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A solid-rotor induction motor is suitable for rotation speeds 20 000-200 000 rpm in which the rotor
surface speed exceeds 150 m/s. These machines need effective cooling because of their high power
densities, and a proper model is needed for thermal analyses. The main aim of the research was to
develop a thermal model for the solid-rotor induction machine. Another objective was to estimate
the maximum power of the motor construction at different rotation speeds. Friction and gas-flow
losses form a significant part of the total losses in high-speed electric machines. According to the
measurement results presented in this thesis, these losses can be predicted by analytical equations.
In addition, surface roughness caused by the stator slot openings does not significantly increase the
friction losses in the air gap. A thermal-network model for the high-speed induction motor
construction has been developed. The model is valid at different rotation speeds and cooling
conditions of the machine. This results from the implementation of the friction and gas-flow losses,
as well as from the convection heat-transfer coefficients to the model. The calculated temperature
rises of the stator winding were within ±10°C the measured ones in the two high-speed motors
tested. The thermal model was used to estimate the maximum power of the high-speed induction
motor construction. For this reason, eight motors running at 50 000, 100 000, 150 000 and 200 000
rpm were analysed. The maximum power decreases with the rotation speed to the power of 2.1-2.2.
The maximum power is obtained at the slip which gives the highest electrical efficiency of the
machine. The power depends greatly on the coolant flow rate blown through the air gap. The
utilisation factor and efficiency of the motor decreases when the rotor surface speed increases.
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�f Friction coefficient

�p Specific heat

� Thermal conductance matrix

� Heat transfer coefficient

� Moment of inertia

� Thermal conductivity

�1 Roughness coefficient in the air gap

�2 Velocity factor associated with the axial flow in the air gap

� Length

� Rotation speed

�	 Nusselt number


 Pressure

� Power, power loss

�� Prandtl number


m Mass flow rate


v Volume flow rate

� Radius

�r Radius of rotor

�s Inner radius of stator core

�1 Inner radius of disk

�2 Outer radius of disk

� Gas constant

�� Reynolds number

��a Reynolds number of axial flow

��r Tip Reynolds number of tangential flow

��δ Couette Reynolds number of tangential flow

� Axial clearance

� Time

� Torque

� Temperature

∆� Temperature rise vector

�� Taylor number

	 Tangential velocity

	r Rotor surface speed

� Axial velocity
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δ Radial air-gap length

εM Eddy diffusivity of momentum

ηp Polytropic efficiency of ventilator

µ Dynamic viscosity

ν Kinematic viscosity

ρ Mass density

τ Shear stress

τr Shear stress on rotor surface

ω Angular velocity
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A novel electric motor construction has been developed at Laboratory of Electromechanics,

Helsinki University of Technology (Patent U.S. 5473211, 1992). The motor has been designed to

meet the following demands:

•  Suitability for serial production

•  Suitability for industrial use under normal operation conditions

•  Rotation speed range 20 000-200 000 rpm

•  Power range 30-500 kW

•  Direct coupling between the electric motor and the load machine

•  Frequency converter supply

Figure 1 presents a simplified drawing of the high-speed induction motor studied. The basic

stator construction is similar to a normal 50 Hz motor. The rotor core is made of solid steel coated

with a thin copper layer. The end-ring region has a thicker coating than the core region. The solid-

steel construction enables the operation at rotor surface speeds to 550 m/s. A coated rotor together

with end rings provides a better electric performance than a pure solid-steel rotor. Contactless

bearings, such as magnetic and fluid bearings are used in the high-speed machine because

conventional rolling bearings would have too high losses and too low a lifetime in the operation

range considered. The high-speed machine has an open-circuit cooling in which the cooling gas is

blown through the air gap and end-winding space.

Cooling air flow

Contactless bearing Copper coating

Stator end winding

Stator
core

Solid steel rotor

End ring

���	�������������������������� !���������"�
�������	��� ��� � ������� 
������#��������$��������%
 !������ � �%��� ���������� 
����� �� !������ � �����
� ������&%����������������� ��!�	���&��������
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The new high-speed electric motor is mainly applied in turbomachines such as compressors or

pumps. The turbomachine and the electric motor have a common shaft, and the rotation speed of the

unit is controlled by a frequency converter. This means that the electric motor is operated at wide

rotation speed and power ranges. A compressor may, for example, operate at powers from 40 to 140

kW and rotation speeds from 18 000 rpm to 30 000 rpm. In addition, the rotation speed and power

changes a lot between different applications of high-speed machines. The electric motor for a

refrigerator application may have ratings 2.5 kW and 200 000 rpm when the ratings maybe 300 kW

and 18 000 rpm in a compressor application.

Effective calculation methods are needed in order to design high-efficiency motors for different

high-speed applications. The electric losses and performance can be calculated rather accurately by

using modern computation methods. On the other hand, the losses due to air friction and cooling are

more difficult to calculate accurately. These losses form a large part of the total losses because they

increase approximately to the cube of the rotation speed. The temperature rises in the stator winding

and rotor sets the maximum power of the machine. The optimisation of the main dimensions and

cooling of the electric machine requires a thermal model, in which the friction losses, convection

heat transfer and cooling flow are properly modelled.

&�*��	
���
�����������������������

The aim of this research was to develop a thermal model for the high-speed induction machine and

estimate the maximum power of the new motor construction.

Three independent research works are reported in this thesis. They are discussed in their own

chapters. The first research (Chapter 2) deals with the calculation of the friction and gas-flow losses

in high-speed machines. Chapter 3 presents a thermal-network model for the new high-speed

induction machine construction. The maximum power of the motor construction is studied in

Chapter 4. The last chapter summarises the conclusions and recommendations of the three research

works.
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A large part of the total losses appear in the air space in a high-speed electric machine. This results

from the high surface speed of the rotor which is typically above 150 m/s i.e. several times higher

than in normal 50 Hz machines. In this work, the losses in air space are divided into friction losses

and gas-flow losses. The friction losses are caused by the rotation of the rotor and they are

proportional roughly to the cube of the rotor surface speed. The gas-flow losses are associated with

the tangential acceleration of the coolant flow in the air gap. These losses are proportional to the

product of the coolant flow rate and square of the rotor surface speed.

It is important to have rather accurate estimates for the friction and gas-flow losses. First, the

efficiency of the machine depends greatly on these losses and they should be taken into account

when designing the rotor main dimensions. Second, the losses are needed in the cooling design

(coolant flow rate, coolant flow paths) of the machine.

The aim of the study was to investigate if one can calculate the friction and gas-flow losses of a

high-speed machine by analytical equations. A special attention was paid on the effect of the surface

roughness in the air gap caused by the stator slots.

*�*��	��
�����������)
�-���
���
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Friction losses are set by the velocity field and gas properties. The velocity distribution in the air

gap of electric machines is controlled by the following flows:

•  Tangential flow due the rotor rotation

•  Axial flow of the cooling gas through the air gap

•  Taylor vortices due to centrifugal forces.

The importance of each flow depends on the peripheral speed of the rotor, flow rate and physical

properties of the coolant as well as air-gap dimensions.

The nature of a gas flow is determined by the ratio between the inertia and viscous forces,

called the Reynolds number (Reynolds 1974). The tangential flow is forced by the rotating rotor and

the turbulence is described by the Couette Reynolds number

��
	

δ
ρ δ

µ= 1 (1)
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where ρ is the density and µ is the dynamic viscosity of the fluid, 	1 is the peripheral speed of the

rotor and δ is the air-gap length in radial direction. When a cylinder is rotating in free space i.e.

without a stator, the Reynolds number is called as the tip Reynolds number and it has the form

��
	 �

r =
ρ
µ

1 (2)

where ��is the radius of the cylinder. Equation 2 can also be used to calculate the Reynolds number

for a rotating disk. For an axial flow through the air gap the Reynolds number is

��
�

a
m=

ρ δ
µ

2
(3)

where �m is the mean axial fluid velocity. It is calculated by the volume flow rate and the cross-

section of the air gap.

When the Reynolds number is below 2000, all the fluid particles are flowing in the same

direction and the flow is laminar. If we increase the fluid velocity, the Reynolds number increases

and velocity fluctuations appear in the flow. All the fluid particles are no longer moving to the same

direction, although one mean direction can be determined. This kind of a flow is turbulent and it

appears at lower velocities if there is surface roughness or curves in the flow channel. The gas flow

inside a high-speed electric motor is usually turbulent.

Figure 2 presents the tangential and axial velocity distributions of the air-gap flow. The

tangential flow is viewed from the end of the machine and the curvature of the air gap is neglected.

The fluid velocity near the rotor is the same as the surface speed of the rotor. Correspondingly, the

velocity near the stator is zero. For the laminar flow, the velocity distribution is linear. In the

turbulent case, one can separate three layers: Two viscous layers near the walls and one fully

turbulent layer in the middle flow. In the viscous layers, the generation of friction, as well as energy

transfer, is determined mainly by the molecular viscosity of the fluid. The thickness of the layer

decreases with an increasing Reynolds number. In the middle flow, the chaotic motion of fluid

particles is independent of viscosity. The highest velocity gradients in the mean velocity are in the

viscous layers. The lower figures show side views of axial air-gap flows. In the laminar flow, the

fluid velocity has a parabolic distribution. In the turbulent flow, one can separate the same regions

as in the tangential flow. In addition to Reynolds number, the velocity distribution is affected by the

roughness on the wall surface. In general, roughness decreases the velocity gradients in the flow.
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Laminar flow Turbulent flow

Tangential flow
stator

rotor

fully turbulent layer

viscous layer

viscous layer

du/dy=constant

Axial flow
stator

rotor

fully turbulent layer

viscous layer

viscous layer

���	���'������������������(������� ���%�
� !����� !��������������	�&	��������"��
�!� ���

The calculation of fluid velocities is based on Navier-Stokes and continuity equations. These

equations can be solved analytically in the case of a laminar flow and a simple geometry. Turbulent

flows, however, are more difficult to analyse, because the viscosity terms in the equations have to

be replaced by terms for turbulent frictional stresses. These parameters are semi-empirical constants.

If turbulent flows are analysed analytically, the flow is usually divided into several layers and each

layer is analysed separately. Turbulent flows in engineering have been discussed, for example, by

Reynolds (1974).

Taylor vortices are circular velocity fluctuations appearing in the air gap (Fig. 3a). They are due

to the centrifugal force affecting the fluid particles. At low rotation speeds the flow is laminar,

because the creation of vortices is damped by frictional forces. In addition to the Couette Reynolds

number, the creation depends on the air-gap length. These parameters are included into the Taylor

number

�� ��
�

�
= =δ

δ ρ ω δ
µ

2

1

2 2
1

3

2 (4)

where ω is the angular velocity. The rotor radius should be replaced with the mean air-gap radius if

the air-gap length is large. In a simple rotor-stator system, Taylor vortices occur when the Taylor

number exceeds 1.7x103 (Gazley 1958). This figure is called the critical Taylor number.

