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ABSTRACT

The world's leading manufacturers of hydraulic equipment: Boschrexroth, Atos, PONAR Wadowice, etc. are
constantly working hard to improve the design of hydraulic equipment. In recent years, the quality of
hydraulic equipment, including hydraulic valves, has been significantly improved. But still, the efficiency of
hydraulic equipment, in terms of energy losses, leaves much to be desired. By such an important indicator as

efficiency factor, the hydraulic drive of mining machines is much inferior to the electric drive.

The paper presents an analysis of one of the main elements of the control system of hydraulic drives - the
hydraulic distributor. Using the example of the most widely used typical spool distributor, it is shown that
energy (pressure) losses in hydraulic distributors occur due to vortex formation (turbulence) in separate parts
of the hydraulic distributor. The cause of vortex formation is sharp changes in the cross-section of the liquid
flow (contraction, expansion), as well as the presence of sharp changes in the direction of the flow. All these
factors are well illustrated in the KompasFlow programme, which is based on computational fluid dynamics
and is a version of the FlowVision software package integrated into KOMPAS-3D as an application.
Visualisation layers show specific sections of the hydraulic distributor in which there are changes in flow
direction, pressure and velocity values, and areas of turbulence. Visualisation of the fluid flow in the spool
hydraulic distributor clearly confirms the fact that the currently existing designs of hydraulic distributors do

not allow to exclude completely or minimise the number of vortex formation zones.

It is necessary to create a new design of the hydraulic distributor operating on other, different principles from
the existing one. The new design of the distributor should completely exclude or minimise the number of
zones of possible turbulence occurrence and provide a corresponding reduction in energy (pressure) losses on

the hydraulic distributor. The obtained results of the research can be used in real production.

Keywords: hydrofitted mining machines, hydraulic drive, hydraulic distributor, pressure losses,

KompasFlow, express analysis.
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INTRODUCTION

Machines are now an integral part of our daily lives. Machines are used in a wide variety of industries and in
everyday life. They facilitate work and increase its productivity.

Any machine can be represented as a sequential combination of three components: a drive motor, an executive
mechanism, and a drive.

It is obvious that the efficiency of any machine can only be ensured if each of these three elements works as
efficiently as possible.

The overall efficiency (efficiency factor) of a system of sequentially connected mechanisms is equal to the
product of the efficiency factors of these mechanisms. In our case, the overall efficiency of the entire machine
will be equal to the product of the efficiency of the motor, drive and actuator:

No™MNd" Mp* Ne.m.
In turn, the drive is a rather complex system consisting of other smaller elements.

Therefore, the efficiency of the drive also depends on the efficiency of its smaller components. For example,
the overall efficiency of a hydraulic drive is the product of the efficiencies of all its components: filter, pump,
safety valve, distributor, throttle, etc. Low efficiency of any of these components significantly reduces the
efficiency of the entire drive.

Currently, for an optimally designed hydraulic system, the overall (total) efficiency is usually between 0.65
and 0.75.

In modern electric drives, the efficiency is in the range of 80-90%. For special machines, modern technologies
allow the efficiency to be increased to 96%.

Thus, despite the fact that hydraulic drives have significant advantages, such as:

1. High specific power of the hydraulic drive, i.e. the transmitted power per unit of total weight of the
elements. This parameter is 3-5 times higher for hydraulic drives than for electric drives;

2. Relatively simple stepless speed control of the output link of the hydraulic drive over a wide range;

3. High speed of the hydraulic drive, due to the low moment of inertia of the hydraulic motor's actuator
(the moment of inertia of the rotating parts of the hydraulic motor is 5-10 times less than the
corresponding moment of inertia of an electric motor);

4. Simplicity of converting rotary motion into reciprocating motion.

All these advantages of the hydraulic drive are offset by a single disadvantage — low efficiency. This explains
why electric drives are predominantly used in modern machines and mechanisms

METHODS

A large number of scientific works are devoted to the study of energy losses in hydraulic drive mechanisms
and issues of improving the energy parameters of hydraulic machines.

According to the results of studies [1-4], it has been established that when hydraulic machines are in operation,
the useful use of energy is 51%. Consequently, energy losses are about 49%.

