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EFFECT OF CIRCUMFERENTIAL LEAN OF PUMP-TURBINE RUNNER 
BLADES ON ENERGY CHARACTERISTICS

Purpose. Improving the efficiency of the model of the radial-axial pump-turbine of the Dniester PSP based on spatial profiling 
of runner blades using circumferential lean.

Methodology. The design of the new runners was carried out by means of spatial profiling of the blades, which differed only in 
the layout of the profiles (relative position) in the circumferential direction. The blades of the runner models with a diameter of 
350 mm were manufactured by 3D printing from PLA plastic. Experimental studies were carried out on the IMEP ECS-30 hydro­
dynamic test stand, the characteristics of which meet the requirements of the international standard for model acceptance tests of 
hydraulic machines of various types.

Findings. Based on the proposed method of spatial profiling of runner blades, the effect of circumferential lean on the energy 
performance of pump-turbines is investigated. Characteristics in a wide range of turbine and pump modes of operation of three 
variants of flow parts are obtained. Parameters of optimal modes and values of maximum efficiency are calculated. A comparison 
of the energy characteristics in the turbine mode at the constant rotation speed corresponding to the maximum, design and mini­
mum heads of the Dniester PSP is presented. In the pump mode, the dependences of the efficiency curves and heads on flow rate 
at different values of guide vane openings are shown.

Originality. The influence of circumferential lean (spatial profiling) of the runner blades of a radial-axial pump-turbine on the 
energy characteristics in the turbine and pump modes was established for the first time, which made it possible to significantly 
increase the level of efficiency in almost the entire range of turbine operating mode.

Practical value. The newly designed high-performance runner is planned to be implemented at hydraulic units 5–7 of the 
Dniester PSP. To confirm the results, it is intended to manufacture and study large-scale models of pump turbines with metal run­
ners together with JSC “Ukrainian Power Machines”.

Keywords: pump-turbine, Francis turbine, runner, hydrodynamic test stand, experimental studies

Introduction. Based on forecasts from leading scientific or­
ganizations, the Earth’s civilization is threatened by a climate 
catastrophe associated with uncontrolled global warming. The 
Paris agreement on the reduction of greenhouse gas emissions 
sets the goal of maintaining the rate of global warming at the 
level of 1.5 °C and envisages reducing emissions to zero by 
2050 [1]. This goal can be achieved with fairly intensive devel­
opment of “clean” energy, which includes solar, wind, nucle­
ar, and hydraulic power plants. According to statistics [2], in 
2021 share of “clean” energy reached 37.88 %, which is slight­
ly less than 38.24 % a year earlier. Against the background of 
significant growth of solar and wind energy, the share of hy­
dropower decreased slightly – from 16.52 % a year earlier to 
15.28 % in 2021. The capacity of pumped storage plants in the 
world has increased significantly – by 6.3 GW [3], which is 
about a quarter of the increase in hydropower capacity. The 
pumped storage plants produced only 0.4 % of total electricity 
in 2021, but they play an important role in balancing produc­
tion and consumption of electricity [4], especially with rapid 
development of renewable energy, which is significantly de­
pendent on weather conditions, season, and time of day.

The hydropower potential of Ukraine’s major rivers is al­
most exhausted. Therefore, the most realistic way to increase 
the shunting and balancing capacity is to build new PSPs, first 
of all, to complete the construction of the Dniester PSP 
(5–7 hydraulic units). The contractor has set conditions not 
only to increase the efficiency of the hydropower units but also 
to expand the range of operation in generating mode while at 

least maintaining the pumping performance. To accomplish 
such tasks, it is necessary to study the workflow in detail based 
on numerical and physical modeling of flow in the flow parts, 
as well as to apply new methods for designing runners, primar­
ily through spatial profiling of the blades.

Literature review. A significant number of hydropower 
plants and almost all PSPs are equipped with the Francis radi­
al-axial turbines. They have high efficiency values and can 
work in both turbine and pump modes. Unlike other types of 
reactive hydraulic machines (axial, diagonal), the runner 
blades of Francis turbines have a significantly spatial shape, 
which, in addition (as well as the shape of the contours in the 
meridional section), significantly depends on the specific 
speed. This circumstance significantly complicates the process 
of designing and optimizing the flow parts.

