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The broad possibilities of the developed approach [8, 9, 11, 12] are illustrated by the solution of a new practically important
task related to specific design developments.

The most important load-bearing elements of the rotors of steam turbines are the blade shanks. This paper presents the
calculation of the T-shaped shank, which is affected by the forces caused by the rotation of the rotor. They consist of the surface
load blade distributed over the area of the root section of the blade and mass forces distributed over the volume of the shank. but
along some of its central parts. This leads to an uneven distribution of contact forces along the axis along the shank. The results
of the calculation allow us to draw the following conclusions that in the case of a uniform load, stress determination can be
carried out within the framework of a flat setting, since this leads to a relatively small (five, eight percent) error compared to the
spatial setting. Taking into account the uneven nature of the load distribution along the length of the shelf allows you to
significantly clarify the level of maximum stresses in comparison with a flat problem. Thus, the value of the intensity of
tangential stresses increased by more than thirty percent and exceeded the yield strength of the material. The results of the
calculation of the shank beyond the elastic properties of the material are presented in this work and reflect the development of
the zone of plastic deformations in the plane Z*~. By studying the influence of the geometric parameters of the shank, it was
found that a decrease in the level of plastic deformations can be achieved by simultaneously increasing the radius the gap and the
width of the shelf.

Keywords: finite element method (ITU), semi-analytical finite element method (NMSE), stress-strain state (SSS), elastic
deformation, rotary device fastening part, cylindrical body, sampling, elastic-plastic setting.

Entry. Blade shanks are one of the most important load-bearing elements of steam turbine rotors.
The level of stresses arising in the shank significantly depends on the durability of the blade and the
operating modes of the turbine as a whole. Therefore, when studying such objects, special attention is
required to the selection and justification of calculation schemes and problem statement [1-5, 7, 10]. At
present, their calculation, as a rule. It is performed as part of a flat setting. However, in real conditions,
the parameters of the stress-strain state of the shank under the influence of a number of factors can
change in all three coordinates. These include the uneven nature of the distribution of loads over the
surface of the industrial part and the conditions for the interaction of the shank and rim of the disc.

To find out the effect on the stress-strain state of these factors, consider one of the design options
for the T-shaped shank, shown in Fig. 1. The shank is made of steel, the mechanical characteristics of
which in the form of dependencies of the intensity of tangent stresses 7 on the intensity of

deformations & obtained at a temperature of 300°C, are given in Table 1. Modulus of elasticity of the

material £ =2,06-10°MPa , Poisson's coefficient v=03. The forces acting on the shank are due to the
rotation of the rotor with angular velocity o =314,16s"(3000rpm) - They consist of surface load with
intensity distributed over the area of the root section of the blade (shaded in Fig. 1) ¢ =132,8MPa
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and mass forces distributed over the volume of the shank, the equilibrium of which C for a certain
volume v can be determined by the formula:

C=pvw*R,+Z"), )
where: density of the material p=7,85kN-s®/m*, distance from the plane Z''=0 to the axis of
rotation of the rotor R, =812mm .

Table 1
e, % 0,00 0,68 1,70 2,67 3,66
T, MPa 265.6 326,2 360,8 386,8 401,2

When calculating structures using the finite element method, the correct choice of an approximation
grid is of great importance, which allows you to obtain stable results with a minimum number of
unknowns. This is achieved mainly by

the use of non-uniform grids, the UI'{ABCD}=0
thickening of which is carried out in iPe)
the zones of probable stress A&"// _
concentrators. Fig. 2,a shows the '\\/,/
breakdown of the shank into finite

elements, used in the study of the 9 ~
influence of the nature of the load |
distribution on the surface of the .
industrial Part. Particular attention is 2

paid to rounding zones, since it is in
these places that maximum stresses
should be expected. Two calculation
options have been performed. In the
first case, the surface load is applied
strictly along the area of the root
section of the scapula (Fig. 1), in the
second, it is evenly distributed along

g8

the axis Z° (the area of application is 7 26 Rosbi2 |7
shown by hatching in Fig. 2,a). The - 50

shank is fixed against displacements
u;, on the surface of the contact pad

ABCD.

