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Introduction

The experience of JSC "Turboatom" in runner modernization for horizontal bulb hydro-units shows
that the new blade trunnion bronze bushes within the bearing group in the runner holes have a complex
stress-strain state while the old blade trunnion bushes used to be subject to compressive loads mainly. During
runner modernization involving the design of the existing seal [1], it becomes necessary to apply a new de-
sign of blade trunnion bronze bushes, with a prominent cantilever portion to accommodate the newly-
designed seal. This results in a considerable redistribution of the stress-strain state as compared to that of the
initial seal type. Thus, in order to guarantee the bearing assembly operability, one shall take into considera-
tion the complete range of loads transferred to the bush from the blade / trunnion / lever system.

Analytical model description

The cyclic symmetry of the structure allows to analyse the stress-strain state of its mathematical model
by means of modelling of a typical segment [2], which can be a part or an assembly. The segment shape, dis-
placement restraints, and working loads shall be similar for all the cycling segments forming the structure. Tak-
ing into consideration the cyclic symmetry of the structure, in order to determine the stress-strain state and
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contact pressures on the surfaces of the blade trunnion bronze
bushes within the runner blade bearing assembly, a contact prob-
lem for an assembly comprising a segment of the runner hub (1/4
runner hub), trunnion, inner and outer bronze bushes of the blade
trunnions is solved. Contact interaction on the friction surfaces
between the blade trunnion bronze bushes and blade trunnion as
well as on the surfaces of blade trunnion bronze bushes in the
areas of bush pressing into the runner hub is specified. Figure 1
shows the analytical model.

Fig. 1. Model for assembly analysis

Figure 2 shows a mathematical model — , —

. . Friction surface of inner Friction surface of outer
section by OZ plane going through the blade blade trunnion bush blade trunnion bush
trunnion axis of rotation as well as through the
turbine axis. The restrained surfaces are indi-
cated in the section as well as surfaces on which )
the contact conditions are specified for the parts
included in the assembly described below.

The mathematical model is discretized

Lever seating
surface

by a TETRA10 parabolic tetrahedral solid ele- Thepresing | = e

ment being a tetrahedron with curved faces which s?;;ﬁeb(f;ze || trunnion bush r———y

has nodes at its vertices and side midpoints. The trunnion bush |/ trunnion bush
nodes of the finite element have three degrees of [

freedom (ref. to Fig. 3). Figure 4 shows the finite — The pressing surface of the
element model, loads, and conditions. giitex Blado o bissh

To solve the problem in contact formu-
lation [3] the following types of contact between
the structure elements are specified:

—on the friction surfaces between the
blade trunnion bronze bushes and blade trunnion:
No Penetration. Such contact type excludes any
interference between the contact objects while
still allowing a gap between the above objects;

—on the surfaces of bronze bushes of
blade trunnion, in the areas of bush pressing-in:
Bonded. Such contact type binds each node of
the finite element on the contact surface of the
first target object i.e., the bush to the nearest
face of other target object i.e., runner hub rigidly
(not allowing any gap or interference).

The cyclic symmetry conditions are set
on the cut off faces of the runner hub segment.

In the bolt holes of the runner hub seg-
ment, another restraint type is set i.e., Fixed.
Such a restraint type restrains three translational
degrees of freedom for a solid body.

The trunnion on the lever seating surface
is restrained by No rotation on cylindrical face

Fig. 2. Analytical model section by plane OZ

Fig. 3. Physical configuration of TETRA10 finite element

Cyclic symmetry condition

‘ Reaction R; ‘ ‘ Reaction R, |

Restraint condition: Fixed

restraint type. This assumption is introduced into Cyclic symmetry
the mathematical model to prevent stress concen- condition
tration at the location points of the keys transfer- Fig. 4. Finite element model for assembly analysis

ring torque from the lever to the blade.
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The acting loads are the reaction at the inner R, and outer R, supports of the trunnion. The load values,
values of load projections Ry and Ry on the coordinate axes are determined in the calculation of servomotor re-
quired forces. In this calculation, the coordinate axes are local for the finite element model of the assembly.
Loads are applied to the blade trunnion end-faces in the finite element model, with this contributing to the
safety margin. Figure 4 shows the load application points in the finite element model of the assembly as well as
the action direction.