In Ukraine and around the world, a significant number of 
design methods have been developed and implemented for the 
design of flow elements of both large Francis [5], Kaplan [6], 
and other hydroturbines, as well as mini- and micro-hydro­
electric power plants [7].

Optimizing energy characteristics requires the presence of 
a limited number of parameters describing the geometric and 
operation characteristics of the turbine. The blade shape of 
Francis runners is more often described using simplified 
methods, for example, the construction of a blade by separate 
design sections using polynomials [8, 9]. In recent years, com­
plex full-spatial design and optimization methods have also 
been used; with this approach, the geometric parameters of 
the flow part do not depend on the operating parameters.

It is possible to obtain geometric data of the Francis run­
ner blades for further optimization by the initial parameters 
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(shape of the meridional section, inlet and outlet angles, 
cross-sectional wrapping angles, etc.) using open source or 
commercial software [10, 11].

The latest studies show that among numerous geometric 
parameters of the blade, circumferential and axial leans of 
edges and cross-sections of the blade play an important role 
[12]. The use of lean affects both the structure of flow [13], the 
pulsation characteristics in the blade channel and behind the 
runner [14], and the energy characteristics of the flow part. 
Also important is the change in profile thickness [15], which in 
some cases can lead to a decrease in efficiency and an increase 
in losses. Since the possibility of using variable-speed genera­
tors (±15–20 % of the synchronous speed) has been increas­
ingly considered recently, the turbine shaft speed is also used 
as an optimization parameter [16]. In such cases, the optimi­
zation parameters can be either only the operating parameters 
or the geometric characteristics of the flow parts [17, 18].

Most often, the optimization of the energy performance of 
radial-axis hydraulic machines is performed for a single design 
mode point of operating characteristic [18]. If the project ob­
jective is to increase the weighted average efficiency or expand 
the operating range, then optimization can be performed for 
several operating points [19]. In the case of designing and 
studying a pump-turbine, optimization can be performed for 
the operating points of both turbine and pump modes [20].

Also, the goal of optimization may include cavitation charac­
teristics of the turbine [21] and parameters of erosive wear [22].

An important stage of design is to determine the calcula­
tion area in which optimization studies will be conducted. The 
most common is the numerical modeling of flow in the calcu­
lation domain of turbine, which includes runner and guide 
vane [22]. Some researchers consider it necessary to include 
stator columns and draft tube in the numerical simulation [21].

Experimental studies on the designed turbines are the most 
reliable, albeit costly, way to obtain energy, overspeed, cavita­
tion, and pulsation characteristics. The main task of experi­
mental studies, primarily acceptance tests, is to confirm the 
guaranteed energy performance of the hydraulic machine 
model, which was determined by calculation [23, 24]. At the 
same time, nonstationary phenomena that were not detected in 
the mathematical modeling of fluid flow can be detected [25].

Purpose. The aim of the work was to establish the depen­
dence of the circumferential lean value of the runner blades on 
the energy characteristics on in a wide range of turbine and 
pump modes based on experimental studies of models of 
Francis pump-turbines with a head up to 200 m. To achieve 
the goal, the following tasks were set and solved:

- to develop a methodology for spatial profiling of blades of 
radial-axial runners with the help of circumferential lean;

- with the help of the developed methodology, to design 
2 modifications of pump-turbine runners with a head of up to 
200 m;

- to manufacture parts of the model unit, including 3 vari­
ants of runners: base and 2 modifications;

- to conduct selective experimental studies on models on 
the hydrodynamic stand;

- to establish the influence of the circumferential lean of 
the runner blades on the energy characteristics in turbine and 
pump modes.

Methods. The model of highly efficient Francis pump-tur­
bine ORO5217 for heads up to 200 m, which was developed at 
the Institute of Mechanical Engineering Problems of the Na­
tional Academy of Sciences of Ukraine (IMEP) and imple­
mented on units No. 1–4 of the Dniester PSP, was adopted as 
the research object. The PSP units are characterized by the fol­
lowing in-situ parameters: maximum head in turbine mode 
(gross) – 161.9 m, minimum head (gross) – 138.4 m, rated 
power in turbine mode – 324 MW, in pump mode – 410 MW, 
design flow rate in turbine mode – 270 m3/s, in pump mode – 
252 m3/s, synchronous rotation speed – 150 min-1, runner di­
ameter – 7.3 m. The flow part consists of a spiral case with cir­

cumferential cross-sections and a wrapping angle of 360°, 20 
stator columns, 20 guide vanes, runner with 7 blades, and draft 
tube with a KU-3RO elbow and a constant-diameter outlet 
tube. In the RK5217 runner, the trailing edge is located in the 
radial plane, the angle of inclination of the leading edge in cir­
cumferential direction is 10° in direction of rotation of the rotor.

