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Abstract: Aerodynamic drag and bearing friction are the main sources of standby losses in the
flywheel rotor part of a flywheel energy storage system (FESS). Although these losses are typically
small in a well-designed system, the energy losses can become significant due to the continuous
operation of the flywheel over time. For aerodynamic drag, commonly known as windage, there
is scarcity of information available for loss estimation since most of the publications do not cover
the partial vacuum conditions as required in the design of low loss energy storage flywheels. These
conditions cause the flow regime to fall between continuum and molecular flow. Bearings may be
of mechanical or magnetic type and in this paper the former is considered, typically hybridized
with a passive magnetic thrust bearing. Mechanical bearing loss calculations have been extensively
addressed in the open literature, including technical information from manufacturers but this has
not previously been presented clearly and simply with reference to this application. The purpose of
this paper is therefore to provide a loss assessment methodology for flywheel windage losses and
bearing friction losses using the latest available information. An assessment of windage losses based
on various flow regimes is presented with two different methods for calculation of windage losses
in FESS under rarefied vacuum conditions discussed and compared. The findings of the research
show that both methods closely correlate with each other for vacuum conditions typically required
for flywheels. The effect of the air gap between the flywheel rotor and containment is also considered
and justified for both calculation methods. Estimation of the bearing losses and considerations
for selection of a low maintenance, soft mounted, bearing system is also discussed and analysed
for a flywheel of realistic dimensions. The effect of the number of charging cycles on the relative
importance of flywheel standby losses has also been investigated and the system total losses and
efficiency have been calculated accordingly.

Keywords: aerodynamic windage loss; bearing friction loss; flywheel energy storage; flywheel
standby loss; windage drag coefficient

1. Introduction

The majority of the standby losses of a well-designed flywheel energy storage system (FESS)
are due to the flywheel rotor, identified within a typical FESS being illustrated in Figure 1. Here,
an electrical motor-generator (MG), typically directly mounted on the flywheel rotor, inputs and
extracts energy but since the MG is much lighter and smaller than the flywheel rotor, its aerodynamic
drag and bearing loss contribution are much smaller than the flywheel rotor. The low contribution to
losses of the MG are qualified later in the paper and it should also be noted that electromagnetic drag
from the MG is not treated here since this is a subject which would be covered as part of the design
and analysis of the MG for which there are numerous choices. There are also a number of choices
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for the bearings and these are discussed in-depth also in [1–3]. A low cost and simple bearing type
commonly chosen is the mechanical bearing, typically rolling element with fluid lubrication and this
type is considered in this paper.
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Figure 1. Structure and components of flywheel energy storage system (FESS).

The main sources of loss in the flywheel rotor of the FESS are due to aerodynamic and bearing
friction losses. The aerodynamic loss in a flywheel system, also called the windage loss, is due to
the friction between the rotor part of the flywheel and surrounding air, whereas the bearing loss is
generally dependent on the weight of the rotor and the type of lubricant used. The relative contribution
of these losses to the total loss with reference to operating parameters is commented on later in the
paper. Operation of flywheel systems at atmospheric pressure conditions would lead to high losses
in terms of wasted energy and could result in overheating of the flywheel rotor [4]. To control the
level of losses, the flywheel is enclosed in containment to create a vacuum environment because the
losses reduce with a higher vacuum (i.e., absolute pressure), but not proportionally [5]. The losses
can be fully eliminated by increasing the vacuum but its maintenance will be harder due to leaks
and outgassing as a result of increased pressure ratio [6]. Outgassing occurs when solid materials
and liquids (i.e., lubricating oil) release gas due to higher vacuum and lubricating oil required for
the bearing system could even boil if the vacuum is too high. Notwithstanding the outgassing issue,
maintaining a high level of vacuum is another challenge and requires constant operation of a vacuum
pump, especially for the cases when high vacuum level is maintained using gas mixtures such as SF6

and He [7]. However, if the requirement for the vacuum level is not too high, it can be easily maintained
with the low-cost solution of hermetically sealing the flywheel containment and pumping the casing
down intermittently [8]. This mechanism will reduce the wear on the pump and the loss of power due
to continuous running of the pump [9]. Depending on the effectiveness of the sealing, the pump can
be taken off the system and vacuuming can be done every few years as a maintenance item [10] and
under such operation, the energy consumption of the vacuum pump can be considered negligible.

