JMHAMIKA TA MILIHICTb MAIINH

UDC 539.4:621.165

INVESTIGATION

OF THE THERMAL
STRENGTH OF STEAM
TURBINE DIAPHRAGMS
WITH REDUCTION

OF AXIAL DIMENSIONS

"Borys P. Zaitsev
b.zajtsev @ gmail.com
ORCID: 0000-0003-2411-0370

2Viktor L. Shvetsov
shvetsov @turboatom.com.ua
ORCID: 0000-0002-2384-1780

?Oleksandr M. Hubskyi
2Serhii A. Palkov

sergpalkov@ gmail.com
ORCID: 0000-0002-2215-0689

! Tetiana V. Protasova

tatyprotasova @ gmail.com
ORCID: 0000-0003-1489-2081

" A. Pidhornyi Institute
of Mechanical Engineering
Problems of NASU

2/10, Pozharskyi St., Kharkiv,
61046, Ukraine

? Joint-Stock Company Turboatom
199, Moskovskyi Ave., Kharkiv,
61037, Ukraine

Introduction

DOI: https://doi.org/10.15407/pmach2021.02.037

The problem of reducing the axial dimensions of steam turbine diaphragms
is associated with the problem of steam turbine modernization performed by
increasing the number of reactive blading stages and using existing founda-
tions. Evaluation of the suitability of diaphragm design versions with estab-
lished steam flow characteristics was carried out with constraints on short-
and long-term strength conditions, as well as the accumulation of axial de-
flections due to creep. For computational research, there was introduced a
methodology using the finite element method and Yu. M. Rabotnov’s theory
of strain aging. The calculation of creep was reduced to solving an elastic-
plastic problem with a deformation curve, which was represented by an
isochronous creep curve for the time chosen. A software was used providing
for the automated construction of the original computer diaphragm model
with the help of guide-vane profile drawings and axial cross-sections of the
diaphragm rim and body, as well as several geometric parameters. The cal-
culated model of a welded diaphragm reproduces the main essential fea-
tures of the structure, the material properties of its elements, as well as
steam load. The exploratory studies of diaphragms with reduced axial di-
mensions were performed on the example of the second- and third-stage
diaphragms of the high-pressure cylinder of the K-325-23.5 steam turbine.
The original second- and third-stage diaphragm designs were considered to
be basic, in relation to which, according to strength and rigidity parame-
ters, the alternative ones were compared. Calculated data for the basic dia-
phragm design versions for 100 thousand operating hours were obtained.
According to the calculations, maximum deflections are achieved at dia-
phragm edges, and the stresses, that are maximum at the points where the
guide vanes are attached to the diaphragm rim and body, undergo a signifi-
cant redistribution due to creep. Two approaches to the reduction of the
axial dimensions of the second-stage diaphragm design of the steam turbine
high pressure cylinder were involved. In the first approach, the reduction of
the dimensions was achieved by proportionally reducing the guide-vane
profile with a corresponding increase in the number of the guide vanes. In
the second approach, the profile remained unchanged, but the axial dimen-
sions of the diaphragm rim and body were reduced. The parameters of
strength both in the elastic state at the beginning of operation and in the
conditions of creep, as well as the accumulation of axial deflections were
investigated. Based on the comparisons with the basic design, it was estab-
lished that the second approach is more effective. Additional recommenda-
tions for the use of more heat-resistant steels for outlet guide vanes and the
conditions of diaphragm attachment in the turbine casing are given.

Keywords: steam turbine, diaphragm, axial dimensions, creep, axial de-
flection, short- and long-term strength.

One of the aspects of deep turbine modernization is to increase the number of stages, in particular in
the high-pressure cylinder (HPC), and the use of reactive blading, which can significantly increase efficiency.
Steam turbine modernization is performed using the existing foundation, which necessitates the reduction of the
axial dimensions of the stages. The simplest way is to reduce the axial dimensions due to the greater compact-
ness of steam turbine diaphragms. However, it is necessary to ensure the basic indicators of long-term rigidity
and strength of the diaphragms. Because of this, there arises the problem to assess the possibility of structural
changes in the most loaded diaphragms of a steam turbine HPC according to the criteria of strength in high
temperature conditions, which is considered on the example of the K-325-23.5 steam turbine.
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The main issues of ensuring the reliable operation of the diaphragms are to assess the short- and long-
term strength of their elements; determine the rate of increase of the deflections due to material creep (for stages
with a steam temperature above 450 °C); ensure sufficient diaphragm tightness over the entire support surface.