Until recently, the methods for designing and calculating 
runner blades were based on the hypothesis that the stream 
surfaces correspond to the type of flow selected in the flow part 
(equal-speed, potential, etc.) and do not depend on the oper­
ating mode. With this approach, the hydrodynamic calcula­
tion of blade profiles was performed almost without taking into 
account their mutual influence. The energy performance of 
runners with the same but differently arranged blade profiles 
was considered to be the same, although in reality the spatial 
shape of the blades of such runners is different, and therefore 
they are affected by different flows. This leads to a significant 
difference in the energy characteristics of hydraulic machines.

When using the blade leans proposed in [26], a new blade 
layout was obtained by changing the relative position of the 
design profiles in the circumferential direction. The shape of 
the leading and trailing edges is also changed. The shape of the 
profiles remains unchanged. We conditionally call the lean 
positive (j > 0) if the hub profile is shifted in the direction of 
runner rotation in the turbine mode, and negative in the op­
posite direction (j < 0) (Fig. 1).

This approach allows optimizing the blade shape due to 
better edge flow, forming a more favorable flow in the runner 
channels and at the inlet to the draft tube.

To study the dependences of the energy characteristics of 
the pump-turbine model on the proposed method of blade 
spatial profiling, the critical (in terms of production) values of 
the blade circumferential lean j = +45° and j = -45° were de­
termined using numerical modeling. On the basis of the origi­
nal runner RK5217 of the Dniester PSPP, new runners 
RK5217M and RK52M2 were designed with the specified val­
ues of the leans, respectively. In RK5217M, the hub profile is 
shifted by 12.8° in the circumferential direction clockwise rela­
tive to the original version, in RK5217M2 in the opposite di­
rection by 18.2°.

Fig. 2 shows models of the original and new runners with 
circumferential leans.

For experimental research on the pump-turbine on the hy­
drodynamic test stand, three runner models with a diameter of 
350 mm were manufactured. The blades are made from PLA 
plastic by 3D printing (each blade is printed separately). The 
advantages of this material are its natural origin, non-toxicity 
and safety for human health, dimensional stability, no need to 
heat the platform when printing, ideal for moving models, 
smooth surfaces, and more. The blades were printed in layers 

Fig. 1. Definition of the circumferential lean angle j

Fig. 2. Computer models of the blades of the investigated runners

RK5217 RK5217M RK5217M2
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with a layer thickness of 0.1 mm, which ensured high quality of 
the blade surface. Finally, a minor cleaning with fine sandpa­
per and polishing with flannel were performed, after which the 
surface was glossy. The runner hub and shroud were made of 
stainless steel to ensure structural strength, and the lower cov­
ering disk was made of transparent block plexiglass, attached 
to the blades with 16 screws and dichloroethane-based glue. 
The runner design is lightweight and quite durable. The in­
spection of the geometric dimensions of the blades showed 
that the deviation of the dimensions of individual blades does 
not exceed 0.1–0.2 mm, which does not exceed the require­
ments of the international model standard IEC 60193. This 
approach made it possible to significantly reduce the time and 
cost of conducting research. Preliminary calculation of the 
strength of the blades proved the possibility of conducting re­
search on the test stand at heads of up to 12 m. Fig. 3 shows a 
photo of the three investigated runners.

Energy studies on the pump-turbine models were con­
ducted on the ECS-30 hydrodynamic test stand of the IMEP 
laboratory, which has the status of national heritage. The test 
stand is equipped with modern equipment and a set of mea­
suring instruments, has passed metrological verification, and 
has a certificate. The measurement error of head and torque is 
± 0.10  %, rotational speed – ± 0.03 %, flow rate – ± 0.20 %, 
which guarantees an error of ± 0.25 % in measuring efficiency 
and meets the requirements of IEC 60193 [25].

