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UDC 629.7.045 The object of research in the paper is the technology of manufacturing

segments of the rotor rim of large hydrogenerators-motors. The subject of
THE CHOICE study is the design and geometrical state of the rotor rim during the opera-
OF A RATIONAL tion of hydraulic units. The goal is to make a three-dimensional mechani-
TECHNOLOGY cal calcu_latlon of the rotor segment for_ the further de_termlnatlon of _the

most optimal technology for the rotor rim manufacturing. The following
FOR MANUFACTURING tasks are set: to study the peculiarities of the manufacturing technology of
THE HYDROGENERATORS- | the rotor rim segments; to perform an analytical calculation and a three-
MOTORS ROTOR RIM dimensional calculation with the determination of the average values of

stresses and deformations in the rotor segment. The used methods are:

finite element method of mathematical modeling of the thermal stress state

Pavio M. MQKGFOV of nodes. The following results were obtained: a description of the two
p.makarov_khai@gmx.com main manufacturing technologies of the rotor rim segments, namely the
ORCID: 0009-0008-6415-8970 stamping method and the laser cutting method, was provided. The ad-

National Aerospace University vantgges and disa@vantages of each tech_nological process were ana!yzed,
" . L . " and it was determined that the laser cutting method should be used in the

Kharkiv Aviation Institute production of powerful small-scale hydrogenerators. Three-dimensional
17, Chkalov str., Kharkov, models of the rotor segment were developed and a three-dimensional me-
61070, Ukraine chanical calculation of this model was performed, as a result of which the
value of the displacement of the rotor of the hydrogenerator at the nominal
frequency of rotation, as well as the average values of the stresses in the
spoke and the rim of the rotor, were obtained. Based on the results of cal-
culations, it was established that significant tolerances in the manufacture
of rotor segments can lead to changes in the shape of the rotor during its
further operation, the appearance of additional vibrations and further af-
fect the performance of the hydraulic unit. The scientific novelty consists in
a combined approach to the estimation of the average values of stresses
and deformation of the rotor rim, taking into account the technology of its
manufacture, which includes elements of analytical mechanical calcula-
tion and calculation in a three-dimensional setting.
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Introduction

Electricity is a basic branch of the economy of Ukraine and an integral component of the country's
electrification. According to the program documents that determine the direction of the hydropower develop-
ment of Ukraine, namely the "Energy Strategy of Ukraine for the period until 2035" and the "Hydropower De-
velopment Program until 2026", a significant increase in the capacities of HPPs and PSPSs through the mod-
ernization of existing hydropower units is predicted [1, 2]. As of 2021, electricity generation at the expense of
hydroelectric power plants increased by 37.7% compared to 2020 [3]. One of the promising areas of hydro-
power development is the use of PSPSs, as they are the main source of covering peak capacities and belong to
emergency reserves [4].

The main feature of the PSPS is the use of synchronous hydrogenerators-motors, the rotors of which,
depending on the mode of operation, rotate in both directions and operate under conditions of frequent starts
and stops, which leads to increased requirements for the strength and reliability of the nodes of such hydrau-
lic units, with the aim of reduction of failures in the operation of such units.

Fig. 1 shows the design of the umbrella-type hydrogenerator-motor with one thrust bearing (1) placed
in the oil bath of the crosspiece (3) above the rotor (9) and with the support of the collar bearing (8) on the cov-
er of the pump-turbine. The hydrogenerator-motor is excited by an independent thyristor excitation system. The
rotor sleeve (10) is connected to the shaft of the pump-turbine with flanges. An extension shaft is attached
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to the upper part of the rotor sleeve, on
which the thrust bearing sleeve and contact
rings are placed. The stator (6) is installed
on the bed inside the shaft of the hydrogen-
erator-motor and is attached to the bed with
the help of anchor pins (7). A crosspiece
with spacer jacks (4) rests on the upper
shelf of the stator housing. The ribbed ceil-
ing of the crosspiece is located on the same
level as the engine room floor. A stand
(cap) (2) is installed in the central part
above the crosspiece, inside of which a
traverse of contact rings is attached. The
overlap of the shaft of the pump-turbine,
which is installed on the beams under the
rotor of the hydrogenerator-motor, is a plat-
form for servicing the collar bearing and
brakes. The ventilation of the hydrogenera-
tor-motor is carried out in a closed cycle

Fig. 1. General design of the hydrogenerator-motor:
: . - . . 1 —thrust bearing; 2 — cap; 3 — crosspiece; 4 — spacer jack;
with partial selection of hot air for heating 5 — air coolers; 6 — stator; 7 — anchor pins; 8 — collar bearing;
the engine room. Air coolers (5) are located 9 —rotor; 10 — rotor sleeve

around the stator housing of the hydrogenerator-motor. Zones of cold and hot air are separated by upper and
lower air shields. The direction of rotation of the hydrogenerator-motor in the generator mode is clockwise, in
the engine mode — counterclockwise (when viewed from above).