Theoretical and experimental solutions of these problems are reflected in [1-4], which propose mod-
els and methods for calculating diaphragms in elastic formulation. The contact interactions of diaphragm
support elements with the turbine casing, which affect the stress-strain state (SSS) and contact tightness, are
considered in [5-7], and the state of the diaphragms during creep, in [8-10].

In most works, plate-rod models are used, in which the diaphragm rim and body are modeled using
semicircular plates, and the guide-vane assembly is modeled using a regular system of rods that undergo un-
symmetrical bending. These models reflect the main features of diaphragm deformation, but do not allow us
to consider the influence of a number of important design factors, which necessitates the use of three-
dimensional models. In this, it is important to:

—model the SSS of guide vanes for intermediate- and high-pressure cylinder diaphragms, which are
not rod bodies;

— model guide-vane attachment to the rim and body, especially complex for welded diaphragms;

—represent the real features of the protrusion of the outlet guide vanes beyond the joint face, where
the stress level is much higher than that in the middle guide vanes of the assembly;

— take into account the pliability of the diaphragm support contour;

— take into account the deformation of creep, which affects the accumulation of axial diaphragm de-
flections and stresses in the welds of diaphragm guide vanes to determine their durability.

When designing diaphragms, for simplicity, it is assumed that the main mode of steam turbine dia-
phragm operation is the stationary one with a constant temperature field and system of loads due to steam
flow. Under such assumptions, the approach to creep calculations is simplified, which makes it possible to
apply much simpler theories of strain aging [11]. The application of a theory of aging is justified by the fact
that the creep of steam turbine diaphragms occurs mainly in stationary modes [1], which are characterized by
a steady state of creep, where calculations are traditionally performed using isochronous curves [12].

In reality, the operation of steam turbine diaphragms is accompanied by a significant number of par-
tial or complete load drops, which is especially true for switching modes. In this case, the load on a dia-
phragm is variable, which puts forward increased requirements for the methodology of creep calculations,
and necessitates the use of incremental creep theories capable of tracking the entire process of loading [13].

In a number of works, three-dimensional modeling in diaphragm calculations was performed by the
super-element method [14] in the elastic region of deformation and by the multi-grid method in the elastic
region [7], as well as in the state of creep [13, 15].

Thus, these problems of ensuring the reliable operation of the welded diaphragms of steam turbines
can be solved on the basis of three-dimensional modeling of elastic deformation and creep state, using the
finite element method (FEM), and constructing an effective mathematical support for the SSS parameters
that determine short- and long-term strengths.

A Method for Calculating Welded Diaphragms in Elastic Deformation and with Account of Creep

In designing diaphragms, short-term strength must be ensured, i.e. strength at every instant of turbine
operating time. This requires limiting maximum stresses, especially at the beginning of turbine operation,
when the diaphragms are still in the elastic deformation region, and creep processes have not yet developed.
It is in the elastic region that stress deformations in the diaphragms acquire maximum values, and therefore
the assessment of short-term strength is performed according to the calculations for the elastic state. Fulfill-
ment of the conditions of long-term operation is associated with the study of creep processes that develop
over time, causing the accumulation of axial deflections, stress redistribution, and accumulation of damage,
which is the reason for the long-term strength constraint.

The methodology for calculating the strength of the welded diaphragms of steam turbines is based on the
use of FEM, which is applied to solve problems of elasticity and creep theories in three-dimensional formulation.
An isoparametric finite element is used, whose ratios for displacements and Cartesian coordinates are the same

=D uNENY, w, =Y u,NEND, u =D u,NEND:; (1)
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x=Y xNENQ, y=2 wN,ENY, z=) zN,ENQ, )
where N/, 1, Q) are shape functions; &, M, { are local coordinates in the finite element; u,;, Uy, Uy , and x;, y;,
z; are, respectively, the nodal values of the components of the displacement vector and the Cartesian coordi-
nates of the nodes of the finite element.
The thermoelastic problem is formulated in variational statement using the principle of minimum to-
tal potential energy of a system for an orthotropic inhomogeneous body with the functional
®=05[ D¢ 2dV — [ Fudv - | FyiidS - [ aTDE - £aV , 3)
v v Sp %
where D is the tensor of elastic constants in an inhomogeneous orthotropic medium; # is the displacement
vector; € is the strain tensor; E is the unit tensor; 17‘,, FS are volume and surface forces; Sy is part of the
surface where the forces Fj act; o is the thermal expansion coefficient.
The last term in expression (3), which corresponds to the temperature load, can be represented as follows:

—jo‘—Eerv, (4)
V1—2v

where E is the modulus of longitudinal elasticity; v is Poisson's ratio; 6 =¢€_+¢€ y TE, is the volumetric strain.

