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ABSTRACT

For the first time, a method for frequencies and form determination
hydroturbine head covers has been developed. Eigenmodes of

carried out.

INTRODUCTION

requirement to it at designing stage con
minimum specific metal content. The

However, structural features of the head cover are

g and size. When in operating condition, the head

loads both from mass forces and from

contact with water, as well as by radial load from the
versions, the head covers were made as iron castings,

(40...75)% of elas mgeulus for steel qualities, Poisson's ratio - about 67% [1, 2]. Cast iron
density makes up (90. % of steel density.

Recently, the level of requirements to effectiveness and reliability of power generating
plants has been raised drastically, and significant utilization of power generation potential in many
countries in the world, including Ukraine [3] resulted in particular in a necessity to modernize and
replace hydroturbine equipment at hydroelectric power plants that are in operation for a long time.

When taking decision as to a scope of modernization, due consideration shall be given either
to necessary replacement or service life prolongation of the hydraulic turbine head cover because it
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is one of its most metal-intensive assemblies. At Public Joint-Stock Co. “Turboatom”, works are in
progress for normative basis perfection for service live estimation of hydroturbine head covers [4].
Analyzing of their structural features and load application has permitted us to work out firstly an
effective estimation methodology for strength and dynamic characteristics determination in vacuum
by making use of the finite element method (FEM) in combination with expansion of the unknown
quantities of displacements and loads into a Fourier series [4], [5]. Trustworthiness of results
obtained by this methodology is confirmed in some works [6-8]. Said approach was further
developed in [9] for strain-stressed state determination of a structurally orthotropic body under non-
symmetrical load application, and this makes it possible to reduc ulations of unknown
quantities of displacements to solutions of independent problems each term of Fourier-series
expansion.

Because of data non-availability in
determination of natural frequencies and oscillation fo
the results given by S.P. Timoshenko for a radial pl
for estimation of water influencing on their dynami
frequencies of hydroturbine head cover hydroelastic ensable both at estimation
of its residual service life and at the service life forecasting in case wh@h head covers made of cast
iron shall be substituted by those ones\ade of steel, becausg of

ation for a structure, some surfaces of which are in

[K—o?*(Me + M)]W=0, (1)
where: K, Me, i ness, structure masses and associated masses of fluid; o - natural
frequency; W — s of which are eigenvectors of structure oscillation in water. When
applied to the finite t method, components of vectors W are amplitude displacements of
finite-element lattice ngllles of the structure.

In order to determine matrix elements M,, it is necessary to calculate pressure that acts on
structure surfaces being in contact with fluid. Let us assume that fluid is ideal and non-
compressible, fluid motion is considered to be without vortices. Fluid velocity can be represented in
the form of:

V(x,¥,2,t) =V, (X, y,2)+ grad®(x, y, z,t) (2)
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where: v, (x, V, z)— velocity vector of non-turbulent fluid flow; ®(x,y,z,t)- potential of velocities
induced by free oscillations of the structure. Cauchy-Lagrange integral [11] serves for
determination of fluid pressure on wetted surfaces of the structure:

12
6®(x,y,z,l) N M (3)
ot 2 |’

po(xay’z)+p(xsya29t)=_p1|:

where: p; — fluid density. By substituting (2) into (3) and keeping only the terms of the first order of
smallness, we obtain:

p=-p| S22, ~ @

where the point means a scalar product. As indicated in the

Q)

Thus, to find out pressure of fluid onto the structure surfaces, ¥ is necessary to define the
function @(x,y,z,t) by solving Laplacianggguation:

consideration (S= S;uU Sy)
1 1
0)_E-Lj7(X)mdS(X)' (6)
Here: X, — point of ion; X — moving point on the surface; r = r(X,X,) — Cartesian distance

from point X, to point 2 y(X) — unknown density.

