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INCREASING THE TECHNICAL LEVEL
OF A TORQUE FLOW PUMP BY CHANGING
THE GEOMETRY OF A FLOWING PART

O6’cxmom docnidncenns € nacoc OuHamiunozo npunyuny 0ii, a came invrnosuxposuil nacoc muny <«TURO»
(Illseiiyapis).

Ocro6HuM HeOONIKOM BLIBHOBUXPOBUX HACOCIE € OLIbW HUSbKE 3HAUeHHs Koeiyicnmy Kopuchoi Oii nopiensno 3
gidyenmposumu nacocamu. Ile nosicnioemuocs ocobaugicmio ix po6ouozo npoyecy — ymeopenus y iivHill Kamepi Ha-
€0Ca NO3008HCHBOZO BUXOPY, HA NIOMPUMAHHS K020 Ul BUMPAYAETNHCL YACMUHA CHONCUBAHOT HACOCOM NOMYHCHOCTII.

Amnaniz anpiopnoi ingpopmauii ceiouumv npo 0uiIbHICMb BUKOPUCTIAHHS 3MIHU 2€0MeMPTi NPOMOUHOT YaCmUHU
Hacoca sax cnocody 6NAUSY Ha 1020 HANIPHY Ma enepzemuuny xapaxmepucmuxy. Budosicenmns vacmunu ronamei
P060U020 Koneca y vy Kamepy 0036086 GUKOPUCIMAMU i HACOCT KomOinosanuil pobouutl npoyec (1onamesuil
ma euxposuil), wo 003604UMsb NIOBUWUMU eKOHOMIUHICMb HACOCa 0e3 6mpamu HUM iICTOMHUX nepesaz, nPuma-
MAHHUM HACOCAM OAHO020 MUNY.

Buzomosneni excnepumenmanvni poboui xojeca ma nposedene sunpooyeanis na 0ociionomy cmendi. Ompu-
Maui pesyavmamu ceiduamov npo MONCAUBICMb NIOBUUEHHS HANOPY Ma Koepiyienmy xopuchoi 0ii nacoca npu
36epescenii MiCuesHaxo0Hcents ONMUMALLHOZO PENCUMY.

Busnauena nomenkiamypa noKasHUKie SKOCmi, 3a AKUMU NPOBOOUMBCsL NOPIGHIHHS CMEBOPEHO20 HACOCY MA
nacocy-ananozy. O6pano memod Xapinemona (memod <baxcanoi Qynxuiis) is susnauenus 6a306020 NOKA3HU-
Ka sxocmi. Busnaueno xoeiyienmu 6azomocmi 01sk NOKA3HUKIE AKOCMI i PO3PAXOBAHO THMEZPAILHUL NOKAZHUK
MEXHIYH020 PIBHS CMBOPEHO20 HACOCY MA HACOCY-AHALOZY.

O6rpynmosarno suxopucmanus SST-modeni mypoyrenmuocmi st npogedents YUci08020 MOOEIIOBANIA Meuii
Y NPOMOUHTI YACMUHI BLILHOBUXPOB020 Hacoca. TIposedeno Yuci06uUll PO3PAXYHOK MA OMPUMAHO iHMEZPALbHI
NOKA3HUKU HaACOCa.

3anpononosana KoHCMPYKYisi 0036015€ CMEOPUMU HOBE HACOCHE 00NAOHAHHS 3 NOKPAUEHUMU NOKAZHUKAMU
ma Givll BUCOKUM MeXHON02IuHUM PisHem abo nideuwumu 6i0no6i0HI NOKA3HUKU ICHYI04020 00NA0HANH ULLIXOM
BHECEHH S 3MIH I KOHCIPYKUiH PoOOU020 Koleca. Brazami 3sMinu He 8UMAZaOms SHAYHUX SUMPA ma He nompedy-
10Mb UKOPUCTANNS CKIAOH020 00AA0NAHMSL i MONCYMb OYymu peanizosani 6e3nocepeonvo na Micyi excniyamayii
BILACHUMU CULAMU NIONPUEMCTNEA YU eKCNAYAMYHOUOT Op2anizauii.

Kmouesi cnosa: 6i1bH06UXPOBULL HACOC, POOOUE KOJLECO, MEXHIUHULL PiBeHb, MOOesb MYPOYIeHMHOCTII.

Panchenko V.,
Ivchenko A.,
Dynnyk 0.,
Drach 0.

Analysis of the components of the pumping equipment
and the main trends of the pump market development
lifecycle point advantage torque flow pumps (TFP) [1]
during transfer:

— liquids with a high content of abrasive particles;

— suspensions with a high solids content and fibrous

impurities;

1. Introduction

Torque flow pumps (Fig. 1) is a type of pumping equip-
ment with an easy-to-use design and provide high relia-
bility, durability and economic efficiency when working
on pumps. They are also used in the transport of various
solids and products [1-3].
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liquids with increased density;

— liquids with a high content of air or gas [4];

— fluids sensitive to slice;

— liquids containing brittle substances, and also en-
sure unimpeded and continuous transport of fibrous
suspensions [5].