Based on (4), on the basis of relations (1), (2), a general expression for the nodal values of the tem-
perature load Fr on the finite element is obtained. In this, for simplicity, it is assumed that the characteristics
of the material are constant

oE oN, oN, oN,
Fr=—"7—|T(x,y, i tu,—+u,;,—|dV. 5
! I—ZVC-[E (x.y Z)Z(u PP dy = ] ©)

The dN;/dx, ON/dy, dN;/0z values that enter into expression (5) are determined in Gaussian integra-
tion nodes. This uses the connection of Cartesian and local coordinates (2) to obtain at each point of the fi-
nite element (Gaussian nodes) of the Jacobian matrix elements (9&/dx, 9&/dy, d€/dz, on/dx, an/dy, dn/dz,
d(/ax, d{/dy, d{/dz) of transformation of the coordinates &(x, y, z), N(x, y, 2), {(x, y, 2), invertible to (2). The
full vector of the temperature load is obtained by summing up all finite elements.

The application of the FEM procedure in minimization (3) leads to a finite-element model of the
problem of determining the SSS in the formulation of the three-dimensional theory of elasticity, presented by
a system of high-order linear algebraic equations

Ku=f, (6)

where K is the stiffness matrix; u is the displacement vector; fis the right hand-side vector.

System (6) usually has a banded structure, and its solution is performed through triangulating the
stiffness matrix K, in particular by the method of square roots.

When solving the problem of creep, the theory of creep aging is involved, which well enough re-
flects the development of creep deformations at constant or slightly variable loads and temperatures. To
maintain an acceptable solution time, the simplest Yu. M. Rabotnov’s theory of creep aging [11] was used,
which is based on the involvement of physical relations of the theory of small elastic-plastic deformations.
To determine the SSS, the elastic-plastic problem is solved using isochronous creep curves, which are taken
as a deformation curve. The solution of the elastic-plastic problem is carried out by the method of variable

elasticity parameters [11] in the linearized material state relations
1 x O
i g [Gii -1 (30, -0, )]’ & = G (®)

where the variable elastic parameters are determined by the formulas
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The application of the method of variable elastic parameters is reduced to the iterations, in which the
elastic problem with elastic variable-volume body parameters is solved, the parameters being determined
either from the solutions of the problem in the previous iteration or with the elastic constants of the material
(in a first iteration). The elastic parameters at the current iteration are calculated by the secant modulus
o, /¢;, using the deformation curve o,(¢;). The convergence of the iterative process is controlled by achiev-

ing a given accuracy according to the value of deformation.

Construction of a Computational
Model for Determining the SSS
Parameters a Diaphragm

There are various technologies
to manufacture steam turbine dia-
phragms, but preference has recently
been given to welded diaphragms. In
such diaphragms the guide vanes are
attached, using force welds, to the dia-
phragm body and rim and not to all
blade end faces, i.e. there is an incom-
plete fusion zone a structural source of
stress concentration. The basic idea of
geometrical features of a welded dia-
phragm design is given in figures 1, 2
showing a general view of the half of the
diaphragm, which is an independent
load-carrying unit, and its schematic
axial section with elements that are es-
sential for modeling the SSS.

The construction of the calcula-
tion model is based on the analysis of
the geometric design features, loading
conditions, and interaction of the con-
nectable turbine elements, and is briefly
reduced to the following.

A steam turbine diaphragm has
a horizontal joint that divides it into two
keyed halves. It is assumed that there are
no significant forces in the joint, and the
two halves of the diaphragm are de-
formed independently, so only its half
with the load-free surfaces of the joint is
considered. The finite element model of
the diaphragm is depicted in figure 3,
which shows essential elements for
modeling the SSS.

y t. N

/ \\

™
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Fig. 1. Structural diagram of a steam turbine diaphragm
3

2
, 4
@ﬁ |

Fig. 2. Diaphragm cross-sectional scheme:
1 — shroud bands; 2 — technological hole under the guide vanes;
3 — protrusion for the axial support of the diaphragm; 4 — welding areas;
5 — area of attachment of the diaphragm labyrinth seal to the turbine shaft
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The geometric model takes into ac-
count the guide-vane assembly, features of
the welded connection of the guide vanes
with the diaphragm body and rim with the
representation of incomplete structural fu-
sion, features of the protrusion of one of the
outlet guide vanes beyond the joint face
(joint face II in figure 3), diaphragm support
elements (tooth and support lug) ).

