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Improvement of the design
of turbomachines

Abstract. The purpose of the research is: the study of hydraulic losses in pumping units during pumping and transportation of liquids, development of 
constructive and technological solutions to improve the energy efficiency of centrifugal pumps. The study used theoretical and experimental analyzes of hydraulic 
losses during the transportation of liquids. Centrifugal pumps operating with incompressible fluid flows are a type of hydraulic turbomachines. Increasing the 
efficiency of centrifugal pumps is one of the goals that are solved in this article by coaxial arrangement of the impellers in the flow part of the pump. Based on 
the results of calculations and experimental studies to substantiate the proposed design and technical solutions, establish rational operating modes and determine 
hydraulic losses with coaxial impellers, it has been established that, compared with existing schemes for the axial arrangement of impellers, the energy efficiency 
of centrifugal pumps increases by 23%, pressure-flow characteristics increase.

Key words: turbomachine, modification, centrifugal pump, flow part, hydraulic losses, constructive-technological scheme, coaxial arrangement of impellers, 
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Турбомашиналардың қызметін жетілдіру
Аңдатпа. Зерттеудің мақсаты: сұйықтықтарды айдау және тасымалдау кезіндегі сорғы қондырғыларындағы гидравликалық ысыраптарды зерттеу, орта-

дан тепкіш сорғылардың энергия тиімділігін арттыру бойынша конструктивті және технологиялық шешімдерді әзірлеу. Зерттеу барысында сұйықтықтарды 
тасымалдау кезіндегі гидравликалық ысыраптардың теориялық және тәжірибелік талдаулары қолданылды. Сығылмайтын сұйықтық ағындарымен жұмыс 
істейтін ортадан тепкіш сорғылар гидравликалық турбомашиналардың бір түрі болып табылады. Ортадан тепкіш сорғылардың тиімділігін арттыру осы 
мақалада сораптың ағындық бөлігіндегі дөңгелектерді коаксиалды орналастыру арқылы шешілетін мақсаттардың бірі болып табылады. Ұсынылған 
жобалық-техникалық шешімдерді негіздеу, ұтымды жұмыс режимдерін орнату және жұмыс доңғалақтарының коаксиалды орналасуымен гидравликалық 
ысыраптарды анықтау үшін жүргізілген есептеулер мен тәжірибелік зерттеулердің нәтижелері бойынша жұмыс доңғалақтарының осьтік орналасуының 
белгілі схемаларымен салыстырғанда, орталықтан тепкіш сорғылардың энергия тиімділігі 23%-ға артады, ал қысым – ағындық сипаттамалары артады.

Түйінді сөздер: гидротранспорттық жүйелер, орталықтан тепкіш сорап, гидравликалық ысыраптар, құрылымдық-технологиялық схема, жұмыс 
доңғалақтарының коаксиалды орналасуы, қысым-ағынының сипаттамасы.

Совершенствование конструкции турбомашин 
Аннотация. Целью исследований являются: исследование гидравлических потерь в насосных установках при откачке и транспортировании жид-

костей; разработка конструктивно-технологических решений по повышению энергоэффективности центробежных насосов. При исследовании исполь-
зовались теоретический и экспериментальный анализы гидравлических потерь при транспортировке жидкостей. Центробежные насосы, работающие с 
несжимаемыми потоками текучего, являются разновидностью гидравлических турбомашин. Повышение эффективности центробежных насосов входит 
в число целей, которые решаются в данной статье, путем соосного расположения рабочих колес в проточной части насоса. По результатам выполнен-
ных расчетов и экспериментальных исследований по обоснованию предложенных конструктивно-технических решений, установлению рациональных 
режимов работы и определению гидравлических потерь при соосном расположении рабочих колес установлено, что по сравнению с существующими 
схемами осевого расположения рабочих колес энергоэффективность работы центробежных насосов увеличивается на 23%, напорно-расходные харак-
теристики возрастают.

Ключевые слова: турбомашина, модификация, центробежный насос, проточная часть, гидравлические потери, конструктивно-технологическая 
схема, соосное расположение рабочих колес, напорно-расходная характеристика.