Fig. 1. Torque flow pump of the «Turo» type from EGGER (Switzerland)

These pumps are designed to work in conditions in
which centrifugal pumps can’t work or their operation is
unreliable. It is emphasized that in addition to the ad-
vantages TFP have disadvantages, the main of which is
a low efficiency (pump efficiency is 1=0.38—0.58). How-
ever, despite the low efficiency, TFP use has a significant
economic effect.

Therefore, it is relevant to study the TFP working
process, aimed at increasing their efficiency.

2. The ohject of research
and its technological audit

The object of research is a dynamic pump of the torque
flow principle of action.

In the process of TFP creation, three basic designs of
these pumps have been developed, which differ in the form
of the impeller (I), the retraction and the location of the
wheel relative to the free chamber: Wemco, Turo and Seka.

The first was a «Wemco» type TFP, developed in the
USA in 1954 by the Western Machinery Company. The
impeller of this pump is made according to the example
of a hydraulic coupling wheel and is placed in the bore
of the rear wall of the casing. The disadvantage of TFP
of this type is a low efficiency, which is 30-40 % [6].

Further studies of various TFP designs to increase head
and efficiency led to the creation of a new type of pump
— the «Turo» design of EGGER (Switzerland). In this
scheme, the impeller is made in the form of a disk with
straight radial blades (open or closed on the periphery).
In this pump, a sudden change in the direction of move-
ment of the liquid when exiting the impeller in the axial
direction intensifies the energy exchange between the
fluid streams emerging from the wheel and enters the
free chamber [1]. This gives an increase in head and ef-
ficiency (the efficiency of the «Turo» pump reaches a level
of 54-58 %). In practice, the principle of the «Turo» pump
became famous in 1958 in the USA. The structural fea-
ture of this pump is that the rotor is completely pushed

back into the bore of the rear of the casing. Thanks to
this, all the inner space of the body remains free before
the rotor. The impeller blades in addition to the radial
ones, can be bent in the direction opposite to its rotation.

The basis of the «Seka» pumps is the principle of extending
the impeller to the enclosure niche into a free chamber, which
increases the proportion of the blade operation and leads to
an increase in the head and efficiency of the pump. «Seka»
pump is produced by the company «VOGEL» (Austria).
The impeller of this pump has no restriction on the periphery
and is pushed into the free chamber, and the liquid that
leaves the impeller is sent directly to the tap. However, the
use of these pumps is limited due to possible clogging of
the pumped product, especially during transport of liquids
containing fibrous substances.

In addition to these designs, there are several other
versions of modified TFP designs that differ in the geo-
metry of the impeller blades, as well as in the size of
the extension of the blades into the free chamber. The
pump design scheme is chosen taking into account the
operating conditions and properties of the pumped liquid.

One of the most problematic places is the low efficiency
of the centrifugal pumps.

3. The aim and ohjectives of research

The aim of research is determination of the optimum
parameters of the geometry of the flowing part of the
torque flow pump in order to increase its technical level.

To achieve this aim, it is necessary to perform the
following tasks:

1. To substantiate the choice of the method of influen-
cing the geometry of the TFP flowing part.

2. To perform numerical simulation of the flow of fluid
in the TFP flowing part.

3. To conduct a physical experiment on the test bench.

4. To determine the technical level of the TFP new
design and compare it with the base one.

4. Research of existing solutions
of the prohlem

Let’s perform an analysis of earlier studies from pos-
sible ways to improve the TFP profitability. Let’s dwell on
the ways of making changes in the TFP design diagram
of «Turo» pump or the impeller design.

In particular, the author of the work [7] investiga-
ted the principle of the transition from the design of
a centrifugal pump with a semi-open impeller to the TFP
design. Explaining the working process of these pumps, he
claims that the physical processes in the TFP are simi-
lar processes in centrifugal pumps with an open impeller
and a large gap between the blades and the hull. At the
same time he relies on his research, which shows that
the head ratio, which is equal to the ratio of the head
to the specific kinetic energy of impeller:

n
V=g

where H — head; u — the peripheral speed at the exit from the
wheel. That this coefficient, in contrast to previously pub-
lished data, turned out to be lower than the corresponding
head factors for centrifugal pumps. That is, he claims that
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the presence of a circulating flow (longitudinal vortex) in
the TFP does not lead to an increase in the head, since this
occurs in the vortex pump. Further studies by many authors
on the study of the flow structure in TFP do not confirm
this analogy [1, 2].

Investigations [3, 7] on the effect of the lateral clear-
ance x between the semi-open impeller and the front wall
of the casing in the centrifugal pump indicate that, with
a significant increase in clearance, the design of a cen-
trifugal pump with a semi-open impeller goes into the
TFP design of the «Seca» type. And further, when the
wheel is placed in the boring of the casing — in the TFP
design of «Turo» type.

The impeller layout is shown in Fig. 2, a. The clea-
rance x in the studies varied from 0.3 to 20 mm. From
Fig. 2, b, it can be seen that when the gap is increased,
the head first sharply (up to x=2 mm), and then gradually
decreases and at x=5 mm reaches the lower limit. Experi-
ments in the region of large gap values (up to x=20 mm)
showed that the drop in head was insignificant. Change
in efficiency of the pump is characteristic. The efficiency
at the maximum gap (mm) has changed by 2/3 of the
original value of efficiency at x=3 mm, and the head
ratio has decreased from y=097 to y=0.69.
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Fig. 2. The flow pattern of the fluid in the flowing part
of the TFP according to the results of the flow calculation [1]:
a — flowing part diagram; b — dependence of the pressure
ratio on the gap

Such change in the parameters of the pump can be
explained by the transition of the design of the centrifugal
pump to the torque flow and the fundamental change in
the working process. At the same time, the share of the
vortex working process grows, which leads to an increase
in hydraulic losses in the pump and, as a result, a decrease
in head and efficiency.

