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Abstract: Due to the high fuel price and environmental issues, reducing fuel consumption in 
the transportation sector became a major priority for both industry and research. One way 
of solving these problems is using a high speed flywheel for the energy storage. In order to 
minimize friction loss, the flywheel can be situated in a vacuum atmosphere. However, thin 
can induce high costs. A cheaper solution is helium. The present paper aims to determine 
experimentally the friction losses of a flywheel rotating in air and compare the obtained 
results with theoretical models found in literature. The presented results can be extrapolated 
for helium as surrounding gas.    
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1. Notations 

b – flywheel height 
cM – drag coefficient of the upper and lower surface 
cmc – drag coefficient for the outer rim 
ρair – air density  
ω - angular velocity of the flywheel 
d – flywheel diameter  
h – flywheel height 

�� �
���

��
 – Reynolds number 

Mfbb – frictional torque of the deep groove ball bearings 
Mrr – rolling frictional moment of the deep groove ball 
bearings 

Msl – sliding frictional moment of the deep groove ball 
bearings 
Mseal – frictional moment of the seals of the deep groove 
ball bearings 
Mdrag – frictional moment of drag losses, churning, 
splashing etc. of the deep groove ball bearings 
Mfdisk – friction torque on the upper and lower surface 
Mfrim – friction torque on the outer rim 
Mfair – total air friction torque 
ν – kinematic viscosity of air 

 
2. Introduction 

Due to the high fuel price and environmental issues, reducing fuel consumption in the transportation sector became a 
major priority for both industry and research. One way of solving these problems is using a high speed flywheel for the 
energy storage. The first flywheel powered bus was put into circulation in 1953 in Yverdon (Switzerland) [1]. It was 
produced by the company Oerlikon. The bus could travel without charging around 6 kilometers [2], but there were 
charging stations each 4 kilometers along the road. 

Another method of reducing pollution consists in recovering the kinetic energy of the vehicle during the braking 
process [3]. 

The rotor of the flywheel can be manufactured using composite materials, thus obtaining a higher energy per 
kilogram of material [4]-[9]. The second advantage of composite materials is that they gradually disintegrate. Along 
magnetic bearings [10]-[11], hydrodynamic bearings were also used to support the flywheel. 

In order to overcome the air friction, the flywheel is rotating in vacuum or helium environment.  
However, vacuum systems are expensive, so a deep analysis should be made in order to evaluate the air friction loss. 

The results can also be extrapolated in order to evaluate the friction losses in a helium environment. The present article 
aims to determine experimentally the friction loss of a flywheel rotating in air and compare the obtained results with 
theoretical models found in the literature. 

3. Experimental setup 

The test rig is presented in Figure 1  and Figure 2 . The flywheel (4) is made of steel, having an external diameter 
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of 243 mm and a width of 28 mm. The flywheel 
The deep groove ball bearings are self-
26 mm. The flywheel is also axially supported by a p
neodimyum permanent ring magnets having 
sufficient repelling force in order to sustain the flywheel. The rotational speed of the flywheel is measured by an 
infrared light speed sensor (1) and a data acquisition device (

 

Figure 1  Experimental arrangement for rotation speed measurement

In order to measure the radial force 
slider (2). Compressed air is supplied by the compressor (
which direction corresponds to that of the linear air 
The resistance variation of the strain gauge was measured by a National Instruments data acquisition system 
an incorporated strain bridge. 

  

Figure 2  Experimental 

 
4. Theoretical model 

Two types of models were used for the theoretical analysis
computational fluid dynamics software.

