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CREATION OF OBJECT-ORIENTED MODEL OF CENTRIFUGAL PUMP
ON THE BASIS OF ELECTROHYDRODYNAMIC ANALOGY METHOD

Purpose. Development of an object-oriented model of a centrifugal pump (CP), which would reflect the constructive features
of the structure and processes in it, as well as the simultaneous balance of effort (delivery head and pressure), and flow (flow rates)

variables, namely the balance of powers.

Methodology. Applying of the electrohydrodynamic analogy method to the flow diagram of liquid in a centrifugal pump en-
abled to synthesize the expanded complex equivalent circuit of a CP, spatially combined with its constructive elements.

Findings. The theoretical calculation of the CP performance characteristics according to its directory data for the entire interval
of change in the flow rate duty taking into account the physical properties of the working fluid was carried out. Good agreement
between the calculated and experimental performance characteristics of the main pump HM-3600-230 is illustrated. The relative

error of calculations does not exceed 5—8 %.

Originality. The developed object-oriented model of the CP takes into account the vortical circulation processes of the motion
of the liquid both at the input and output of the rotor wheel (impeller), and in the interblade space. Also, the model adequately
reflects the link between the mechanical and hydraulic subsystem of the pump unit at all load modes, and especially in low-load
ones, of its flow duty, taking into account its design parameters and physical properties of the working fluid.

Practical value. The object-oriented model of the CP is easily adapted to modern computer-oriented interactive tools (20-sim,
Simulink, Pspice, Dymola, etc.) designed to simulate the modes of operation of mechatronic technical systems, which in turn
reveals the way for calculation and optimization of the CP power characteristics as an element of a pumping station.

Keywords: object-oriented modeling, centrifugal pump, mathematical model, liquid circulation, power losses

Introduction. Interactive environment of modern computer
simulators: 20-sim, Simulink, Pspice, Dymola, etc. [1], which
support the simulation of dynamic modes of complex technical
systems with subsystems of different physical nature makes it
possible to use already-made unified library of elements (ob-
jects). The basis of this approach is the application of object-
oriented modeling principles using signal and power domain
information to reflect the interactions between the structural
objects of the system. Typically, such objects, one of which is a
centrifugal pump (CP) of the main oil pipeline, are represented
as “black boxes” — multiport elements without proper detail of
internal energy exchange processes, in particular energy losses,
which depend essentially on the object operation mode. This
leads to significant errors in modeling and requires the creation
of new CP models that are capable of adequately reflecting
complex physical processes throughout the range of its flow
rate duties, depending on the structural characteristics of a CP
and physical properties of working fluid.

Literature review. To solve the problem, we use the energy
approach, which enables us to establish the balance of powers
(instantaneous energies) in subsystems of different physical na-
ture on the basis of conservation of energy law. The system ap-
proach strategy usually suggests division of a single complex
technical system into five main subsystems [1] at the stage of
analysis: electric subsystem (ES), mechanical subsystem of
translational motion (MST), mechanical subsystem of rotational
motion (MSR), hydraulic subsystem (HS) and heat subsystem
(HTS). The energy state of each subsystem at time 7 is character-
ized by a pair of conjugated parameters of effort F;and flow F,
character, product of which (formula 1) determines the power [1]

N=FF, (1)

The most commonly used pairs are: for ES — voltage U
and current /; for MST — force F and linear velocity v; for
MSR — torque M and angular velocity w; for HS — pressure
P=pgH and volume flow rate Q; for HTS — temperature 7’and
heat flow €. Here, p is density of the liquid; g is gravitational
acceleration; H is the head of the CP.
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The object of the study is a centrifugal pump (CP) —a ma-
chine that converts the mechanical energy consumed from the
shaft of the drive motor into the hydraulic energy of pipeline
fluid. Therefore, from the standpoint of object-oriented mod-
eling, the CP can be represented as a passive six-pole [2]
(Fig. 1) with three power portals AB, CD and EF through
which the CP interacts with neighboring objects.

In particular, the portal AB reflects the shaft of a CP impel-
ler, through which the mechanical energy from the drive engine
shaft (subsystem MSR) with the conjugated parameters M and
, enters to the pump. In turn, the portals CD and EF reflect
respectively the input (suction) and output (discharge) pump
nozzles, which connect the input and output pipelines (subsys-
tem HS). Through them a fluid moves, the hydraulic energy of
which has conjugated parameters H,, Q, and H,, O, respectively.
Normally, when modeling CP, we neglect the hydraulic energy
of a liquid, which enters the inlet of the CP through the portal
EF (pgH, =0), representing the CP in the form of a passive four-
pole with two power portals AB and CD [2]. In this case, the
differential head Hy generated by mechanical energy of the drive
will be equal to the discharge head H, = H, — H,. However, the
analysis of literary sources showed that in the computer simula-
tors there are no such object-oriented models of the CP that
would allow adequately reflecting the energy connection be-
tween the portals AB and CD in CP at all load modes, and espe-
cially in the low flow rate ones, taking into account the struc-
tural parameters of the CP and physical properties of the work-
ing fluid. Therefore, in order to create such a model [3] it is
proposed the use the electrohydrodynamic analogy method
based on the isomorphism of mathematical formulas describing
physical processes respectively in electric and hydraulic systems.