The stress-strain state of the blade trunnion bronze bushes is deter-
mined for the turbine operating conditions in which reactions either at the
inner or at the outer trunnion support are maximum. Table 1 shows reaction R,
R, and R, values as well as runner servomotor operating modes description.
The orientation of reactions (Table 1) relative to the Y-axis of the =
global coordinates is determined taking into consideration the reaction pro-
jections Ry and Ry on the coordinate axes which are calculated in the calcu- 2, /4/
lation of the required servomotor force. Table 2 and Figure 5 show the val- ¥
ues and directions of the reactions R; and R,, reaction projections Ry; and
Ry, and angles o and 3 defining the orientation of R, and R, in the XY plane | Fig. 5. Orientation of resultants
within the system of global coordinates X, Y, Z. within global coordinate system

Table 1. Operating conditions with maximum reactions at inner and outer trunnion support

Operating mode Operating conditions Ri,kKN | R,, kN | Note
Mode 1 Required servomotor force during piston closing stroke 1907 2640 Romax
Mode 2 Required servomotor force during piston opening stroke 3193 2549 Rimax
Mode 3 Maximum servomotor force during piston closing stroke 982 2731 Roax
Mode 4 Maximum servomotor force during piston opening stroke 3552 2232 Rimax

Table 2. Reaction orientation within global coordinate system
Operating mode | Ry, kN Ry, kKN R, kN a, ° Rx, kN Ry, kKN R,, kN B, °
Mode 1 901 1681 1907 28.195 1177 2363 2340 26.483
Mode 2 863 3074 3193 15.687 1180 2259 2549 27.576
Mode 3 938 291 982 72.798 1174 2466 2732 25.465
Mode 4 853 3448 3552 13.900 1181 2232 2525 27.883

Calculation results

At each contact point of adjoining parts and parts included into the assembly, three-dimensional (triax-
ial) stress state occurs, which is illustrated by the distribution diagrams of the principal stresses G, G, G, for
Mode 1 (Figs. 6-11). Thus, Figs. 6-8 show distribution of the principal stresses in the OR, plane going through
the trunnion rotation axis as well as reaction R; at the outer trunnion support while Figs. 9—11 show distribution
of the principal stresses in the OR; plane going through the trunnion rotation axis as well as reaction R, at the
inner trunnion support.

Taking into consideration the low ductility of bronze "Br.O10F1" (its unit elongation being equivalent
to 8s>3% [4]), for the purpose of bush strength determination, we use the criterion of the largest linear deforma-
tions as per which for materials that are subject to Hooke’s law, a failure or start of plastic deformation occurs
when the linear deformation having the largest absolute value reaches a definite boundary value [5, 6].

According to the above criterion, for an equivalent stress state i.e., uniaxial tension, the equivalents
stresses Gequiv are determined from the following expression:

csequiv = Gl _I‘L(GZ + 03) s
where G, G,, G; are the principal stresses; L is the Poisson’s ratio for bronzes, lying within u=0.32...0.35.
In further calculations, n=0.35 is adopted, this contributing to the safety margin of the structure.
The maximum allowable stresses during a check for the maximum static or peak load are determined

as follows [7]:
[6]=0.80,=0,8-140=112 MPa,

where o, is the yield point of bronze "Br.O10F1".
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Fig. 7. Distribution of principal stresses o;in OR, plane
in turbine operating mode

/

5775
3865
1956
a7
-186,2
3711
-568,0
-758,9
9498

e

L.

