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ELECTRIC MACHINE WITH AIR COOLING SYSTEM

FIELD OF THE INVENTION

The invention relates to the cooling of an electric machine that comprises a sta-
tor having a winding, a rotor, and an air gap, having a generally cylindrical con-

figuration.

BACKGROUND OF THE INVENTION

Electric machines require cooling, in order to remove the heat produced by the
losses of the machine and in order to make sure that the temperatures in the
machine do not exceed the maximum design temperatures set for the various
part of the machine. Those losses are essentially the iron losses of the stator
core, the copper losses of the winding, the losses in the rotor, the friction loss-
es in the air gap, and the bearing losses. If the maximum design temperature of
the winding is exceeded, there is a risk of a failure in the electrical insulation of

the winding wires.

Electric machines designed for a high rotational speed need a more sophisti-
cated cooling system than electric machines designed for more common rota-
tional speeds of for example less than 5,000 min™', because the losses are pro-

duced in a smaller machine volume.

Removing from the machine the amount of heat produced by the losses with
high efficiency is an important task because heat removal requires power and
therefore is a factor reducing the overall efficiency of the electric machine. A
highly sophisticated cooling is a valuable contribution to the high overall effi-

ciency of the electric machine.
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SUMMARY OF THE INVENTION

The invention provides an electric machine comprising

(a)

(b)

(C)
(d)

(e)

(f)

(9)

(h}

(1)

(k)

a stator, comprising a stator core and a stator winding, that includes a first
winding part accommodated in spaces of the stator core and an end wind-
ing as a second winding part, the end winding being located axially in front
of a first front face and an opposed second front face of the stator core;

a housing that accommodates the stator;

a rotor that is rotatably supported;

an air gap that has a generally cylindrical configuration;

a plurality of circumferentially distributed first cooling gas ducts that are
positioned at locations between the first and second front faces of the sta-
tor core and extend in generally radial direction between a respective outer
inlet and the air gap; |

the housing comprising a plurality of first holes, directed towards the end
winding in front of the first front face of the stator core to direct jets of
cooling gas against the end winding for impihgement cooling thereof;

the housing comprising a plurality of second holes, directed towards the
end winding in front of the second front face of the stator core to direct jets
of cooling gas against the end winding for impingement cooling thereof;
the housing comprising a plurality of third holes, directed towards the end
winding in front of the first front face of the stator core to direct a flow of
cooling gas through the end winding and towards a portion of the rotor be-
hind the end winding;

the housing comprising a plurality of fourth holes, directed towards the
end winding in front of the second front face of the stator core to direct a
flow of cooling gas through the end winding and towards a portion of the
rotor behind the end winding;

and at least one of:

(k1) a blowing fan operable to provide a flow of cooling gas through the electric

machine, the blowing fan being in cooling gas flow connection with the
first cooling gas ducts, the first holes, the second holes, the third holes,

and the fourth holes;
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(k2) or a sucking fan operable to provide a flow of cooling gas through the
electric machine, the sucking fan being in cooling gas flow connection
with those spaces in the electricmachine, which receive cooling gas

exiting from the air gap, the first holes, the second holes, the third holes,
and the fourth holes.

The invention further provides a turbocompressor and a turbogenerator, each

including an electric machine according to the invention.
The advantageous effects provided by the invention comprise the foliowing:

Particularly intense cooling is provided for the end winding. The axially outer end
portions of the end winding are cooled by impingement cooling jets of cooling
gas, whereas the axially inner portions of the end winding are cooled by slower
flows of cooling gas. This is an optimum adaptation to the distribution of heat

sources and to the geometry of the end winding.

The design of the cooling provided by the invention has a relatively low power

demand as compared to conventional cooling designs.

The design of the cooling provided by the invention is particularly suited for
electric machines operating at high rotational speeds as compared to many

conventional electric machines that operate at rotational speeds lower than
5,000 min™.

In a preferred embodiment, the cooling system includes liquid cooling for the
outer circumference of the stator core and combines such liquid cooling with the
cooling as described herein in such a way that the liquid cooling channels do not

iInterfere with the gas cooling flow paths.

The electric machine of the invention, despite its highly sophisticated cooling

system, does not imply significant complications or high costs of manufacture.
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in an exemplary embodiment of the invention the electric machine has a design
maximum rotational speed of at least 20 000 min-1.

In an exemplary embodiment of the invention the design maximum rotational
speed is at least 40,000 min-1.