The research results also showed that when hydraulic machines are in operation, the greatest losses occur in
hydraulic distributors [5-6], in the process of throttle control of working speeds (20%) and in primary safety
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valves (17.2%). Losses are significantly lower in drain hydraulic lines (7.5%), actuators and secondary safety
valves (4.3%).

The results of an analysis of previous studies show that modernising the design of hydraulic pumps, hydraulic
cylinders, hydraulic motors and hydraulic lines does not yield significant positive results in terms of reducing
energy losses, although it does lead to some useful improvements [9-14].

Thus, research into reducing energy losses in distributors will make it possible to significantly increase the
overall efficiency of the entire hydraulic drive of machines.

Let us consider the energy losses that occur when fluid passes through spool valves, since such valves are used
in the vast majority of hydraulic circuits.

The principle of operation of spool hydraulic distributors was considered using the example of a four-line,
three-position distributor, Fig. 1 [15].

In the initial position, the spool of the valve is in the middle position (position) under the action of springs, all
four lines (two supply lines P and T, and two outlet lines A and B) are closed. When electrical voltage is
applied to the right electromagnet, the spool shifts and compresses the right spring. In this position, the supply
pressure line P is connected to the working line B, and the drain line T is connected to line A. When the
solenoid is deactivated, the spool returns to its initial position under the action of the compressed spring. When
voltage is applied to the left solenoid, the spool shifts to the left, compressing the left spring and connecting
lines T - B and lines P - A.

ing)

o v 5% BN

Figure 1. Principle of operation of a three-position, four-line hydraulic distributor: 1 — body; 2 — spool; 3
— springs; 4 — electromagnet

Previous studies show that the critical Reynolds number for spool valves is Re = 100-250, and therefore the
fluid flows in the valves are predominantly turbulent. Accordingly, the pressure losses Ap in the valves are
very close to a parabola.

Pressure losses in the hydraulic distributor, which occur mainly due to vortex formation in individual parts of
the hydraulic distributor, can be determined by the dependence [16,17]:

VZ
Ap=¢-p-—

where V is the fluid velocity, m/s; p is the density of the fluid, kg/m? ; { is the resistance coefficient;

The value of { for spool valves usually ranges from { =3 to 5.
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However, the analytical dependencies given can only be used for approximate calculations of hydraulic
systems. For accurate calculations, additional experimental tests (flow tests) of specific distributors under real
operating conditions are required. Graphical dependencies of pressure losses are usually given in the technical
characteristics of the product. For example, graphical dependencies of pressure losses Ap in electrically
controlled spool valves type WE10...12/... with different circuits, presented by PONAR Wadowice, a leading
Polish manufacturer of hydraulic components and systems [9], are shown in Fig. 2.
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Figure 2. Dependencies of pressure losses Ap in electrically controlled spool valves of the WE10...12/...
type with different circuits (1-10).

The graphical dependencies shown allow us to estimate how pressure losses in the distributor change
depending on the flow rate and design scheme.

Let us consider, as an example, two extreme cases: the type WEZ10...12/... distributor designed according to
scheme 1 and the distributor designed according to scheme 10.

At a working fluid flow rate of 100 dm?® /min, the pressure losses are: for scheme 1 — 0.47 MPa; for scheme 10
—1.4 MPa.

When the working fluid flow rate through the distributor is halved (50 dm3/min), the corresponding losses are
only 0.1 MPa and 0.4 MPa, respectively.

We can see that when the flow rate is halved, the pressure losses decrease and the efficiency increases
accordingly. For a distributor designed according to scheme 1, the losses are reduced by 4.7 times, and for a
distributor designed according to scheme 10, by 3.5 times.

However, the above theoretical calculations do not provide a complete and comprehensive picture of the
causes of energy loss and efficiency in hydraulic distributors.

It was noted above that losses mainly occur due to vortex formation in certain parts of the hydraulic
distributor. However, neither analytical dependencies nor graphical representations provide answers as to
where exactly these vortices occur, why they occur, and what can be done to eliminate them.

At the same time, there are now programmes that allow you to visualise the movement of fluid in various
elements of the hydraulic drive, including hydraulic distributors. With the help of such programmes, designers
can visually identify specific areas in the hydraulic distributor where energy losses occur and make design
decisions to eliminate or reduce these losses.