The analysis and generalization of the results of the
authors [8—10] on the impeller extension and its influence
on the TFP characteristics make it possible to draw the
following conclusion that it can be used as one of the
methods for adjusting the parameters of this pump: the
supply Q and the head H. The impeller extension inside
the free chamber allows to raise a head and efficiency of
the pump, the maximum values they reach at completely
advanced wheel. With an increase in the advance value,
the optimum feed value shifts to the right. The increase
in efficiency, which is observed when the impeller is ex-
tended, can be explained by the fact that in this case the
number of cycles of fluid rotation in the free chamber of
the pump is reduced, and most of it is sent directly to
the tap. This is reflected in the reduction of hydraulic
losses in the pump and, as a consequence, the growth of
its efficiency. However, it should be noted that the impeller
extension into the free chamber worsens the ability of the
pump to pump liquids with large and fibrous impurities.

In [11-13], a study was made of the effect of the
method of installing TFP impellers relative to the casing
in a spiral bend. The results of the experiments show that
with an increase in the amount of impeller extension to
the free chamber, there are corresponding increases in the
head and efficiency of the pump. The authors explain the
obtained results by changing the structure of the fluid
flow in the TFP flowing part from the actual vortex to
that which is close to the flow in centrifugal pumps.

Thus, the results of the analysis allow to conclude
that the effect on the geometry of the TFP impeller can
increase the efficiency of its operation (increase in effi-
ciency). In addition, there are prospects for expanding the
operating parameters of the pump (increasing the head
while maintaining optimum flow).

5. Methods of research

The analysis and generalization of the results on the
impeller extension and its impact on the TFP characteris-
tics allow to draw the following conclusions. The impeller
extension of the TFP liquid can be used as one of the
ways to adjust the parameters of this pump: the supply Q
and the head H. As follows from Fig. 3 [1], extending
the LC inside the free chamber allows to increase the
head and efficiency of the pump, the maximum values
(according to the experiment H=1.15 1n=0.535), they
reach with the wheel fully extended. Here

7200 gH

240 Q
D}’ Q=

H= =
n? nD;

where n — the frequency of rotation, rpm.

With an increase in the advance value, the optimum
feed value shifts to the right. The increase in efficiency,
which is observed when the impeller is extended, can
be explained by the fact that in this case the number
of cycles of fluid rotation in the free chamber of the
pump is reduced, and most of it is sent directly to the
tap. This is reflected in the reduction of hydraulic losses
in the pump and, as a consequence, the growth of its
efficiency.

However, it should be noted that the impeller extension
into the free chamber worsens the ability of the pump to
pump liquids with large and fibrous impurities.
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Fig. 3. Influence of impeller extension to the free chamber
on the TFP characteristics

In order to increase the pressure and efficiency in the
«Turo» pumps, impeller was made with blades that have
no periphery of the performance (Fig. 4), located in a free
chamber and forming an axial gap with the casing.

L AN

b

) .

)
i

!

Fig. 4. TFP impeller with performances in the free chamber [14]

5.1. Physical experiment. In order to increase the TFP
technical level, it is proposed to push only a part of the
impeller blades into the free chamber of the pump, which
would increase the head and efficiency with practically no
effect on the maximum size of pumped impurities. Thus,
a design is created that realizes a combined (blade and vortex)
working process and is a transitional form between the well-
known TFPs and centrifugal pumps with a semi-open impeller.

For testing, a special test stand was created, which
operates according to a scheme with a closed loop of
water circulation. The basic hydraulic scheme of the expe-
rimental bench is shown in Fig. 5.

Its main equipment included:

— experimental pump P;

— balancing DC machine with a power M up to 24.5 kW

and a speed of 0-4500 rpm;

— hermetically sealed tank T with a capacity of 20 m?;
— flowmeter narrowing device FM with differential
pressure manometer MD. The flowmeter device con-
sists of a diaphragm and pipeline sections of a certain
length according to [15]. Also in the experimental stand
included: control panels, main and auxiliary pipelines,
measuring equipment (manometers M1, M2, vacuum
gage V, tachometer TH, thermometer T) and control
equipment (throttles T1-T5, valves V1, V2) equipment.

74
73
£
4 72
i i i DI
MO QMO M@ QY

Fig. 5. Hydraulic scheme of the experimental bench:
T — tank; V1-2 — valves; T1-T5 — throttles; M1-M2 — manometers;
MD - differential pressure manometer; P — pump; FM — flowmeter;
TH - tachometer; T — thermometer; EM — electric motor

The measuring equipment provided the possibility of
removing the pressure, energy and cavitation characteristics
of the model pump in accordance with [16]. During the
experimental tests, water with characteristics according
to [17] was used as the working medium.

