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HanpysceHo-0epopMoSaHuil Cman.

Introduction

In recent years, the level of requirements for the efficiency and reliability of energy equipment has
increased sharply, and a considerable use of energy potential in many countries of the world, including
Ukraine, has resulted in the necessity to modernize and replace the HPS turbine equipment which has been in
operation for a long time. Evaluation of the efficiency and scope of the reconstruction requires computer
technologies using specialized software to study the strength and dynamics of the parts and components of
the turbines.

When deciding on the scope of modernization, in particular, one considers the necessity to replace or
extend the service life of the head covers of turbines, which are one of its most metal consuming units. In the
previous designs of the turbines, the head covers were usually made in the form of cast iron castings, where-
as at present, they are welded from carbon steel sheets. It should be emphasized that the elastic properties of
gray cast iron used for the castings earlier depend on the amounts of graphite inclusions: a modulus of elas-
ticity can amount to 40 — 75 % of the elastic modulus of steel, about 67 % of Poisson's ratio, and the density
of cast iron — to 90 — 95 % of the density of steel. If in the process of modernization of the turbine a decision
has been made to replace the head cover, it is of interest to carry out a comparative numerical analysis of the
stress-strain state of the head cover used and the head cover being designed.

The main requirements for the design of the head cover are to provide not only strength but also ri-
gidity, as well as vibration reliability since the head cover vibrations in both axial and radial directions must
meet the existing standards. A special feature of the problem is the necessity to fit the new cover into the ex-
isting flow section.

A regulatory document has been developed to assess the service life of the elements of the flow sec-
tion, including the head covers for the said turbines [1]. The reliability of the results obtained by the devel-
oped procedure is confirmed in [2]. This approach was developed in [3 — 4] to determine the stress-strain
state of a constructive and orthotropic body under asymmetric stress, which makes it possible to reduce the
computations of the required displacements to the solution of independent problems for each term in the
Fourier series expansion. One of the important tasks solved both in forecasting the service life of the head
covers, and in the case of replacing cast iron head covers with steel ones, is an accurate determination of
their eigenfrequencies, taking into account the effect of a liquid. This paper describes a technique in which,
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in contrast to [5 — 7], the modes of vibration of the head cover in a liquid are represented as the eigenmode
expansion of its vibrations in a vacuum. The developed technique for constructing matrices of the additional
masses of the load-bearing structures interacting with a liquid is described in [8 — 9] and is given below. This
approach makes it possible to reduce the computations of the required displacements to the solution of inde-
pendent problems for each term in the Fourier series expansion.

Free hydroelastic vibrations of turbine head covers
We write the system of equations of motion of a deformable construction symbolically as

LU)+M(U)=P, (1)

where L and M are the operators of elastic and mass forces; P is the pressure of the liquid on the structural
element in question (blade); U = (us, Uz, w) is a vector-function of displacements. The speed of the oncoming
stream is assumed to be zero. The liquid motion is studied in a 3D formulation by the methods in potential
theory. It is assumed that the liquid is ideal, free vortices are not formed and they do not descend from the
lifting surface. In this case, there exists a velocity potential that satisfies the harmonic equation everywhere
outside the plate, and on the face surfaces of the plate S* — the no-flow condition. For a potential flow, the
perturbed velocity of the liquid is represented as

v(X,Y,z,t) =gradd®d(x,y,z,t), 2

where @ (X, v, z, t) is the potential of velocities induced by small free vibrations of the plate. To determine the
pressure of a liquid on wetted surfaces, the Cauchy-Lagrange integral is used. To find the pressure on the de-
formable surface from the liquid side, it is necessary to determine function ® (x, v, z, t) by solving the Laplace
equation with the following boundary condition:

(grad-n) =%, ?3)

Thus, it is required to determine functions U, @ (x, y, z, t), satisfying the system of differential equa-
tions (1) — (2), the no-flow conditions (3), the conditions for fixing and damping the perturbed velocity of the
liquid at infinity. The literature has no numerical studies to determine the eigenfrequencies and vibration
modes of such structural elements in a liquid. Earlier, to estimate the influence of a liquid on the frequency
of eigen-vibrations, the results obtained using the approximate Rayleigh-Lamb approach were used. In this
case, shapes of the radial plate were taken as forms of free vibrations for the turbine head cover, while 2D
models were used for the turbine blade array.

