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ABSTRACT In order to solve the problems of severe heating and cooling difficulty in the stator of air-cooled
turbo-generator, a novel stator teeth internal ventilation structure with axial vents in the generator stator
teeth is proposed. Based on this structure, global two-dimensional electromagnetic field models of 150MW
air-cooled turbo-generator with different stator tooth internal ventilation structures are established to study
the influence of the axial vents of the internal ventilation structure on air gap magnetic flux density of the
generator, magnetic flux density of stator teeth, stator core loss, and synchronous reactance. Furtherly, flow
network models of the ventilation system with different internal ventilation structures and fluid-heat transfer
numerical models of stator with half axial and one tooth pitch of generator are established to calculate the
effects of the structure on the temperature of stator winding, insulation and teeth. It can provide a new
research idea for the ventilation structure of large air-cooled generator.

INDEX TERMS Air-cooled turbo-generator, ventilation structure, electromagnetic field, temperature field.

I. INTRODUCTION

The air-cooled turbo-generator does not require addi-
tional equipment for holding hydrogen and filtering water,
compared with hydrogen-cooled and water-cooled turbo-
generator. Therefore, the air-cooled turbo-generator is widely
used in gas-steam combined cycle power station, and cogen-
eration for its advantages, energy conservation, environmen-
tal protection, safety and reliability [1]. With the continuous
improvement of the generator unit capacity, the problems of
severe heating and cooling difficulties become more and more
serious. Especially the generator working in the operation
of frequent start-stop and short-time overload, it will make
the temperature of stator winding rise sharply. In severe
cases, the generator stator windings and stator teeth are
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burned, when the cooling system is inefficient or failed.
In order to improve the cooling capacity of the generator, this
paper seeks an effective ventilation structure of stator on the
basis of the traditional ventilation system of the air-cooled
turbo-generator.

The research on the new structure of large-scale air-cooled
turbo-generator ventilation system is less. Scholars have done
the researches mainly on the optimization for the ventilation
structure of generator. M. Fujita and other scholars proposed
a method to reduce the ventilation volume and the ventilation
loss by using variable pitch ventilation ducts in view of
the high ventilation loss of air-cooled turbo-generator [2].
R. F. Gray proposed the optimization method for the cool-
ing systems of the nuclear power turbo-generator with the
largest capacity in the world at that time [3]. Georg proposed
a calculation method for coupling the power loss, airflow
and temperature of the air-cooled generator in an iterative
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process, and adjusted the cooling airflow to reduce venti-
lation loss [4]. M. Cheng proposed a robust fully forced-
air cooling system with inner rotor tooth ducts for the dual
mechanical port machine and designed a prototype of 10 kW
air-cooled machine to verify the effectiveness of the cool-
ing system [5]. J. Franc proposed ventilation system with
skewed rotor cooling ducts of 40 MW synchronous turbo-
generator, studied and compared the thermal behavior for
three different arrangements of the rotor ventilation ducts,
and pointed out the ways to improve the cooling system
of the turbo-generator [6]. G. Zhou analyzed advantages
and disadvantages of various ventilation systems for air-
cooled turbo-generator, designed and optimized a multi-
chamber forward-flow cooling path for a large air-cooled
turbo-generator [7]. J. Nerg proposed a lumped-parameter-
based thermal analysis of a generator with double radial
forced-air cooling, and selected the number of radial cool-
ing channels and axial length of the generator [8]. S. Ding
established a global physical model including the stator, rotor,
casing and fan to obtain air flow distribution characteristics
of the generator under different ventilation schemes, and
added the baffle at the rotor end to make the flow distribution
more uniform and reasonable [9]. A. S. Bornschlegell used
lumped-parameter method and genetic algorithm to calculate
and optimize the air volume distribution in the ventilation
system of a large generator [10]. W. Li changed the thick-
ness of stator core stack segments and the number of radial
ventilation ducts for 200 MW air-cooled turbo-generator to
study the influence of different structures on the temperature
field and coolant utilization ratio of the whole generator [11].

In this paper, the design idea of additional ventilation
structure in stator teeth is proposed. However, the additional
ventilation structure will result in local magnetic saturation
of the stator tooth. This will change the magnetic circuit and
magnetic flux density of the generator, and then affect he
generator parameters. Therefore, it is particularly important
to study the effect of new stator ventilation structure on air
gap magnetic flux density, stator tooth magnetic flux density,
synchronous reactance, stator core loss and the temperature
of stator winding, insulation and teeth.