Experimental pump of cantilever type with axial sup-
ply of working fluid. The pump casing has a tangential
outlet. The impeller is located in the recess of the casing.
The pump shaft is sealed with an oil seal. Roller bearings
are lubricated with rolling bearings. The impeller, which
part of the blades is extended into the free chamber, is
installed in the bore of the casing (Fig. 6).

Fig. 6. Impeller in the pump casing
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5.2. Numerical experiment. The numerical study of flow
in the flowing part of the TFP structure was conducted
using the software product (ANSYS Academic Research
CFD 12.1.

The basis of the state of emergency on the method of
numerical solution of the fundamental laws of hydrome-
chanics [18]: the equations of motion of a viscous fluid
with the equation of continuity, ensures the validity of
the application of the results of numerical studies.

The software product using ANSYS finite volume me-
thod which comprises sampling the spatial domain using
a computational grid. The grid is used to construct finite
volumes that carry the properties of conservation of mass,
momentum, and energy. In this problem, a three-dimensional
grid is used. For simplicity of illustration let’s use a two-
dimensional grid.

Fig. 7 shows a typical two-dimensional grid. All variables
and fluid properties are stored in nodes (cell vertices).
Control volumes (the shaded area) are built around each
grid node using double medians.

center of the element

element
confrol volume

Fig. 7. lllustration of the finite volume method

To illustrate the finite volume method, let’s write the
equations of conservation of masses, moments and energy
in a cylindrical coordinate system:

dp 0

g‘l’g(pUj):O, (1)
) 0
g(PUj)JrE(PUjUf):

P 3 U, AU,
=" Tox, ( P/f(x’fr P D (2)
J P) P) S
3 PO+ - (PUs0) =5 _[D/f(ax ]] +S (3)

where p — hydrodynamic pressure; x; — Cartesian coordi-
nates; u; — projections of speed in the Cartesian coordinate
system; [, =p+W, — effective viscosity; W, — turbulent
viscosity; @ — molecular viscosity; ¢ — time.

These equations are integrated for each control vo-
lume. To transform the volume integrals associated with
the divergence and the gradient of the surface integral
operators, the Gauss divergence theorem is applied. If the
control volumes do not deform with time, then the time
derivative can be moved beyond the limits of volume
integrals, then the system of integral equations can be
represented as:

d
Ejpdwijjdnj:o, (4)
\4 S
d
dt_[pUdV+_[pU Udn, =
:—JPdn +JMP//(8U aax.denj+J’SU’dV’ (5)
1 1%

jpcpdV+ij]<pdn jnff( Jdn +j5dv, (6)

where V and § respectively denote the volume and sur-
face regions of integration, and dn; is the differential
component of the external normal vector to the surface in
the Cartesian coordinate system. Integrals by volume are
a source or set of conditions, surface integrals are summation
of flows.

The next step of the numerical algorithm is the dis-
cretization of volume and surface integrals. To illustrate this
step, let’s consider a single element, as shown in Fig. 8.

infegration pont

n! n2

center of the element

sectors

n?

Fig. 8. The grid element

Volumetric integrals are discretized within each element
of the sector and accumulate in the control volume to
which the sector belongs. Surface integrals are discretized
at integration points (ip,) located at the center of the
surface of each segment within the element, and then
distributed in adjacent control volumes. Since the sur-
face integrals are equal and opposite in control volumes
adjacent to the integration points, the surface integrals
will be guaranteed to be locally conservative.

After discretizing the volume and surface integrals,
the integral equations become:

p—p° o
v( " )+%m,.,,_o, @)
U, —p°U,°
V(P -p ) >, (U), = 3 (Pan), +
ip ip
U, aU _
+2 ey o, ax An; | +8,V, (8)
ip

ip ip

pO—p°9° . ¢ B
V(A[‘J+zmi1;(9ip 2[ o 3 Anj] +5,V, (9)
ip
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where 1, =(pUjAnj)l_p, V' — the control volume, At — the
time step, An; — the discrete vector of the outer normal
to the surface, the index «ip» means the points of integra-
tion over which summation occurs in the reference volume,
and the designation «°» refers to the previous time level.
In this scheme, the inverse Euler scheme of the first order
is applied.

The calculation of the flow was performed by numeri-
cally solving a system of equations describing the most
general case of motion of a liquid medium — the Navier-
Stokes equations and the continuity equation. Simulation
of turbulent flows was performed using the Reynolds equa-
tions, for the closure of which a number of turbulence
models are used in this particular state of emergency.

Previous studies [19] show that for the calculation
of the flow in the TFP, it is most expedient to use the
SST model of turbulence.

The most common among the differential models of
turbulence is the two-parameter model, based on the con-
sideration of the kinetic energy of turbulent pulsations &.
As the second equation, they use the equations of transport
of the energy dissipation rate € or the equation of the
specific energy dissipation rate ®. The difference in the
models consists in taking into account the influence of
the wall when calculating wall currents. Models of tur-
bulence of the k—& type with a high degree of reliability
describe the flow at a distance from the wall, and models
of the k—® type have an advantage in modeling near-
wall currents. The SST turbulence model combines the
best properties of the specified models, since it includes
a special function that is responsible for switching from
one turbulence model to another.