Introduction
A promising direction in the modernization of pump 

designs is to improve the geometry of the impeller, since 
both the efficiency of the pump and the hydrodynamic loads 
on the rotor of the hydraulic machine depend on the nature 
of the fluid flow in the flow path of the impeller of the pump.

Pumping units are part of the majority of transport and 
technological systems of the mining, metallurgical and oil 
refining industries. According to expert estimates, 20-25% 
of the world's electricity consumption is accounted for by 
pumping equipment, and in some industries this figure 
can reach 50%. The level of development of industries 
currently requires constant modernization of pumping 
equipment: improving its design and manufacturing 
technology, as well as improving energy efficiency and 
global competitiveness. In this regard, the problem of 
improving the energy efficiency of pumps should be 
considered not just as a priority, but as a national one.

In the transportation of energy carriers and various 
working media, centrifugal pumps are widely used, which in 
this article are considered as an object of research and design.

A promising direction in the modernization of pump 
designs is to improve the geometry of the impeller, since 

both the efficiency of the pump (its energy efficiency) 
and the hydrodynamic loads on the rotor of the hydraulic 
machine (the service life of the pump) depend on the nature 
of the fluid flow in the flow path of the pump impeller.

The wear of the impellers, in turn, causes significant 
vibration stresses transmitted to the support units of the 
pumping unit – bearings, the service life of which is sharply 
reduced and leads to a decrease in efficiency [1].

The existence of these shortcomings is largely due to 
the design of the installations, namely the presence of 
elements with high values of hydraulic losses.

Increasing the efficiency of the use of renewable energy 
sources and the use of existing potential are among the goals 
that are being addressed in the field of sustainable development. 
In the case study in Iran, dual regulation is the most efficient 
scheme with an efficiency of 0.4037, but the mechanical 
scheme has the greatest potential with 0.4230. The results 
showed that, compared to using average head and head values 
for pump selection, optimization can improve efficiency by up 
to 20%. but the mechanical design had the most potential with 
0.4230. The results showed that, compared to using average 
head and head values for pump selection, optimization can 
increase efficiency by up to 20% [2].
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Research methods
Methods for optimizing the flow parts of centrifugal pumps 

can be classified according to various criteria. First of all, 
they can be divided on the basis of human involvement in the 
process of evaluating the results of calculations and choosing 
the direction of the next optimization step, i.e. to intuitive 
methods and methods using formal mathematical algorithms.

Comprehensive optimization of the flow part of pumps 
makes it possible to take into account the mutual influence 
of individual elements of the flow part on each other. This 
is especially important when evaluating non-stationary 
effects, for example, vibroacoustic properties. However, 
complex optimization requires large material resources1.

One of the promising directions in the study of pump 
operation can be attributed to the work devoted to modeling 
non-stationary flows in centrifugal pumps1 [3], which 
provides a formalized approach to optimizing centrifugal 
pumps, taking into account the turbulence of the fluid flow 
caused by the rotation of the impellers in a fixed casing.

The study used theoretical and experimental analyzes 
of hydraulic losses during the transportation of liquids.

1Lomakin V.O. Development of a method for optimal design of the diverter of an oil main pump. / Abstract of the dissertation. – St. Petersburg State 
Polytechnic University, 2012. – 21 p. (in Russian)

Figure 2. Appearance of the experimental setup and structural elements of a centrifugal pump with a coaxial 
arrangement of impellers.

Сурет 2. Дөңгелектерінің коаксиалды орналасуы бар орталықтан тепкіш сорғының тәжірибелік 
қондырғысының және құрылымдық элементтерінің сыртқы түрі.

Рис. 2. Внешний вид экспериментальной установки и элементы конструкции центробежного насоса
с соосным расположением рабочих колес.

To achieve the set goals, it was necessary to solve 
the following tasks:

▪ study of the process of energy exchange in the 
interblade space of centrifugal superchargers, taking 

Figure 1. Centrifugal turbomachine with coaxial 
impellers.

Сурет 1. Коаксиалды дөңгелектері бар 
центрифугалық турбомашина.

