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DECREASE IN THE STRESSES
ON THE TAIL JOINT OF A STEAM TURBINE BLADE
BY CHANGING THE SHAPE OF THE SUPPORT PADS

Introduction. The herringbone tail joints of long working blades in steam turbines, which function as
multi-support structures, operate under complex stress conditions characterized by uneven distributions
of both general and local stresses. Improving the geometry of the tail joint enhances the safety margin
and service life of this critical component.

Problem Statement. At present, the uniformity of stress distribution across the support teeth of the
tail joint is compromised by the required technological gap of 0.02 mm. This gap prevents full contact
along part of the teeth, producing an uneven load distribution across the remaining teeth.

Purpose. The aim of the research is to develop an original design in which a specially shaped suppor-
ting surface of the teeth compensates for technological gaps and increases the uniformity of stress distri-
bution in multi-support herringbone-type tail joints.

Materials and Methods. Finite element methods for modeling power-generation equipment have
been applied. The calculation algorithm used here has served as the basis for a methodology for desig-
ning high-stress, multi-support mounts in large steam turbines.

Results. An original design featuring a specially contoured supporting surface of the teeth has been
proposed. This design has increased the uniformity of stress distribution in multi-support tail joints of
working blades in high-power steam turbines. It has significantly reduced the load on the upper teeth,
redistributing these loads toward the lower teeth, which have previously been insufficiently engaged.

Conclusions. This research has proposed a novel approach to modifying stress conditions in herring-
bone tail joints of powerful steam turbines through the use of specially shaped (cylindrical) bearing
surfaces that compensate for technological gaps. The resulting design has improved load uniformity
across the teeth and has enhanced the strength and service-life characteristics of the entire assembly.
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The herringbone tail joints of steam turbines, which
are multi-support structures, operate under comp-
lex stress conditions, which are characterized by
uneven distribution of general and local stresses [1].
Ensuring reliable operation of such tail joints is
largely determined by the uniformity of load dis-
tribution across the teeth, which is disrupted by
inevitable technological gaps within the tolerance
field (up to 0.02 mm), causing a lack of contact on
some teeth, and an uncalculated increase in load
on others that have come into contact.
Recommendations for specifying tooth steps
cause significant difficulties, for example, perfor-
ming tooth steps with an accuracy of 0.005 mm.
The study [2] has shown the inappropriateness
of searching for solutions aimed at ensuring uni-
form distribution of load on the teeth using dif-
ferentiated gaps due to their extreme smallness.
Thus, on the first pair of teeth it is necessary to pro-
vide a gap of 0.01 mm, on the second — 0.006 mm,
which is unattainable with existing processing
technologies. The assessment that is used to in the
present date is the assessment of the stress state
when selecting the dimensions of the tail joint,
carried out under the condition of contact of all
mating support surfaces. In this case, the assump-
tions are made that the gaps within the techno-
logical tolerances (up to 0.02 mm) [3] during tur-
bine operation areselected due to the undermining
of the support surfaces in contact, due to their plas-
tic deformation [4]. The picture is aggravated by
the fact that the initial technological gaps within
the tolerance field cannot decrease during operation
only due to micro-roughness of the support surfaces.
The choice of the contact surface size during
design [4] was made by based on the average bea-
ring stresses, although for a number of reasons —
the absence of contact in certain areas of the sup-
porting surface of the teeth due to a violation of
the plane or the absence of contact over the entire
surface of some teeth (in the presence of gaps), a
local increase in bearing stresses often occurs.
According to some estimates, a stress state close
to all-round compression is realized near the con-
tact area [5], and the crushing stresses can reach
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Fig. 1. Tail connection contact unit

the yield point of the material. The zones of plas-
tic deformation of the material are small, they
practically do not increase the compliance of the
teeth and do not affect the distribution of the load
between them.

Due to the special shape of the supporting sur-
face of the teeth, this ensures compensation of tech-
nological gaps, to increase the uniformity of the
distribution of stresses in the herringbone tail joints.
The proposed design, shown in Fig. 1, is original
and is protected by a patent for a utility model [6].

The proposed shape of the support surfaces
of the contacting teeth (using the example of a
1030 mm blade of the last stage of the turbine
K-325-23.5 MW) (Fig. 2) allows us to consider their
interaction as a problem of elasticity theory du-
ring contact of two cylinders with parallel axes,
the interaction diagram of which is presented in
(Fig. 3) (Hertz problem [7]).

