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Abstract

The article deals with the process of interaction of the valve ball of a mortar pump with the mortar flow. The schemes of the working
chamber with attached forces to its elements are drawn up. The hydrodynamic pressure is determined in the analytical form and as the
results of the experiment. The structural parameters of the working chamber and the rheological parameters of the mortar are analyzed,
which have the greatest influence on the magnitude of the hydrodynamic force.
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1. Introduction

Mortar pumps of volumetric activity are the most widely used for
pumping mortars through the pipeline. The principle of bulk
pumps work is the periodic extrusion into the discharge pipe of the
volume of liquid from the closed pump cavity [1]. The volume
pumps are divided into the piston [2, 3] and rotary ones according
to the type of the working body and to the movement they exe-
cute. In a piston pump, the fluid pumping occurs under the action
of the piston, plunger and membrane [4] during the change in the
volume of the working chamber, which is limited to valve or ball
valve type. When the volume of the working chamber increases,
the pressure in it decreases below the atmospheric level, and the
liquid fills the working chamber through the opened suction valve.
The flow energy is used to overcome the inertial and hydraulic
resistance in the suction system. In the reverse movement, the
piston creates excessive pressure [5] in the chamber, under the
action of which the suction valve closes and the fluid is squeezed
through the discharge valve into the pipeline. The lowering of the
valves begins at the moment when the action of the flow from the
valve seat bore to the ball decreases as a result of decreasing the
velocity to the level of the own weight of this ball. The final clos-
ing of the valve occurs under the action of the reverse mortar flow.
In this case, part of the useful volume of the pumped medium is
lost in the form of leakage through the cluster gap [6]. Forced
control of the valve operation is not widely used, because it leads
to the complication of the design of the mortar pump.

In the development of new samples of mortar pumps, an actual
and necessary analysis of methods for quantitative evaluation of
the properties of mortars [7, 8, 9, 10, 11] is needed in order to
reveal the mechanisms of manifestation of these properties when
pumping using the mortar pump [12]. To create the optimal valve
design in terms of minimum resistance and shortening the time of
closing, it is necessary to evaluate the interaction of the valve
closing element - the ball with the flow of the pumped medium

[13, 14, 15]. Solving this problem using only purely analytical
methods of hydraulics and mechanics of continuous medium is
complicated by the action of many factors that influence the pro-
cess of hydrodynamic interaction [16, 17] in a closed round valve
space of the the mortar pump’s working chamber. Consideration
of the main factors such as rheological properties [18, 19, 20, 21,
22] and flow velocities, geometric parameters of the valve unit, is
possible by developing analytical dependencies in a generalized
form with empirical coefficients, which are determined experi-
mentally.

2. Main body

The result of the interaction of the valve ball with the mortar is the
force of the hydro-dynamical pressure on the ball from the side of
the mortar flow. The origination of this force is due to several
factors:

1. The presence of a cumulative mortar stream from the hole in the
valve seat bore.

2. The action of normal and tangential stresses that arise in the
boundary layer on the surface of the ball and are caused by the
availability in the pumped medium of structured viscosity.

For the force of hydro-dynamic pressure F,, we will write

Fo=F +F
hd S f , (1)
where F, — force of the ram pressure from the cumulative mortar

stream from the valve seat bore;
F, — the force of lateral friction with the flow of balls by a

structured fluid in the limited space.
The forces F, of frontal pressure on the ball from the side of the

cumulative stream and lateral friction F, when the ball is being
flowed with the structured liquid in the limited space are of the
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same type as when putting the ball in the fixed mortar, as
mentioned above. Therefore, the interaction force of the valve ball
with the mortar can be represented as the result of the elementary
forces of pressure and friction on the ball surface.

