JMUHAMIKA TA MILIHICTb MAIIINH

DOI: https://doi.org/10.15407/pmach2019.03.036

UDC 621.125 This paper investigates the temperature field effect on the stress state of the turbine
rotor blade lock joint elements where breakdowns were observed. The turbine rotor

THERMOSTRESSED Zlad.e joi?t, v;:fzen heat }is SL;lppl.ied frorZ th.e slteam ﬂov.v, is fln conc?itlionsh of unevez
ting. In tnis case, the physico-mechanical properties of materials change, an
STATE OF THE LOCK |-

one can observe gradients of the temperature causing unequal thermal expansion of

JOINT OF TURBINE individual parts of the structure. This leads to temperature stresses, which, in combi-

ROTOR BLADES nation with mechanical stresses from external loads, can cause significant plastic
OF THE FIRST deformation of the structure, cracks, or damage to structures. To clarify the distribu-
tion of structural stresses in the lock joint structure, a problem is solved taking into

STAGE OF K-500-240 | account the temperature field. The problem is solved in a thermal contact setting,

STEAM TURBINE }/vitz .ta.ki;agT }z'lnto actcoin.ﬂtthe /;.eat traizslfer z'.nﬂuenctci ol;a the ;{’ansfer 05 ]:Zrctes in the
ock joint. The contact interaction problem is essentially nonlinear, and the tempera-
MEDIUM PRESSURE

ture problem is connected with the mechanics problem through previously unknown

CYLINDER boundary conditions in the contact. The stress state and the nature of the contact

interaction depend on the temperature field, which is determined by interaction con-
hor A. Palkov ditions. The solution to the thermal contact problem in the lock joint is based on the
isorpalkov @i.ua application of the contact layer model. Zones of expected contact interaction are
ORCID: 0000-0002-4639-6595 represented by contact elements. The mechanical interaction of contact surfaces is

determined by their mutual penetration. The problem is solved using the finite ele-
2Mkala H. Shulzhenko ment method, the total number of elements being 371 498. In this model, there are
mklshulzhenko @ gmail.com several zones of contact interaction: namely, the area of contact of the pins with the

ORCID: 0000-0002-1386-0988 disk, as well as with the locking blade and adjacent blades; the area of contact of

the pressure pads of the roots of adjacent blades and the disk shaft end. In the con-
'JSC "Turboatom” tactpzones, thle) meshfis thickenec{ ThJe calculation results are presefted in the form of
199, Moskovskyi Ave., the temperature distribution over the lock joint. It is shown that there is a tempera-
Kharkiv, 61037, Ukraine ture drop along the radius and width of the disk. The temperature of 533 °C from the
2 A. Podgorny Institute side of the steam inlet drops to the level of 525 °C from the side of the steam outlet.
Results of the calculated assessment of the stress state of the lock joint of turbine

of Mechanical Engineerin
& & rotor blades are given for the first stage of the medium pressure cylinder of a steam

Problems of NASU’ turbine. These results indicate significant stresses that can cause plastic deformation.

2/10, Pozharskyi Str.,

Kharkiv, 61046, Ukraine Keywords: turbine, lock joint, rotor blade, stress state, contact pressure, tempera-
ture field, contact stiffness.

Introduction

Ensuring the reliability of the lock joint of turbine rotor blades requires the study of the joint stress-
strain state (SSS) that meets the operating conditions. The lock joint of turbine rotor blades experiences sig-
nificant loads when the temperature distribution is uneven over the radius and variable over time, which ne-
cessitates the analysis of its SSS with the combined influence of these factors.

The determination of the SSS of this lock joint has already been considered in [1, 2]. The solution
was carried out in an elastic setting without taking into account the influence of temperature stresses, using a
three-dimensional finite element model. As a load that determines the SSS in the joint, centrifugal forces
were taken for the rotor rotating around the axis with an angular velocity of 314.16 rad/s. In connection with
the symmetry of the system, not the entire disk with blades, but only its sector with the corner angle ¢p=20°
was considered, with the symmetry conditions specified at its ends. The fixation of the model in the axial
direction was carried out taking into account the displacements obtained earlier in calculating the SSS of the
whole rotor. To do that, displacements of 0.128 mm and 0.16 mm were set at the ends of the disk from the
steam input and output sides, respectively.