II. INFLUENCE OF STATOR TEETH INTERNAL
VENTILATION STRUCTURE ON ELECTROMAGNETIC
PARAMETERS

In this paper, a 150MW air-cooled turbo-generator with ven-
tilation system of single centrifugal flow chamber path is
presented for calculation and analysis. A circular vent with
a diameter D, is opened in each stator tooth portion at the
position A, along the each tooth centerline, and the vent
penetrates the stator core along the axial direction z. This
structure is called stator teeth internal ventilation structure
(referred to as STIVS). The prototype and ventilation system
are shown in Fig. 1. The stator core (DW310-50) and rotor
core (25Cr2Ni4MoV) permeability are nonlinear. The non-
linearity of the magnetic properties is considered based on the
actual B-H curve. The B-H curve of stator core and rotor core
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FIGURE 1. The prototype and ventilation system with STIVS(a)150MW
air-cooled turbo-generator (b) Ventilation system.

(b)

are shown in Fig. 2, and the main parameters of the generator
are given in Tab. 1.

TABLE 1. Basic parameters of 150MW generator.

Generator Parameter Value
Rated Power(MW) 150
Rated Voltage(V) 15750
Rated Current(A) 6469
Rated Frequency(Hz) 50
Field Current (A) 1450
Stator Core Length (mm) 4200
Stator Core Stack Number 98
Radial Duct Width (mm) 7
Stator Slot Number 66
Stator Inner Diameter (mm) 1195
Stator Outer Diameter (mm) 2560
Rotor Inner Diameter (mm) 1060
Stator Tooth Depth (mm) 246
Stator Slot Width (mm) 26.3

A. ESTABLISHMENT OF 2-D ELECTROMAGNETIC FIELD
MODELS OF GENERATOR WITH STIVSs

The axial length of the generator is 4200mm long, there-
fore, the internal magnetic field of the generator is a quasi-
stationary field, and the magnetic field distribution in the
axial position of the generator is consistent. Considering the
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FIGURE 2. Armature equivalent circuit model (a) B-H magnetization curve
for stator (b) B-H magnetization curve for rotor.

complexity and the massive computation of global three-
dimensional (3-D) model of large turbo-generator, the 3-D
space magnetic field is converted to the global 2-D magnetic
field for analysis. For true calculation of the electromagnetic
field, the global 2-D field-circuit coupling models of the
generator with different STIVSs are established as shown
in Fig. 3, where ry b c+jXsa.p.c are the three-phase winding
resistance and end leakage reactance of the generator, and
Rab.c+jXap.c are the equivalent rated load of the generator.
And the excitation current and the rated load remain constant.
In order to ensure the mechanical strength of the stator tooth,
the diameter of the axial vent in the tooth should not be greater
than 1/3 of the tooth width where it is located.

electromagnetic field equation is as follows [13]:

0 (1 0Agz 0 (1 0Az dAz
Q' —|\-—)+—=|-——=)=Jz+0—/

ox \ u 0x ay \u 9dy dt (1)
F:AZZO

where, Az is the magnetic vector potential (Wb/m) with only
z axial component, J7z is the source current density with only
z axial component, o is the electric conductivity (S/m), u is
the magnetic conductivity (H/m), ¢ is time (s).

In order to improve the calculation accuracy to obtain the
accurate values of magnetic flux density of the generator,
the acute triangular elements are used in the model subdivi-
sion as far as possible. Small unit subdivisions are adopted at
the corners and the junctions of tooth and slot, and multi-layer
subdivisions are adopted in air gap, as shown in Fig. 4.
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FIGURE 3. Global 2-D field-circuit coupling models of the generator with
different STIVSs.

Before solving the model, we need to compute the rated
field current of the generator iteratively and apply it to the
rotor side of the model. The iterative calculation method is
based on [12]. The calculation and measured values of field
currents under no-load and rated-load are shown in Tab. 2.

Considering the magnetic saturation of stator core
tooth, the boundary equation that satisfies the transient
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axis vents on the harmonics of radial and tangential funda-
mental air gap magnetic flux density (AGMFD) are shown
in Fig. 5. The changes of the harmonic amplitudes with
different STIVSs are compared with the corresponding values
of the original generator, as shown in Fig. 6. The amplitudes
of 31, 5t 7t and 9t harmonics of the flux density of
original generator are shown in Tab. 3.