The critical Taylor number is affected by many aspects, such as the ratio between the rotor and

stator radii, temperature of the rotor and stator, as well as the flow rate of the cooling fluid. The

effect of the axial flow is very significant. Four flow regimes have been separated according to

Taylor vortices and turbulence of the axial flow. These regimes are shown in Fig. 3b. The figure,

however, does not show the disappearance of the Taylor vortices which is supposed to happen
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above ��δ=5x104 (Smith and Townsend 1982). A comprehensive review, dealing with the Taylor

vortices between concentric cylinders, have been reported by Di Prima and Swinney (1981).

Turbulent

Turbulent +
Taylor vortices

Laminar +
Taylor vortices

Laminar

2000

1000

500

100 106

�������)���
���
��a

��
axial direction 104

rotor

102

stator

a)    b)

���	��� )�� �*� +���� �����  !� ���� ��%� �� � ������� ��� ���� ���� ��
�� &*� �� �� �������� ! �� �	
����
 ���
����������������(����!� ����������������
�,- �!�����./)*�

The tangential force per area is described as a shear stress. If we consider a laminar flow

between two concentric cylinders, the shear stress has the equation

τ ρν
∂
∂

= 



�

�

	

�
(5)

where ν is the molecular viscosity, � is the radius and 	 is the tangential fluid velocity. In fully

turbulent flows, the shear stress is set by the chaotic motion of fluid particles, and the fluid viscosity

is a minor factor. The shear stress for turbulent flows is written into the form

( )τ ρ ν ε
∂
∂

= + 



M �

�
	
�

(6)

where εΜ is the eddy diffusivity of momentum. It increases when the distance from the wall

increases. In order to calculate Eq. 6, one should know the velocity distribution and eddy diffusivity

in the flow. There are no complete models for turbulence and these factors, therefore, are based on

measured data.

The shear stresses near the walls are the ratio between the forces and surface areas. In the axial

direction, the frictional forces are balanced by pressure forces in the air gap. The force needed to

move the fluid through the air gap is maintained by a ventilator. In the tangential direction, the

frictional forces are balanced by the electromagnetic torque acting on the rotor. This report focuses

on the friction torque, pressure forces are not discussed.
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As the shear stresses in turbulent flows are difficult to solve, the frictional drag in usually

defined by a dimensionless friction coefficient. It is an empirical coefficient depending on many

factors, such as the nature of the flow and the surface quality. For a rotating cylinder, the friction

coefficient is

�
	f =

τ
ρ

1
1
2 1

2 (7)

where τ1 is the shear stress on the rotor surface. By using Eq. 7 and the definition of the torque, one

can write

� � � �= f ρπω2
1
4 (8)

where � is the axial air-gap length. Equation 8 gives the friction torque acting on the rotor. For a

rotating disk, the friction torque is calculated with the equation

( )� � � �= −1
2

2
2
5

1
5

f ρω (9)

where �1 and �2 are the inner and outer radii of the disk, respectively.

!�
��
�
������
�
�
����������

�����

���

A historical review concerning friction coefficients of rotating cylinders is given in the following

pages. One paper deals with rotating cylinders in free space and the rest with concentric cylinders.

The papers are discussed in chronological order. The cylinders and flow ranges used in the

measurements are presented at the end of the review (Table 1).

One of the earliest studies dealing with the friction torque of rotating cylinders was published

by Wendt (1933). Three different cylinders were tested at Couette Reynolds numbers up to 105. Pure

water and water-glycerol mixtures were used in the experiments. His measured data fit well with the

following equations

( )

�

� � �

�

��f =

−









0 46

2 1 2

1
2

0 25

0 5

.

.

.
δ

(400<��δ<104) (10a)

( )

�

� � �

�

��f =

−









0 073

2 1 2

1
2

0 25

0 3

.

.

.
δ

(104<��δ<105) (10b)

where �2 is the inner radius of the outer cylinder.
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Theodorsen and Regier (1944) have made a detailed study of friction torque of rotating

cylinders in free space. The tests were carried out in air, oil, kerosene and water and the highest tip

Reynolds number achieved was 4x105. Both smooth and rough cylinders were used in the

measurements. At a Reynolds number of 105, the friction coefficient increased from 6.3x10-3 to

15.8x10-3, when the cylinder surface was roughened with grains of sand. The size of the particles

was 3% of the cylinder radius. The friction-coefficient curves of rough cylinders deviated from the

curve of the smooth cylinder at lower Reynolds numbers when the particle size was increased. The

deviation occurred, when the viscosity layer was decreased below the particle size. Above the

critical point the friction coefficient was independent of Reynolds number. Theodorsen and Regier

measured rotating disks with supersonic speeds and found that the friction coefficient does not

depend on the Mach number.

Yamada (1962a) measured the friction torque between concentric cylinders with the inner

cylinder rotating. He used smooth and circumferentially grooved cylinders in his experiments. In

addition to the tangential flow, he had also an axial flow through the air gap. The tests were carried

out in water and spindle oil, and the highest Couette and axial Reynolds numbers obtained were

6x104 and 2x104, respectively. The torque was measured in the test section where the velocity field

was assumed to be fully developed. By neglecting the curvature of the air-gap surfaces and the

occurrence of Taylor vortices, Yamada developed an equation for the friction coefficient

( )1

2
7 54 115 2

�
�� �

f
10 flog= +. . δ (11)

Equation 11 gave lower friction coefficients than the measurements. The difference increased with

an increasing radial air-gap length. This was due to the Taylor vortices, which appear at lower

Couette Reynolds number when the air-gap length is increased. Equation 11 can be written into a

more practical form

�
��f =
0 0152

0 24

.
.

δ
(800<��δ<6x104) (12)

Yamada assumed that the fluid velocity varies proportionally to the distance from the air-gap

midpoint with the power of 1/7. When the fluid has both tangential and axial velocity components,

the friction coefficient is

�
��

��

��f
a= +

























0 0152
1

8

7

4
0 24

2 2 0 38
.

.

.

δ δ
(13)

Under an axial Reynolds number of 2x103, the friction coefficient decreased with an increased axial

Reynolds number. Above ��a=2x103, the friction coefficient increased with an increased axial flow.
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Above a Couette Reynolds number of 3x104, the friction coefficient was independent of the axial

Reynolds number. This was tested up to ��a=104. These variations were due to the stabilising effect

of the axial flow (see Fig. 3b). Equation 13 does not model these effects. The friction coefficients

for circumferentially grooved rotors were mainly lower than for smooth rotors. The effect of

grooves, however, decreased at high Couette Reynolds numbers (>104).

Bilgen and Boulos (1973) have measured friction torque of enclosed smooth cylinders having

Couette Reynolds numbers between 2x104 and 2x106. Based on their own measurements and the

experiments by some other authors, they developed equations for the friction coefficient. In the

turbulent region, the friction coefficients are

�
�

��f =









0515
1

0 3

0 5.

.

.

δ

δ
(500<��δ<104) (14a)

�
�

��f =









0 0325
1

0 3

0 2.

.

.

δ

δ
(104<��δ) (14b)

The experimental friction coefficients deviated less than 8.35% from the results calculated by

Eqs. 14. The ratio of the air-gap length to the rotor radius is included into the equation to model the

effect of the Taylor vortices. Two more equations were fit with results for flows in the laminar and

transition regimes.

Polkowski (1984) has applied the general solution of momentum equation (Dorfman 1963) into

rotor-stator systems when there is an axial flow in the air gap. He compared the friction coefficient

with those calculated for Couette flows neglecting the curvature of the air gap (�1 and �2 →
infinity). The assumption of a Couette flow in the air gap led to lower friction coefficients than the

use of the momentum equation. The difference grew when the ratio between the air-gap length and

rotor radius was increased. In his paper, Polkowski underlined that a rather large friction torque may

be associated with the entrance effects of the axial air-gap flow. He suggested that the torque needed

to accelerate the axial cooling gas into a tangential movement follows the equation

( )� � � � 	= −
2

3 2
3

1
3πρ m m (15)

where �m� and 	m are the mean axial and tangential fluid velocities, respectively. Equation 15

assumes that the cooling fluid has only an axial velocity component before entering the air gap. The

mean tangential velocity is usually expected to be half of the surface speed of the rotor. In addition,

Polkowski derived the axial air-gap length in which the acceleration takes place. This length is

increased by the flow rate of the cooling gas and decreased by the rotation speed.
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Ueyama and Fujimoto (1990) have measured friction losses of different kinds of rotors. The

rotors were levitated with active magnetic bearings. The separation between iron and friction losses

was made by carrying out deceleration tests both in air and vacuum. The measured data agreed well

with Eq. 12 presented by Yamada.

Very accurate torque and wall shear stress measurements, as well as flow visualisation of

rotating cylinders, have been reported by Lathrop et al. (1992a and 1992b). They operated at

Couette Reynolds numbers from 800 to 1.23x106, and different water-glycerol mixtures were used

as the working fluid. The measured friction torques were in agreement with Eq. 10 (Wendt 1933)

within ±15 %. A careful analysis, however, showed that the Reynolds-number dependency of the

torque is not constant but increases from 1.23 to 1.87 at 3x103<��δ<106. Above the transition to a

fully irregular turbulent flow (��δ>1.3x104), Lathrop et al. were able to predict the torque in the

same way as for open-wall bounded shear flows (pipe flow, duct flow etc.).

The discussion of scaling laws for the angular momentum of a completely turbulent Couette

flow has been continued by Panton (1992). He presented a theory similar to that for channel flow,

except that the angular momentum was replaced by the velocity. Thin wall layers and an inviscid

core region were assumed in the analysis. The theory is applicable at high Couette Reynolds

numbers (>104) when the Taylor vortices have disappeared.
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[rpm]
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�, �, δ [mm]
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��0��

��δ, ��a, ��r

�������

.���
��

Wendt

(1933)

water

water-glycerine

– 100.0–137.5

580

9.5–47.0

–

–

–

smooth

Theodorsen

and Regier

(1944)

air, oil

kerosene

water

– 152.4–1219.2

6.4–76.2

free cylinder

–

–

4–4x105

smooth,

roughness

in rotor

Yamada

(1962a)

water

spindle oil

90–5x103 180

28.8–31.7

0.43–3.32

6x103–6x104

0–2x104

–

smooth,

circumferential

grooves in rotor

Bilgen and

Boulos

(1973)

water

water-glycerine

300–1.5x103 212.7–249.2

127

0.31–1.75

2x104–6x104

–

–

smooth

Ueyama and

Fujimoto

(1990)

air 0–105 13.8

–

–

–

–

–

smooth

Lathrop et al.

