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

b —flywheel height Mg — sliding frictional moment of the deep groovelbal
cw — drag coefficient of the upper and lower surface bearings

Cmc — drag coefficient for the outer rim Msea — frictional moment of the seals of the deep geoov
Pair — air density ball bearings

w- angular velocity of the flywheel Maag — frictional moment of drag losses, churning,
d — flywheel diameter splashing etc. of the deep groove ball bearings

h — flywheel height Mk — friction torque on the upper and lower surface

k T )

Re = 9% _ Reynolds number Meim fncuon to_rql_Je on the outer rim
4y Mg.ir — total air friction torque

M, — frictional torque of the deep groove ball begsin v — kinematic viscosity of air

M, — rolling frictional moment of the deep groovelbal
bearings

2. Introduction

Due to the high fuel price and environmental issuegucing fuel consumption in the transportatiectsr became a
major priority for both industry and research. Qvey of solving these problems is using a high sgaeheel for the
energy storage. The first flywheel powered bus paisinto circulation in 1953 in Yverdon (Switzert§n[1]. It was
produced by the company Oerlikon. The bus couldetravithout charging around 6 kilometers [2], bhete were
charging stations each 4 kilometers along the road.

Another method of reducing pollution consists inaeering the kinetic energy of the vehicle durihg braking
process [3].

The rotor of the flywheel can be manufactured usiogposite materials, thus obtaining a higher enerer
kilogram of material [4]-[9]. The second advantagfecomposite materials is that they gradually dejnate. Along
magnetic bearings [10]-[11], hydrodynamic bearingse also used to support the flywheel.

In order to overcome the air friction, the flywhéelotating in vacuum or helium environment.

However, vacuum systems are expensive, so a dedysenshould be made in order to evaluate th&iation loss.
The results can also be extrapolated in order &uate the friction losses in a helium environm@thie present article
aims to determine experimentally the friction lagsa flywheel rotating in air and compare the ahtai results with
theoretical models found in the literature.

3. Experimental setup

The test rig is presented in Figure 1 and Figurd Be flywheel (4) is made of steel, having areexal diameter
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of 243 mm and a width of 28m. The flywheeis supported by two deep groove ball bearir3) in radial direction.
The deep groove ball bearings are-tdtkicated and have an internal diameter ofrih and a external diameter of
26 mm. The flywheel is also axially supported byermanent magnetic axial bearing (bhe axial bearing consists
neodimyum permanent ring magnets havan inner diameter of 16 mm aih outer diameter (26 mm, providing
sufficient repelling force in order to sustain the flywheThe rotational speed of the flywheel is meadurg an
infrared light speed sensor)(@nd a data acquisition devic2) connected to a computer.

1. Infrared
light speed 3. Ball
sensor bearings

4. Flywheel
2. Data 5. Magnetic
acquisition axial bearing
device

Figure 1 Experimental arrangement for rotation speed measer

In order to measure the radfarce that acts on the ball bearings, the flywheel systeasfixed on an air bearing
slider (2).Compressed air is supplied by the compres4). The centrifugal force was measured by a forceae(3)
which direction corresponds to that of the lineaibearing sliderThe force sensor is a strain gauge based forcers

The resistace variation of the strain gauge was measured Mgtenal Instruments data acquisition sysiwhich has
an incorporated strain bridge.

L 2. Air bearin
1. Data acquisition slidel °
system
3. Force
sensor

4. Air Compressor

Figure 2 Experimentaarrangementor the measurement of centrifugal fc

4. Theoretical model

Two types of models were ed for the theoretical analy: analytical modelsand a numerical model usil
computationafluid dynamics softwar A draft of the flywheel is presented in Figure 3.

Flywhee
q /JP Upper face
[
i
|
|

Figure 3 Schematic of the flywheel

4.1. Analytical model
4.1.1 Friction torque on the frontal faces of the flywt

The friction torque on the upper and lower s can be computed usirige following formula[13], developed for a
thin disk:



c, pr (dY
M ¢ gisk1 = Mg (Ej ()

where the drag coefficiemt, is considered to be

52 if Re<500°

Cv = VRe ()

0168 if Re>510°

YRe

A similar expression was used in [17] that cite]{18

d 5
M ¢ 2 = Gy DTLP S EQEJ ' (3)
where the drag coefficiemy is:
1
38701 [Re?  if Re<300°
G, = 2m @)

1
0.14631:-12L Re® if Re>310
T

When dividingM gisk 1t0 M gisk 2iN the case of laminar flow we obtain 0.71.