Let us estimate the magnitude of the conver-
gence of the cylinders A.

Under the action of a force equivalent to the
reactive force on one support surface, based on
the total centrifugal force acting on the tail joint,
we have [7]:

AR Ry, "
a

A =2p9(0.815+1n
T

where p = 707-10° N/m is the force per linear
meter of tooth; coeflicient of the ratio of longitu-
dinal and transverse deformation of cylinders:
1-v?
0= ,
E
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Fig. 3. To the calculation of contacting cylinders according to the Hertz problem

v is Poisson’s ratio; E is the modulus of elasticity Half the width of the contact area formed
of the first kind; R = R, = R, = 0.01 m — radius IR?
forming the support surfaces of the teeth of the | under the load: o = 0.798, /p 0 =4/2pRO =
tail joint of a 1030 mm blade (Fig. 2). =0.2-107 (Fig. 3). R
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Fig. 4. Distribution of stresses across the calculated sections: a — option No. 1; b — option No. 2; ¢ — option No. 3;

d — option No. 4

As a result of the calculation, we have that even
under the condition of contact of all teeth of the
tail joint, the proposed form of the support sur-
faces will lead to the movement of the tail in the
radial direction under the action of centrifugal
forces according to (1) by a value of about 0.02 mm.
At the same time, taking into account that in rea-
lity only a part of the teeth are in contact, the de-
formations can exceed the value of 0.02 mm,
since the load on the contacting teeth is higher
than when all the teeth are in contact.

One of the main features of contact problems is
the presence of significant stresses in the contact zo-
ne, especially in cases where the area of the initial
contact is zero (contact at a point or along a line).
Contact zones are characterized by the occurrence
of all-round compressive stresses, which allows
the material to withstand high surface stresses
without destruction [7—8]. Let us determine the
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value of the maximum stress (pressure) in the con-
tact zone for the example under consideration:

R +R
q.. =042 [pE1"2 =
RIRZ
=0.42, /% ~2.3-10* kg/cm

In this case, the average stress in the contact zo-
ne on the area bounded by lines equidistant from
the initial contact line will be:

q, = P 117.6-10° kg/cm®.
2a
The assessment of the permissibility of the va-
lue of contact stresses is based on the assumption
that the contacting cylindrical (spherical) surfac-
es do not move relative to each other and the load
is applied statically, increases gradually from zero
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Fig. 5. Distribution of stresses in the tail joint when all
cylindrical teeth are in contact
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Fig. 6. Distribution of stresses over the calculated sec-
tions of the tailpiece during contact over all support
areas cylindrical shape

to the final value. In particular, in gear transmis-
sions and ball bearings, despite significant diffe-
rences in the conditions of loading the working
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surfaces from those indicated above, contact stres-
ses of up to 30.000 kg/cm? and more are permit-
ted. The selection of the specified permissible va-
lues of stresses on the working surfaces has been
verified by the practice of operating gear trans-
missions [8].

Considering, that in our case the load on the
tail joint increases from zero to the working level
gradually and without impacts, the obtained va-
lues of g,,,, and g,,,,,, should be assessed as satis-
tying the conditions of operability.

NUMERICAL STUDIES

The conducted assessment of the deformability
of a single support surface of the proposed cylind-
rical shape allows us to expect a positive effect in
a multi-support joint.

The stress-strain state (SSS) of the herringbone
tail joint is considered for the following support
contact options:

No. 1 — contact of all pairs of teeth;

No. 2 — gap on the first pair, counting from the
root section of the blade;

No. 3 — gaps on the first and second pairs of
teeth;

No. 4 — gaps on the first, second and third pairs.

The calculations of these variants are perfor-
med under the condition that the contact areas of
the tooth have a flat surface and deviations in the
step sizes within the manufacturing tolerances
cause the presence of gaps, which cannot be elimi-
nated when the shank is loaded.

The nature of the stress-strain state of the
shanks of the above-listed variants indicates that
the zone of the upper teeth is the most loaded, re-
gardless of the presence or absence of contact on it.
At the same time, the average stresses in the sec-
tion remain significant, and the maximum, in the
absence of contact on the first, second and third
pairs of teeth, in the cross sections fall and the
maximum shifts to the section corresponding to
the pair of teeth that first enters into contact [9].