These forces are proportional to the velocity of the flow, that is
flowing around the ball. Taking into account the structural features
of the valve unit — the presence of a seat and the limitation of the
vent chamber, the force of pressure F, on the ball from the side of

the cumulative stream, is advisable to be considered proportional
to the average velocity of the flow, which is going from the valve
seat bore, and the force of the friction resistance F, on the ball

surface — to the average flow velocity in the maximum mid-
section of the ball. The static component of the ball and mortar
interaction is considered to be independent from the flow pattern.
Then, on the basis of the above mentioned assumptions, the hy-
dro-dynamical pressure dependence on the design parameters of
the valve unit and the flow characteristics will be the following:

th:Cp.ﬂ-.}?'rv"U.\'+Cr.ﬂ'n.rv‘.umid_'_ﬂ'z.rvz.’[o’ 2

where r, — the valve ball radius, m;

v

v, — the average velocity of the flow which is coming out from

the valve seat bore, m/s;
vq — the average flow velocity in the maximum mid-section,
m/s;

n — the coefficient of the structured mortar viscosity, Pa-s;

7, — the limit stress of the mortar displacement, Pa;
C,. C, - coefficients of the ram pressure and friction resistance.

It should be noted that during continuous flowing around the balls
in the limited volume, the introduced coefficients will be equal to:

C,=2, C,=4. As the distance between the ball and the seat

changes during the operation of the valve, the effect on the head
pressure from the cumulative stream also changes. The closer the
ball is to the seat and the smaller area of the valve slit is, the big-
ger is the pressure manifestation on the side of the stream. When
the ball is estranged from the seat, the gap increases, and the effect
of the cumulative stream pressure decreases. The nature of the
change in the cumulative stream pressure on the ball is determined
by the coefficient C, and depends on the lift height of the ball,

its diameter and the diameter of the valve seat bore. The parameter
C, of the expression (2) characterizes the effect of the limitation

of the flow, which washes the ball surface and is determined by
the structural conditions of the valve chamber. The determination
of the coefficients C, and C, is possible on the basis of experi-

mental study of the interaction process of a ball with the mortar in
the confined space by means of physical modeling. During the
valve operation there is redistribution of flow rates in the charac-
teristic sections of the valve unit. This process is described by the
Westfal’s law, which determines that when a ball moves in the
direction of flow, the flow-rate of mortar through the valve seat
bore is higher than the flow-rate of mortar through the valve slit.
The mathematical form of this law’s record has such a form:

Qe =Q.£Q, €)

where Q,, — the flow-rate of mortar through the valve seat bore,
m3/s;

Q, —the flow-rate of the mortar through the valve slit, m¥s;

Q, — the flow-rate of the mortar occupied by the under-valve

space, m3/s.
The "+" sign is used in the directional motion of the ball and the
stream, and "-" when the ball is lowered against the flow direction.

Since, according to the flow continuity law, the flow rate in the
maximum mid-section Q,;, is equal to the flow-rate of the mortar

through the slit, then on the basis of expression (3) we will write

Qse = Qmid iQ\/ ) (4)

The flow rates contained in (3), (4) are determined by the formulas:

Qse = Use : Sse; Qs = Us : Ss' led = Umid : S (5)

mid

where S, S, S,,— the areas of the sections of the valve seat

bore, the slit and the maximum mid-section, respectively, m?;
Ve, U, Uyg — average flow velocities in the valve seat bore, the
slit and the maximum mid-section, respectively, m/s.

The flow-rate, which occupies the under-valve space at the lifting
of the ball, can be approximated by the product

s mid

s ' “mid

Qv =0, Sse ’ (6)

where v, — the velocity of the valve ball, m/s.

Since the flow-rate through the valve seat bore is equal to the flow
rate in the working chamber Q,, then

Q. =Q,=v,-S,, U]

where v, — the speed of the plunger, m/s;
S, — the area of the bottom part of the plunger, m?2.

When the valve is opened, the ball moves in the flow direction, the
relative velocity of the flow of the ball decreases by its velocity

value, that is, the expression (2) will look like

that:

Fo=C, 715, -(0, —0,)+C. 771, - (Vg =0, )+ 7177,
v, S, =y, S

S
Taking into account that v, =v, - =, and v, = —*

se mid

(see (4) — (7)), we will write down the following:

S
Fig =Cp~7z'~77-rv-[up~sp—UV]+C,-71'-77-rV><

se (8)
.S —u -S
X(Up pS U, " O —Uvj+772'rv2 -7,

mid

Having denoted the current height of lifting the ball over the seat
with coordinate x , we will write the expression (8) in such a
form:

S
Fg =Cp~7r-77-l’v-[vp Sp—xj +C,-m-n-1, %

se (9)
‘) N S X. M S
x(p P =

S —Xj+;r2~rf-ro,

mid

where X — the first derivative of the position of the ball x above
the seat, which determines its velocity, ie v, .