Normally, analogies are used: electrical voltage — pressure
(or head) and electric current — mass (or volume) flow rate
(capacity) of liquid. Such an approach made it possible to syn-
thesize “electric” equivalent circuits of hydraulic systems,
which can be analyzed using a well-developed apparatus of
electrical engineering. On the basis of the electrohydrodynam-
ic analogy method, a complex model of the CP [3] was creat-
ed. It made it possible for the first time to substantially intro-
duce into consideration active and passive parameters of its
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Fig. 1. Representation of a CP in the form of a passive six-pole

equivalent circuit [3], synthesized in a rotating system of coor-
dinates d, g, tightly connected to the shaft of the drive motor.

In particular, the concept of “hydromotive force” of the
CP (analogue of electromotive force in electric circuit) as a
source of harmonic oscillations of pressure pgH, =
= pgH,sin (wpt) with internal reactance x,, where ®p=1n/30 is
angular frequency of oscillations, which is proportional to the
frequency of impeller rotation n; H, is the head of an idealized
(without losses and with an infinite number of blades) CP in
an idle mode with a closed valve on the discharge nozzle. On
the equivalent circuit all the parameters of the mode are de-
picted in a complex form — in the form of a generalized image
vector (phasor) with parameter underscored from below.

Also, a methodology was proposed for calculating the con-
stant in time and independent on the mode of CP operation
active r and reactive (inertial, since the working fluid is consid-
ered to be incompressible) x passive parameters of this circuit,
which made it possible to obtain good results for constructing
head-flow characteristics of the pump Hy= f(Qp) during the
changes in the network resistance ry,,,= var (the relative error
of calculations did not usually exceed 5—8 %). Here, Hy, Qg is
respectively the value of the head and flow rate at the output of
the CP in a nominal operating mode.

Branches with complex impedance Z,y = ray + jXan; Zno =
= Fyo +JXpp and Z,, = r,, + jx,, correspondingly represent the hy-
draulic, volume and mechanical losses of the CP, while the
branches with purely reactive reactances x,,; and x,, reflect the
pressure drop and pump losses caused by the finite number of

blades respectively. Here, j is an imaginary unit (j = \/jl ). Active
resistances r,, and r, o simulate irreversible losses (dissipation) of
energy into the environment in the form of heat due to the viscous
friction forces between the layers of the liquid, while r,, represents
the thermal losses caused by the forces of impeller disk friction,
friction in the bearings and sealing, and r,,,, is hydraulic resis-
tance of the discharge pipeline. In the general case, resistance is
determined by the formula (2) and reflects the physical properties
of working fluid, such as its viscosity and density [3]

™
r= ZPUIF’ ?2)

where v is the coefficient of kinematic viscosity; y, S are re-
spectively wetted perimeter and the cross-sectional area of
section of hydraulic tract of CP with the length /.

Inertial reactances x,, and x,, are caused by inertia forces,
which counteract the flow rate changes in the CP and simulate
vortex processes of internal energy transformations (kinetic ener-
gy in potential and vice versa). In the general case, inertial reac-
tance is proportional to the density of working fluid and rotation-
al speed of the impeller and is determined by the formula (3) [3]

_mnpl

308

Calculation of the equivalent circuit element parameters
and CP modes of operation are carried out in the per-unit sys-
tem, where nominal parameters of the machine are usually
chosen as basic parameters. It is enough to set up only two
basic parameters — the pressure H,,, and flow rate Q,,,, which
equal nominal values of the discharge head and flow rate of a
CP respectively. In particular, an important feature should be

3)

noted that in the per-unit system (for incompressible liquid),
the dimensionless values of pressure and head are equal to
each other and are determined by (4)

pgH _ H

P.= =——=H.. 4)
ngbas H

bas

Further, all calculations are carried out in the per-unit sys-
tem, and therefore the designation “*” is omitted. In this case,
one more important feature of the complex model [3] should
be noted. It is similar to the model of a synchronous electric
machine (Park-Goryev’s equation) [4], obtained in a rotary
system of coordinates d, ¢, which is tightly connected with the
impeller (rotor) of the CP.

This requires the correct combination of such a model of
the CP with object-oriented models of other complex system
elements, which are usually synthesized in a fixed coordinate
system x, y and refer to subsystems of different physical nature.
In particular, the shaft of the drive motor is referred to the
MSR subsystem, while the discharge pipeline — to the HS
subsystem (Fig. 2). That is why at the input of the equivalent
circuit of the CP using the inverter /N, a source of hydromo-
tive force is introduced — a source of harmonic pressure oscil-
lations pgH, [3]. A similar reverse operation of returning of the
mode’s hydraulic parameters which are calculated in the mod-
el of the CP (because they vary according to the harmonic si-
nus law) into the system of fixed coordinates x, y , is carried out
by entering into the scheme of rectifier RE. Thus, the transi-
tion from instantaneous to root mean square (or amplitude)
values of the mode parameters is carried out and that is why
the pipeline of the HS subsystem is connected to the CP be-
cause of the active impedance of load .

In the monograph [3], for the construction of head-flow
characteristics of the CP, the root mean square values of heads
and flow rates were used, while in the work [5] in BOND-
GRAPH model of CP a special OSK module was created for the
transition from the rotating system of coordinates d, ¢ to the fixed
x, y by reading only the amplitude values of the sinusoidal signal.

This feature was not taken into account by an overwhelming
number of authors of articles that used the complex model [ 3] as
the basis for constructing their models of elements of pumping
stations. In particular, authors of [6] in order to obtain unidirec-
tional electric current in the “electric” model of the CP used a
simple element — the m-phased rectifier (diode) [7], explaining
its main function as a model of a pump spiral volute [§8], and not
as a transformer of coordinate systems. Authors [9], like [10,
11], did not mention the rotational coordinate system at all.