(1992a and b)

water-

glycerine

0–900 160.0

695.0

60.85

800–1.2x106

–

–

smooth
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The friction coefficient in Eq. 9 depends on the Reynolds number and dimensions of the enclosure:

when the dimensions and the Reynolds number are in certain regimes, the rotating disk is operating

as a centrifugal pump. This is illustrated in Fig. 4a.

A very detailed study, dealing with smooth, rotating disks in enclosures has been published by

Daily and Nece (1960). Their experiments cover the Reynolds numbers from 103 to 107 and spacing

ratios from 0.0127 to 0.217. The spacing ratio is described in Fig. 4.  In addition to the torque

measurements, they studied the tangential and radial velocity distribution as well as pressures in

enclosures. According to the turbulence and occurrence of the pumping effect, Daily and Nece

separated four different flow regimes for a rotating disk. These regimes are presented in Fig. 4b.
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The friction coefficients for the different flow regimes shown in Fig. 4b have the equations
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If the rotating disk acts like a centrifugal pump, the torque coefficient increases with the

increasing spacing ratio (Regimes II and IV). In Regimes I and III, the pumping effect does not

occur and the torque coefficient decreases when the spacing ratio increases.

In electric machines, the spacing ratio of the rotor ends is practically always higher than 0.05.

This means that the pumping effect occurs in the end-winding space. Therefore, the torque

coefficient should be determined according to the equations for Regimes II or IV. The spacing ratio

in axial magnetic bearings is around 0.007. Figure 4b suggests that the flow is in this case in

Regime I or III.

Equations 16a-16d are not valid if the disk rotates in free space. In such a case, the torque

coefficient is (Kreith 1968)

�
��f

r

=
387

0 5

.
. (��r < 3x105) (17a)

�
��f

r
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0146

0 2

.
. (��r> 3x105) (17b)
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The friction and gas-flow losses were studied experimentally. The analysis was focused on the

motor air gap where a large part of these losses are located. The friction coefficient in the air gap

was calculated based on Eqs. 14 presented by Bilgen and Boulos (1973). The gas-flow losses were

analysed according to Eq. 15 (Polkowski 1984).

The friction loss in the air gap follows the equation

� � � � �= 1
3

1
4

f ρπω (18)

where the friction coefficient �f is defined by Eqs. 14 and �1 is the roughness coefficient. It is 1.0

for smooth surfaces. The roughness coefficient is expected to be constant. However, if the

roughness size is large enough to penetrate the viscous sublayer, the roughness coefficient depends

on the Reynolds number in such a way that the product �1�f is independent on Reynolds number

(see Fig. 8 by Theodorsen and Regier 1944). This means that the roughness coefficient is expected

to increase when the Reynolds number increases.

There does not exit any complete research concerning the effect of rough air-gap surfaces on

the friction losses. This is the case in electric motors which may have stator slots and axial as well

as tangential grooves on the rotor. Some estimation of the effect of a rough rotor can be made based

on the study by Theodorsen and Regier (1944). The friction loss of a rough rotor was 2-4 times
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higher than the loss of a smooth rotor. One should remember that the measurements were carried

out without the stator. Larjola et al. (1991a) have measured friction losses in the air gap of a high-

speed generator. Both air-gap surfaces had axial grooves. They obtained a roughness coefficient of

about 2.5, which is comparable with the results by Theodorsen and Regier (1944).

As discussed earlier, large losses may be associated with the coolant flow through the air gap of

a high-speed motor. Based on Eq. 15, we can express the gas-flow losses by equation

( )� � � � 	= −
2

3 2
3

1
3πρ ωm m (19)

Equation 19 assumes that the coolant flow does not have a tangential velocity component before

entering the air gap. The final tangential velocity is related to the peripheral speed of the rotor.

	 � 	m = 2 1 (20)

where �2 is the velocity factor. If we assume that both the air gap surfaces are smooth, we obtain a

value of 0.48 for the velocity factor (Polkowski 1984, Dorfman 1963). This is, however, a purely

theoretical value. If the rotor is rough and stator is smooth, the factor can be expected to increase.

Respectively, the factor decreases if the rotor is smooth and stator is rough. Deep stator slots reduce

the loss in Eq. 19 in another way, as the gas flowing along the axial slots is not significantly

disturbed by the rotor rotation. By assuming that the air gap is very small, (�1→ ��2), Eq. 20 can be

written into more practical form

( )� � 
 �= 2 1

2

m ω (21)

where 
m is the mass flow rate of air-gap gas.

The aim of the experiments was to measure the roughness coefficient �1 and velocity factor �2

in the air gap of our high-speed electric motor. The motor has a smooth rotor surface and slotted

stator surface.

�������������������
�

The study was focused on the losses in the air gap region. This means that the air-gap losses were

separated from the other friction losses. The separation was done by comparing the results from

deceleration tests for air- and R134a-cooled motors. R134a is a refrigerant gas which is much

heavier than air (Table 2). This measurement method has been reported earlier by Larjola et al.

(1991b).

Figure 5 presents a construction of the test machine. The motor is cooled by blowing the

cooling gas through the air gap, and the bearings have their own cooling system. The separation of

the friction losses in the air gap is based on the variation of the air-gap gas, while the bearing
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conditions are kept the same. By assuming that the gas properties affect the losses as stated in Eq.

18, we obtain the friction losses in the motor air gap. We used air and a refrigerant gas R134a in our

measurements. These gases were selected as their densities differ greatly from each other. In the

following, the procedure to evaluate the friction losses in the air gap is explained in detail. The gas

properties and test conditions are presented in Table 2.

��&���'����%������
� 
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�
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� �&12�

Density [kg/m3] 1.093 3.86

Dynamic viscosity x10-6 [Ns/m2] 19.6 13.8

Rotation speed [1/s] 500–1150 500–1150

Rotor surface speed [m/s] 112–256 112–256

Couette Reynolds number x104 (Eq. 1) 1.2–2.6 6.2–14.2

Flow rate [m3/min] 0–4.1 0.3–1.2

Axial gas velocity [m/s] 0–74.5 4.7–21.8

Axial Reynolds number x103 (Eq. 3) 0–16.7 5.2–24.2

The test machine is accelerated into the desired rotation speed, and the power supply is

switched off. The power of the decelerating rotor is

� �
�
��

= ω
ω

(22)

where � is the moment of inertia of the rotor and � is the time instant.

The pressure and temperature conditions in the air gap may vary in different deceleration tests.

This naturally affects the friction powers. In order to make the test results comparable, the obtained

powers ��are corrected to deceleration powers �’ at the reference temperature and pressure in the air

gap. The power has the equation

( )� � � � �’= + −1 C,ref C (23)

where �1 is the roughness coefficient, and �C,ref as well as �C are the calculated friction powers for

smooth surface (Eq. 18) in the reference and measured conditions, respectively.

Deceleration tests are carried out at different flow rates of air and R134a. Equation 19 suggests

that the gas flow loss is directly proportional to the flow rate of the cooling gas. At each rotation

speed, therefore, a straight line is fitted to the powers �’ and the measured gas flow rates. By using
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the slope of the fitted line, we can calculate the velocity factor �2 with Eqs. 19 and 20. The friction

powers at zero flow rates are marked with terms �’air and �’R134a.

On the other hand, we can write at each rotation speed

( )� � � � �’ ’R134a air CR134a,ref Cair,ref− = −1 (24)

where �CR134a,ref and �Cair,ref are the calculated friction powers for smooth surfaces (Eq. 18) in

reference conditions of R134a and air, respectively. The iteration with Eqs. 23 and 24 gives us the

roughness coefficient �1 in the air gap.

���������

�

The measurements were carried out with a high-speed induction motor, originally constructed for

testing of tilting pad gas bearings. Figure 5 presents the construction and main dimensions of the

machine. The diameter and length of the rotor are 71 mm and 200 mm, respectively. The inner

diameter of the stator core is 75 mm, thus, the radial air-gap length is 2.0 mm.

Ø 71
δ = 2

Cooling air
for bearing

Cooling air
for bearing

Cooling gas
for motor200

���	���8��� ����	��� ����
���	��� !� ����������������������� ���"� � �� ���	��� ��� � �� ����
	�

��
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The cooling of the test machine is illustrated in Fig. 6a. The cooling gas is blown into the motor

through a cooling duct in the middle of the stator core. After passing the air gap, the hot gas is taken

radially out from the end-winding space. In the experiments, the motor was cooled either by air or

the refrigerant gas R134a. The cooling air was provided by a separate fan driven by a frequency

converter. In R134a cooling, the gas was supplied from a pressurized gas bottle. The gas bearings

have air cooling. The inlets for the cooling air are at the ends of the machine. The cooling was
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maintained by a regenerative blower. Pressurized air is supplied for the axial bearing. The cooling

gas for the bearings and the motor is taken out through the same outlet passages.

One aim of the investigation was to determine, does the surface roughness caused by the stator

slot openings affect the friction losses in the air gap. For this reason, the measurements were done

by two stator slot constructions shown in Fig. 6b. The term ”Open stator slots” refers to the original

construction, in which there were 36 axial grooves on the stator surface. The width and depth of the

grooves are shown in the figure. The variation in the depth is due to the windings in the slots. After

the tests with the original construction, the axial grooves were filled with industrial cement, and the

tests were repeated. In this report, this stator construction is referred as ”Closed stator slots”.

Outlet of
cooling gases

"��
�������������

Inlet of motor cooling
(air or R134a gas)

Gas bearing

Width of slot
opening 2 mm

Depth of slot
opening 2-4 mm

Solid steel rotor

Inlet of bearing
cooling (air)

�������������������

Filling cement

   a)            b)
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More than 30 deceleration tests were carried out with the test machine. During each experiment the

following data was collected (sampling frequency 1 Hz) to a PC via a IEEE-488 bus.

•  Time instant

•  Rotation speed of the rotor

•  Temperatures at the inlet of the cooling gas, in the air-gap flow, and in the end-

winding space

•  Flow rate of the air/weight of the R134a bottle.
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Before each test, the ambient pressure was recorded. The inlet pressure of the cooling gas was

noted manually at the beginning and at the end of each test. The mean value of these two figures

was assumed to represent the pressure in the air gap.

The flow rate of the cooling air was measured by an orifice plate. A pressure transmitter was

used to produce a voltage signal proportional to the pressure difference across the plate. This

voltage was then measured by a datalogger connected to the IEEE-488 bus. The error in the flow-

rate measurement is less than 1%.

The mass flow rate of the R134a gas was determined according to the loss of weight of the

pressure bottle. During measurements, the bottle was hanging in a special rack.  The weight of the

bottle was measured by a strain gauge connected to a voltage transducer. The voltage was then

measured by a digital voltmeter connected to the IEEE-488 bus. The largest errors in the

measurement were caused by the swinging of the gas bottle and the varying flow rate in the gas

passages to the test machine. We assume that the error in the mass flow rate was less than 2%.

