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EXPERIMENTAL STUDIES OF PRESSURE PULSATIONS
IN DRAFT TUBE DIFFUSER OF PUMP-TURBINE MODELS
FOR HEADS UP TO 200 m

Introduction. Increasing the share of balancing capacities to cover daily peaks in electricity consumption is one
of the top priorities of the postwar development of Ukraine’s energy sector.

Problem Statement. Today, power plant hydraulic turbines need both to increase efficiency and to expand
their operating range. For example, the new hydraulic units of the Dniester PSP shall operate in turbine mode in
the range of 40—100% of rated capacity, while the four previous units operate in the range of 70—100%. This
requirement can be met by increasing efficiency and reducing pulsations at low power output.

Purpose. Based on studying the influence of blade spatial shape of a Francis pump-turbine runners on flow part
hydrodynamics, to identify the patterns of pressure fluctuations distribution in draft tube diffuser of the hydraulic
unit model.

Materials and Methods. Three options of models (the original and two modified ones) have been studied on
the IMEP ECS-30 hydrodynamic test stand. The runner blades are made of PLA plastic by 3D printing. Pressure
pulsations are measured by sensors at two points of draft tube diffuser at a distance of 0.2 and 1.5 runner diame-
ters from the runner bottom shroud.

Results. Three modifications of the pump-turbine runner for heads up to 200 m have been designed and ex-
perimentally studied with the use of circumferential lean that differ from the original version only in relative posi-
tion of blade profiles. The analysis of obtained energy and pulsation characteristics of the models in turbine mode
has shown that the model with the runner having a negative circular blade lean has the best performance.
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Conclusions. The determined influence of spatial shape of the runner blades on the energy and pulsation characteristics of
the Francis pump-turbine model for heads up to 200 m has made it possible to increase its efficiency and to reduce the level of

pressure fluctuations in the flow part.

Keywords: pump-turbine, flow part, pressure pulsations, runner, draft tube, and experimental studies.

Nomenclature

D, — model runner diameter, m

n* — relative efficiency, %

n — unit speed of rotation, min!

Q!  —unitdischarge, m*/s

N/ —unit power, kW

rms  —standard deviation of pressure fluctua-
tions

H —head, m

a, — guide vane opening, mm

Subscripts

P — pump mode

T — turbine mode

max — maximum value

Abbreviations

PSP —pumped storage plant

IMEP — Institute of Mechanical Engineering
Problems

HPP — hydroelectric power plant

According to the report of the International Re-
newable Energy Agency (IRENA), in order to
meet the targets, set out in the Paris Climate Ag-
reement, the world needs to more than double its
hydropower capacity, including the capacity of
pumped storage facilities, by 2050 [1]. To achieve
this goal, annual investments in hydropower
should increase 5 times and amount to approxi-
mately USD 85 billion in conventional hydropo-
wer and USD 8.8 billion in pumped storage [1].
The majority of hydropower capacity is located
in Asia, accounting for 42 percent, followed by
Europe, North America, South America, and the
rest of the world. Over the past decade, invest-
ment in hydropower has been lower than in solar
and wind power, despite being one of the chea-
pest and most stable sources of renewable energy.

Ukraine’s hydropower industry is based on cas-
cades of hydroelectric power plants on the Dnipro
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and Dniester rivers, as well as the Dniester, Kyiv,
and Tashlyk PSPs. The priority in the postwar
development of hydropower is to fully restore the
generation volumes accounted for by balancing ca-
pacities, as well as to complete 5—7 hydroelectric
units at Dniester, after which this plant will be-
come the most powerful in Europe.

Today, when designing hydraulic machines, in-
cluding pump-turbines at PSPs, there are requi-
rements not only to increase efficiency and imp-
rove cavitation characteristics [2], but also to
expand the range of operation in turbine mode to
the partial load zone [3]. For example, the new
hydraulic units of the Dniester PSPP with stati-
on numbers 5—7 shall operate reliably in the range
of 40—100% of their rated capacity, while the four
previously installed units have never been opera-
ted at capacities below 70%.

