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TURBOGENERATOR ROTOR HEATING IN PRESENCE OF ROTOR WINDING
DEFECTS AND EXCITATION CURRENT FORCING

Purpose. Research of the TGV-200 turbogenerator rotor heating in case of rotor winding damages, which occur as a result of
prolonged operation of the turbogenerator, namely - clogging of the ventilation channels of the rotor winding and the occurrence
of short circuits of the rotor windings. Particular attention is paid to heating during short-term increasing of the excitation
current, which is performed to keep the generator in synchronous mode of operation. Methods. Field mathematical models are
used. Results. It is determined that the clogging of the rotor winding ducts has a greater effect on the rotor heating compared to
the short circuits of the individual windings of the rotor winding. It was defined that increasing of the excitation current within
the limits regulated by the current standards of the turbogenerators operation becomes impossible with clogging of a small
number of ventilation channels of the rotor winding, which impairs the efficiency of the turbogenerator and requires its output to
repair. Scientific novelty. A mathematical model of rotor heating is developed in case of typical damages of the rotor winding.
Practical value. The areas in the rotor where the temperatures and temperature gradients reach the highest values was
determined, which allows to recommend the locations of the optimal temperature sensors placements. References 10, figures 11.
Key words: turbogenerator, rotor winding, temperature, temperature gradient, short circuit, clogging of cooling channels,
excitation forcing.

Mema. /locnioxcennn nazpigy pomopa mypoozenepamopa muny TI'B-200 3a nasenocmi ywkooxsceHb 00MomKu pomopa, aKi
GUHUKAIOMb 6HACTIOOK MPUEAnol ekcnayamauii mypoozenepamopa, a came — 3acmiuenHa (3aKynopKa) 6eHMUNAYIUHUX KAHATIE
00MOmMKU pomopa i GUHUKHEHHA KOPOMKUX 3AMUKAHb 6umKie oomomku pomopa. Ocodnusa yeaza npudinaemoca nazpiey npu
KOpOMKoOuacHomy hopcyeanni cmpymy 30y0iceHHA, AKe BUKOHYEMbCA 014 YMPUMAHHA 2€HEPAmopa 6 CUHXPOHHOMY pexcumi
pobomu. Memoouxa. Bukopucmogyromuvca nonvoei mamemamuyni mooeni. Pezynomamu. Busznaueno, w0 3acmiuenns
GEHMUNAYTHHUX KAHATIE 0OMOMKU POMOPa 6 Oinbwiii MIpi 6nIUEAE HA HAZPI6 POMOPA Y NOPIGHANHHI 3 KOPOMKUM 3AMUKAHHAM
OKpemux eumkie o00momku pomopa. Bcmanoeneno, wio gpopcysanna cmpymy 30y0dicenna 6 medxcax, AKL peziameHmosamni
Jilouumu cmamoapmamu exchayamayii mypoozenepamopie, cmac HEMOMNCAUGUM RPU 3ACMiUeHHI HeseqUKol KinbKocmi
BCHMUNAYTHHUX KAHAII6 0OMOMKU POMOPA, W0 NOZIPUWLYE eheKmugHicmes podomu mypoozenepamopa i nOmpedye 1ozo 6ueooy 6
pemonm. Hayxoea noeusna. Po3pooneno mamemamuuny mooenv Hazpigy pomopa npu HAAGHOCHI MUNOBUX YUIKOOIHCEHD
oomomku pomopa. Ilpakmuune 3nauennsa. Buznaueno oinanxku ¢ pomopi, de memnepamypu i memnepamyphi zpadicnmu
docazaroms  HAUOINLWMUX 3HAYUEHb, WO 003601A€ PEKOMEHOY8AMU MICUA ORMUMAILHO20 POZMAULYBAHHA OAMUUKIE
memnepamypu. bion. 10, puc. 11.

Kniouosi crosa: Typooreneparop, o00MOTKa poTopa, TeMIepaTypa, rPagicHT TeMnepaTypHu, KOPOTKe 3aMUKAHHS, 3acCMiYeHHSs
0XO0JIOIKYIOUMX KAHATIB, () OpCYBaHHS 30y IKEeHHS.

