DYNAMICS AND STRENGTH OF MACHINES
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Introduction

The problem of calculating the stress state of large hydrogenerator units has not been completely
solved yet. As a rule, non-resource components, such as crosspieces, in the course of their operation perceive
and transmit dynamic loads from the rotor to the bearing, from the bearing to the crosspiece and from the
crosspiece farther to the foundation. In this case, often allowed voltages are not always a limiting factor. The
arising vibrations generated by insufficient structure rigidity, can lead to the unit destruction.

Problem formulation

To ensure the reliable operation of a hydrogenerator, it is necessary to revise the concept of calculat-
ing the stress state of its crosspiece and take into account the influence of thermal and mechanical loads, as
well as the actual structure of the metal used in production. It is necessary to solve the following tasks:

1. Analyze the hydrogenerator general construction.

2. Develop a method for determining the boundary conditions, based on experimental data for the
inverse thermal problem.

3. Present a method of taking into account its structural defects when selecting the allowed tensions.

4. Determine the crosspiece stress-strain state in a three-dimensional setting.

Hydrogenerator construction analysis

The hydrogenerator-motor construction under consideration is a vertical umbrella-type construction
with one guide bearing (1) located in the oil bath of the crosspiece (3) over the rotor (9) and with the thrust
bearing support (8) on the pump turbine cover (see Fig. 1).

The excitation of the hydrogenerator-motor is carried out from a system of thyristor independent ex-
citation.
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Fig. 1. General arrangement of a hydrogenerator-motor
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Fig. 2. Calculation scheme of mechanical loads:
Py — loads from the action of the rotor horizontal forces; Pgy, — load on the stator support;
P4, — load on the foundation; Q — thermal load

The rotor frame insert (10) is connected to the turbine pump shaft by means of flanges. To the upper part of
the rotor frame insert, a shaft-extension is fastened, on which the guide bearing insert and contact rings are placed.

The stator (6) is installed on the foundation inside the hydrogenerator-motor shaft and fixed to the foun-
dation by means of anchor studs (7). The upper shelf of the stator housing serves as a support for the crosspiece
with spacer jacks (4). The corrugated crosspiece cover is at one level with the floor of the computer room.

In the central part over the crosspiece there is a support (2), inside of which a yoke for slip rings is
fastened. The pump-turbine shaft cover, installed on the beams under the hydrogenerator-motor rotor, is a
platform for servicing the thrust bearing and brakes.
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The hydrogenerator-motor ventilation is carried out in a closed cycle with a partial extraction of hot
air for heating the engine room. The air coolers (5) are located around the hydro-generator-motor stator hous-
ing. Cold and hot air zones are separated by the upper and lower air-dividing shields.

The direction of the hydrogenerator-motor rotation in the generator mode is clockwise, in the driving
mode it is counter-clockwise, if viewed from above.

Figure 2 shows the design diagram of load transfer from hydroelectric unit elements to foundation plates.

Proceeding from the scheme presented, it can be concluded that the acting loads are of different fac-
tors and they can only be taken into account in a three-dimensional setting.

To calculate the mechanical strength of the crosspiece with the help of the basic analytical method,
tensions are specified along one horizontal axis with the subsequent determination of compliance and reso-
nant frequencies.

The total deflection of the crosspiece arm and crosspiece central part will be established according to

U=U+U,+U,+U,+Us,,
where U, is the deflection of the arm end from the twisting forces of the central part; U, are the displacements
caused by the action of torque; U, is the displacement from the cross-cutting force; U, are the displacements

from the action of gravity on the ribs; 175 are thermal displacements.

In this case it is considered that the crosspiece temperature corresponds to the temperature of the
components in the engine room.

