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Abstract The operation of a differential pump of electromagnetic action operating
on the principle of an inductive electromagnetic accelerator is considered. To improve
the accuracy of engineering calculations and analysis of the pump, its mathematical
model was developed using Newton’s and Hooke’s laws, the method of dimensional
analysis, the Reynolds and Froud criteria. The analysis of the mathematical model of
the pump operation was carried out and the design parameters that most influence the
efficiency of its operation were determined. The problem of improving the operation
of the differential pump by increasing the speed of its valves is solved. The dynamics
of the relative motion of the discharge valve of the plunger of the differential pump
is analyzed, using the mathematical model of its operation. A parametric expression
is obtained that determines the operation time of the differential pump valve. On
this basis, directions for improving the operation of the pump were found and tested
experimentally on a prototype. The dependence is obtained, which allows to draw
conclusions about which parameters directly affect the value of the valve operation
time: spring stiffness, plunger size, location of the ball relative to the coil winding,
friction forces of the sleeve seals, energy loss in valve assemblies. It is established
that uniform pumping of the material is achieved by reducing the time to open and
close the discharge valve, which is achieved by reducing the weight of the shut-off
element. The operation of pump valves with shut-off elements made of different
materials has been investigated experimentally. The value of the parameter of the
mass of the shut-off element at which the optimal mode of operation of the pump is
achieved. By setting the minimum operating time of the pump valve, its performance
is improved.
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One of the problems in finishing work in construction is the creation of effective
designs of pumps for pumping finishing materials. This problem is solved by the use
of electromagnetic pumps operating on the principle of inductive electromagnetic
accelerator. The undeniable advantage of this design is its relative simplicity and
minimal number of moving parts.

However, minimizing the operating time of the working body of the pump will
significantly improve its performance and expand its scope.

The problem with improving the design of modern pumps is the relatively low
accuracy of engineering methods of their calculation, including calculations of their
characteristics in nominal conditions.

The analysis of mathematical model of work of the pump will allow to reveal the
most significant parameters variation of which will enable reaching the minimum
time of operation of a working body of the pump.

1 Review of the Latest Research Sources and Publications

Electromagnetic pumps for pumping finishing materials are alternate current hydro-
dynamic machines. The moving part in them is the working body and the mixture
that is pumped due to the action on the plunger of the magnetic field created by the
alternate current winding [1, 2].

After analyzing the existing models of pumps, it was found that the differential
pump of electromagnetic action is not sensitive to external factors, has the highest
efficiency among analogues due to the small number of parts that are subject to active
wear. The design of the differential pump provides its mobility and convenience in
operation. In works [3-8] the analysis of the existing constructive schemes of the
equipment, the basic means of small mechanization of manual work in construction,
types of working bodies of mortar pumps is carried out, authors [10-16] offered a
new design of the small differential pump of electromagnetic action.

The authors of [9] obtained mathematical models in the form of differential equa-
tions that reflect the variation in time of the speed of the plunger of the differential
pump for finishing materials in the full cycle, presented a graphical interpretation of
changes in the speed of the plunger over time. Also in [9] by analyzing the mathe-
matical model, some geometrical parameters of the pump were improved, such as the
size of the spring to ensure the preservation of mechanical energy during operation.
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2 Problem Statement

Therefore, the purpose of this study is to further improve the design of the differential
pump of electromagnetic action based on the analysis of the parameters included in
the mathematical model of its work, obtained by the authors in [9]. For this purpose
it is necessary: to analyze dynamics of relative movement of the discharge valve of
the plunger of the differential pump, using mathematical model of its work. Obtain
a parametric expression that determines the operating time of the differential pump
valve. On this basis, find ways to improve the operation of the pump and test them
experimentally on a prototype.

3 Basic Material and Results

In this research it’s investigated the design of the differential pump for injection of
finishing material, the structure of which is shown in Fig. 1.

The working element of the pump is a steel plunger, which moves in translational
motion. When an electric current is applied to the drive of the differential pump, the
force of the magnetic induction moves the plunger to the left.