Temperatures were measured with calibrated thermocouples. They were installed in the inlet

and outlet of the cooling gas flow, in the air-gap flow, stator end winding and gas bearings. The

ambient temperature was also measured. All the thermocouples were connected to the datalogger.

The error in the temperature measurement is expected to be less than ±1°C.

The inlet pressure of the cooling gas was measured with a water manometer. The pressure

varied according to the gas flow rate and the rotation speed. The highest overpressures measured

were around 0.05 bar. The measured values are expected to be within ±1% of the real ones. The

ambient pressure was measured with an electric barometer device. Its error limit is ±1 mbar.

The rotation speed of the rotor was detected by a Hall sensor. The pulses given by the sensor

were counted by a digital counter connected to the IEEE-488 bus. The errors in the measured values

are less than 0.5%.

'
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In addition to the instrument errors, there are some error sources in the measurement method itself,

which may affect the test results. One is associated with the remanence magnetism of the rotor. The

core loss is approximately proportional to the square of the stator voltage. If we assume that the core

loss is less than 1 kW with a supply voltage of 400 V, the core loss is only 1.4 W with 15 V. We

measured that the stator voltage decreased to 15 V in a couple of seconds after switching off the

supply voltage. The core loss is very small compared with the total friction losses and, therefore, we

can neglect the effect of the remanence in the results.

Another error source is related to the evaluation of the mass flow rate of the R134a gas. The

gas flow rate was not constant in the tests. This was due to the freezing of the gas bottle as a large

amount of gas was released into the air. For this reason, an exponential curve was first fitted to the

collected weight-time data, and the mass flow rate of R134a was then derived analytically.

We assumed, that the bearing losses did not vary when we changed the air-gap gas from air to

R134a. This was ensured by keeping the pressure of the static bearing at the same level (1.5 bar)



25

through all the measurements. In addition, the air-cooling of the radial bearings was maintained

constant through all the tests.

The friction powers obtained were corrected according to the measured temperature and the

pressure in the air gap. Although the thermocouple itself is a rather accurate sensor, we cannot be

sure if it has indicated the mean gas temperature. The air-gap pressure was assumed to be the mean

value of the inlet and outlet pressures of the cooling gas. A more accurate pressure estimate would

require a sensor in the air gap or knowledge of all the pressure losses in the gas passage.

The turbulence due to the roughness on the stator surface was assumed to extend into the

bushing region too. This is probably the case as the axial gas flow was towards the end-winding

space. On the other hand, it has to be considered as one source of error. In addition, the flow

conditions in the middle of the air gap differs surely the conditions in the other region because there

the radial gas flow collides the rotor surface.
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At first, the experiments were carried out with the original machine construction. Then, the stator

slots were filled with industrial cement, and the tests were repeated. The aim was to see if the filling

has any effect on the friction losses. With both stator-slot constructions, several flow rates of

cooling gas were used in the measurements. One deceleration test was performed without any axial

air flow through the air gap. It was not possible to run the machine with very low flow rate of R134a

because of too high temperatures in the cooling gas. The plastic bushings limited the operation

temperatures below 120°C. The physical parameters of the gases, rotation speeds, flow rates, etc.

used in the experiments are shown in Table 2.
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Figure 7a compares the measured and calculated friction losses in the motor air gap. The friction

losses are calculated by Eq. 18 with a roughness coefficient of 1.0. The cooling gas is air. At

rotation speeds above 600 m/s, the measured losses are from 10% to 25% higher than the calculated

losses. Compared with the case of open stator slots, the filling seems to slightly decrease the friction

losses in the air gap. The difference, however, is only marginal. All the measured points fit to the

same curve relatively well. This indicates that the random error sources discussed earlier did not

significantly affect our measurement results.

By using the measured losses, the roughness coefficient �1 was calculated. The results are

presented in Fig. 7b. When the stator slots are open, the average roughness coefficient is 1.25 at

rotation speeds 600–1100 1/s. The corresponding figure with filled stator slots is 1.13. The error

limits for both the roughness coefficients are less than ±0.10. One has to remember that the

calculated friction loss is based on an experimental equation which also has some error marginal. In
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both cases, the roughness coefficient increases slightly when the rotation speed, i.e. Reynolds

number increases. This was an expected result as discussed earlier.
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Compared with the losses with rough rotors (Larjola et al. 1991), the roughness due to the open

stator slots increases only slightly the friction losses in the air gap. The influence is even smaller if

we fill the stator slots. On the other hand, the filling of the stator slots is a slow manufacturing

process and it decreases the heat-transfer from the stator to the air-gap gas. For these reasons, open

stator slots are recommended for high-speed electric machines.

+������-����������������4
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The aim of the measurements was to determine the velocity factor �2 in Eq. 20. For this reason,

several deceleration tests with different flow rates of R134a were carried out. Figure 8b presents the

measured total friction powers for the R134a-cooled machine at 600, 800 and 1000 1/s. Straight

lines were fitted to the friction power-flow rate data in order to obtain the friction losses due to the

rotor rotation. At 1000 1/s, this power is 2 kW and the loss due to the axial gas flow is up to 0.4

kW.

By using the fitted powers, the velocity factors for the test machine were calculated with Eqs.

19-20. Figure 8b shows the results obtained. The mean value for the velocity factors are 0.15 and

0.18 with open and closed stator slots, respectively. The error in these figures is expected to be less

than ±0.03. Both values differ greatly from a value of 0.48 which was found in the literature
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(Polkowski 1984). On the other hand, the figures obtained agree with our earlier results (Saari

1995). The low values can be explained by the viscous sublayer, which is much thinner on the

smooth rotor than on the rough stator surface. This decreases the mean tangential gas velocity in the

air gap and, also, the velocity factor. Compared with open stator slots, filled slots reduce the viscous

sublayer on the stator surface and the velocity factor increases.

As discussed earlier, the gas flowing along the stator slots may reduce the gas flow losses in the

air gap. This aspect, however, did not affect our results because the bushings in the test machine are

not grooved. In addition, the bushing length is sufficiently large for the gas flow to reach the final

velocity profile in the air gap (Eq. 25 by Polkowski 1984).

Compared with theoretical figures for smooth air-gap surfaces, the stator roughness decreases

the power associated with the tangential acceleration of the air-gap gas. The filling of the stator slots

is not suggested as it increases the gas losses from those for a machine with open stator slots.
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The calculation of the total friction losses was verified by carrying out deceleration tests with two

high-speed electric motors. Both the motors were equipped with active magnetic bearings and, the

tests were performed first in normal atmospheric conditions and then in vacuum (Ueyama and

Fujimoto 1990). The vacuum tests enabled the separation of the iron losses caused by the

electromagnets. As a result from the subtraction, the friction losses in air were obtained.
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The test machines are seen in Fig. 9. Both the motors have similar induction motors. The rotor

diameter is 90 mm and the length of the stator core is 200 mm. The compressor application has

smaller radial electromagnets than the vacuum pump application. In addition, the axial magnetic

bearing construction are different for the machines. The impellers of the turbomachine and cooling

fan were disconnected before the deceleration tests.

The measured and calculated friction losses for the test machines are presented in Fig. 10. The

equations used in the calculations and the different loss components are shown in Table 3. The

losses are higher for the vacuum pump because of larger magnetic bearings. In the calculations, the

air gap region of the motor and radial magnetic bearings were considered as rotating cylinders in

enclosures (roughness coefficient = 1.25). The clearance between the rotor end ring and stator end

winding as well as all the shafts were analysed by using equations for free cylinders. The friction

losses for the axial magnetic bearings were calculated by equations for rotating disks in enclosures.

As one can see in Fig. 10, the calculated total friction losses agree relatively well with the

measured ones. It is a surprise, that neither the laminated rotor construction nor the stator

construction of the radial magnetic bearing increase the friction losses in the machine. One can

conclude that analytical equations presented earlier can be used for high-speed electric machines, in

which the rotor is smooth and stator is rough. Table 3 presents the calculated friction loss

components for the motors at 500 1/s. In addition, the total calculated losses are compared to the

measured ones.

200

Air compressor, 60 kW, 42 000 rpm

200

Vacuum pump, 65 kW, 31 000 rpm
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Air gap Enclosed cylinder (Eqs. 8 and 14) 222 W 222 W

End rings Free cylinder (Theodorsen and

Regier 1944)

295 W 339 W

Radial magnetic bearings Enclosed cylinder (Eqs. 8 and 14) 27 W 138 W

Axial magnetic bearings Enclosed disk (Eqs. 9 and 16) 33 W 270 W

Shafts, disks, rotor ends Eqs. 8,9, 14, 16 and 17 38 W 282 W

Total calculated losses 615 W 1251 W

Total measured losses 566 W 1185 W
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Friction and gas-flow losses in high-speed electric machines are due to the rotor rotation and the

cooling gas blown through the air gap. Both loss components are important to know as they

decrease the efficiency and heat the motor.

The friction losses in the air gap can be calculated using analytical equations. The stator

roughness caused by the stator slots increases the friction losses only by 25% compared to the losses
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for a smooth stator surface. A rough rotor surface is not recommended as it increases greatly the

friction losses in the air gap.

The gas losses increase when there is a coolant flow through the air gap. This loss is

proportional to the velocity factor which depends on the mean tangential gas velocity in the air gap.

According to the literature, the velocity factor is 0.48 (Polkowski 1984) when both the air-gap

surfaces are smooth. Our experiments with a smooth rotor and rough stator gave much lower

factors, from 0.15 to 0.18.

Open stator slots and a smooth rotor surface are recommended in high-speed electric machines.

The stator slots affect only slightly the friction losses in the air gap. On the other had, open stator

slots improve the heat transfer in the air-gap region because of the increased turbulence and cooling

surface. Thus, the advantages from the open stator slots are surely higher than the disadvantages. In

addition, a rough stator decreases the losses associated with the coolant flow through the air gap.

The calculated total friction losses agreed well with the measured ones in the two high-speed

electric motors tested. It seems that one can estimate the friction losses of the whole rotor with the

analytical equations for the rotating cylinders and disks.



31

1���� ��	$��"' $$�#+�"!���+����  '��#'(���"#��	���# �

1�&��	
��������������

High-speed electric machines are used in many applications. The high power densities and the

varying operation conditions place heavy requirements on the cooling of these machines. The loss

distribution of an electric motor changes when its rotation speed is increased. At higher rotation

speeds, most of the losses are due to gas friction in the air space and the relative share of the electric

losses is diminished. This kind of loss distribution favours the use of open-circuit cooling. The

coolant flow through the machine keeps the temperature difference between the motor and the air-

gap gas high and, thus, provides an effective removal of the stator and rotor losses.

