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MECHANICAL PROCESSES IN THE TERMINAL PARTS OF THE TURBOGENERATOR STATOR
IMBRICATED CORE IN THE PRESENCE OF THE TOOTH AREA PRESSING DEFECTS

BrockoHaneHO MaTeMaTH4Hy MOJIEIb Ta METOAUKY PO3PAaXyHKY MEXaHIYHHX XapaKTePHUCTUK B HATHCKHMX IUINTaX, OOyMOBJICHUX KOJIMBAHHSIM PO3II-
pecyBaHHs 3yO1eBoi 30HM. Peanizanist Mozeni 03BOIMIIA BUSBUTH OCOOIMBOCTI KOJIUBHHUX MPOLECIB B MEXaHIUHO 3’ €AHAHIH cucTeMi «3y0 elb-rnanerb-
IUIHTa» NpH AedeKTax MpecyBaHHS OcepAs craTopa TypOoreHepaTopa B 3yOLeBil 30Hi, 30KpeMa, NpHU Pi3HiH CTymeHi po3BHUTKY Ae(eKTiB, a came —
BIZITHMHI Pi3HOI KiJIbKOCTI HATHCKHUX MANbIIB Ta 3MiHI reoMeTpii 3yOLst mpH #oro 4acTKOBOMY PO3KpHIICHHI. BusiBieHo mosBy BiOpauiii meBHUX yac-
TOT, SIKHX HE CIIOCTepiraaoch B yMOBHO 0e3/e()eKTHOMY IeHepaTopi, IO Ja€ MOXIIMBICTh PO3POOKH B MOAABIIOMY CIIOCOOY AiarHOCTYBAaHHS CTaHY
3yOLIEBHX 30H MarHiTOIPOBOY.

Kuaro4osi ciioBa: TypOoreHepaTop, KiHieBa 30Ha, 3y0ellb, IpH3Ma, HATUCKHHUIT ITaJlellb, IMXTOBAHUI MarHiTOIPOBiJl, MEXaHIYHI XapaKTEPHUCTHUKH.

VYcoBepIIeHCTBOBaHA MAaTEMAaTHYECKask MOJIEIIb 1 METOIMKA pacyeTa MEXaHHYECKHUX XapaKTEPUCTUK B HAXKMMHBIX IUINTAX HPH PACIPECCOBKE 3yOL0BOM
30HBI. Peanmu3anus MoJenu Mo3BOJIMIIA BEISIBUTH OCOOCHHOCTH BHOPAMOHHBIX IPOLIECCOB B MEXaHWYECKU CBSI3aHHOH CHCTEMe «3yOel-Nallel-IUTHTa»
npu JedeKTax MPEecCOBKU CEpAEUHMKA CTaTopa TypOoreHepaTopa B 3yOLIOBOW 30HE, B YAaCTHOCTH, IIPU PA3IMYHOH CTENEHM Pa3BHTHA AE(PEKTOB, a
HMEHHO — OTTH0e Pa3IMYHOr0 KOJMYECTBA HAXKUMHBIX HAJIbIIEB, a TAKKe H3MEHEHUH TeOMETpUH 3yOla IIPH €ro YaCTHYHOM pacKpalluBaHUM. BhIis-
JICHO TMOSBJICHHE BUOpALUiA OMpPENeICHHBIX YaCTOT, KOTOPBIX HE HAOIIOAIOCHh B YCIOBHO 0e3Ae(eKTHOM I'eHepaTope, 4To JaeT B JabHEHIIeM BO3-
MO>KHOCTB Pa3pabOoTKH CIIoco0a JHarHOCTHKU COCTOSTHUS 3yOL[OBBIX 30H MATHHTOIIPOBO/A.

KaroueBble ciioBa: TypOoreHepaTop, KOHIEBas 30Ha, 3y0ell, Npu3Ma, HOKUMHOU Majel, NIMXTOBAaHHBIA MarHUTONPOBOJI, MEXaHUYECKHE Xa-
PaKTEPHUCTHKH.

