

2.2. Mathematical Model of a Pump Process
2.2.1. Processes in the Suction Chamber of the Pump

The mass flow m through opening, at the point of entry of the suction pipe into the
suction chamber of the pump, during quasi-stationary discharge is calculated from the
known relation for stationary discharge of an incompressible fluid:

dm
7151 = ‘71]41141\/ 20s|pu — ps| (8)

where:

p—pressure,
p—fluid density,
A—geometric flow section,
u—tlow coefficient constant.

The index “1” refers to the opening, the index “u” to the suction, the index “s” to the
suction chamber.

The magnitudes of the constant oy are:
o1 = 1for py > ps
o0, = —1for p, < ps

In a similar way, the mass flow of the fluid m through the distribution organ of the
pump (distribution plate or valves) when filling one cylinder of the pump is calculated:

d
Zu = (Tu,uuAu\/ ZPS‘PS - Pc| )

where are:

oy = 1for ps > p

oy = —1for ps < pe.

A,—geometrical flow section, intake opening of the distribution board or intake
valve opening.

The index “c” refers to the cylinder.

The mass balance of the suction chamber reads:

dms _ dmq EZC dmu,j

dt — dt ==l dt {10
where:
j=1,2,...,z,—serial number of the cylinder,
zc—total number of cylinders.

The density of the fluid in the suction chamber of the pump is:
ms
== 11
Os Vs ( )

Vs is the volume of the suction chamber.
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Logarithmic differentiation of this equation by time yields:

ldﬁ_ L dms ,i% (12)
ps dt — mg dt Vs dt

The equation of state of the fluid for pressure p and temperature T can be written in
the form:

p=rpT) (13)

The total derivative of pressure with time during an isothermal change of state
(T = const) can be written in the form:

dp _ (9p)) dp
dat <8p>Tdt (14
For m = pV the following differential can be written:

d(pV) = pdV + Vdp (15)

The isothermal coefficient of compressibility of the fluid ¢, is defined by the equation:

1 /0V
= (%), 1o

Based on Equations (14)-(16), the following relationship between pressure, density
and isothermal compressibility coefficient is obtained:

), (),
dt ) \op)r erp
In the case of isentropic change (s = const) the equation of state can be written in
the form:
p=rpps) (18)
The total pressure time derivative in this case is:
i _ (%) 4 )
dp dp ) g dt

The isentropic coefficient of fluid compressibility & is:

1 /9V
= y(%) =

Based on Equations (15), (19) and (20), the relationship between pressure, density and
isentropic compressibility coefficient is obtained:

dp\ _ (9r) _ 1
<dp>s B (ap)s B 7Y (21)

Comparing Equations (17) and (21) shows a complete similarity, so a general equation
for the relationship between pressure, density and compressibility coefficient can be written:

dp _dp 1

o e =
i.e., in the form:

ap _ 1dp )

dt o dt
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wherein:

e = er—for isothermal change of state
& = eg—for an isentropic change of state.

Using Equations (10), (12) and (23), the differential pressure equation in the suction
chamber of the pump is obtained in the form:

dp, [ 1 [(dm Ze dmu,j avs
dt_[ps(dt_zil i) 24)

where:

j=1,2,..,z, serial number of the cylinder,
zc—total number of cylinders.

Since the volume of the suction chamber is constant, and the elementary rotation angle
¢ of the drive shaft can be expressed through the angular velocity w (d¢ = wdt), and that
the relation between the compressibility coefficient and the modulus of elasticity ise = 1/E,
the differential equation of the pressure in the suction chamber of the pump, expressed
through the rotation angle of the drive shaft and the mass flow is:

dps N E dm1 Ze dmu,]'
dg = Vip, <d¢ Y-t dg )

2.2.2. Processes in the Pump Cylinder

The mass flow of the fluid flowing into the cylinder through the hole in the piston is
defined by Equation (9), and the mass flow of the fluid flowing out of the cylinder is:

dm;
TtZ = UiViAi\/ 20c|pc — pol (26)

where:

o1 = 1for pc > po

o = —1for p. < py

A;—geometric flow section of the pressure opening of the distribution board or pressure
valve opening. The index “i” refers to outflow.

