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Introduction

A characteristic feature of synchronous electric machines, including turbo generators, is the need to
power the excitation winding located on the rotor, which is necessary to create a magnetic field in the mag-
netic core of the electric machine.

One of the most common ways to power the rotor winding is to use a brush-contact device, which
provides direct current power from the excitation system.

For turbo generators of large and medium power, the design of a brush-contact device is a rather
complex task. To ensure the operability of all elements of the device, it is required for a design engineer to
have a wide range of knowledge in various scientific fields, as the design includes both highly loaded contact
electrical connections (slip rings in combination with the rotor current supply) on the rotor rotating at high
speed, and structural elements of the brush holder device (brushes, brush holders, ventilation system), which
must ensure uninterrupted operation, convenient and quick adjustment.

From the statistical data on the causes of typical emergency situations on electric generators of pow-
er plants, caused by failures of various types, it is clear that 14% of all failures are due to brush-contact de-
vices. Such a fairly high percentage of failures indicates that increasing the reliability of this unit is a relevant
task nowadays because the phenomena occurring in operating brush-contact devices are quite complex and
require further study.

According to statistics, the main causes of failures of brush-contact devices are:

— all round fire;

— heating of slip rings above the maximum permissible value;

—uneven brush wear;

— local runout of slip rings;

— vibration and chipping of brushes;

— decrease in insulation resistance below the maximum permissible value.

An important feature of the design of the brush-contact device is that when performing the thermal
calculation, it is necessary to solve the thermal problem with three types of heat generation: electrical losses
in the classical formulation, losses on friction of brushes against the slip ring and additional losses caused by
the action of parasitic currents. The main methods of calculation and design of brush-contact devices of elec-
tric machines of similar types are considered in the papers [1-2], but in general these papers do not allow to
establish a real picture of the thermal state of the brush holder device in three-dimensional form. In this re-
gard, to meet the requirements of reliability and operation, it is advisable to review existing methods in order
to implement the solution in software complexes using CFD methods.
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Design of the turbo generator brush holder device

The brush-contact device of a synchronous electric machine struc-
turally consists of two main parts:

— slip rings (rotating part), which are usually part of the rotor of a
synchronous machine;

— brush holder device (fixed part), which is attached mainly to the
supporting units of the electric machine or directly to the base.

A typical design of the turbo generator brush holder device is
shown in Fig. 1. The device is attached to the foundation plates provided
for in the design on the turbo generator base and consists of the following
main elements: welded frame (1), current collector device (2), insulated
pins (3), output buses with terminal board (4), insulating sealing ring (5) Fig. 1. Typical design
and exhaust ventilation device. (6). of a brush-contact device

The welded frame consists of a base (bottom plate), vertical walls (end and side ones), a horizontal
partition with windows for distributing cooling air between the slip rings, auxiliary elements for fastening
other parts of the brush holder device. The welded frame has windows for cooling air inlet and easily remov-
able inspection doors on each side of the device.

The current collector device includes four copper ring buses (two buses for each slip ring), on which
the current collector elements themselves, namely special brackets and brush holders located in them, are
fixed in circle.

The copper ring buses of the current collector device are attached to the welded frame using insulat-
ed pins and steel detachable holders.

The brackets consist of copper clamps, in rectangular sockets of which brass clips are fixed with
bolts. The clamps are attached to copper ring buses with bolts through oval holes in the side shelves of the
clamps, which allow adjusting their radial position relative to the slip rings. The brass clips fixed on the
clamps have ventilation windows in each face to improve heat transfer from the brushes to the cooling air.

The clips are equipped with brush holders with electric brushes located in them. It is possible to use
different types of brush holders and brushes. However, according to modern trends, the brush holders should
be of quick-release type and equipped with springs with constant force for pressing the brushes.