The main parameters of the experimental stand ECS-30 
are as follows: diameter of the runner model 300–400 mm; 
head up to 25 m in the turbine mode, up to 30 m in the pump 
mode; flow rate in the turbine mode up to 0.300 m3/s, flow 
rate in the pump mode up to 0.500 m3/s; power of the circula­
tion pumps’ DC drive motors up to 160 kW; power of the bal­
ancing motor-generator 200 kW.

The equipment of the ECS-30 is located on three floors of 
the stand building, Fig. 4 shows its layout.

In Fig. 4, there is marked: 1 – head water tank; 2 – tailwa­
ter tank; 3 – model unit; 4 – balancing machine; 5 – electro­
magnetic flow rate meter (main) and Venturi-type flow rate 
meter (backup); 6 – head pipeline; 7 – circulation pump; 8 – 
absorber; 9 – drain pipeline.

Results of numerical study. Hydraulic machine models are 
studied both numerically and experimentally. Physical model­
ing of the turbine operation on hydrodynamic stands provides 

more reliable energy characteristics. At the same time, numeri­
cal modeling requires significantly less labor and financial costs, 
significantly reduces research time, and is more informative in 
terms of the flow structure in any cross-section of the flow part 
elements. Therefore, both numerical and experimental studies 
were carried out to determine the effect of blade leans (layout) 
of pump-turbine runners on energy characteristics.

Preliminary, selective numerical studies on the incom­
pressible viscous flow in models of all three variants of runners 
was carried out with the help of IPMFlow software, developed 
at the IMEP [27]. The goal was to establish the presence of a 
qualitative effect of circumferential lean of runner blades on 
the flow structure and energy characteristics in the turbine 
mode. Modeling of the flow was carried out by the method of 
artificial compressibility, integration of the equations of mo­
tion, and two-parameter turbulence model of Menter (SST) 
was performed by the finite volume method with the second 
order of accuracy in space and time [28]. The IPMFlow soft­
ware package is designed to simulate fluid flows of various 
types [29] in the flow parts of a wide range of power machines 
[30]. The use of modern models in the software package allows 
the creation and implementation of innovative turbomachin­
ery designs [31].

Numerical studies were carried out for the computational 
domain containing one channel each of the guide vanes and 
the runner. The computational mesh was normalized, hexago­
nal, and had thickening near the walls. The value of the y+ 
parameter did not exceed 10. The number of cells: the channel 
of the guide vanes 72 × 72 × 80 = 414,720; the channel of the 
runner 72 × 72 × 120 = 622,080. The diameter of the runner 
model was 350 mm, which is equal to the dimensions used on 
the ECS-30 test stand.

Numerical studies were carried out for the Reynolds num­
ber in the range Re = 1.2 ⋅ 106–2.85 ⋅ 106.

As boundary conditions at the inlet, a head of 6 m was set 
and rotor speeds of 85, 91 and 95 min-1 were given, which, ac­
cording to the formula 1 ,In nD H′ =  (here n is the rotation 
speed, D1 is the wheel diameter, H is the head) corresponds to 
heads of 166, 144.8 and 133 m at the Dniester PSP. The open­
ings of the guide vane a0 were 12, 16, 20, 24, 28 and 34 mm.

Fig. 5 shows a comparison of the dependence of the effi­
ciency of the computational domains of the studied runner 
models on the flow rate at three values of the head in the tur­
bine mode [27].

The results of the numerical experiment showed that over 
the entire operating range of the Dniester PSP, the RK5217M2 
pump-turbine model with a negative blade lean (j = -45°) has 
the highest energy performance. It also has the best flow struc­
ture in the flow part elements. In this case, we understand better 
flow structure as more uniform pressure profiles, more uniform 
distribution of velocities and pressures in the runner channel, 
more uniform distribution of components (circular, radial, axi­
al) of the absolute velocity behind the runner, and no separa­
tions on the blade surface. More details can be found in [27].

The purpose of the numerical studies was to establish the 
qualitative effect of circular leans on efficiency in the turbine 
mode, so numerical studies in the pumping mode were not 
carried out.

To confirm the established dependencies and determine 
their reliable quantitative values, selective experimental tests of 
the investigated runners were carried out on a hydrodynamic 
test bench.