Applying the law of conservation of mass to the pump cylinder, it follows that the
change in mass in the cylinder caused by the flow of fluid into the cylinder and the flow

out of the cylinder will be:
dme  dmy,  dm;

dt a4t @7)
The density of the fluid in the cylinder is
— e
p c — VC (28)
Logarithmic differentiation of this equation by time yields:
ldp. _ 1dm. 14V, 29)

pc dt — m. dt V. dt

Using relation (23) and Equations (27) and (29), the differential pressure equation in
the pump cylinder is obtained in the form:

dp, 1 [1 (dm, dm; dv.
dt eV, L)C< dt dt dt (30)
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The current volume of the cylinder is:
Ve = Vemin + Vex  Vex = Acxg (31)

The change in the volume of the pump cylinder caused by the movement of the
piston is:

ave

dt

= —Aci)k (32)

where:
xy—current stroke of the piston calculated from the outer dead center.

By replacing the relation (32), introducing the connection d¢ = wdt and the modulus
of elasticity E, the differential Equation (30) expressed through the mass flow and the
rotation angle of the drive shaft reads:

dp, E [Acvk 1 <dmu dmiﬂ
—— + = - 33
dp V.| w pc \ do de (33)

2.2.3. Processes in the Pressure Chamber of the Pump

Applying the law of mass maintenance to the pressure chamber of the pump, it follows
that the change in mass is caused by the flow of fluid from cylinders through the distribution
bodies (distribution plate or pressure valves) and flow through the pressure pipeline.

The mass balance of the pressure chamber reads:

dm, <z Admij  dmy
il g dr

(34)

where:

j=1,2, .., z_ serial number of the cylinder,
zc—total number of cylinders.

The mass flow flowing out of the thrust chamber into the thrust pipeline is

dm
- = O22Aay 201l po — pal (35)

where:
oy = 1for py > pon
oy = —1for py < pa.

Aj-geometric flow section of the pressure pipeline

Analogous derivation of the differential pressure equation in the suction chamber,
using Equations (34), (35) and Equation (23) with appropriate index notation, leads to the
differential pressure equation in the pump discharge chamber:

dp, E 2 dmij  dmy
o~ Vip, (5—1 dg w) (36)

The constant size of the pressure chamber V, is defined by the construction of
the pump.

2.2.4. Structure and Organization of a Computer Program

For the simulation of the radial piston pump, the original computer program AKSIP
was developed, which is specific due to a number of details, ease of use and integration
with other programs. It can create dynamic simulations and modeling of fluid systems. It
can create custom models and use toolboxes for hydraulic systems. It is excellent for fluid
dynamics simulations, allowing detailed analysis of flow characteristics inside a pump.
It offers multiphysics simulations, combining fluid dynamics with structural mechanics,
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which can be helpful for analyzing interactions inside a pump. It is useful for 3D modeling
and fluid flow analysis, especially if SolidWorks is already being used for design. It
is specially designed for pump simulations, focusing on performance and efficiency. It
focuses on hydraulic systems and can be a good option for modeling different types of
pumps, including radial piston pumps. It is open source, which can be adapted to specific
simulation needs, although it may require more setup and expertise. It includes menus,
toolbars, and various panels for setting up simulations, defining geometry, and visualizing
results. Users can create geometries within AKSIP or import them from CAD software.

The AKSIP program is modularly designed and consists of the main AKSIP program
and its modules.

The AKSIP program module performs loading and printing of input data and deter-
mination of constants. For further processing calls the ECITER module.

In case of deterministic model selection, the desired model is specified when creating
the input data file AKSIP.DAT. Stochastic model selection is of particular interest in the
statistical analysis of the reliability of modeling results.

AKSIP allows users to create structured or unstructured meshes for the simulation
domain. The mesh must be carefully defined to accurately capture the flow characteristics.
Users define simulation physics, such as fluid properties, turbulence models. Defining
how the fluid interacts with the domain boundaries and controlling the solution, including
time-stepping methods and convergence criteria, are essential. AXIP can use multiple
processors to speed up simulations, making it suitable for large and complex models. Users
can visualize flow patterns and other results via contour plots, vector plots, and streamlines.

In the AKSIP program, for now, the following possibilities and corresponding identi-
fiers are foreseen when choosing a mathematical model:

(a) Pressure variability in the suction chamber IS=?