In an exemplary embodiment of the invention the design rotor tip speed is at least
200 m/s.

In an exemplary embodiment of the invention the electric machine has a design
nominal power of at least 140 kW.

In an exemplary embodiment of the invention the design nominal power is at least
200 kW.

In an exemplary embodiment of the invention the electric machine has design
losses of less than 8% of its nominal power.

In an exemplary embodiment of the invention the fan has a design power of less
than 1.5% of the nominal power of the electric machine.

In an exemplary embodiment of the invention the stator winding has a design
maximum allowed temperature of 180 °C.

In an exemplary embodiment of the invention the electric machine is designed
such that at least 60% of the total flow of cooling gas are passed through the first
and second holes.

In an exemplary embodiment of the invention the cooling gas Is air.
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BRIEF DESCRIPTION OF THE DRAWING

A preferred embodiment of the invention and preferred features of the inven-
tion a elucidated in the following, wherein reference is made to a drawing. The
drawing is a longitudinal section and shows essentially only the upper haif of a
turbocompressor in somewhat schematic form.

DETAILED DESCRIPTION

The turbocompressor 2 shown in the drawing comprises a housing 4, a stator 6
accommodated in the housing 4, a rotor 8 extending through the hollow stator
6, bearings 10 and 12 of the rotor 8, and two compressor wheels 14 and 16
mounted to the rotor 8.

The rotor 8 is for example a solid steel rotor or a rotor having a solid steel body
with a thin copper sleeve. The drawing shows two active radial magnetic bear-
ings 10, and at one axial side, an active axial magnetic bearing 12. As an aiter-
native, two active axial magnetic bearings may be provided. "Active magnetic
bearing" means a bearing where the position of the rotor 8 with respect to the
stationary bearing 10 or 12 is continuously sensed and the magnetic force of
the bearing is continuously varied to keep the rotor 8 within a predetermined
range of positioning in relation to the bearing.

The stator 6 comprises a stator core 18 consisting of a stack of ring-shaped iron
sheets, and a stator winding 20 formed of copper wires. A first winding part is
accommodated in slot-shaped spaces in the stator core 18, and a second wind-
ing part is in form of an end winding 22. The end winding 22 comprises a first
part in front of the left-hand first front face 24 of the stator core 18 and a sec-
ond part in front of the right-hand front face 26 of the stator core 18. The whole
stator 6 is generally symmetrical with respect to a middle plane 28 extending
perpendicularly with respect to an axis of rotation 30 the rotor 8. Approximate-



10

15

20

25

30

CA 02686229 2009-11-04

WO 2008/138379 PCT/EP2007/004296

5/14

ly in the axial middle of the stator core there is a plurality of circumferentially
distributed first cooling gas ducts 21, which extend in generally radial direction.

The stator 6 is mounted within the housing 4. The central portion of the hous-
ing 4 surrounds the stator core 8 and comprises a plurality of circumferentially
distributed second cooling gas ducts 32 which extend substantially in axial di-
rection. The housing 4 continues beyond the first front face 24 and beyond the
second front face 26 of the stator core 18 and forms there substantially cylindri-
cal housing walls 34 which encircle the end winding 22 at both sides of the sta-
tor 6. Each wall portion 34 comprises a row of circumferentially distributed first
holes 36 or second holes 38 respectively (one row at each axial side of the mo-
tor) and a row of circumferentially distributed third holes 40 or fourth holes 42
respectively (one row at each axial side of the motor). The first and second
holes 36, 38 have a relatively small diameter of for example 5 mm, whereas the

third and fourth holes 40, 42 have a larger diameter of for example 15 mm.

At the right-hand side the housing 4 continues beyond the second front face 26
with such a radial thickness that the second cooling gas ducts 32 continue for
approximately the same axial length as the right-hand part of the end winding
22 has. At the left-hand side there is a cooling gas ring channel 44, bounded at
its inner diameter by the wall portion 34 and being in cooling gas flow connec-
tion with an inlet 46 and with the left-hand ends of the second cooling gas duct

32.

If desired, a cooling gas ring channel may be provided at the right-hand end
portion of the second cooling gas ducts 32 as well.