Fig. 6. Distribution of principal stresses o; in OR; plane
in turbine operating mode

Al

P1 (kgf/cm”2)
P3 (kgf/cmA2)

13411
1792

l 824
3439

- 6055

11502

9593
. 764
5715
8671
3865
11286
-13%02
16518
19133
21749
24364
2610

29596

Fig. 8. Distribution of principal stresses 03 in OR, plane  Fig. 9. Distribution of principal stresses oy in OR, plane
in turbine operating mode in turbine operating mode

y

P2 (kgffcm”2) P3 (kgf/cm”2)
5864

I 4336
2808

1792
-343,9

. -6055

-867,1
11286
13902
16518
9133
21749
24364
-26%,0

29596

¢

t t
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plane in turbine operating mode in turbine operating mode

It is more reasonable to determine the stress-strain state of the outer blade trunnion bushes by the
values of the principal stresses at the characteristic points A and B. Figure 12 shows the arrangement of the
above points while Table 3 lists the values of the principal stresses 6, 6,, 63 and equivalent stresses Gequiv. In
a similar manner, the stress-strain state of the inner blade trunnion bushes can be described taking as a basis
the values of the above stated principal and equivalent stresses at the points C and D, which arrangement is
shown in Figure 13 and which values are shown in Table 4.
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Outer blade trunnion bush

Fig. 12. Arrangement of characteristic points A and B to
determine stress-strain state of outer blade trunnion bush

Blade trunnion

Fig. 13. Arrangement of characteristic points C and D to
determine stress-strain state of inner blade trunnion bush

Table 3. Values of principal and equivalent stresses
at outer runner bush

Table 4. Values of principal and equivalent stresses at

inner blade trunnion bush

Working stress value, MPa

Working stress value, MPa

Operating Stress 3 - Operating Stress - :
Hub side, Load side, Hub side, Load side,

mode component point A point B mode component point C point D
o, 22.5 324 (]! —60.8 -11.9

[ 11.8 11.8 G -69.2 -38.7

Mode I o, —738 2.1 Mode 1 o, —258.0 2345
Cequiv 21.2 36.0 Cequiv 53.7 83.8

o 23.5 44.1 (o] -90.3 -54.0

[ 16.7 12.8 (o -102.0 -67.2

Mode 2 o, —8.8 265 Mode 2 o, 3024 3024
Cequiv 20.8 49.0 Cequiv 82.8 106.9

(o] 19.6 37.3 (] -23.5 -11.8

G 10.3 13.7 () -32.4 -28.4
Mode 3 Gy 6.9 ~19.6 Mode 3 o, 1113 299.1
Cequiv 18.4 39.3 Cequiv 26.8 32.9

Mode 4 o, 19.1 34.8 Mode 4 (] —100.1 -55.9
G 11.3 11.3 () -112.8 -82.4

C; -10.8 -22.1 O3 —418.9 -384.6

A similar analysis of the structure stress-strain
state in the area of the outer blade trunnion bushes with
the old seal in operation was performed for a compari-
son. Table 5 lists values of the principal and equivalent
stresses at the £ and F points and Figure 14 shows the
point arrangement. The inner blade trunnion bushes
within the bearing group are not re-engineered so one
can believe that the stress-strain state pattern will be
similar for the old and new runner seal types.

Fig. 14. Arrangement of characteristic points E and F
to determine stress-strain state of outer blade trunnion bush
with old seal design

Table 5. Values of principal and equivalent stresses at outer
blade trunnion bush with old seal design

Working stress

Operating Stress value, MIla
mode component Hub side, Load side,
point E point F

o -30.4 29.4

o -36.3 -58.9

Mode 1 o, 294 ~57.9
Gequiv —75 703

o -33.0 39.7

o -50.6 -63.0

Mode 2 o, =355 —70.1
Oequiv 2.8 863

o -26.5 33.8

o -33.0 -70.6

Mode 3 o, 273 ~493
Oequiv -5.4 74.9

o -25.8 31.7

o, -34.8 -56.4

Mode 4 o, ~405 ~579
Oequiv 06 71.6
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Besides the blade trunnion bush strength, the val-
ues of contact pressures acting on the bearing bush working
surfaces are also an operability criterion for the bushes.