The external load on the diaphragm
elements is due to steam pressure, the pa-
rameters of which at the diaphragm inlet and
outlet are known. Therefore, the pressure
distribution on the working part of the sur-

Fig. 3. Finite element model of the diaphragm:
1 — body; 2 — guide vanes; 3 — rim; 4 — support lug; 5 — body tooth;
I, II — joint faces

face was assumed to be uniform with the £, %
transfer of the total force corresponding to
the pressure drop and the ring area occupied 1
by the guide-vane assembly. A load equal to 3 /
the pressure drop was applied to the dia-
phragm rim and body from the side of the
inlet stream, and a system of forces simulat-
ing the transmission of forces from the shaft

/160 MPa

(]

/150 MPa

sealing segments, which are also exposed to | ____140MPa
steam pressure, was applied to the diaphragm H
bod the end face of the axial 120 Mpa
ody across the end face of the axial groove . I 100 MPa
under the shaft. e — 80 MPa
The resultant force from the gas- 0 50 100 #10° h

dynamic forces on the guide-vane assembly
has both axial and circumferential compo-
nents. The axial component of all the loads on

Fig. 4. Creep curves of the diaphragm material

: ) X 6,10° ;\MPa
the diaphragm is carried by the support lug —
made in the turbine casing, and the circumfer- 15 ]
ential component is carried by the keys lo- //
cated between the diaphragm and casing. The 1.0
fastening of the diaphragm in the turbine cas- 0.5 /
ing was modeled by pinching the tooth on the e, %

outer cylindrical surface and discrete fixing of ( 03 10 3 30
the rim in the circumferential direction on
three sections of the outer surface near the
joint and in the middle of the rim.

Fig. 5. Isochronous curve for the ISH1IMF steel
at a temperature of 503 °C for 10° operating hours

Thus, the given calculation model takes into account all the main features of the design and load of
the diaphragm.

The original properties of the material during creep are represented by the creep curves (Fig. 4) of
the materials of the guide vanes (steel 15H11MF), as well as diaphragm body and rim (steel 15SHIMI1F).

Data from the isochronous curves for the main material of the guide vanes, diaphragm body and rim,
as well as of the welds (Fig. 5) were obtained on the basis of the creep curves of the diaphragm material.

The isochronous curves of the 15H11MF steel at a temperature of 503°C for 10° operating hours
were defined according to the dependence

m

e=24102 2| |
E

01/105

where m=4; E=1.77 10’ MPa; G,,,,°=160 MPa.
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It is difficult to predict the weld material properties, which depend on many factors: the material of the
electrodes to be used, the quality and uniformity of welding, the degree of additive burnout, etc. [16-17]. For
the weld material, the creep resistance can be significantly reduced, which changes the shape of the isochronous
curves. An example of research taking into account the influence of welds on diaphragm creep is the work [15].
In our research, the mechanical properties of the materials of the guide vanes, diaphragm rim and body, and
welds were assumed to be identical.

The software package [15] involved in the computational research has advanced input and output in-
terfaces, as well as a parametric scheme for constructing computational models, which greatly simplifies data
preparation, increasing the reliability of their formation. In building the computational computer model of a
diaphragm, the original data are the diagrams of the guide vanes and the axial cross-section of the dia-
phragm, which can be depicted by background drawings, numerical data on the number of the guide vanes,
geometric parameters for the location of the guide vane assembly along the axis, outlet guide-vane protrusion
beyond the joint face, radial seals, as well as data on elastic characteristics and creep.

Research of the Short- and Long-term Strengths of the Basic Design Version of K-325-23.5 Turbine
HPC Diaphragms

The most stressed, especially in terms of long-term strength, are the second- and third-stage HPC
diaphragms. Since this paper aims to change the design of the diaphragms with a decrease in axial dimen-
sions while maintaining strength, it is necessary to have the estimated data on the SSS of the original designs
of these diaphragms. It is in relation to the parameters of the short- and long-term strengths of the original
diaphragm designs, as well as to the data on the yield and long-term strength limits [18] that the suitability of

the proposed diaphragm design is determined.

a b C

Fig. 6. Geometric data for modeling the second- and third-stage HPC diaphragms of the K-325-23.5 turbine:
a — guide vane profile (second and third stages); b — axial cross-section (rim and body) of the second-stage diaphragm;
¢ — axial cross-section (rim and body) of the third-stage diaphragm

Table 1. Data on the design, material and operating conditions of the second- and third-stage HPC diaphragms

Indicator Second stage Third stage
Temperature before the stage, °C 506 483
Number of guide vanes (half of the diaphragm) 29 29
Elastic modulus, GPa 177.6 182.2
Minimum diaphragm radius, cm 30.5 30.5
Maximum diaphragm radius, cm 52.5 52.9
Diaphragm thickness, cm 14 11.2
Pressure drop, MPa 2.491 2.135
Seal height, cm 1.5 1.5
Guide-vane profile width (along the axis) 8.0092 8.0092
Guide-vane profile height (along the circumference), cm 5.7080 5.7079
Outlet guide-vane protrusion beyond the joint face, cm 1.71 1.72
Guide-vane material 15H11MF 15H11MF
Rim and body 15SHIMIF 15SHIMIF
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Fig. 6 shows a common, for the two diaphragms, guide-vane profile and the axial cross-sections of the
diaphragm rim and body. Numerical data on the design, material, and load conditions are summarized in Table 1.