A quick-release brush holder from one of the world's leading manufactur-
ers of brush-contact equipment, Mersen (France), is shown in Fig. 2. The type of
brush holder shown has an insulated handle, which allows the brush holder to be
installed and removed even during generator operation, since safety for service
personnel is ensured by the absence of human contact with the conductive parts of
the traverse. The brush holder is removed by turning the handle. In addition, this
type of brush holder has the following features:

— precise manufacturing of all components, which allows them to be used
without prior adjustment or modification and without being tied to a specific loca-
tion on the traverse;

— use of pressure mechanisms with constant pressure springs;

— the presence of a locking mechanism that prevents the electric brushes Fig. 2. Quick-release
from falling out when installing and removing the brush holder; brush holder

— possibility of using brushes with increased radial size, which provides a longer period between
brush replacements.

The output insulated buses, consisting of flexible copper plates, depart from each pair of current col-
lector rings and connect them to the terminal board of the device, designed for connecting external cables for
supplying the excitation current to the rotor winding.

The detachable insulating ring is designed to close the space between the rotor shaft and the frame of
the device on the generator side in order to ensure electrical safety for service personnel and organize a venti-
lation path for cooling the brush holder device.

The exhaust ventilation device includes a centrifugal fan installed near the rotor slip rings and a
welded "spiral" in the form of an "Archimedean spiral” with a bellmouth for hot air outlet.
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The current collector and the slip rings have an open cooling system with the intake of cooling air from
the machine room and the discharge of hot air into the machine room or the foundation channel. The centrifugal
fan wheel is mounted on the end of the rotor shaft. The cooling air enters through the ventilation holes in the
lower cavity of the frame, and due to the ventilation windows in the horizontal partition, it is divided into three
streams. The first stream enters the space between the vertical wall of the frame and the insulating partition lo-
cated in front of the first annular copper bus, and then moves along the surface of the inner slip ring towards the
"spiral" and cools the current collector bus with the elements located on it and the surface of the slip ring on its
way. The second flow enters the space between the copper ring buses of the inner ring, where it cools the sec-
ond current collector bus with the elements located on it and the rest of the inner slip ring, and then connects
with the first flow. The third flow enters the space between the third bus and the middle vertical wall of the
frame, where it cools the outer slip ring, the third and fourth current collector buses with the elements located
on them, and then connects with the first and second flows before entering the "spiral".

Analytical calculation of the thermal state of a brush-contact device with installed filters

The current task when designing new equipment or reconstructing existing turbo generators is to en-
sure air filtration at the inlet to the brush holder device with maintenance of the pressure and air flow rate
necessary for complete removal of heat losses. Installation of filters will increase the reliability of the brush
contact device due to a significant reduction in the level of contamination of conductive and electrically insu-
lating elements from impurities present in the air of the power plant engine room.

The case of installing filters on a brush-contact device designed for operation with the following pa-
rameters is considered:

— rated excitation current — 3130 A;

— rated excitation voltage — 453 V;

—rated speed — 3000 rpm;

— maximum cooling air temperature — 40 °C.

Installed panel-cell filters of the CFW30 type have the following parameters:

— filter material — polyester;

— frame material — metal;

— cleaning class according to EN 779 [3]: G3(EU3) — G4(EU4);

— cleaning efficiency — 89.8-90.8%;
—recommended air speed — 1.5 m/s;

— maximum operating temperature — 100 °C; /"— ]‘\
s

H,Pa

— maximum operating humidity — 100%; >

— dimensions — 400x400x48 mm; \\

— filtration area — 0.27 m?; A

— estimated air flow rate — 1480 m’/h; /

— initial pressure drop — 64 Pa. = /

The air flow rate through the brush-contact device is w Qum/s
determined based on calculations of the pressure characteristic - 7 . L

of the fan and experimental data of the basic design of the choracerisic choraceristc
brush-contact device.

Fig. 3. Characteristics

According to the aerodynamic calculation performed according to the method [4], the centrifugal fan
installed on the end of the shaft has the pressure characteristic given in Fig. 3 and Table 1.

Table 1. Pressure characteristic of the fan

Parameter Value

Air consumption, m*/s 0.4 0.8 1.2 1.6 1.8 2.1 2.4 2.8 3.2 3.6

Fan pressure, Pa 1496.4 | 1802.8 | 1954.7 | 1985.4 | 1961.8 | 1882.7 | 1754.5 | 1512.4 | 1194.4 | 805.4

Based on the results of approximating the trend line of the graph of the fan pressure dependence on
the air flow rate, the following polynomial approximation of this dependence can be obtained:

H(Q)=-0.537-0°+9.012-0Q° —64.132-0* +261.77-0* —902.42-0* +1610.5- 0 +981.4,
where H is the fan pressure, Pa; Q is the air flow through the fan, m?/s.
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For the basic design of the brush holder traverse, the air flow rate according to experimental data is
0,=2.0 m*/s.