One of the important reasons for the prohibi-
tion of partial load operation is the formation of a
vortex rope in the draft tube [4], the precession of
which can lead to vibrations of the entire unit [5].
The precession of the rope causes quite powerful
periodic pressure pulsations that can spread to
the entire flow part [6]. The precession frequency
of the vortex rope is quite low and is in the same
range as the natural frequencies of the structural
elements of the hydraulic unit, which can cause
resonant vibrations [7].

The study of unsteady phenomena in draft tubes
and runners of hydraulic machines is carried out
both by numerical methods and on experimental
facilities [8, 9]. The data obtained at real hydro-
power facilities are of the greatest value [10], since
they make it possible to adjust the parameters of
both the numerical experiment and the experiment
on reduced models of the hydraulic machine [11].
Due to the complexity and danger of conducting
full-scale experiments, the most common practice
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is to use hydrodynamic test stands to study mo-
dels of flow parts [12]. The study of unsteady phe-
nomena, in particular, the precession of the vortex
rope, is carried out both at partial [13] and close to
nominal modes [14] and with increased flow rates
[15], at which additional cavitation phenomena
arise [16]. Experiments have revealed the nonsta-
tionary effect of the rope precession on the flow in
the turbine runner [17] and have recorded addi-
tional ultra-low pulsation frequencies [18]. Along
with experimental studies, numerical experiments
have been widely used [19, 20].

Reducing the level of pulsations at the design
stage of hydraulic machines is a difficult task [21].
Over the years, a large number of methods and
technologies have been developed to bring the
pulsation level to safe values [22]. The most com-
monly used ones are the installation of fins in the
diffuser of the draft tube [23] and grilles at the
outlet of the runner [24], injection of an air jet [25,
26], and changing the geometric characteristics
of the runner blade system [27, 28]. Among the
latter, the method of lengthening the cone of the
runner is widely used [29, 30]. The presence of
splitters in the runner can also affect the level of
pulsations in both turbine and pump modes [31].
In recent years, the method of forming the trai-
ling edge of the runner blade has become wide-
spread. This fact may significantly reduce the le-
vel of pulsations in the draft tube [32].

The purpose of this research is to determine the
patterns of pressure fluctuations and study the
effect of the spatial shape of the blades (“circum-
ferential lean”) of the runner of a Francis pump-
turbine on the amplitudes and frequencies of un-
steady flow in the draft tube diffuser of a hydraulic
unit model.

One of the ways to influence the energy and pul-
sation characteristics of pump-turbines is to spa-
tially profile the blades of radial-axial runners using
circumferential leans. The use of circumferential
leans makes it possible to change the shape of the
blade edges and the relative position of the blade
profiles in the circumferential direction by shifting
the blade hub profile in the direction of rotor rota-
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Fig. 1. Definition of the angle of the circumferential lean ¢

tion (positive lean, lean angle ¢ > 0) or in the oppo-
site direction (negative lean angle ¢ < 0) (Fig. 1).
At the same time, the shapes of the blade profiles
remain unchanged. This approach makes it possible
to optimize the blade shape to improve the fluid
flow in the runner channel and in the draft tube.

The model of the Francis pump-turbine
ORO5217, developed at IMEP and implemented
at units 1—4 of the Dniester PSP, was taken as the
initial object of study. The blades of the RK5217
runner have a traditional appearance: the trailing
edge is located in the radial plane, the leading edge
in the meridional projection is vertical and in the
circumferential direction is inclined by 10° in the
direction of rotor rotation.

Two modifications of the RK5217M and
RK5217M2 runners were developed to study
the effect of the blade spatial shape on the energy
and pulsation characteristics using circumferen-
tial leans. In the RK5217M, the angle of inclina-
tion of the leading edge is ¢ = +45°, respectively,
the hub profile is shifted in the direction of ro-
tor rotation by 12.8° relative to the original ver-
sion, while the rest are linearly dependent on the
height of the runner in the area of the leading
edge. In RK5217M2, the angle of inclination of
the leading edge is ¢ = —45°, respectively, the hub
profile is shifted by 18.2° in the direction opposite
to the rotation relative to the original RK5217.
Fig. 2 shows a computer model of the original and
modified runner blades of the 5217 series.