- The housing 4 continues to the left-hand side to mount the axial bearing 12 and

one of the radial bearings 10. At the right-hand side the housing 4 continues to
mount the other of the two radial bearings 10. At the left-hand side, there is a
plurality of circumferentially distributed third cooling gas ducts 48 which have
the inlets to the ring channel 44 and their outlets to a space at the left-hand side
of the radial bearing 10. At the right-hand side there are an analogous plurality
of third cooling gas ducts 48 which, however, have their inlets open to respec-
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tive ones of the second cooling gas ducts 32 and extending to a space at the
right-hand side of the right-hand radial bearing 10.

A schematically shown blowing fan 50 is in cooling gas flow connection with

the ring channel 44.

Flow of cooling gas is as follows:

Cooling gas pressurized by the blowing fan 50 is flown into the ring channel 44,
from there, in a first flow, into the second cooling gas ducts 32, from there, In a
second flow, into the first cooling gas ducts 21 and, as a third flow, to the sec-
ond and fourth holes 38, 42. On the other hand, there is, as a fourth flow, a flow
directly from the ring channel 44 through the first and third holes 36, 40. The
second flow, exiting the first cooling gas ducts 21 divides there and flows to

the left and to the right through the air gap 52.

By means of the first and second holes 36, 38 jets of cooling gas are formed,
which are directed to those regions of the end winding 22 which are more dis-
tant from the front faces 24, 26 than the remainder of the end winding 22. The
jets of cooling gas impinge the end winding 22 in those regions and are broken
into very small quantities of gas by impinging. This results in a very intensive
cooling of those regions of the end winding 22.

The cooling gas flows through the third and fourth holes 40, 42 with a smaller
flow velocity. They flow through those regions of the end winding 22 which are
closer to the front faces 24, 26 than the more distant regions of the end wind-
ing 22 described in the preceding paragraph. Those slower flows can pass
through the gaps between the bundles of wires exiting from the slots in the sta-
tor core 18 and can cool both regions of the circumference of the rotor 8 which
are behind the end winding 22 and can substantially contribute to the cooling

of the rotor 8.

The flows of cooling gas directed to the radial bearings 10 pass the bearings 10
in a direction toward the axial center of the motor. In the case of the left-hand

side, this flow also cools the axial bearing 10.
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The cooling gas which has cooled the stator core 18, the air gap 22, and the
end winding 22 leaves the housing 4 in two streams 54, one at the left hand-
side and one at the right-hand side. The housing 4 has suitable, substantially
radially extending channels and two surrounding ring channels 56 to permit the
exit flows 54. The cooling gas which has cooled the bearings 10, 12 joins with

those exit flows 54.

That part of the housing which mounts the stator core 18 is provided with cir-
cumferential grooves 56 in its outer circumference and is provided with a jacket
sleeve 58 therearound. In this way a cooling liquid jacket is formed, wherein
cooling liquid such as water can be circulated through grooves 56. The draw-
ing illustrates that the ring channel 44 is located at the left-hand side in front of
the inlet openings of the second cooling gas ducts 32. In this way, the ring
channel 44 sits axially beside the cooling liquid jacket 56, 58 so that no radial
passages for cooling gas through the cooling liquid jacket are required. Em-
bodiments of the invention without cooling liquid jacket are possible, and In
this case it might be more convenient to place the ring channel 44 substantially
at the location of the middle plane 28, thereby arriving at a symmetrical design
of the gas cooling system. It is stressed here that it is possible to replace the
one group of first cooling gas ducts 21 by a plurality of such groups wherein
each of the groups include a plurality of circumferentially distributed ducts 21.
The groups have axial distances between each other.

The drawing shows that a first compressor wheel 14 is mounted to the left-
hand end portion of the rotor 8 and that a second compressor wheel 16 is
mounted to the right-hand end portion of the rotor 8. Air or any other gas to be
compressed is passed by the first compressor wheel 14 first, then passed
through an intermediate cooler, and then passed by the second compressor
wheel 16. The first compressor wheel 14 is surrounded by the first compressor
housing (only part of which is shown in the drawing) and the second compres-
sor wheel 16 is surrounded by a second compressor housing (only part of
which is shown in the drawing).
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If one replaces the compressor wheels 14, 16 by radial turbine wheels, there is
provided a turbogenerator for electricity. It is stressed that the electric motor of
the invention may be used for driving any arbitrary equipment and is not at all
restricted to the use of driving a compressor. The same is true for the electric
current generator of the invention which may be driven by any arbitrary driving

equipment.

If one replaces the hlowing fan 50 by a sucking fan sucking the exit flows 54,
there is provided an alternative embodiment of the invention. Fresh cooling gas
is sucked into the machine for example by means of the ring channel(s) 44.