Results of experimental research in turbine mode. Energy 
studies on the pump-turbine models in the turbine mode were 
carried out at a constant head H = 6 m, and openings of the 
guide vane varied from 8 to 44 mm with a step of 2 mm. At 
each opening of the guide vane, 18–20 mode points were mea­
sured. The methodology for conducting modeling studies met 
the requirements of IEC 60193. It should be noted that this 
head is not enough to conduct cavitation tests, as well as to 

Fig. 3. Photo of three 5217 series runners ( from left to right: 
RK5217M, RK5217, RK5217M2)

Fig. 4. Simplified scheme of the energy cavitation test stand 
ECS-30



ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2024, № 3	 59

study unsteady and transient modes. The Reynolds numbers 
during the research were in the range Re = 1.2 ⋅ 106–2.85 ⋅ 106.

Measurement and processing of parameters for each studied 
mode point is carried out automatically using the measuring and 
computing equipment of the test stand. Measurement of all indi­
cators (head, rotation speed, flow rate, torque) of each operating 
point is carried out within 10 seconds, 100 samples of signals/
data of measured values are received by the equipment every sec­
ond, after which the values are averaged. Using well-known for­
mulas, the values reduced to 1 m of head and 1 m of runner di­
ameter are calculated (unit flow rate, unit rotation speed, unit 
torque on the runner shaft, unit power) and efficiency.

The efficiency was determined by the well-known formula 
h = Mw/(gQH) in the turbine mode and, accordingly, h = 
=  gqH/(Mw) in the pumping mode. Here, M is torque; w = 
= pn/30 is angular velocity; g is gravity acceleration; Q is flow 
rate; H is the head. The computational system provides com­
plete mathematical processing and final presentation in the 
form of digital and graphical information, including the con­
struction of all the necessary characteristics.

The operating characteristics (dependence of efficiency on 
the reduced rotational speed) for all studied guide vane open­
ings were obtained, and on their basis, hill charts for models 
with three variants of runners were built.

In Table 2 the parameters of optimal modes of the flow 
parts for three variants of runners are shown. Relative efficien­

cy here means the ratio of the current efficiency value to the 
maximum value of the original version of RK5217 runner in 
percent. In the table  2

1( )IQ Q D H′ =  (here Q is the flow rate, 
D1 is the runner diameter, H is the head).

The maximum relative efficiency value of 100.74 % is re­
ceived in the flow part with RK5217M2. It is shown that the 
values of the unit flow rate of the optimal modes depend insig­
nificantly on the value of the lean. The use of the positive cir­
cumferential lean (RK5217M) led to a decrease in rotation 
speed in the optimal points for 2 min-1 relative to the original 
version (RK5217 runner), and the negative one (RK5217M2) – 
to an increase of 1 min-1. It should be added that the optimum 
operating points of all three model variants are located at the 
openings of the guide vane a0 of approximately 20 mm.

Fig. 6 shows the dependence of the relative efficiency of 
the pump-turbine models on the unit discharge for three vari­
ants of the runners in the turbine mode at section of hill chart 
of n ′I = const, which correspond to the design rotation speed 
n ′I = 80 min-1 and the maximum, design and minimum heads 
of the Dniester PSP, correspondingly 85, 91 and 95 min-1.

The use of circumferential leans leads to a shift in the flow 
rate of the operating points with the maximum efficiency. 
Thus, at the unit rotational speeds of 80, 85 and 91 min-1, the 
maximum efficiency of the RK5217M2 with a negative lean, 
shifts towards higher flow rates, and at a frequency of 95 min-1, 
which corresponds to the minimum head at the Dniester PSP, 
to lower flow rates. A similar picture is observed when using a 
positive lean in the RK5217M.

As can be seen, in the almost entire range of operation of the 
power station units – both in terms of head and flow rate – the 
efficiency value of the flow part model with the RK5217M2 run­
ner with the negative circumferential lean j = -45° significantly 
exceeds the similar indicators of the original version. This can be 
explained by the fact that the surface area of this runner in­
creased by 5.15 % compared to RK5217. In addition, as shown 
by numerical studies [27], optimization of the layout of the de­
sign profiles led to a more favorable distribution of pressure and 
velocity vectors in the flow part, a more uniform distribution of 
velocity components behind the runner at the inlet to the draft 
tube. At the design head and flow rate in the range of 0.300–
0.470 m3/s, the efficiency of the flow part with the new 
RK5217M2 is higher than that of the original one by 1.1–2.0 %.