The windage loss in a flywheel system itself is determined by the friction between the rotor
and the air or gas surrounding it, which depends on the enclosure mechanism. It is approximately
proportional to the cube of speed and can become intolerable if the pressure level is not controlled [4].
The windage losses can be reduced with low vacuum level which necessarily requires a casing to
maintain a low-pressure environment. Reducing the pressure below atmospheric level, however,
changes the surrounding gas medium to what is called the rarefied condition, a flow regime for which
the aerodynamic loss must be calculated in another way. The fluid behaviour under rarefied conditions
cannot be analysed by the methods of continuum fluid mechanics and must be predicted by the kinetic
theory due to the effect of pressure on viscosity where the gas particles are located too far away from
each other [11]. Operational regimes based on the kinetic theory are determined using statistical
solutions or analytical methods. However, available literature addressing the aerodynamic losses in
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flywheel storage systems under rarefied vacuum conditions are quite limited and it is an area where
this research explores in more detail with a presented methodology.

An analytical loss model of a novel outer rotor FESS validated based on measurements is presented
in [12]. The design and analysis of the losses in a high-speed flywheel system are discussed in [13].
The former calculates the mechanical loss of the FESS while the latter studies the friction loss, core
loss and the copper loss of the designed flywheel system, however, both papers ignore the losses due
to windage. Mitigation of losses in FESS and analysis of different components of losses contributing
to the total loss is discussed in [14]. The losses of a flywheel system operating with solar cells are
studied in [15]. References [16–19] mainly address the losses in the electrical machine part of the FESS
which are typically small in comparison to the losses in its rotor part. Reference [20] studies a FESS for
satellite applications and presents an algorithm for controlling the flywheel losses. The calculation
method for aerodynamic and mechanical friction losses in flywheel storage systems is discussed
in [21]. However, both systems estimate the windage losses based on empirical equations valid for
atmospheric pressure conditions which will give inaccurate results if the flywheel system operates in
lower pressure levels or vacuum conditions. Suzuki et al. [22] discuss the effect of gas mixtures in
reducing the aerodynamic losses in flywheel storage systems. The windage loss is determined using
the coefficient of air resistance, but the effect of helium gas in rarefication of the vacuum chamber is
not fully investigated. What is commonly absent in these papers is a methodology for determining
the windage losses of vacuum-operated flywheel systems. The current research, therefore, uses the
latest available information to propose an approach for estimation of aerodynamic drag coefficients for
systems operating in rarefied gas conditions.

The losses due to bearing friction are generally determined by estimating the slip and shear
stress within the interacting surfaces of the bearing. Despite the complexity of the available analytical
models for predicting the bearing losses, the empirical approaches available in the literature as well
as the technical information provided by the bearing manufacturers extensively address these losses.
However, there are so many methods available with such a broad field of applications, the best
methodology, suited for the specifics of flywheel application has not been easy to find. The methods
available have therefore been reviewed to guide the reader interested in mechanical bearing losses in
flywheels to a clear and simple method. Additionally, a good method for estimating bearing life has
been identified and described.

The paper is structured to firstly address the determination of the flywheel standby losses, such
losses consisting of the windage and bearing friction losses are considered in turn. The windage loss of
flywheel systems in vacuum conditions is not widely addressed in the literature and is discussed in
more detail here. The bearing friction loss is briefly described to make the context for estimation of the
total standby losses, however, some design choices and the approach for selection of bearing systems
is also presented in detail. Parametric type calculations are presented to illustrate typical values and
tradeoffs for a flywheel of realistic dimensions and speed. This is followed by an analysis of the impact
of the number of daily charge-discharge cycles on reducing the flywheel standby losses. The paper
concludes with the calculation and analysis of the system total losses and efficiency concerning the
standby losses and charging cycles of the flywheel system.