One of the important factors that determines the performance of a hydrogen generator is vibration.
Strong vibration reduces the productivity and efficiency parameters of the hydraulic unit due to the loss of elec-
trical energy and an increase in the temperature in the machine [5]. The paper [6] provides a detailed review of
damaged bearing elements as a result of overheating and established cause-and-effect relations between vibra-
tion, overheating and subsequent failure of the unit. The types of failures of hydraulic units are presented in
detail in the paper [7], which also analyzes the economic losses caused by the failure of at least one unit. The
presented paper is a review and really reveals many factors that affect the appearance of additional vibrations of
hydraulic units.

The causes of increased vibration of the hydraulic unit, depending on the source of the disturbing force,
can be divided into three types: mechanical, hydraulic, and electrical.

The mechanical ones include: imbalance of the generator rotor and turbine rotor; incorrect state and
position of the hydraulic unit shaft axis; problems in bearing nodes; weak fastening of the supporting parts of
the unit or their insufficient rigidity; engagement of rotating unit parts [8].

Hydraulic causes are: hydraulic imbalance of the rotor; incorrect height position of the rotor of the ra-
dial-axial turbine relative to the stator; incorrectly established combinatorial dependence in Kaplan turbines;
turbine operation in cavitation modes [9].

The electrical causes of vibration of the unit are usually unevenness of the attraction of the rotor to the
stator (electromagnetic imbalance), which is mainly caused by: unevenness of the air gap of the generator, exciter
and subexciter; the oval shape of the generator rotor; shorting the turns of the winding of the rotor poles [10, 11].

In order to optimize the technological process, the rim of the rotor of large generator engines is made
charged. It is assembled from separate segments stamped from steel with a thickness of 3-4 mm. The dimensions
of the rim of the rotor of medium and large generators do not allow its transportation in an assembled form, and
therefore such rims are made of separate stamped steel segments and assembled at the place of their installation.

The rim is divided by height into a number of packages, collected from separate segments and fastened
with pins. In the gaps between the packages, there are built-in spacers that act as ventilation blades that provide
intensive air supply to the active parts of the generator that heat up the most. The assembled rim in a heated
state is wedged on the ends of the spokes with paired wedges, which ensure a tight fit of the rotor rim on the
backbone.
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Since hydrogenerator rotors are one of the most loaded components and undergo constant vibrations, it
is advisable to carry out a mechanical calculation of the rotor rim of the hydrogenerator, taking into account the
technological features of the assembly of this component. At the same time, the determining factor will be
compliance with the requirements of DSTU EN IEC 60034-33:2022 [12], which specifies the permissible
strength reserves for rotating parts of hydraulic units, which are up to 95% of the yield strength of the material.

Manufacturing technology of hydrogenerator rotor rim segments

As it was mentioned above, the rim of the rotor of the hydrogenerator is made in batches and is assem-
bled from separate segments. The main methods of manufacturing segments for the rotor rim are stamping and
laser cutting. The features, advantages and disadvantages of each method are considered in more detail below.

Stamping

Stamping, as a technological process of processing blanks made of metal, allows to obtain ready-
made products of a flat or three-dimensional type, which differ in both their shape and dimensions. A stamp
attached to a press or other type of equipment can act as a working tool during stamping. Metal stamping can
be hot or cold, depending on the performance conditions. These two types of this technology involve the use
of different equipment and compliance with certain technological norms.

When performing cold stamping of metal parts, the process of forming the finished product proceeds
only due to the pressure of the working elements of the press on the workpiece. Due to the fact that blanks are
not pre-heated during cold stamping, they do not shrink. This makes it possible to manufacture finished products
that do not require further mechanical finishing. Disadvantages of cold sheet metal stamping include the high
cost of equipment, and the significant economic benefit of this process is possible only with serial production.