At the first stage, using the IPMFlow software
package [33] developed at IMEP, a numerical stu-
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Fig. 2. Computer model of three options of runners: a — top
view; b — front view

dy of the viscous flow of an incompressible fluid
was carried out for three options of runners in a
wide range of operation in turbine mode [34]. The
IPMFlow software package allows for numerical
studies in various flow parts [35, 36] using mo-
dern mathematical methods [37, 38]. The com-
putational domain contained one channel each
of the guide vane and the runner. The influence
of the circumferential lean on the distribution of
pressure and velocity vectors, pressure diagrams
on the blades, the distribution of velocity compo-
nents behind the runner, and the energy charac-
teristics were analyzed. It was found that the best
energy performance in almost the entire range of
design modes is achieved by the RK5217M2 with
a negative circumferential lean angle ¢ = —45°.

Table 1. Comparison of the Measurement Error
of the Parameters of Model Hydraulic Turbines
with the Requirements of IEC 60193

Measurement error
Parameter Requirements IEC Achieved value at
60193, % the ECS-30 stand, %
Rotation speed +0.075 +0.030
Head +0.100 +0.100
Torque +0.100 +0.100
Discharge +0.200 +0.200
Model efficiency £0.250 £0.250
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Numerical studies of pressure pulsations in the
diffuser of the draft tube for the RK5217 runner
were also carried out by various turbulence mo-
dels. Comparison of the calculation results with
the known experimental data showed a satisfac-
tory correspondence of the results [39].

To confirm the results of numerical studies and
obtain reliable data in a wide range of turbine
and pump modes, experimental selective tests of
models with three options of runner with a diame-
ter of D, = 350 mm were carried out on the IMEP
ECS-30 hydrodynamic test stand. The IMEP
hydrodynamic stands have the status of national
heritage and meet all the requirements of the
international standard TEC 60193 for model ac-
ceptance tests of hydraulic machines of various
types [40]. Table 1 shows a comparison of the
measurement errors of parameters according to
the requirements of IEC 60193 with the values
achieved on the ECS-30 test stand.

The model unit of the pump-turbine consisted
of a spiral casing with circular cross-sections and
a 360° coverage angle, 20 stator columns, a guide
vanes with 20 positive curvature blades and
height of 0.14D,, a 7-blade runner, and a draft
tube with a KU-3RO elbow. The runner blades
were made of PLA plastic by 3D printing, which
significantly reduced the cost and time of the re-
search. Preliminary strength calculations of the
blades showed the possibility of conducting ex-
perimental tests with heads up to 12 m. Figure 3
shows a photo of the 5217 series runners.

As a result of the energy studies, the operating
and performance characteristics of the models
with runners of the 5217 series were obtained.

Table 2 shows the parameters of the optimal
modes of the three models of flow parts in the tur-
bine and pump modes. The relative efficiency n*
in this paper is the ratio of the current efficiency
value to its maximum value in the original ver-
sion with the RK5217 runner. The results show
that the maximum value of efficiency in both the
turbine and pump modes in the model with the
RK5217M2 runner with a negative lean ¢ = —45°
significantly exceeds the similar indicators of other
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models. The position of the performance optima
in the turbine mode changes insignificantly both
in terms of flow rate and rotational speed. In the
RK5217M2 model, the flow rate at the pump mode
optimum is 0.04 m*/s less than in the original ver-
sion, which is also important because it requires
less energy consumption when filling the upper
reservoir. In addition, this runner has the lowest
ratio of optimal rotational speeds in pump and tur-
bine modes n,/n! , which confirms its advantages.

Table 3 shows the parameters of models with
runners of the 5217 series at 50% and 95% of
maximum capacity at maximum, nominal, and
minimum heads at the Dniester PSP in turbine
mode. From the presented results, it is clear that
the model with RK5217M2 runner with a nega-
tive circumferential lean ¢ = —45° has higher efi-
ciency in almost the entire PSP operation range.