2. Flow Regimes and Windage Drag Coefficient

2.1. Rarefied Free Molecular Flow

The rarefication of aerodynamic flow types is normally classified as continuum flow, slip flow,
transition flow and free molecular flow where the transition between each state is determined from
the dimensionless Knudsen (Kn) number as shown in Figure 2. It is defined as the ratio between the
mean free path (λ) of a molecule and the dimension of the object under consideration which is the gap
between the flywheel rotor and its surrounding containment [23].
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The Knudsen number can also be calculated using the dimensionless parameters Mach number
(Ma) and Reynolds number (Re) as given by:

Kn =
λ
d

=
(
πκ
2

) 1
2 Ma

Re
(1)

Such that:
Ma =

V

(κRT)
1
2

(2)

Re =
ρdV
µ

(3)

where V is the velocity, κ is the ratio of specific heats, µ is the viscosity, ρ is the density, T is
the temperature, R is the universal gas constant, and d is the gap between the flywheel rotor
and containment.

Flywheel storage systems require a reduced pressure inside the containment where the flow
regime turns into rarefied free molecular flow due to the sufficiently spaced molecules. Hence the
length scale of the flow (rotor-stator gap) will be much smaller than the mean free path of molecules,
the surfaces collision of the molecules can be neglected, and the motion of molecules can be studied
under Maxwellian distribution [24]. In free molecular flow the viscosity is varied in accordance
with temperature and pressure and the continuum approximations based on fluid mechanics become
invalid [11]. Solutions for such regimes are determined by kinetic theory using analytical or statistical
methods. Analytical solutions of the flow of gases for the limiting cases of free molecular (Kn →∞) and
continuum flow (Kn = 0) are generally derived using Boltzmann equation. However, approximations
for a range of Knudsen numbers in the transition region between the two cases will be of great
importance for more practical cases.

Approximate solutions of the Boltzmann equation including the intermediate region have been
developed by several authors building upon the early work of Millikan [25]. The air friction due
to cylindrical surfaces moving rapidly in a low-pressure environment is analysed in [26]. Authors
of [27,28] have developed approximations for free molecular drag in cylindrical Couette flow. The
drag force on objects in the transition region studied based on the kinetic theory is presented in [29].
An approach with reference to the Maxwell-Boltzmann equation and kinetic theory of gas flows is
developed in [30]. It is shown to be valid for the entire range of Knudsen numbers, however, the method
is fairly complex and is limited concerning non-linearity of gases in rarefied conditions including the
behaviour of gases due to temperature variations. The current research proposes a methodology for
the approximation of aerodynamic losses of cylindrical flywheels operating in rarefied mediums as
developed in reference to the work of Beck [31] and Alofs [32]. The windage losses of an intermediate
speed (10–20 krpm) steel-rotor flywheel system are estimated based on the mathematical expressions
developed for windage drag coefficients and shear stress of cylindrical flywheels.
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2.2. Windage Drag Coefficient at Low-Pressure Medium

Beck was the first to derive an expression for shear stress under rarefied condition between two
infinitely extended plates a and b with a separation distance d and a constant relative velocity V as
given by [31]:

τab =
1
2
ζ

mnV
(RT

2π

) 1
2
 (4)

where τab is the shear stress between the two surfaces a and b, m is the molecular mass and n is the
number density.

The value of ζ in Equation (4) is dependent on the Knudsen number and is valid when the
temperature difference between the two plates is neglected (Ta/Tb = 1).

ζ =
4Kn

1 + 2Kn
(5)

An object with relatively large velocity moving through a fluid will experience a force as given by:

FD =
1
2

mCDV2 (6)

where the drag coefficient CD is a dimensionless quantity that is a function of speed, roughness and
geometry of the object. Using Equation (6), the drag coefficient of cylindrical surfaces as a function of
shear stress can be represented by:

CD =
2τab

ρV2 (7)

Substituting Equations (4) and (5) in Equation (7) and simplifying gives:

CD =
4Kn

1 + 2Kn

 1

Ma(2πκ)
1
2

 (8)

Equation (8) can be further expanded by substituting Equations (1) and (7) to express the shear
stress of cylindrical objects as a function of the Reynolds number (Re) and Mach number (Ma) as given
by:

τab = ρV2

 1

Ma(2πκ)
1
2 + Re

 (9)

Hence, using the derived shear stress expression, the drag loss of a cylindrical flywheel with
radius r and length h can be calculated by:

Pw = τabArω (10)

Pw =

 2πρhr4

Ma(2πκ)
1
2 + Re

ω3 (11)

The derived expression can be used to estimate the windage power loss of flywheel systems
in rarefied gas environments. The limitations and the level of accuracy of Equation (11) at different
pressure levels are further investigated by accommodating tangential momentum accommodation
coefficient (σ) in the expression for shear stress.