In the last century, it was allowed to manufacture sheets of the rotor rim from St3 steel (flow stress
o=255 MPa), and later the switching to high-alloy steels of the 10KhSND brand, which have improved me-
chanical properties (flow stress 6i=1080 MPa), began. As a result of cold plastic deformation, the crystal
structure of the metal is distorted; the grains of which it is composed are drawn in one direction; strength in-
creases and plasticity decreases. This phenomenon is called work hardening. Deforming hardened metal is
more difficult, requires greater efforts and more powerful equipment. In view of this, cold plastic defor-
mation is used less often, only for plastic metals or blanks of small cross-section (sheets, wire) [13].

Considering the fact that the production of hydrogenerators belongs to single or small series produc-
tion, the use of cold stamping for the production of the rotor rim is economically impractical, and the signifi-
cant deformation of the metal leads to large technological tolerances, which is unacceptable for the reliable
operation of the unit.

Laser cutting

Laser metal cutting is the most advanced metal processing process. It allows to create high-quality
elements from such metals and alloys as brass, copper, alloy, tool steel and stainless steel, titanium, alumi-
num alloys, etc.

The laser is quite widely used in various industries. Today, due to high accuracy and complex contour
cutting, it is the best alternative to mechanical processing of metals. Laser cutting is also able to reduce the time
of the production process and ensure high cutting accuracy, without heating the product and preserving the me-
chanical properties of the materials. Today, companies engaged in laser metal cutting use two types of lasers:

— solid-state (YAG) lasers, the power of which usually does not exceed 1-6 kW, and the wavelength
is 1 pm;

—gas (COy) lasers with a power of 50-15,000 W, the active medium of which is helium, argon, ni-
trogen, and carbon dioxide.

Most steels are considered ideal materials for laser cutting. High-strength metals such as AISI-SAE 4130
(chromium molybdenum steel) and 4340 (chromium nickel molybdenum steel) show exceptional laser cutting
accuracy. Thanks to this, there is no roughness on the cut surface.

Technological advantages of laser cutting are:

— the manufactured part acquires an ideal cut line that does not require additional processing;

—as a result of optimization of metal sheet cutting, the amount of waste is significantly reduced;

— the ability to work with the most fragile and thin materials;

— increase in productivity due to operation at the maximum speed of laser cutting.
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However, the use of the laser cutting method has disadvantages related to the dimensions of the
products. Currently, there are no lasers capable of processing thick-walled metals, and the maximum size of
the blank sheet should not exceed 30001500 mm.

In accordance with modern requirements for the strength and reliability of hydraulic units, the tech-
nology of manufacturing rotor rim segments using laser cutting is the most effective.

Analytical and three-dimensional calculation of the strength of the rotor rim during the hydraulic unit
assembly

As mentioned earlier, the rim of the rotor consists of a large number of sheets connected to each oth-
er by tie pins, while the height of the package of the rotor rim can reach more than 2 m. In classical analyti-
cal calculations for a static problem in an elastic setting, based on experimental thermal data, the modulus of
elasticity of the rotor rim is 120 GPa. The calculation is carried out in two main stages: determination of me-
chanical stresses and assessment of the package joints condition.

Taking into account many years of experience of our compatriots in the design of hydrogenerators,
the most effective are the analytical calculation algorithms proposed in the last century by
Wiedemann Ye. [14], which will be used for analytical calculation in the future.

Table 1 shows the initial data of the hydrogenerator-motor under study.

Table 1. Initial data for analytical calculation

Name Notation Dimensionality
The outer diameter of the rotor rim D;=5.592 m
The inner diameter of the rotor rim D,=4.868 m
Nominal frequency of the rotor rotation Np=187 rpm
Runaway frequency of the rotor rotation (maximum permissible) N,=262 rpm
The number of rotor poles Z,=32 -
The depth of the groove in the segment under the tail of the pole | H>=0,097 m
Mass of charged rotor pole G=1637.81 kg
The radius around the pole center of mass R1=3.63 m
Flow stress of material segments Sg=240 MPa
The axial length of the rim without channels under the pole cores | Lo=1,584 m
The minimum radial width of the rotor rim segment H,=0.212 m
The mass of the rotor rim under the pole cores Grim=81000 kg

The defining conditions of the calculation are that the obtained stresses should not exceed: permissi-
ble 0.95 o from the flow stress, for rotating parts of hydrogenerators according to DSTU EN IEC 60034-
33:2022 [12], permissible (2/3) or from the flow stress, for parts of the rotor of the hydrogenerator in the

nominal mode of operation from 0.95 o during runaway.