In this paper, a method for calculating the frequencies and forms of free vibrations of the structures
interacting with a liquid is proposed, based on the attraction of the apparatus of singular and hypersingular
integral equations.

To solve this problem, we apply the method of given forms [10]. At the first stage, in a 3D formula-
tion, a calculation of the frequencies and modes of vibration of the structure in a vacuum is carried out with
the help of the finite element method and its modification for the body of revolution. The obtained modes of
free vibrations are chosen as the basic system of functions, by which they are decomposed into a series of the
vibration modes of the structure in question in a liquid.

Let us study the case of harmonic vibrations. Then the problem under consideration reduces to

L(u)+ M (u): (0,0,isz((p* —(P+)), Vz(p: 0; % s

We represent the function ¢ (X, y, z) as a potential of a double layer with an unknown density. Then
the problem of determining the pressure (4) reduces to solving the integral equation

1 02 1 .
Hg r(g)m{m}ds& =iQw. (5)

Suppose that the eigenmodes of vibrations in a liquid are representable as

w:ZN:ckwk :
k=1

L =10w, 4)
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Let the functions T’k (§) be solutions of the hypersingular equation (5) with appropriately chosen
right-hand sides:

wW=Ww,.

To solve the hypersingular equation (5), the discrete singularity method was applied [5, 6]. In this
case, the integration domain was divided into a finite number of quadrangular subdomains Ns, in each of
which an unknown density was replaced with a constant value. When calculating the finite part according to
Adamar for the integrals in (5) across the quadrangle arbitrarily oriented in space, the formula obtained in [5]
was used. The elements of the matrix of the additional masses were found by the formula

P, = ”Fi(x)wk (x)ds,
S

where T;(x) are the amplitude values of the pressure induced by its eigenform w, (x) After determining the

elements of the matrix of the additional masses, the eigenvalue problem can be solved according to the
method developed in [5, 10].

Investigation of the vibration frequency spectra of the head covers for the TIJI 20-B-500 turbines,
taking into account the influence of a liquid

The design of the head covers for the
ITJI 20-B-500 turbines in service consists of
bodies of revolution and a system of multiply-
connected meridional plates (Fig. 1).

For calculations, the mechanical proper-
ties of materials were used in accordance with
the data given in [11-13].

For grey cast iron Cq20 it was assumed
that the modulus of elasticity
E =(0.8+1.2)x10° MPa, the Poisson ratio
v =0.21+0.25, the tensile strength o = 210 MPa,
the material density p = 7,100 kg/m®.

For steel Ct3 the modulus of elasticity E = 2.1x10°> MPa, the Poisson ratio v = 0.3, the tensile
strength o = 380 MPa, the material density p = 7,800 kg/m?were considered.

The calculation of the eigenfrequencies of the head cover vibrations was carried out for two variants
of fixation, imitating, depending on the tightening force of the fasteners, a possible contact of the head cover
flange surface with the stator surface: resting along the line of its fastening to the stator with studs (ur = 0,
u, =0, u, = 0) and a rigid fastening of the flange cover to the stator (ur =0, u, =0, u, = 0).

The eigenfrequencies and vibration modes were calculated, taking into account the masses of the
turbine parts and units placed on the head cover (added masses of the parts): the regulating ring
(Gregr = 5,365 kg), half of the stator shackles (Gsh =366 kg), half of the pins of the of the stator
(Gpin =96 kg), the rod (Groa =495Kkg), guide Dbearing (Ggabrg=114,690 N), the turbine shaft
(Gumb st = 23,220 Kkg), the generator rotor (Ggen rir = 137,650 x2), the shaft extension (Gstexx = 900 kg), the ex-
citer rotor (Gexc rtr =5.160 kg), the thrust block (Ginr b = 9,500 kg), the thrust (Gir = 2,800 kg), the cowl cone
(Gee = 11,469 kg).