Bowyer and Talbot [27] have developed a formula for shear stress in cylindrical coquette flow for
rarefied gases valid for the condition of complete accommodation (σ = 1) as given by:

τab =
1
2
ρV

(2RT
π

) 1
2
(a

b

)2
(12)
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Similarly, Kennard [28] has also developed an expression for plane Couette flow in rarefied gas
conditions valid for other values of σ as given by:

τab =
1
2
ρV

(2RT
π

) 1
2
[
σ

2− σ

]
(13)

An expression for windage drag of cylindrical surfaces in free molecular flow including the
momentum accommodation coefficient can be derived by combining Equations (12) and (13).

τab =
1
2
ρV

(2RT
π

) 1
2
(a

b

)2[ σ
2− σ

]
(14)

Therefore, an expression for drag loss due to windage in cylindrical flywheels accommodating (σ)
and (Ma) is developed by substituting Equation (14) in (10):

Pw =

 2πρha6

Ma
(
2πκb4

) 1
2


[
σ

2− σ

]
ω3 (15)

Equation (15) can accommodate different values of σ and its validity for a wide range of Knudsen
numbers has been tested by the experimental results of Alofs and Springer [32]. Analysis of flywheel
windage losses in this study is performed using Equation (11) and compared with the results produced
based on Equation (15) to indicate the level of accuracy and correlation of both methods at different
pressure levels.

3. Bearing Friction Losses

The overall losses in ball bearings can be estimated by considering the slip and shear stress at
interacting surfaces within the bearing. However, predicting the torque and power loss of bearing
through analytical models is complex and still limited in the accuracy in some applications. This is
due to the level of difficulty associated with satisfactorily quantifying the relationship between the
state of lubricant within the bearing cavity and the applied lubricant conditions. Therefore, control of
the amount of lubricant in the cavity to the amount of lubricant supply is determined empirically as
favoured in industry and also by bearing manufacturers [33]. In this work, an empirical approach
developed by Palmgren [34] is used to estimate the bearing friction losses in the proposed flywheel
system. He determined the empirical factors for all types of rolling bearings and developed equations
for the frictional torque. According to Palmgren, the torque of a rolling bearing (TB) consists of two
components: one speed dependent (Tv) and the other load dependent (TL) [35].

TB = TL + Tv (16)

The load term TL is determined by the bearing type and load:

TL = fLFbDp (17)

where Fb is the load applied on the bearing (N), Dp is the pitch circle diameter of the rolling element
(inches) and fL is a factor dependent on bearing design and relative load that can be obtained by:

fL = z
( Fs

Cs

)y
(18)

where Fs is the static equivalent load (N), Cs is the static load rating (N), y and z are load torque factors
determined experimentally (see Appendix A). The static equivalent load is a theoretical load that is
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assumed to produce a contact stress equivalent to the maximum stress when the bearing is operating
under actual practical conditions.

The load factor Fb in Equation (17) is dependent on magnitude and direction of the applied load
on bearing as given by:

Fb = max
(
(0.9 Fa ctn (a) − 0.1 Fr), Fr

)
(19)

Finally, the speed-dependent component of the bearing torque is the combined effect of the speed
and viscous shearing of the type of lubricant used for the bearing:

Tv =

 1.42× 10−5 f0 (v0n)
2
3 Dp

3 , v0n > 2000
2.30× 10−3 f0 Dp

3 , v0n ≤ 2000
(20)

where Fr is the axial load (N), Fa is the radial load (N), n is the bearing speed (rpm), v0 is the kinematic
lubricant viscosity (centistokes) and f0 is a factor dependent on bearing type and mode of lubrication
(Table A2).