S = 0—the pressure in the suction chamber is constant or IS=1—the pressure in the
suction chamber is variable.

(b) Pressure variability in the pressure chamber IT=?

IT = 0—the pressure in the pressure chamber is constant or IT=1—the pressure in the
pressure chamber is variable.

(c) Selection of suction distribution organ IU=?

IU = 1—the suction distribution board is activated or IU=11—the suction valve
is activated.

(d) Selection of pressure distribution body II1=?

I = 1—the pressure distribution board is activated or II=11—the pressure valve
is activated.

(e) Selection of the method of determining the flow coefficient IMDMI=?

IMDMI = 0—flow coefficients are given tabularly as constants,

IMDMI = 1—the flow coefficient is specified as a function of pressure,

IMDMI = 2—the flow coefficient is specified as a function of the number of revolutions.
IMDMI = 3—the flow coefficient is specified as a function of pressure and speed.

(f)  Selection of a model that takes into account the mass inertia of the working fluid
IMIN=?

IMIN = 0—the inertia of the mass of the working fluid is not taken into account,
IMIN = 1—the inertia of the mass of the working fluid is taken into account.

The structure and organization of AKSIP enable users to efficiently run complex
simulations. Understanding the function and workflows helps to streamline the workflow
and improve the accuracy of the simulations. AKSIP provides tools for analyzing simulation
data, such as statistics and custom reports. AKSIP provides extensive documentation and
instructions to help users implement algorithms for solving the governing equations of
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fluid dynamics (Navier-Stokes equations) using methods such as finite volume, finite
element, or spectral methods. The graphical user interface is user friendly to easily set up
simulations, view results and manage projects. Efficient storage and retrieval of grid files,
solutions and results is enabled. Validation and verification are possible by comparing
simulation results with analytical solutions or experimental data to confirm the accuracy of
the model.

3. Experimental Testing

Model of the pump was prepared in such a way as to enable the connection of
the necessary measuring transducers necessary for the measurement of characteristic
parameters. A schematic view of the test installation and data acquisition system is shown
in Figure 4.

R i
—| A D
Rk

A

8
\ /
ADS 2000 m D SEEERE

CADEX = 2

Figure 4. Testing installation and data acquisition system. 1. Electric motor power 137 kW, 1450 min—!

with speed and torque regulation, 2. Reducer, 3. Piston-radial pump, 4. Angular marker, 5. Vibration
measurement transducer, 6. Pressure measurement transducer in the pressure chamber, 7. Pressure
measurement transducer in the cylinder, 8. ADS 2000-CADEX measurement and acquisition system.

The following sizes were measured:

Pressure p. in the cylinder as a function of the pump drive shaft angle

Pressure py in the valve chamber as a function of the pump drive shaft angle
Pressure py in the pressure pipeline as a function of the angle of the pump drive shaft
Amplitude of vibration of the pump casing as a function of the angle of the pump
drive shaft.

Angle ¢ of the pump drive shaft

Pump flow Qp,

Temperature of the working fluid T

Number of revolutions n of the drive shaft of the pump.

Structure of the ADS 2000-CADEX measurement and acquisition system. It is given in
Figure 5. VME-bus ADC contains two A/D converters with simultaneous operation of the
speed twice 350 kHz at 12 bit, one timer, the start of each conversion is performed via the
pulse of the angle encoder or the timer, with hardware registration of the reference brand of
the incremental angle encoder in order to 100% control of the correctness of the operation
of the angle encoder in real time. Up to 6 A/D cards = 12 A/D converters can be integrated
into the system. Two VME-bus ADC modules are installed in the implemented system.
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Figure 5. Ultra-fast measuring system ADS 2000.

Implementation of VME-bus PGA multiplexer for experiments with hydraulic radial
piston pumps is very useful for monitoring and controlling various parameters. Used to
handle multiple input signals from sensors that monitor parameters such as pressure, flow
rate, and temperature in a hydraulic system. For pressure sensors, pressure transducers are
installed to measure the pressure inside the hydraulic system. Flow sensors use flow meters
to monitor the flow rate of hydraulic fluid. Temperature sensors include temperature
probes to ensure the fluid is operating within safe limits. The PGA will amplify the signals
from the sensors, especially if they are emitting low voltage signals, ensuring the data is
suitable for processing. An A/D converter connected to the VME is used to acquire the
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data. bus to digitize amplified signals. A PGA multiplexer can switch between different
sensors based on control signals, allowing efficient data collection from multiple sources.