Table 2 shows the values of
maximum tensile stresses &2 and
the intensity of tangent stresses T
recorded in the area of the galvanized
transition between the shelf and the
neck. Their comparison shows that
taking into account the unevenness of
the application of surface load does
not have a noticeable effect on the
level of maximum  stresses.
Moreover, in both variants of the
calculation in the central part of the
neck, the picture of the stress-strain
state turned out to be close to
homogeneous. The feature allows
you to significantly simplify the

Fig. 1. General view of the shoulder blade

(2) (b)

desi gn scheme of the shank and Fig. 2. Scheme of applying the load to the surface of the scapula
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include only the lower part of the neck and the shelf in it. Fixing against displacements u;, can be

carried out along the cross-sectional area of the neck EFGH, and the load can be applied on the
surface of the contact pad, indicated by hatching in Fig. 2, b. According to Table 2, the difference in
the results calculated in accordance with this scheme is less than 1% in relation to those calculated
earlier. The proposed calculation scheme, in addition to a significant reduction in the number of
unknowns, provides an opportunity to study the effect on the value of maximum stress of nature
Distribution of forces over the surface ABCD.

Table 2
Calculation scheme 6%, MPa % T, MPa %
Fig. 1 683,5 - 333,6 -
Fig.2a 689,1 0,82 337,1 1,05
Fig.2,b 679,5 0,58 331,4 0,66

According to the manufacturers of steam turbines, in accordance with the technological features of
the manufacture and assembly of rotors, the interaction of the rim and disc can be carried out not along
the entire length of the shelf /, but along some of its central part in size a < /. This leads to an uneven

distribution of contact forces along the

-800 L] e axis Z°, the diagram of which for the

600 o - T ™ . ‘ maximum permissible case (a =0,847)
24 0l N is shown in Fig. 3.

=400 A L fT ; Table 3 presents the maximum

-200 ya *:“\‘:\\\ values 6% and T , calculated with

0 //" ‘ N different accuracy of the solution of the

-1/2 26 -l 0 /6 208 23172 systems of equations determined £ by,

the number of retained terms of the

Fig. 3. Diagram of normal stresses o' built along the length of the shelf .
series M and the number of nodes of the

grid region M1 and M2 along the axes x' and x* respectively. Based on these data, it can be
concluded that stable results are achieved at £=1073, M=5, M1=9, M2=18.

Table 3
Calculation scheme £ M M1 | M2 6, MPa % T, MPa %
10° 840,1 0,43 418,5 0,19
107 5 7 15 842,0 0,21 418,9 0,09
10° 843.8 - 419,3 -
3 843,0 1,22 413,1 2,27
Fig.2,b 107 5 7 15 840,1 0,87 418,5 0,99
8 832,8 - 422,7 -
7 15 840,1 2,81 418,5 2,70
107 5 9 18 820,7 0,44 409,5 0,49
12 24 817,1 - 407,5 -

Thus, a significant increase in the number of unknowns (more than 1.5 times) due to an increase in

the number of retained members of the series or the number of nodes of the grid region leads to a slight
(less than 1%) change in the results. As shown by the analysis of the values of normal and tangent
stresses on the stress-free surface of the shank, their value does not exceed 2% compared to the

maximum values G** . The plot of normal stresses ¢!, built along the length of the shelf and shown
in Fig. 3 by a dotted line, is satisfactorily consistent with the plot of loads. The equilibrium of normal
stresses, calculated in the plane EFGH, differs by less than 1% from the equilibrium of surface and
volumetric forces.
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The results of the calculation of the blade
shank in two-dimensional and spatial formulation

are shown in Fig. 4 in the form of diagrams 6>
and T, constructed in the section I-I. A dotted line
indicates the results of solving a flat problem, a
solid line - a three-dimensional load under the
action of a load unevenly distributed along the
length of the shelf. Their comparison allows us to
conclude that in the case of a uniform load, the
determination of stresses can be carried out within
the framework of a flat problem, since this leads
to a relatively small (5-8%) error compared to the
spatial setting. Taking into account the uneven
nature of the distribution of forces along the length
of the shelf allows you to significantly clarify the
level of maximum stresses in comparison with a
flat problem. Thus, the value of the intensity of
tangential stresses 7" increased by more than 30%
and crossed the yield strength of the material. The
limit value of the angular velocity, corresponding
to the elastic behavior of the material, is 2414 rpm,
which is significantly lower than the nominal
value.