A mathematical model and method of calculating the mechanical characteristics of the pressure in the slabs due to fluctuations in the tooth area press-
ing out was developed. The model implementation allowed identifying the characteristics of oscillatory processes in the mechanically connected
"tooth-finger-plate"” system in the presence of the turbogenerator stator core pressing defects in the tooth area, particularly with various defect degrees,
namely bending of the different number of tooth supports and change in the tooth geometry upon its partial breakage. The vibrations in the fingers and
plates at the site of contact were calculated, subject to occurrence of defects in pressing of the core tooth area (bending of the different number of fin-
gers and change in the tooth geometry), as well as numerical values of the tooth vibration frequencies at the beginning of their sudden destruction. It
was revealed that depending on the depth of the broken part, the tooth oscillation frequency changes, causing a decrease in the frequency of its trans-
verse vibrations and a sharp increase in the oscillation amplitude, resulting in a growth of strain and stress. These processes greatly intensify the degree
of tooth destruction. The emergence of certain vibration frequencies were revealed, which were observed in a relatively defect-free generator, which

enables the further development of a method of diagnosing the state of the magnetic duct tooth areas.
Keywords: turbogenerator, terminal zone, tooth, prism, pressure finger, imbricated core, mechanical characteristics.

Introduction. It is known that almost all thermal
power plant generating equipment is morally and physi-
cally obsolete, since it has worked for more than 200
thousand hours. Reliability of this equipment is reduced.
The most problematic unit is the generator stator imbri-
cated core, which has a complicated system of mounting
and, in the course of operation, by virtue of thermome-
chanical forces, the system changes its mechanical condi-
tion, weakening or, contrarily, increasing the stator core
force of pressing the iron sheets.

The analysis of information on failures and damages
to the turbogenerators (TG) units shows that the main
causes of damage to the TG stator 160—320 MW is dam-
age to the active steel and windings due to local overheat-
ing, active steel pressing weakening, loosening of the
grooving wedge and frontal winding part fasteners, as well
as their increased vibration [1]. This is also the case for
the nuclear power plant TGs 1000 MW.

As the nuclear power plant share in the total amount
of the electricity generated in the country is increased, and
a small rated capacity of the pumped storage power plants,
the thermal power plant TGs will work in maneuvering,
dynamic modes, in which the reliability of the generating
equipment is much lower. The frequency of injuries in
these modes, according to various estimates, increases
2—7 times. There is a need to develop the means to im-
prove, primarily, the mechanical stability of the generator
structural elements to these regimes. This is especially
true for the tooth area of the imbricated core, pressed by

separate tooth supports. As the load changes, and uneven
heating is reduced and increased, they withstand the ther-
mostatic varying forces, under the influence of which they
may bend. This results in the local pressing out, mechani-
cal destruction under the influence of electromagnetic
forces, leading to severe emergency shutdowns of genera-
tors and, consequently, to under-production of electricity.

The pressure plates and tooth supports are the key
elements directly supporting the pressing effort at the end
of the core. As the pressing of the TG stator core is wea-
kened, primarily the tooth area, a mechanical movement
of the stator imbricated core and cracking of the TG stator
active iron sheets occurs, provided that the generator runs
for some time with the pressed out core. To avoid this, a
continuous diagnostics is required [2].

This is a challenge for the experts in all companies
globally, producing the powerful TGs, in particular «Elec-
trovazhmash» plant (Kharkiv). However, the use of all
methods and measures to increase the mechanical stabili-
ty, in particular baking of the outer packages of the imbri-
cated core, did not result in the ultimate addressing of this
problem. The monitoring and diagnosing of the magnet
core technical condition is not implemented, especially in
the tooth area, since one side can have about a hundred of
tooth supports, and it is unreasonable to install pressure
sensors in each of them. Thus, the state of the problem is
such that it needs further development and solution.

The objective of this research is to determine the
distribution and redistribution of the mechanical forces,
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torque, linear elongations and deformations in the pres-
ence of defects of the tooth area pressing during operation
on the basis of the developed mathematical model to cal-
culate the mechanical properties in the terminal part of the
TG stator core for further development of improved me-
thods and means of control and diagnostics.

The mathematical model and method of calculat-
ing the mechanical properties in the terminal part of
the TG stator core in the presence of the tooth area
pressing defects during operation was improved. The
general equation of static equilibrium is considered, which
takes into account the influence of the pressure fingers on
the tooth of the TG stator core in view of the tooth defect,
in addition to the impact of the tooth supports and shrink-
ing prisms on the stator core.