Just in order to give a non-restricting example, the following data of a tested
embodiment are given: design as schematically shown in the drawing; power
of the motor 300 kW; rotational speed 60,000 min’'; pressure rise created by
the blowing fan 2.5 to 3 kPa above ambient pressure; total flow rate of cooling
air 20 to 25 m®min; power consumption of fan 2 to 2.5 kW; flow divided be-
tween the end winding 22 and the first cooling gas ducts 21 with a ratio of
about 80/20; average temperature rise of the cooling air having passed the mo-
tor about 50°C; ambient air temperature 40°C; maximum temperature in the
motor (this is In the end winding) approximately 160°C; water flow rate in the
cooling jacket 56, 58 is appr. 0.2 kg/s.

The most preferred cooling gas is air. The motor may be equipped with a fre-
quency converter. The fan may be driven by an electric motor equipped with a

frequency converter.
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CLAIMS

1.

An electric machine, comprising:

(a) a stator, comprising a stator core and a stator winding, that includes a
first winding part accommodated in spaces of the stator core and an end
winding as a second winding part, the end winding being located axially
in front of a first front face and an opposed second front face of the stator
core;

(b) a housing that accommodates the stator;

(c) a rotor that is rotatably supported;

(d) an air gap that has a generally cylindrical configuration;

(e) a plurality of circumferentially distributed first cooling gas ducts that
are positioned at locations between the first and second front faces of the
stator core and extend in generally radial direction between a respective
outer inlet and the air gap;

(f) the housing comprising a plurality of first holes directed towards the
end winding in front of the first front face of the stator core to direct jets of
cooling gas against the end winding for impingement cooling thereof,

(g) the housing comprising a plurality of second holes directed towards
the end winding in front of the second front face of the stator core 1o
direct jets of cooling gas against the end winding for impingement cooling
thereof;

(h) the housing comprising a plurality of third holes directed towards the
end winding in front of the first front face of the stator core to direct a flow
of cooling gas through the end winding and towards a portion of the rotor

behind the end winding;

(i) the housing comprising a plurality of fourth holes directed towards the
end winding in front of the second front face of the stator core to direct a
flow of cooling gas through the end winding and towards a portion of the

rotor behind the end winding;
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(J) the first and second holes having a smaller diameter than the third and
fourth holes;

(K)
(K1)

(K2)

and at least one of:

a blowing fan operable to provide a flow of cooling gas through
the electric machine, the blowing fan being in cooling gas flow
connection with the first cooling gas ducts, the first holes, the
second holes, the third holes, and the fourth holes;

or a sucking fan operable to provide a flow of cooling gas through
the electric machine, the sucking fan being in cooling gas flow
connection with those spaces in the electric machine, which
receive cooling gas exiting from the air gap, the first holes, the
second holes, the third holes, and the fourth holes; and wherein
sald housing further comprises a plurality of second cooling gas
ducts that extend in a direction substantially parallel to an axis of
rotation of said rotor and are circumferentially distributed around
sald stator, each second cooling gas duct being substantially
continuous over the entire length of said stator and substantially
perpendicular to, and in cooling gas flow connection with, at least
one of said plurality of first cooling gas ducts and wherein at
least one of said plurality of second cooling gas ducts are in
cooling gas flow connection with at least one each of said first,
second, third, and fourth holes and one of said blowing fan or said

sucking fan.

The electric machine of claim 1, further comprising at least one of

a) the first holes are circumferentially distributed and arranged with

distance from the first front face of the stator core:

b) the second holes are circumferentially distributed and arranged with

distance from the second front face of the stator core:



CA 02686229 2014-02-07

11/14

c) the third holes are circumferentially distributed and arranged with a
smaller distance from the first front face of the stator core than the first
holes; and

d) the fourth holes are circumferentially distributed and arranged with a
smaller distance from the second front face of the stator core than the

second holes.

The electric machine of claim 1, wherein all said first cooling gas ducts
are arranged generally in a common plane extending perpendicularly with

respect to an axis of rotation of the rotor.

The electric machine of claim 1, wherein there are at least two groups of
sald first cooling gas ducts, in each of the groups the first cooling gas
ducts being arranged generally in a common plane extending

perpendicularly with respect to an axis of rotation of the rotor.

The electric machine claim 1, wherein the stator winding and the first
through fourth holes are of a design that is generally symmetrical with
respect to a middie plane extending perpendicularly with respect to an

axis of rotation of the rotor.