Henwv. Hccneoosanue nazpesa pomopa mypoozenepamopa muna TI'B-200 npu nanuuuu noepeixicoeHuit 06Momku pomopa,
Komopble 603HUKAIOM 6 pe3yibmame ONUMENbHOU IKCRAYAmayuu mypooceHepamopa, a umMeHHo — 3acopenue (3aKynopka)
GEHMUNAYUOHHBIX KAHATI08 00MOMKU POMOPA U 803HUKHOBEHUA KOPOMKUX 3AMbIKAHUI 6UMKO8 00MomKu pomopa. Ocnognoe
GHUMAHUE Y0eNAemca Hazpegy Npu KPAMKOEPEMEHHOM (POpCUPOBAHUU MOKA 6030)yxHcOeHUs, KOMOpPOe GbINOAHAEMCA O
yoepicanusa zeHepamopa 6 CUHXPOHHOM pedicume padomul. Memoouka. Hcnons3yiomcea nonegvle mamemamuyieckue mooenu.
Pesynomameol. Ycmanosneno, umo 3acopenue 6eHMUIAYHOHHBIX KAHAI08 00MOMKU POMOpPA 6 00ibwiell Cnenenu 61usiem Ha
Hazpee¢ pomopa no CPAGHEHUI0 ¢ KOPOMKUM 3AMBIKAHUEM OMOENbHbIX GUMKOE 00MOMKU pomopa. Ycmanosieno, 4mo
dopcuposanue moka 6030yxcoenun 8 npedenax, KOmopwvle pe2nameHmuposansl OelicCMeyIWUMU CMAHOAPMAaMU IKCHIIYAmayuu
mypoozenepamopos, CmMaHOGUMCA HEBOZMONCHLIM NPU 3ACOPEHUU HEOONbUIO20 KONUHECNEA BEHMUNAUUOHHBIX KAHATO08
00momku pomopa, umo yxyouwiaem Ipghpekmusnocms padomol mypoozenepamopa u mpeoyem e2o év1600a ¢ pemonum. Hayunan
Hogu3na. Paspabomana mamemamuueckas mooens Hazpeéa pomopa nPu HANUYUYU MUNOBBIX NOBPEIHCOCHUTI 0OMOMKU pomopa.
Ilpakmuueckoe 3nauenue. Onpedenensvt yuacmiku 6 pomope, 20e MeMnepamypbl U memnepamypHoie 2paduenmol 00CmMuzaiom
HAUOONLIMUX 3HAUEHUI, YMO NO380IAEH PEKOMEHO06ANb MECMA ORMUMANLHO20 PACHON0NCEHUA OAMYUKOE MeMNEPAmypbl.
bu6a. 10, puc. 11.

Kniouegvie cnosa: TypOOreHepaTop, o0OMOTKAa pOTOpa, TeMIepaTypa, IPagHeHT TeMIepaTypbl, KOPOTKOe 3aMbIKaHHE,
3acopeHHe OXJIAKIAIINX KAHAJIOB, popcHpoBaHUe BO30YKICHMSI.

Introduction. The reliability of the turbogenerator
(TG) largely determines the reliability of the power plant
as a whole. Unforeseen damage of TG leads to significant
economic losses, and therefore ensuring the reliable
operation of power units of the power plant and, in
particular, TG remains an urgent scientific and technical
task. Its relevance is especially increasing recently due to
the aging of the existing TG park.

The reliability of the TG depends largely on the
heating of the structural parts of its design, and in
particular the design of the rotor. During the operation of
a proper TG, significant overheating of the rotor can

occur for various reasons: prolonged operation of the TG
in asynchronous or asymmetric modes, long-term forcing
of the excitation current, etc. Such overheating is
predictable and is taken into account in the calculations
when designing TG. However, in the process of long-term
operation of the TG, the gradual degradation of the
structure causes damage that causes unacceptable
overheating. Thus, significant unacceptable overheating
of the rotor winding (RW) occurs in case of disturbances
in the cooling system, damage of the electrical insulation
of the winding and turn’s short circuits, etc. Short circuits
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of the winding turns of the TG may occur as a result of
overheating or gradual mechanical grinding of the
insulation of the turns when the temperature extensions
vary over time. Significant overheating of the RW occurs
as a result of overlapping of the ventilation ducts of the
RW turns due to their clogging (dirt appearance) or due to
the displacement of insulating gaskets between the turns
at the TG starts and stops. Particularly critical is
overheating when the excitation current is forced to flow
in the damaged RW.