In addition, the calculation of the parameters of complex
equivalent circuit [3] was based on the empirical knowledge
about the CP head in two characteristic operating modes —
nominal (NOM) and idle operating modes (IM). Therefore,
in the scheme for all modes of flow rate duty, a balance of
heads was present. However, the balance of power capacities
was not fulfilled, which did not allow receiving, in addition to
the head-flow characteristics, the whole spectrum of energy
characteristics of the CP, in particular characteristics of effi-
ciency and power consumption from the shaft of the drive mo-
tor. The presence in the scheme of virtual inertial reactances

Qz., C QZ
O—|RE =
cp > )

e H, .| PeH,
i Iy

D

MRS HS

Fig. 2. Implementation of complex model of a CP obtained in
the rotary coordinate system d, q, which is tightly connected
with the impeller of a CP, info general energy scheme of the
system between the subsystems MRS and HS (fixed system
of coordinates x, y)
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X,z and x,,o in order to take into account the effect of the finite
number of blades on the characteristics of the CP considerably
complicated the solution of the issue of combining the equiva-
lent circuits of the CP, drive motor and pipeline, i.e. the syn-
thesis of a general equivalent circuit of the pumping station.

Another important work in development of the theory of
CP modeling on the basis of the method of electrohydrody-
namic analogy became the article [12], in which a refined
model of the CP was proposed. It was based on a modified
calculation of mechanical losses in the CP, which reflected the
active resistance r,,, value of which varied proportionally to the
square of the flow rate Q. Mechanical power losses were
merely algebraically summarized with internal (hydraulic and
volume) power losses, which were determined from the classi-
cal equivalent circuit of the CP [3], all parameters of which
(except for the variables of active resistances r,, and ry,,,) re-
mained constant, independent on flow rate mode of opera-
tion. Good results were obtained in constructing of above-
mentioned energy characteristics of the CP, but at the same
time, the balance of power capacities in equivalent circuit of
CP was violated, which did not allow implementing it in the
general equivalent circuit of the pumping station.

Unsolved aspects of the problem. Thus, a relevant task
arose of creating such an object-oriented model of the CP, in
which there is a simultaneous balance of force (pressures and
heads), and flow (capacities) variables in the equivalent circuit
of the CP, i.e. the balance of power, which reveals the way to
use classical computer simulators (20-sim, Simulink, Pspice,
Dymola, etc.) to calculate and optimize the power character-
istics of the CP as an element of a pumping station.

Results. Obviously, the modernized model should take into
account the vortex circulation processes of the fluid movement
both at the input and output of the driving wheel (impeller),
and in the space between the blades, as shown in Fig. 3 for one
of the channels between the blades. The indicated processes
increase considerably with decreasing liquid flow rate, reaching
the maximum in an idle operating mode (closed valve on the
outlet) of the CP, when the input and output vortices penetrate
deep into the impeller, merging into a single circulating flow
inside the space between the blades. Unfortunately, the Euler
equation does not allow taking into account the losses of power
in this mode, which is called the losses of hydraulic braking
[13]. The application of the method of electrohydrodynamic
analogy to the scheme of fluid flows in the CP made it possible
to synthesize the expanded complex equivalent circuit of the
CP, spatially combined with its constructive elements (Fig. 4).

Here, r,, x.are respectively the active resistance and iner-
tial reactance, which are reflecting the energy of the vortex
processes of fluid flow at the i channel of impeller between
the blades with the number of blades ky; r,,,,is active resistance
of initial area of the spiral volute (a hole near the “tongue” of
the volute); 7y, , X, Fur» X4 are respectively active resistances
and inertial reactances, which are reflecting power losses on
the elements of the spiral and the diffuser parts of the volute;
X;, = kpx, is internal reactance of the source of hydromotive
force H, which is acting between the blades in the i channel of
impeller. Obviously, all the resistances and reactances in such
an equivalent circuit will be variables and will have nonlinear
dependence on the flow rate duty Q.

In the model [3], expanded complex equivalent circuit
(Fig. 4) by means of equivalence and use of the rotating system
of coordinates d, ¢, acquired a simplified shape [3] with con-
stant parameters, which do not depend on the mode of pump
operation. However, in this scheme, the inertial reactance dis-
appeared, which now is reflecting the circulation processes in
the impeller. Instead, a virtual inertia reactance x,,o appeared
to take into account the reduction of flow rate of CP due to the
finite number of blades. This led to a disturbance in the bal-
ance of power capacities in the scheme.

To settle this situation, we introduce the inertial reactance
X, in the form of a parallel combination of two variables of

Fig. 3. Scheme of movement of the fluid in an impeller, the spi-
ral volute and the pump diffuser:
1 — main (working) flow in the channel between the blades; 2 —
circulatory flow in the channel between the blades; 3 — circulation
flow at the input of the channel between the blades; 4 — circulation
flow at the output of the channel between the blades; 5 — the main
stream in the spiral volute; 6 — the main stream in the diffuser

Tioad

Fig. 4. Expanded complex equivalent circuit of the pump, spa-
tially combined with its constructive elements

inertial reactance x, and x,q, (Fig. 5), the sum of which re-
mains constant (5), equal to x,o and we pre-neglect by viscous
friction in circulation vortexes of fluid (r, = 0)

Xp x;.le

-1
X0 = [1+1J = const. (5)

Now, in the updated complex equivalent circuit of the CP,
the inertial reactance x, will reflect the energy of the vortex pro-
cesses in the impeller (a balance of power capacities will be per-
formed) and due to the variable reactance x,,q,, the old scheme
remains operative, which has proven itself to adequately reflect
the balance of heads in the CP [3]. In addition, mechanical
losses in the CP are conditionally divided into two components:
N,, — losses of the actual disk friction on the outside of the im-
peller, mechanical friction in bearings and shaft seals, which are
released on the resistance r,, and N, — vortex circulating losses
at the inlet and outlet and in the space between the blades of an
impeller that reflects complex impedance Z, = r; + jix,,.