Modeling of the change in the pattern of the
stress-strain state of the shank, due to the elastic-
plastic behavior of the material in the process of
loading, was carried out by solving a sequence of
nonlinear problems with a gradual increase in the
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Fig. 4. Results of calculation of the shank of the blade in
two-dimensional and spatial formulation

rotor rotation speed. Fig. 5 and 6 show plots 6** and g’ , respectively, plotted in the section I-I for

different values of angular velocity. Z* As the plastic deformations increase, which w= 3000 rpm are
distributed over the entire length of the shelf. Fig. 7 shows a picture of the change in the area of plastic

deformations in the plane Z* =0. Its characteristic feature is the tendency to develop plastic
deformations in the depth of the shelf along the line, which forms an angle of the order of 45° with the
surface of the shelf, which is fully consistent with the ideas about the operation of the T-shaped shank, set

out in the work [6].
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Fig. 5. Plots 6**, respectively, are plotted in the section I-I for different values of angular velocity
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Fig. 7. Dependence of the width of the shelf to the level of plastic deformations.

Despite the relatively small amount of plastic deformations, their presence in such a crucial element as
the shank of the scapula is quite undesirable. Reducing stresses and improving the operating conditions
of the concentrator is achieved, as a rule, by increasing the radius of curvature R. However, it’s
increase leads to a decrease in the width of the shelf and a corresponding b increase in the intensity of
contact forces. At the same time, the resources for increasing the overall dimensions of the lower part

of the shank along the axis Z>' are quite limited by the dimensions of the disc rim. Therefore, for the
new value of the rounding radius, R=4,5 mm two cross-section, the results of the calculations for both
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Fig. 8. Diagrams &% in the section of I-I diagrams constructed at

angular velocity

options are quite close and an increase
R here leads to a decrease in stresses
and deformations. However, in the
central part of the area, which is located
in the depths of the shelf and is shown
in Fig. 7 with horizontal shading, a
decrease in the width of the shelf causes
a 2-fold increase in the level of plastic
deformations.

In the first case, the total width of
the lower part of the shank remained
unchanged and the width of the shelf b
decreased to 6 mm, in the second case,
the width of the shelf remained

unchanged (b=7 mm). 62
3000 rpm.

- & o=
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Fig. 9. Diagrams ¢! in the section of I-I diagrams constructed at angular velocity

Conclusion. Based on the above studies, it can be concluded that taking into account the conditions

of interaction of the shank with the rim of the disc leads to a significant increase in the maximum
values of stresses and straines, the reduction of which can be achieved by simultaneously increasing
the radius of the galley junction and the width of the shelf.
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Maxcum 'k F0.B., Mapmuniok 1.1O., Anopycsax A.B., Kosak O.B.
PO3PAXYHOK T-IIOJIBHOI'O XBOCTOBHKA JIOMATKA POTOPA TAPOBOI TYPBIHU

[upoki MoximBocTi po3podieHoro miaxoxy [8, 9, 11, 12] imocTpyroTbest po3B’Si3aHHAM HOBOT NPAKTHYHO BaXKJIMBOI
3aj1a4i, MOB'A3aHOT i3 KOHKPETHUMH HPOEKTHO-KOHCTPYKTOPCHKUMH PO3POOKaMHU.