It can be seen from Fig. 5 and 6 that the internal ventilation
structure will reduce the radial fundamental AGMFD and
3 harmonic, especially near the slot wedge and tooth top.
The 5%, 7t 9% harmonic increase at the slot wedge, but
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FIGURE 5. Influence of STIVS on the radial and tangential fundamental
AGMFD.
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FIGURE 6. Influence of STIVS on the harmonics of tangential and radial

AGMFD (a) Dv = 8mm, radial harmonic (b) Dv = 12mm, radial harmonic
(c) Dv = 8mm, tangential harmonic (d) Dv = 12mm, tangential harmonic.

TABLE 3. The amplitudes of harmonics of the original generator.

Name 3rd 5t 7% gt
Radial AGMFD 0.1138T 0.0939T 0.0483T 0.0221T
Tangential AGMFD 0.0231 T 0.0332T 0.0374T 0.0174T

decrease at other positions. In contrast to the change of radial
AGMEFD, the structure will increase the tangential fundamen-
tal AGMFD and 3" harmonic, especially near the slot wedge
and the tooth top. The 5, 7" and 9™ harmonic decrease at the
slot wedge, and increase at other positions. With the increase
of h,, the effect of the structure on the radial and tangential
AGMED is gradually weakened. Because when the internal
ventilation structure is in the stator tooth, the tooth magnetic
saturation will be deepened, and the magnetic resistance and
the transverse magnetic flux leakage will be increased, which
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will affect the magnetic flux path and AGMFD of the gener-
ator. When the position of the internal ventilation structure is
close to the tooth top and slot wedge, the influence is greater.
Therefore, the STIVS with the minimal effect on the AGMFD
should be selected.

C. EFFECTS OF STIVSs ON MAGNETIC FLUX DENSITY OF
STATOR TEETH

Before studying the influence of the STIVS on the magnetic
flux density of stator teeth, the average radial magnetic flux
density of stator teeth of the original generator along the tooth
is calculated, as shown in Fig. 7.
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FIGURE 7. Variation of radial magnetic flux density of stator teeth of the
original generator along the tooth.

As can be seen in Fig. 7, the radial magnetic flux density of
stator teeth increases first and then decreases along the teeth.
The value is larger at the stator slot wedge than that at the
other positions. The tooth width at the tooth top is not much
different from the tooth width near the slot wedge, but the
difference in magnetic flux density is large. That’s because
when the main magnetic flux enters stator teeth through air
gap, a part of the main magnetic flux will enter the teeth
portion from the two sides of teeth wall near the teeth top.
As a result, the radial magnetic flux density at the tooth top
is smaller than that near the slot wedge.

Fig. 8 shows the variation of radial magnetic flux density
along the tooth with the internal ventilation structures with
different diameters D, at different positions #,,.
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FIGURE 8. Effects of the ventilation structure on the radial magnetic flux
density of stator teeth (a) Dv = 8 mm (b) Dv = 12 mm.

The STIVS causes magnetic oversaturation in the opening
area of stator teeth. After the vent is opened, the position
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of the maximum magnetic flux density is in the 20-40mm
region. When D, equals 8mm, the tooth magnetic flux density
reaches 2.75T, which is 45% higher than that of the original
structure. When D, equals 12mm, the flux density reaches
3.4T, an increase of 83%, and reaches a severe degree of
saturation. That has exceeded the normal test range of silicon
steel sheet material. Here, the flux density is a calculated
value, which is the product of the fitting magnetic perme-
ability of the saturated region and the value of magnetic
field strength. When the internal ventilation structure is in
different positions of stator teeth, the local magnetic flux
density increases to varying degrees. The rule is as follow that
the magnetic flux density of stator teeth with new structure
does not exceed the flux density of the original structure.
Therefore, a magnetic saturation warning line is drawn in the
Fig. 8. When the magnetic flux density is above the warning
line, and the tooth is in magnetic oversaturation state, it is
unsuitable to adopt such a structure.