3.1. Bearing Sizing and Selection

Selection of bearing for use in flywheel applications is dependent on a combination of parameters
including bearing static and dynamic load, operational speed and an acceptable level of maintenance.
In addition to supporting the flywheel weight and dynamic forces, the selected bearing is also
required to have a satisfactory life with low maintenance and an acceptable level of losses. Suitable
bearing types for high-speed applications are hydrodynamic bearings, airfoil bearings, different types
of magnetic bearings and rolling element bearings [36]. Hydrodynamic bearings are suitable for
high-speed applications under vibrating conditions and airfoil bearings can operate at high speed
under high-temperature levels as they do not require lubrication and the bearing surfaces are kept
apart by pressurised air. However, the former needs special treatment of the oil lubrication system and
the latter requires pressurised air which makes them unsuitable for flywheels due to their requirements
and a higher level of costs. Since the flywheel is operating in a vacuum and to avoid leakage and
friction loss due to shaft seals, magnetic bearing and rolling element types are the best choices available.
However, magnetic bearings and particularly active magnetic type are expensive and complex and
cannot withstand larger acceleration and gyroscopic forces. They also need rolling bearings as back up
in case of power failure.

With the above considerations and as per bearing manufacturers recommendations, the flywheel
rotor in this study is balanced by a combination of passive magnetic bearing and radial ball bearings as
shown in Figure 3. The rotor of the proposed flywheel system is a one-piece steel cylinder machined at
either end to the required diameter and supported by two angular contact ball bearings on both sides
of the shaft.

The majority of the weight is vertically levitated by the passive magnetic bearing which theoretically
has no losses and the two relatively small diameter ball bearings are used to radially stabilise the
spinning rotor. In order to keep the rotor spinning around its mass rather than geometric axis, soft
springs are mounted on ball bearings to accommodate for any small out of balance displacement as
shown in Figure 4. This minimizes the force on the bearings so they can be reduced in size for lowest
loss. Each bearing is housed in a steel cap with evenly spaced six holes on its periphery. The bearing
caps on top and bottom are connected to the set of six springs, which are secured at the holes on the
bearing cap on one side and to the bolts of adjustable steel ring on the other side
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Figure 4. Bearing balanced by flexible six-spring set.

The vertical position of the steel ring on top and bottom support plates can be adjusted by means
of the three studs. The passive magnetic bearing at the top, on the other hand, is mounted between the
flywheel rotor and the top supporting plate.

Angular contact ball bearings are generally a good choice and give excellent life if the bearing is
maintained well and the temperature is not allowed to exceed the limits of the lubricant. Calculation of
the bearing life and lubrication selection are discussed in upcoming subsections to explain and justify
the choices for selection of a low maintenance option with satisfactory operating lifetime.

3.2. Bearing Lubrication Selection

The type of lubrication in rolling element bearings determine the operating temperature as well
as the speed limit and bearing losses. Oil lubrication allows the highest speed operation but with the
downside of requiring frequent maintenance and additional equipment for oil pumping. High-pressure
oil feed system is also a good alternative to control the temperature, but its sophisticated oil supply
system needs a high-pressure pump with filter and oil cooler adding to the overall cost of the system.
Grease is another option and serves best in terms of maintenance requirements and life expectancy,
however, it has a lower cooling effect and limits the operational speed in comparison to oil lubrication.
Taking into account the important factors such as lubricant viscosity, cooling effect, quantity and mode
of supply, and vapour pressure level of the lubricant, a nominal lubrication method preferred in the
majority of the bearing systems is either oil mist or grease lubrication method [33].

The type of lubricant for the two radial bearings supporting the flywheel is selected by considering
the above requirements. The lower bearing will have the highest load and acts as a register bearing by
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taking the net axial load. Therefore, it is oil-lubricated by creating an oil mist so its temperature is kept
at the lowest. The top ball bearing, on the other hand, will be grease lubricated because getting an oil
mist to this bearing is difficult and will possibly develop an oil mist around the flywheel rotor which
will further contribute to windage losses. The selection of grease lubricant can be justified since the
speed of the steel rotor is not particularly high, and also the top bearing is lightly preloaded by the
attached springs which will not experience significant load variations. Hence heat generation and
temperature control will not be an issue.