Analytical calculation of the rotor rim strength
The coefficient of centrifugal forces at the nominal and runaway frequencies of rotation is

32

2 2
N
Ay =|n D) 385531 18 A =[x 2 | =752.766 s
30 30

Radius of inertia of the rotor rim

a= % =0.87053; R, = % D, [

A l+a

Centrifugal force of poles

1+a+a’

j =2.619 m.

C,=A, -Z-G-R -10°=143.212 MN.

Centrifugal force of the rotor rim

Co=A -G+ R, -10°=159.702 MN.

Tensile stress in the segment of the rotor rim at the runaway rotation frequency
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C,+Cy ‘ Zs
6.26-H,-L, Z,-1

The material of the rotor rim segment is S300MC according to DSTU EN 10149-2-95 [15] with flow
stress of 6r=300 MPa.

Z&=4, o, = =192.129 MPa.

(¢}
Margin of strength beyond the flow stress — m = —' =1.561.
Gy

The diameter of the rotor rim along the bottom of the grooves under the pole shanks —
D,=D,-2-H,=5.398 m.
The modulus of elasticity is taken equal to E=2.1x10* N/m?,
The average flexibility of the rotor rim per diameter is
L = D;+D, 11

D,-D, 2-%n-L,-E

Deformation of the rim per diameter, caused by centrifugal forces, at the nominal rotation frequency
E,=L, -[cp i+co i]-loﬁ =0.00158 m.
A Ay

Yy

=1.019 m/N.

Deformation of the rotor rim per diameter, caused by centrifugal forces, at the runaway rotation fre-
quency

E; =L, -(C, +C,)-10° =0.003088 m.

Wedging tension of the rotor rim, based on possible overheating of 60 °C: o=11.5%10%;
d, =a-60-D,=0.00336 m.

We accept tension for a diameter of 3.3-3.4 mm.

The rotation frequency of the separating rim at the calculated tension without taking into account the

deformation of the rotor backbone
[d
nseparating = NH : E—t =273.25 rpm.
2

As can be seen from the analytical calculation, the average values of the mechanical stresses at the
runaway frequency were 192 MPa, and the deformation of the rotor rim was 0.003 m. The deformation of the
rotor rim at the nominal rotation frequency is 0.00158 m.

Three-dimensional calculation of the rotor rim strength

To clarify the values of mechanical stresses in the rotor rim, a three-dimensional strength calculation
of the rotor rim was carried out in the SolidWorks software complex. The calculation grid was built for each
individual element of the structure. A grid control was introduced. At the same time, there should be at least
three grid elements behind the minimum geometric element. Convergence of the results was carried out by
reducing the grid so that the results did not differ by more than 0.5%. The main task of the calculation is to
determine the average values of mechanical stresses and deformation of the outer diameter of the rotor rim at
nominal and runaway rotation frequencies. The calculation results are shown in Figs. 2-9.

As a result of the three-dimensional calculation, the average values of mechanical stresses at the run-
away frequency were 278 MPa, and the deformation of the rotor rim at the nominal rotation frequency is
0.007 m per radius (per diameter 0.014 m)
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at nominal rotation frequency

[V Jrmecooivommrzpen h [ [ssorcrorirommnzoen

N N 41254002
AN 30010802
- . 2.626e4002
22514002

751800001
377080001
24776001

<

Fig. 6. Stress pattern at the runaway rotation frequency along
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Fig. 8. The diagram of the stress of the rotor rim
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Fig. 3. Boundary conditions
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Conclusions

According to the results of the three-dimensional calculation of the strength of the rotor rim, it can
be seen that the average values of stresses exceed the permissible 2/3 of from the flow stress for parts of the
rotor of the hydrogenerator in the nominal mode of operation and 0.9 of from the flow stress runaway in ac-
cordance with DSTU EN IEC 60034-33:2022 [12].