The design diagram of the TIJT 20 B-500 turbine head cover is shown in Fig. 2. The values of the
masses of the parts and units located on the turbine head cover (Fig. 2) are as follows:

G = Greg r %2 Ggh +12 Gpin + Grog = 6,322 kg,
Gs = Ggenrtr + Gurbst + Gstrext + Gexc rtr + Genrbl + Gunr = 247,330 kg,
Gs = Ge = 1,469 kg.

The additional masses of the parts G; (i = 2, 3, 4) are uniformly distributed over the annular portions
of the head cover as shown in Fig. 2.

The influence of mass forces is taken into account by adjusting the density of the head cover sections
along the boundary of their application [14]. The material densities for the primary discretization zones of
the head cover 1, 2, 3, 4 and the body of revolution -1, -2, -3, -4 (Fig. 2) are given in Table 1.

Fig. 1. Head cover of the /T 20-B-500 turbine
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Fig. 2. Peculiarities of the design scheme and the loading
of the I1JT 20 B-500 turbine head cover

The eigen and forced vibrations
of both the head cover in service and the
new steel cover made of materials with
different elastic characteristics, namely
of steel C3 (E = 2.1x10° MPa, v = 0.3),
cast iron '1' (E = 0.8x10° MPa, v = 0.3),
cast iron '2' (E = 1.2x10° MPa, v=0.21),
were calculated both in a vacuum and in
liquid.

The influence of the additional
liquid masses on the eigenfrequencies of
the head cover was investigated both in a
vacuum and liquid, with the head cover
resting on the stator along the line of the
head cover fastening. The results of the
calculations are given in Tables 2 — 4.

Table 1. Densities of materials of primary discretization zones of head cover

_ i
Zone sign Gi, kg Rz, m Ry, m Fi, m? hi, m Pi _ﬁ TP
pi, kg/m®

1,2,3,4 - - - - steel 7,800 / cast iron 7,100

-1 — — — - - steel 7,800 / cast iron 7,100

-2 G,=6,322 1.925 1.760 1.91017 7.0 5,513 /5,438

-3 G3=24,7330 1.710 1.470 2.39766 7.0 14,814.9/14,807.4

-4 G4=11,469 1.568 1.200 3.20010 6.0 6,753/ 6,683

Table 2. Eigen vibration frequencies of steel cover (Cm3), taking into account additional masses of parts, resting

Harmonic number, KF Medium 1 Vibration fr;quency, Hz 3
0 vacuum 29.341 94,941 179.621
liquid 29.102 94,925 173.978
1 vacuum 23.169 49.471 101.569
liquid 23.068 49.405 101.545
5 vacuum 23.142 68.512 134.764
liquid 23.032 68.420 133.440

Table 3. Eigen vibration frequencies of cast iron cover (cast iron '1"), taking into account additional masses of parts, resting

Harmonic number, KF Medium 1 Vibration frzequency, Hz 3
0 vacuum 15.328 50.373 128.097
liquid 15.186 50.365 114.879
1 vacuum 12.539 25.419 53.460
liquid 12.477 25.385 53.454
5 vacuum 12.687 36.695 69.340
liquid 12.620 36.651 69.198
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Table 4. Eigen vibration frequencies of cast iron cover (cast iron *2'), taking into account additional masses of parts, resting

Harmonic number, KF Medium 1 Vibration fr2equency, Hz 3
0 vacuum 18.623 62.306 157.287
liquid 18.449 62.296 140.539
1 vacuum 15.419 30.862 66.202
liquid 15.342 30.823 66.193
5 vacuum 15.606 44.853 85.848
liquid 15.523 44.803 85.726

The influence of the additional masses of the parts on the eigenfrequencies of the head covers was
investigated both in a vacuum and in liquid. The results of calculating the eigenfrequencies of the vibrations
of the cast iron head covers (cast iron '2") without taking into account the additional masses of the parts, with
the head cover resting on the stator, are given in Table 5.