D. EFFECTS OF T STIVSs ON STATOR CORE LOSS

The classical computational model for stator core loss pro-
posed by Bertotti is used for the calculation, and its expres-
sion is [14]:

Pre=Py+Pc+P.=KifBe+Kf By +Kf 7B (2)

where P}, is the hysteresis loss, P, is the eddy current loss, P,
is the excess loss, By, is the flux density amplitude, and K},
K., and K, are the corresponding loss coefficients.

The calculated stator core loss of the original structure is
220.2 kW, the measured value is 226.7 kW, and the error is
within 3%. The influence of the internal ventilation structure
on the stator core loss is shown in Fig. 9.
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FIGURE 9. Influences of different STIVSs on stator core loss.

Compared with the stator core loss of the original struc-
ture, the loss decreases first and then increases with different
position A,. That’s because when £, is small, the axial vent
locates where the magnetic flux density is large, and the core
loss removed by opening axial vent accounts for a larger
proportion of the total loss of core. Besides, when the axial
vent is near the slot wedge and the tooth top, the flux leakage
here increases, and the main magnetic flux entering the stator
teeth decreases [15], resulting in a reduction in the magnetic
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flux density of stator teeth and a reduction in stator core loss.
The narrower the tooth width is, the larger the vent diameter
is, and the larger the change in stator core loss is. When the
position 4, of the STIVS starts to be far away from the tooth
top and slot wedge, the magnetic saturation degree of the
tooth in the opening area is reduced, and the flux leakage is
reduced, the effect on magnetic flux density of other areas is
gradually reduced. According to (2), we know that the stator
core loss is proportional to the first and second power of the
stator magnetic flux density, so the stator core loss starts to
increase until it is slightly larger than the loss of the original
structure. The position £, of the internal ventilation structure
with the same stator core loss as the original structure is 100-
130mm. When the STIVS is selected, the stator core loss
should not be greater than that of the original generator.

E. EFFECTS OF STIVSs ON SYNCHRONOUS REACTANCE
Considering the stator leakage reactance, magnetic satura-
tion and magnetic coupling between d-axis and g-axis of
the generator, the load method [16] is used to calculate the
synchronous reactance under rated load working conditions
in this paper. The global 2-D static electromagnetic field mod-
els of the generator with different STIVSs are established,
as shown in Fig. 10.
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FIGURE 10. Phasor diagram of the synchronous reactance and global 2-D
static electromagnetic field models with different internal ventilation
structures.

The flux linkage equation in the abc coordinate system is
calculated by the matrix equation:

1/fabc = Lape * labe (3)

where, Lgp. is the inductance matrix of the three-phase wind-
ing, and igp, is the current of the three-phase winding.

The inductance matrix L, obtained by solving (3) is
transformed by the Park transformation to obtain inductance
matrix Lg,, and is future calculated to obtain the Xg,:

Xig = 27f - Lag = 27f - CT LapcC 4)

where C is the transformation matrix.

The calculated results of the synchronous reactance with
different positions and diameters of the internal ventilation
structure are shown in Fig. 11.
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As shown in Fig. 11, the reactance is slightly affected by
the internal ventilation structure. With the changes of the
position and diameter of the vent, the synchronous reactance
still has a small variation trend, which is similar to the radial
AGMFD. The opening vent in the area near the tooth top
causes the tooth to be over magnetic saturated, increasing
the leakage reactance [17] and making the main reactance
decrease more, so the reactances X4 and Xg are reduced. The
voltage regulation of the generator has a certain reduction.
If the output voltage remains unchanged, the excitation cur-
rent and loss would be slightly increased, and the generator
efficiency and the material utilization rate will be reduced.
Although the STIVS has little effect on the reactance as a
whole, the structure with the least effect on reactance should
be selected as far as possible.

IIl. INFLUENCE OF STATOR TEETH INTERNAL
VENTILATION STRUCTURE ON VENTILATION SYSTEM OF
THE GENERATOR

The ventilation system of single centrifugal flow chamber
path of the 150MW air-cooled turbo-generator is taken as an
example. This prototype has a total of 98 stator core stack
segments. Except the outermost stator core stack segments
at both ends, the axial vents are opened in the stator tooth
portion from the excited end to the turbine end, that is,
except No. 1 and No. 98 stator core stack segments, the other
stator core teeth are provided with the axial vents, as shown
in Fig. 12 a). Air-cooled turbo-generators have fans on both
end sides. The air enters the air gap of the generator from
both sides, and flows towards the center in the axial direc-
tion from the end. When the air flows towards the center,
the air also flows into the stator radial ventilation duct, finally
confluences at the central position of the generator and then
enters the radial ventilation duct at the central position. With
the flow and loss of air, the wind pressure of each radial ven-
tilation duct of the stator is different. Because of the pressure
difference, there is air flow in the axial vent connecting each
radial ventilation duct. According to the axial symmetry of
the ventilation system, the half axial ventilation system of the
generator is taken as the research object, as shown in Fig. 13.
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FIGURE 13. Ventilation system of single centrifugal flow chamber path.