A mechanical system consisting of a plate, tooth
supports, shrinking prisms and teeth was considered. This
takes into account the impact of the tooth area defects on
the stator core imbricated iron. The model takes into ac-
count the change in mechanical properties and parameters
in the tooth supports, shrinking prisms, and tooth area
over time, provided that the resultant of all forces and all
moments is zero [3]. After conversion of static equations
into dynamic, a system of two linear ordinary differential
equations of the second order with two unknowns is
solved. This system is solved using the analytical method
by characteristic equations.

Fig. 1 schematically depicts the structure of the
pressure plate, tooth support and tooth, and shows the
mechanical strength in the tooth area of the stator core (R
— means the radius of the circle drawn by the axis of
shrinking prisms [m]; r—means the radius of the circle
passing through the middle of the contact area of the tooth
supports [m]; b —means the distance between the middle
of the tooth support contact zone and the shrinking prism
[m]; bs— means a full length of the tooth support [m]).

Let us use a general equation of static equilibrium to
describe the mechanical processes, which considers only
the effect of the tooth supports and shrinking force of the
shrinking prisms on the stator core of a powerful TG
TGV-300 [4, 5].

imﬁ%'\zl =0; iﬁ+§:ﬁl =0, (1)
| i-1 -1

where mi:Fixfi means the moment of force fi of

the i-th finger affecting the pressure plate; M =R;xF
means the moment of force of the I-th shrinking prism
affecting the pressure plate; N means the number of
shrinking prisms in the TG stator; n means the number of

the tooth supports in TG stator; f i means the force
affecting the i-th tooth support of a synchronous generator
stator; IfI means the force affecting the I-th shrinking

prism of the generator stator (Fig. 1) [3].

Then let’s apply a general equation of static
equilibrium to describe the mechanical processes, which
considers, besides the impact of the tooth supports and
shrinking prisms on the stator core, the impact of the tooth
supports and teeth of the stator core TGV-300 in view of
the tooth defects:

n N _ ~ n _ N _
M+ XM+ > M, =0, fy+Y fi+>F =0, (2
i=1 1=1 i=1 1=1
where f*,, m*, — means the force and the moment of

force affecting the part of the tooth after the latter is
broken.

\ ;
, ~
_Ar /Af; { _7
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by \M

Fig. 1 — Graphic presentation of a mathematical model:
1 - plate, 2 — prism, 3 — finger, 4 — tooth, 5 — force affecting the
finger, 6 — force affecting the tooth

Having assumed that the distribution of the
mechanical stress of the tooth support on the tooth acts
uniformly, then f*,=f,—Af, m*,=m,—-Am.

r(f,cos(e,)+...+ f,cos(e,)) — R(F, cos(®,) +...+

Fy cos(®,))—ArAf =0,

F+F+FR+.+F =1 +f,+f,+..+f —Af,

f+f,+..+ f, —Af = P-Af,

where F;, Fy, F3, ... Fy — means the value of
mechanical forces in shrinking prisms; f, f;, f3, ...— fy
means the value of mechanical forces in the tooth supports
[N]; ¢; —is the angle of the i-th finger position in the TG
stator; ®; — means the angle of location of the I-th
shrinking prism in the TG stator; P — means the total load
of the TG stator pressed iron [N]; Af — means a change in
the force from mechanical action of the tooth on the tooth
support after breakage of a single tooth [N]; Am — means
change of the moment of force from mechanical action of
the tooth on the tooth support after breakage of a single
tooth [N'm]; Ar — means the shoulder of the moment of
force from the mechanical action of the tooth on the tooth
support after breakage of a single tooth [m].

From a static system of equations (3) after some
transformations let is proceed to a dynamic system of
equations:

®3)

Zn:mi —ZN:Mi =r(f, cos(p,)+...+f, cos(p,))—

i=1

—R(F, cos(®,) +...+ Fy cos(®y)) =M =¢,J , (4)
f+f,+..+f, —Af =P -Af,
M, =¢Jd, =J (a,-a,,)/2r=J,2C/2r=-J 2,
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where J, — means a moment of inertia of the pressing
plate; &, — means an angular acceleration upon vibration
oscillations of the pressure plate around the center of
mass; a, — means the vibration acceleration of the pressure
plate at the point above the n-finger; a,, — means the vi-
bration acceleration of the pressure plate at the point
above the n/2-finger; ¢ — means the proportionality factor,
which takes into account the uneven distribution of me-
chanical stress and strength in the fingers of TG stator.