In the calculations of the diaphragms of steam turbines operating at high temperatures, the maximum
stresses in the elastic stage of deformation are limited, and must not exceed the yield strength at a given tem-
perature with the required margin (according to OST 108961.02-79 the yield strength for the ISHIMI1F steel
at a temperature of 500 °C is 210 MPa, and at that of 475 °C, 220 MPa). In addition, there are requirements
for the accumulation of creep-induced axial deflections, which can reduce the required gaps, and the maxi-
mum stresses that determine the long-term strength.

Based on this, in the researches, the diaphragm SSS calculations were performed in the elastic region
of deformation and creep for a period of 100 thousand operating hours. Detailed data from the calculations of
the second-stage HPC diaphragm design are given in figures 7-9. In constructing the calculation model, two
versions of modeling the guide-vane assembly were considered, related to the account of guide-vane shroud
bands. In the first version, the shroud bands were considered to be load-carrying elements, and were attached to
the diaphragm rim and body, the guide-vane length being shorter. In the second version, the shroud bands were
not taken into account, and, accordingly, the guide-van length was longer. The calculation results in these cases
differed slightly. In particular, in the elastic region of deformation, the maximum displacements in the first case
were 0.443 mm, in the second one, 0.503 mm, i.e. the effect on the displacements is significant.

In the diaphragm with short guide vanes, the effect of creep on the strain state is insignificant, while
the stress state undergoes significant changes. The maximum stresses are reduced (relaxation), and the load
from the more stressed outlet guide vanes is transferred to the middle of the guide-vane assembly.

The strains and stresses in the third-stage diaphragm are generally similar, but their level is lower
than in the second-stage diaphragm. Tables 2 and 3 show the maximum values of SSS parameters, which
were determined from the whole structure, namely the deflections W along the diaphragm axis, the radial
stress G, (along the guide vanes), and the circumferential stress Gj.

When modeling the attachment of the guide vanes to the diaphragm rim and body, the rigidity of the
guide-vane shroud bands was taken into account, and the guide-vane profile discretization in thickness was
two finite elements.

o

IV, mm

HEER P

0.443 0.410 0.377 0.344 0.311 0.278 0.245 0.212 0.179

IV, mm

HEEE © T

0.545 0.504 0.463 0.422 0.381 0.340 0.299 0.258 0.217

iR NN

0.176 0.135 0.094 0.053 0.012 -0.029 -0.070

b

Fig. 7. Axial displacements in the diaphragm:
a — in the elastic state; b — during creep

ISSN 2709-2984. Ipobnemu mawunobyoyeanns. 2021. T. 24. Ne 2 43




DYNAMICS AND STRENGTH OF MACHINES

a

c,, MPa
283

a — in the elastic state; b — during creep

BT 5 NEEN

oy, MPa
63

46

=
S

' '
W N

.
—_ == O N W

ELD o339 &3 oY
=23

—_ =
~ W
W o

-192

—
—

' = WU
N D)
25 e e

| M
1
|
.90
7
L
L]
B
B

Fig. 8. Radial (along the guide vanes) stresses in the diaphragm guide vanes near the joint face:

Fig. 9. Circumferential stresses in the rim and body in the middle cross-section of the diaphragm:
a — in the elastic state; b — during creep

Table 2. The maximum values of the SSS parameters of the second-stage diaphragm of the K-325-23.5 steam turbine
HPC in the elastic state and during creep (100 thousand hours)

SSS parameter

Deflection Radial stress Circumstantial stress
State W, mm G,, MPa Gy, MPa
Leading Leading Trailing Trailing .
Seal Blade root edge — body | edge —rim | edge —body | edge —rim Body Rim
Elasticity 0.443 0.240 -90 268 148 118 54 -46
Creep 0.545 0.280 -104 161 120 80 48 -43
44 ISSN 2709-2984. Journal of Mechanical Engineering — Problemy Mashynobuduvannia, 2021, vol. 24, no. 2
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Table 3. The maximum values of the SSS parameters of the third-stage diaphragm of the K-325-23.5 steam turbine
HPC in the elastic state and during creep (100 thousand hours)