Let's consider the work of the free-acting valve of the mortar
pump under the action of external forces (Fig. 1-4) applied to the
ball.

Valve operation is carried out in the vicinity of the "dead" points
of the plunger: at the top point - the closure of the suction valve
and the opening of the forcing one; in the bottom point - the
closing of the forcing valve and opening of the suction one.
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Fig. 1. The calculation scheme of the forcing valve’s work: the beginning
of the ball lowering at the moment of the plunger approaching to the
bottom of the "dead" point

P, G, F‘hd v, 0,

Fig. 2. The calculation scheme of the forcing valve’s work: lowering when
the plunger is removed from the lower "dead" point

FA,DP,GP

P’ G7 F‘hd Dw 1)m

Fig. 3. The calculation scheme of the forcing valve’s work: the start of
lifting after the plunger has passed the upper "dead" point

Of particular interest is the forcing valve’s operation, because
when it closes, there are flow-rates at the nominal pressure of the
feed, that is, the mortar, which is pumped out of the working
chamber into the compensation chamber with costs of the nominal
power of the pump drive. In addition, this valve unit moves
together with the plunger, which additionaly influences its work.

FA7th’ Dv’Um

I
P, G, v, O

Fig. 4. Operational scheme of the forcing valve: lifting at the distance from
the upper "dead" point

Therefore, it is relevant to analyze the movement of the ball of the
mortar pump’s forcing valve in the flow of the mortar mixture on
the basis of determining the forces influencing the ball in the
working process.

During the movement of the working body from the upper "dead"
point, the ball is pressed against the limiting bracket (see Fig. 1)
and moves along with the plunger and with the seat down with the
speed v, . When a plunger is braked near the bottom of the “dead"

point, the following situation occurs:

— firstly, the velocity of the flow and the hydrodynamic force are
reduced with it;

— secondly, with a sudden stop of the plunger’s motion, the
removing of the ball from the bracket and its movement towards
the seat due to its own inertia is possible.

In this case, relatively to the seat, the acceleration of the ball will
be numerically equal to the acceleration of the plunger seat’s
braking «, . That is, the effect of "sling” takes place — during the

sudden and rapid plunger braking, the ball tends to break away
from the bracket and to continue moving towards the seat under
the inertial force effect

P=m, -«,, (10)

where m, — the mass of the valve ball, kg;
a, — the plunger acceleration, m/s?.

After the plunger has passed the lower "dead" point (see Fig. 2),
the seat begins moving towards the ball with the acceleration «, .

Therefore, considering the ball motion relatively to the seat, it is
reasonable to say that the ball moves towards the seat with
additional acceleration «, and the corresponding exciting force

P=m, .
The occurance of the inertial force P is stopped by the
hydrodynamic force F, (Fig. 1, 3), caused by the difference in

the hydrodynamic pressure in the cross flow before the ball is
flown over and after it. While the valve is closed, the ball is
located on the seat (Fig. 3), and the pressure drop is significant. In
this case, the occurance of the force P is almost not noticeable.

A similar occurance of the inertial force is also possible when the
valve is opened (see Fig. 3, 4). In this case, the ball tries to break
away from the seat. During significant accelerations, the inertial
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force of a steel ball with the diameter of 50 mm can have a strong
effect on the functional operation of the valve.
In addition, the weight force G and the buoyancy force F, are

acting on the valve ball. Based on the joint analysis of the
proposed calculation schemes, it can be assumed that the ball
motion will take place under the influence of the resulting force,
equal to the geometric amount of forces applied to the ball. Since
the motion of the ball occurs along the action line of these forces,
it can be written in the projection on the vertical axis

m-X=F,+m-G+F,. (11)

The direction of the force P is determined by the opposite
direction of the acceleration vector of the plunger «,, and the

direction F, by the vector of the flow velocity of the mortar v,
in the space around the valve. In turn, the flow velocity v, is
opposite to the plunger speed direction v, .