Neue Hutte [19] proposes the same expression (daltulate the friction torque on frontal facesaadisc but the drag
coefficient differs:

24[4;— if Re<30

384 .
c, =« — if 30<Re< 310 5
" 71 JRe ©)

0146
JYRe

The expression used in [15] (following [16]) devaal for flywheels contains inexplicitly the drageficient:

if Re>300°

46
M | 4eo = 0.03640°2 [p [ﬁ%) 2. ®)

with vin[mn?/g].
The expression can be rewrite into the form:

_ v dY oy _ 00728
M gisc 003649(th€2} GED?EQ JD’UZ Cy B]:Eb[ﬁ J (7)

00728
with G, Re — (8)
Practically the expression (1) is maintained bt dinag coefficient is different. It is to remarlatithe presented
methods differ only by the drag coefficient.
The results are presented in Figure 4 . We can rtertieat only the results presented in [15] and [h6é
significantly higher compared to the others. Thevewcalled ETH Zirich is coincident with the valya®sented in
Neue Hutte.

4.1.2 Friction torque on the outer ring

The friction torque on the outer ring is considetethe [14]:
d 4
M frim = O 5 BT@&W ( j [ﬂ) Ij:mc (9)

where the drag coefficient is considered to be
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8 .
R_ if Re<60
C.= 1 © (10)
resutsfrom: — - = -08572+ 125(n(Re/c,. ) if Re>60
Cmc
A similar expression was used in [1fht cites[18]:
4
d
M im = Cu DTEbDwZEéE . (11)
8 .
R_ if Re<170

— e

Gy = 1 . (12)
resutsfrom: —— =-0.6+ 4071[I]og(RdZL/a) if Re>170
ch
Another expression is presented in [fgt cites [16]:
39
- d
M m =0.0298%° [p @ * [éi [dv™® (13)
with vin[mnt/s].
The results are presented in Figure 4 .
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Figure 4 Analytical friction torque o the frontal faces and outeing function of rotation spe¢
The values of the friction torque presente[17] and [18]are extremely close to the values present [14].
4.1.3 Total analytical frictiotorque ofthe flywheel with air

In this case both components of friction with ai aumulatec

Following Burg [17]the total friction torque of the flywheel with as the sum of the values (3) and (11) obtai
above:

Mair=Midiskt Mirim (14)
Another estimation of the airfriction torqigives [15] (that cites [16]) cumulatj into a unique expressicboth
components (6) and (13):

d 39 d 07
M 5 =0.0298° Eb[ﬁij [a0*® b [ +1'22147[€§j (15)

The total analytical friction torque is presentacFigure 5. We can remark that the values obtained in reters
[15] and [16]are higher than those obtained in referel[17]and [18].
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Figure 5 Total analytical friction torqu and friction torque of ball bearin
4.1.4 Numerical model
A numerical model was realized using Fluent CFD software. A turbulentkmodel was use
4.1.5 Friction torque of thieall bearing

The friction torque of the deep groove ball beasings calculated using tSKF model for calclation of the frictional
moment according to equation:

beb:Mrr+Msl+Mseal'|'Mdrag )

5. Reaults

The obtained experimental results the veiation of the rotational speeaf the flywheelwith time are presented in
Figure 6 The temperature of the measurements was arc8 °C.
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Figure 6 Variation of the rotation speewith timeand of the friction torque with rotation spe

From these values we can compute the v: of the friction torque function of time using tha@lbwing formula

dw

Mfairexp = Iflywheel ar (6)
where the angular accelerationw(dt) is estimated using theted polynomial approximation of angular veloc
o(t) =175998- 001902761 + 75655910° [I° - 201647110° [1° )

The theoretical and experimental values are predeir Figure 6 .The analytical model which is closer to 1
experimental data isrgsented in referenc{15]and [16] The obtained values using the « analytical models give
smaller friction torque than those obtained ingkperiment:t

If the same flywheel would rotate at 20000rot/nfia flywheel would store 85% of the kinetic enerdig @000kg vehicl
at a speed of 50km/h. According to the model prieskim[15]and [16]the flywheel would lose 11kW due to friction wi
air, which is considered to be highwe replace in the same model the air witlium, the friction losses are 2.2kW,
which are considerably lower.

6. Conclusions

A good correlation can be observed between thergwpatal and numerical values obtained with Fluent CFD
software. The analytical models do not always give same results. The analytical model which isaido the
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experimental data is presented in references [t5]46]. The obtained values using the other aradytmodels give
smaller friction torque than those obtained in élperiments. If the flywheel runs in a helium atpiuare, the friction
torque is considerably lower compared to air.
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