Table 5. Eigen vibration frequencies of cast iron cover (cast iron '2"), without taking into account additional masses
of parts, resting

Harmonic number, KF Medium 1 Vibration fr;quency, Hz 3
0 vacuum 108.324 287.873 351.912
liquid 80.388 225.678 317.934
1 vacuum 78.852 176.833 250.943
liquid 68.334 166.779 245.280
2 vacuum 71.312 173.965 272.786
liquid 63.232 168.137 266.285

The results of calculating the eigenfrequencies of the vibrations of the head covers, taking into ac-
count the additional masses of the parts, with the head cover fastened rigidly along the flange cover to the

stator, are given in Tables 6 — 8.

Table 6. Eigen frequencies of vibrations of steel head cover (Cm3), taking into account additional masses of parts,

rigid fastening

Harmonic number, KF Medium 1 Vibration frzequency, Hz 3
0 vacuum 31.303 103.008 181.841
liquid 31.093 102.977 175.425
1 vacuum 26.435 51.617 108.212
liquid 26.314 51.567 108.189
5 vacuum 24,997 76.546 135.258
liquid 24.875 76.455 133.862

Table 7. Eigen frequencies of the vibrations of the cast iron head cover (cast iron '1"), taking into account the
additional masses of the parts, rigid fastening

Harmonic number, KF Medium 1 Vibration frzequency, Hz 3
0 vacuum 16.445 54,215 129.208
liquid 16.301 54,211 114.652
1 vacuum 14.297 26.401 56.607
liquid 14.222 26.376 56.604
) vacuum 13.606 40.672 69.801
liquid 13.532 40.634 69.619
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Table 8. Eigen frequencies of vibrations of cast iron head cover (cast iron '2"), taking into account additional masses
of parts, rigid fastening

Harmonic number, KF Medium 1 Vibration fr;quency, Hz 3
0 vacuum 20.016 66.994 158.763
liquid 19.839 66.989 140.239
1 vacuum 17.578 32.031 70.076
liquid 17.485 32.003 70.072
5 vacuum 16.732 49.613 86.521
liquid 16.641 49,572 86.323

Analysis of the results of calculating the forced vibrations of the head covers for the TIJI 20 B-500
turbines
The forced vibrations of the construction under harmonic loading in time are described by the equa-
tion [10].
Ku-o’Mu=Q, (6)

where K, M — the stiffness matrix and the mass matrix of the structure, respectively; o — frequency of vibra-
tions; u, Q — time-varying displacement t vectors and external node load t vectors, respectively.

When solving the dynamics problem (6) by the finite element method, the method of direct integra-
tion and the displacement eigenfunction expansion method are usually applied [4, 5].

When using the direct integration method, we build the mass matrix M, and the rigidity matrix K, of
the construction for any k™ harmonic of the expansion with respect to the vector of the amplitude values dis-
placements ui, applying the developed finite element approach [4].

The dynamic stress-strain state of the head covers of the existing and the new design, made of mate-
rials with different elastic characteristics, was investigated under the action of hydrodynamic loads on the
head cover at the maximum values of liquid pressure Hma = 21 m and power Nmax = 24.5 MW.

In addition to the mass forces Gj (i = 2, 3, 4) and the hydrodynamic liquid pressure gz, acting on the
liquid contacting surface of the head cover, the latter receives the hydrodynamic axial thrust Qs, acting on the
impeller through the thrust block, and the hydrodynamic force Q4 from the flow-washed cowl cone. The law
of change in hydrodynamic pressure was accepted in the form of q = gi cos(wt), where t is the time and o is
the loading frequency. The scheme of application of the acting dynamic loads is shown in Fig. 3.

The values of the dynamic loads q; (i = 1, 3, 4) accepted during the calculation are given in table 9.