A full list of the possibilities of this emergency, which
is the basis of the mathematical apparatus and basic models
of hydrodynamics, can be found in the documentation for
this emergency [20, 21]. In addition, a significant number
of publications have been devoted to this issue [22-25].

The calculation is carried out in a stationary setting.
The working medium (water under normal conditions) is
considered incompressible, the flow regime is turbulent.

The mathematical model used in the calculations is
based on the system of equations for the conservation of
momentum and mass, and the SST model:

du; 3ui_F 1dp 0 |Uy du; )
?”‘f'aixj‘ "_Baxfﬁ, p ox; |
aui_o_

ox;,

d(pk) o 0

k)= ok P, —B*pkw;
7*’8761_(9“]' )—E He/aTj +B, —B* pko;

d(pw) 0 0 1) e Cd Py
T‘LE(P“@)—TJ@ Mo 5, —pBo’+ ot OB

where F, — projections of the vector of mass forces on the
coordinate axes; p — hydrodynamic pressure; £ — kinetic
energy of turbulent pulsations; x; — Cartesian coordinates;
u; — projections of speed in the Cartesian coordinate system;
W, =u+p, — effective viscosity; p, — turbulent viscosity;
pu — molecular viscosity; P, — generation member; Cd, —

cross member; o, B, B* — empirical constants of the SST
model; ¢ — time; @ — frequency of turbulent pulsations.
In carrying out a numerical study, the following as-
sumptions are made:
— flow at the input to the computational domain is
axisymmetric;
— flow regime is stable;
— flow in the casing niche in the impeller does not
affect the parameters of the main flow in the pump
and its integral characteristics.
For the numerical experiment using the software product
SolidWorks, three-dimensional liquid-body models of the
impeller and pump casing are created (Fig. 9).

Fig. 9. 3 D liquid-body models

After the creation of the liquid-body models, the cal-
culated grids are constructed (Fig. 10). A block-structured
hexahedron grid is constructed for the impeller. A tet-
rahedron grid is structured for the pump body. Near the
solid walls, several layers of prismatic cells are created,
which made it possible to increase the resolution of the
near-wall region to calculate the boundary layer. Based on
the results of calculations, the variable’s value Y* is not
more than 2, which confirms the adequacy of the use of
the SST model of turbulence. The density of design grids
is: for the impeller — 1200000 cells and 285 000 knots,
for the pump casing — 1500000 cells and 420 000 knots.

a b c

Fig. 10. Calculated grids:
a — impeller element; b — impeller; ¢ — pump casing

After generating the grids, CR is created in the Pre-
processor (Fig. 11). The calculation region (CR) consisted
of an impeller and pump casing, which combines an inlet
pipe, a free chamber and an outlet nozzle. At the entrance
to the calculation area, the mass flow rate (G, kg/s) is
set. For the turbulence parameters at the inlet, an average
intensity level is specified. At the output from CR, the
value of the static pressure (p, MPa) is set.
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G, kg/s

Fig. 11. Calculated region

The regions of the interface on the boundary of interac-
tion between the rotor and stator elements were defined.
The type of interface was indicated as «frozen rotor»,
which included time averaging [26].

As a result of numerical calculation, instantaneous values
of velocities and pressures are obtained in each cell of
the computational grid. To determine the integral values,
it is carried out averaging over the mass flow.

5.3. Determination of technical level. 5.3.7. Nomencla-
ture of quality indicators of pumping equipment. When
determining the level of quality of pumping equipment,
it is necessary to determine the nomenclature of quality
indicators, which should be the same for the product and
base sample being estimated.

When selecting quality indicators, the requirements
of normative documents are taken as a basis [27-31].
In addition, the recommendations [32, 33] are taken into
account.

Thus, the following nomenclature of quality indicators
for a dynamic pump is established:

1) indicators of destination:

— feed;

— pressure;

— rotation frequency;

2) indicators of technical and energy efficiency:

— coefficient of efficiency;

— allowable cavitation stock;

— index of energy efficiency;

3) constructive and technological indicators:

— weight;

4) reliability indicators: the installed life (before over-
haul or before write-off).

Thus, it is impossible to determine the generalized level
of quality of a dynamic pump using the main indicator
that would characterize this product. Therefore, these in-
dicators are recommended to be determined by means of
weighted averages.

5.3.2. Method for determining the level of quality of
pumping equipment. To determine the level of quality of
pumping equipment, it is recommended to use the Har-
rington method (the «desired function» method), which
was proposed in [34] to estimate the quality of products
by one key indicator that characterizes the quality of the
products being estimated:

d=e), (10)
where d — dimensionless quantity; d — base of the natural
logarithm; y” — equivalent of a natural value in the estimated
quality score.

The advantage of this method is that the natural values
of indicators with different dimensions mathematically
convert to dimensionless quantities that have a quali-
tative content and give a quantitative estimate of the
level of the indicator relative to its maximum permissible
values. Using the values calculated for each indicator, it
is possible to perform any mathematical operations for
a comprehensive estimation of the quality of the object
under study.

However, this method has some drawbacks:

— subjective determination of the nominal and the

best limit values of the quality level;

— rejection of the whole set of natural values of the

indicator inherent in this class of products, which leads

to a distortion of the estimation of the complex (gene-

ralized) indicator [35].