The total value of projections of the force moments
in the tooth supports, teeth and shrinking prisms affecting
the pressure plate is respect of y axis create an angular
acceleration €,. The total value of the force in the tooth
supports for our mathematical model is always constant
and equal to P—Af.

The total value of the effect of the force moment
projections from the tooth supports and teeth in relation to
y axis is:

n

> m; =r((f, +ckrcos(e,)) cos(p,) +...+

i=1
(f, +ckrcos(o,))cos(e,)) — AfArcos(e,) = (5)
=0,5ckr’n — AfAr,

where k — means the average coefficient of elasticity
of TG stator tooth support [N/m].

From a system of equations (4), after some
transformations and considering the equations (5), we
obtain a system of equations:

0,5ckr?n —rAf —05R*KCN =-J,¢, ©)
nf, =P,

where K — means the average coefficient of elasticity
of TG stator shrinking prism [N/m]; C — means the
coefficient of proportionality, taking into account the
uneven distribution of mechanical loads and forces in
shrinking prisms of the TG stator.

For further calculations, let us conventionally split
the shrinking prism into two halves along the y axis.

J,€+0,5ckr?n — AfAr — R’KcN =0, )
¢+0,5ckr®n/J, —R?KeN /J, — AfAr/J, =0. (8)

Given a mechanical defect in the form of a partial
tooth breakage, we get:

Af =(AS/S)(f, +ckrcos(p,)) =

9

= (AS/S)(f,+ckr)=(AS/S)(P/n+ckr), ®)

where S — means the area of the tooth contact with

the tooth support; AS — means the area of the broken tooth

part.

After some transformations, we obtain the following
expression:

¢ +co’—(AS/S)ArP/(nd,) =0, (10)

where the value of the square of the angular velocity

The general solution of equation (10) will look as
follows:

c(t) = Acos(mt) + Bsin(mt) +

+((AS/S)ArP/(nd )/ w. (12)

To find the A value we consider that at the initial
time t=t, before tooth breakage and occurrence of addi-
tional vibrations, all tooth supports are all the same condi-
tions, having the same load and the same initial compres-
sion. It follows that ¢(0)=0 and

A=—((AS/S)ArP/(nJ w)). (13)

Similarly, to find B, given that all tooth supports are
in the same conditions, i.e. have the same compression
and no extraneous vibration shift of one finger relative to
the other, ¢(0)=0and B=0. Then the solution of equation

(10) will look as follows:
c(t) = ((AS/S)ArP /(nJ, m)) -

(14)
—cos(ot)((AS/S)ArP /(nJ, m)).

The results of calculating the vibration and me-
chanical characteristics in the terminal part of the TG
stator core, in the presence of the tooth area pressing
defects. The calculation was carried out for TGV-300 type
TG. The numerical value of the total load on all shrinking
prisms or on all fingers is P=8829000 N.

The numerical value of mechanical force component
f,, acting on each tooth support, is fy=P/n
=8829000/60 = 147150 N.

The numerical value of the mechanical compression
of the tooth support Alg in the area of contact of the tooth
support and the pressing plate is
Aly = folk = 147150/(44100000000) = 3,33673 mkm.

The numerical value of the mechanical stress o, for
the tooth support in the contact area of the tooth support
and the pressing plate is oo = fo/s = 14014285,71 Pa.

The numerical value of the distribution of ¢, mechan-
ical force for the tooth support in the contact area of the
tooth support and pressing plate is go= 392,4 KN/m.

The obtained numerical values of the parameters
coincide with the defect-free operation mode. The contact
area of the tooth and the tooth support is S = 0,027325 m?.

From the size of the tooth area geometry, the area of
the broken part of TG stator core tooth is found using the
trapezoid area formula AS = (0,02 -
0,005)Ab+tgaAb?=(0,02 — 0,005)Ab + 0,053571Ab?,
where Ab — means the depth of the tooth broken part
(Fig. 2).