One such programme is Kompas Flow. Kompas Flow is based on a discipline called computational fluid
dynamics and is a version of the Flow Vision software package integrated into KOMPAS-3D as an application
[10].
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In the Kompas Flow system, the calculation domain is the volume of fluid inside the pipeline elements.
Therefore, for the calculation, it is necessary to use standard KOMPAS-3D tools to select the volume of fluid
inside the hydraulic distributor housing as a separate closed volume. The calculation area may also contain the
volumes of streamlined bodies (in our case, the spool) [11].

Results. Since the principle of operation of all spool hydraulic distributors is the same, the simplest, two-line,
two-position hydraulic distributor was taken as the object of study.

The principle of operation of a two-position, two-line hydraulic distributor is shown in Fig.3 [6].

1 2

Figure 3. Principle of operation of a two-position, two-line hydraulic distributor: 1 — body; 2 — spool; 3 —
control lever When the control lever is in the position shown in Fig. 3, the pressure line is connected to the
working line. When the control lever is moved to the right, spool 2 moves and disconnects the channels.

Figure 3 shows that in order to get from the pressure line to the working line, the fluid has to overcome several
turns at different angles, areas of expansion and narrowing of the flow. Naturally, overcoming these sections
leads to energy losses and reduced efficiency.

For a quick analysis of the hydrodynamics of the device and visualisation of the fluid flows passing through
the spool distributor, the Kompas Flow software package was used. It has a simple interface for quick analysis
of devices and is used in the early stages of product design.

For an initial assessment of the impact of design decisions in the geometry of the device on its efficiency, we
will isolate a separate closed volume of fluid in the distributor housing (Fig. 4) moving from the pressure line
P to the working line B and consider the nature of changes in parameters such as the speed of movement and
pressure of the fluid flow along the entire path from the supply pressure line P to the working line B.
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Figure 4. Isolated fluid volume in the hydraulic distributor: a — general view; b — cross-section in the
XQY plane.

Let us assume that the main parameters of the hydraulic distributor are the same as those of standard hydraulic
distributors with a nominal passage diameter of 10 mm. For example, WE10 [7]:

Nominal passage diameter — 10 mm; Maximum working pressure — 315 bar; Nominal flow rate — 100 |/min;
(0.0017 m¥s);

As a global parameter, we set the reference pressure value Pref=101000 Pa (atmospheric pressure).
The working medium is a working fluid with the following properties:

Temperature — 500C,;

Density — 850 kg/ms;

Molar mass - 0.029 kg/mol; Viscosity - 34.85 mPa s (kg/m-s);

Thermal conductivity - 0.022 W/m-K; Specific heat capacity - 1000 J/kg-K

Since turbulent fluid motion is being modelled, a turbulence model was used together with the equations of
motion. In our case, a standard k-e turbulence model (k-epsilon standard) was used.

At the inlet, the normal mass velocity W was set, corresponding to the flow rate through the hydraulic
distributor:

W = mass flow rate/area = 0.142/0.000095 = 1491.2 kg/s*m? .

Assuming that large vortices formed in the spool zone could reach the outlet, the boundary conditions
"Inlet/Outlet” with a relative pressure value of 0 Pa were assigned to the outlet section, since the flow of fluid
through the distributor into the atmosphere is modelled, and the atmospheric pressure is already specified
above as the reference value.

To accelerate the convergence of the solution results to a steady state, the project specifies an initial
approximation in the form of the following initial condition: the velocity along the X-axis is 21.66 m/s, which
corresponds to the fluid flow rate in the inlet section

To create a uniform calculation grid along all axes, an initial grid was set with the following number of cells
along the axes: X: 200; Y: 60; Z: 40.

During the solution, the relative pressure and flow velocity distribution were displayed, constructed in the
plane of symmetry of the hydraulic distributor. In addition to the flow velocity distribution, the figures (Fig. 5)
also show the streamlines and velocity vectors.
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One of the main objectives of this simulation is to determine the average pressure at the inlet A and outlet B of
the hydraulic distributor.

=

Figure 5. Flow movement through the hydraulic distributor in the plane of symmetry with colouring —
pressure visualisation

In order to determine the average pressure P in these sections and monitor the dynamics of its change during
the calculation, a "Result" was created in the plane of the inlet A and outlet B fittings (Fig. 6).
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Figure 6. ""Result™ for the average relative pressure in the control sections at the inlet A and outlet B.