In order to avoid significant economic losses due to
the damage to the RW to replace the planned and
preventive repairs, repairs are made according to the
results of the assessment of the actual technical condition,
based on the utilization of systems of control and
monitoring of the technical condition of the TG rotor
elements, including the temperature sensors. Modern
methods of non-destructive testing of the thermal state of
the TG rotor involve the use of control equipment for
heating of electrical equipment with the use of various
measurement methods based on the fixation of readings
of: thermometer, ohmmeter, thermocouple and the level
of infrared radiation. Real-time monitoring and analysis
of heating of the TG rotor elements is performed with the
help of temperature sensors embedded in different TG
points during its production.

To improve the efficiency of intellectual control of
the thermal condition of the rotor, the results of
mathematical modelling of its heating in different modes
of operation of TG and different variants of damage to the
RW are required. The study of the temperature field in
TG was carried out in [1-10]. In particular, [1]
investigated the effect of clogging of the cooling channels
of the RW on the temperature field and local overheating
of the TG rotor, which depend on the number of clogged
channels of the RW. These studies were conducted at the
nominal value of the excitation current. But, as already
noted, unacceptable heating of the RW occurs during the
forcing of the excitation current, which in order to keep
the TG in synchronism at the occurrence of short circuits
in the network is temporarily performed by the excitation
system. The combination of the effects of these two
factors — the presence of RW clogged cooling channels
and forcing the excitation current leads to unacceptable
overheating of the RW even with a small number of
clogged channels. The possible presence of short-
circuited (SC) turns of the RW also influences on this.
Studies in this formulation of the problem have not been
conducted so far, but the relevance of such consideration
is increasing in view of the reduction of the residual life
of the powerful TGs currently being used at Ukrainian
power plants.

The goal of the work is the investigation of the
temperature state of the TG rotor in the appearance of
typical damage of the RW: the presence of clogged
cooling channels of the RW turns and a short circuit of
the part of the RW turns, both in the rated mode of
operation of the TG, and at forcing its excitation current.

Object of study. For the study of the temperature
field the turbogenerator TGV-200 of power of 200 MW
with hydrogen cooling was selected, having the following
parameters: the outer diameter of the rotor barrel

Dp = 1.075 m, the length of the rotor barrel Lz = 5.1 m,
the number of slots/ tooth division of the rotor
Z,/Z; = 36/52, the rotor rotation speed » = 3000 rpm, the
excitation voltage U= 440 V, the nominal value of power
factor cosp, = 0.85 (over-excitation), the heat resistance
class of rotor winding insulation — F (155 °C).

The thermal conductivity of the materials of the TG
rotor were taken as follows: a) the equivalent thermal
conductivity of the slot insulation of the rotor winding
(taking into account the presence of small gaps between
the insulation and the slot walls) 4, = 0.25 W/(m-°C);
b) the thermal conductivity of the duralumin wedges of
the rotor Ay = 155 W/(m-°C); ¢) the thermal conductivity
of copper conductors of the RW A, =400 W/(m-°C) [4].

The coefficients of heat transfer from different
design surfaces of the rotor to the cooling medium « have
different numerical values for different surfaces, namely
for the outer surface of the rotor barrel, the surfaces of the
ventilation channels in the copper conductors of the RW.
The following numerical values of the coefficients of heat
transfer between these surfaces and hydrogen were
adopted [1, 4]: a) the coefficient of heat transfer between
the outer surface of the rotor barrel and cooling hydrogen
a = 1100 W/(m*°C); b) the coefficient of heat transfer
between copper conductors of turns and hydrogen in
ventilation ducts of the RW ¢, = 450 W/(m*-°C).