As can be seen, the use of spatial profiling of run-
ner blades significantly affects the energy charac-
teristics of the models both in the rated power
operation zone (0.95 N/ )and in the partial load
zone (0.50 N/ ). As a result of the application

Imax

Table 2. Optimal Parameters of Flow Parts

Fig. 3. Runners of the 5217 series, from left to right:
RK5217M2, RK5217, RK5217M

of spatial profiling using leans in the RK5217M2
model (¢ = —45°), it was possible to significantly
improve the energy performance as compared with
the modern high-performance RK5217, which
successfully operated at hydraulic units 1—4 of
the Dniester PSP.

Pulsation tests were performed to determine
the amplitudes and frequencies of pressure pulsa-

Turbine mode Pump mode
Runner n./n
Q n n* Q n! n* 1w/
RK5217 0.312 78.0 100.00 0.438 94.98 100.00 1.218
RK517M 0.317 76.0 98.52 0.348 96.18 98.73 1.266
RK5217M2 0.313 79.0 100.74 0.398 92.07 100.67 1.165
Table 3. Energy Parameters of Models with Runner of the 5217 Series at 50% and 95%
of the Maximum Capacity at Maximum, Nominal, and Minimum Heads at the Station in Turbine Mode
At constant Nj=0.50 - N/ At constant Nj=0.95-N|
Runner n; =85 n;=91 n; =95 n! =85 n; =91 n! =95

Q/ n* Q/ n* Q/

n* Q n* Q n* Q n*

RK5217 0.244 | 915 | 0.257 | 84.6 | 0.270
RK517M 0.246 | 89.3 | 0.253 | 85.3 | 0.253
RK5217M2 0.239 | 920 | 0.252 | 86.3 | 0.262

80.2 | 0452 | 94.1 | 0465 | 904 | 0.476 | 86.2
81.7 | 0458 | 91.0 | 0470 | 874 | 0.482 | 84.0
80.7 | 0.433 | 96.2 | 0.439 | 938 | 0445 | 90.8
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tions in the entire range of PSP operation modes.
They were carried out at a head of H=6 m, which
was accepted for power tests, in the flow part lo-
cations recommended by IEC 60193.

Pressure sensors of DMK331 type manufac-
tured by BD SENSORS were used to measure
pressure pulsations. The sensor membranes were
installed flush with the surface of the flow part.
The pulsations were measured at two points of
the draft tube diffuser: the upper one at a distance
of 0.2D, and the lower one at a distance of 1.5D,
below the runner shroud (Fig. 4).

As secondary equipment, a special amplifier for
measuring dynamic processes “Spider 8” manu-

Fig. 4. Placement of sensors on the draft tube diffuser
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factured by HBM (Germany) was used, followed
by processing of the examined signal with the use
of special program Catman on a personal com-
puter and presenting the result in the form of an
amplitude-frequency spectrum.

Graduation dependencies between the control
pressure and instrument readings were determi-
ned by static calibration with the use of a load-
piston manometer of the MP-6 type. The gradua-
tion dependence of the sensor is entered into the
program settings to determine the value of the
pressure pulsation amplitude.

The amplitudes of pressure fluctuations are pre-
sented as a dimensionless value in percent rms/H,
where rms is the standard deviation of pressure
fluctuations from the average value, H is the head
during the test on the stand. The pressure pulsa-
tion frequencies are determined directly from the
spectra obtained in the process of processing the
test results at different operating modes of the
pump-turbine models.

The study of pressure pulsations was carried
out in the turbine mode at unit rotation speeds
n; = 85,91, 95 min™', corresponding to the maxi-
mum, nominal, and minimum heads of the Dni-
ester PSP, in the range of unit discharge Q! from
0.100 to 0.450 m?/s, with guide vane openings
a, = 8; 10; 12; 16; 20; 24; 28; 34 mm. Based on the
results of the study, the pulsation characteristics
shown below were constructed.