When the working body moves at different intervals, the discharge and suction
valves work alternately (Fig. 2).

Therefore, the drive of the pump 3 is supplied with an electric voltage, which has
an alternating nature and forms a magnetic field, the force of which is directed at
the plunger, moving it to the left. The plunger begins to retract into the coil, closing
the suction valve and opening the discharge. The working chamber of the pump is
filled with finishing material. During the transportation process, the pressure in the
magnifying fitting begins to rise. The increase in the speed of the working body is due
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Fig. 1 Differential pump of electromagnetic action: 1—plunger; 2—frame; 3—coil; 4—magnetic
coil; 5—suction cavity; 6—compensation spring; 7—working spring; 8—suction valve; 9—
discharge valve; 10—compensation chamber; 11, 12—injection and suction fittings; 13, 14—cuff
seals
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Fig. 2 The main design of
the pump

to the increased pressure of the whitewashing material. In the first cycle of pumping
begins to compress the working spring 7 and lengthen the compensation spring 6.

As the coil current decreases, the magnetic induction decreases and, at the same
time, the speed of the plunger decreases—until the cessation of movement. However,
the stop of the working body is carried out a little earlier than the complete reduction
of magnetic induction—when the moment of balance of magnetic induction and
compression force of the working spring 7. When the sinusoid changes direction,
the diode in the power supply removes its lower part and during the movement of
working body to the right the magnetic field doesn’t act upon the plunger.

The length of the working spring increases by pushing the plunger to the right.
The speed of the working body begins to increase. When passing the plunger in
the extreme right position, the discharge valve 9 is closed and the pumping cycle is
repeated. The increase in transport pressure is proportional to the increase in travel
speed.

At the same time, the absorption valve 8 opens and the finishing material is poured
into the working volume of the pump. When changing the position of the plunger
to the right, the resistance of the working spring 7 decreased. The increase in the
length of the spring is limited by the force from the whitewashing material, the force
of retraction of the finishing material into the working chamber and the resistance
of the compensating spring. As the force of ejection of the spring 7 decreases, the
speed of the working body decreases, while the performance of the pump decreases.

By the time the plunger stops, current is supplied to the solenoid and the transport
process is repeated.

Thus, the process of pumping the mixture by the pump consists of two cycles, each
of which is primarily determined and depends on: the nature of the corresponding
movement of the working plunger and those moments t; when the discharge and
suction valves are opened and closed.

Among other factors for improving and harmonizing the operation of the pump
is related to the knowledge of which parameters depend on these time points t;. To
establish one of these dependences, we examine the dynamic state of the discharge
valve 9 of the plunger 1, considering this valve as a material point whose mass is equal
to the mass mg of this valve, and entering into consideration the coordinate system
OXY and O;X,Y;. The beginning of the reference of the Oxy system is connected
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Fig. 3 Kinematic scheme of the differential pump valve due to the influence of bodies on each
other, taking into account the force of inertia

with the Earth, which determines its inertia, and the beginning of the reference of
the system Olx1yl is connected with the plunger 1 (Fig. 3).

Since in [9] it was found that this plunger moves translationally, but unevenly,
according to [10] the coordinate system O1x1yl is non-inertial.

The motion of bodies in inertial reference frames can be described by the same
equations of motion as in inertial ones, if, along with the forces caused by the influence
of bodies on each other, the forces of inertia are taken into account.

Consider the dynamics of the relative motion of the discharge valve of the plunger
during the first cycle of pumping. The basic equation of the dynamics of the absolute
movement of the discharge valve is as follows.

A
M9*a9=Z_}i (1)

i=1

A
where dg—absolute acceleration of the valve; Y Ij"i—geometric sum of forces acting
on the valve; \—the number of these forces.l :

Since in this case the portable movement for the valve is the translational move-
ment of the plunger, the absolute acceleration is equal to the geometric sum of two
accelerations: relative and portable, in which case due to the translational type of
portable movement Coriolis acceleration of the valve is absent.

Given the above, the law of absolute movement of the valve takes the form.