A new method for determining the thermal state of a 300 MW hydrogenerator-motor crosspiece is pre-
sented in [1]. The possibility of transition from a two-dimensional setting to a three-dimensional one is estab-
lished. However, to solve the problem, it is necessary to choose the initial and boundary conditions for the thermal
problem. According to the method indicated in [2], the thermal state of the whole hydroelectric generator design
can be determined by the CFD method in a three-dimensional setting. To specify the initial and boundary condi-
tions, it is first necessary to establish the structure heat.

Thermal problem solution
There are the following types of losses for hydrogenerator-motors:
— ventilation; / -1k n-1 n
— mechanical;
— electric — in the rotor and stator windings;
— electric — in the stator and the rotor active steel;

— additional. @ o
To maintain the thermal balance of the structure, the ventila-
tion losses must balance all the others.

However, it is not always possible to accurately determine the ad-
ditional losses, and therefore it is proposed to consider the possibility of
solving the inverse thermal problem based on temperature measurements

at operating hydrogenerators. Fig. 3. Crosspiece mathematical model

To determine the thermal state of the hydrogenerator crosspiece, it is necessary to solve the inverse ther-
mal problem, i.e. to restore the initial and boundary conditions for the determination of mechanical stresses.

To solve the thermal problem, it is proposed to discretely split the crosspiece into the n-th number of
sections (see Fig. 3).

In this case, the calculation of the temperatures of the main structural elements can be defined as

— the plate center temperature

) &
to, =t+ 40 4O ,
o 2A
— the plate surface temperature
)
ty = 400
o
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— the heat flow density

d
qr = _}“(%] = QVS :

Then, for the steady-state solution, at which T=const, g=const, the criterion equation is used, where
the local and average heat transfer coefficients for the developed turbulent air flow regime (Ra>6-10"") at

T, =const and at g,,=const can be found by the formulas [3]

Nuﬁx = 0,15 Rag~333 € ]Vuf :0,15 Ra?,333 g, .

The defining parameters are geometric ones and the temperature of the fluid medium away from the

heat exchange surface (outside the thermal boundary layer) T,=T}.

The cooling medium flow transition regime, which occurs at Rayleigh numbers 109<Raﬁx<6-1010, is

characterized by flow instability.

The problem convergence rule is chosen as follows: for any area within the region [k,k —1] E[I,n],

the rule is satisfied (see Fig. 4)
Tcalch _Rk*% h TmeaSRk —Rk,% < € meas

calcR _Tmeast < Smeas

calcR_; - Tmeast -1 S Smeas

where T, is the temperature obtained by the calculation method; T, 1s the temperature measured; €, 1S

the instrument measurement error.
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-
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Fig. 4. Determination of the temperatures of the area under study:
a — calculation scheme; b — the temperature measured
by a thermal imager inside the machine room

In this case, the heat, tak-
ing into account the measurement
error, is calculated by the formula

Q=Zqii£, where iqizQ is
i=1

the total heat flux.

The total amount of heat
received (given) by the crosspiece
in the process of cooling (heating)
can be determined by the follow-
ing formula Q= cp,oV(t0 —1),
where ¢, is the metal specific
heat; p is the density of steel; V is
the structure working volume de-
termined by the methods of three-
dimensional modeling; f, is the
initial temperature; ¢ is the current
temperature value.

In this the cooling (heating) rate gradient m will tend to zero, and the Biot and Fourier numbers must

aF
c,pV Ly

be constant m =

0 . .. . .
¥, ¥==L, where a is the heat transfer coefficient by air; F is the area of the ele-

ments being cooled; W is the proportionality constant, equal to the ratio of the mean surface excess tempera-
ture U, in the stage of the regular regime to its volume-averaged temperature U, .
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Effect of metal defects
In view of the fact that in the manufacture
of the operating hydroelectric generators, either
the GOST 380-2005 grade 3 steel rolled metal or
its closest substitute S235 DINEN 10025-2 is
used, there may be defects in the metal structure.
At that, it should be noted that obvious
defects should be eliminated during production, | F=== = -
and the possibility of hidden defects should be | & S
regulated by calculation methods. = 3
Defects of rolled and forged metal include
the following: obvious, hidden, critical, significant
and insignificant, corrigible and incorrigible.
Technological defects include different
types of up to 10-15 mm deep single and group

m‘umullnmm;r

Fig. 5. Metal structure defect

cracks. In this case, different types of cracks are distinguished: stamping cracks, stress cracks, hairline
cracks, or flakes arising inside thick rolled metal or forged pieces (more than 30 mm in diameter).