The simulation of the objects under study (Fig. 1) was carried out in the form of three-dimensional
bodies, using the Autodesk Inventor geometric modeling package.
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The calculated studies of the stress
state of a number of finite element models of
the lock joint made it possible to determine the
optimal finite element (FE) size of 3 mm [3]
from the condition that with a further decrease
in the FE size, the calculation results change by
no more than 3%.

As a result of determining the SSS of
the lock joint under consideration, the follow-
ing was established [3]:

— in the lock joint (Fig. 1, a), at the fillets
of support pads and the holes for the pins, there
are zones of increased radial stresses close to
540 MPa. Moreover, the average stress level in
joint elements is low, and is about 80 MPa;

—the greatest deformations of about | ¥
0.43 mm are experienced by the disk in the ra- |

dial direction under the locking blade and by _~Cutout f{fr R
the blade itself; the locking blade

pads

— the distribution of contact pressures
on the support pads of lock joint elements and ¢ d
adjacent blades 15 uneven, Fig. 1. Lock joint element models:

— the distribution of contact forces on a — lock joint; b — locking blade; ¢ — disk; d — adjacent blade
the support pads of joint elements and adjacent

blades differs from those presented in [4], where the blade root was considered in the framework of plane de-
formation in interaction with an axisymmetric disk. This can be explained by taking into account the influence
of the locking blade, as well as by solving the problem with the use of a three-dimensional model of the joint;

— maximum stresses occur in the zone where damage was observed after the long-term operation of
this type of lock joint design.

Problem Formulation

The aim of this paper is to determine the SSS of the lock joint of the rotor blades of the 1st stage of
the medium pressure cylinder, taking into account the influence of heat transfer between lock joint elements.

To clarify the picture of the stress distribution over the lock joint structure, when solving the SSS
problem, it is advisable to take into account the temperature field, since, as a result of heat supply from the
steam flow, the lock joint of rotor blades works under conditions of uneven heating. Under such conditions,
the physicomechanical properties of materials change, and there arise temperature gradients, accompanied by
the unequal thermal expansion of individual parts of the structure. This causes thermal stresses, which alone
or in combination with mechanical stresses from external loads can cause crack formation and structural
damage. As a result of the influence of temperature stresses, there can occur a significant plastic deformation
leading to a complete or progressive structural failure [5].

It is correct to take into account the influence of heat transfer on the transfer of forces in the lock
joint in a thermal contact setting. In this case, the contact interaction problem is essentially nonlinear, since
the mutual influence of the temperature and force components of deformations is carried out through previ-
ously unknown boundary conditions in the contact. The SSS and nature of the contact interaction depend on
the distribution of temperature fields, and the temperature field, on the contact interaction of elements [6].

The thermal contact problem of the interaction of lock joint elements, being solved in this paper, is
based on the application of the contact layer model [6]. In this case, the zones of the expected contact inter-
action are modeled using contact elements. The mechanical interaction of contact surfaces is determined by
their mutual penetration. One of the main characteristics of the contact layer in this case is the contact stiff-
ness C,. The contact stiffness value should be sufficient enough to neglect the mutual penetration of surfaces,
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but such that the accuracy of the system of equations of the finite element model allows us to determine the
contact stresses

c,=C ~(u;,—u§—8p)

p p
where u},,uf, are the displacements of contact surfaces in the direction of the common normal; J, is the ini-

tial clearance (interference) between the contact surfaces.

In this work, the contact stiffness value was chosen in the process of solving the problem, based on the
assumption that the mutual displacement of contact surfaces does not exceed the values of their roughness.

The three-support mushroom-shaped joint design used in the lock joint under consideration is sub-
jected, during the assembly process, to additional rolling, which prevents the presence of large friction be-
tween interacting surfaces. Based on this, friction, in solving this problem, is not taken into account.

