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Abstract. Piston pumps are widely used in the lubrication systems of mining machines. When carrying out technical
maintenance (MOT), including lubrication and filling works, at the site of operation of mining machines due to the
remoteness from repair shops and warehouses of fuels and lubricants (FAL), mobile repair shops (MRS), maintenance
units (MU) and mechanized filling units (MFU) are used. The specificity of carrying out maintenance is to create
conditions for the supply of oils, working fluids and lubricants to the corresponding systems of mining machines for
their refueling. Existing piston pumps and pumping units, as a rule, are single-flow, and the piston is driven by a crank
mechanism driven from the engine through a worm gear. The emergence of unique, hydraulic, low-mobility mining
machines in open pit mining required a significant increase in the power of the MU and MFU oil pumping units,
primarily for greases. However, the traditional design of the drive design of a crank-type piston pump unit at a power
of over 80 kW does not allow achieving the specified operating time, it is accompanied by intensive wear of the drive
elements and increased dynamics during operation. In addition, it is necessary to apply various designs of pumping
units for the supply of liquid and grease lubricants. Thus, it is necessary to develop new circuit solutions for pumping
units of the crank type, to improve mobile refueling facilities with a modernized design of the pump unit drive of the
mobile lubrication and filling station MRS.

Key words: pump; lubrication and filling works; maintenance and repair; mining machine; opencast mining; mobile
lubrication and filling unit; toothed eccentric drive

Introduction. Sustainable development of enterprises of the mineral resource complex is of
great importance, since it largely determines the socio-economic situation of the country [28, 41].
The priority for the development of the global mining industry remains a steady focus on open
pit mining, which ensures high economic performance [4]. The global trend in the development
of mining is mainly determined by the extraction of raw materials by the open method, due to the
best economic indicators [32].

Comprehensive improvement of opencast mining has become the main direction of scientific
and technological progress in mining: new technologies are being developed and introduced, with
the help of which “smart” deposits are created; in the extraction and transportation of minerals, a
huge number of powerful and super-powerful mining machines and quarry equipment are used,
which are operated in extreme and difficult climatic conditions; the main processes in production
are automated, etc. [16, 17, 38]. An automatic centralized lubrication system (ACLS), which pro-
vides accurate metering of the required amount of lubricant into friction units and friction joints,
has become a complete set of new open-cut machines everywhere [14, 37, 20]. It has been exper-
imentally proven that the friction of the main units of modern mining equipment operating under
high loads can only decrease with continuous lubrication [27, 42]. Regular manual lubrication of
a large number of points leads to downtime of mining machinery and equipment. The lubricant
is supplied in excess or in insufficient amount, as a result of which the efficiency of the lubrication
process of the units does not reach the specified level [39, 42]. For example, 80 % of bearing
failures are due to inadequate lubrication and contamination of the lubricant. [13]. ACLS allows
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you to minimize wear, reduce the cost of fuels and lubricants, increase operational readiness
and reduce the risk of failure of mining machines, has a number of advantages over manual
lubrication [1, 10, 11].

However, with an increase in productivity, as well as working pressure during the transportation
of oils and lubricants through oil pipelines when refueling lubrication systems of mining machines,
the issues of innovative circuit solutions of pumping lubrication units, scientifically substantiated
technical solutions for the implementation, in particular, of the gear-eccentric drive of the unit, have
not been resolved. The ecological and rational use of lubricants requires improving the system of
maintenance and repair of mining machines with the possibility of saving these types of resources,
which requires additional theoretical and experimental research in the field of substantiation and se-
lection of design and circuit solutions for the gear-eccentric drive of a mobile lubricating and filling
unit maintenance of mining machines in open pits [3, 19, 34].

Formulation of problem. Reciprocating pumps or pumping units are widely used in the mining
industry and provide process reliability in the industry [2, 5, 21]. Adjustment of these types of pumps
on experimental stands at manufacturing plants or in the field is a rather complex and costly research
work affecting the design and implementation stages. Piston-type pumping equipment is distin-
guished by a variety of design features [9, 12, 29]. In the course of the design and selection of piston
pumps for various fields of application, the role of mathematical models and applied techniques sig-
nificantly increases, which would make it possible to predict structural changes in the parameters of
pumps. From the point of view of practice, of greater interest are models that allow an in-depth study
of the working processes occurring in the pumps.