The criteria for estimating the values of the genera-
lized indicator of the quality level of pumping equipment
are given in Table 1.

Tahle 1
Criteria for estimating a generalized indicator
Estimate The range of values of the generalized indicator
Very good 1-0.80
Good 0.80-0.63
Satisfactorily 0.63-0.37
Bad 0.37-0.20
Very bad <0.20

To calculate the generalized index of the quality level
of pumping equipment, it is suggested to use the method
developed by the author of [36].

This method meets all the criteria for determining the
generalized indicator:

1) it is necessary that the method should take into
account the non-linear change in the effect when the va-
rious parameters that are considered are changed;

2) it is necessary to provide for joint accounting of
not one, but several parameters;

3) it is desirable that the account of the influence
of each of the parameters be independent. For this it is
necessary that each of the parameters can be entered and
output from the formula (with a quantitative estimation),
without violating the integrity of the calculation;

4) it is desirable that the method’s own errors be
minimal.

p=*\[Tar,
i=1

where y; — weight parameter of the i-th desirability; B —
total number of indicators that characterize the quality of
products.

(1)
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When calculating the i-th quality index of pumping
equipment — the dimensionless value of the desirability
level (d;) — the equivalent of the natural value of the esti-
mated parameter y; is used. This value is recommended to
be determined by the method of rational and nominal values.

When choosing the values of the minimum and rational
quality parameters of the i-th indicator, it is necessary
that the following requirements are met:

Yrac > Yn> yn>0’ ymc>03 (12)
where v, i ¥, — the nominal and rational value of the i-th
quality index of pumping equipment.

The nominal value of the parameter of i-th indicator
of the pumping equipment should be planned based on
the data of the base sample.

Thus, the generalized indicator of the quality level of
pumping equipment can take a numerical value in the range
0<D<1. Analysis of these indicators makes it possible
to identify common parameters that quantitatively can
characterize the level of quality of pumping equipment.

The most complex in the calculations of the complex in-
dicator according to the proposed method is the mechanism
for determining the weight parameters that characterize
the quality indicators of pumping equipment.

5.3.3. Expert estimations as a method of determining
indicators that characterize the quality of products. During
the work to determine the quality level of pumping equip-
ment, it is very important to determine the parameters
and indicators that comprehensively characterize the ob-
ject of research. The purpose of the estimation should be
formulated very clearly and quantitatively.

For the selection of indicators characterizing the qua-
lity of pumping equipment, it is recommended to use the
expert method — «Method of full (double) pair matching».

The experience of using pair matching in expert meth-
ods shows that, due to the peculiarities of the human
psyche, sometimes unconscious experts prefer, not because
of the object of examination, which is more important,
but rather to the one that is the first in the pair under
consideration [37]. In order to prevent this, a double or
pairwise comparison is carried out. To do this, all the
cells of the pairwise matching matrix are used, that is,
pairwise matching is done twice — the expert must put
in each cell that relates to the two compared indicators,
the number of the indicator that it considers more im-
portant. Thus, each pair of objects is mapped twice, and
in different orders and after a certain period of time.

Let’s give an algorithm for using this method.

The first stage of the expert estimation is the deter-
mination of the size of the expert group and the conduct
of an expert survey.

To solve the problem of the size of the expert group, it
is possible to use the device, which is used in the sample
method of mathematical statistics to determine the sample
size [38].

The number of the expert group is calculated by the
formula [38]:

value of the collective peer review is determined. As a rule,
take a level of significance 00=0.05 and then a confidence
probability P=(1-a)=0.95; AK — the permissible value of
the absolute error (AK) of the collective peer review. For
further calculations it is recommended to accept AK =(6or 7).

The span of the measurement scale for the full (double)
pair matching method is calculated by the formula:

d=m-1, (14)
where B — the number of selected indicators.

After the work on the formation of the expert group,

coding factors and determining the opinions of experts is
made (Table 2).

Tahle 2
Example of the expert group opinion analysis sheet
No. of expert
No. of indicator 1 2 3 4 5
1 1 0 0 2 1
2 2 1 1 2 2
3 2 1 1 1 2
4 0 0 1 1 0
5 1 0 0 2 1

Note: the preference of the j-th object in front of the i-th is indicated
by the number 2, the equivalence by the number 1, the advantage of
the j-th object before the i-th is the number 0.

The second stage — calculation of weight coefficients
of indicators is carried out under the formula:

n

E..
vi(1)=27f, i=1.n j=1..m,

i=1

(15)

where F; — frequency of preference by the i-th expert to

the j-th indicator;

K
==, (16)

where Kj; — the number of advantages provided by the i-th
expert to the j-th indicator; C — total number of judgments of
one expert is related to the number of (B) comparisons [39]:

C=B(B-1). (17)

The third stage is the determination of the consis-
tency of opinions of the members of the expert group.
Consistency of opinions of experts is expressed through
the concordance coefficient [19]:

38

- n*(m®—-m)’

(18)

where S — the sum of the squares of the deviations of the
sum of the advantages of the experts of each indicator from

. 7%040’ 2 ’ (13) the average arithmetic advantage:
AK (1-P)
2
where d — the scale of the measurement scale; P — admis- S= 2(2 K; _1221(1,]) ) (19)
sible value of the confidence probability with which the s MOEa
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The consistency of experts is considered acceptable if
the value of the concordance coefficient W >0.6 [40]. The
significance of the concordance coefficient of is estimated
by the criterion x?:

¥’ =W-n-(m-1). (20)

The concordance coefficient is statically significant if:

21

2o a2
X > Xt-a)s»

where f - the number of freedom degree f=(m-1); o -
significance level.
The value of ¥§g; , are given in Table 3.