The applied measurement system enables simultaneous measurement on four fast
analog channels each, with parallel measurement of time intervals from the angle mark to
the mark of the incremental angle encoder.

4. Results of Mathematical Modeling and Experimental Testing

Comparison of the results of mathematical modeling and experimental testing of
radial piston pumps includes several key aspects. The predicted efficiency from the model
was compared with experimental data. The accuracy of the predicted output pressures
and flow rate was analyzed. It was established how the variations of these parameters
affect the predictions of the model in relation to the experimental results. Performance
under different load scenarios and their impact on modeling and experimental results were
evaluated. The geometrical parameters of the piston, clearances and tolerances, changes in
the design as well as their influence on the performance of the radial piston pump were
analyzed. An evaluation of the dynamic behavior was performed to see how well the
models predicted the dynamic behavior with the experimental behavior. Vibrations and
noise were analyzed and compared with those observed in the experiments. Using the
experimental results, the assumptions and equations used in the mathematical models were
confirmed. The efficiency of hydraulic systems in mobile machines can be significantly
affected by the operating parameters of radial piston pumps. Higher pressure can lead to
increased efficiency, but also increases the risk of cavitation and pump wear. Balancing the
pressure setting is critical for optimal performance. Minimized pressure losses in hoses and
fittings can improve overall system efficiency. Keeping the pump flow within its design
specifications ensures efficient operation. Flow rates that are too low or too high can reduce
efficiency. Using variable displacement pumps enables better adaptation to different load
conditions, improving efficiency.

At the pump operating mode 7 = 875.6 min~! and p, = 200 bar, the results of the
measured pressures and the pressures obtained by mathematical modeling as a function
of the rotation angle of the pump drive shaft are given in comparison Figure 6. Figure 6
shows the flow of pressure: a) in a cylinder (pc) and a pressure chamber (pv) for one cycle
of the experiment; (b) in a pressure chamber (pv), to simulate one cycle; (c) pressure in the
cylinder (pc) in the interval 120-270, for one cycle of the experiment; (d) in the cylinder
(pc) in the interval 120-270, for one simulation cycle; (e) in the cylinder (pc) and the valve
chamber (pv) in the interval 278-307, for one cycle of the experiment; (f) in cylinder (pc)
and valve chamber (pv) in the interval 278-307, for one simulation cycle.

@ g 2 S
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N i = | ; | [®
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m 8 8 1 1" b8
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) o FENY MRS G W, W M f
s e A i &
- ~ . —r) &
Y = 50 50 100 150 200 2531 300 350
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Drive shaft angle [°]
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Figure 6. Cont.



Appl. Sci. 2024, 14, 9979

13 of 16

12

=0 v T T T —Q . T

& ™| PFT 3112.750.02C/10L 7875, 6mint 5~ | PPT 3112.750.02C/10L a
2 AKS .PUMPA-PR-DR :R09 2 AKS .PUMPA-PR-OR :R09 n=875,6nin
N 28.11.95 . 28.11.95

2w ADS 2000 & | ans 2000

« www “«mWJ“W

1

vl

160 180 200 220 240
120 14 200 220 240 260 Drive shaft angle [°]
Drive shaft angle [°]
(c) (d)
3 — = [== : =
i ar -1 ™o =8 = ~ T
5 PPT 3112.750.02C/1DL n= 875,6 min 9 H PPT 3112.750.02C/10L -1 o
- AKS _PUMPA -PR -DR:R08 [ Q. M(S PUMPA-2R-DR :RO9 n=875,6 min a
?8 1 i 95 ] ] .85 )
&g e e £3 0 g8a
~ o) N [3Y)
U\m‘)u j »UL JJ : \f\/\f\/\‘/\/\_\
o | i =
& \w\f Ml W‘W 2 £ &
] 1 . Mg
= ' g = 8
5 5 3 ‘A
] H Y ==
/\JJV /L“/ )
M o W i . Ly
s . 278 232 286 2¢0 294 298 302 306 -
0273 232 266 2€0 294 298 302 308 Drive shaft angle [°]
Drive shaft angle [°]
(e) ()

-1

Figure 6. Diagrams of measured and modeled pressures in the operating mode n = 875.6 min™* and

pn = 200 bar.