This is explained by the fact that in the absence
of aload on the teeth, the bending moment disap-

ISSN 2409-9066. Sci. innov. 2026. 22(1)



Decrease in the Stresses on the Tail Joint of a Steam Turbine Blade by Changing the Shape of the Support Pads

pears, causing an increase in maximum stresses,
the level of which, in the presence of contact, also
increases significantly due to the presence of con-
centrators at the base of the tooth. The concentra-
tion of stresses in the transition from the tooth to
the body of the shank is weakly displayed in the
absence of contact between the teeth [10, 11].

The decoding of the stress state pattern of the
tail joint with contact of all pairs of teeth with
supporting surfaces in the form of planes obtai-
ned by calculation is presented in Fig. 4 in the
form of graphs of average and maximum stresses
in six calculated sections. Considering that the
dependencies shown in Fig. 4, a were obtained as-
suming contact on all supports, this variant should
be considered purely theoretical.

The diagrams of average and maximum stres-
ses shown in Fig. 4 reflect several of the possible
combinations of contacts of the tail joint teeth. In
the absence of contact on individual supports or
on several of them in total, the loads on the teeth
are redistributed with a significant increase in stres-
ses in the cross sections of the tail joint.

It is necessary to emphasize an important fea-
ture associated with the absence of contact on one,
together on two or three pairs of teeth, counting
from the root section of the blade. In this case, the
length of the blade to the seal section actually in-
creases, which leads to a change in the natural fre-
quency of oscillations of the blade.

According to the proposed solution for making
the supporting surfaces of the tail joint cylindri-
cal, Fig. 5 shows the results of the calculation,
obtained by using the finite element method,
of the stress-strain state of the tail joint, in which
the contact areas are reduced to a line along
the teeth.

A more detailed comparison of the stress dia-
grams of the above-mentioned variants in Fig. 4
and 6 allows us to conclude that even with practi-
cally unachievable contact of all teeth with flat
support pads, the variant with cylindrical sup-
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ports wins, since in this variant the difference be-
tween the maximum and average stresses in the
most loaded first section of the root is reduced
from 2.5 to 2 times due to the favorable redistri-
bution of the load between the supports, and the
uncertainty of the actual length of the blade,
which affects the vibration characteristics of the
blade, is eliminated [10—12].

CONCLUSIONS

1. The labor proposes an original approach to sol-
ving the problem of weakening the stress-strain
state of the herringbone-type tail joints of power-
ful steam turbines by using a special (cylindrical)
shape of the tooth support surfaces, which en-
sures compensation for technological gaps.

2. Using the example of the last-stage working
blade of the K-325-23.5 turbine, estimates of the
radial displacements of the proposed design root-
stock, as well as stresses in the contact zone, are
made based on the solution of the elasticity theo-
ry problem for contact between two cylinders with
parallel axes (the Hertz problem). The obtained va-
lues of the maximum and average contact stresses
do not exceed the permissible ones, which allows
them to be considered as satisfying the operabili-
ty conditions.

3. For a comparative quantitative assessment
of the stress values for pairs of rootstock teeth,
numerical studies were performed using a soft-
ware package based on finite element methods
for rootstocks with flat support surfaces for dif-
ferent support contact options and the proposed
design with cylindrical contact surfaces. Compa-
rison of stress diagrams showed that the option
with cylindrical supports wins in all the cases
considered, since the ratio of maximum to ave-
rage stress in the most loaded first section of the
tail joint is reduced from 2.5 to 2 times due to a
more favorable redistribution of the load between
the supports.
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SHIVDKEHHS HAIIPYTU HA 3VBIAX XBOCTOBOI'O 3€JTHAHHS
JIOITATKI ITAPOBOI TYPBIHM YEPE3 3MIHY ®OPMU OIIOPHUX IJIOIIMH

Bcryn. XBoCTOBi 3’€fHaHHA ANTMHKOBOTO TUITY JOBIMX JIONATOK NApPOBMX TYpPOiH, AKi € 6araToonopHUMM KOH-
CTPYKLisIMY, IPALIOIOTh Y CK/IAJTHMX HAIIPY>KEHUX yMOBaX, 1[0 XapaKTePU3YIThCA HEPIBHOMIPHUM PO3IO/iZIOM
3araJIbHUX i MiCLIeBUX Hallpy»XeHb. BupilleHHs po6/ieMu OKpalljeHHsI TeOMeTpil XBOCTOBOTO 3’ €[fHAHHS JOBIMX
p0o60YNX TOIIATOK J03BOJISIE 30ITBIINTH 3arac MIITHOCT] Ta TepMiH C/Iy>KOM 1IbOTO BifJIOBiJa/IBHOTO e/leMeHTa.