Although losses are of a hydraulic nature, most authors of
the classical works on the theory of pumps [13] classify them as
mechanical [ 14], since they do not belong to the main hydraulic
path of the pump, as well as the losses N,,, which is about 5 % of
total power losses in the CP [15]. In the previous stage of equiv-

At | S H

Fig. 5. Equivalent circuit of CP with representation of inertial
reactance X, in the form of parallel conjugation of two
variables of inertial reactances x, and x,,,
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alenting of losses N,, that are allocated on resistance r,,, those
can be neglected. Then the scheme is easily transformed into a
modernized form (Fig. 6), where the equivalent values of hydro-
motive force H, and inertial reactance x, are determined by (6, 7)

He:HoL: gcxe; (6)
X+ Xy
1
1 1
e @)
X+ Xy X,

Performed calculations of equivalent parameters H, and x,
for the main pump HM 3600-230 showed little dependence on
the change in its flow rate duty Qg, since the deviation from
their nominal values (at Qz= 1) does not exceed 5—7 % .

In particular, it should be noted that the scheme obtained a
three-dimensional image as it illustrates the fact that the leakage
of volumetric fluid losses 0, through the seal takes place orthog-
onally to the plane of rotation of the impeller. Only then, after
collision with the outer disk surface of the impeller, the fluid will
rotate as a solid body at an angular velocity equal to half of angular
velocity of the wheel. This motion corresponds to equality of driv-
ing moment of friction on the rotating wheel to the braking mo-
ment of friction on the wall of the stationary body of CP [3].

In addition, the number of nodes in the scheme is reduced
and the portal AB of input energy, which the CP consumes
from the shaft of the drive motor, is clearly identified. It is obvi-
ous that the H, and x, parameters can also be interpreted as the
source of this energy, which creates the total internal flow Q.. It
consists of the main working flow Qp, the circulating flow Q,
(equal to the sum of vortex flows in the channels between the
blades of the impeller) and flow of volumetric losses Q.

It is obvious that according to equation (6) H, and x, are inter-

connected by a constant coefficient of proportionality O, which

is equal to the value of the internal flow of the CP in the mode of

“conditional breakdown” of the pipeline (analogue of short cir-

cuit mode at electric generator outputs) and is determined by (8)
oc _ i _ 0

2 =
X, X +Xy

=const. (8)

Modernized equivalent circuit of the CP with traced distri-
bution of effort (pressures) and flow (capacities) parameters of
modes (Fig. 6) makes it possible to write equation of balance
of heads and flow rates in the per-unit system in a complex
form (according to Kirchhoff’s first and second laws) (9)

Qc _Qb _QAQ _QR =0
H,-H,-0Q.jx,=0
H,, -0, (r,+jx,)=0 . )
Hy =0, (g +j%40)=0

H,, = Q(ryy +Jxpg)—H =0

Fig. 6. Modernized complex equivalent circuit of the CP with
traced distribution of effort (pressures) and flow (capaci-
ties) parameters of modes

Here, H,, is the complex value of the head at point A at
the output of the impeller (in front of the spiral volute). Along
with the balance of heads (pressures), the modernized equiv-
alent circuit reflects the balance of power capacities (Fig. 7).
It is obvious that the operating mode of the discharge pipe-
line, set by the value of load resistance r,,,, determines the
useful hydraulic power at the CP output N,,= HzQp, which,
in turn, sets the value of power N, consumed from a shaft of
drive motor.

In a complex form, the value N, is determined by (10)

Ne=Ny+ AN, (10)

where N,,and AN are respectively the complex of useful hy-
draulic power at the outlet branch and complex of total power
losses of the CP, which can be conventionally divided into the
following classical components [13] according to equation (11)

AN=NAy+ Nug+ Npy. (11)

Here Ny, Nag, Nay are respectively complexes of hydrau-
lic, volumetric and mechanical losses of power. Thus, we will
assume that total mechanical losses will also include mechani-
cal losses of disk friction, friction in bearings and seals N,,, and
approximately will be equal to circulatory losses N, (12) [13]

Nay= Ny (12)

On the other hand, the equation 13 is written out of equiv-
alent circuit (Fig. 7)

Ne= N+ Npo+ Nanss (13)

where N,, is the complex of internal hydraulic power of the
main hydraulic path of CP, which is equal to the vector sum of
useful power at the outlet of CP N,-and hydraulic losses in the
spiral volute and diffuser N, (14)

Niy=Ngr+ Npy. (14)

Obviously, the whole problem is to determine the values of
inertial reactance x;, depending on operating mode of the CP,
which is characterized by its flow rate duty Q. To do this we will
use empirical information about CP operating parameters (flow
rates, heads and powers) at two characteristic points — the

nominal (Qg =Qp" =1, Hp=H" =1, N¢ =N =1/nem)
and idle mode (Qz =03 =0, Hp=Hj, No.=N{, N,=0).
Here, n¥™" is the nominal value of energy conversion efficiency
of the CP. Conducted computer simulation of operating modes
of a series of the main oil pumps of HM type made it possible to
propose representation of dependence of x, on Qy in the form of
equation (15)