Flakes can be observed on macro- and microsections in the form of straight, sometimes winding and
zigzag lines with a length of several tens of fractions of a millimeter to 10-15 mm or more. In small cross-
sections of products from rolled steel (less than 2-30 mm in diameter), flakes are never detected in contrast
to cast steel.

In addition, there are other types of technological defects: hairlines (20-30 mm long, sometimes
reaching up to 100-150 mm), fissures, pigeon holes, laps and forging folds (arising when the rolling edge of
metal or the elevation won't weld to the main mass of the rolled metal) as well as scabs, whose thickness var-
ies from tenths of a millimeter to 3—5 mm or more.

Figure 5 shows a blister in a metal [4]. Its maximum dimensions are strictly limited by normative
and technical documentation, the 2nd class of continuity being widely used.

It is proposed that an 'elementary defect' be introduced into the zone
with the lowest safety margins, the effect being a circle with geometric data __/i (: | ( i_
according to Table. ) { ) "

In this case, the correction for selecting the finite element mesh pa- Ny
rameters for the introduced defect must be carried out in accordance with c
GOST 25.504-82. For a plate with A-thick eccentrically located holes under | ,
tension (see Fig. 6), the reduction of the mesh element must be carried out un- L
til the difference in the maximum stresses in the same nodes becomes no more | 44|
than 0.04%. L

A further reduction in the size of a mesh finite element will lead to an 26
insignificant decrease in the error, which indicates the problem non- '
dependence on the mesh. Such an analysis is carried out when solving all sub-
sequent problems. 30

The maximum stresses in the zone of defect location exceed the av-
erage ones according to the law

P J1=(p/b)* 20F
Opyp=——"—, O =0 4
Hoe h(B+b)’ HA-C Hoo p b \/72 - . . . ‘

l_b{l_ [l_ 1=(p/b) ﬂ 0 07 0203 04 pp

B

<

where P is the acting load; k, B, b and p are the geometric parameters shown | Fig. 6. Determination of defect
in figure 6. concentrator coefficient
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Continuity indicators for rolled steel plates

Continuity Indicators
Class of S. %
continuit S, S,, S, 3 :
y 2 2 2 per 1 m", for a sheet metal L, mm
cm cm cm .
not more than unit area, not more
01 As agreed by the manufacturer and the customer
30 — for a sheet metal with a
thickness of up to 60 mm including,
0 > 20 1.0 1.0 0.3 50 — for a sheet metal with a
thickness of over 60 mm
1 10 50 2.0 2.0 0.5 50
2 20 100 2.0 3.0 1.0 100
3 50 250 5.0 2.0 200

Results of the crosspiece stress-strain state investigation

The solution to the problem of mechanical strength was carried out using the SolidWorksSimulation
software package. Three-dimensional tetrahedral solid-state elements were used as a computational mesh,
the mesh thickening being performed both inside the structural holes and in the defect location zone. The
calculation conditions are given according to the scheme shown in figure 2. The defect size corresponds to
the 2nd class metal continuity.

Figures 7 and 8 show the crosspiece stress state calculation results made by the finite element
method. The crosspiece temperature field for this construction is given in figure 9.

According to the results obtained, it can be concluded that the total deflection of the crosspiece arm
and central part can only be calculated in a three-dimensional setting, the continuity of the metal not being
determinative for displacements. It should be noted that in terms of mechanical strength, the presence of
permissible defects in accordance with the requirements of normative and technical documentation can only
be justified when performing calculations that take into account the geometric, thermal and strength factors,
as well as the features of manufacturing sheet metal types.