Table 6. Values of maximum operating and
maximum allowable contact pressures at outer
blade trunnion bush

Solving of the problem in three-dimensional formulation Maximum Maximum
allows full evaluation of the contact pressure distribution Mode operating allowable
diagram and operability of the modernized runner blade | of operation contact contact
seal. Figure 15 shows the diagram of contact pressure dis- pressure, MPa | pressure, MPa
tribution on the working surface of the outer blade trunnion Mode 1 30.1 441
bush within the bearing group while Table 6 lists values of Mode 2 28.9
the maximum operating and maximum allowable contact Mode 3 28.0 63.8
Mode 4 32.4

pressures.

Conclusions

As can be seen
from the above, a thorough
analysis of the stress-strain
state of the modernized
blade trunnion  bushes
within the bearing group
suggests that the new blade
trunnion bush design pro-
vides the reliability re-
quired to accommodate the
modernized seal and allows
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Fig. 15. Contact pressure distribution diagram for #850 mm bush, Mode 1

manufacturing of new runners which not only meet the strict strength and design production-friendliness re-
quirements but also provide high ecological safety of such runners.
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AHani3 HanpyKeHo-1e(oPMOBAHOT0 CTAHY TA KOHTAKTHHX THCKIB HA MOBEPXHAX GPOH30BUX BTYJIOK
NiINUNHAKA JONAaTi IOBOPOTHO-10NATEBOr0 Po0040ro KoJieca

'B.T. Cy6orin, ' O. C. Bypakos, ' O. B. lymun, ' B. M. €pumenko, ' O. O. Kopumynos, >O. M. Xopes
VAT «Typ6oatom», 61037, Ykpaina, m. Xapkis, np. MockoBcbKuid, 199

* [HcTHTYT mpo6ieM MamuHOOyxyBaHHs iM. A. M. ITizropaoro HAH Ypainu,
61046, Ykpaina, M. Xapkis, Byin. [Toxxapcekoro, 2/10

Buxonano ananiz icnyiouux ma nepcnekmusHuUX KOHCMpYKYil ywinoHeHHs jonameti 015 poboyux Kouic noso-
pomHno-ronamesoz2o muny. O6panuii mun yWiitbHeHHs 3a0e3neyye MaKkCUMAIbHY eKoI02IuHICMb 01 poboYUx KoJic no-
sopomuo-nonamegozo muny. [lobydosano mpusumipny mooenb cekmopa Kopnycy poboyozo Koieca i3 6CMaHo81eHoI0
yangoo ma HympiuHb00 i 306HIUHLOIO 6MYIKAMU YAnGu 1oNami 3 YPaxy8aHHAM YUKIIYHOL cumempii KOHCMpPYKyil
Ppobouoeo Koreca Ha OA3i CyuACHOT cucmemu a8mMoMamuiHO20 NPOeKmyBanhs. Po3pobreno cxemy npukiadanHs 306Hi-
WIHIX HABAHMAXCEHb IO JIONAMI Ma 8adicena Ha HABeOeHY MPUBUMIDHY MOOelb CeKMopa KOpnycy poboyoeo Koneca no-
B80POMHO-TIONAMEE020 Muny. 30ilUCHeHO NOCMAHOBKY KOHMAKMHOT 3a0ati 0151 BUSHAYEHHS HANPYIHCEHO-0epopMO8aHo2o
cmauy ma KOHMAKMHUX MUCKIE SHYMPIWHbOI ma 306HIWHbOI OPOH308UX GMYIOK yangu jaonami NOEOPOMHO-
Jlonamegozo pobou02o Koieca 3a pisHUx pescumie pobomu. Buxomano nocmanoexy sadaui 01a memooy CKiHUeHHUX
eleMenmie i3 ypaxy8aHHAM cXemu NPUKIAOAHHA 308HIUHIX HABAHMANCEHb MA KOHMAKMHUX 00MedCceHb HA HageoeHy
MPUBUMIDHY MOO€eb CeKMOopa KOPnycy pobo4o2o Koaeca N08OPOMHO-I0NAMEB020 MUNY Y NPOZPAMHOMY KOMNIEKCE Ol
BUKOHAHHSL THIICEHEPHUX PO3PAXYHKIB. 3a pe3yibmamamu po3paxyHKie OmpumaHo eniopu po3nooiny 20106HUX HANDY-
JiCeHb ma enopy po3nooily KOHMAKMHO20 MUCKY HA 308HIWHIN MA 6HYMPIWHIL OPOH308UX 8MYIKAX Yan@u J1onami.
Onpaybo8ano pe3ynvbmamu po3paxynKie Ha MiYHICMb 34 OAHUMU eniop PO3NOOINLY 20JI08HUX HANPYICEHb MA BUSHAYEHO
KOHMAKMHULL MUCK HA HYMPIWHIT ma 308HIWHIL 6pOH306UX emyaKax yangu ronami. Pospobreno memoouxy oas no-
0anbUI020 GUKOPUCTAHHS HABEOECHOT PO3PAXYHKOBOI CXeMu NpU OYIHYI HANPYICEHO-0ehopMO8ano2o cmany oemanei
POobOUUX KOIC ROBOPOMHO-IONAMEBO20 MUNY 3 GUKOPUCAHHAM CYYACHUX CUCTNEM AGMOMAMUYHO20 NPOEKMYSAHHSL A
NpOSPAMHO20  KOMNJEKCY ON  GUKOHAHMA  [HOCEHePHUX pO3DAXYHKI6. BUKOHAHO NOPIGHAHHA  HANPYIHCEHO-
depopmosarnoeo cmany emynox yangu ronami 0 cmapoi ma Ho8oi KOHCMPYKYIi yuinbHeHHs: poO0Y020 Koaecd N08o-
POMHO-I0NAMEBO20 MUny.