The wide rotation speed range and open-circuit cooling has to be taken into account in the

thermal modelling of high-speed electric machines. The model has to include the calculation of the

friction losses and convection heat-transfer coefficients which both vary with the rotation speed and

coolant flow. In addition, the heating of the coolant flow has to be modelled.

The thermal network method was chosen for the method of analysis because of the following

reasons

•  Small computation time

•  Equations for the friction losses are easy to include in the model

•  Equations for the convection heat-transfer coefficients are easy to include in the

model

•  Modelling of open-circuit cooling is easy

•  Thermal network is easy to construct

Perez and Kassakian (1979) have developed a detailed thermal model of a high-speed

synchronous machine. For totally-enclosed induction motors, a thermal-network model has been

presented, for example, by Mellor et al. (1991) and Kylander (1995). Thermal modelling of high-

speed induction machines has been discussed earlier by Saari (1995). In that report, one can find a

literature survey concerning thermal modelling of electric machines, a detailed description of the

thermal model for high-speed induction machines and some tests results. This thesis summarises the

most important aspects from the earlier report and presents some new verification results from a 235

kW high-speed motor rotating at 32 100 rpm.
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In the equivalent thermal network, all the heat generation in the component is concentrated in one

point. This point represents the mean temperature of the component. The thermal resistances in the

equivalent network are defined by demanding that the network gives the same mean temperature for

the component as the analytical solution of steady-state heat transfer. The thermal models for the

basic elements of electric machines have been discussed by Perez and Kassakian (1979) in more

detail.

In high-speed electric machines, it is very important to locate many node points in the air space.

This results from the open-circuit cooling, high friction losses and high temperature rise of the

cooling gas. The coolant flow is typically heated around 60-80 K while flowing through the

machine. In the thermal model, the air space has been divided into seven regions. The node points

are found in the end-winding space (2 nodes), air gap, and radial cooling duct in the middle of the

stator core.

 The electric motor is axially divided into two parts, the drive end and the non-drive end. Two

identical thermal networks are connected parallel in order to form the whole thermal model. The

bearings are not included in the thermal model as their type depends on the application of the high-

speed machine. The complete thermal network for the new induction motor construction (Fig. 1) is

presented in Appendix A.

A computer program was developed for the solution of the thermal network. The input

parameters for the program are the dimensions, material properties, rotation speed, electromagnetic

losses and cooling method of the machine. In addition, some contact heat-transfer coefficients are

given as input values. The convection heat-transfer coefficients and friction, as well as some cooling

losses, are determined in the program. The vector of the temperature rises is obtained from the

equation

( )∆� + + �= +str c

-1
(25)

where +str is the thermal conductance matrix of the machine structure, +C is the cooling matrix and

� is the vector of the losses generating the heat. The cooling matrix is used to model the heating of

the cooling gas, while flowing through the motor. The matrix contains information on the flow

paths and directions of the cooling gas. Only the cooling matrix needs to be changed when one

wants to test different cooling methods in an electric machine. The principle of the cooling gas

modelling has been presented by Jokinen and Saari (1997).
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The losses in electric motors can be divided into electric, friction, gas-flow and ventilator losses.

The first three heat sources are located inside the motor and the ventilator losses turn into heat in the

ventilator. The electric and ventilator losses are given as input values for the thermal-network

program. The friction and gas-flow losses are calculated in the thermal model. Table 4 summarises

the losses and the calculation methods.

The relative share of electric losses is decreased in high-speed electric machines. This results

from the friction losses which increase approximately to the cube of the rotation speed. In spite of

the decreased figures, electric losses remain important, because the most critical temperatures are

located in the stator and rotor. The electromagnetic analyses of high-speed induction motors require

numerical calculation methods because of non-sinusoidal supply frequencies and solid-rotor

constructions.

The calculation of the operating characteristics of the motor is based on a time-stepping, finite-

element analysis of the magnetic field (Arkkio 1987). The field is assumed to be two-dimensional.

The supply voltage is imposed on the formulation through the circuit equations of the windings,

which are solved together with the field equation. The rotor is rotated at each time-step by changing

the finite-element mesh in the air gap, and the time-dependence is modelled by using the Crank-

Nicholson method.

The electromagnetic field, currents and potential differences of the windings are obtained in the

solution of the coupled field and circuit equations. The resistive stator and rotor losses are computed

directly from these quantities. Estimates for the core losses are obtained from the results of the field

analysis by using conventional semi-empirical methods.

In the thermal network model, friction losses heat the coolant flow in the air gap and in the end-

winding space. The calculation of these losses is discussed in Chapter 2 of this report. Friction

losses include the mechanical losses only due to the rotor rotation as contactless bearings are used.

These losses form a significant part of the total losses because the rotor surface speed in a high-

speed motor exceeds often 200 m/s. Friction losses depend on the dimensions and the rotation speed

of the machine, as well as on the physical properties and velocities of the cooling gas.

High-speed motors have high loss densities and, therefore, they need open-circuit cooling. A

coolant flow through the machine means that there is a static pressure difference between the inlet

and outlet flows. This pressure difference depends on the physical properties and flow rate of the

cooling gas, as well as the geometries of the flow passages. The needed pressure rise of the gas is

provided by a ventilator. While the static pressure increases in the ventilator, the temperature of the

gas increases according to the equation

�
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where 
0  and 
 are the static pressures in the inlet and outlet flows of the ventilator and �0  and �

are the corresponding temperatures, � is the gas constant, ηp is the polytropic efficiency of the
ventilator (usually around 70%) and �p is the specific heat. The shaft power taken by the ventilator

is

( )� 
 � � �= −m p 0 (27)

where 
m is the mass flow rate of the cooling gas.

The needed pressure rise and the ventilator power depend on the pressure losses in the gas

passages. In the high-speed electric machine, the most important pressure drops are located in the

air gap and in the radial cooling duct. These pressure drops can be calculated according to Yamada

(1962b) and Carew and Freeston (1967). In the end-winding space, the cross section area for the

coolant flow is large, and there high flow rates are reached with low losses. The calculation of the

pressure losses are not included in the thermal model as it would need iteration between parallel

coolant flows.

Another cooling loss is associated with the acceleration of the cooling gas in the air gap, where

the rotor forces the gas into a tangential movement. When the air gap is very small compared with

the rotor radius, we can write the gas-flow loss into form

( )� � 
 �= 2

2

m 1ω (28)

By combining Eqs. 27 and 28, we can see that the heating of the coolant flow caused by the

gas-flow loss is proportional to the square of the rotor surface speed. If we use a value of 0.15 for �2,

the coolant (air) temperature rises 6, 13.5, 24 and 45 K at 200, 300, 400 and 550 m/s, respectively.

This heating should be taken into account when designing the rotor main dimensions and the

rotation speed.
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All electric losses FE-program

Friction losses in air gap Thermal model Empirical equation

Friction losses on end rings Thermal model Empirical equation

Friction losses on rotor ends Thermal model Empirical equation

Ventilator losses Measured

Gas-flow losses in air gap Thermal model Empirical equation
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The high-speed motors constructed are mainly cooled by the air-gap flow. In addition, the winding

losses in stator are removed effectively through the end windings. These most important heat paths

are shown in Fig. 11 and they are discussed in this report. All the heat paths in the thermal model

have been reported by Saari (1995) in more detail.

Both the rotor surface speed and the axial gas velocity affect the heat-transfer coefficients in the

air gap. A literature review concerning heat-transfer characteristics of rotating cylinders has been

published by Saari (1996). The heat transfer coefficient between the rotor surface (or the stator

surface) and the coolant flow has the equation

�
�	 �

=
⋅2

δ
(29)

where �	� is the Nusselt number and �� is the thermal conductivity of the coolant. In the thermal-

network model, the Nusselt number is based on the measurements carried out by Becker and Kaye

(1962)

�	 ��= 0 409 0 24. . (30)

in which the Taylor number is

��
��
�

= t
2

r

δ
(31)

There are two aspects which make the use Eq. 30 uncertain in high-speed electric machines:

1. Equation 30 has been tested with Taylor numbers from 104 to 107 and it does not cover the flow

conditions in high-speed electric machines (from 107 to 109). On the other hand, the flow is

already fully turbulent when ��=107, and there should not happen any changes is the flow nature

at higher Taylor numbers.

2. Equation 30 does not take the axial air-gap flow into account. One the other hand, the Nusselt

number increases if there is turbulent gas flow through the air gap (see Fig. 5 by Becker and

Kaye 1962) and the equation gives “safe” values in the temperature rise calculations.

As with the friction coefficient, the heat transfer also depends on the surface roughness.

Roughness improves heat transfer in two ways. Firstly, the cooling surface is enlarged and,

secondly, the turbulence is increased. Rao (1979) has measured the heat transfer rates of rough



36

rotating rotors. At high Taylor numbers, the Nusselt numbers for rough rotors were up to 70%

higher than the ones for a smooth rotor.

The stator winding is cooled effectively through the end windings, especially when the cooling

gas is blown radially into the end-winding space. The thermal model for the end winding is essential

as the loading of the motor is set by the temperatures in the stator winding.

Pickering et al. (1995) have done an experimental research dealing with the heat transfer from

the stator end winding. The test motor had open-circuit cooling. The real cooling surface of the end

winding is difficult to calculate because of its complex geometry. It is much larger than one can

calculate by assuming the end winding shape as a toroid. The rotating rotor increases the local heat-

transfer coefficient in the inner perimeter of the end winding.

In our thermal-network model, the cooling surface of the end winding is based on the shape of

a toroid. The temperature field in the end-winding space is represented by two temperatures (node

points 1 and 2 in Fig. 11). One is located between the end winding and frame and the other between

the end winding and rotor end ring. The heat-transfer coefficients for the end winding are different

for these two regions.

Near the rotor, the tangential gas velocity is much higher than the one set by the radial coolant

flow. Therefore, the Nusselt number is calculated in the same way as in the air gap i.e. by using Eq.

30. On the outside perimeter of the end winding, the flow rate of the cooling gas determines the

heat-transfer coefficient. We simply used the equation for a turbulent flow over a flat plate

�	 �� ��= 0 037 0 8 0 48. . . (32)

where ��� is the Prandtl number and the Reynolds number is determined according to the radial

velocity on the end of the stator core. The calculated surface area was multiplied by a factor of 1.5

in order to take the real cooling area into account and to be still in the “safe” side in the calculations.

Stator surface
(Eq. 29)

Rotor surface (Eq. 29)

1
Outside perimeter of
end winding (Eq. 32)

Inside perimeter of end
winding (Eq. 29)

End ring (Eq. 29)

2
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The thermal-network program was verified by tests carried out with two high-speed electric motors.