The air pressure drop in the basic design, calculated using the above fan pressure characteristic, for
the specified air flow rate is H,=1914.8 Pa.

Thus, the hydraulic resistance of the basic structure to air flow is

_Hy 198
0O, 2.0
The additional hydraulic resistance of filters is determined by their rated parameters
0~1480 m*/h=1480/3600=0.411 m?/s;
P=64 Pa.

At the same time, four inlet windows with dimensions of about 400x200 mm can be placed in the
welded frame of the brush holder device, which, in terms of the cross-sectional area of the window and its
flow rate, is approximately equivalent to the parallel installation of two CFW30 type filters with dimensions
of 400x400 mm. The hydraulic resistance of one such filter is

o _H 6
ST 2 T 2
Oy 0411

When two filters are installed in parallel, their total hydraulic resistance is

b

=378.7 kg/m’.

R
Ro—— L N g4y kg/m’.

L]

The total hydraulic resistance of a new system with filters is determined as the sum of the resistances
of the basic design of the brush holder device and the installed filters when they are connected in series

R, =R, +R,=478.7+94.7=573.4 kg/m’.

From the obtained hydraulic resistance value for the new system, its resistance characteristic can be

determined as
H(Q)=R, 0.

The indicated resistance characteristic of the new system and the pressure characteristic of the fan
are shown in Fig. 3.

The intersection point of these two characteristics is the operating point of the new system. Thus, the
graphically determined air flow rate for the brush holder device with installed filters is Q,=1.846 m’/s.

The temperature of the elements of the brush-contact device is determined by the heat losses that are
released in them and by the cooling conditions.

Thermal losses consist of losses in the transition contacts and ohmic losses in the conductive parts.
Losses in the transition contacts are established based on the requirements of the DSTU IEC 60034-2-1:2019
standard [5], according to which they are defined as the product of the current and the voltage drop in the
transition contact AU=1 V. Based on experimental data, it can be stated that during the generators operation
these losses can increase due to contamination and disturbances in the device settings, therefore, for the cal-
culation they are taken with a margin of 50%. Thus, for two slip rings, the losses in the transition contacts are

P =15-2-1-AU =1.5-2-3130-1=9390 W,

where /=3130 A is the rated excitation cur.

The resulting losses are conventionally divided into two equal parts, one of which is allocated in the
slip rings, and the other one — in the brushes on the current collector rings of the brush holder device.

The calculated ohmic losses occurring in the current collector buses are P—=105 W at a bus tempera-
ture of 95 °C, which is adopted in accordance with the recommendations of DSTU IEC 60034-1 [6] for tem-
perature exceedances according to insulation heat resistance class B.

The air flow rate for current collector buses is determined based on the geometric data of the brush-
contact device
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0, 1846

F 07321
where F=0.7321 m? is the cross-sectional area of one of the current collector buses.

The determination of the heat transfer coefficient from the surface of the current collector buses is
performed on the basis of known criterion equations

V-l 2.52-001
v 15.06-10°°
Nu, = 0.46-Re"* =0.46-(1.67-10%)°=18.82,

where Re is the Reynolds number; /,=0.01 m is the characteristic size (thickness) of the bus; v=15.06-10° m?/s
is the kinematic coefficient of air viscosity; Nu is the Nusselt number.
The heat transfer coefficient from the surface of the current collector buses is

o, = Ny, 2 18.82- 0.0276
l 0.01

1
where A=0.0276 W/(m-K) is the coefficient of thermal conductivity of air.
The heat flux density for the surface of all four current collector buses is

5+R —9320 +105

g =2—=—2 ~2567 W/n?,
4-F 4.0.467
ne F1=0.467 m? is the surface area of one bus.
Thus, the temperature of the outer surface of the buses is