4.1. Analytical model 

4.1.1 Friction torque on the frontal faces of the flywheel

 
The friction torque on the upper and lower wall
thin disk: 

Flywheel

Outer ring 

1. Infrared 
light speed 
sensor 

2. Data 
acquisition 
device 

1. Data acquisition 
system 
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mm. The flywheel is supported by two deep groove ball bearings (
-lubricated and have an internal diameter of 10 mm and an

mm. The flywheel is also axially supported by a permanent magnetic axial bearing (5). The axial bearing consists of 
neodimyum permanent ring magnets having an inner diameter of 16 mm and an outer diameter of 

ient repelling force in order to sustain the flywheel. The rotational speed of the flywheel is measured by an 
) and a data acquisition device (2) connected to a computer. 

Experimental arrangement for rotation speed measurement

force that acts on the ball bearings, the flywheel system was 
Compressed air is supplied by the compressor (4). The centrifugal force was measured by a force sensor 

which direction corresponds to that of the linear air bearing slider. The force sensor is a strain gauge based force sensor. 
ce variation of the strain gauge was measured by a National Instruments data acquisition system 

 

Experimental arrangement for the measurement of centrifugal force

ed for the theoretical analysis: analytical models and a numerical model using 
fluid dynamics software. A draft of the flywheel is presented in Figure 3 . 

Figure 3  Schematic of the flywheel 

Friction torque on the frontal faces of the flywheel 

The friction torque on the upper and lower walls can be computed using the following formula 

Flywheel Upper face 

Lower face 

Ă, Adrian PASCU, Petre Lucian SEICIU 

 

is supported by two deep groove ball bearings (3) in radial direction. 
mm and an external diameter of 

The axial bearing consists of 
an outer diameter of 26 mm, providing 

ient repelling force in order to sustain the flywheel. The rotational speed of the flywheel is measured by an 

 

Experimental arrangement for rotation speed measurement 

was fixed on an air bearing 
. The centrifugal force was measured by a force sensor (3) 

The force sensor is a strain gauge based force sensor. 
ce variation of the strain gauge was measured by a National Instruments data acquisition system which has 

for the measurement of centrifugal force 

and a numerical model using 

 

the following formula [13], developed for a 

5. Magnetic 
axial bearing 

3. Ball 
bearings 

4. Flywheel 

2. Air bearing 
slider 

4. Air Compressor 

3. Force 
sensor 
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A similar expression was used in [17] that cite [18]: 
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where the drag coefficient cW is: 
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When dividing Mf,disk,1 to Mf,disk,2 in the case of laminar flow we obtain 0.71. 
 
Neue Hütte [19] proposes the same expression (1) to calculate the friction torque on frontal faces of a disc but the drag 
coefficient differs: 
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The expression used in [15] (following [16]) developed for flywheels contains inexplicitly the drag coefficient: 
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Practically the expression (1) is maintained but the drag coefficient is different. It is to remark that the presented 
methods differ only by the drag coefficient. 

The results are presented in Figure 4 . We can remark that only the results presented in [15] and [16] are 
significantly higher compared to the others. The curve called ETH Zürich is coincident with the values presented in 
Neue Hutte. 

4.1.2 Friction torque on the outer ring 

The friction torque on the outer ring is considered to be [14]: 

mcairfrim cb
d

M ⋅⋅
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where the drag coefficient is considered to be  
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The results are presented in Figure 4 .  
 

Figure 4  Analytical friction torque on

The values of the friction torque presented in 

4.1.3 Total analytical friction torque of 

In this case both components of friction with air are cumulated.
Following Burg [17] the total friction torque of the flywheel with air is the sum of the values (3) and (11) obtained 
above: 

Mfair=Mfdisk+Mfrim  

Another estimation of the airfriction torque 
components (6) and (13): 








⋅⋅⋅=
.3

2.0
, 2

0298.0
d

M airf ρν

The total analytical friction torque is presented in 
[15] and [16] are higher than those obtained in references 
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Analytical friction torque on the frontal faces and outer ring function of rotation speed

The values of the friction torque presented in [17] and [18] are extremely close to the values presented in

torque of the flywheel with air 

In this case both components of friction with air are cumulated. 
the total friction torque of the flywheel with air is the sum of the values (3) and (11) obtained 