Figure 5 shows the spectra of pressure pulsa-
tions in the draft tube diffuser obtained from
the installed sensors (Fig. 4). The spectra are
shown for three runners RK5217, RK5217M and
RK5217M2 for the rotation speed 7} = 85 min ™!,
which corresponds to the maximum head, and
two discharge values Q' = 0.252 and 0.467 m?®/s.
The spectra are presented in dimensionless va-
lues, with the amplitude A/H and frequency ' =
=/ / f,, where f is the harmonic frequency, f is
the rotation frequency, A is the pulsation ampli-
tude, and H is the head.

The analysis of the pulsation spectra shown
in Fig. 5 shows that at low discharges (Q! =
= 0.252 m3/s), the maximum values correspond

ISSN 2409-9066. Sci. innov. 2024. 20 (3)
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Fig. 5. Spectra of pressure pulsations in the diffuser for three runners in different modes: a — n} =
=85min !, Q) =0.252m?/s; b — n; =85 min ", Q| = 0.467 m?/s
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Fig. 6. Amplitudes of pressure pulsations in the upper and lower parts of the diffuser at the rota-

tion frequency n] = 85 min™!

to the vortex rope rotation frequency that is equal
to 0.3 of the frequency of runner rotation, and its
second harmonic. With an increase in discharge
(Q! = 0.467 m?/s), the pulsation amplitudes at
frequencies below the frequency of rotation de-
crease, and the pulsation amplitudes increase at
frequencies that are multiples of the frequency of
rotation. Thus, in the lower part of the diffuser
at discharges up to Q) = 0.260 m?/s, a strongly
marked pulsation with /= 0.2—0.3, which disap-
pears with increasing flow rate. It can also be seen
that the maximum values of the pulsation ampli-
tudes in both modes were obtained when studying
the RK5217M runner.

Atarotation frequency of n’, = 85 min ' that cor-
responds to the maximum head at the PSP (Fig. 6),
the maximum pulsation amplitude rms/H in the
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original version of RK5217 is 6.7%, RK5217M —
7.8%, RK5217M2 — 6.3%. The maximum ampli-
tude of pulsations is observed at discharges up to
0.180 m?/s, with an increase in discharges up to
0.360—0.440 m3/s, pulsations decrease to mini-
mum values of 1.5% for RK5217 and RK5217M2,
1.9% for RK5217M.

The maximum amplitude of pulsations rms/H in
the lower part of the diffuser is 3.2—3.8% for all
three runners at discharges up to 0.160 m?®/s. As
the discharge increases, the pulsations decrease to
aminimum value of 1.2—1.8% (at Q! from 0.300 to
0.440 m*®/s). When operating at nominal discharge
(95% capacity mode), the pulsation amplitude for
the RK5217M runner is 14% higher for the upper
sensor and 21% higher for the lower sensor, for
the RK5217M2 runner it is 17% lower for the up-
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Fig. 7. Amplitude of pressure pulsations in the upper and lower parts of the diffuser at the rotation

frequency n', = 91 min™!

per sensor and 16% lower for the lower sensor; for
partial load (50% capacity mode), the pulsation
amplitude for the RK5217M runner is 35% higher
for the upper sensor and 11% higher for the lower
sensor, for the RK5217M2 runner it is 15% lower
for the upper sensor and 1% lower for the lower
sensor as compared with the RK5217 runner.
For a rotation frequency of n| = 91 min' that
corresponds to the nominal head at the station,
the maximum pulsation amplitude rms/H is ob-
served at discharges up to 0.200 m*/s (Fig. 7).
The maximum values were recorded as follows:
RK5217 — 7.9%, RK5217M — 9.2% and 6.5% of
RK5217M2. With an increase in the turbine dis-
charge to 0.350—0.410 m?3/s, the pulsations de-
crease to a minimum level of 2.0% (RK5217),
2.3% (RK5217M), and 1.8% (RK5217M2).