T o1+ 9 g0 2597
o, 51.95

1=

=2.52 m/s,

Re, =1.67-10%

=51.95 W/(m?*K),

=89.4 °C,

where To=40 °C is the cooling air temperature.
The temperature of the outer surface of the slip rings is calculated using a similar principle.
The speed on the working surface of the slip rings is
n-d,-n_m-0.45-3000
60 60
where d,=0.45 m is the slip ring diameter; #=3000 rpm is the rated speed of the turbo generator.
The criterion equations for slip rings are as follows:
v, -1, _ 70.69-0.13 —6.1-10%;
\Y% 15.06-10°
Nu, = 0.46-Re}’ = 0.46-(6.1-10°)°3=359.3,
where /,=0.13 m is the characteristic size (axial width) of the ring.

The heat transfer coefficient from the surface of the slip rings is

o, = Nu, .&:3593.%
/ 0.13

2

v, = =70.69 m’s,

Re, =

=76.29 W/(m*-K).
The heat flux density for the surface of the two slip rings is

P
_ é _ 939072 _ 657 Wi,
2-F, 20504

where F>=0.504 m? is the surface area of one slip ring, taking into account the helical grooves and end sur-
faces.
The temperature of the outer surface of the slip rings is

=T, +92 =40+ 297 1910 °C.
76.29

o,

q;
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The air temperature at the outlet of the brush-contact device is determined by the formula
P +P
r=T+— b g 9390H105 4 sec
C,p0, 1006-1.128-1.846

where C,=1006 J/(kg-K) is the specific volumetric heat capacity of air; p=1.128 kg/m? is the air density.

According to the results of analytical calculation, the obtained temperatures of the brush-contact de-
vice elements do not exceed the permissible temperature accepted at the level of insulation heat resistance
class B (120 °C) according to DSTU IEC 60034-1 [6] to increase reliability and extend the service life of the
turbo generator, despite the use of insulation materials of heat resistance class F (155 °C) in the design.

Three-dimensional calculation of the thermal state of a brush-contact device

The parameters of the cooling air of the brush holder device in a three-dimensional setting are de-
termined using the SolidWorks Flow Simulation computational package [7]. For this purpose, a three-
dimensional model of the brush-contact device was built, the design was considered as a whole.

The heat transfer coefficients are set automatically using the simulation of the cooling air flow. The
following parameters are set as initial data:

— three-dimensional geometry of the computational domain (Fig. 4);

— pressure characteristic of a centrifugal fan, calculated in an analytical calculation;

— characteristic of the hydraulic resistance of filters, calculated in the analytical calculation;

— air parameters under normal conditions (Fig. 5);

— heat dissipation capacity separately for each element based on analytically calculated heat losses.

- ,,‘ ‘ 1 ‘\‘— Pressure 101325 Pa
i WEE| | Temperature 40 C 313 K

MHmun’mM

Fig. 4. Three-dimensional model of the computational domain Fig. 5. Initial calculation conditions

Lenfrifugal fan

The air flow simulation through the brush contact device was performed with the standard settings of
the calculation grid detail.

The following values by volume were specified as the convergence criteria for the solution: mini-
mum, average and maximum static pressure in the studied area; average mass flow rate; average heat flux on
the specified surfaces; temperature distribution of air and structural elements of the brush-contact device.

The calculation was performed under the conditions of '
achieving the convergence criteria based on the results of
at least three calculations of the studied area.

Based on the specified initial conditions, the cool-
ing air flow simulation was carried out in the brush-
contact device with installed filters.

The obtained trajectories and calculated air flow
velocities are shown in Fig. 6, the flow velocities in the
cross section are shown in Fig. 7.

The distribution of air temperatures in different
parts of its trajectory within the calculation area is shown
in Fig. 8.

Fig. 6. Flow trajectories and velocities
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Fig. 7. Cross section and flow velocity Fig. 8. Flow trajectories and temperatures

Below are the distributions of solid body heating temperatures for different current collector buses,
with the numbering of buses taken in the direction towards the fan, i.e. bus No. 1 is the furthest, and bus
No. 4 is the closest to it.

The heating temperature distribution of current collector bus No. 1 is shown in Fig. 9, the tempera-
ture distribution graph along the circumference of this bus is shown in Fig. 10.