SSS parameter
Deflection Radial stress Circumstantial stress
State W, mm G,, MPa Gy, MPa
Leadin Leadin Trailin, Trailin .
Seal Blade root edge — bogdy edge — ri%n edge — bogdy edge — rigm Body Rim
Elasticity 0.610 0.310 -68 187 187 102 78 -64
Creep 0.762 0.380 -93 126 109 92 63 -50

Exploratory Researches of the Design Variants of the Second-stage HPC Diaphragm with Reduced
Axial Dimensions

The main requirement for varying the design of the diaphragm to reduce its axial dimensions is the
preservation of gas-dynamic indicators of the stage, which can be achieved in different ways. This paper

proposes two approaches to changing dia-
phragm designs. In the first approach, trans- J J J J

formations of the guide-vane assembly are
introduced, which causes a proportional reduc- D
tion in the size of the guide-vane profile in all
directions (reduction coefficient k). To main-
tain the gas-dynamic indicators of the stage,
the number of the guide vanes in the assembly
is increased accordingly. The reduction of ax-
ial dimensions is achieved only by changing
the guide-vane profile. In the second approach,
the guide-vane assembly remains unchanged,
while the thicknesses of the body and rim are a b ¢
reduced. Geometric data from the diaphragm
designs for the considered options are given in
figure 10 and in Table 4.

Fig. 10. Axial cross-sections of second-stage HPC diaphragms
with reduced axial dimensions:
a — an original diaphragm; b — reduction by 1.55 cm (k=1.24);
¢ — reduction by 2.60 cm (k=1,48)

Table 4. Parameters of the design models of the second-stage diaphragm of the K-325-23.5 steam turbine HPC

Version ReducFion coefficiept of the Ngmber Changes in the rim and body
guide-vane profile k of guide vanes
1 1.00 29 Original
2 1.24 36 Axial reduction by 1.55 cm
3 1.48 43 Axial reduction by 2.60 cm
4 1.00 29 Axial reduction by 3.5 cm

Data on the maximum values of the SSS parameters of the diaphragm, obtained in the calculations, for all
the versions of design changes are given in Tables 5-7. It should be noted that as the guide-vane profile decreases,
the axial deflections, i.e. the diaphragm stiffness, significantly and rapidly increase with increasing parameter k.
This also applies to the maximum stresses that develop, especially at the leading edge of the outlet guide vane
near the diaphragm rim. Stresses are significantly higher than permissible according to [18], both in the elastic
stage of deformation and in the phase of steady creep. This behavior follows from the fact that the stress state in
the outlet guide vanes can be schematically characterized as an oblique bend of a cantilever rod with clamps at
both ends, one of which moves. With a decrease in the cross-section of rods (guide-vane profile) and a corre-
sponding increase in their number, the stiffness of the rod system, on the one hand, increases by linear law (due to
an increase in their number), and, on the other hand, it decreases by cubic law (due to decreasing cross-section).
Thus, the maximum stresses in the rods (guide vanes) increase much faster. This conditional and fairly approxi-
mate interpretation explains the reason for the increase in SSS parameters with this approach to changing the axial
dimensions of the diaphragm. It should also be noted the localization of high-stress areas in the outlet guide vanes.
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Table 5. The maximum values of the SSS parameters of the second-stage diaphragm of the K-325-23.5 steam turbine
HPC in the elastic state and during creep (100 thousand h), version 2 (k=1,24)

SSS parameter
Deflection Radial stress Circumstantial stress
State W, mm G,, MPa Gy, MPa
Leadin Leadin Trailin, Trailin .
Seal Blade root edge — bogdy edge — ri%n edge — bogdy edge — rigm Body Rim
Elasticity 0.657 0.330 -222 355 266 178 78 -48
Creep 0.912 0.460 -155 210 154 97 54 -63

Table 6. The maximum values of the SSS parameters of the second-stage diaphragm of the K-325-23.5 steam turbine
HPC in the elastic state and during creep (100 thousand hours), version 3 (k=1,48)

SSS parameter
Deflection Radial stress Circumstantial stress
State W, mm G,, MPa Gy, MPa
Leadin, Leadin Trailin, Trailin .
Seal Blade root edge — bogdy edge — rigm edge — bfdy edge — rigm Body Rim
Elasticity 0.845 0.430 -315 453 335 217 98 -63
Creep 1.250 0.630 -213 277 201 126 75 -56

Table 7. The maximum values of the SSS parameters of the second-stage diaphragm of the K-325-23.5 steam turbine
HPC in the elastic state and during creep (100 thousand h), version 4 (original guide vanes, diaphragm body and
rim thicknesses are reduced)

SSS parameter
Deflection Radial stress Circumstantial stress
State W, mm G,, MPa Gy, MPa
Leadin Leadin Trailin, Trailin .
Seal Blade root edge — bogdy edge — ri%n edge — bogdy edge — rigm Body Rim
Elasticity 0.839 0.420 -183 248 215 149 89 -54
Creep 1.150 0.570 -168 181 132 82 63 -57

In the second approach to reducing the diaphragm design size in the axial direction (version 4, origi-
nal profile), rather considerable axial deflections are observed, which is explained by a decrease in the tor-
sional stiffness of the diaphragm rim, to a greater extent, and of the body, to a lesser extent. The maximum
stresses have increased slightly, meeting, in the state of creep, the criterion of long-term strength.