In order to simplify the system model, the on-way resistance
is ignored, and the multiple parallel branches of the stator
radial ventilation ducts in the flow network are combined for
equivalent calculation.

The half axial ventilation system of the generator has
48 radial ventilation ducts. The thicknesses of core lamination
from the generator end to the center include 42mm, 40mm,
35mm, and 30mm. In the establishment of flow network,
the 48 ducts are divided into 7 groups. The parallel branches
in the region of equal-thickness core lamination segments
are equivalent to two branches. The parallel branches in the
region of 30mm lamination are equivalent to one branch. The
other branches of ventilation system are connected in reason-
able series and parallel. The flow network model is estab-
lished as shown in Fig. 14. 1 and 2 are the power source
inside the ventilation network, which respectively represent
the pressure head of the generator fan and centrifugal pressure
of rotor; 3 to 15 are the resistance source of the network,
which represent the wind resistances at key positions. Com-
bined the fan external characteristics with the wind resistance
characteristics of the ventilation system [18], the working
point and the air volume in each region of the ventilation
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FIGURE 14. Flow network model of ventilation system of single
centrifugal flow chamber path with stator teeth internal ventilation
structure.

system can be calculated. The calculated and measured values
are shown in Tab. 4.

TABLE 4. Calculated and measured values of air volume.

Name Calculated values =~ Measured values
Total air volume (m?/s) 46.04 43.6
Entrance of air gap (m?/s) 30.46 —
Entrance of sub-slot (m®/s) 11.22 —
Stator end (m*/s) 4.36 —

The calculated value of the total air volume is 46m3/s, the
measured value is 43.6m3/s, and the error is 5.5%. It verifies
the accuracy of the flow network model.

A. WIND SPEED OF THE AXIAL VENTS IN DIFFERENT
STIVSs

As can be seen from the previous studies, when 4, is between
90mm and 150mm, the influence of the internal ventilation
structure on the electromagnetic parameters of the genera-
tor is little, and the influence on the efficiency and power
of the generator can be approximately ignored. Therefore,
the schemes of the internal ventilation structure, as shown in
Tab. 5, are selected for further research. The corresponding
flow network model with stator teeth internal ventilation
structure is established, as shown in Fig. 14.

TABLE 5. Four schemes of the stator teeth internal ventilation structure.

Name Scheme 1  Scheme2 Scheme3  Scheme 4
The diameter D, 8 mm 12 mm 12 mm 12 mm
The position 4, 90 mm 90 mm 120 mm 150 mm

The wind speeds and pressures at key positions (end air
gap inlet, stator yoke back outlet and rotor air gap outlet) are
calculated by solving the established flow network models as
boundary conditions of the 3-D fluid numerical models. The
fluid numerical models are the half axial ventilation system
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with one tooth pitch of generator with the STIVSs, as shown
in Fig. 15.
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FIGURE 15. 3-D fluid solution domain model with stator teeth internal
ventilation structure.

The boundary conditions are given in the model: (1) The
inlet is the velocity inlet. (2) The outlet is the pressure outlet,
setting as one atmosphere; (3) The outer surfaces of the fluid
channel are no-slip boundaries.

The basic hypotheses are made in the model [19]: (1) The
Reynolds number is large (Re>2320), and the turbulence
model is adopted to solve the problem. (2) The influence
of fluid buoyancy and gravity is without consideration. (3)
The influence of rotor retaining ring on fluid flow at the air
gap inlet is without consideration. (4) The fluid speed in the
generator is much smaller than the sound speed, so the fluid
is treated as an incompressible viscous fluid.