Рис. 1. Центробежная турбомашина
с коаксиальным расположением рабочих колес.
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into account known mathematical models and theories 
describing the movement of a fluid flow;

▪ analysis of existing criteria for selecting the 
geometric parameters of centrifugal superchargers;

▪ development of a methodology for determining 
rational operating modes and design geometric parameters 
of centrifugal superchargers with coaxial arrangement 

of impellers, taking into account the specifics of their 
operation in mining conditions [4].

Theoretical and experimental studies
The improvement of modern designs of axial centrifugal 

turbomachines follows the path of further increasing 
the power density while simultaneously tightening the 
requirements for energy efficiency, reliability and service 
life. Along with the search for ways to improve the forms 
of execution of these machines, the search for methods for 
their calculation does not stop, first of all, the calculation 
of characteristics that express the patterns of change 
in parameters from the design and mode of operation. 
However, the analysis of the operation of existing designs 
of turbomachines still reveals shortcomings, the presence 
of which is unacceptable in modern production conditions. 
These shortcomings are expressed in the form of a narrow 
range of effective operation, reduced energy efficiency in 
off-design modes and low hydraulic efficiency2.

The existence of these shortcomings is largely due 
to the design of turbomachines, namely the presence 
of elements with high values of hydraulic losses. Such 
elements include transfer channels of multistage designs 
of centrifugal turbomachines. The share of hydraulic 
losses in these elements is about 50% [5].

Improvement of the characteristics of known designs of 
multistage centrifugal turbomachines by existing methods 
is possible only in a small range. The expansion of the 
range of effective operation of turbomachines becomes 
possible as a result of the development of an alternative 
scheme for the movement of a flow flowing from stage to 
stage without the use of transfer channel systems [5].

One of the most rational solutions as this alternative 
could be a centrifugal turbomachine with a coaxial 
arrangement of impellers.

A centrifugal turbomachine with a coaxial arrangement 
of impellers means such a design in which one impeller is 
coaxially located inside the other (Figure 1).

Losses in the flow path of a centrifugal pump with 
coaxial impellers can be divided into four categories: 
volumetric, disc friction, hydraulic and hydraulic braking 
losses. In the design (rational) mode, there are usually 
no losses of hydraulic braking, and the total efficiency 
can be determined based on the ratio:

η = ηh × ηv × ηd,                               (1)
where ηh = (Н )/Нt – hydraulic efficiency (H – the obtained value of the 
head; Ht – theoretical pressure);

ηv = Q/(Q+q1 ) – volumetric efficiency (q1 – leakage through the front 
seal of the impeller; Q – is the flow rate of the fluid);

ηd = 1 – Nd /N – mechanical efficiency (Nd – total power losses due to 
disk friction; N – is the power consumption).

Based on the design features of the coaxial arrangement 
of the impellers (Fig. 5), namely, the identity of the total 
dimensions of the coaxially located impellers to the 
dimensions of the impeller of a standard design, the values 
of volumetric and mechanical efficiency will remain 
unchanged. Only hydraulic efficiency and corresponding 
hydraulic losses are subject to consideration [6].

Figure 4. Centrifugal pump.
Сурет 4. Ортадан тепкіш сорап.

Рис. 4. Центробежный насос.

2Lomakin V.O. Development of an integrated method for calculating the flow parts of centrifugal pumps with parameter optimization. // Abstract of the 
Dissertation of the Doctor of Technical Sciences. – Moscow, 2018. – 32 p. (in Russian)

Figure 3. Pressure-flow H = f1(Q) and power N = f2(Q) 
characteristics of a centrifugal pump with coaxial 

impellers.
Сурет 3. Коаксиалды доңғалақтары бар ортадан 

тепкіш сораптың қысым ағыны H = f1(Q) және қуат 
N = f2(Q) сипаттамалары.