As follows from [14], we obtain a singular integral equation relatively to y(X):

y (X, )+ i [[r(0L(x, x, )asx) = % (7)

Here: w — displacement normally to the wetted surface. The integral equation nucleus shall be
defined by the formula
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where: e,— unit vector 7, directed from point X, to point X. The right part of equation (7)
represents displacement velocity of strained walls (structure surfaces); the zero right-side part
corresponds to stationary walls. It is to note that for a case when points X and X, belong to the same
surface of a plate or a flat-shaped shell, then L(X,Xo) nucleus numerator is close to or equals to
zero. If these points lay on sufficiently distant surfaces, then L(X,Xo) nucleus denominator is large.
This explains why in a series of works it came out to obtain good results under assumption that

7(X,)= %. Having solved the equation (7) and calculated ®(x,y,z,t) by the formula (6), we will

define fluid pressure on the structure walls by using (5).

If we represent all the unknown functions in the form of ' amplitude values
multiplied by exp(imt), then:
ow
_—

will solve the equation (7) by a projective method,

in the form of eigenmode expansions of those displ 0 a wetted surface, which
were obtained in the process of problem solving with regard to the str@fture natural oscillations in
vacuum. Let be W = Va, where: V — i

displacements normally to the wetted su

the structure eigenmode oscillations in

substitute expansi )-(9) into equations (7), premultiply by U" and V' and integrate over
faces that are limiting the fluid (T - transposition sign), we will obtain
two coupled systems @f algebraic equations

”w{ru”r/ L(X, X, )dS,( )} {41””U(X)L(X,XO)dSz(X)}C}dsl(Xo)

=—zw”V Va’S1 O);
S,

i j U { ij L(X, X, )dS, ( )}b{y +$ QU(X)L(X,XO)dSZ(X)}C}dSZ(XO)=o_
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Let us represent obtained equations in a matrix form
A11b+Ac= — iwAa (10)
Ay1b+A5c=0 (11)
Square matrices A1y and Ay, are symmetric here, in matrices Ajj(i,j=1,2) there are per ni-rows
and nj-columns. If we, based on the equation (11), shall express the vector of coefficients ¢ by
means of the vector b and substitute it into (10), we will obtain the relationship between b and a:

b=—io(d, - 4,4 4, ) 4,a=—icBa.
This relation permits to express density y at the wetted strained

wal %{JJV{.QV(X)r(X}XO)d

ns of solving the eigenvalue problem
|D—uE|=0,

d, =5, +M,) Joo,
whereat p=A". Eigendectors a, (v=1,2,...n;) calculated in such a way are coefficients of free
oscillation eigenmodes of the structure in vacuum. Using them, we obtain vectors of nodal values
for natural hydroelastic oscillations of the structure
W = Ua
by known eigenvectors U of its oscillations in vacuum.

In order to solve singular equations (7), we will apply the boundary element method [15-19].
For this purpose, the range of integration (streamlined surface of the head cover) was dissected into
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a finite number of tetragonal subdomains Ns, in each of them the unknown density having been
substituted by a constant [19].

METHOD FOR DETERMINATION OF NATURAL FREQUENCIES AND
MODES OF HYDROTURBINE HEAD COVERS IN VACUUM

Determination of natural frequencies and modes of hydroturbine head covers in vacuum can
be performed on the methodology basis stated in [9].

Dynamics problem of the hydroturbine head cover structugg’shall be solved based on a
matrix equation for free oscillations

On the basis of a linear and square-law
element (FE) in the system of oblique co-ordinates
for a finite element (FE) of body of revolution have
series expansion.

gular element; (G) - its stiffness matrix

Gll Gl2j 13
G21 G22 ’ ( )

g g g

gm
gmn iﬂzz gmi mu mvz
g" g “

lv

g
nl gn gnv

A A
CHO

Gy1=Gl, Gp= g g |
symmetr. g”

Here: qij - matrix-celfs allowing for connection between nodes i and j (i, j=0mn A un,v), Imn -
apical nodes of the triangular element, A,u,v - median nodes.