The heating temperature distribution of current collector bus No. 4 is shown in Fig. 11, the tempera-
ture distribution graph along the circumference of this bus is shown in Fig. 12.

The temperature distribution on the surface of the slip ring is shown in Fig. 13.

T.K
280

£

360 A

350

340 / \
L7 ™
330 // \\\
Fig. 9. Bus No. 1 temperature Fig. 10. Temperature distribution graph (bus No. 1)
T.K
= -~
* rﬂ\\ \\
340 / A \
V1 ™ N
N
s
Fig. 11. Bus No. 4 temperature Fig. 12. Temperature distribution graph (bus No. 4)
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Conclusions 360,00

Comparison of the results of the analytical calcula- S
tion with the results of the analysis in three-dimensional 36200
formulation using the SolidWorks Flow Simulation soft- i
ware package indicates that the analytical calculation al- B
lows to obtain the correct averaged value of the temperature 25200

350.00

of individual elements, but does not give a complete PICture |  roumeperyos raspse i) i
of the temperature distribution between individual similar
elements. The performed calculation in three-dimensional
formulation allows to determine the temperature distribu-
tion of the elements of the brush-contact device, as well as Fig. 13. Slip ring temperature

the fact that it is associated with the peculiarities of the flow of cooling air in different parts of the ventilation
duct and, accordingly, different cooling conditions for each individual section of the conductive parts.

The maximum temperature of the conductive buses according to the analytical calculation is 89.4 °C,
and according to the results of the three-dimensional calculation -97 °C (370 K). The maximum temperature
of the slip rings according to the analytical calculation is 101.0 °C, and according to the results of the three-
dimensional calculation -95 °C (368 K).

Thus, the temperatures of the conductive parts of the brush-contact device obtained in the calculation
showed that when changing the design of the cooling system (installation of filters according to Fig. 4), the dis-
tribution of cooling air flows, air pressure in the system, thermal state of air and conductive parts will ensure the
possibility of safe operation of the device in all permitted operating modes of the turbo generator in compliance
with the conditions and at permissible temperatures at the level of insulation heat resistance class B (120 °C).
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Oco00/1MBOCTi PO3PaXyHKOBOI'0 BUSHAYEHHS TEIVIOBOI0 CTAHY
INITKOBO-KOHTAKTHOI'0 anapary TypOoreHeparopa

A. €. KoBpura

Hamionansauii acpokocMigHmi yHiBepcUTeT iM. M. €. JKyKoBCbKOTO «XapKiBChKUN aBialliitHUHN IHCTHTYTY,
61070, Ykpaina, M. XapkiB, ByJ1. Baguma Maunbka, 17

YV oaniti cmammi poszensnymi numants 0cobau8ocmell po3paxyHKo8020 BUSHAYEHHS MENI08020 CIAHY WIMKOBO-
KOHMAKMHO20 anapamy mypoozenepamopa. AGmopom Hasedenuil aneopumm anaiimuyHo20 po3paxyHKy anapamy, eU3HA-
YeHi O4IKYBaHI MeMNEPamypu eleMeHmis 3a YMO8U 6CIMAHOBICHH. 000amKOsUX Qintbmpie y eeHmuiayiiuHomy mpaxmi. 3a
00NOMO2010 MEMOOY CKIHYEHHUX eNleMeHMI8 0Y8 BUKOHANUL MPUSUMIDHUL PO3PAXYHOK MENI08020 CIAHY eleMeHmiE uyi-
MK0BO-KOHMakmuozo anapamy. Ompumari pe3ynomamu niOmeeportCyIOms MONCIUBICMb YOOCKOHANEHHSI KOHCIMPYKYIT
WIMKOB0-KOHMAKMHO20 anapanmy 3a paxyHox 6CIAaHO61eH sl (DibmpyIouux enemMermia 3 Memoro nioguiyeHHs HadiiHocmi
pobomu danozo 8y3ia.

Kntouosi cnosa: mypbozenepamop, wimkoe0-KOHMAKMHULL anapam, mpueUMIPHULL MenI06Ull PO3PAXYHOK.
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