The mathematical model of the TG rotor
temperature field in steady-state modes is based on the
stationary differential equation of thermal conductivity,
which in Cartesian coordinates in 2D formulation has the
following form [4]:

azﬁ(x,y) 029(x,y)
,{ 2t o =0(x,y), ()

where Hx, y) is the unknown temperature distribution
function; A is the thermal conductivity; O(x, y) are the
volumetric specific heat field sources, W/m® which are
the power losses in the elements of the TG rotor when
operating in the nominal synchronous mode and during
the excitation. In particular, the following sources of heat
dissipation were taken into account: a) Joule power losses

in copper of the RW QOpy :iI%W rrw » Where ipy and

rpw are the current and active resistance of the RW,
respectively; b) the ventilation losses on the rotor surface
during its rotation, which were determined by known
formulas in the TG design manuals.

On the outer surface of the rotor and on the inner
surfaces of the ventilation channels of the rotor winding
boundary conditions of the third kind were set:

229 —a(0-6y), )
on

where « is the above coefficient of heat transfer; 6, is the
temperature of the cooling refrigerant (hydrogen). The
average hydrogen temperature was assumed to be
6y = 45 °C with regard to its heating during the passage

of long ventilation ducts of the RW turns.
The found stationary temperature distribution is used
as the initial temperature distribution in solving the
problem of transient thermal conductivity in the modes of
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forcing the excitation current, which is described by the
following equation [4]:

2 2
) 0 e(x’zyat)+a e(x’zyat) —cpae(x’y’t):—Q(x,y,t),(3)
Ox Oy ot

where O(x, v, t) are the volumetric specific power losses
for the problem of transient thermal conductivity, W/m’® ;
c is the heat capacity, p is the specific density of the
material, ¢ is the time. Equation (3) is solved together with
conditions (2).

Modelling of damage of the RW has been carried
out as follows. With a short circuit of the turns of the RW,
the specific losses in SC turns are zero due to the lack of
excitation current in them. The presence of clogged
ventilation ducts in the RW turns was modelled by the
absence of heat transfer from the inner surface of the
ventilation ducts: the heat transfer coefficient between the
turns’ conductors in the rotor slot and the clogged
ventilation duct was assumed «, = 0.

Results of investigations. For the purpose of
comparative analysis, the results of simulation and study
of the temperature field in the rotor with different
technical condition and operating mode of the TG are
presented below.

1. Heating of the intact rotor in the nominal TG
operation mode. The simulation results are obtained in
Comsol Multiphysics 5.4 and reflect the TG rotor
temperature field in nominal mode. The picture of the
field is shown in Fig. 1.

According to the results of the analysis we can draw
the following conclusions:

1. The maximum RW copper temperature is observed
in the slots of the rotor, which are located around
the g axis of the rotor. In particular, the maximum
conductor temperature is 87.2 °C and is observed in the
3rd OR turn from the bottom of the slot which is located
near the g axis.

2. The highest heating in the TG rotor steel is observed
in the middle teeth on the ¢ axis and in the rotor yoke.
Figure 2 shows the temperature distribution in the rotor
steel along the diameter along the ¢ and d axes.

3. The least heated are duralumin wedges and large
rotor teeth (45.3 °C), which is conditioned by their
cooling conditions.

Fig. 1. Temperature distribution in the rotor of the intact TG
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Fig. 2. Temperature distribution in the rotor steel of the intact
TG along the radius along the d and ¢ axes

The study of the temperature gradient distribution in
the TG rotor makes it possible to determine the arecas
where the highest thermomechanical stresses occur. It is
established that:

1. Temperature gradients on the steel sections near the
bottom of the slots adjacent to the large teeth are greater
(300 °C/m) compared to the temperature gradients on the
rotor steel sections located near the bottom of the slots
around the ¢ axis (126 °C/m).

2. Relatively large values of temperature gradients in
steel are observed at the top of the teeth near the rotor
wedges (565 °C/m).

3. The temperature gradients in the electrical insulation
of the slots reach much higher values, in particular: in the
fiberglass insulation under the wedges (11627 °C/m),; in
the fiberglass insulation in the base of slots (9913 °C/m);
in the fiberglass insulation adjacent to the walls of the
large tooth (17006 °C/m); in the fiberglass insulation
adjacent to the walls of the remaining slots (18542 °C/m).