Xy =xp +(x" = x)Qps (15)

where x/°" and x{ are respectively values of inertial reac-
tances x; in these modes. In particular, for the idle mode from

equivalent circuit we obtain formula (16)

N Koy outed
1 Xaw Ban Nere |
|

Fig. 7. Modernized complex equivalent circuit of the CP with
traced distribution of instantaneous energies (powers) of
operating mode
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xb_ N/;r - Nér > (16)

where H! is the head of idle mode at the output of the impel-
ler before the spiral volute, which is numerically equal to the
head at the outlet of the diffuser H%, since Q% =0. Power
capacity of mechanical losses developed by fluid circulation
flows in the impeller in this mode has the maximum value that
can be determined from equation of balance of capacities (17)
in a complex form

Nay =N, =N¢-Nby,. (17)

Since power is a product of force (pressure) and flow (flow
rate) parameters of the operating mode, equation (17) is in
scalar form (18)

|HZ e |Qir e |Oir e e, (18)

0y — ir
e —|HR

ot | prir
efc |HR

7,

ir
b |

El

0o

angles and modules of vectors A :,QZ,QZ, QZQ on the com-
plex plane. It is obvious that the right and the left parts of this
equation can be reduced by e®, which makes it possible to
combine the vectors of power capacities and flow rates on the
complex plane in the corresponding branches (Fig. 8). In this
case, the mechanical losses will feature a pure reactive (iner-
tial) nature, and have an angle ¢ =90°.
From the vector diagram we obtain (19)

NE=\(VE) (N, ) = N (19)

where N XQa and N ZQ, are respectively modules of active and
reactive components of the power vector of volumetric losses,
which we will determine through the parameters of the CP
equivalent circuit according to the system of (20)

where 07,05 ,0¢, 0%y |H 2, 74 are respectively

(#5)
ir ir ir
NAQG—NAQCOS(pAQ— > I'no
rAQ xAQ
N (20)
(D)
wr — wr 1 r —
Nior =Nipsingp =——"—X5
Fio tXap

On the other hand, the power consumed from the shaft of
the drive motor in the idle mode is determined in the per-unit
system by means of the nominal values of energy conversion
efficiency and the load angle of CP [3] (21)

NE =—(1_Y?om::,gygm), @1

Ns

nhom

where Y:*" is the nominal value of the load angle of the CP
(introduced by analogy with the load angle of a synchronous

ir
. NAQG + 1
1r
(Z1)
ir ir ;
NAQr > ¢if Ndvé
C
Ny
N
+j

Fig. 8. Vector diagram of powers in idle mode on a complex plane

electric machine), which in the first approximation is related
to the specific speed coefficient n, of CP by (22) [3]

o~ 0.475[1+ 1’(’;0}. (22)

Calculations were conducted for a series of main oil pumps
of HM type, catalog nominal parameters and parameters of
equivalent circuit of which are shown in [3]. The results of cal-
culations of inertial reactances are given in Table 1.

Similarly we determine the value of inertial reactance
X, in the nominal mode of operation by (23)

H .nnm
Xy =, (23)
b

where H]" is the nominal value of the head at the output of
impeller at the beginning of the spiral volute, which is deter-
mined in the per-unit system through the nominal value of
hydraulic energy conversion efficiency of CP N5 by equation
Hyem =1/

To find the nominal value of circulating flow rate O;"", we
write the equation of the balance of flow rates in the CP in a
complex form according to equation (24)

nom nom nom nom

QC =QR +QAQ +Qb > (24)

to which a vector diagram corresponds (Fig. 9).

On the basis of a vector diagram, we write down two scalar
equations of the balance of active and reactive components of
flow rates (projections of vectors on coordinate axis of the
complex plane), taking into account that in the per-unit sys-

tem Q" =1 (25)

2" cos o™ =1+ 035" cos@iyy’ +0y" COS(pZ"m} 25)

Hom oy nom __ nom oy nom Hnom oy nom
" singe?™ =0+ 0" sin @y’ + 0" sin gy

Taking into account that the values of the angles of incli-
nation vectors of flow rates to the axis of the real component
can be estimated with neglected thermal losses due to the fric-
tion forces in the spiral volute and the diffuser (r,, = 0) (26)

Table 1
Calculated parameter values for Y2*", xI, x!°" for main
pumps of HM type
Ne | Model of the pump ng yom xir xpom
1 | HM-1250-260 70 0.803 5.246 5.748
2 | HM-2500-230 109 0.899 4.421 8.944
3 | HM-3600-230 131 1.085 3.300 9.590
4 | HM-5000-210 165 1.260 2.713 8.356
5 | HM-7000-210 195 1.380 2.449 9.756
6 | HM-10000-210 233 1.546 227 10.949
inm
=R 7
B N7 e ——
&"’Cn ofﬁ\ '\‘ Qa0
o 7
Q’:wm gzwm
nom
” 2c

Fig. 9. Vector diagram of flow rates in the nominal mode on a
complex plane
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T
;" = 5 —arctg(xAH )
(26)
nom Xa0
OV arctg(}—arctg(xw )
rAQ

In addition, nominal values of flow rates are represented as
a system of equations (27)

[’él)m :1
nom — HI;’lUm 27
b om . (27)
Xp
flum
QXDQm — n
nom 2 + nom 2
x5 "o

Simultaneous consideration of equations (16—27) allows

nom

us to calculate the unknown value of inertial reactance x;”",
and the results of similar calculations for a series of oil main-
line pumps of HM type are given in Table 1.