The peculiarities of the pumping equipment operation with a metered supply of lubricants
to the lubrication system of a mining machine or quarry equipment are studied mainly through
complex physical experiments. At the same time, part of the possible operating conditions
of piston pumps is extremely difficult or almost impossible to simulate at the stand. For example,
the relationship between the pump's working processes and the geometric parameters of
the mechanisms for converting the movement of the piston stroke from rotary to reciprocating
remains poorly understood. Possible modernization of existing piston pumps used in an automatic
centralized lubrication system, namely when filling the system with grease lubricants, requires
large expenditures for carrying out work to create new improved designs with increased require-
ments for the reliability of pumping units [7, 8, 31].

It is necessary to note the existing mobile repair shops, which are used when carrying out lubri-
cation and refueling operations on mining machines without interrupting production due to the re-
moteness of mining deposits from repair and oil depots. They do not meet the technical parameters
and technological equipment when performing refueling operations, do not take into account the spe-
cifics of maintenance and repair in the field: they have obsolete technological equipment, low produc-
tivity and the impossibility of creating working heads for pushing out greases, recycling of the used
oils and implementation of the degree of purification of fuel and lubricants (FAL) issued to the con-
sumer, etc. [6, 15, 33]. Based on this, it is necessary to improve the requirements for mobile refueling
facilities and propose ways to solve them, one of which may be the modernization of the main instal-
lation of the mobile unit — a piston pump [35, 38].

Methodology. Ensuring the normal operation of the lubrication systems of mining machines is
not the only problem of the reliable operation of equipment [40]. Centralized lubrication systems
reguire refuelling, change cutting fluids, transmission lubricants, replenish with oil and fuels and lub-
ricants (FAL) excavator, drilling, loading and haul-off equipment, characterized by low mobility,
refuel, refuel and change working liquid hydraulic systems of mining machines [26, 42].
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It is necessary to note the specifics of the operation of mining machines, namely, a significant
distance from oil depots and repair and maintenance bases. It is much faster to carry out the necessary
lubrication, filling and repair work on site — without spending time on transportation of equipment,
while equipment failures, with rare exceptions, are eliminated at the place of machine operation by
mobile repair teams in mobile repair shops (MRS) [9, 10].

Thus, the need for the use of mobile units for carrying out maintenance and repair measures
directly at the site of operation of the mining machine increases [6, 22]. Such mobile units allow,
without prejudice to mining operations, to reduce the workload of workshops, the period of preventive
maintenance and repair measures, and to reduce the ineffective idle run of mining equipment to the
places of centralized maintenance. They are used, among other things, for the transportation and use
of special equipment at the scene of an accident or for carrying out preventive restoration work, they
are distinguished by their high capacity, practicality, and the possibility of using even in difficult road
and climatic conditions [15]. Mobile units are a set of equipment that provides comprehensive mech-
anization of work on lubrication and refueling of mining equipment with liquid oils, grease lubrica-
tors, fuel, water and air [5].

The installation kit includes pumps for supplying liquid oils and greases, drums with self-wind-
ing hoses, dispensing guns, an air-dispensing tip with a pressure gauge, as well as fittings for con-
necting pumps to drums and mounting pumps on containers with lubricants [15]. The central element
of the installation is a pump that dispenses the required amount of lubricant in a metered manner in
accordance with the lubrication or filling charts. Hydraulic pumps are designed for centralized lubri-
cation systems, in particular for the distribution of metered doses of lubricant supplied to rubbing
vapors, and can be used for lubrication systems of mining machines in quarries, as well as for other
machines and mechanisms that require regular lubrication [25, 36].