Their constructions are presented in Fig. 12. Some important characteristics and dimensions of the

motors are presented in Table 5.

115

Water pump 65 kW, 100 000 rpm

350

Air compressor 230 kW, 32 400 rpm
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One test motor drives a water pump and the other is loaded by an air compressor. In both cases,

the turbomachine has a common shaft with the electric motor. The electric motors are supplied by

frequency converters in order to control the pressure rise and flow rate of the turbomachine. The

water pump has water lubricated sleeve bearings and the air compressor is equipped with active

magnetic bearings. The machines tested have open-circuit cooling in which the cooling air is blown

through the machine. The basic motor construction is presented in Fig. 1. During the tests, the water

pump motor was cooled by an external ventilator. The air compressor has its own ventilator in the

non-drive end of the machine.

The machines are operated at very high speeds. The maximum speed for the water pump is

100 000 rpm which means a surface speed of 367 m/s on the rotor. The corresponding figures for

the air compressor are 32 100 rpm and 217 m/s.
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Voltage [V] 400 400

Number of poles 2 2

Supply frequency [Hz] 1667 350–540

Power input [kW] 10–62 77–227

Length of the stator core [mm] 115 350

Rotor diameter [mm] 70 128

Load machine water pump air compressor

Cooling method open-circuit, air open circuit, air

Flow rate [m3/min] 2.8 16.2–25.0

Bearing type hydrodynamic active magnetic
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The motors were tested at several supply frequencies and powers. PWM-type frequency converters

were used in the measurements. The water pump motor was operated in the field weakening area

while the compressor motor was also tested at supply frequencies under the field weakening point.

The loading was varied by controlling the rotation speed and throttling the outlet flow. The power

inputs, voltages, currents, supply frequencies and power factors were measured by a power analyser.

The rotation speed was detected by a pulse sensor. It was not possible to measure the torque of the

machines because of the high rotation speed and direct coupling between the motor and the load

machine. The bearing and friction losses were measured by deceleration tests.

The temperatures of the stator windings were measured by the traditional resistance method.

The error limit of the measurement is ±5°C. In the air compressor, it was possible to measure the

rotor temperature by holding a temperature probe against the rotor surface after the rotor movement

was stopped. There we assumed an error limit of ±10°C. In addition, several thermocouples were

installed in the air space and stators of the machines. These temperatures, however, are not very

reliable because they show only local temperatures and the magnetic field disturbs the output

voltage from a sensor.

Both the test motors have open-circuit cooling in which the cooling air is blown through the

motor air gap. In such a cooling, the cooling air is heated due to ventilator losses before entering the

motor. This heating was taken into account in the temperature-rise calculations of the motors. In the

water pump, the measured inlet air temperature was used in the calculations. The inlet temperature

in the air compressor was estimated by the ventilator power and coolant flow rate (Eq. 27). The

ventilator power was obtained by carrying out deceleration tests, with and without the ventilator.

These results are shown in Fig. 13.
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Before the thermal analysis, the loading points were analysed with the finite-element program.

Figure 14 presents the measured and calculated currents of the test machines. In the water pump, the

calculated currents are within ±5% of the measured ones and about the same accuracy is reached in

the air compressor. There are at least two reasons which may explain the differences between the

measured and computed currents. The first one is the assumption of a two-dimensional magnetic

field. This is not a good approximation, especially in the end regions of the solid rotor. The second

reason is associated with the modelling of iron. The magnetisation curves are assumed to be single

valued. Thus, the hysteresis effects, which may be significant in hard rotors, are excluded from the

analysis and, for instance, the hysteresis torque is not present in the simulated results. A small error

in the current causes a larger error is the winding losses as they increase with the square of the

current. As the currents and input powers are close to the measured values, we expect a relatively

good accuracy in the power-loss calculation, too. A proper verification of calculated electric losses

would need measurements with a back-to-back test with two identical electric motors.
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Figure 15 presents the temperature rises in the electric motor of the water pump. The calculated

power losses have been used to calculate the temperature rises. The temperatures in the stator

winding and core were measured by the resistance method and a thermocouple, respectively. The

supply frequency and flow rate of the cooling air were kept constant at each loading point and only

the electric power was varied. The calculated temperatures increase more rapidly than the measured

ones. This can be partly explained by the wrong currents shown in Fig. 14. In the highest loading

point, the calculated temperature rise exceeds the measured one by 11%. In addition, the water

pump motor was tested with a constant load and a variable flow rate of cooling air. These

measurements have been reported by Saari (1995) in more detail.

Figure 16 presents the temperature rises in the stator winding and rotor surface of the air

compressor motor. The calculated power losses have been used to calculate the temperature rises.

The tests were carried out at supply frequencies 350, 400, 500, 520 and 540 Hz and the input power

varied according to the rotation speed and throttling of the outlet flow. The field weakening point

was set to 450 Hz in the frequency converter. The coolant flow rate increased linearly with the

rotation speed, it was 25 m3/min at 540 Hz. The calculated stator temperature rises are within ±8°C

of the measured ones. This is a satisfactory result if we take the errors in the currents and input

powers into account. In the rotor, the calculated results agree within ±10°C with the measured ones.

The machine has class F insulation which allows a temperature rise of 105°C in the stator winding.

As one can see, this limit was reached at 540 Hz when the input power was 227 kW.
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In order to find the most essential aspects in the temperature-rise calculation, a sensitivity analysis

for the air compressor was carried out. The loading point 218 kW and 520 Hz was selected for the
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more detailed analysis and some figures in this loading point are presented in Table 6. As one can

see, the ventilator power forms about 50% of the total motor losses. The ventilator losses could be

decreased by improving the cooling system of the machine. About 60% of the electric losses are

located in the stator and 40% in the rotor. The losses in the stator core are mainly removed through

the motor frame to the ambient air and cooling air in the frame ducts. Stator winding is cooled by

end-winding and air-gap flows. Nearly all of the rotor losses are located in the copper coating of the

rotor. They are effectively removed by the air flows in the air gap and end-winding space.
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Supply frequency [Hz] 520 Total stator losses [kW] 4.50

Voltage [V] 421 Stator winding losses [kW] 2.71

Current [A] 437 Losses in stator core [kW] 1.79

Power factor 0.67 Total rotor losses [kW] 3.16

Power input [kW] 217.6

Electric losses [kW] 7.7 ����������

Friction losses [kW] 4.6 Stator ⇒  air-gap flow [kW] 1.24

Cooling losses [kW] 11.6 Stator ⇒  end-winding flow [kW] 1.58

Bearing losses [kW] 0.7 Stator ⇒  cooling-duct flow [kW] 0.17

Shaft power [kW] 193.0 Stator ⇒  frame [kW] 1.51

Flow rate of air [m3/min] 23.9 Rotor ⇒  air-gap flow [kW] 1.44

Temperature rise of stator winding [K] 99 Rotor ⇒  end-winding space

[kW]

1.62

Temperature rise of rotor surface [K] 108 Rotor ⇒  shaft [kW] 0.10

Table 7 presents the results from the sensitivity analysis. The percentage values show how

much one must vary the parameters in order to raise the winding temperature rise from 99 K to 109

K. As it was expected, the temperature rise of the stator winding is the most sensitive on the

corresponding losses: an increase of 23% in the winding losses is enough to raise the temperature by

10 K in the winding. In the core losses, the needed increment is 63%. In the rotor, the losses are

allowed to increase by 120% before a rise of 10 K is achieved. When the ventilator power is

increased by 45%, the temperature rise of inlet air is increased by 10 K and nearly all the motor

temperatures are increased accordingly. In our case, the temperatures are sensitive on the ventilator

power as it forms about half of the total losses. There is not any single thermal resistance in the

model which affects greatly the stator temperature. This results from the effective removal of

winding losses through both the end-winding and stator teeth. When the total flow rate of cooling
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air is decreased by 18%, the temperature rise of the inlet air is increased by 4.3 K (ventilator power

remains constant). This together with the higher total temperature rise of the cooling air increases

the stator winding temperature by 10 K. The effect of decreased convection heat-transfer

coefficients and acceleration power is not essential.

The sensitivity analysis underlines the modelling of the cooling. One has to know the flow rate

in each node in the thermal model relatively accurately. The ventilator power is an important

parameter if the cooling gas is blown through the machine. In the machine analysed, the friction

losses did not affect greatly the temperature rise in the stator winding. Its importance will rise,

however, very rapidly if the peripheral speed of the rotor is increased. The stator is cooled by the

air-gap flow, end-winding flow and frame. Because there are three important heat paths instead of

only one path, one can not find any single thermal resistance affecting greatly the stator winding

temperature. The situation is totally different in the rotor as the temperature rise is nearly directly

proportional to the convection heat-transfer coefficient on the rotor surface.
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��������� 89:

Losses in stator winding +23

Losses in stator core +63

Losses in rotor +120

Friction losses in the air gap +250

Friction losses in the end-winding space +180

Friction losses in air-gap and end-winding space +100

Ventilator power +45

Thermal resistance between stator surface and air gap +250

Thermal resistance between end winding and end-winding space +200

Both the above two thermal resistances +80

Contact resistance between stator winding and core +600

Contact resistance between stator core and frame +600

Total flow rate of cooling air –18
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Thermal networks are effective in the cooling design of high-speed induction machines. As these

machines operate between 15 000 rpm and 200 000 rpm, the thermal model should contain
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equations for the friction, gas-flow and cooling losses as well as for the convection heat-transfer

coefficients.

Friction losses can be estimated by semi-empirical analytical equations. Although they form a

large part of the total losses, the temperature rise of stator winding is not sensitive on these losses.

On the other hand, they need to be correctly estimated as they affect greatly the total efficiency of

the machine.

High-speed induction machines need open-circuit cooling because of the high friction and gas-

flow losses in the air space. The temperature of the coolant rises typically 60–80 K while flowing

through the machine. The high temperature rise sets some requirements for the thermal-network

model. First, the heating of the cooling gas has to be modelled. Second, several node points have to

be located in the air space. And third, the gas flow rate has to be correct in each node point. To be

exact, the last requirement means that the model should contain equations for the pressure losses in

each gas-flow branch. This work was not completed in this research and the flow rates and

ventilator powers were estimated according to measurements.

Convection heat-transfer coefficients are very high in high-speed machines because of the high

rotor surface speed. This leads to relatively low temperature differences between the stator, air space

and rotor. The calculated temperature rise of stator winding is not sensitive to the heat-transfer

coefficients because the winding is rather uniformly cooled through the end windings, stator teeth

and frame. The rotor losses are mainly removed by the air-gap flow. This makes its temperature rise

very sensitive on the heat-transfer coefficient on the rotor surface.