The graph of dependence of reactance x;, on the flow rate-
Og, calculated by (15) for the pump HM 3600-210, is shown in
Fig. 10. It confirms the conclusion obtained in [12] that the
deviation of the operating mode from the nominal one is ac-
companied by a change in mechanical losses of power under
parabolic law of the second order, which determines the cor-
responding change of reactance x;,.

Also, Fig. 11 represents graphs of modifying of modules of
flow (capacities O, O, O and Q,,) and effort (head H,,) pa-
rameters of the CP operating mode, depending on the flow
rate QOg.

Separately, Fig. 12 demonstrates in the per-unit system de-
pendence on QO of power modules N¢, N,, Ny and N, of the
main pump HM 3600-230. It is obvious that in the low loading
mode almost all the power consumed from the shaft of the
drive motor goes to cover mechanical losses caused by circu-
lating flow Q,. The results of all calculations of power param-
eters of the modes for the main pump HM 3600-230 are also
given in Table 2. Modernized equivalent circuit of the CP
(Fig. 6) makes it possible to easily calculate the energy conver-
sion efficiency coefficients of the CP. So the hydraulic energy
conversion efficiency is determined by (28)

Hy
=

in

Ny = (28)

The volumetric energy conversion efficiency coefficient is

calculated by (29)

Xp,p. U
20.0

17.5

15.0

125

7.5 (
5.0 /

HY
Xp

25

0.2 0.4 0.6 0.8 1.0 12 14 Qp,pu

Fig. 10. Graph of dependence of reactance x, on the flow rate
Qg, calculated for the pump HM 3600-210

TIQ=&— QR

- ’
i Or+ 00

and the mechanical energy conversion efficiency coefficient is
calculated by (30)

(29)

Nin QR+QAQ
== 30
My N, 0 (30)

It is known that the full energy conversion efficiency coef-
ficient is calculated as the product of three above-mentioned
energy conversion efficiency coefficients [ 14] by (31)

Ns = NsMoN - 31

Dependencies of the indicated energy conversion efficien-
cy coefficients on the flow rate Qp for the pump HM 3600-230
are shown in Fig. 13.

Adequacy of the modeling confirms the good matching of
the operating characteristic of the main pump NM 3600-230
calculated and obtained in experiments (Figs. 14, 15).

Conclusions.

1.The work solved an actual task of creating on the basis of
method of electrohydrodynamic analogy of object-oriented
model of CP, in which there is a simultaneous balance be-
tween the effort (pressure and head) and flow (capaticy) pa-
rameters in the modernized complex equivalent circuit of the
CP, meaning power balance, which reveals the way for using

Q40 Qp; Qi Qi HiiHy » po 1t
14
v,
T, (/
12 - ,/
—
TN
1.0 -~
N ™~
2 N
0.8 A
/y
e
0.6 /
- s
/] 2
L~
0.4 —1
2
g < =2
0.2 \~\'
[ M
——
0
0 0.2 0.4 0.6 0.8 1.0 12 1.4 Qoo

Fig. 11. Graphs of changing of modules of flow (capacities Q,
Oy, Orand QAy) and effort (head H,,) parameters of oper-
ating mode, depending on the flow rate Q for the main
pump HM 3600-230
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Fig. 12. Dependence of modules of power N¢, N, Ny and N,
Jor main pump HM 3600-230 on Qg
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Calculated values of energy parameters of the mode for the main pump HM 3600-230

Table 2

Or Ono 0, Oc H, Ny N, N, Ny No Ny M Ny H, Xe
0.0 [ 0.032 | 0.370 | 0.393 1.222 0.039 0.453 0.480 0.000 0.000 1.000 0.081 0.000 1.344 0.311
0.1 | 0.032 | 0.369 | 0.413 1.220 0.039 0.451 0.504 0.122 0.797 0.999 0.304 0.242 1.343 0.311
0.2 | 0.032 | 0.363 | 0.456 1.216 0.038 0.442 0.555 0.243 0.888 0.998 0.494 0.437 1.342 0.310
0.3 | 0.031 | 0.349 | 0.514 1.210 0.038 0.422 0.622 0.361 0.922 0.994 0.633 0.580 1.338 0.309
0.4 | 0.031 | 0.324 | 0.580 1.201 0.037 0.389 0.696 0.475 0.939 0.990 0.734 0.683 1.330 0.307
0.5 [ 0.031 | 0.291 0.652 1.189 0.037 0.346 0.775 0.585 0.950 0.984 0.807 0.755 1.320 0.305
0.6 | 0.030 | 0.252 | 0.728 1.174 0.036 0.296 0.855 0.688 0.958 0.977 0.860 0.804 1.308 0.302
0.7 | 0.030 | 0.212 0.810 1.156 0.035 0.245 0.936 0.783 0.964 0.967 0.897 0.836 1.296 0.299
0.8 | 0.029 | 0.174 0.896 1.135 0.033 0.198 1.017 0.868 0.968 0.955 0.923 0.853 1.284 0.297
0.9 | 0.029 | 0.141 0.985 1111 0.032 0.157 1.094 0.941 0.971 0.941 0.941 0.860 1.274 0.294
1.0 | 0.028 | 0.113 1.076 1.084 0.030 0.123 1.166 1.000 0.974 0.923 0.954 0.858 1.266 0.293
1.1 0.027 0.09 1.169 1.053 0.029 0.095 1.231 1.042 0.977 0.900 0.963 0.847 1.259 0.291
1.2 | 0.026 | 0.072 1.263 1.018 0.027 0.073 1.285 1.063 0.979 0.870 0.971 0.827 1.253 0.290
1.3 | 0.025 | 0.057 1.358 1.978 0.025 0.056 1.328 1.058 0.981 0.832 0.976 0.797 1.249 0.289
1.4 | 0.024 | 0.045 1.453 1.934 0.023 0.042 1.357 1.020 0.983 0.780 0.980 0.751 1.245 0.288
IIH;IIQ;HM; 77):’7,:. u. Nc,kW
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02 I / Fig. 15. Dependence of characteristics of power consumption N,
V/ on the flow rate Qg of the main pump HM 3600-230, calcu-
Oy lated with the help of modernized scheme of replacement of
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Fig. 13. Dependence of energy conversion efficiency coefficients
Ny, N, N> N for the main pump HM 3600-230 on the Qg
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Fig. 14. Dependence of head characteristics Hyon the flow rate
Qg of the main pump HM 3600-230, calculated with the
help of the modernized equivalent circuit of the CP (curve
1) and obtained experimentally (curve 2)