Tahle 3

The values of criterion ¥3g , [41]

f 1 (23| 4] 5 6 7 8 g (101

3.84|599|7.82|949(11.07|12.59|1407|15.51|16.92|18.31|18.68

2
XDSS,/

If the expert opinion is inconsistent (W <0.6), then
one of the options for action is possible [40]:

— remove an expert whose opinion differs from the

opinion of others;

— delete objects that cause a discrepancy;

— divide the experts into groups according to the consis-

tency of opinions and to conduct an analysis separately

for each group;

— conduct a second round of expert surveys.

In this paper, to agree opinions of experts it is recom-
mended to choose an action that involves the removal of
an expert whose opinion is at variance with the opinion
of other members of the expert group. To do this, it is
necessary to do the following:

1. Calculate for all experts Spearman matrix of rank
correlation coefficients 7 between the number of advantages
of the i-th expert of the j-th indicator and the average

1 n
arithmetic advantages of other experts *ZKiji
n i=1

i=1
m(m?*—1)

m 1
62Ky~ 1K)

r=1- (22)

When 7,<0.5 it is possible to assume that the estima-
tions of this expert opinion are not correlated with the
overall estimations and such expert is eliminated.

2. Conduct a review of the consistency of the views of
the expert group after the removal of the selected expert.

The fourth stage is the refinement of the weight co-
efficients. To refine the values of the weight coefficients
obtained by double pairwise comparison, one can use the
method of successive approximations. The initial results
are considered in this case as the first approximation.
In the second approximation, they are used as weigh-
ting factors G;(2) of experts’ judgments. The new results
obtained with these weight coefficients taken into ac-
count, in the third approximation, are again considered
as the weighting coefficients G;(3) of the judgments of
the same experts, etc. According to the Perron-Frobenius
theorem [42], under certain conditions that are satisfied
in practice, this process converges, that is, the weighting

coefficients are sent to some constant values, strictly re-
flect the relationship between the objects of expertise at
the initial data set by the experts.

In this paper, refinements of the weight coefficients
are proposed to be performed by the method of successive
approximations, in which the measurement result (@) in
the approximation is defined as the mean square weighted.

Preliminary results G;(1) are determined by the formula:

G,1=3 K, (23)
=1

where K; — the number of advantages of the j-th indicator
by one expert (I=1..m); G;(1) — the result of measuring
the j-th index in the first approximation.

The results of measuring the j-th index in the (w) ap-
proximation will be [40]:

Gi(@)=I[(Gi(@ =D K} +..+[(Gp(w =D K, (24)

where G;(w—1) — the results of the measurement of the j-th
indicator in the (w—1) approximation.

The values of the weight coefficients in the (@) ap-
proximation are determined as:

G;(w)
Yi(@)=—F—.
ZG;'(Z@)

(25)

The process of refinement of values continues until
the accuracy reaches the specified value, that is, until
the following condition is fulfilled:

Yi(@)—vi(w-1)<e, (26)

where € — given calculation accuracy, which is assumed [38]:

€=0.001 at 1<a<{y;

€=0.01 at a>5, (27)
where a — coefficient, showing how many times the weight
of the best of the indicators exceeds the weight of the worst
indicator.

The fifth stage is exception is not important indicators.
The nomenclature of indicators characterizing the qua-
lity of pumping equipment must satisfy the principles of
a comprehensive estimation of their quality. This determines
the availability in the nomenclature of quality indicators
of pumping equipment of so-called critical indicators. The
affiliation of indicators to the number of critical ones does
not depend on the value of the coefficient of weight of
this indicator, that is, the indicator can be relatively un-
important (with a low value of the weight coefficient)
and at the same time critical.

The work on the elimination of low-value indicators
begins after the indicators characterizing the critical pro-
perties of pumping equipment are determined.

Conditionally assume that the error with which the
value of the quality index is calculated is affected only
by the error in determining the value of the weighting
coefficients. This means that the lower bound of the value
of the relative error with which the value of the quality
index is calculated is equal to the value (Table 4) [43].
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According to Table 4 (with confidence probability in the pump head (10-12 %) and a corresponding increase
P=0.95) let’s determine the lower bound of the relative in efficiency. At the same time, the optimal mode (the
error e with which the values of the weight coefficients pump feed rate at the maximum efficiency value) remains