This is due to the fact that the RW turns are the most
heated elements, and the duralumin wedges and the rotor
steel are the most cooled. Therefore, when choosing a
material for insulating pads under the wedge and at the
base of the slot, it is advisable to give preference to
materials having a lower coefficient of thermal expansion
to prevent significant thermomechanical stresses.

A separate question arises when choosing the
thermophysical parameters of the RW insulation of the
TG. The temperature fields in the rotor were investigated
when replacing the existing regular insulation of the RW,
which has the thermal conductivity A;; = 0.25 W/(m-°C),
with a more thermally conductive insulation of the
Micadur type with the thermal conductivity
Ais = 0.58 W/(m-°C), which was proposed in [2].

According to the results of numerical calculations, it
was found that the temperature gradient in the fiberglass
insulation adjacent to the walls of the small tooth near the
q axis decreased by 16.8 %, and in the sub-wedge laying
of the slot located near the large TG tooth decreased by
36.2 %. But overall, the maximum temperature in the
intact rotor decreased by only 1.5 °C (1.7 %) to 85.7 °C.
This result is explained by the fact that 85 ... 90 % of the
heat dissipation in the RW is transferred through the
ventilation ducts in the turns and only 10 ... 15 % of the
heat dissipation passes through the insulation and is
transferred from the rotor surface.
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2. Heating of the rotor with a short circuit of the
RW turns. At a short circuit of a part of the turns of the
RW, the excitation current bypasses the SC turns.
Therefore, the electrical resistance of the RW decreases
and the excitation current increases, which increases the
heating of the other turns of the RW. Figure 3 shows the
dependence of the RW temperature on the number of SC
turns that are in the same coil in one slot of the rotor.
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Fig. 3. Maximum temperature depending on the number of the
SC turns in the slot of the RW: @) over the entire area of the
rotor; b) in the damaged slot of the rotor on the g axis of the
rotor

For example, with the short circuit of all 10 turns of
the RW coil located in one slot, the maximum
temperature of the other turns of the RW increases by
only 6 % (Fig. 3,a). The temperature in the slot with SC
turns is slightly reduced because the damaged turns are
not loaded with current (Fig. 3,b). From Fig. 3 it can be
concluded that, even with a short circuit of even 10 turns
of the RW (5.56 % of the total number of turns of the
RW), the rotor heating increases slightly.

The rotor heating leads to an increase in the
temperature gradient in the RW insulation of the TG
(Fig. 4).
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Fig. 4. Maximum value of the temperature gradient, depending
on the number of the SC turns of the RW: a) in the sub-wedge
laying of the slot; ) in the fiberglass insulation adjacent to the
walls of the small tooth; c¢) throughout the rotor area

3. Rotor heating during clogging of the cooling
channels of the RW turns. Figure 5 shows the maximum
temperature in the RW in the presence of clogged cooling
channels of the RW turns located in one slot.
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Fig. 5. Maximum temperature in the slot of the rotor
depending on the number of clogged RW channels

Figure shows that when clogging in the slot of 4 of
the 10 existing ventilation channels, the maximum
temperature in this slot increases by 56 % and approaches
the critical permissible insulation temperature of class F,
and with more clogged channels it exceeds the
permissible temperature. Figure 6 shows the increase of
the temperature gradient in the insulation of the RW
during clogging of the cooling channels. From Fig. 6 it
can be seen that when the 4 channels are clogged, the
temperature gradient in the insulation of the RW increases
2.2 times. Thus, unlike short circuits of turns, the
clogging of their ventilation channels causes significantly
dangerous overheating of the RW.
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Fig. 6. Maximum value of the temperature gradient in the
fiberglass insulation as a function of number of the clogged
channels of the RW

4. Heating of the rotor when forcing the
excitation current. In accordance with the requirements
of item 4.17 of the Standard GOST 21558-2000, the
direct-cooled TG excitation system must withstand a
double rated excitation current for at least 20 s. The
calculated heating of the rotor during the following
process of forcing the excitation current was considered:
for a time of 1 s, the excitation current according to a
linear law increases from the nominal value to the forced
value, which is determined by the coefficient of forcing

b -
l
S

where iy i are, respectively, the forced and nominal
value of the excitation current (in the calculations the
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coefficient varies within 1.25 ... 2). For a further 19
seconds, the forced current value remains unchanged. The
temperatures acquired by the rotor at the end of the
specified forcing process are presented below.