When solving the thermal contact problem, we assume that at the contact boundary of lock joint
elements, there is an ideal thermal contact, and the equality of temperatures and heat fluxes is fulfilled [6]

Tl(xk,yk,zk,t)=T2(xk,yk,zk,t), }Vl(dT/dn)k :}\'z(dT/dn)k

where A,(T),A,(T) are the thermal conductivity coefficients of contacting bodies, depending on the tem-

perature 7.

The problem of thermal conductivity in solving the problem of thermocontact interaction of elements
in the lock joint precedes the problem of thermomechanics. Values of contact stresses are specified in the
iterative process. When creating the finite element mesh, we used the twenty-node Solid226. This element
differs from the previously used Solid186 in that it has degrees of freedom in displacements and temperature,
and allows us to obtain a solution to the joint thermal contact problem (Fig. 2).

Upon refinement, a mesh - : IREITRATE
of 371,498 FEs was obtained AB
(Fig. 3). The FE model under
consideration has several zones of
contact interaction: the area of

Tetrahedral Cption

contact between the pins and the ~uradandls
disk, the locking blade, and adja- ? ‘
cent blades; the area of contact of e, ¥

the support pads of the roots of Pyramid Option
adjacent blades and the disk shaft ) ~ M pOPW
end. In the contact zones, mainly Q - T~ AB
those affecting the transfer of }'-Y F Q KL
forces between interacting ele- ) Che g

ments, there is a thickening of the LS, T

mesh with a decrease in the FE
size to 1 mm, which increases the
accuracy of calculation.

The initial data are the
thermophysical properties of lock
joint materials from [7]. Before
and behind the stage, the tem-
perature distribution was speci-
fied in the radial direction, be-
coming boundary conditions of
the first kind.

The stress state calculation
time was 4 hours.

Fig. 2. Solid226 finite element

FE mesh thickening

Fig. 3. Breakdown of the rotor blade lock joint model into finite elements
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Numerical Analysis of the Lock Joint SSS

Fig. 4 presents the calculation results in the form of the tem-
perature distribution in the lock joint.

We can see that there is a temperature drop both in disk radius
and in disk width. So, the temperature of 533°C from the side of the
steam inlet drops to the level of 525°C from the side of the steam outlet.

As a result of computational studies, the distribution of radial
stresses over the lock joint was obtained (Fig. 5).

As follows from the results obtained, the distribution of radial
stresses in the disk section under consideration has a complex spatial
character. The compression zones of engagement elements in the lock
joint are alternated with the tension zones throughout the remaining
region. Moreover, the maximum level of compressive stresses is rela-
tively small and reaches no more than 50 MPa. The maximum level of

Fig. 4. Temperature field in the lock
Jjoint of rotor blades

tensile stresses can be observed at the holes in the disk for the installation of pins that fix the locking blade,
reaching 1,787 MPa. The Mises equivalent stresses in this zone were about 2,800 MPa, which indicates the
possibility of plastic deformations (Fig. 6).

It follows from the figure that the yield strength level o, for the disk material, EI-415 steel, at oper-
ating temperatures is about 450 MPa.

Maximum values of the stresses arising in the places of transmission of stresses from the locking blade
to the disk gradually decrease with increasing distance from the holes. At the same time, excessive tensile and
yield strengths of the material at the temperatures under consideration can be observed along the entire base of
the rotor blade lock joint model under consideration. In the upper sections of the disk section under considera-
tion, the stress level is somewhat lower, however, it is still significant and reaches a value of 550 MPa.

The distribution of radial stresses over rotor blade roots is not constant either. The maximum values
occur in the region of fillets of the lower support pads of blade roots, as well as at the holes for the adjacent
blades to be locked with pins. Moreover, the stress level is much lower than their level in the disk, and
reaches 350-400 MPa.

f
Zone of maximum
tensile stresses

Fig. 5. Distribution of radial stresses:
a — lock joint; b — locking blade; ¢ — pins; d — disk; e — rotor blade; f — adjacent blade
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A significant increase in stresses can be observed in

0pz, IIIa

comparison with the results obtained earlier [2], which is proba- "
bly caused by the influence of the temperature field. So, in the 550 .
place where the rotor disk has a cutout for the locking blade, e
there are zones of maximum tensile stresses, the value of which .
significantly exceeds the yield strength, which is likely to lead 450
to plastic deformations.