The standard k-¢ turbulence equation is used to simulate
and solve the fluid in the solution domain [20]:

HPB) | divipkv) = div [(u + ﬂ) gradk}
at Ok

+Gi — pe

m + div(pVe) = div |:( &) grade} )
at O¢
p)
+Gie sz - GZSP?
where, k is turbulent kinetic energy; ¢ is the diffusion factor;
p is the fluid density; V is the velocity vector of the fluid; u;
is turbulent viscosity; Gy is turbulence generation; G, and
G, are constant; o and o, are turbulent Prandtl number.
Fig. 16 a) shows the average wind speed in the each axial
vent of the STIVS under 1-4 schemes. The speeds of the vents
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FIGURE 16. Average wind speed in the axial vents under different
schemes (a) STIVSs without baffle (b) STIVSs with baffle.
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are all small, because the pressure difference between two
adjacent stator radial ventilation ducts in the ventilation sys-
tem is small. The maximum speed in the axial vent is found
near the generator center. Because when the air on both sides
converges to the radial ventilation duct at the central position,
the wind pressure here is larger than that of the adjacent radial
ventilation ducts. The pressure difference between the two
sides of the axial vent becomes large, so the wind speed in the
axial vent here increases rapidly, and the reverse flow from
the center to the two ends may occur, as shown in Fig.12 b).

B. EFFECTS OF STIVSs ON AIR VOLUME

Since the speeds in the axial vents of the 1-4 schemes are
generally small, the baffle is considered to be located at the
entrance of the axial vent to guide the cooling air into the vent,
so as to make the stator tooth get more effective cooling. The
structure and position of the baffle are shown in Fig. 17, and
its width b is the same as the diameter D, of the axial vent.
The 5-8 schemes of the internal ventilation structures with
baffle are shown in Tab. 6, and the established flow network
model is shown in Fig.17.

‘ ! H ‘Stator
Baffle ‘ ‘tooth

FIGURE 17. Flow network model of generator with the stator teeth
internal ventilation structure and baffle.

TABLE 6. Four schemes of the stator tooth internal ventilation structure
with baffle.

Name Scheme 5  Scheme 6 Scheme 7  Scheme 8
The diameter D, 8 mm 12 mm 12 mm 12 mm
The position 4, 90 mm 90 mm 120 mm 150 mm
The width b 8 mm 12 mm 12 mm 12 mm

The calculated results of the air volume of the 5-8 schemes
are compared with that of the original generator, as shown
in Tab. 7. We can see whatever scheme, it has little impact
on the air volume of the generator. The results calculated by
the model are taken as boundary conditions of the numer-
ical model. The average speeds in each axial vent of the
5-8 schemes are obtained, as shown in Fig. 16 b). We can see
that the closer the vent is to the generator center, the higher
the wind speed is. The wind speed of the NO. 48 axial vent
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TABLE 7. Calculation of wind volume for generator with stator tooth
internal ventilation structure with baffle.

N Original Scheme  Scheme Scheme  Scheme
ame structure 5 6 7 8
Total air volume 5 ) 4575 456 4568 4582
(m’/s)
Entrance of air 30.46 3012 2994 3006 302
gap (m’/s)
Entrance of sub-
slot(m3/s) 11.22 11.2 11.18 11.19 11.2
Stator end (m’/s) 436 443 4.48 4.43 4.42

decreases suddenly, because when the axial vents are added
with deflectors, the air will be forced to flow from the two
sides to the center. The flow direction of the axial vent at the
central position is opposite to the direction of the previous
wind pressure difference, besides, the air flow in the axial vent
here has convection with air flow in the opposite axial vent,
as shown in Figure 12. Therefore, the wind speed of the axial
vent decreases rapidly here. Compared scheme 5 with 6, when
the position of axial vent is the same, the smaller the vent size
is, the higher the wind speed is. From schemes 6, 7 and 8§,
we can see that when the size of the vent is the same, the closer
the vent is to the tooth top, the higher the wind speed is.
Compared with the internal ventilation structure without the
baffle, the average wind speed of the axial vent increases to
4-5 times.

IV. INFLUENCE OF STATOR TEETH INTERNAL
VENTILATION STRUCTURE ON THE STATOR
TEMPERATURE FIELD

A. ESTABLISHMENT OF STATOR 3-D FLUID-HEAT
TRANSFER MODEL

Considering the symmetry of the ventilation system in both
axial and circumferential directions of the generator, a 3-D
fluid-heat transfer model of stator with half axial segment
and one tooth pitch section of the generator is established,
as shown in Fig. 18. The model includes a solid region and a
fluid region. The solid region is composed of stator teeth with
the STIVS, stator yoke, windings, slot wedges and insulation.
The fluid region is composed of the air gap, stator radial
ventilation ducts, and axial vents of the STIVS.