computer simulators to calculate and optimize the energy per-
formance of the CP as an element of a pumping station.

2. New model takes into account the vortex circulation
processes of the fluid flow both at the input and output of the
impeller and in the space between the blades, which made it
possible to theoretically calculate the performance character-
istics of the CP according to its catalog data over the entire
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interval of the change in flow rate duty taking into account
physical properties of working fluid.

3. A good match of calculated and experimental operating
characteristics of the main pump HM 3600-230 is illustrated.
Relative error of calculations does not exceed 5—8 %.
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CtBOpeHHs1 00’€KTHO-OPiEHTOBAHOI Mozei
BI/IIEHTPOBOr0 HACOCA HA OCHOBI METOAY
€JIEKTPOTiIPOAMHAMIYHOI AHAJIOTII

B. C. Kocmuwun, 1. 1. fpemak, I1. O. Kypask

IBaHO-®paHKIBCHKUIT HAIlIOHATBHUM TEXHIYHUI YHIiBEpCH-
TeT HadTH i Tasy, M. IBaHo-DpaHKiBChK, YKpaiHa, e-mail:
yaremak_iryna@ukr.net

Meta. Po3po0sieHHS 00’€KTHO-OpPiEHTOBAHOI MoOjei
BinueHTpoBoro Hacoca (BH), mo BimoOpaxana OM KOH-
CTPYKTUBHI OCOOJIMBOCTI OyIOBM Ta MPOLIECU Y HbOMY, a Ta-
KOXX OIHOYACHUI OallaHC SIK CHJIOBMX (HAIoOpiB i THCKIB),
TaK i MIBUAKICHUX (BUTpAT) MapameTpiB, TOOTO OajaHC Mo-
TYXXHOCTEU.

Meroauka. 3acToCyBaHHSI METOAY €JIEKTPOTiapoArHa-
MIYHOI aHaJIOTii A0 CXEMM TTOTOKIB PilMHU Y BiLIEHTPOBOMY
Hacoci Jajao 3MOTY CHUHTE3yBaTHM PO3TOPHYTY KOMIUIEKCHY
cxemy 3aMilieHHs1 BH, mpocTtopoBo cyMillieHy 3 #Oro KoH-
CTPYKTUBHUMM €JIEMEHTaMU.

PesymbTaT. [IpoBeneHo TeOpeTUUHUI PO3PaXyHOK PO-
6ounx xapakTepuctuk BH 3a iforo karajsoroBumu jaHuMu
Ha BCbOMY iHTEpBaJli 3MiHM BUTPATHOTO HABAaHTaXEHHS 3
ypaxyBaHHsIM (i3MUHUX BJIACTMBOCTEH pPOOOYOI PilMHU.
IIpointocTpoBaHO XOpol1Kii 30ir po3paXyHKOBUX Ta OTpUMa-
HUX EKCIEPUMEHTATbHO POOOUYMX XapaKTePUCTUK MOMITA
HM 3600-230. BizHocHa moxubka po3paxyHKiB He IepeBHU-
mye 5—8 %.

HaykoBa HoBm3Ha. Po3poOiieHa 00’€KTHO-Opi€HTOBaHA
mozesnb BH ypaxoBye BUXpOBi LIMPKYJISLINHI TTpoliecu pyxy
piIvHMU SIK Ha BXOIi i BUXOIi pobovoro Kojeca (immenepa),
TaK i B MixJjionaTteBoMy nmpoctopi. Takox Mozesb agekBaTHO
BimoOpaxae eHepreTUYHMI 3B’SI30K MiX MEXaHiYHOI i Ti-
JPaBJIiyHOIO MiJICUCTEMOIO HACOCHOIO arperary Ha BCiX, a

0CcO0JIMBO Ha MAJIOBUTPATHUX PEKMMaX MOro HaBaHTaXKEH-
HSl, i3 ypaxyBaHHSIM Or0 KOHCTPYKTUBHUX MapaMeTpiB i (i-
3UYHUX BJACTUBOCTEN pOOOUOT PilUHU.

IIpakTHuna 3HaummicTh. Po3pobiieHa 00’€KTHO-OpieH-
TOBaHa MOJIEJIb BiJILIEHTPOBOrO Hacoca JIETKO alalTyEThCs
0 Cy4acHUX KOMIT IOTEPHO-OPi€EHTOBAHUX iHTEPAKTUBHUX
iHcTpyMmeHTiB (20-sim, Simulink, Pspice, Dymola Touio),
MPU3HAYCHUX IJII MOJENIOBAHHS PEXUMiB pOOOTU Mexa-
TPOHHUX TEXHITHUX CUCTEM, a 11, Y CBOIO Yepry, BiTKpUBae
LUISIX JJTST PO3PaxyHKY Ta ONTUMI3allii eHepreTHYHUX XapaK-
TEPUCTUK BilIIEHTPOBOrO Hacoca SIK €JeMEHTa HaCOCHOIL
CTaHLii.