A
m*ﬁé—}—m*ﬁé:Zﬁ[ (2)

i=1
Determining the product of the mass of the valve on its relative acceleration, we

obtain the basic equation of the dynamics of the relative movement of the valve in
the form:
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The last equation shows that the relative movement of the valve can be considered as
absolute if to the forces acting on this valve to add its transfer force of inertia. That
is, in the inertial reference system OXY the movement of the valve is only the result
of forces acting on it (or the result of its mechanical interaction with other material
bodies), and in the non-inertial system O;X;Y; the movement of the valve is both
the result of forces acting on it and the result of the O XY If the action of forces is
a dynamic factor in the acceleration of the valve, then the movement of the reference
system is a kinematic factor in the establishment of this acceleration.

If we replace the portable movement of the valve with the movement of the
plunger, replace the acceleration of the plunger according to Newton’s second law
and project the vector equality on the horizontal axis, we obtain an expression to
determine the projection of the acceleration of the plunger on the axis Ox.

2
dy —@:%*Sinﬁ——(c" +C7)*x+

i dt m T m @)
_ I .2
+ c6 (Zéned. gé) _k ﬂ.(l }/ ) IUdIV,
m 2% m

where v—the speed of the working plunger; x—is the coordinate that determines
the position of the plunger in the inertial coordinate system OXY; m—mass of the
plunger; Qy—the maximum value of the modulus of the driving (turbulent) force
generated by the magnetic induction of the coil of the differential pump acting on
the plunger; t—the time of movement of the plunger to the left from its initial
position to the final; cg—is the stiffness coefficient of the compensation spring; c;—
is the stiffness coefficient of the working spring; lg,eq—the length of the undeformed
compensation spring; ce—the length of the spring in the extreme right position of
the plunger; k—is the dimensionless coefficient; y—*“diameter reduction factor’;
u—coefficient of dynamic viscosity of the finishing material pumped by the pump;
d;—is the inner diameter of the body (cylinder) of the working plunger (or the outer
diameter of the plunger, or the diameter of the suction working cavity (chamber).

Having the equation of relative motion of the discharge valve, rejecting the
balanced systems of forces, consider the forces acting directly on it:

— the force of elasticity of the spring;

— force of injection pressure, which is a measure of mechanical action on the valve
of the part of the finishing material that is being processed by the pump, which
is already in the discharge cavity (chamber) and outside the pump in the network
(in the pipeline);

— the force of excess pressure, which is a measure of the mechanical action on the
valve of the part of the finishing material, which is filled with the suction working
cavity (Fig. 4).
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Fig. 4 Kinematic scheme of the pump valve

Let’s find out the meaning of these forces. According to Hooke’s law, the modulus
of elastic force is equal to the product of the stiffness coefficient for spring defor-
mation. The force of injection pressure depends on the specific location in the space
of the injection network (pipeline); we assume in this study that in the conditions of
each of the possible cases the modulus of this force is a constant.

Excess force is not constant and is quite difficult to depend on several technological
and design parameters, but the most influential on the value of the modulus of this
force is the value of reducing the volume of the suction working cavity (chamber).

We take into account that the discharge valve carries out its relative movement only
along the axis O1 x 1 due to which the vectors of its relative acceleration and relative
velocity are projected on this axis only in real (natural) quantities. Substituting all the
values and values set in one way or another in the acceleration equation, we obtain
the equation of change in the amount of relative movement of the valve:

2
t

7*d me*Qy
d(mg*Vgrxl):(clg*gw"'gmgn,_ 41 *ks*f(x)—%*sm—

T
>
Mt ter), M9 %l neq, ~6) Mo NTU=TT)
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®)

iy *v)*d,

As for emergence and growth of speed of movement of the valve it is necessary to
fulfill conditions of growth of quantity of movement that mathematical condition of
movement of the valve (after integration of both parts within size of time of opening
of the injection valve)

moce (e —6p) moOnT t
976" 6ned, =6 Yhi + 9<0 *(cos(—l)fl)
T

m Tm
2
mg\r(i=7%)

" d *fl *d
g1 v*at.
2*m 1 0

(€19%19 * Fragn *

(6)

2t t
zd 1 mq(ce +c7) 1

> L frgr foyrde+ =20 Tox [ xxdi+k
4 0 m 0

The obtained dependence allows us to draw conclusions about which parameters
directly affect the value of the valve operation time. It is impossible to obtain its
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analytical solution due to incoherent integrals in the right part, however, the influence
of parameters is obvious, including: spring stiffness, plunger size, location of the ball
relative to the coil winding, friction seals, energy loss in valve assemblies.