ITpo6nemaruka. Hapasi piBHOMIpHICTh pO3IIOAiNy HaNpy>keHb II0 OIIOPHUX 3YOIIAX XBOCTOBOTO 3’ €HAHHS
MOPYILIYETHCA BUMYLIEHUM BUKOHAHHAM TEXHOJIOTIYHOro 3a3opy y 0,02 MM, 10 JiKBifly€ KOHTAKT II0 YacTUHI
3y611iB, yTBOPIOIOYM HEPiBHOMIPHIIT PO3IIOAIN HABAHTAXKEHHSI B I{bOMY BYS3JIi.

Merta. Po3po6xa opuriHanbHOI KOHCTPYKII, fie 3a paXYHOK cIIellianbHoI popMit OTOpHOI HOBepxXHi 3yOLiB, 1110
3a0esIeuye KOMIICHCAL{I0 TEXHOJIOTIYHIMX 3a30piB, MOXKHA IIIIBUIIUTY PIBHOMIPHICTb PO3IOJiTy Hampyr y 6araTo-
OIOPHVIX XBOCTOBUX 3’ €JHAHHAX S/IHKOBOTO THITY.

Marepianu it MeTogu. Bukopucrano MeTony MOLEIIOBAHHS eHEPreTUYHOrO OOMaHAHHS 3 BUKOPUCTAHHSIM
METOJiB KiHIIeBUX elleMeHTiB. PO3ITIAHYTUIT aITOPUTM PO3PaxyHKY CTaB 6a3010 /I METOJAVKY KOHCTPYIOBaHH:A
BIICOKOHAIIPY>KeHMX 6araToONOPHMX KpillJIeHb y MOTY>KHMX ITAPOBMX TypOiHax.

PesynpraTu. Po3po61eHo opuriHambHy KOHCTPYKIIiIO, e 3a PaXyHOK CIIeljia/ibHOI GOpMI OIIOPHOI MOBEpXHi
3y61iB, 1110 3a0e3IeYye KOMIICHCALIII0 TeXHOIOTYHMX 3a30PiB, 301/IbLIYETHCS pPiIBHOMIPHICTD PO3IIOAITY HAIIPYT Y
0araTOOMOPHUX XBOCTOBMX 3’ €IHAHHAX POOOUNX JIOIIATOK IIOTY>KHMX NMApoBUX TYpOiH. 3HAYHO 3MEHIIECHO Ha-
BaHTA)XEHH: Ha BEPXHIX 3y0IiiX, siKe IepeHeceHo Ha HYDKHI 3yO1li, 1110 paHile He Oy/IM OCTaTHBO 3a/isHi.

BucHOBKM. 3anponioHOBaHO OpUTiHAIbHUII MifXi[ N0 BUPillleHHA 3a/ladi 3MEHIIEHHA HAIPYTM Y XBOCTOBUX
3’€[[HAaHHAX ATMHKOBOTO TUITY IOTY>KHMX MTAPOBMX TYPOiH 3a PaXyHOK BUKOPUCTAHHA CIIellia/IbHOI (LTiHpIY-
HOI) GopMM OIOPHMX IIOBEPXOHD 3YOLIiB, 1110 3abe3Iedye KOMIEHCAIliI0 TEXHOIOTIYHNIX 3a30piB. Taka KOHCTPYK-
1jis1 cipysie 611bI piBHOMIPHOMY POSIIOJiTy HaBaHTaKEHb I10 3YOLIIX, 30UIBIIYI0UN pecypc Ta XapaKTepUCTUKN
MiITHOCTHI BCi€l KOHCTPYKIil.

Kniouoei cnosa: naposa Typ6iHa, XBOCTOBe 3’ €[[HAHHSA, HAIIPY)XeHO-/1eOPMOBAHUIT CTaH, TEXHOJIOTIYHUIT 3a30D.
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