The thermal model developed was tested by two high-speed induction machines. The

calculated temperature rises in the stator winding and rotor deviated less than 10 K from the

measured values. This accuracy is good enough for the cooling design of high-speed induction

machines.
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The development of high-speed electric motors has been going on for several years at Laboratory of

Electromechanics, Helsinki University of Technology. The aim has been to design a motor which is

suitable for series production and which can be used at powers up to several hundreds of kilowatts

when the rotation speed is more than 20 000 rpm.

Figure 17 shows the operation points of some high-speed induction motors reported in

literature during years 1989-1996. The referred papers are listed in Appendix B. The powers

decrease rapidly with the increasing speed. This is mainly caused by the mechanical factors limiting

the rotor diameter and length. The centrifugal forces are too large for conventional laminated rotors

and bending critical speeds of these rotors are too low. The rotors have to be supported by magnetic

or fluid bearings as conventional rolling bearings cannot sustain the speeds.

The white dots in Fig. 17 refer the solid-rotor induction motors tested at Helsinki University of

Technology. The powers have been obtained by temperature-rise tests and they do not represent the

maximum power of the motor type developed. The aim of this study was to estimate this maximum

power. For this reason, eight motors were designed and analysed by the finite-element and thermal

network methods. This chapter concentrates on the thermal and cooling aspects of the motors. The

estimation of the maximum power was carried out at rotation speeds 50 000, 100 000, 150 000 and

200 000 rpm.
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The power an electric machine is approximately proportional to the speed and volume of the rotor

(Vogt 1983)

� � � �= m r r rω 2 (33)

where �m is the utilisation factor, ωr is the mechanical angular frequency, �r is the rotor diameter

and �r is the rotor length. The utilisation factor depends on the type, construction, speed and cooling

method of the machine. Equation 33 implies, however, that the maximum power should be searched

from such constructions that maximise the active volume of rotor.

The diameter of the rotor is limited by the mechanical strength of the materials, and the length

by the bending critical speeds. From the mechanical point of view, rotors made of solid steel are

much better than laminated rotors. Because of electrical and mechanical reasons, our machines have

a rotor construction in which the solid rotor is coated with a thin copper layer. This construction is

presented is Fig. 1.

The best steel sustains stresses well over 1000 MPa. The centrifugal acceleration causes this

stress in a rotating cylinder when its surface speed is about 550 m/s. We have tested rotors at surface

speeds of about 400 m/s (Saari 1995) and, therefore, we included these two surface speeds in our

analysis.

The load machine is usually coupled directly to the high-speed electric motor shaft. The

bending critical speeds depend, for instance, on the type of the bearing and the construction of the

load machine. In order to keep the analysis free from a special application, the critical speeds were

calculated for the rotor-bearing system without the load machine (Lantto 1997). The rotor lengths

were adjusted to give a first bending critical speed that is 20% higher than the rotation speed. For a

real application with the load machine connected, the rotors should be made somewhat shorter if

one wants to operate under the first critical speed.

The strength of the steel-copper joint sets some additional limits to the rotor design. Table 8

gives the maximum values for the rotor dimensions set by the mechanical factors. The rotor lengths

include the end-rings which are simple cylinders joined to the surface of the rotor core. Their

thickness equals the maximum value allowed by the strength of the joint, and their axial lengths are

such that the current density in them is half of the value in the axial conductors.
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Code of the motor n50v400 n100v400 n150v400 n200v400

Rotation speed 50 000 100 000 150 000 200 000

Rotor diameter 153 76 51 38

Rotor length 673 334 224 167

��������������������66<��=�

Code of the motor n50v550 n100v550 n150v550 n200v550

Rotation speed 50 000 100 000 150 000 200 000

Rotor diameter 210 105 70 52

Rotor length 777 389 259 192
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The aim of the thermal analysis was to estimate the maximum powers of the motors shown in Table

8. In this Section, the analysis of motor n100v400 is discussed in detail. The results for the rest of

the motors are presented in Section 4.4.

�����������
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�

The cooling method used in the analysis is presented in Fig. 18. The cooling air is blown into the

machine through a radial cooling duct in the stator core (
v1) and directly into the end-winding space

(
v2). The pressure drops in the radial cooling duct and in the air gap are calculated according to

Carew and Freeston (1967) and Yamada (1962b), respectively. The end-winding flow is supposed

to have the same pressure drop as the cooling-duct flow. The heating of the cooling air in the

ventilator is estimated by Eq. 26 by using a polytropic efficiency of 0.75%. The same inlet

temperature was used in the cooling-duct and end-winding flows. The power of the ventilator was

calculated by Eq. 27.
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Cooling-duct flow
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The powers of the motors in Table 8 are limited by the temperature rise in the stator winding and

rotor. In the analyses, the limits were 105 K (class F insulation) in the stator and 150 K in the rotor.

In order to find the maximum power, the following variables were optimised:

•  Cooling air flow rate

•  Rotor slip and air-gap flux density

•  Radial air-gap length

In each operation condition, the temperature rise of the motor as well as the friction, gas-flow and

cooling losses were calculated by using the thermal-network program.

Figure 19 presents the division of the losses in the high-speed motor. The motors were judged

according to the shaft power. Only the friction losses in the motor region were considered, because

the losses in the bearings, shafts etc. depend on the application of the motor. The gas-flow losses

appear in the motor air gap and they were included into the analysis. The cooling air was provided

by an external ventilator and its losses were not included in the results.

Gas-flow lossesFriction losses
Electric losses

Shaft powerOutput powerInput power
Input power

Output power
Electric efficiency =

Input power

Shaft power
Total efficiency =

���	����.��-����� �� !�� ����� !���������"�
�������	��� ��� � ��



49

 �����
��������

The electric performance of the motor was computed by the finite-element program. The output

powers and electric losses were calculated at different slips. Figure 20 presents the results for motor

n100v400. The no-load losses are relatively high because of the high supply frequency and

magnetising current. The electric losses increase approximately to the square of the output power.

The air-gap flux density is around 0.36 T in the points presented.

At each slip, the output power of the motor increases when the supply voltage is increased.

Because of the low air-gap flux density, the stator core is not saturated, and the power and electric

losses increase proportional to the square of the supply voltage. This linear behaviour is presented

by the solid line for slip 0.70%. As one can see, the same slip gives us the best electric efficiency.

At higher slips the electric losses are concentrated more on the rotor than on the stator.
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Figure 21 presents the shaft power and total efficiency of motor n100v400 operated at a slip of

0.70%. As one can see, the maximum power 235 kW is reached when the cooling-duct flow is

4.1 m3/min and the end-winding flow is 60 m3/min. The power rises more sharply at low flow rates

than at high flow rates. An optimum cooling-duct flow can be found due to the following reasons.

First, the heating of the air-gap gas limits the power when the flow rate is small. On the other hand,

the temperature rise in the end-winding space limits the power when the flow rate is high. This

follows from the high ventilator losses which heat the cooling air before it enters the machine. The

best cooling-duct flow does not depend on the slip or the air-gap flux density because the friction

losses set the temperature rise of the cooling air and electric losses are a minor factor. The friction
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losses stay constant at different motor powers because they are determined according to the rotation

speed and motor dimensions. The best efficiency of the motor (95%) is reached at a lower cooling-

duct flow rate than the highest shaft power. For motor n100v400, this flow rate is 3 m3/min.

The power increases when the end-winding flow increases. This results from the increased

heat-transfer coefficients and decreased temperatures in the end-winding space. The upper limit for

the power is set by the thermal resistance across the winding insulation. The power increases more

sharply when the cooling-duct flow rate is set to the optimum value (4.1 m3/min).

Shaft power [kW]
Total efficiency [%]
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In addition to the flow rate, there is also an optimum slip which gives the highest power. For motor

n100v400, the best slip is 0.70%. The load capacity depends on the slip as it affects the balance

between the stator and rotor losses. This is presented in Fig. 22. The same power can be obtained at

different slips by varying the supply voltage i.e. magnetic air-gap flux density. When the supply

voltage decreases, the losses and temperature rise in the stator core decrease. If the power is kept

constant, the stator current must increase. The current cannot, however, increase as much as the

voltage decreases, because the winding losses affect the stator winding temperature more than the

core losses. When the supply voltage is increased, the magnetising current and core losses increases.

This means that very high voltages are not recommended either. As a result of these two

phenomena, one can find the supply voltage and slip which give the highest power.

The above is true if the temperature rise of rotor is not critical. This was the case of motor

n100v400 with a 3.0 mm air-gap length. If smaller air gaps were used, the rotor losses and

temperature would become high. Then, the temperature limit may be reached earlier in the rotor

than in the stator winding.

From the electric losses point of view, the best slip of motor n100v400 is 0.70%. At this same

operation point, the motor reaches its highest power. The friction and cooling losses appear in air
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space and they are easy to remove by a throughflow of cooling air. The flow rate should be large

enough to keep the air space cool. The electric losses increase when the power is increased. The

electric losses cannot be increased as freely as the losses in air space. The thermal resistance

between the loss source and cooling air sets a limit for the electric losses. Therefore, the highest

power is achieved at the same slip which gives us the best electric efficiency of the motor.
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The air-gap length is an important parameter when the power of a high-speed motor is considered.

The harmonics of the air-gap field cause eddy-current losses in the surface of the solid rotor. These

losses can be decreased by increasing the air-gap length. On the other hand, the magnetising current

and stator losses increase when the air gap is increased. The effect of the air-gap length on the

electric losses and power factor is shown in Fig. 23. The shaft power is 235 kW in all the points

analysed. For the total electric losses point of view, the best air-gap length for motor n100v400 is

3.5 mm.

Figure 24 shows the power curves (slip 0.70%) of motor n100v400 with the air-gap length as a

parameter. The highest power, 250 kW, is obtained when the  air gap is 3.0 mm and the flow rate in

the duct is 4.5 m3/min. With 3.0 and 5.0 mm, the power is limited by the temperature rise of stator

winding. When the air gap is 2.0 mm, the rotor temperature rise (max. 150 K) limits the power to

200 kW. This results from the high rotor losses and high inlet temperature of cooling air caused by

the high ventilator power.
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Figure 25 shows the calculated shaft powers for the eight high-speed induction motors designed.

More detailed information of the maximum-power points can be found in Appendix C. The power

is approximately inversely proportional to the square of the rotation speed. The highest power was

obtained with the motor n50v550, 1390 kW and motor n200v400 gave us the lowest power, 50 kW.

From the maximum power point of view, the new motor construction is superior compared with the

high-speed machines reported in the literature.
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At each rotation speed, the power is proportional to the rotor diameter. This means that the

utilisation factor (Eq. 33) decreases when the rotor surface speed increases. The utilisation factor is

8.7-10.1 Nm/dm3 for the motors with the rotor surface speed 550 m/s. At 400 m/s, the utilisation

factor is 14.7-15.9 Nm/dm3 for three motors and 12.6 Nm/dm3 for the motor n200v400. A lower

figure results from the small volume of the rotor. The utilisation factor seems to be independent on

the rotation speed when the rotor surface speed is constant.