The appearance of additional temperature stresses in the 400 100 200 300 400 500 T, °C

lock joint structure is apparently associated with the presence of .
structural elements with different coefficients of linear thermal | 8- 6- Dependence of the level of EI-415

expansion [7]. So, XN70BMJuT alloy (pins) has the largest coef- steel material yield strength from
ficient of thermal expansion, and EI-415 steel (disk), the smallest temperature

one. The thermal expansion occurring during the heating of some joint elements exceeds the thermal expansion
value of others, which ultimately causes the appearance of additional temperature stresses.

The blade root bending deformations noted earlier in [2] practically do not appear in this case.

Fig. 7 shows the distribution of contact pressures on the rotor blade support pads in the lock joint.
When considering the results obtained, the contact support pads are numbered as follows. The upper pair of
support pads is the first pair, the middle pair is the second pair, the lower pair is the third pair, and the lateral
support surfaces of the root are shoulders.

The distribution of contact stresses on support pads is also of a complex spatial nature and depends
on the position of a blade in the lock joint with respect to the locking blade.

The presented results of the distribution of contact pressures on the support pads of the roots of the
locking and adjacent blades (Fig. 6, a, b, c) allow us to assess the change in the nature of the contact interaction
of these blades with the disk in the joint. The highest level of contact pressure can be observed on the 3rd pair
of the support pads of adjacent blades. In this case, the maximum pressure is achieved from the side of the hole
for additional pinning, and mainly depends on the position of the pin in height. The change in contact pressures
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Fig. 7. Distribution of contact pressures on blade support pads in the lock joint:
a — adjacent blade (with the lower pin); b — adjacent blade (with the upper pin); ¢ — locking blade); d — rotor blade
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on the adjacent blade with the lower pin location is characterized by relative constancy for the 3rd pair of
support pads and a pronounced gradient for the second pair. At the same time, a slightly different picture can
be observed in the distribution of contact pressures on the adjacent blade root with the upper pin location. In
this case, the second support pad is located at the same level with the pin, and the distribution of contact
pressures on it can be described as constant. At the same time, there is a pronounced gradient in the level of
contact pressures on the third lower support pad, of from 39 to 52 MPa.

From the picture of the distribution of contact pressures on the support pads of the root of extreme rotor
blades in the lock joint (Fig. 6, d), it follows that the maximum pressure level can be observed at lower support
pads, and is almost constant along the length of the support pad, reaching 42.45 MPa. On other support pads of
the blade root under consideration, the stress level is lower, reaching 25.59 MPa for the first pair, and
33.14 MPa for the second pair. The nature of the distribution of contact forces both on the support points indi-
cated and the third pair is constant. At the same time, a change in the contact forces on shoulders indicates the
presence of a gradient in height from 28 MPa in the upper part of the support pad, to 39 MPa in its lower one.

The table below shows the pressure values averaged over the contact area at the support points of the
rotor blades in the lock joint, both taking into account and without taking into account the influence of tem-
perature effect.

The results of the distribution of contact pressures on the support pads of the rotor blades in the lock
joint (Fig. 6, table) indicate that, as in the case of solving the problem in the elastic formulation without tak-
ing into account the influence of temperature stresses [3], there is an uneven distribution of loads on support
pads. However, there are significant differences. A redistribution of stresses took place on support points,
which is probably associated with a different coefficient of linear expansion of the materials of the disk shaft
end and blades and, as a result, with various deformations of the lock joint elements in the radial direction.
So, when solving the problem, taking into account the influence of temperature deformations, the third pair
of support points turned out to be the most loaded. The general picture of the distribution of forces on the
support pads of the adjacent blade (with the upper pin) is as follows: 23% for the first pair, 34% for the sec-
ond pair, 43% for the third pair, which has obvious differences from the calculation results for the case with-
out taking into account the influence temperature deformations, where the most loaded pair of support points
was the second one, and the efforts were distributed as follows: 34% for the first pair, 34% for the second
pair, 32% for the third pair.