An important feature of such reciprocating pumps — plunger and piston — is the ability to regulate
the supply of lubricants without stopping working processes [29]. The improvement of pumps is cur-
rently continuing in the following directions:

— increasing requirements for tightness (protecting humans and the environment when dosing
toxic liquids, ensuring safety when dosing explosive mixtures, saving when dosing expensive liquids
or dosing liquids that must be protected from contact with air);

— reducing the dosing error (at the request of the technological process or for economic reasons);

— increasing the uniformity of the supply (the disadvantage, based on the principle of operation
of the reciprocating pump, is the fluctuation of the supply within each cycle “suction — discharge™);

— increasing the efficiency of the pump and the pumping unit as a whole (often the pump operates
in a constant mode and cost savings can be significant);

— increasing the reliability of the pump (increasing the service life of the components of the
pumping unit, thereby increasing the operating time between failures) [35].

In reciprocating pumps, the movement
of the lubricator or fuel occurs due to the full
stroke in the form of reciprocating
movement of the piston (plunger) sealed in
the cylinder. The structure of the pumping
unit is shown in Fig.1. When the piston 2
moves in the cylinder of pump 1 to the right,
the volume of the working chamber 5
increases, the pressure in it decreases and
becomes less than the pressure in the inlet
P1 and outlet P, channels. The suction
Fig.L. The structure of the piston lubrication and filling unit valve 3 opens, the discharge valve 4 closes,
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the fluid flows from the suction pipeline into the cylinder and fills its working space. When the piston
moves to the left, the pressure in the working chamber increases, becomes greater than the values of
P1 and P2, the suction valve closes, and the discharge valve opens. The entire volume of liquid
contained in the cylinder is displaced into the pressure pipe. The working cycle ends.

The number of cycles (double strokes of the piston) per unit of time is selected based on the
dynamics of fluid flow in the working part of the pump, is determined by its properties, the operation
of the suction and discharge valves [33].

The described principle of operation of reciprocating pumps is implemented by constructions of
various types, by the construction of the pump heads themselves and their drive mechanisms. Differ-
ent drive types provide different dynamic characteristics of piston movement [1, 8].

The pump drive determines the dynamics of the dosing process in the pump heads and the liquid
supply in the suction and discharge pipelines, the amount of dead volume in the dosing head when
adjusting the length of the plunger stroke, the efficiency of the unit and its reliability.

Currently, pump drives with crank and eccentric mechanisms are used to convert the rotary mo-
tion of the drive motor into reciprocating movements of the slider [9, 30].

There are many methods of constructing mechanisms that provide regulation of the stroke length
of the slider both when the pump is stopped and when it is running [30]. The task is to turn the drive
eccentric at a given angle without stopping its rotational movement [21].

During the operation of worm gearboxes, high absolute values and an unfavorable direction of
the sliding speed led to significant heating of the contact zone of the worm and the worm wheel, as a
result of which the oil viscosity in this zone decreases and the friction coefficient increases, problems
arise associated with low generated pressures and low productivity. An increase in pressure and
productivity leads to intensive wear of the drive of the worm-crank assembly with the formation of a
free stroke, the dynamics of wear increases and the durability of the pump decreases, the pump goes
out of operation, which can cause the stoppage of objects for preparation and collection of lubricants,
which in turn will lead to mining machines failures [1, 12].

A gear-eccentric drive with a deterministic complex movement of the drive and driven gears,
responsible for the reciprocating movement of the piston, which provides the supply of oil under high
pressure to the lubrication system during lubrication and filling operations for the maintenance of
mining machines in open-pit mines is proposed [23].

Discussion. To convert the rotational motion of the crankshaft into a reciprocating linear move-
ment of the piston in the proposed device, only two gears are used, which allows to simplify the
design of the piston device, to ensure its compactness with the possibility of transferring significant
forces to the piston and to increase the durability and reliability of the device [12, 24]. Installation of
the first and second gearwheels with eccentricity relative to their centers of symmetry, namely, the axis
of rotation of the crankshaft with the first gearwheel and the longitudinal axis of the crank element with
the second gearwheel provides a complex rotational-translational movement of the centers of the gear-
wheels in the plane of their engagement.

The ability to rotate the eccentric and fix it in different angular positions relative to the
crankshaft journal allows you to form the desired total eccentricity of the first gear wheel relative
to the crankshaft rotation axis and thereby set the re-
quired piston stroke [24].