Jlo HaiOLIbII BiANOBINAJIBHUX HECYYMX €JIEMEHTIB POTOPIB MapoBHUX TYypOiH BIJHOCATHCS XBOCTOBUKH JIONATOK.B nanii
poboTi mpencraBieHui po3paxyHoK T-1moxiOHOro XBOCTOBMKA, HAa SKMH AilOTH CHMJIM, 3yMOBIIEHI oOepTaHHsAM poropa. Bonu
CKJIQJIAl0THCS 3 PO3MOALICHOT 3a IUIOIICI0 KOPEHEBOTO Mepepisdy JIONATKH IOBEPXHEBOIO HABAHTAXKCHHS Ta PO3MOLICHHUX II0
00’e€My XBOCTOBMKA MacOBUX CHJI. BiIIIOBITHO 10 TEXHOJIOrYHUX OCOOJIMBOCTEH BUIOTOBJICHHS 1 30ip poTopa B3aemozis oboaa
i JMcka MOXe 3[iMCHIOBAaTHCA HE MO BCi JIOBXKMHI MOJKM, a MO JEdKid Horo eHTpanbHiil yactuui. Lle npusBoauth 10
HEPIBHOMIPHOT'O PO3MOJTy KOHTAKTHUX 3yCHJIb 110 OCi B3JIOBX XBOCTOBHMKA. OTpUMaHi pe3y/lbTaTH PO3PAXYHKY H03BOJIAIOTH
3pOOMTH HACTYIHI BHCHOBKH, IO Yy BHIIaJKy PIBHOMIPHOIO HABAaHTA)XCHHS BH3HAYCHHS HAIPYXCHb MOXKHA MPOBOAUTH B
paMKax IIOCKOT MOCTAaHOBKH, TaK K 1€ MPU3BOJUTH J10 MOPIBHAHO HEBEIHUKOI (11’ ITH, BOCBMHU BiZICOTKIB) MOXMOKH MOPIBHSIHO 3
MIPOCTOPOBOIO TTOCTAHOBKOI. BpaxyBaHHS HEpPIBHOMIPHOrO XapakTepy pPO3MOJUIEHHS HABAHTAXKEHHS IO JIOBXUHI IOJMYKH
JIO3BOJISIE CYTTEBO YTOYHHTH PIiBeHb MAaKCHMAJIbHUX HANpyXXeHb B IOPIBHSHHI 3 IUIOCKOK 3ajga4ero. Tak, BelHdnHA
IHTEHCUBHOCTI JIOTUYHMX HaINpyXeHb 30iIbIIMiIach OUIBII HDK HAa TPUALATH BiJCOTKIB 1 HEpEeBaKMIa MEXY TEKydOCTi
Marepiaiy. Pe3ynbTaTi po3paxyHKy XBOCTOBHMKA 32 MEXaMH IPYKHIX BIACTUBOCTEH MaTepiany NpeacTaBiIeHUH B 1aHii poOOTi
i BimoGpakae PO3BHTOK 30HHM MIACTHYHHX Aedopmaliil B mronmui Z° =0. He3paxaroun Ha MOPIBHAHO HEBETMKY BETHUYHHY, iX
HasIBHICTb Y TaKOMY Bi/NOBIZaJIbHOMY €JIEMEHTI, K XBOCTOBMK JIONATKU BeIbMHM HeOaxaHa. ILInsgxoM 1OCHiIKEHHS BIUIMBY
reOMETPUYHHX NapaMeTpPiB XBOCTOBHKA BCTAHOBJICHO, 1[0 3HIKEHHS PiBHS IJIACTHYHHUX JAedopMaliil Moxke OyTH JOCATHYTO 3a
PaxyHOK OJTHOYACHOTO 30UIbILICHHS pajliycy TalTeIbHOrO MEPEXOAY 1 UPHUHH TOJIHIL.

KarodoBi cioBa: MeTOJ CKIHYEHHHMX €JIEMEHTIB, HAIliBaHAIITHYHUA METOJ CKIHUYCHHHMX €JIEMEHTIB, HarpyXeHo-
nedopmoBanuii  cTaH, npyxkHE AeOPMYBaHHS, JETallb KPIMJIEHHS IOBOPOTHOIO NPHUCTPOIO, LMIIHAPUYHUKA KoOpIyc,
JIMCKPETH3Allist, PY/KHO-IUIACTHYHA TOCTAHOBKA.