ISSN 2409-9066. Sci. innov. 2024. 20 (3)

The maximum amplitude of pulsations rms/H
in the lower part of the diffuser is approximate-
ly 4.5% for RK5217 and RK5217M2, 3.8% for
RK5217M at discharges up to 0.180 m?/s. Further,
as the discharge increases to 0.340—0.380 m?/s,
the pulsations decrease to a minimum level of
1.7% (RK5217), 2.2% (RK5217M) and 1.1%
(RK5217M2). When operating at nominal dis-
charge (95% capacity mode), the pulsation amp-
litude for the RK5217M runner is 5% higher for
the upper sensor and 1% higher for the lower
sensor, and for the RK5217M2 runner it is 28%
lower for the upper sensor and 30% lower for the
lower sensor; for partial discharge (50% capacity
mode), the pulsation amplitude for the RK5217M
runner is 2% lower for the upper sensor and 1%
lower for the lower sensor, for the RK5217M2
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Fig. 8. Amplitude of pressure pulsations in the upper and lower parts of the diffuser at the rotation

frequency n = 95 min !

runner it is 19% lower for the upper sensor and
1% lower for the lower sensor as compared with
the original RK5217 runner.

For a rotation frequency n; = 95 min™' that
corresponds to the minimum head at the station,
the maximum pulsation amplitude rms/H is 9.3%
(RK5217),9.9% (RK5217M), 7.6% (RK5217M2)
at discharges up to 0.250 m?/s (Fig. 8). As the dis-
charge increases, the pulsation amplitude decrea-
ses and at a discharge of more than 0.350 m®/s rea-
ches a minimum value of 2.2—2.4% for all runners.

The maximum amplitude of pulsations rms/H
in the lower part of the diffuseris 4.7% (RK5217),
4.9% (RK5217M) and 5.3% (RK5217M2) at dis-
charges up to 0.180 m3/s. As the discharge rate
increases to 0.310—0.410 m?/s, the amplitude de-
creasesto 1.8—2.2% (RK5217),1.4% (RK5217M)
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and 0.8—2.4% (RK5217M2). When operating at
nominal discharge (95% capacity mode), the pul-
sation amplitude for the RK5217M runner is 1%
less for the upper sensor and 11% more for the
lower sensor, for the RK5217M2 runner it is 10%
less for the upper sensor and 11% less for the lower
sensor, for partial load (50% capacity mode), the
pulsation amplitude for the RK5217M runner is
7% smaller for the upper sensor and 7% smaller
for the lower sensor, for the RK5217M2 runner
it is 14% smaller for the upper sensor and 37%
larger for the lower sensor as compared with the
original RK5217 runner.

The results show that the flow part with the
RK5217M2 runner with a negative circumferen-
tial blade lean ¢ = —45° has the lowest pulsation
amplitudes behind the runner (upper sensor) at
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all three given rotation speeds for the rated mode
(95% capacity) and partial load mode (50% ca-
pacity). The maximum decrease in the pulsation
amplitude is observed for the RK5217M2 runner
in the partial load mode in the upper part of the
draft tube diftuser.

In general, almost in the entire range of turbine
operating modes for the RK5217M2 runner, a sig-
nificant decrease in the level of pressure fluctuations
in the draft tube diffuser is observed. From the re-
sults of selective experimental studies, it was found
that the RK5217M2 model has the best characte-
ristics, to confirm which it is proposed to conduct a
full range of acceptance tests of a large-scale model
with a metal runner with a diameter of 500 mm.

CONCLUSIONS

1. For pump-turbines for heads up to 200 m, the
influence of spatial profiling of runner blades by
means of circumferential leans on the energy and
pulsation characteristics of the flow part was first
established.

2. Tt has been established that the model of the
pump-turbine with RK5217M2 with blades with
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EKCITEPUMEHTAJIbHI JIOCTIIPKEHHS TTYJBCAIIN TUCKY
B IN®Y30PI BIJICMOKTYBAJIbHOT TPYBU Y MOJIEJISAX
HACOC-TYPBIHIM HA HAITIOPU 10 200 m

Bcmyn. 36inbieH s 4acTKE MAaHEBPOBHX i PE3ePBHUX FeHEPYIOUNX TTOTYKHOCTEH 15T TOKPUTTS T0OOBUX MiKiB CIIOKUBAHHS
€JIEKTPOEHEPTii € OJIHUM i3 NIEPITOYEProBUX 3aB/IAHb IIOBOEHHOTO PO3BUTKY CHEPIreTHKH YKPaiHH.