Table 9. Dynamic loads

Load Total hydrodynamic load
variant Qi, N Action area, m? G, MPa
1 — — 0.2100
3 Q3. =3,500,000 2.397664 1.4598
4 Q:=1,536,942 3.200102 0.4803

Depending on the frequency of loading, dynamic displacements as well as dynamic stresses are defined
both as when the cover is supported along the circumference formed by the studs (option 1 — loading frequency
1 = 2.08 Hz, option 2 — loading frequency w. = 8.33 Hz), and when the head cover is fastened rigidly onto the
flange surface (option 3 — loading frequency w1 = 2.08 Hz, option 4 — loading frequency w, = 8.33 Hz).

The discretization of the meridional section of the design model of the steel head cover on the finite
elements for the investigation of the dynamic stress-strain state is shown in Fig. 4, which shows the nodes
necessary for an analysis of dynamic displacements.

The values of the dynamic displacements of the steel cover, in the fixed mesh nodes of the finite el-
ements, are shown in Table 10.

The values of the dynamic displacements of the cast iron head cover (cast iron '1'), in the fixed mesh
nodes of the finite elements, are shown in Table 11.
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Fig. 3. Dynamic loading on head cover
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Fig. 4. Fixed mesh nodes of finite elements of
design model of head cover

Table 10. Dynamic movements of steel cover depending on type of loading

No. of Displacements in nodes (urx10%, u,x10%), m
variant of | Displacements No. of nodal point
loading 1 2 3 4 5
1 Ur 0.000 -0.0042 -0.0052 0.0031 0.00315
U; 0.000 0.00098 0.0172, 0.0113 0.0201
5 Ur 0.000 -0.0043 -0.0056 0.0035 0.00358
U; 0.000 0.00110 0.0185, 0.0125 0.0218
3 Ur 0.000 -0.00424 -0.00478 0.00291 0.00297
U; 0.000 0.00044 0.0162 0.0104 0.0189
4 Ur 0.000 -0.00430 -0.00516 0.00327 0.00335
U; 0.000 0.00046 0.0173 0.0115 0.0204

Table 11. Dynamic movements of the cast iron head cover (cast iron '1"), depending on the type of loading

No. of Displacements in nodes (urx10%, u,x10%), m
variant of | Displacements No. of nodal point
loading 1 2 3 4 5
1 Ur 0.000 -0.0134 -0.0014 -0.00309 0.00358
Uz 0.000 -0.01028 0.0208 -0.00117 0.0145
5 Ur 0.000 -0.014 -0.00284 -0.00149 0.00191
Uz 0.000 -0.00041 0.0271 0.00463 0.0224
3 Ur 0.000 -0.0134 -0.00237 -0.00269 0.00316
Uz 0.000 0.00041 0.0232 -0.00085 0.0173
4 Ur 0.000 -0.014 -0.00135 -0.00112 0.00151
Uz 0.000 0.000534 0.0291 0.00631 0.0247

The values of the dynamic displacements of the cast iron head cover (cast iron '1"), in the fixed

meshed nodes of the finite elements, are shown in table 12.
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Table 12. Dynamic movements of the cast iron head cover (cast iron '2'), depending on the type of loading

No. of Displacements in nodes (Urx10°%, u;x10%), m
variant of | Displacements No. of nodal point
loading 1 2 3 4 5

1 Ur 0.000 -0.009460 -0.000979 -0.002140 0.00241
U; 0.000 -0.000743 0.013600 -0.001200 0.00925
) Ur 0.000 -0.009670 -0.001540 -0.001500 0.00176
U; 0.000 -0.000504 0.016000 0.001060 0.01230
3 Ur 0.000 -0.009410 -0.001600 -0.001860 0.00213
U; 0.000 0.000210 0.015200 0.000133 0.01110
4 Ur 0.000 -0.009640 -0.002050 -0.001230 0.00148
U; 0.000 0.000260 0.017500 0.002300 0.01400

The signs of displacement correspond to the direction of the R, Z axes (Fig. 4). For illustration, the
level of dynamic stresses and the nature of their distribution along the meridional section of the head cover,
depending on the characteristics of the material, fastening conditions and the loading frequency, is shown in
Figs. 5 - 8.
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Fig.5. Lines of stress intensity levels in steel head Fig.6. Lines of stress intensity levels in steel head
cover, variant 1 cover, variant 2
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Fig.7. Lines of stress intensity levels in cast iron head Fig. 8. Lines of stress intensity levels in cast iron head
cover (cast iron '1"), variant 3 cover (cast iron '2"), variant 4.