The greatest influence on energy losses in the valve units of the pump is the ratio
of the diameters of the ball and the socket (which is 4/3), the height of the ball above
the plane of the socket, the mobility of the mixture and the mass of the locking
element.

Thus, itis established that uniform pumping of the material is achieved by reducing
the time to open and close the discharge valve, which is respectively achieved by
reducing the weight of the shut-off element (Fig. 5).

To study the effect of the mass of the shut-off element on the speed of the valve,
an experiment was conducted during which the operation of the pump with shut-off
elements made of different materials was investigated.

To determine the speed of operation of the valve with a shut-off element from the
above materials, it was first determined the mass of each of them (Table 1):

Acceleration and operating time were determined experimentally, the influence
of resistance and density of the pumped medium was neglected because its area of
interaction with the shut-off element is insignificant. The authors also suggested that
the speed of the shut-off element and the plunger are equal, based on the fact that
the discharge valve is mounted in the plunger.

Fig. 5 Locking elements
from different material (from
left to right): plastic, steel,
rubber, cold welding, epoxy
glue

Table 1 Masses of locking elements

# | Locking element material The average value of the mass from a series
of 6 measurements, g

Polyvinyl chloride (plastic) 0,221

2 | Glue on the basis of epoxy resins of cold | 0,304
hardening (epoxy glue)

3 Rubber amortization, special (rubber) 0,432

4 | Crystallized metal welded bath (cold 0,431
welding)

5 | Low-carbon steel with a density of 0,862

7.86 g/cm?
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Table 2 Dependence of mass and acceleration of the locking element on the material from which
it is made

# Locking element material Acceleration of the locking element m/s?

1 Polyvinyl chloride (plastic) 0,04

2 Glue on the basis of epoxy resins of cold 0,03
hardening (epoxy glue)

Rubber amortization, special (rubber) 0,02
4 Crystallized metal welded bath (cold 0,02
welding)
5 Low-carbon steel with a density of 0,01
7.86 g/cm?

Fig. 6 Diagram of the

dependence of the operating 0.9
time of the discharge valve 0.8
on the material of the 0.7
shut-off element 0.6
0,5
0.4
03
- _ 043 043
o1 022 i
0

Plastic  Epoxy adhesive  Rubber Welding Steel

The operating time of the discharge valve was determined by Newton’s second
law and the dependences of classical dynamics. The obtained data are shown in
Table 2.

As you can see from the table, the locking element has the greatest acceleration,
made of plastic. Using the described technique, it was determined that for the locking
element made of plastic, the valve speed will be 8.63 m/s.

The dependence of the operating time of the discharge valve on the material from
which the shut-off element is made, is shown in Fig. 6.

4 Conclusions

To increase the accuracy of engineering calculations and analysis of the pump, its
mathematical model was developed.

The analysis of the mathematical model of the pump operation is carried out.
The dynamics of the relative movement of the discharge valve of the plunger of the
differential pump is analyzed taking into account the forces of inertia. A parametric
expression is obtained that determines the operation time of the differential pump
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valve. The design parameters that determine the effectiveness of its work were deter-
mined. These include: spring stiffness, plunger size, location of the ball relative to
the coil winding, friction forces of the seals, energy loss in the valve assemblies. The
greatest influence on energy losses in the valve units of the pump is the ratio of the
diameters of the ball and the socket (which is 4/3), the height of the ball above the
plane of the socket and the mobility of the mixture.

The operation of pump valves with shut-off elements made of different materials
has been investigated experimentally.

The value of the parameter of the mass of the shut-off element at which the optimal
mode of operation of the pump is achieved.
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