A

o

I | [
I 0 MPa :
Fig.7. Stress determination I
l |

i

Fig. 8. Stretching stresses in the defect location zone
(view A in figure 7)
I

Fig. 9. Temperature diagram/profile
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Conclusions

The paper presents a method for determining the stress-strain state of a high power hydroelectric genera-
tor-engine crosspiece. The structural features determining the force effect on the umbrella-type hydrogenerator-
motor crosspiece in a three-dimensional setting are studied. The proposed method makes it possible to estimate
the stressed state of non-resource components of hydroelectric generators taking into account mechanical and
thermal loads, as well as introduce restrictions on the continuity of metal at the design stages. The choice of per-
missible stresses based on various factors for the main types of structural steels is grounded.
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BrnuiuB TensioBHX i MexaHiYHHX (PAKTOPIiB HA HANPY’KeHMI CTaH BeJIMKHUX BY3JIB riiporeHepaTopis-
JBHUTYHIB

L2 Tperpbsx O. B., ' lllyts O. 0., *Takaxn I1. T.

1,Z[H «3aBoa «EnexTpoBaxkmain», 61089, Ykpaina,
M. XapkiB, mp. MockoBcbkui, 299
* HanionaneHuii aepoxocMiunmii yrisepcuteT iM. M. €. XKykoBchkoro «XAl»,
61070, Ykpaina, M. XapkiB, Bys. Ukamosa, 17

Buxonano demanvnuii ananiz KoHcmpykyii 2iopozenepamopa-06ueyHa epaHutuHol ROMyHCHOCHI 3 NOBIMPIHUM
oxonooxcenusam. Ilokazano, wo xpecmoguna 2iopozenepamopa 30HMUYHOZ0 MUNY CNPUILMAE OUHAMIYHT HABAHMAICEHHS,
06yMmosneni cunamu, wo Oitoms y mpoox niowunax. Ilpome ixuiti 001K aHATIMUYHUMU MEMOOAMU € HEMONCTUBUM. ][5
MPUBUMIPHO20 PO3PAXYHKY HEODXIOHO 8paxyeamu meniogi ma MexaHiyHi oakmopu, a maxodic ocobausoCmi 3acmocogy-
8aH020 UCmMogozo npokamy. 11i0 yac po3e’szanns nocmagienoi 3a0aui 3 ypaxy8aHHam meniosux HasaHmMadiceHb npono-
HYEMbCSL OUCKpemHe po30umms XpecmosuHu Ha n-e Kinbkicms olisinok. Kpumepiil 36iscnocmi 0ns po3e’szanns 0b6epHenol
3a0a4i IPYHMyemvcsi Ha 30ePediCcenti 302albHO20 MeNI08020 DANAHCY KOHCMPYKYIL 3 YPaXy8aHHAM 0OMeHCceHOi moyHoCmi
sumipiosanbHux npunadis. OOIPYHMOBaHo BUOIp NPUNYCIMUMUX 0OMEICEHb 3 YPAXYBAHHAM HASAGHOCMI PAKOBUH Y CIPYK-
Mypi Memany, wo e nepesuyyioms c6020 Kiacy CyYilbHOCmI 015l ubpanozo memanonpoxamy. Ilpononyemocs 6 301y 3
HAUMEHWUMY 3aNACAMU MIYHOCHI 86eCMU «eeMEHMAPHULL 0eheKm» K OKPYICHICTb 3 2e0MEMPULHUMY OAHUMU 32I0HO 3
obmedcenusamMu no cyyinbnocmi. Ilpome kopexyis niobopy napamempis Cimxku CKiHUEHHUX eleMeHmis O/l 66e0eH020 Oe-
Gexmy 30iticHioembca? K i 051 NIACMUHU 3 eKCYEHMPUUHO posmauiosanumy omeopamu. CimKy 3MeHuyioms 00 mozo
MOMEHMY, 34 SIKO20 PI3HUYSL NO MAKCUMATbHUX HANPYIHCEHHAX 6 OOHUX | mux dce y3nax cmae ne oinvute 0,04%. Mexaniu-
Hi HABAHMAICEHHS 3A0AI0MbCS 8 KIACUYHIT nocmanosyl. B npoyeci pobomu eécmanosneno, wo 3anacu MiyHocmi KpynHux
6Y311i6 2eHepamopa Marmb pelameHmy6amucs AKiCmio UKOPUCINOBYEAHO20 MEMAIONPOKAMY, a MEXAHIYHI PO3PAXYHKU
— 8paxosysamu meniosi Paxmopu.