KimouoBi cioBa: 06’exkmuo-opicnmogare mMooeno8amHs,
8iOUEeHMPOBULl HACOC, MAMEMAMU4HA MO0eAb, YUPKYAAYis piou-
HU, GMpamu nOMYICHoCMi

Co3nanne 00beKTHO-OPHEHTHPOBAHHOM
MoOJIeJId IIEHTPOOEKHOT0 HACOCA HA OCHOBE
MeToAa 3JIEKTPOrHApOINHAMHYECKOH AHAJIOTHI

B. C. Kocmouuun, 1. U. Apemax, I1. O. Kypasx
HMBaHo-®paHKOBCKMIA HAIMOHAJIBHBIA TEXHUYECKUI YHU-
BepcuTeT HepTH M Tasza, T. MBaHO-®paHKOBCK, YKpauHa,
e-mail: yaremak_iryna@ukr.net

Heab. PazpaboTka 00bEKTHO-OPUEHTUPOBAHHON MOJe-
JM ueHTpobexxHoro Hacoca (LIH), koTopas OyneT oTpaxkaThb
KOHCTPYKTUBHBIE OCOOEHHOCTU CTPOEHUsI M TIPOLIECCHI B
HeM, a TaKXKe OJHOBPEMEHHBII OajlaHC KaK CUJIOBBIX (Haro-
POB NaBJIEHWI1), TaK M CKOPOCTHBIX (PACXOIOB) MApaMeTPOB,
TO €CTb 6aJaHC MOIIHOCTEM.

Mertonuka. [IpuMeHeHre MeTOdA JIEKTPOTUIPOIUHA-
MHYECKON aHaJIOTMU K CXeMe MOTOKOB XWUIKOCTH B LIE€H-
TPOOEKHOM Hacoce TO3BOJUIO0 CUHTE3UPOBATh Pa3BEpPHY-
TYI0O KOMIUIEKCHYI0 cxeMy 3amemieHus LIH, mpoctpan-
CTBEHHO COBMENIEHHYIO C €T0 KOHCTPYKTUBHBIMU dJIEMEH-
TaMH.

PesymbraTsl. [IpoBeneH TeopeTruecKuii pacyeT pabouanx
xapaktepucTk LIH 1Mo ero karajaoroBbiM JaHHBIM Ha BCEM
WHTEpBaJie U3MEHEHUST PACXOTHOM HATPY3KH C yueToM (pusn-
YeCcKUX CBOMCTB paboueil xxuakoctu. [TpousitoctpupoBaHo
XOpolllee COBMAaIEeHNE PACUETHBIX U TOJYYEHHBIX dKCIIEpU-
MEHTaJIbHO PabouYrX XapaKTepUCTUK MaruCTPaJbHOTO HACO-
ca HM 3600-230. OtHOCUTEIbHASI TIOTPELIHOCTh PACYETOB
He TipeBbIIaeT 5—8 %.

Hayunas noBu3Ha. Pa3zpaGoTaHHasi 0ObEKTHO-OPUEHTU-
poBaHHast Monesib 1IH yuuTeIBaeT BUXpeBbIe IIUPKYISIIIMOH-
HbIE TPOLIECCHI ABWKEHUS XKUIKOCTU KaK Ha BXOJIE U BBIXOIE
pabouero KoJjeca (MMIeiepa), Tak U B MEXJIONACTHOM TTPO-
cTpaHcTBe. Takke MOJEeNb aleKBaTHO OTPaXKaeT SHepreTuye-
CKYIO CBSI3b MEXIy MEXaHMUYECKOU U THIPaBIMIECKOM TTOICH-
CTeMOIl HACOCHOTO arperaTa Ha BceX, a OCOOEHHO Ha Majio3a-
TPATHBIX PeXXUMaX ero Harpy3Ku, ¢ yIeTOM ero KOHCTPYKTHUB-
HBIX ITApaMeTPOB U (PU3UIECKUX CBOMCTB pab0OYeil SKUIKOCTHU.

IIpakTiyeckas 3HaYMMocTb. Pa3paboTaHHass 0OBEKTHO-
OPUEHTHUPOBAHHAsI MOJENb LIEHTPOOEXKHOTo Hacoca JIETKO
aanTUPyeTcss K COBPEMEHHBIM KOMITBIOTEPHO-OPUEHTUPO-
BaHHBIM MHTEPAKTUBHBIM MHCTpyMeHTaM (20-sim, Simulink,
Pspice, Dymola u 1.1.), npeaHa3HAaYeHHbIM 711 MOJIEIUPO-
BaHUSI PEXMMOB PabOThl MEXaTPOHHBIX TEXHUUYECKUX CH-
CTeM, a 3TO, B CBOIO OUYepe/ib, OTKPBIBAET MYTh JIUIST pacuyera 1
ONTUMU3ALIMY SHEPTeTUUECKUX XapaKTePUCTUK IIEHTPOOEXK-
HOTO Hacoca Kak 3JIeMeHTa HAaCOCHOU CTaHIINM.

KiroueBble cioBa: 06sexmHo-opueHmupogantoe modeaupo-
BaHle, UEHMPOOEICHBLI HACOC, MAMEeMAMUYECKas MOOeab, Yup-
KYAAuUs HcU0KoCmu, nomepu MOUSHOCMu
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