Рис. 3. Напорно-расходные H = f1(Q) и мощностные 
N = f2(Q) характеристики центробежного насоса

с соосным расположением рабочих колес.
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Hydraulic losses in the flow path of a centrifugal pump 

can be represented as:
Σh = hs + hi + htap = (ξs × V11 

2 /2g) + (ξi × W11 
2 /2g) + (ξtap × U11 

2 /2g), (2)
where hs, hi, htap – are losses in the inlet, impeller and outlet;

V11, W11, U22 – characteristic speeds in the elements of the flow part 
of the centrifugal supercharger;

ξs, ξi , ξtap – coefficient of local hydraulic losses in the inlet, 
impeller and outlet;

g – is the free fall acceleration.
Due to the fact that the absolute speed of the fluid flow 

entering the impeller blades is approximately equal to 
the relative speed of the fluid flow, when calculating the 
hydraulic losses in the flow path of a centrifugal pump, 
the losses in this element can be neglected.

The increment of energy (energy exchange) of a 
moving flow flowing on coaxially located impellers 
becomes possible due to a change in the circumferential 
components of the absolute inlet and outlet velocities, 
i.e. when twisting or untwisting the flow passing through 
it by the impeller. The value of energy exchange between 

the blades of the turbomachine and the fluid flow in this 
case is expressed by the value of the theoretical pressure 
(pressure). The value of the latter is found from the well-
known Euler equation:

H = 1/g(u2 cu2
 ± u1cu1

),                  (3)
where u1, u2 – are the circumferential speed at the inlet and outlet;

cu1
, cu2

 – are the tangential components of the absolute velocity 
at the inlet and outlet.

The components of this equation, in turn, are 
determined by the geometric dimensions of the impellers 
(diameter, width, outlet angle of inclination of the 
blades) and operating parameters (direction and speed of 
rotation of the impellers) [6].

According to equation (3), a change in the values of 
one of the parameters leads to a proportional change in 
the value of the developed pressure (head).

At the first stage of research, the influence of regime 
parameters (the direction of rotation of the impellers and the 
value of their circumferential rotation speeds) was considered.

Figure 5. Dependences of energy losses in the impeller, depending on the relative flow velocity of the outer stage.
Сурет 5. Сыртқы сатының салыстырмалы ағынының жылдамдығына байланысты жұмыс дөңгелегіндегі 

энергия шығынының тәуелділіктері.
Рис. 5. Зависимости потерь энергии в рабочем колесе в зависимости от относительной скорости

движения потока наружной ступени.

Figure 6. Dependences of losses on the transition of the fluid from stage to stage, depending on the relative flow 
velocity of the outer stage.

Сурет 6. Сыртқы сатының салыстырмалы ағынының жылдамдығына байланысты сұйықтықтың 
сатыдан сатыға өтуіне ысыраптардың тәуелділіктері.

Рис. 6. Зависимости потерь от перехода текучего от внутренней к внешней ступени
в зависимости от относительной скорости движения потока наружной ступени.
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During the study, 2 options for the operation of the 
installation were analyzed:

▪ rotation of wheels in one direction;
▪ rotation of the wheels in the opposite (opposite) 

direction.
In order to confirm the results of theoretical studies, 

laboratory experiments were carried out.
The equipment for experimental studies of a two-stage 

centrifugal pump with a coaxial (coaxial) arrangement 
of impellers, made on the basis of a monoblock pump 
1XM-2-2v, is shown in Figure 2.
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the flow rate was 42% (from 2 to 3.5 m3/s ), without 
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consequently, the power consumption.

Graphic pressure-flow and power characteristics 
of a centrifugal pump with a coaxial arrangement of 
impellers are shown in Figure 3 [7].

A diagram of the design of the impellers of a two-
stage centrifugal pump and a standard design impeller 
are shown in Figure 4 [7].
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during flow acceleration and have the following form;

▪ losses from the transition of the fluid flow from the 
inner stage of the impeller to the outer one (Figure 6 a, b) 
show a decrease in losses with an increase in the relative 
flow velocity from the outer to the inner stage, and have 
the following form.

Conclusion
The main result of the research performed is reasonable 

recommendations for design and technological solutions for 
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of flow – up to 42%, the increase in efficiency is 2-3.9%.
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