Kniouosi cnosa: mypbozenepamop, Mexamiymi HanpysCcenus, Menioguil npoyec, oe@exmu Memary.
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UDC 621.165:539.4 Effective and reliable operation of power units is closely connected with the provision
of the thermal strength and durability of their elements and components. The needs of
DESIGN the modern energy market lead to the operation of equipment in variable modes, which
causes accelerated wear-out of its resource. The problem of extending the resource of
FORECASTING power equipment is becoming increasingly important due to the fact that its ageing
OF THERMAL processes outstrip its replacement rate. Therefore, in order to ensure the reliable
operation of power units, a calculated estimate of the thermal stability and durability of
STRENGTH AND their elements is essential, based on the application of new methods and calculation
RESOURCE models, taking into account a number of important factors (damageability, material

OF STEAM TURBINE property heterogeneity, contact interactions, presence of cracks, influence of non-

stationary temperature fields, etc.) The paper gives an overview of methodical and

STRUCTURAL software as well as the results of the calculated research of the thermal strength,
COMPONENTS resource and crack resistance of steam turbine elements, which have been performed

at A. Podgorny Institute of Mechanical Engineering Problems of the National Academy

of Sciences of Ukraine during the last 15 years. The calculated estimate of the resource

le()lay Shulzhenko, of power unit parts and components, as well as substantiation of the possibility of its
shulzh @ipmach.kharkov.ua extension were performed within the framework of the normative document developed
Pavel Gontarovskiy, by the authors of this paper for determining the estimated resource and survivability of

gontarovskijpavel @ gmail.com

rotors and turbine structural units with more reasonable reserve coefficients. The

developed methodical ware allowed us to make calculations of steam turbine elements

Nataliya Garmash, in newly specified formulations, taking into account the peculiarities of real operating
garm.nataly @ gmail.com conditions. The developed computerized system for diagnosing the thermal-stress state

and wear-out of high-temperature steam turbine rotor resources, taking into account
Irina Melezhik, the real operating modes of turbine units, obtained on the basis of the parameters of
melezhyk81 @gmail.com the automatic control system of technological processes, allows one to more accurately

A. Podgorny Institute

estimate the time of their trouble-free operation. Formulations and a brief analysis of
the results of the considered problems of thermal strength and resource of turbine

of Mechanical Engineering elements are presented.

Problems of NASU,
2/10 Pozharsky St., Kharkiv,
61046, Ukraine

Keywords: design forecasting, thermal strength, resource, crack resistance, steam
turbine elements.

Introduction

Increasing the reliability and efficiency of power units is closely related to ensuring the thermal strength

of their elements and components. A characteristic feature of modern energetics is the operation of equipment in
variable modes, which leads to an accelerated wear-out of its resource. The problem of extending the resource of
power equipment is becoming increasingly important due to the fact that its ageing processes outstrip its re-
placement rate. Therefore, in order to ensure the reliable operation of power units, a calculated estimate of the
thermal stability and durability of their elements [1] is essential, based on the application of new methods and
calculation models, taking into account a number of important factors (damageability, material property hetero-
geneity, contact interactions, presence of cracks, influence of non-stationary temperature fields, etc.)
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