The developed dependences (8) and (9) indicate that the force F,

is directly proportional to the flow velocity of the mortar, which is
determined by the plunger velocity o, , and depends on the posi-

tion of the ball, the size dimensions of the valve unit and the char-
acteristics of the mortar. That is, in general, it can be represented
as the functionality:

Foo = f (XV,X,05,77,7, 1,1, Dya ) (12)
where x, — the coordinate, which determines the instantaneous
position of the ball over the seat;

X, — instantaneous velocity of the ball (v,) in the position x, ;

v, — plunger speed;

n, 7, — rheological characteristics of the mortar, depending on its
mobility;

r,, r, —the radii of the ball and the seat bore;

D,, - the diameter of space around the valve of the plunger.

Taking into account the dependences (10), (12), the expression (11)
can be written as the differential equation

m, Xv :th(lexvlup’n'TO'rv'rse’Dva)+
4 , (13)
M, =M, g+ 27 g p

When considering the opening of the valve (m, X, > O), the initial
condition is X, (t,)=0 that corresponds to the lower position of
the ball. When closing the valve (m, - X, <0), the initial condition
is X(t,)=h (the upper position of the ball).

The solution of this differential equation makes it possible to ob-
tain the law of the valve ball motion as the following function

x,(t)= f(r’nv,l’v,l’se,Dva,up (t), e, (1), m, z'o,p,t), (14)

which establishes the dependence between the nature of the ball
motion with time t and the structural parameters of the valve

(m,.x,,r,,D,), the plunger motion law (v, (t), e, (t)) and the

characteristics of the pumped mortar(n, To,p) . With this depend-

ence, it is possible to determine the time of closing and opening of
the valve. The solution of equation (13), taking into account (9), is
possible only with the use of numerical methods for solving dif-
ferential equations on the computer and requires preliminary ex-

perimental refinement of the parameters of the interaction of the
ball with the mortar.

It is reasonable to apply this approach while analyzing the motion
of the suction valve ball. It should be noted that the motion of the
valve ball affects not only the level of the backflow, but also de-
termines the resistance to the mortar flow, the level of dilution in
the working chamber and the degree of its filling in the suction
process.

Since during the work of the suction valve, its seat remains fixed,
and the process of hydraulic interaction does not differ from the
previous case, the balance of forces acting on the ball, has the
following form:

m-Xx=F,-G+F,, (15)
i.e. the inertial component m of the plunger motion is not taken
into account.

Therefore, the ball motion is described by the following differen-
tial equation

M, %, = Fg (X, %,0,7,70,1,, 1 Dy ) =
. , (16)
_mv.g+§.7z-.rx -g-p

the solution of which is done by the described above method.
Establishing the ball's motion law will allow to determine the time
of its motion from height h to the seat and to estimate the amount
of backflow AV, when closing the valve.

AV, =F,-S,(9,), 17

where F, = % D? — the area of the bottom of the plunger, m?;

S,(¢,) — the plunger motion during the time of closing the valve,

which is characterized by the plunger motion law, m;
@, — the angle of shaft rotation of the cam during the time t of

closing the valve.
Dependence (17) is explained by the fact that during the valve

closing the plunger moves to a certain distance Sp((pv) and thus

changes the volume of the working pump chamber. Since the sim-
ultaneous opening of both valves is impossible, the mortar through
the valve, that is currently closed, flows in the form of the back-
flow and compensates the change in the working chamber volume.
Hence, it is reasonable to assume that the effect of the operating
body of the pump movement has the double character, that is, it
determines not only the time of closing the valve, but also the size
of the plunger flow during this time, which directly characterizes
the volume of mortar losses. That is, the choice of the working
body motion law does not need to be optimized according to the
time of the valve closing and the motion intensity in this period.
During the interaction of the valve ball with the flow of the
pumped environment there is the hydrodynamic force, which is
the result of the projection of several components:

— the force of the ram pressure of the cumulative mortar stream,
flowing from the opening of the wvalve seat bore
F=C,-mn-1,- 0y,

— the force of viscous friction when the sidewall of the ball is
flown round in the confined space F, =C_-7z-77-1, - Uyq;

— the force of the adjacent shifting motion F, =z*-r’-z,, which

is the result of the manifestation of the structural properties of the
environment.