For a theoretical assessment of the motion laws of
the piston of the toothed-eccentric pumping unit of the
drive, let us determine how the piston stroke S depends
on the angle of rotation of the driving gear . To do this,
it is necessary to derive the motion law of the output shaft
of a flat mechanism with a kinematic pair of the 4th class,

to consider the plane-parallel motion of a rigid body Fig.2. Scheme of a toothed-eccentric pumping
(Fig 2) drive unit

wi=rIw2,a=e
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The gearing provides rolling without sliding of a circle with a radius of rw1 and a circle with a
radius of rw2. The speed at point 1, taking into account the absence of slippage, in the vector expres-

sion will be equal to:

V) =@y,
{V2= V3 + Oyr,n; (1)
v, =v;tma,
where i, j, k — unit vectors of three-dimensional space.
Since point 2 moves along a straight line, we get:
V2i= 0. (2)
Let us compose a system of equations for mz u va:
O 7y = V3 T OxFy);
{ (V3 + Q)za)i =0. (3)
The motion is flat, so the speeds, taking into account the projection, will be equal
®2 = w2k, 4)
V=1,0v, ] (5)
By projecting (3) onto i, j, k, we will get:
vy = 0y (kryp)i = (@1, )k;
vy, = @y (kry)k - (@r,)j (6)
Vy = —(ai)(l)z.
Therefore, we have:
_ (o) .
2 G+l )
_ (ai(ormp ),
Y ()it al ®)
_ ., (kry)i(@1r)),
vy =—(0r,,)i+ )i (9)
V) = in + Vyi + (l)zka. (10)

Thus, for a given position of the mechanism, the solution is obtained by substituting formulas

(7)-(9) in (10).

The complex rotary-rocking motion includes the actual rotation of the wheels around their axes

Fig.3. Trajectory of movement of characteristic points of the pumping
mechanism of the pump with an eccentric toothed drive
I — IV — modeling zones; ¢ — angle of rotation of the leader
gear wheel; y — swing angle of the driven wheel
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without slipping and the initial movement of
the eccentrically located wheel along an arc
within + y, the value of which is determined
by the eccentricity of the driven wheel.
During operation, the driven eccentrically
set wheel rotates with acceleration and de-
celeration, overcoming sections I-1I and
[11-1V in the same time (Fig.3).

After evaluating the trajectory of move-
ment and deriving mathematical formulas
describing the movement of two disks, the
complete equation of movement of the
piston movement for the diagram in Fig.3 is
written in the form of the final formula:
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0,5
S= 11+t ey —[(re1 T 72)? +ex = 2(ry + rya)escos (m— )] (11)

where rw1 and ru2 — the initial radius of the first and second gears; e, — eccentricity of the driven gear;
S — piston stroke.
To determine the local speed of the piston, we take the derivative with respect to ¢:
Se ==0,5[(r1 +712)* +ea T2(ru + ru2)escos 0] % (2(r + ry2)ersin @).
We obtain the acceleration of the piston as a derivative of the speed:

Sal = 0,25[(ry1 + ry2)? + €y + 2(ry1 + 1y2)esc0s 017 (<2(ry,1 + rya)escos ¢).

Based on the law of motion of the piston, the stroke of the piston at a given value of the center
distance depends on the eccentricity, as well as the swing angle y of the driven gear

To prove the obtained conclusion, the graphs of the dependences of the piston stroke and the swing
angle on the eccentricity, expressing the value of the eccentricity in the form of a dimensionless quantity
as the numerical ratio of the eccentricity to the center distance can be plotted (Fig. 4, 5).

It is clearly seen from the graphs in Fig. 4, 5 that the piston stroke depends on the eccentricity,
as well as on the angle of rotation of the driven gear. In the design of the proposed drive, to ensure
the compactness of the designed pump, one should take into account the final maximum length of the
crank, at which the maximum value of the geometric feed slightly increases and shifts the angle of
rotation ¢, at which the maximum feed is achieved.
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Fig.4. The dependence of the piston stroke on the angle of rotation of the crank
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To make sure that the theoretical calculations are

I correct, we will consider the second version of the
conversion of the rotational motion of the gears into the

reciprocating motion of the plunger with the realized
variable gear ratio. For this purpose, a stand was assembled
on the basis of the Department of Mechanical Engineering
of the Saint Petersburg Mining University (Fig.6), consisting
of from ordinary wheels with an involute tooth profile,
having different axes of rotation, displaced by equal
distances e with respect to the geometric centers. The main

Fig.6. 3D model of the stand condition — constant center distance — is preserved.