When modeling the joint of the guide-vane assembly with the diaphragm rim and body, the stiffness
of the guide-vane shroud bands was taken into account, and the guide-vane profile discretization in thickness
was two finite elements.

Conclusions and Proposals

Exploratory researches on more compact diaphragm designs (having reduced axial dimensions and
satisfying the requirements for short- and long-term strength indicators) for the K-325-23.5 steam turbine
HPC were conducted. The research was performed by calculation, and was based on a proven methodologi-
cal basis using automated software.

Two approaches to determining promising diaphragm design versions were involved. The calculations
showed that the approach that uses a proportional reduction of guide vane profiles with a simultaneous increase in
the number of the guide vanes, and allows reducing the axial diaphragm dimensions, is not acceptable. During the
implementation of this approach, the maximum values of axial deflections and stresses in the guide blades in-
crease rapidly with increasing reduction coefficient of the guide-vane profile. In this case, the conditions of short-
and long-term strengths are not met, starting with the value of the reduction coefficient of the profile k=1.24.

The approach according to which the guide-vane profile remains as in the original design, and the
axial sizes of the diaphragm rim and body are reduced (reduction by 3.5 cm at an original diaphragm thick-
ness value of 14 cm) has turned out to be more acceptable. The main thing in SSS assessments is rather lim-
ited maximum stresses in the outlet guide vane, satisfying the long-term strength criterion, and according to
the short-term stress strength criterion, slightly exceeding the allowable values.
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Thus, the proposed design version of the second-stage HPC diaphragm with reduced rim and body
sizes while maintaining the original guide-vane profile can be considered to be promising.

It is known, and it should be emphasized, that the main problem in terms of strength are the outlet
guide vanes of the assembly, which protrude beyond the diaphragm joint face. Totally understandable is the
proposal to use, in the outlet guide vanes, a material with high heat resistance indicators, in particular, the limits
of long-term strength. An example of the material used in power engineering is the 15SHI2VNMEF (EI-802)
steel, which has high mechanical properties at a temperature of 500 °C: the yield strength ©,=440 MPa, the
long-term strength at 100 thousand operating hours G,0°=244 MPa.

To reduce the axial deflections that are accumulated during creep, it is also possible to recommend
replacing the diaphragm rim and body material with a material that is more resistant to creep, namely, the
guide-vane material (15SH11MF steel). A known design measure to reduce deflections during creep can be to
replace the diaphragm rim joint to the HPC body, which limits the rotation of the rim under load, i.e. instead
of free support, clamping is implemented. In addition to these measures, there can be others that will con-
tribute to the main purpose of the work — to reduce axial diaphragm dimensions.
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JocainskeHHss TepMoMinHOCTI Aiadparm nmaposoi TypOiHu NpH 3MeHIIEeHHI 0CHOBUX radapuTiB
'B.IL 3aiines, B. JI. IlIBeuos, 20. M. I'yocbkmi, 2C. A. Taabkos, ' T. B. IIporacoBa

'"acTHTyT Npo6nem MamuHOGYMyBaHHs iM. A. M. ITizroproro HAH Vkpaimu,
61046, Yxpaina, M. XapkiB, By [Toxapcekoro, 2/10