Maksymiuk Yu.V., Martinyuk I.Yu., Andrusyak A.V., Kozak O.V.
CALCULATION OF THE T-SHAPED SHANK OF THE STEAM TURBINE ROTOR BLADE

The broad possibilities of the developed approach [8, 9, 11, 12] are illustrated by the solution of a new practically important
task related to specific design developments.

The most important load-bearing elements of the rotors of steam turbines are the blade shanks. This paper presents the
calculation of the T-shaped shank, which is affected by the forces caused by the rotation of the rotor. They consist of the surface
load blade distributed over the area of the root section of the blade and mass forces distributed over the volume of the shank. but
along some of its central parts. This leads to an uneven distribution of contact forces along the axis along the shank. The results
of the calculation allow us to draw the following conclusions that in the case of a uniform load, the determination of stresses can
be carried out within the framework of a flat setting, since this leads to a relatively small (five, eight percent) error compared to
the spatial setting. Taking into account the uneven nature of the load distribution along the length of the shelf allows you to
significantly clarify the level of maximum stresses in comparison with a flat problem. Thus, the value of the intensity of
tangential stresses increased by more than thirty percent and exceeded the yield strength of the material. The results of the
calculation of the shank beyond the elastic properties of the material are presented in this work and reflect the development of
the zone of plastic deformations in the plane Z*~. By studying the influence of the geometric parameters of the shank, it was
found that a decrease in the level of plastic deformations can be achieved by simultaneously increasingthe radiusthe gap and the
width of the shelf.

Keywords: finite element method, semi-analytical finite element method, stress-strain state, elastic deformation, rotary
device fastening part, cylindrical body, sampling, elastic-plastic setting.
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Maxcum 'k FO.B., Mapmuniox 1.FO., Anopycax A.B., Kozax O.B. Po3paxyHok T-nosidHOro XxBocToBHKa JIONATKH POTOpPa
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Llupoxi moxcaueocmi pospobnenozo nioxody [8, 9, 11, 12] intocmpyiomecs po36 a3auHAM HOB0I NPAKMUYHO 8aHCIUBOI 3a0aUi,
nO6's13aHOI i3 KOHKPEMHUMU NPOEKMHO-KOHCIMPYKMOPCLKUMU po3podKkamu. JJo Haubinbul 8i0NOGIOANbHUX HECYHUX elleMeHmis
pomopie naposux mypoOin 6IOHOCAMbCA XBOCMOBUKU JONAMOK. B Oaniti pobomi npedcmaenenuii pospaxyHok T-nodibnozo
X60CMOBUKA, HA AKUL Oil0Mb CUNU, 3yMOGIeH] 0bepmanuam pomopa. Llnsxom docnioxcenns eniugy ceomempuiHux napamempis
X60CMOBUKA 6CHMAHOBIEHO, WO SHUMCEHHS PIGHA NAACMUYHUX Oedopmayili Modxce Gymu OOCAZHYMO 3 PAXYHOK 0OHOUACHO2O0
361bUIEeHHS PAdiyCy 2almebHO20 Nepexooy I WUPUHIU ROTUYI.

Tabu. 2. In. 6. bibaiorp. 16 Ha3s.
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The broad possibilities of the developed approach [8, 9, 11, 12] are illustrated by the solution of a new practically important
task related to specific design developments. The most important load-bearing elements of steam turbine rotors include blade
shanks. This paper presents the calculation of a T-shaped shank, which is affected by the forces caused by the rotation of the
rotor. By studying the influence of geometric parameters of the shank, it was found that a decrease in the level of plastic
deformations can be achieved by simultaneously increasing the radius of the galley junction and the width of the shelf.

Table. 2. Fig. 6. Refs. 16.
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