Central

The side of end
- g SSSS

]

Stator yoke

tator tooth

Lower
winding

|

Insulation

FIGURE 18. Stator 3-D fluid-heat transfer model.

In order to simplify the model calculation, additional
assumptions are made in the model [21]: (1) The winding
bar is considered as a whole. (2) The layer insulation is
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considered as the main insulation. (3) The slot wedge is
considered to have the same width as the stator slot. (4) The
solids in this model have good contact with each other.

Besides the fluid boundary conditions, other conditions
are given in the model [21]: (1) The heat sources in the
model include the upper and lower winding, the stator tooth
and yoke, and the air gap, and the heat source density is
calculated by the average distribution. (2) According to the
symmetry of the generator, the end surface of stator tooth,
the surface of stator yoke, the back surface of the stator yoke
and slot wedge surface are defined as the cooling surface. (3)
The boundary surface of the solution domain is defined as
the adiabatic surface except the outlet, inlet and the cooling
surface above.

The fluid and temperature field of generator are calculated
by finite volume method based on the fluid-heat transfer
theory. In the model, the contact surfaces of solid and solid,
solid and fluid all satisfy the 3-D heat transfer equation [21]:

AL 19/ aT s 19/ 8T a 82T+ aT
r— = |r— Cc-p—
o \"or 029 \ae2 ) T2 TIT Py,

Q)

where 1., Ag and A, are the thermal conductivities respec-
tively in the r, 6 and z directions; ¢ is heat density; T is the
temperature; c is the specific heat capacity.

The finite volume method used in the calculation satis-
fies the mass conservation equation, momentum conservation
equation and energy conservation equation [21]:

0
8—'0 +div(pv) =0
o (pr) ap
T + div(pv,) = div (u - gradr) — P + S,
9 ap
% + div(pvg) = div (u - gradf) — 8_ + Sp (7
9 ap

() + div(pv;) = div (u - gradz) — Py + Sz
a (pT A

T) = div (—gradT) + 57

ot c

where, 7 is time; v is the velocity vector of the fluid; v, vg
and v, are the relative velocity vectors; P is the static pressure
acting on the fluid element (Pa); w is the viscosity coefficient;
Sy, Sp and S are the general source terms; St is the viscous
dissipation.

The standard k-¢ equation (7) is used to simulate the fluid.

B. CALCULATION AND ANALYSIS OF STATOR
TEMPERATURE FIELD WITH STIVSs AND THE BAFFLE

The calculated temperature of the stator upper and lower
winding of the original generator is shown in Fig. 19. The
temperature increases from the end to the center. The highest
temperatures of upper and lower winding are 129.2°C and
124.2°C, respectively. The prototype is manufactured and
tested in a large generator equipment manufacturing plant.
In order to more accurately measure the temperature of the
stator windings, the stator bar is specially machined, and the
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FIGURE 19. Sampling line temperature of upper and lower winding along
z axis.

thermocouple is embedded in the stator’s upper bar, close to
the copper row, as shown in Fig. 19. The measured tempera-
ture is 123.7°C, which is a little different from the calculated
value.

The ventilation structure runs through the stator tooth.
When the air flows through the axial vents, the air will
take away the heat of the stator tooth and directly cool the
stator tooth. It will reduce the temperature of the wind-
ing insulation adjacent to the stator tooth, and accelerate
the heat transfer from the winding to the insulation of the
stator. Fig. 20 shows the stator winding temperature under
5-8 schemes. The STIVS reduces the stator windings temper-
ature as a whole, and the overall reduction is 3-5°C. For the
upper winding, scheme 6 has the best cooling effect, followed
by scheme 7 and 5. For the lower winding, the cooling
effects of scheme 7 and 8 are relatively better, followed by
scheme 5 and 6. The axial vent of scheme 8 is close to the
lower winding, but the average wind speed in the vent is low.
It can’t cool the lower winding better. The axial vent is far
from the upper winding, and the cooling effect for the upper
winding is insufficient.
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FIGURE 20. Influence of internal ventilation structure with baffle on the

temperature of upper and lower windings along z axis (a) stator upper
winding (b) stator lower winding.