The minimum oi™" and maximum o™ values of the intensity of dynamic stresses in the cast iron
head cover with different ways of fastening it, possible values of the elastic characteristics and excitation
frequencies are given in Table. 13.

The minimum oi™" and maximum o™ values of the intensity of dynamic stresses in the cast iron
head cover with different ways of fastening it, possible values of the elastic characteristics and excitation
frequencies are given in Table. 14.
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Table 13. The intensity of dynamic stresses in the steel cover

Frequenc Minimum stresses | Maximum stresses
Type of fastening quency Gi™", MPa Gi"™*, MPa
i, Hz
mode 1 mode 1
rigid — alona flange line 2.08 0.02240 6.205
gid—along Tang 8.33 0.02520 6.413
in points of resting along circumference formed 2.08 0.00849 6.210
by studs 8.33 0.01110 6.433

Table 14. Dynamic stress intensity in cast iron head cover

Minimum stresses | Maximum stresses

Type of fastening Frequency ci™", MPa o™, MPa
wi, Hz E=0.8-10° MPa, E=1.2.10° MPa,
v=0.3 v=0.21
rigid — along flange line 2.08 0.00170 0.00170
8.33 0.00377 0.00200
in points of resting along circumference formed 2.08 0.01410 0.01763
by studs 8.33 0.01610 0.01305

Conclusions

1. The purpose of the investigation was to solve the problem of the possibility of replacing the cast
iron cover of the TIJT 20-B-500 turbine with the one of Ct3 welded carbon steel sheet.

2. In a 3D formulation, the influence of the additional liquid masses of the structure on the eigenfre-
guencies is taken into account, using mathematical models based on hypersingular equations and a combina-
tion of finite and boundary element methods.

The investigation of design models of the head covers for the TIJT 20-B-500 turbines, whose design
features are determined by the composition, type, and size of the turbine, showed that the effect of a liquid
on the eigenfrequencies is insignificant (see Tables 2 — 4 and 5 — 8). As the frequency number increases, the
effect of a liquid decreases. At the same time, the eigenfrequency of the covers is significantly affected by
the value of the additional masses of the parts and units placed on them.

The spectra of the eigenfrequencies of the cast iron and steel covers of the TTJI 20-B-500 turbines are
shifted both relative to each other and the fixed revo-vane frequency ®,=8,33 Hz during full-scale tests. The
detuning of the eigenfrequencies from the excitation frequencies of the steel head cover is higher than that of
the cast iron one, which, considering the damping properties of the cast iron, is an important factor.

3. The conducted numerical investigation of the influence of both the material of the head covers and
the conditions of fastening on their dynamic stress-strain state revealed that the level of dynamic displace-
ments and stresses is insignificant and depends both on the fastening conditions and the loading frequency.
The maximum values of dynamic stresses and displacements occur when the design model of the head cover
is fixed along the circumference formed by the studs and the loading frequency w; = 8.33 Hz is fixed during
full-scale tests. The maximum level of dynamic displacements in the steel head cover u, = 0.0218 mm, in the
cast iron one u, = 0.0224 mm. The maximum dynamic stresses in the steel head cover ¢i" = 6.433 MPa,
while in the cast iron head cover ;"™ =6.209 MPa. When the turbine is operating, the dynamic defor-
mations of both steel and cast iron head covers do not disrupt the operation of the shaft seal since the struc-
tural radial clearance between the head cover and the shaft seal housing Ar is 1.5 to 2.04 mm.

4. The conducted numerical investigations have confirmed the possibility of replacing the cast-iron
head cover with the one welded from Ct3 carbon steel sheets, as well as the necessity of tightening the
flange connection of the head cover to the stator, which is one of the effective ways of increasing rigidity.
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