When manufacturing the rotor rim by the stamping method, it is obvious that the obtained tolerances
in the segments can lead to the appearance of significantly higher stresses and, as a result, even greater de-
formation along the diameter of the rotor rim, which will subsequently negatively affect the operation of the
unit as a whole. Therefore, in the process of the rotor rim manufacturing, it is advisable to switch to laser
cutting of segments, which will increase the accuracy of the manufactured node.
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Hamionansamii aepokocMiunnii yHiBepcuteT iM. M. €. XKykoBcbkoro «XapKiBCbKUH aBialliiHUN IHCTUTYT»,
61070, Ykpaina, XapkiB, Bya. Ukanosa, 17

06 ’exkmom Oocniodicentsi 'y cmammi € MexXHON02Is GUCOMOBIEHH Ce2MeHmie 0000y pomopa GeauKux
2iopozenepamopie-osuzyHis. IlpeOmemom GUGUEeHHs. GUCTYNAE KOHCMPYKYIA U 2eoMempudnuil cman 0600y pomopa y
npoyeci excnayamayii ciopoacpezcamis. Mema — nocmano8Ka MpUusUMIPHOZO MEXAHIYHO20 PO3PAXYHKY Ce2MeHmA
pomopa 0151 nOOAIbULO20 GUSHAYEHHS HAUOLIbWL ONMUMAIbHOL MeXHON02I 8ueomosnents 0b60dy pomopa. 3aoaui:
docnioumu 0cobaUBOCMi MeXHOO02IT BULOMOBGLEHHS ceeMenmie 000dy pomopa, NPOBecmu AHATIMUYHUL PO3PAXYHOK |
MPUBUMIDHULL PO3PAXYHOK [3 GUSHAYEHHSIM CepeOHiX 3HAYeHb HanpyxceHv I Oegopmayiti 6 ceamenmi pomopa.
Buxopucmosyeanumu  memooamu € MemOO  CKIHUEHHUX  €l1eMEHMI8  MameMamuiHo20  MOOeN08AHHS
MEPMOHANPYICEH020 Cmawny 6y3nie. Ompumano HACMYNHI pe3yIbmamu. HAOAHO ONUC 080X OCHOGHUX MEXHOL02il
BUCOMOBIEHHS CeaMenmie 0000y pomopa, a came Memoo WMAMNY8antst i Memoo aazepHozo pizanns. IIpoananizoeano
nepeeazu i HeOOKU KOJICHO20 MEXHONL02IUHO20 NPoYecy, BUIHAYEHO, WO NPU UPOOHUYME] ROMYIHCHUX OPIOHOCEDITIHUX
2l0poeenepamopie OOYIIbHO 3ACMOCY8amu Memoo JazepHo2o pizanus. Pospobneno mpusumipni modeni ceemenma
pomopa i BUKOHAHO MPUBUMIPHUTI MEXAHIYHULL PO3PAXYHOK OAHOI MOOeN, y pe3yaibmami 4020 OmpUMAaHo 3HAYeHHs
nepemiwennss pomopy 2iopozenepamopa npu HOMIHAIbHIU uacmomi 00epmanHs, a MAKONC CEePeOH 3HAYEHHS
Hanpyscens y cnuyi i 0000i pomopa. 3a pe3yivmamamu po3paxyHKie 6CMAHOBNIEHO, WO 3HAYHI OONYCKU Npu
BUCOMOBIEHI CE2MEHMIB POMOPA MOJCYMb NPU3BECmU 00 3MIHU POPpMU pOmMOpa npu 1020 NOOANLWLIN eKCnIyamayii,
nosieu 000amKosux Gibpayiti i 6 NOOANBWOMY GNIUHYMU HA npayesoamuicms 2iopoacpezamy. Haykosea nosusna
noasieac 'y KomOiHO8aHOMY nNiOX00i 00 OYIHKU CepeOHiX 3HaueHb Hanpysicenvb i Odegopmayii 0600y pomopa 3
VPAXy8aHHsIM MEeXHON02I 11020 GUCOMOBTIEHHSL, WO BKIIOYACE 6 cebe eleMeHmMU AHATIMUYHO20 MEXAHIYHO20 PO3PAXYHKY U
PO3DPAXVHKY Y MPUSUMIDHITI NOCMAHOBY.

Knrwouosi cnosa: 06i0 pomopa, wimamnoska, 1a3epHa pizkad, MIYHICHUL poO3PaxXyHOK.
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