The option with the RK5217M with the positive circum­
ferential lean j = +45° (the blade surface area of which de­
creased by 1.8 % when using a circumferential lean) has the 
lowest indicators in the almost entire range of operation of the 
unit, with exception of low flow rate (Q ′I < 0.290 m3/s) at the 
minimum head (Fig. 6, d), but under such operating parame­
ters, the units of the Dniester PSP do not operate.

Results of experimental research in pump mode. Energy 
tests in pump mode were carried out at a constant rotation 
speed of 700 min-1 and openings of the guide vane from 14 to 
34 mm with a step of 2 mm. As a check, tests were conducted 
at rotational speeds of 800 and 900 min-1, which showed al­
most identical results. Based on the test results, the depen­
dences of efficiency and head on the unit flow rate (η, H = 
= f(Q ′I)) at a0 = const for three variants of runners were con­
structed.

a

Fig. 5. Comparison of the dependences of the calculated effi-
ciency on the flow rate in models of the flow part of a 
pump-turbine with runners of different spatial shapes:
a – minimum head; b – design head; c – maximum head

 – RK5217;  – RK5217M;  – RK5217M2

b

c

Table 1
Parameters of optimal turbine modes of flow parts of three 

5,217 series runners

Runner
Unit flow
rate Q ′I,

m3/s

Unit speed of 
rotation n ′I, 

min-1

Relative
efficiency η*,

%

RK5217 0.312 78.0 100.00

RK5217M 0.317 76.0 98.56

RK5217M2 0.313 79.0 100.74
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Table 2 shows the parameters of the optimal pump modes 
of the three models of the 5217 series pump-turbines.

The highest value of relative efficiency, which exceeds the 
performance of the original variant, was obtained in the model 
with a negative runner blade lean. The use of a positive lean of 

j = +45° led to an increase in the optimal unit speed by 1.2 min-1, 
and a negative lean of j = -45° led to a decrease by 2.9 min-1. 
In the model RK5217M2, compared to the original version, 
the flow rate in the optimum pump mode is 0.04 m3/s less, 
which is also important because it requires less energy con­
sumption when filling the head water reservoir.

Fig. 7 shows the dependence of the relative efficiency and 
head on the unit flow rate of the pump-turbine models for 
three variants of runners in the pump mode at different values 
of guide vane opening of 18, 24, 30 and 34 mm.

The model with RK5217M at all guide vane openings in 
the almost entire flow rate range has the lowest values both in 
terms of efficiency and head compared to the other two run­
ners. This can also be explained by a decrease in the blade sur­
face area by 1.8 % compared to the original version with a 
positive lean of +45°. Thus, it was established that an increase 
in the positive lean of the blades leads to a worsening of the 
energy indicators of the flow part in the pump mode.

At flow rate Q′I > 0.350 m3/s, the RK5217 and RK5217M2 
runners have an approximately equal head, but at lower rates, 
the head of the RK5217M2 drops significantly compared to 
the original version. A similar pattern is observed with the 
plots of the efficiency dependence at guide vane openings 
greater than 22 mm, but at smaller openings at flow rate Q′I > 
>  0.350 m3/s, the efficiency of the RK5217M2 is higher. It 
should be noted that the maximum value of the efficiency in 
the pump mode was obtained precisely for the RK5217M2 
with opening of 28 mm, which is 0.4 % higher than the indica­
tor of the original runner. This is an important fact, since the 
pump-turbine in the pump mode is operated with one (opti­
mal) opening of the guide vanes.

Selective experimental studies have shown that the use of a 
negative circumferential lean of runner blades has led to a sig­
nificant increase in the level of efficiency in the turbine mode 
in almost the entire operating range, while at least maintaining 
the level of performance in the pump mode.

According to the results of selective experimental stud­
ies, it is planned to conduct a full set of acceptance tests of 
the large-scale model RK5217M2 with a metal runner with 
a diameter of 500 mm. These studies will include, in addi­
tion to energy, cavitation and pulsation studies, as well as 
tests on unsteady and transient modes and others. If the re­
sults of selective testing are confirmed, the RK5217M2 with 
negative blade lean will be installed at power units 5–7 of 
the Dniester PSP.