Kniouogi cnosa: emynku niowunnuxis, poboye Koneco, Memoo CKiHYeHHUX eNeMeHmis, KOHMAaKmua 3a0aud,
MamemamuyHa mMooeis.
Jliteparypa
1. Kosanes H. H. I'mnpotyp6unst. Konerpykiun n Bonpockl npoektupoBanust. JI.: Mammmnoctpoenue, 1971. 584 c.
2. T'ysnexos B. H., Xypb6enxko II. A., boponaesa T. I1. Solidworks 2016: TpexmepHoe MoAEIMPOBaHUE U BBIIIOJ-
HEHUE IEKTPOHHBIX uepTexei. M.: M3a-Bo Mock. TexH. yH-Ta uM. H. 3. baymana, 2017. 124 c.
3. Amsamosckuii A. A., Cobaukun A. A., Onunnos E. B., Xaputonosuu A. 1., . I[Tonomapes H. b. KommnbroTeproe
MoienupoBanue B mrkeHepHoi npaktuke. CI16.: BXB-ITerepoypr, 2005. 783c.
4. TOCT 613-79. bpon3ss! onoBsiHHbIe TUTeHHBIE. Mapku. Beea. 1980-01-01. M., 2000. 5 c.
5. TonpnenOmar U. U., KomnoB B. A. Kputepun npouHOCTH M TIACTHYHOCTH KOHCTPYKIIMOHHBIX MaTepHAIIOB.
M.: MammHoctpoenue, 1968. 191 c.
6. Tlonomapes C. JI., bunepman B. JI., CocnoBckuil JI. A. PacueTsl Ha npouHocTs B MamuHOcTpoeHuu. Cormpo-
TUBJIEHUE YCTAJIOCTH METAJUIOB U CIu1aBoB. CripaBo4HUK: B 2—x 4. M.: Mamrus, 1956. 191 c.
7. Bacwiskos [. b., Beiinp B. JI., Cxuptnagze A. I'. DiekTpoMeXaHHYECKUE MPUBOIBI METAIO00pa0aTHIBAIOIIIIX
craHkoB. Pacuer u xonctpynpoanue. CII6.: ITonnrexnuka, 2010. 759 c.

ISSN 2709-2984. ITpobremu mawunobydysanns. 2021. T. 24. Ne 3 51