The tangent of the
tga = 0,053571429.

angle «

equals

is:
2 2 2
o” = (0,5kr"n —R°KN —kr(AS/S)Ar)/J,. (11) Fig. 2 — General layout of the broken tooth part
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The tooth breaking process is seen in the terminal
area of the TG stator core.

The numerical values of the tooth oscillation
frequency at the beginning of their sudden collapse (at
Ab=0) and the ratio of this frequency to the 50 Hz
electric current is as follows:

op = (0,5kr’n—R?KN)/J, =10395225 57,

0, =+/(05krPn—R?KN) / J, =32241628 5™,
vo=5131,41 Hz, vy/50=102,63.

Calculations show that depending on the depth of the
broken part, v; tooth oscillation frequency changes. There
is a decrease in the frequency of its transverse vibrations.
This generates a sharp increase in amplitude and, conse-
quently, the growth of strains and stresses, sharply intensi-
fying the tooth destruction process [6].

We will calculate the mechanical characteristics with
regard to the tooth defects (the breakage depth is
Ab =0,025 m).

From solution of equations (12), (13) we obtain

c(t) =8,84-10° —8,84-10° cos(3223682t).

Then the dependence on the time of mechanical
force for the i-th tooth support upon destruction of the n-th
wave (i = n) (Ab = 0,025 m)

f,(t) =P/n+ (Acos(wt) — A)kr cos(op,;) =
= P/n— Akrcos(o;) + Akr cos(¢; ) cos(ot).

Hence
fi=147,15+0,0439co0s(¢;)—0,0439cos(¢;)cos(wt) kN.

It is evident that the forces affecting the finger have a
constant component, fluctuating over time, and a
component depending on the coordinates (¢; — determines
the angular distance of the i-th finger or tooth to the
broken one).

The mean value of the oj(t) mechanical stress
dependence on time for the i-th tooth support, taking into
account the tooth defect (Ab=0,025 m) is as follows:

0i=14014,286+4,184c0s(¢;)—4,184cos(p;)cos(wt)=
=13808,8-4,121cos(wt) kPa.

The mean value of the Alj(t) mechanical shift
dependence on time for the i-th tooth support, taking into
account the tooth defect (Ab=0,025 m) is as follows

Al (t) = P /(kn) — Ar cos(¢;) + Ar cos(o;) cos(wt) =
=3,33673-10"° +9,96168-10*° cos(¢, ) —
~9,96168-10° cos(¢; ) cos(wt) m.
Let us find the dependence of the gi(t) mean
mechanical power distribution (mechanical force vs length

ratio) from the time when the tooth is broken
(Ab=0,025 m):

0i(t)=392,4+0,117cos(¢;)-0,117cos(¢p;)cos(wt) N/m.

The results of the estimated studies are shown in
fig. 3 and tabl. 1.
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Fig. 3 — Dependence of the mechanical force, stress and shift from time affecting the 1-st and 59-th tooth support at the initial mo-
ment of tooth destruction under the 60-th finger (for 3 breakage options):
l1-atAb=0,2m,2-atAb=0,05m,3—-atAb=0,025m

Tabl. 1 shows the mechanical properties in the con-
tact area of the fingers and plate stator of the TG 300 MW
for varying degrees of the tooth breakage and, for compar-
ison, when the tooth area pressing zone is normal and
when one to five fingers are bent, and upon normal press-
ing of the stator core in the tooth area. The mechanical
characteristics are presented in the table for the set mode.

Calculations of mechanical properties in the
mechanically connected "tooth-finger-plate” system upon
analysis of the dynamic process show that to monitor the
same, it is sufficient to install only one sensor anywhere in
a circle within the contact area of the plate and tooth
supports. It is thus possible to monitor the changes in

these characteristics, regardless of the sensor site.
However, there are difficulties associated with the need to
install the highly sensitive sensors, as well as change in
mechanical forces and stresses are negligible (tabl. 1).