In the course of the experiment, it was possible to
simulate the initial positions of the gearing of the gear wheels, which make it possible to change the
gear ratio with a constant center distance. Due to the change in the position of the initial engagement
of the drive and driven wheels by an angle o, the stroke of the plunger can be adjusted by changing
the amount of eccentricity, thereby increasing or decreasing the supply of lubricants. The obtained
experimental data were processed using a universal software system for finite element analysis of
ANSYS. Figure 7 shows 2 of the 14 modeled possible positions.

The trajectories of the points on the root and top of the drive gear teeth marked in red in Fig.7
confirm the dependence of the piston stroke on the change in eccentricity. The possibility of turning
the eccentric and fixing it in different angular positions allows you to form the desired total eccen-
tricity and thereby set the required piston stroke, providing the necessary movement of the gear
wheels. The pump, equipped with the proposed motion conversion mechanism, simplifies the design
of the piston pump, its compactness with the possibility of transferring significant forces to the piston
and increases the durability and reliability of the device.

Conclusion. In order to reduce the time and resources spent on the development and implemen-
tation of piston pumps, it is required to apply modern approaches to design everywhere, with the
refinement and improvement of the methods of further bench tests. The development and application
of new mathematical models for further changes in the design parameters of the pump can signifi-
cantly reduce the cost of such types of work as design, experimental and commissioning, as well as
reduce the time for the introduction of more advanced designs.

It has been theoretically proven and experimentally confirmed that the angle of rotation of the
driving gear of the swinging unit of the toothed-eccentric drive of the pump lubrication and filling
unit for maintenance of mining machines in open pits is a function of the angles of rotation and swing

2021 2021 R
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Fig.7. Simulated operation of a toothed-eccentric mechanism in the AYSYS environment
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of the driven gear with an eccentrically located axis of rotation, which is a reciprocating motion with
a deterministic asymmetric in absolute value half-periods of the forward and reverse cycle together
with the piston of the pump unit, while the stroke of the latter is determined by the eccentricities of
the installation of the driving and driven gears and the phase difference of their installation in the
initial position of the pumping unit.

Simulation model of the process of functioning of the pumping unit of the toothed-eccentric
drive of the pump lubrication and filling unit for the maintenance of mining machines of open pits,
including the functions of deterministic changes in the values of parameters, phase difference and
eccentricities of the driving and driven gears, and the geometric dimensions of the elements of the
pumping unit , allows you to estimate the magnitude of the piston stroke, the change in its speed and
acceleration.

The piston pump unit with an eccentric toothed drive, included in the MRS nomenclature, will
allow refueling of the lubrication systems of mining machines directly at the place of their operation
without losing time and resource for moving the machine to the places of maintenance. At the same
time, the modernized pump unit can operate with lubricants of different density and fluidity — from
greases to working fluids of hydraulic systems. Thus, such units can act as an effective alternative to
pumping units with a crank mechanism, especially when it comes to powerful units. Pumps with a
crank-connecting rod drive are effective when the installed engine power is up to 3-5 kW, with an
increase in the power of existing pumping units, an increase in the load of the drive mechanism leads
to intensive wear of the worm-crank assembly with the formation of a free stroke, which increases
the dynamic component, leads to shock loading during the reverse course and, ultimately, a sharp
intensification of degradation processes, a decrease in the resource. The proposed drive design is
devoid of these drawbacks, since the eccentric gear transmission does not allow the teeth to open, is
capable of transmitting significant forces, providing a deterministic reciprocating movement of the
piston with the possibility of regulating its stroke and thereby supply without stopping the pump unit
during lubrication and filling operations-within the framework of maintenance of mining machines
in open pits and reducing the labor intensity of these works.
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