The "Discrepancy” graph (Fig. 7) allows us to judge the convergence of the entire solution. As a result of the
solution, we can see that after 1 s, the discrepancy value decreases to a minimum, showing the deviation of the
approximation from the exact solution.
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Figure 7. "'Discrepancy’’ graph for the average pressure and velocity in the control sections
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In accordance with the visualisation of the flow in the distributor, it was established that the pressure at the
inlet (section A) significantly exceeds the pressure at the outlet of the distributor (section B). The average
relative pressure values in these sections are shown in the "Result"” tab (Fig. 6).

The total pressure loss across the hydraulic distributor Ap is the difference between the absolute pressures at
the inlet A and outlet B:

Apo = ApA - ApB

In turn, the absolute pressure in each section is composed of the reference pressure Pref (atmospheric pressure)
and the relative pressure p:

Apo= (Pref+ pA) — (Pref+ pb) Thus, for the conditions specified above, the pressure loss is:
Apo = (Pref+ pA) — (Pref+ pb)= (101000+12306.9) — (101000 — 4047.61) = 113306.9 — 96952.39 = 16354.5 Pa

When the flow rate is halved, the pressures at control points A and B are shown in Fig. 8.
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Figure 8. ""Result™ for the average relative pressure at control sections at inlet A and outlet B

When the flow rate is halved Pressure losses amounted to:

Apo = (Pref+ pA) — (Pref+ pb)= (101000+3330.12)-(101000-937.636)=104330.1-100062.364=4267.736 Pa
In our case, with a twofold reduction in flow rate, pressure losses decreased by 3.83 times.

The results of the pressure loss study, calculated in the Kompas Flow programme, are fully consistent with the
pressure losses presented by PONAR Wadowice in the graphical characteristics (Fig. 2).

DISCUSSION.

The results of the rapid analysis of fluid flow through the hydraulic distributor in the KompasFlow programme
clearly show how the pressure and velocity of the fluid moving in the hydraulic distributor change and how
energy is lost and efficiency is reduced.

Pressure losses occur due to the formation of stagnant zones in certain parts of the hydraulic distributor, sharp
changes in the direction of flow, and sudden changes in the cross-sectional area of the flow (areas of expansion
and constriction). These areas are clearly visible on the visualisation layer. Fig. 8 shows the visualisation layer
of the flow velocity through the distributor, with streamlines and velocity vectors. This figure shows the
locations of stagnation zones and changes in flow velocity at turning sections and places of narrowing and
widening.
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Figure 9. Flow through the hydraulic distributor in the plane of symmetry with colouring — visualisation
layer of flow velocity.

It is obvious that in order to reduce pressure losses and increase efficiency, it is necessary to eliminate all of
the above phenomena: stagnation zones, turns, narrowings and widenings.

However, the design and operating principle of a spool hydraulic distributor do not allow the elimination of
stagnant zones, turns, constrictions and expansions of the flow.

Therefore, judging by the graphical dependence (Fig. 1), reducing energy losses in modern spool hydraulic
distributors is only possible by reducing the flow rate of fluid passing through the hydraulic distributor. This
position is confirmed by the calculation "Result" of the programme, Fig. 8, where a decrease in the pressure
difference at the inlet and outlet is clearly visible.

However, reducing flow to lower energy losses in the distributor leads to a decrease in the speed of the
actuator and specific power. This effectively negates all the advantages of the hydraulic drive.

CONCLUSIONS

The analysis showed that hydraulic distributors are a key element of the hydraulic drive of mining machines,
and the energy efficiency of the entire drive largely depends on their operating parameters. It has been
established that the greatest energy losses are recorded in hydraulic distributors, which is due to the design
features of traditional spool valves that form stagnation zones, sharp changes in flow direction and variable
channel cross-sections.

Modern designs of spool hydraulic distributors do not fully meet the requirements for increasing efficiency and
reducing hydraulic losses. This necessitates the development of fundamentally new solutions that optimise the
structure of the working fluid flow.

A promising direction is the creation of hydraulic distributors whose design minimizes the presence of
turbulence zones, sharp turns and flow irregularities. The implementation of such approaches will increase the
efficiency of hydraulic drives in mining machines, reduce energy losses, increase the overall service life of
equipment and ensure their application in other industries..
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