The research based on monitoring the mechanical
characteristics in the contact area of the plate and finger as
the defects of the tooth area pressing develop also showed
the emergence of certain vibration frequencies not
observed in a "relatively defect-free" generator. Based on
this phenomenon, we might further develop an effective
way to monitor and diagnose the pressing out of the tooth
area of a powerful TG stator.
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Table 1 — Mechanical characteristics in the area of contact of the tooth supports and plate with varying degrees of tooth defects
(Ab=0,025 m; 0,05 m; 0,2 m) and the normal compression of the stator core in the tooth area (a relatively defect-free state) and when
ers are bent, and upon normal pressing of the stator core in the tooth area

one to five fin

No «Defect-free» Ab=0,025 m Ab=0,05m Ab=0,2 m
finger | o, fi, Al;, Gis fi, Al;, Oi, fi, Al;, Oi, fi, Al;,
MPa kN mkm MPa kN mkm MPa kN mkm MPa kN mkm
1 14,0143 | 147,15 | 3,337 | 14,0184 | 147,193 | 3,3377 | 14,0235 | 147,246 | 3,3389 | 14,0737 | 147,774 | 3,3509
2 14,0143 | 147,15 | 3,337 | 14,0184 | 147,193 | 3,3377 | 14,0233 | 147,244 | 3,3389 | 14,0727 | 147,763 | 3,3507
3 14,0143 | 147,15 | 3,337 | 14,0183 | 147,191 | 3,3377 | 14,0231 | 147,242 | 3,3388 | 14,0711 | 147,746 | 3,3503
58 |14,0143 | 147,15 | 3,337 | 14,0184 | 147,193 | 3,3377 | 14,0233 | 147,244 | 3,3389 | 14,0727 | 147,763 | 3,3507
59 |14,0143 | 147,15 | 3,337 | 14,0184 | 147,193 | 3,3377 | 14,0235 | 147,246 | 3,3389 | 14,0737 | 147,774 | 3,3509
60 |14,0143 ) 147,15 | 3,337 | 13,8088 | 144,993 | 3,2878 | 13,5696 | 142,480 | 3,2309 | 11,4160 | 119,868 | 2,7181
No 1 finger is bent 3 fingers are bent 5 fingers are bent
ﬁng_er Oj, fi, Ali, Oj, fi, Ali, Oij, fi, Ali,
MPa kN mkm MPa kN mkm MPa kN mkm
1 14,74 | 154,80 | 3,510 0 0 0 0 0 0
2 14,73 | 154,72 | 3,508 | 15,36 161,83 3,76 0 0 0
3 14,72 | 154,58 | 3,5052| 15,32 161,36 3,75 16,22 167,30 3,83
4 14,70 | 154,38 | 3,5007| 15,26 160,71 3,71 16,10 166,08 3,8
57 14,72 | 154,58 | 3,5051| 15,32 161,36 3,75 16,22 167,30 3,83
58 14,73 | 154,72 | 3,5083| 15,36 161,83 3,76 0 0 0
59 14,74 | 154,80 | 3,5102 0 0 0 0 0 0
60 0 0 0 0 0 0 0 0 0
Conclusions. Hayk: crell. 05.14.02 «OneKTpocTaHIMU H JJIEKTPOIHEPIeTHUECKHE

1. A mathematical model and method of calculating
the mechanical characteristics of the pressure plates due to
fluctuations of the tooth area pressing out was improved.
The model takes into account both the impact of the tooth
supports and shrinking prisms, and the impact of the tooth
supports and shrinking prisms of the TG stator core, con-
sidering the tooth defects, and allows calculating the me-
chanical properties at the beginning of the oscillation
process and during static equilibrium, without inclusion of
relaxation processes.

2. These characteristics were studied in a mechani-
cally connected "tooth-finger-plate™ system, provided the
appearance of pressing defects in the core tooth area, par-
ticularly when a different number of tooth supports is
bent, and the tooth geometry is changed. It was deter-
mined that changes in mechanical forces and stresses
when 1 to 7 fingers are bent made up no more than 10 %,
while a single finger was broken, these changes were even
smaller, about 1 %. Therefore, to monitor the pressing
status, it is required to use highly sensitive measuring
equipment. Thus, the work was carried out in two ways,
by controlling the mechanical characteristics on the pres-
sure plates and vibrations caused by development of de-
fects regarding the change of the tooth geometry and the
number of bent tooth supports, the frequency of which
varies depending on the relevant pressing state.
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