are determined by the expert method. practically unchanged.
Table 4 H,m N, kW
Lower level of relative error e 30.0 1 20.0
H 18.0
Number of 7 8 g 10 25.0 / Efficiency,
expert group g : N 16.0- 60
Lower bound of 20.0 ‘ .q‘ 14.
relative error g 191017 | 0.16 | 0.15 KT A 1200
e of collective . 45
expert estimation 15.0 / Effici 10.0
/ g 8.0 |
By summing the smallest values 10.0 A 6.0 30
of the weight coefficients (in addi- y, g ’
tion to the values of the weighting 50 [T 40 L s
coefficients characterizing the criti- L 5 20
cal exponents), unimportant indica- y 4 ' i
tors are determined. The procedure 0.0 & 00%,
is then filled in until the condition 0.0 20.0 400 600 800 1000 1200 1400
is fulfilled: Q m”h
Fig. 12. Characteristics of the experimental pump with blades of the usual design:
m' H — pump head; N — power
<
Z‘Y"""’ =0 (28) H, m N, kW
30.0 T T T T 20.0
N - — ‘
where m' — the number of indica- ’d"»- ey i 18,0
tors that have the lowest values of 25.0 ‘ ﬁk N l%gﬁgi_ency,
weighting coefficients. % ar | 60
In the case of determining the 5 GAY /F 14.0
weight coefficients by the expert \ L L 1.0l
method, the weight coefficients are y Effici _ay 45
calculated from expression (25). 150 | - ‘ 100
j".r 80 |-
6. Research results 10.0 - 6.0 30
During the physical tests, a multi- 50 g 40 ks
factorial experiment is planned, which 20
allowed obtaining separate estimates /
of the influence of each factor. Based 0'0(% 0.0 20,0 0.0 500 1000 1200 110 (?'0 "o
on the analysis of a priori informa- ’ ' ' ' ’ ' ‘ Q.m3 "
tion, .factors mﬂuencmg the reSP onse Fig. 13. Characteristics of the experimental pump with two extended blades:
function, their levels and variation H — pump head: N — power
intervals are selected. As parameters
of variation, the following construc- 3 1617 m N, kW 0.0
tive factors are chosen: ‘ = H '
— number of blades extended in- 30.0 | 180
to the free chamber of the pump; ' —— f?gfe“fy’ &
— width of the blades extended ., B D W » 60
into the free chamber of the pump ’ ” - s ’F’ T 140
(from zero to the maximum value); 0.0 ' AA\( /] N NS, 1200
— angle of installation of the ' - Effici / - 1 100
leading edge of the blade, pushed 150 | ‘
into the free chamber. ' / - 8.0 " 30
Fig. 12—14 shows the characte- 10,0 - 1 60
ristics of the experimental pump with ' / A
a different number of blades pushed - 4015
into the free chamber (0,2,4). >0 120
The obtained experimental evi- 00 £l oo L
dence shows that by slightly chan- 0.0 200 400 60.0 80.0 1000 1200 1400 O
ging the geometry of the impeller Q, m¥h
(elongation of a part of the blades), Fig. 14. Characteristics of the experimental pump with four extended blades:
it is possible to achieve an increase H — pump head; N — power
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The results of the calculation of the technical level
indicate that the technical level of the designed pump
increased by 12 % compared to the analog pump.

7. SWOT analysis of research resulis

Strengths. In comparison with analogues, the investi-
gated TFPs with blades extended into the free chamber
have the following advantages: increase of pump head,
increase of efficiency. In addition, it should be noted that
the modernization of existing equipment is very simple: by
welding flat plates of a part of the blades with subsequent
turning and bench (or just bench) processing.

Weaknesses. The weaknesses of the proposed construc-
tion include: the increase in the power consumption of
the pump; increase in the hydrodynamic forces acting on
the pump rotor; reduction of the maximum permissible
size of solid impurities in the pumped liquid.

Opportunities. The application of the proposed method
of changing the geometry of the TFP impeller allows one
to create on the same pump base several pumping units
with different headings for better coordination of their
operation with the network.

In addition, this method allows to change the opera-
ting parameters of the pump so that its operating point
corresponds to the maximum value of the efficiency. Thus,
the energy savings that are consumed by the enterprise
for driving the pumps will be achieved.

Threats. When using the proposed method of mo-
dernization of pumping equipment, it is necessary to carry
out additional calculations of the power consumed by the
pump and, if necessary, to purchase new drive motors.

1. As a result of the analysis of previous studies, it
is found that the most appropriate way to influence the
geometry of the TFP flowing part is changing the geo-
metric parameters of the impeller (extending the blades
into a free chamber). It is taken into account that the
extension of all the blades significantly affects the maxi-
mum permissible size of pumped solid impurities in the
liquid. Therefore, it is proposed to put only a part of the
blades into the free chamber.

2. The possibility of using various models of turbulence
for numerical calculation is considered. It is concluded
that the SST model of turbulence is most suitable for
calculating the flow in the TFP. Three-dimensional liquid-
body model of the TFP flowing part are constructed. The
numerical experiment is carried out.

3. An experimental stand is created for the physical
experiment. Experimental impellers with various com-
binations of geometric parameters (number of blades,
blade width) are made. The pressure and energy char-
acteristics of the experimental pump under study are
obtained.

4. The use of Harrington’s method for estimating the
quality of products by one key indicator is justified. With
the help of an expert method, the weight coefficients of
quality indicators are determined. The integral quality
index of a modernized pump and an analog pump is cal-
culated. It is established that the technical level of the
designed pump has increased by 12 % compared to the
analog pump.
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