Ipoéaemamuxa. Ha choroani 10 TiapoTypOiH BUCYBAIOTh BUMOTH HE TiJIbKU 3 MiBUIIEHHS e(heKTUBHOCTI, a ii i3 pos-
mupeHHs Aianazony poboru. Tak, HOBI rigpoarperatu JHictposebkoi TAEC MatoTh 3abe3iedntn HaAiiiHy eKCIIyaTalio B
TypOIHHOMY pekuMmi y ianazoni noryskHocreinr 40—100 % Big HOMiHAIBHOL, TOAI SIK YOTUPU PaHillle BCTAHOBJIEH] TIPALFOIOTH
y mianazoni 70—100 %. Bukonaru 1ie MoxinBo 3a paxyHok migBuiients KK/ i 3uukens piBHs mysibcailiil THCKY Ha PesKH-
MaxX MaJIiX MOTY>KHOCTEH.

Mema. BcTanoBUTH 3aKOHOMIPHOCTI PO3MOLTY My Ibcalliit THCKY B AN(DY30pi BiICMOKTYBaIbHOT TpyOH Moiesi Tigpoar-
perary Ha OCHOBI JIOCJIiIKEHHsI BIUIUBY IIPOCTOPOBOI GopMHU Jiomareil pobounx KoJIic paiaibHO-0ChOBOI Hacoc-TypOiHN Ha
TIIPOMHAMIYHNI TIPOIeC y MPOTOYHIN YacTHHI.

Mamepianu i memoou. CeleKTUBHI €KCIIEPUMEHTAIbHI ZOC/IKEHHs TPhOX BapiaHTiB MOJEJel TPOBeeHo Ha TiApo-
murHamivromy crenzai [TIMam EKC-30. Jlonarti po6ounx KoJiic BUrOTOBJIEHO 3 Tactuky PLA metogoMm 3D-apyKy, 110 103-
BOJINJIO CKOPDOTUTHU CTPOKU JOCTi/IPKEHD i 3HN3UTH BUTpaTu. [lyibcartii TucKy BUMipIoBaIn JaTIMKAMU Yy IBOX TOUKaX AUpy-
30py BizicMOKTYBasIbHOI TpyOM Ha BincTani 0,2 1 1,5 giamerpa po6ouoro KoJeca Bij 06oza KoJeca.

Pesyavmamu. 3a 10110MOT010 KOJIOBUX HABAJIIB CIIPOEKTOBAHO I €KCIIEPUMEHTAJIbHO 0CIIKEHO Tpr Moaudikaiii po6o-
4OTO KoJieca Hacoc-TypOinu Ha Harmopu 10 200 M, 110 BiAPI3HIUCS JIUIIe B3AEMHUM PO3TAIlyBaHHSIM HPO(IJIIB JOmaTei.
AHauti3 oTpUMaHuX yHIBepCAIbHUX HEPreTUYHKX 1 [YJIbCALIIHUX XapaKTePUCTUK MOJIeJieil y TypOIHHOMY PesKUMi [OKa3as.,
1110 Kpallli MOKa3HUKK Ma€ MOJIEb i3 pOOOYMM KOJIECOM i3 HeraTUBHUM KOJOBUM HaBaJIOM JIOTIATEH.

Bucnoexu. Busnavenii BIUIMB IIPOCTOPOBOI (hOpMIE JtoTmaTeil poOOYNX KOJIIC Ha eHepreTHYHi i My Ibcalliiiii xapakrepuc-
TUKK MOZIEJI pa/iia/ibHO-0ChOBOI Hacoc-TypOinu Ha Hariopu 40 200 M I03BOJIUB i ABUILNTHU Il eDeKTUBHICTH | BHUBUTH PiBEHb
IyJIbCAlliil TUCKY Y IPOTOYHII YacTHHI.

Kniouosi crosa: nacoc-typbina, mpoTOYHA YaCTUHA, MyJIbcallii TUCKY, poboYe KOJIeCo, BiAICMOKTYBalbHa TPyHa, eKCIiepUMeH-
TaJIbHI JJOCITIPKEHHSI.
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