The motors are operated at air-gap flux densities 0.26-0.43 T. The slips are between 0.4% and

0.9%. The motors running at 400 m/s are operated at higher flux densities and slips than the 550 m/s

motors. All the figures are presented in Appendix C.



54

$�������
�����
�
�
��

Figure 26 shows the loss distributions of the motors. Electric losses are generated rather equally in

the stator and rotor. Electric losses form 39–55% of the motor losses when the surface speed of the

rotor is 400 m/s. At 550 m/s, the friction losses naturally form a larger part of the total losses than at

400 m/s. For all the motors, the gas-flow losses are 12–22% of the total losses.

Figure 27 shows the efficiencies of the motors. The highest electric efficiency, 98.7%, was

obtained with the motor n50v550. The electric efficiency decreases with the size of the motor. This

can be explained by the large magnetising losses for small motors. The total efficiencies are 96–

91% for the motors running at 400 m/s. Due to the higher friction losses, the figures are lower, 93–

88%, when the motors run at 550 m/s.
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The powers of the motors are very sensitive to the cooling-duct flow rate. An optimal cooling-duct

flow rate for each motor was found as in the case of motor n100v400 (see Fig. 21). The flow rates

were between 1.6 and 30.0 m3/min.

The relative share of the gas-flow losses does not vary significantly with the rotation speed if

the rotor surface speed is constant. At 400 m/s, the gas-flow losses form about 14% of the total

losses. The corresponding figure is 20% at 550 m/s. A constant number means that the total losses

are proportional to the cooling-duct flow rate. These figures are about 3 kW/(m3/min) and 4

kW/(m3/min) at rotor surface speeds 400 m/s and 550 m/s, respectively. The efficiency of the

cooling increases with the rotor surface speed because of the higher relative share of the friction

losses.

In every motor, the temperature of the stator winding limited the power. The rotor never

reached 150 K, as the air-gap length was large enough to enable low rotor losses and a high flow

rate. On the other hand, large air-gap lengths led to rather low power factors, 0.41-0.74. Larger

power factors could be achieved by using smaller air gaps but then the maximum powers would also

be lower.

The best efficiency is reached at different cooling-duct flow rates than the highest power. The

highest efficiency point moves towards lower air-gap flow rate when the surface speed of the rotor

increases. This is due to gas-flow losses, which are proportional to the square of the rotor surface

speed and the flow rate. If we take the ventilator power into account the best efficiency moves

towards to lower cooling-duct flow rates.
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A load machine connected on the shaft decreases the bending critical speeds of the rotor. In order to

operate below the first critical speed, the rotor has to be made shorter than given in Table 8. On the

other hand, the rotors could also be made longer and run, for instance, between the second and third

critical speeds. This would increase the power significantly but it would also put strict demands on

the bearings and balancing of the rotors. In these cases, Eq. 33 with the utilisation factors given

above can be used for rough estimates of the maximum power.

The motors studied are not fully optimised. Their electromechanical properties could be

improved by optimising the dimensions of the stator and by selecting the best materials. The cooling

of the larger motors could be improved by using more cooling ducts in the stator core. This would

increase the cooling surface and allow higher coolant flow rates. In the present method, the gas is

forced to circulate by an overpressure. In this process, the temperature of the inlet gas rises and the

cooling capacity decreases. A more efficient way would be to use suction for circulating the gas in

which case the inlet gas would be at the room temperature. The cooling solutions of these motors

are close to the ones used in large turbogenerators. In both machines, the use of hydrogen or helium
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gives higher powers and efficiencies than air cooling. The complicated helium or hydrogen cooling

systems may not, however, be very cost effective in high-speed motors.

Even with the improvements discussed above, the powers predicted for the solid-rotor

induction motor are considerably higher than the powers found from literature for the existing high-

speed machines. Figure 25 shows a 5-15 fold increase in power. The constructions and the method

of analysis have not been verified in the extreme conditions (surface speed 550 m/s) required for the

maximum powers but they have been applied with good results to motors with surface speeds close

to 400 m/s (see Chapter 3). Thus, it is believed that the motor construction presented significantly

expands the power range of high-speed motors.
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The thesis concentrates on the thermal analysis of high-speed induction machines. The friction and

gas-flow losses have been studied in detail. A thermal-network model for a new high-speed

induction machine construction has been developed. By using the thermal model, the maximum

power of the new motor construction at several rotation speed has been evaluated.

Friction losses caused by the rotor rotation form a significant part of the total losses in high-

speed electric machines. These losses can be predicted by analytical equations. Surface roughness

caused by the stator slot openings affects very little the friction losses in the air gap, and equations

assuming smooth air-gap surfaces can be used. The total friction losses calculated agreed well with

the measurements in the two high-speed motors tested.

High-speed induction machines need a coolant flow through the air gap because of their high

friction losses. Some power is needed to accelerate the coolant flow into a tangential movement in

the air gap. This gas-flow loss can be calculated by an analytical equation. In a smooth rotor and

slotted stator surfaces, the gas-flow loss is only about 30% of the figure that can be predicted based

on literature for smooth air-gap surfaces.

A thermal-network model for the high-speed induction machines has been developed. The

model is valid at different rotation speeds and cooling conditions. This results from the

implementation of the friction and gas-flow losses as well as the convection heat-transfer

coefficients into the model. The calculated temperature rises of the stator winding were within

±10°C the measured ones in the two high-speed motors tested. The test motors have ratings 235

kW,             32 100 rpm and 65 kW, 100 000 rpm. The proper modelling of the heating of the

coolant flow is very important as its temperature raises typically by 60-80 K while flowing through

the machine.

The maximum power of the new high-speed induction motor construction was evaluated. For

this reason, eight motors rotating at speeds 50 000, 100 000, 150 000 and 200 000 rpm were

analysed by the thermal-network model. At each rotation speed, the rotor volume was first

maximised. The rotor diameter was limited by the strength of the rotor and the rotor length by the

first critical bending speed. The maximum powers obtained decrease with the rotation speed to the

power of 2.1-2.2. For every motor, the maximum power was obtained at same slip which gave the

highest electric efficiency of the machine. The power depends greatly on the air-gap flow. The

utilisation factor and the efficiency of the motor decrease when the rotor surface speed increases.
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Figure A1 presents the thermal network for the high-speed induction machines. The calculation of

the thermal resistance components is presented by Eqs. A1–A58. The symbols used in the equations

are described in Fig. A2 and Table A1.
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�sh

�sh �rer �rc
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Number
of slots = �s

Cross section
of slot = �ss

Width of slot
opening = �ss1

Filling factor
= �f

Thickness of slot
insulation = �ss

�ss

�ss2
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����������
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)
�
��
�fr Frame
�scr Stator core; radial direction
�sca Stator core; axial direction
�swr Stator winding; radial direction in the stator slot
�swa Stator winding; along the conductors
�ssi Insulation in the stator slot
�rcr Rotor core
�rc Rotor coating and end ring
�sh Shaft

��
)���
�
���������
����������
�
�
��
�1 Between frame and ambient air (axial direction)
�2 Between frame and ambient air (radial direction)
�3 Between frame and end-winding space (radial direction)
�4 Between frame and ambient air (radial direction)
�5 Between stator core and radial cooling duct (axial direction)
�6 Between stator core and end-winding space (axial direction)
�7 Between stator teeth and air-gap flow (radial direction)
�8 Between stator winding and radial cooling duct (radial direction)
�9 Between stator end-winding (outer surface) and end-winding space
�10 Between stator end-winding (inner surface) and end-winding space
�11 Between rotor coating and air-gap flow (radial direction)
�12 Between rotor end ring and end-winding space (radial direction)
�13 Between rotor end ring and end-winding space (axial direction)
�14 Between rotor core and end-winding space (axial direction)
�15 Between shaft and end-winding space (radial direction)
�16 Between shaft and ambient air (axial direction)
�17 Between frame and axial cooling duct

��
�������������
����������
�
�
��
�co1 Between stator core and frame
�co2 Between stator winding and core (core region)
�co3 Between stator winding and slot insulation (cooling-duct region)
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Shaft power [kW] 1048 235 105 50 1390 327 156 76

Torque [Nm] 197.1 22.6 6.7 2.4 261.4 31.3 10.0 3.6

Supply frequency [Hz] 850 1670 2500 3350 850 1670 2500 3350

Slip [%] 0.4 0.7 0.9 0.8 0.4 0.6 0.7 0.75

Rotation speed [rpm] 50796 99499 148650 199392 50796 99599 148950 199493

Power factor 0.66 0.63 0.54 0.41 0.74 0.68 0.6 0.54

Air-gap flux density [T] 0.37 0.36 0.39 0.43 0.26 0.28 0.32 0.34

Rotor diameter [mm] 153.0 76.0 51.0 38.0 210.0 105.0 70.0 52.0

Rotor length [mm] 673 334 224 167 777 389 259 192

Air-gap length [mm] 5.5 3.0 2.5 2.0 6.0 4.0 3.0 2.0

Pressure drop [kPa] 12.13 8.78 10.78 11.05 22.49 15.67 12.66 15.30

Inlet temperature rise [K] 13.00 9.50 11.60 11.88 23.43 16.63 13.55 16.25

Cool.-duct flow rate [m3/min] 15.0 4.0 2.5 1.6 30.0 9.0 4.0 2.5

End-wind. flow rate [m3/min] 140.0 60.0 30.0 18.0 160.0 60.0 60.0 18.0

Stator losses [kW] 8.04 3.00 1.96 1.50 7.56 3.51 2.32 1.57

Rotor losses [kW] 8.80 2.93 1.78 1.21 11.83 3.42 2.01 1.53

Friction losses [kW] 19.72 5.37 2.67 1.59 69.35 19.95 9.64 5.48

Gas-flow losses [kW] 6.39 1.61 1.01 0.65 24.10 6.94 3.07 1.90

Ventilator power [kW] 34.83 10.51 6.52 4.03 77.05 19.84 14.99 5.76

Electric efficiency [%] 98.46 97.61 96.67 95.03 98.71 98.08 97.50 96.42

Total efficiency [%] 96.06 94.80 93.39 90.94 92.49 90.62 90.17 87.87

Utilisation factor [Nm/dm3] 15.9 14.9 14.7 12.6 9.7 9.3 10.1 8.7

Stator temp. rise [K] 104.7 104.8 104.8 102.3 101.9 104.7 104.6 102.9

Rotor temp. rise [K] 142.8 134.6 143.8 152.6 153.1 132.8 137.2 152.9