The number of pistons can significantly affect the performance of radial piston pumps,
including pressure variations. Increasing the number of pistons generally results in higher
compression capability. More pistons can distribute the load more evenly, allowing more
pressure to be generated without excessive wear. With more pistons, pressure pulses can
become smoother, reducing the fluctuation between pressure peaks and valleys. This can
lead to more stable operation at high pressures. More pistons means more theoretical
flow at a given speed, since each piston contributes to the total displacement. With fewer
pistons, the pump can be more efficient at low pressures, because there is less internal
friction and fewer moving parts. More pistons can increase complexity, size, and weight.
Design considerations must balance these factors with performance requirements. Radial
piston pumps can experience vibrations that are affected by several factors, including
the number of pistons. More pistons generally result in better balance and symmetry in
pump operation. This can reduce pulsations and vibrations as the forces are more evenly
distributed. More pistons can lead to smoother operation by reducing the amplitude of
pressure fluctuations, as more pistons can create a more continuous flow.

The vibration level is defined by the amplitude ratio as follows

N[dB] = 20log,, AAf 37)
re

where are:
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N—number of decibels
A—measured level
Apef = 10K7ef —reference level.

The reference level is marked with the Kref exponent on the corresponding diagrams.

From the attached diagrams of the harmonic analysis of the pressures in the pressure
chamber, a dominant row for the maximum pressure amplitudes can be seen, which
contains a module equal to the number of cylinders ¢ = z-n, where z is the number of
cylinders and n = 1, 2, 3... number of cycles.).

The magnitudes of the measured vibrations of the pump casing for the middle of ten
consecutive cycles shown in Figure 7 also indicate the occurrence of amplitude pulsations
at harmonics ¢ = z-n.
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Figure 7. Results of harmonic analysis of measured pressures, vibrations and time intervals for one
cycle at n = 875.6 min~! and p = 200 bar with a graphic display of 80 harmonics.

These statements are in principle valid for all tested modes of operation of the piston-
radial pump.

5. Conclusions

By measuring the performance of piston-radial pumps, it was concluded that their ef-
ficiency can generally be evaluated according to their maximum working pressure capacity
and flow rate at a certain drive speed.

The parameters of the hydrodynamic process of the piston-radial pump (pressure
flow, suction flow and compression flow) cannot be determined accurately enough purely
experimentally, nor purely mathematically. Sufficiently accurate parameters can be obtained
by the combined application of pressure flow measurement in the cylinder, mathematical
modeling of the actual hydrodynamic process and nonlinear optimization methods, whereby
systematic measurement errors and unknown parameters can be simultaneously determined.

Radial piston pumps are commonly used in mobile machinery due to their efficiency
and compact design. Understanding their mechanical, volumetric, and overall efficiency
is essential to optimizing performance. Mechanical efficiency measures how effectively a
pump converts input power into hydraulic power, taking into account losses due to friction,
wear, and mechanical components. The mechanical efficiency of radial piston pumps
typically ranges from 85% to 95%. Volumetric efficiency measures the pump’s efficiency
in moving liquid compared to its theoretical displacement. It calculates losses due to
leakage and compressibility of liquids. The volumetric efficiency of radial piston pumps
can vary widely, generally falling between 90% and 98%. Overall efficiency combines
both mechanical and volumetric efficiency, providing a comprehensive measure of pump
performance. Overall efficiency can be quite high for radial piston pumps, often exceeding
80% when both mechanical and volumetric efficiency are optimized. This efficiency can
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be affected by design factors, operating conditions and the quality of materials used in
construction. Regular maintenance and proper operation are also critical to maintaining
these levels of efficiency in mobile machines.

The piston-radial pump is an important component in hydraulic systems in mobile
applications, from construction and agricultural equipment to heavy trucks, because of
its sufficient power density for a range of work functions. Optimizing the operating
and structural parameters of piston-radial pumps can directly influence the efficiency of
mobile machines.

Further directions of research are possible in the construction of piston pumps in terms
of: separation of the working fluid, dynamics of the cylinder block and hydrodynamic
processes in the gaps between the piston and the cylinder in the cylinder block.
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