Conclusions. The following key results have been concluded:
1. The proposed method of spatial profiling of radial-axis 

runner blades using circumferential lean made it possible to 
optimize the layout (shape) of the blades, which ensured an 
increase in the efficiency of the operation.

2. According to the results of experimental studies, it was 
found that the use of positive and negative circumferential 
blade leans does not affect the operating parameters of the best 
efficiency point on the hill chart in the turbine mode.

3. It was established that the RK5217M model with a posi­
tive circumferential lean j = +45° has the lowest energy indica­
tors in almost the entire range of operation of both turbine and 
pump modes.

Fig. 6. Dependence of relative efficiency on unit flow rate for 
three variants of runners in turbine mode at different values 
n′I = const:
a – design rotation speed n ′I = 80 min-1; b – maximum head n′I = 
= 85 min-1; c – design head n′I = 91 min-1; d – minimum head n′I = 
= 95 min-1

—◊— – RK5217; —D— – RK5217M; —— – RK5217M2

a

b

c

d

Table 2
Parameters of optimal pump modes of three flow parts with 

runners of the 5217 series

Runner
Unit flow rate 

Q′I,
m3/s

Unit speed of 
rotation n′I, 

min-1

Relative
Efficiency η*, 

%

RK5217 0.438 94.98 100.00

RK5217M 0.348 96.18 98.73

RK5217M2 0.398 92.07 100.40
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5. In the pump mode, the maximum efficiency value, 
which is 0.40 % higher than the original version, was also ob­
tained for the runner RK5217M2 with a negative lean of blades 
j = -45°. At flow rate up to 0.350 m3/s, the original runner has 
a higher level of efficiency and head. With larger flow rate, the 
head of these runners is approximately the same at all guide 
vane openings, the level of efficiency at guide vane openings of 
up to 22 mm is higher for the new runner, and at larger ones, it 
is practically the same as the original one.
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Вплив колових навалів лопатей робочих 
коліс насос-турбін на енергетичні 

характеристики
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Мета. Підвищення ефективності радіально-осьової 
насос-турбіни Дністровської ГАЕС на основі просторо­
вого профілювання лопатей робочого колеса за допомо­
гою колових навалів.

Методика. Проєктування нових робочих коліс здій­
снювалось за допомогою просторового профілювання 
лопатей, що відрізнялися тільки компоновкою профілів 
(взаємним розташуванням) у коловому напрямку. Лопаті 
моделей робочих коліс діаметром 350 мм було виготовле­
но методом 3D-друку з пластику PLA. Експериментальні 
дослідження проведені на гідродинамічному стенді ІП­
Маш ЕКС-30, характеристики якого відповідають вимо­
гам міжнародного стандарту щодо модельних приймаль­
но-здавальних випробувань гідромашин різного типу.

Результати. На основі запропонованого методу про­
сторового профілювання лопатей робочих коліс дослі­
джено вплив колових навалів на енергетичні показники 
насос-турбін. Отримані характеристики в широкому ді­
апазоні роботи турбінного й насосного режимів трьох 
варіантів проточних частин. Наведені параметри опти­
мальних режимів і значення максимальних ККД. Дано 
порівняння енергетичних характеристик у турбінному 
режимі при постійних частотах обертання, що відпові­
дають максимальному, номінальному й мінімальному 
напорам на Дністровській ГАЕС. У насосному режимі 
наведені залежності кривих ефективності та напорів від 
подачі при різних значеннях відкриттів напрямного 
апарату.

Наукова новизна. Уперше встановлено вплив колових 
навалів (просторового профілювання) лопатей робочих 
коліс радіально-осьової насос-турбіни на енергетичні ха­
рактеристики в турбінному й насосному режимах, що 
дало змогу помітно підвищити рівень ефективності прак­
тично у всьому діапазоні роботи турбінного режиму.

Практична значимість. Спроєктоване нове високое­
фективне робоче колесо планується до впровадження на 
гідроагрегатах № 5-7 Дністровської ГАЕС. Для підтвер­
дження результатів сумісно з АТ «Українські енергетичні 
машини» передбачається виготовлення та дослідження 
великомасштабних моделей насос-турбін із металевими 
робочими колесами.

Ключові слова: насос-турбіна, радіально-осьова турбі-
на, робоче колесо, гідродинамічній стенд, експериментальні 
дослідження
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