In general, the interacting force of the ball with the flow is repre-
sented by the function (2).
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Fo=F+F+F =C -7z-n-1,-0,+

2
mia T2 K

+C.-m-n-1,-p, T,

Taking into account the buoyancy force F, = %7[- r’.g-p,which
also occurs during the interaction of the ball and the mortar, the
result of the joint action will be the following:

Foa :|:Cp'”'n'r\/'use:|+[cr.”'n'r\“.Umid]_'—

4 ) (18)
+|:7[2 'rvz 'TO:|+|:§'”' rvs' g p:|
where v, — the average flow velocity, which flows from the

valve seat bore, m/s;
Uy — the average flow velocity in the mid-section of the ball, m/s,

b Q_4Q ,_Q_ _ 4Q
“TS, mdl TS T o (p-dl)

The components F, and F, do not depend on the flow velocity,

but are determined by the mortar consistency and by the radius of
the ball. The forces F, and F, depend both on the consistency

and on the flow velocity. Since the flow velocity changes accord-
ing to the working body motion law, it is of particular interest to
establish the functional dependencies of these force factors on the
valve unit working process parameters. One of the ways to solve
this problem is to determine the coefficients C, and C_. To de-

termine these parameters, it is necessary to estimate the magnitude
of the interaction force of the ball with the mortar flow at fixed
design parameters of the valve, flow velocity and flow consistency.
The study of the hydrodynamic interaction of the valve ball with
the flow of the pumped mortar requires experimentation with the
possibility of fixation the pressure force at different positions of
the ball over the seat, different ball sizes, seat bore, flow velocity,
its mobility, and so on.
In fig. 5, 6 the results of search experiments for mortar solutions
of different mobility in the range of 8 - 10 cm are given with the
same actual mortar flow, as well as with various values of the
actual mortar flow with the mobility of 10 cm. The analysis of the
results of these experiments allows for the following conclusions:
— the process of hydrodynamic interaction is reversible - when the
external load is reduced, the ball takes its previous position;
— reducing the mobility of the mortar with the same other
conditions (actual flow rate of the mortar, size dementions of the
valve) leads to the growth of hydrodynamic force, which is
associated with an increase in the structural viscosity of the flow;
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Fig. 5. Dependence of the force of the hydrodynamic flow pressure on a
ball on the lifting height of the ball over the seat for mortars of various
mobility at constant feed

— when increasing the actual mortar flow rate through the valve,
the force acting on the ball increases almost directly proportional-
ly to the mortar flow;
— as the distance of the ball from the seat decreases, the value of
the hydrodynamic force increases, which is caused by the increase
of the impact on the ball from the cumulative stream from the
valve seat bore;
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Fig. 6. Dependence of the force of the hydrodynamic flow pressure on the
ball on the lifting height of the ball over the seat for the different value of
the mortar flow with the mobility of 10 cm

— as the ball is pulled away for a certain distance, the further
change in the height of the ball lift over the unuit does not lead to
noticeable changes in the hydrodynamic force. That is, the interac-
tion of the ball with the flow is determined by the effort that oc-
curs when the sidewall of the ball is overfown, and the stream
pressure force from the hole of the valve seat no longer affects the
ball.

Consequently, the process of interaction of the ball with the mor-
tar flow has distinct ranges of dominant influence of the compo-
nents of the hydrodynamic force, depending on the height of the
location of the ball over the seat h :

— viscous friction force with the flow of the lateral surface of the
ball at h>20 mm;

— the ram pressure force from the cumulative stream at h <10
mm;

— within the limits 10 <h <20 force influence on a ball is caused
by both components.

3. Conclusions

Therefore, the proposed approach to the operation of the ball valve
of the differential solenoid pump analysis based on the considered
dynamical model makes it possible to establish the ball motion
law while operating the valve, taking into account the structural
parameters of the valve unit, the motion law of the working
element and the characteristics of the pumped environment, and
theoretically define the effect of the actuator's motion law on the
efficiency of the pressure and suction valves, taking into account
the mortar loss at their closing.

The conducted search experiments indicate that the greatest
influence on the hydrodynamic force value is caused by the
distance between the ball and the seat.

In addition, according to the results of studies on the influence of
design parameters of ball valves on the efficiency of mortar pumps,
it is worth noting that the nature of the interaction is largely
influenced by the consistency of the pumped mortar and the flow
rate, as well as the geometric parameters of the ball d,, the seat

bore d,, and the space around the valve chamber D .
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