Block cells G11, Gz, G2 (13) for the finite-elements (FE) of meridional plates are calculated
respectively by formulae such as:

q" = [[&/(Dy )" (N )(Dy )&, drdz

Imn
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g™ =4 [[,(Dy )" (Ny )(Dy J&8,drdz

Imn

g™ =16 [[ £&,,(Dy )" (N )( Dy )& 8, drdz . (14)

Imn

Stiffness matrix cells for the finite-element body of revolution (ql(,ﬁ)),( ,(f))( l(f)) are

described in the form of:
(a17)=1 [ eat@™ TN (@™ s rdrd=

Imn

(a5) =2 &x(@™ (N (@™ Je g

k
(qiu)> =

where:

four summands:

1(d®)T(N)D2)drdz +

k[ 4@®*)T(N)A®), %drdz] ,

Imn

Imn

(q,/i )Zzl:.” (D;))T(N)(Dg,,)rdrdz+

Tk [ (D] )T (N)(d" )& 5, drdz +

Imn

+k [[€,(d” )T (N)( Dy, )drdz +

Imn
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2 ([ &, (d” T (N)d® s, }drdz]

Imn

(%H) |:.|-.|.(Dlm) (N)(D, ) rdrdz +

Imn

+k [[(Dp, )T (N )(d" )€, &, drdz+

Imn

+k [[€,€,,(d" )T (N)(Dy, )drdz +

Imn

+k* [[€,8,(d°)T(N)(d" )& ¢, }drdz]

Imn

where: (Dﬁn) - matrix-constants have the following form:

(ph,)=(P°)esn = (D).,

For estimation of integrals (16) one-point an

The mass matrix being a part of (12) shall be €
finite element mass matrix M and its blocks m11, M1z, My, shall be des
the linear block m;; shall be defined by

Im

22 bounded with the quadratic element shall be formed from cells

W_[J.algm d&:ldgm’

Imn

m™ =W ([ &,E08,r(E)dE,de,, .

Imn

When solving the dynamics problem of the head cover structure, the matrices of stiffness
(16) and masses (17) shall be constructed on the basis of the above formulae by a linear and square-
law approximation applied to the finite element. Determination of natural frequencies and
oscillation forms shall be performed by iteration method within a subspace by solving at each step
the system of algebraic equations by means of LDL"-factorization.
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FREQUENCIES AND MODES OF NATURAL HYDROELASTIC
VIBRATIONS OF THE HYDROTURBINE HEAD COVER

As an example, we illustrate the head cover of a large-size Kaplan turbine, which is loaded
not only by mass of the guide vanes turning mechanism but also by a substantially large mass of the
hydraulic unit rotor because the thrust bearing support is installed on it. The head cover is attached
by its outer flange to the turbine stator with the help of bolts. Depending on this, on the pitch circle
diameter for bolts we have

u. =u, =u, =0. (18)

7 z (0]
Since displacements are expanded into Fourier series so i tisfy requirements of
ents, of the circle

u® =l —ul

own at Fig. 1.

T
L

FdComputational scheme for Head Cover
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Fig. 2: The first eigenmode of the hydroturbine fad coveroscillation AN Mo account
associated masses of wicket ggle and turbi r parts

calculated on the methodology elaborafg
obtained by the finite element method

Table 1
turbine head cover oscillations ignoring the mass of wicket gate
and turbine rotor parts
mber of nodal Frequency No.
diameters, KF
KF=0 2
In vacuum
In water
KF=1
In vacuum
In water

Table 2
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Natural frequencies of the hydroturbine head cover oscillations taking into account the mass of
wicket gate and turbine rotor parts
Number of nodal Frequency No.
diameters, KF
KF=0
In vacuum
In water
KF=1
In vacuum
In water

CONCLUSIONS

1. For the first time, a method for determining gtural frequencies an lastic vibration
modes of hydroturbine head covers has been el@@orated i ased ggPcombination of the
finite element method, Fourier-series expansio lement method. For this
purpose, unknown eigenmodes of hydroelastic vibrations are expaliled into series in terms of
oscillation eigenmodes in vacuum.

. The method proposed permits subs
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