Fig. 21 shows the temperature distributions of stator teeth
on C-C’ section along z axis, which is similar to that of the
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FIGURE 21. Temperature distributions of stator teeth on C-C’ section
along z axis.

windings. However, the temperatures of No. 10, No. 20 and
No. 40 stator teeth are slightly lower than those of the former
ones, because the thicknesses of the core lamination are
reduced from 42mm to 40mm, from 40mm to 35mm, and
from 35mm to 30mm respectively. The cooling effects are
relatively better than the former ones. The highest tempera-
ture of the stator tooth is about 116°C in the central region of
generator and near the middle of stator teeth.

Fig. 22 shows the temperature distribution in the hottest
region of the stator tooth under different schemes. We can see
that the internal ventilation structure can effectively reduce
the stator tooth temperature by about 3-4°C. From the results
of scheme 5 and 6, it can be seen that when the structure
position is the same, the larger the vent size is, the smaller
the area of the high temperature zone is, and the better the
cooling effect is. The maximum temperature of scheme 6 is
112°C, which is lower than 115°C of the original structure.
The high temperature zone is significantly reduced from
the range of 160-240mm to the range of 200-240mm. The
maximum temperature of scheme 7 is 111°C, and the high
temperature zone is divided into two parts by the axial vent.
The maximum temperature of scheme 8 is 112 °C, and the
high temperature zone becomes 140-200mm, moving down
relative to the original zone. From schemes 6, 7 and 8, it can
be seen that when the diameter of the axial vent is the same,
the temperature, area and position of the high temperature
zone are all changing with the variation of the axial vent
position. The closer the vent is to the center of the tooth high
temperature zone, the better the cooling effect is.

03

X 0 0.05 0
X(m) X(m) X{m) X(m) X(m)

(a) (b) (c) (d) (e)
FIGURE 22. Temperature distributions in the hottest region of the stator

tooth under different schemes (a) original structure (b) scheme 5 (c)
scheme 6 (d) scheme 7 (e) scheme 8.
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In Fig. 23, the blue sections 1-5 are sampling surfaces of the
stator winding insulation. Fig. 23 shows the corresponding
temperature distributions of the insulation along z axis, and
the temperature in the hottest region of winding insulation
with original structure and different schemes. We can see that
the trend of the insulation temperature is the same as that
of stator teeth. The highest temperature of the insulation is
about 124°C near the generator center. The cooling effects of
scheme 6 and 7 are better than those of scheme 5 and 8. The
STIVS reduces the temperature of the insulation as a whole,
and the overall reduction is about 4°C.

Central position

i

lin

_ _The side of end
L S

Scheme 5 Scheme 6 Scheme 7 Scheme 8
o E—— - — —

FIGURE 23. Temperature distributions in the hottest region of the
winding insulation under original structure and different schemes.

V. CONCLUSION

In this paper, a novel stator teeth internal ventilation structure
with axial vents in the generator stator is proposed. Based on
this structure, 2-D electromagnetic field models of 150MW
air-cooled turbo-generator, flow network models of the ven-
tilation system and fluid-heat transfer models of stator are
established to study the influence of the STIVS on electro-
magnetic parameters, fluid and temperature of generator. The
beneficial conclusions are obtained:

1) The stator teeth internal ventilation structure increases
the local magnetic saturation of stator teeth and the
tangential flux density, reduces the radial air gap mag-
netic flux density and synchronous reactance, and first
reduces and then increases the stator core loss from the
tooth top to the root.

2) The closer the internal ventilation structure to the stator
tooth top and slot wedge is, the greater the influence of
the structure on the electromagnetic parameters is. The
larger the diameter of the axial vent is, the greater the
influence on the parameters is.

3) The internal ventilation structure has little effect on the
air volume of the generator. The wind speed in the
axial vent without the baffle is small, and the speed
in the axial vent with the baffle increases to about
5 times larger than that without the baffle. The closer
the internal ventilation structure to the stator tooth top
is, the greater the wind speed in the axial vent is.

4) The internal ventilation structure can effectively reduce
the temperature of stator windings, teeth and insulation
by about 3-5°C. When the structure is located in the
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high temperature zone of the stator tooth, the cooling
effect is the best. When the vent diameter is larger,
the cooling effect is better.
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