As in the case of solving the problem without taking into account the influence of temperature
stresses, there is a difference in the values of contact pressures on the support pads of adjacent blades with
different pin location along the radius.

Distribution of Contact Pressures on Support Pads

1st pair 2nd pair 3d pair
MPa | % |MPa| % |MPa| %

Adjacent blade |with temperature not taken into account| 42,67 | 34 |43,15| 34 |40,88| 32
(with the upper pin)| with temperature taken into account | 24,34 | 23 | 34,9 | 34 [44,92| 43

Adjacent blade with temperature not taken into account| 41,94 | 34 (42,78| 34 [40,17| 32
(with the lower pin) | with temperature taken into account | 25,11 | 24 |33,11| 32 [45,08| 44
with temperature not taken into account{ 40,5 | 33,5 (41,31| 34 |[39,23| 32

Computational model

3D rotor blade
with temperature taken into account | 25,59 | 25 |[33,14| 33 |4245| 42
2D rotor blade [4] - 37 - 30 - 33
Conclusions

When solving the problem of the SSS of the lock joint of rotor blades, taking into account the influ-
ence of the temperature field, we observe the results that differ from those obtained previously [3].

There is a significant stress increase caused by the presence of temperature fields. The appearance of
significant temperature stresses was mainly facilitated, apparently, by not so much the presence of a slight
temperature difference in the joint, as by the difference in the coefficients of the linear thermal expansion of
its elements. The areas with the highest tensile stresses, as in solving the problem without taking into account
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the influence of temperature deformations, are the areas of the disk shaft end at the holes for the pins, as well
as the fillets at the support pads of blade roots. So, the values of tensile stresses in the holes significantly ex-
ceeded the yield strength at a given temperature.

The solution to the problem in the thermal contact formulation made it possible to assess the degree
of influence of temperature deformations in the lock joint on the distribution of contact pressures on the sup-
port pads of its elements. It is shown that there is a redistribution of stresses between pairs of the support
pads of adjacent blades in comparison with the results of solving the problem without taking into account the
influence of temperature deformations.

The results of solving the SSS problem in the formulation under consideration indicate the need to
take into account the influence of the temperature field, since the contribution of temperature deformations to
the general SSS is very significant. In the future, it seems appropriate to solve the problem in an elastic-
plastic formulation, as well as with taking into account creep strains.
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TepmoHanpy:KeHHi CTaH 3aMKOBOI0 3’€THAHHS POOOYMX JIONMATOK Mepiioro crynens Typoinu K-500-240
'I. A. Manbkos, > M. I. Illy1b:KkeHK0

! AxriionepHe ToapucTBo «TypGoaTom»
61037, Ykpaina, M. Xapkis, np. MockoBcbkuit, 199

* [HCTHTYT mpo6ieM MarmuHOOyxyBaHHs iM. A.M. Ilinroproro HAH Vkpaimuy,
61046, Ykpaina, M. Xapkis, Byin. [Toxxapcekoro, 2/10