     

her estimation of the airfriction torque gives [15] (that cites [16]) cumulating into a unique expression 
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The total analytical friction torque is presented in Figure 5 . We can remark that the values obtained in references 
are higher than those obtained in references [17]and [18]. 
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ring function of rotation speed 

are extremely close to the values presented in [14]. 

the total friction torque of the flywheel with air is the sum of the values (3) and (11) obtained 

  (14) 

ng into a unique expression both 

  (15) 

. We can remark that the values obtained in references 



Figure 5  Total analytical friction torque

4.1.4 Numerical model 

A numerical model was realized using the 

4.1.5 Friction torque of the ball bearings

The friction torque of the deep groove ball bearings was calculated using the 
moment according to equation: 

Mfbb=Mrr+Msl+Mseal+Mdrag  

5. Results 

The obtained experimental results for the va
Figure 6 . The temperature of the measurements was around 2

Figure 6  Variation of the rotation speed 

From these values we can compute the values

	
����� � �
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where the angular acceleration (dω/dt) is estimated using the fit

01902760599817 t + . - .ω(t) ⋅=

 
The theoretical and experimental values are presented in
experimental data is presented in references 
smaller friction torque than those obtained in the experiments.
If the same flywheel would rotate at 20000rot/min the flywheel would store 85% of the kinetic energy of a 2000kg vehicle 
at a speed of 50km/h. According to the model presented in 
air, which is considered to be high. If we replace in the same model the air with hel
which are considerably lower. 

6. Conclusions 

A good correlation can be observed between the experimental and numerical values obtained with the 
software. The analytical models do not always give the same results. The analytical model which is closer to the 
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Total analytical friction torque and friction torque of ball bearings

A numerical model was realized using the Fluent CFD software. A turbulent k-ε model was used.

ball bearings 

The friction torque of the deep groove ball bearings was calculated using the SKF model for calcu

     

the variation of the rotational speed of the flywheel 
The temperature of the measurements was around 28 °C. 

Variation of the rotation speed with time and of the friction torque with rotation speed

 
From these values we can compute the values of the friction torque function of time using the following formula:

     

) is estimated using the fitted polynomial approximation of angular velocity:

3926 1001647210565597 t. - t.t + -- ⋅⋅⋅⋅  

The theoretical and experimental values are presented in Figure 6 . The analytical model which is closer to the 
resented in references [15]and [16]. The obtained values using the othe

smaller friction torque than those obtained in the experiments. 
If the same flywheel would rotate at 20000rot/min the flywheel would store 85% of the kinetic energy of a 2000kg vehicle 
at a speed of 50km/h. According to the model presented in [15]and [16] the flywheel would lose 11kW due to friction with 

If we replace in the same model the air with helium, the friction losses are of 

A good correlation can be observed between the experimental and numerical values obtained with the 
software. The analytical models do not always give the same results. The analytical model which is closer to the 

 

and friction torque of ball bearings 

model was used. 

model for calculation of the frictional 

  (5) 

of the flywheel with time are presented in 

 

and of the friction torque with rotation speed 

of the friction torque function of time using the following formula: 

  (6) 

ed polynomial approximation of angular velocity: 

  (7) 

The analytical model which is closer to the 
. The obtained values using the other analytical models give 

If the same flywheel would rotate at 20000rot/min the flywheel would store 85% of the kinetic energy of a 2000kg vehicle 
the flywheel would lose 11kW due to friction with 

ium, the friction losses are of 2.2kW, 

A good correlation can be observed between the experimental and numerical values obtained with the Fluent CFD 
software. The analytical models do not always give the same results. The analytical model which is closer to the 
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experimental data is presented in references [15]and [16]. The obtained values using the other analytical models give 
smaller friction torque than those obtained in the experiments. If the flywheel runs in a helium atmosphere, the friction 
torque is considerably lower compared to air. 
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