2 AxttionepHe ToBapucTBO «TypboaTtom», 61037, Ykpaina, M. Xapkis, np. MockoBcbKuii, 199

Tlocmanoska 3a0aui smenuienns 0cbosux eabapumis diagpaem naposux mypoin noe’si3aua 3 npooaemMor iXxHboi
MOOepHI3ayii, Wo 8UKOHYEMbCA UIAXOM 30LNbUIEeHHS KITbKOCMI CIYNEHI8 3 PeaKmUusHUM 0OIONAYeHHAM Md 8UKOPUCTAH-
HAM icuytouux gynoamenmis. OYinKy npuoamHocmi apianmie KOHCMPYKYiti diagpazm 3 6CMAHOBIEHUMU XAPAKMEPUC-
MUKAMU NOMOKY NApU NPOBeOeHO 3 OOMENCEHHAMU HA BUKOHAHHA YMO8 KOPOMKOYACHOI ma 00820Mpusanoi MiyHocmi, a
MAKOHC HAKONUYEHHS OCbOBUX NPOSUHIE BHACTIOOK No83yyocmi. [[ia po3paxyHKosux 00CaioxHceHb 3anpo8aoHCceHo Memo-
001102i10, WO BUKOPUCMOBYE MEMOO CKIHUEHHUX eNleMeHmi6 ma Oe@OopMayiiHy meopiio Noe3yuocmi CMAapinHs
1O. M. Pabomnosa. Pospaxynok nogzyuocmi 36e0eH0 00 p036’sI3aHHs NPYICHO-NAACMUYHOL 3a0aui 3 diazpamoro oegop-
MYBAHHS, AKY NOOAHO I30XPOHHOI0 KPUBOIO NOB3YHOCTNI OJist BUOPAH020 Yacy. Bukopucmano npocpamme 3a6e3neuenns, oe
nepeobauerHo asmomamusayiro nobyoosu GUXIOHOI Komn wmepHol Mooeni diagpazmu 3 3aIYUeHHAM KpecieHb npoQino
HANPAMHUX JIONAMOK, 0CbOBUX Nepepizie mina i 0000a ma 0eKibKoX 2eomMempudHux napamempis. Pospaxynkosa mooens
36apHOI iagpaemu 6I0MEOPIHOE OCHOBHI cymmesi 0cobnugocmi it KOoHCmpyKyii, enracmueocmeli mamepianie ii enemenmis
ma HaganmadcerHs napoio. Iowiyxosi docniosrcenns diagppazm 3i SMEHUEHUMU OCbOBUMU POIMIPAMU HPOBEOeHO HA NpU-
K1aoi diaghpaem 2-20 ma 3-e0 cmynemie yurinopa ucoxkoeo mucky napogoi mypoinu K-325-23,5. Buxioni koncmpykyii 2-
20 ma 3-20 cmynemié po3eisaHymo K 0a308i, no 6iOHOWEHHIO 00 SKUX 34 NAPAMEMPAMU MIYHOCTHI i HCOPCMKOCMI CNIGC-
MABIAIUCH, KOHCMPYKYii diagpaem, aKi esadxcanucs 3a arbmepuamueii. Ompumano po3paxynkosi 0ami ois 06a3oeux eapi-
anmis KoHcmpyxyii diagppaem onsa uacy excnayamayii 100 mucsy 200un. 32i0H0 3 poO3PAXYHKAMU MAKCUMATbHI NPOSUHU
00¢s12ar0MbCsl Ha Kpasix oiagpacmu, a HANPYI’CEHHs, W0 € MAKCUMATbHUMU 6 MICYSAX KPINJeHHs IOnamok 0o 0600a i mina,
3A3HAIOMb 3HAYHO20 Nepepo3nodily yepes nossyuicmo. 3adiaHo pizHi ni0Xo0u 00 3MEHUWEHHs. 0CbO8UX 2abapumie KOHC-
mpykyii diaghpaemu 2-20 cmyneHs yuniHopa 6ucoxkozo mucky. Ilpu nepuiomy nioxooi 3smeHuwieHHs 2abapumis 00CsAcHymo
NPONOPYIUHUM 3MEHULEHHSIM NPOQII0 HANPAMHUX JTONAMOK 3 8i0N0GIOHUM 30intbuienHsam ix kinokocmi. Ilpu opyeomy —
npoghinG 3anumUECs: He3MIHHUM, alle 3MEeHULeHO 0CbO8l po3mipu mina i 0600a diagpaemu. Jocuidxceno napamempu miy-
HOCIMI 8 NPYAHCHOMY CHAHI HA NOYAMKY eKCNIyamayii i 8 yMo8ax noe3yuocmi, a maxoic HAKONUYEHHs 0CbOBUX NPOSUHIG.
Ha niocmasi nopisHsns 3 6a306010 KOHCMPYKYIEIO BCMAHOBAEHO, W0 Oitblu dicsum € opyautl nioxio. Hasedeno dodamkosi
pexomenoayii w000 BUKOPUCIAHHS DLIbUL HCAPOMIYHUX cIaiell 8 KDAUHIX HANPAMHUX IONAMKAX Ma YMO8 KPInaeHHsl Oi-
appaem 6 xopnyci mypoinu.

Knwuoei cnosa: naposa mypbina, diagppaema, ocvo8i 2abapumu, no3y4icme, 0CbO8ULl NPOSUH, KOPOMKOUAC-
Ha i 00620MpPUBAA MIYHICMb.
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