Dependencies of maximum values of the
temperature and temperature gradient in the rotor on the
value of the forcing factor k; are shown, respectively, in
Fig. 7, 8. For comparison, Fig. 7 also shows a line of the
allowed temperature value.
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Fig. 7. Maximum temperature in the slot of the rotor of the

intact TG, depending on the coefficient of forcing excitation
current

From Fig. 7 it can be seen that already at k= 1.75
the maximum temperature in the rotor reaches the
maximum permissible value. There are also significant
temperature gradients in the insulation of the RW (Fig. 8),
which are 3.1 times higher than their values in the
nominal mode, which makes it possible to damage the
insulation of the RW not only due to overheating, but also
due to significant thermomechanical deformations.
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Fig. 8. Maximum values of the temperature gradient
depending on the coefficient ky:
a) in the fiberglass slot insulation;
b) under the wedge insulation

5. Heating of the rotor during clogging of the
ventilation channels of the RW, forcing of the
excitation current and short circuits of the RW turns.
It is unacceptable to heat in the case of forcing the
excitation current if the RW contains the damage
discussed above. Figure 9 depicts the temperature
dependence of the forcing coefficient of the excitation
current of at the different number of the SC turns of the

RW and in the absence of clogged ventilation channels.
Figure 10 shows the dependence of the rotor temperature
on the coefficient of forcing the excitation current at the
different number of clogged ventilation channels (varies
from 0 to 3) and in the absence of the SC turns of the RW.
In Fig. 9, 10, the lower graph corresponds to the intact
rotor, and as the number of damaged turns increases, the
graphs pass higher. From Fig. 9 it is shown to what
extent, depending on the number of the SC turns the
admissible value of the coefficient ks decreases.
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Fig. 9. Maximum temperature in the TG rotor, depending on the
coefficient of forcing of the excitation current and the different
number of the SC turns of the RW (in the absence of clogged
channels)

From Fig. 10 it can be seen that when the 3 channels
are clogged when the excitation current is forced twice,
the maximum temperature rises to 337 °C, which is
unacceptable. Thus, damage of the cooling system of the
RW during the clogging of the ventilation channels
significantly affects the possibility of forcing the
excitation current, provided that the permissible heating
of the RW is maintained. Regulated forcing becomes
impossible, since even at the Ist clogged channel, the
allowed k; value is only 1.35, which does not meet the
requirements of the existing TG operating standards.
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Fig. 10. Maximum temperature in the TG rotor, depending on
the k; coefficient with different number of clogged channels and
the absence of the SC turns of the RW

Figure 11 depicts similar dependencies for one of
the probable variants of combined damage: at one clogged
channel and at two SC turns of the RW in forcing
excitation. From Fig. 11 it can be seen that such combined
damage is also dangerous for the TG.
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Fig. 11. Maximum temperature in the rotor at one

clogged channel and at two SC turns of the RW depending on
the coefficient of forcing of the excitation current

Conclusions.

1. In the long-term operation of powerful TG, in the
RW damages occur — clogging (blocking) of the
ventilation channels and short circuits of the RW turns, as
a result of which the heating of the RW is substantially
increased both in the steady rated mode of operation, and,
especially, when the excitation current is forced in
dynamic modes.

2. Ventilation ducts clogging is particularly dangerous.
Even with one clogged channel, the continuous forcing of
the excitation current can occur with coefficient of not
more than 1.4 (or it is necessary to significantly reduce
the forcing time), and for 3 or more clogged channels the
forcing becomes practically impossible and the TG needs
to be removed for repair. Therefore, it is important to
develop reliable methods and tools for diagnosing and
timely elimination of clogging of the ventilation
channelsof the RW turns of the TG.

3. Areas with the highest values of the temperature and
temperature gradient are determined, which allows to
reasonably place temperature sensors.
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