The electric machine of claim 1, wherein said housing further comprises
a cooling gas ring channel, that is in cooling gas flow connection with one
of the outer inlets of the first cooling gas ducts and the second cooling

gas ducts.

The electric machine of claim 6, wherein the cooling gas ring channel is
arranged at the first front face or at the second front face of the stator

core.

The electric machine of claim 1, wherein the fan is located offset from a
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middle plane of the stator core extending perpendicularly with respect to

an axis of rotation of the rotor.

The electric machine of claim 1, wherein the housing comprises a cooling
iquid jacket in thermal communication with at least one of the second

cooling gas ducts.

The electric machine of claim 1, further comprising at least one magnetic

axial bearing and two magnetic radial bearings.

The electric machine of claim 10, further comprising a plurality of
circumferentially distributed third cooling gas ducts, that are in cooling
gas flow connection with the fan, to supply cooling gas to the magnetic

bearings.

The electric machine of claim 1, wherein the electric machine is an
asynchronous electric motor or an asynchronous current generator

having a winding-less rotor.

A turbocompressor unit comprising the electric machine of claim 1 as a
motor and at least one compressor wheel mounted to the rotor of the

motor.

The turbocompressor unit of claim 13, further comprising a first radial
compressor wheel mounted to a first end portion of the rotor and a
second radial compressor wheel mounted to an opposite second end

portion of the rotor.

The turbocompressor of claim 14, designed such that air to be

compressed passes the first compressor wheel first, is then cooled, and

then passes the second compressor wheel.
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A turbogenerator unit comprising the electric machine of claim 1 as a
current generator and at least one turbine wheel mounted to the rotor of

the current generator.

The turbogenerator unit of claim 16, further comprising a first radial
turbine wheel mounted to a first end portion of the rotor and a second
radial turbine wheel mounted to an opposite second end portion of the

rotor.

The turbogenerator unit of claim 17, designed such that a flow of gas
passes the first turbine wheel first and thereafter passes the second

turbine wheel.

An electric machine, comprising

(a) a stator, comprising a stator core and a stator winding, that includes a
first winding part accommodated in spaces of the stator core and an end
winding as a second winding part, the end winding being located axially
INn front of a first front face and an opposed second front face of the stator
core;

(b) a housing that accommodates the stator;

(c) a rotor that is supported for rotation within said housing;

(d) an air gap between said rotor and said stator, said air gap having a
generally cylindrical configuration;

(e) a plurality of radially extending first cooling gas ducts through said
stator core and in fluid communication with said air gap, said plurality of
and being circumferentially distributed around said rotor and positioned
between the first and second front faces of the stator core:

(f) the housing comprising a plurality of second cooling gas ducts that
extend In generally axial direction substantially parallel to an axis of

rotation of said rotor, said plurality of second cooling gas ducts are
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circumferentially distributed around said stator, each second cooling gas

duct being substantially continuous over the entire length of said stator

and wherein said plurality of cooling gas ducts are in fluid communication
with at least one of the plurality of the first cooling gas ducts:

(9) said plurality of said second cooling gas ducts, each including a first

hole directed toward the end winding in front of the first front face of the

stator core to direct jets of cooling gas against the end winding for
impingement cooling thereof;

(h) said plurality of said second cooling gas ducts, each including a

second hole directed towards the end winding in front of the second front

face of the stator core to direct jets of cooling gas against the end
winding for impingement cooling thereof:

(1) said plurality of said second cooling gas ducts, each including a third

hole directed towards the end winding in front of the first front face of the

stator core to direct a flow of cooling gas through the end winding and
towards a portion of the rotor behind the end winding;

(J) said plurality of said second cooling gas ducts, each including a fourth

hole directed towards the end winding in front of the second front face of

the stator core to direct a flow of cooling gas through the end winding and
towards a portion of the rotor behind the end winding;

(k) the first and second holes having a smaller diameter than the third

and fourth holes;

(I) the housing comprising a ring channel around said stator, said ring

channel being in flow cooling gas communication with said plurality of

second cooling gas ducts:

(M) and a fan being at least one of:

(m1) a blowing fan operable to provide a flow of cooling gas through
the electric machine, the blowing fan being in cooling gas flow
connection with said ring channel;

(m2) or a sucking fan operable to provide a flow of cooling gas through
the electric machine, the sucking fan being in cooling gas flow
connection with at least one channel in the electric machine

which receives cooling gas exiting from the air gap.
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