Jocnioocyemucs 6nius memMnepamypHo20 nojis Ha HAnpYlCeHUtl CIaH el1emMenImie 3aMKo8020 3'€OHaAHHS TONAMOK
mypbinu, 0e cnocmepieanucs NOAOMKU. 3'€OHarHsL poOOUUX TONAMOK mypOiH npu nideodi menia 6i0 napo8o2o NOMOKY 3HA-
X0OUMbCsL 8 YMOBAX HEPIBHOMIPHO20 HASPIBAHHS. 30 MAKUX YMO8 3MIHIOIOMbCSL (PI3UKO-MEXAHIYHI 61aCMU80CME MAMEPIaie
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I cnocmepieaiomvcst 2padicHmu. meMnepamypu, Wo SUKIUKAE HeOOHAKO8E MENTI08Ee POSUUPEHHS OKDEMUX YACMUH KOHC-
mpyxyii. Lle npuzgooums 00 memnepamypHux HANPYlIceHb, Ki 8 NOCOHAHHT 3 MEXAHTUHUMU HANPYHCEHHIMU GI0 308HIUHIX
HABAHMANICEHb MOJNCYMb GUKIUKAMU ICMOMHY RAACIMUYHY OedhopmMayiss KOHCMpPYKYIL, nopooicysamu mpiwunu abo nowt-
KOOJICeHHs1 KOHCMPYKYIL. [[isi ymouHeHHsi pO3N0OILy HANPYJICceHb NO KOHCMPYKYIL 3aMK08020 3'€OHaHHS PO36'A3yeMbCsL 3a-
oaya 3 ypaxyeanHsmM memMnepamyprozo noist. Po3e’sizanns 3a0ayi 30icHIOEMbCSt 8 MEPMOKOHMAKMHIN NOCMAHO8YI 3 ypa-
XVBAHHAM GNIUGY MENTO0OMIHY HA nepedayy 3yCUlib 8 3AMKOGOMY 3'€OHAMHI. 3a0aua KOHMAKMHOL 63a€MO0Ii € icmomHo
HENIHIIHOM0, T 36'130K MeMnepamypHol 3a0aui i3 3a0aueio MexauiKu 30IICHIOEMbCS uepes 3a30ane2iob HegioOMi ePAHUYHI
ymosu 6 konmakmi. Hanpyowcenuii cman i xapaxmep KOHMakmuoi 63aemMo0ii 3anedcams 6i0 po3nooiny memnepamypu, wo
BUBHAYAEMbCSL YMOBAMU 83A€MOOIT. P036 530K MepMOKOHMAKMHOL 3a0aui 6 3AMKOBOMY 3'€OHAHHI 6A3YEMbCS HA 3ACMOCY-
8aHHI MOOEIi KOHMAKMHO20 wiapy. 30Hu nepedbauysanoi KOHMAKMHOI 63aEMO0iT BUSHAUAIOMbCA KOHMAKMHUMU eleMeH-
mamu. Mexaniuna 63a€mM00isi NOBEPXOHL KOHMAKMY GUSHAYAEMbCS 8EIUUUHOIO IXHBO2O 83AEMHO20 NPOHUKHEHHA. 3adaya
PO36’A3VEMBCS 3 GUKOPUCIMAHHAM MEMOOy CKIHUEHHUX eleMeHMI8, 3a2aiibHe 4ucio enemenmis - 371498. Y poszensnymi
MOOe € KibKA 30H KOWMAKMHOT 83aEMO0ii: a came, 00aacmb 00OMUKY Wmugmis 3 OUCKOM, a MAKOIC i3 3aMKOB0I0 IONAM-
KOI0 1 NPU3AMKOBUMU TONAMKAMU; 001ACHb OOMUKY ONOPHUX NIOUAOOK XBOCHIA NPU3AMKOB0L TONAMKU I X80CMOBUKA OUC-
Ka. Y 30Hax konmakmy 30iUCHIOEMbCsL 32yuents cimku. Hasedeni pesyibmamu po3paxyHky y euisiol po3nooiny memnepa-
mypu no 3amxoeomy 3'conanmio. Iloxkasano, wo mae micye nepenad memnepamypu no padiycy i wuputi oucka. Temnepa-
mypa 533 °C 3 60Ky 6x00y napu nadae 00 pisms 525 °C 3 60ky suxody napu. Hasoosmuvcs pezynomamu nonepeonvoi oyin-
KU HANPYIICEHO20 CMAHY 3AMKOB020 3'COHAHHA POBOYUX IONAMOK NEPULO20 CIYNEHsl YUTIHOPA CepedHbo20 MUCKY NapO8oT
mypOiHu, K C8IOHAMb NPO 3HAYHI HANPYICEHHS, 30amMHI UKIUKAMU NIACMUYHY dedhopmayiro.

Kntouoei cnosa: mypbina, 3amkoee 3'€OHaHHA, poboYa JONAMKA, HARPYHCEHULl CIMAH, KOHMAKMHULL IMUCK, memne-
pamypHe noie, HCOPCMKICHb KOHMAKNY.
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