3.3. Bearing Life

Bearing life as defined by the bearing manufacturers is the duration that it can safely endure load
under rotating conditions. The rolling surfaces experience a high number of cyclic stresses that can lead
to cracks under or at the surface which will cause material failure on the surface of the rolling elements
and would leave a pit. Signs of fatigue pit can be detected in the form of noise or vibration and this
indication is considered to be the end of bearing life. However, this failure mode is still safe and the
bearing can operate for sufficient time before remedial action is taken [33]. For flywheel applications
where the maintenance requirement is favoured to be at a minimum and bearing breakdown or even
the failure mode could lead to a catastrophic, fatigue life calculation becomes an important step in
bearing selection and design process.

A simple and widely used calculation method for the bearing fatigue life is the basic rating life.
It is defined as the total number of operating hours completed by a number of selected bearings
(operating individually and under the same conditions) when 10% of them fail to function due to
flaking [35]. The following relation calculates basic rating life for ball bearings as a function of bearing
load:

L10 = (C/P)p (21)

L10h =
106

60n
L10 (22)

where L10 (millions of revolutions) is the basic rating life (at 90% reliability), L10h (operating hours)
is the basic rating life (at 90% reliability), C is basic dynamic load rating (N), P is the equivalent
dynamic load (N), n is the rotational speed (min−1) and p is the exponent of the life Equation (3 for
ball bearing, 10/3 for roller bearing). The equivalent dynamic load (P) is a hypothetical load with
constant magnitude and direction to account for the actual dynamic load that is applied on the bearing
in practical conditions. It consists of a radial component for radial bearings and an axial component
for thrust bearings as calculated using the following general equation:

P = XdFr + YdFa (23)

where X is the dynamic radial load factor and Y is the dynamic axial load factor (Table A3).
The rating life for modern high-quality bearings, however, will be considerably different and it

will deviate from the actual service life in a given application because many factors such as lubrication,
errors in bearing design and selection, improper mounting, inadequate maintenance and environmental
conditions are not taken into account in calculating the bearing basic life. Since bearing life calculations
considering these factors are quite computational and require test data, a simplified approach practised
by many bearing manufacturers is the inclusion of modification and adjustment factors to complement
the basic rating life equations and give an estimation of the fatigue life rating close to practicality.
Hence, the modified life equations based on the adjustment factors proposed by manufacturer SKF
take the form [37]:

Lnm = a1aSKF(C/P)p (24)

Lnmh =
106

60n
Lnm (25)
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where Lnm (million revolutions) is the modern rating life (at 100—n% reliability), aSKF is the life
modification factor, Lnmh (operating hours) is the rating life (at 100—n% reliability) and a1 is the life
adjustment factor for reliability (Table A4).

4. Results and Analysis

4.1. Aerodynamic Drag Losses

The specifications of the flywheel system including the air density values at 20 ◦C and atmospheric
pressure conditions are provided in Table 1. The standby windage loss of the system at different speeds
and pressure levels is estimated with help of Equations (1)–(3) and power loss expressions due to
windage drag as derived and presented in Equations (11) and (15).

Table 1. Flywheel specifications and air properties.

Property Unit Value

Mass (m) kg 524
Rotor outer diameter (a) mm 410

Rotor axial length (h) mm 500
Rotor air gap (d) mm 1–5

Rotor shaft diameter (Ds) mm 25
Moment of inertia (J) kg.m2 11

Max peripheral velocity (v) m/s 430
Gas constant for air (R) J/kg K 287
Viscosity coefficient (µ) kg m−1/s 1.8 × 10−5

Specific heat ratio (κ) - 1.4

Results of windage loss calculations for a constant air gap of 1 mm and a range of pressure levels
between 0.001–100 Pa are presented in Figure 5. Each pressure level is tested for different speeds
ranging between 1000–300,000 rpm. The considered flywheel system has an operating speed range of
10,000–200,000 rpm and pressures of 10 Pa and 100 Pa will not be reached due to vacuum operation,
however, calculations beyond these limits are performed for a better comparison of the methods
explained and as an indication of the rate how these losses increase with pressure and speed.

The results of loss estimations show that windage losses increase exponentially and become
unacceptable if the pressure level is not controlled, which justifies the need for a vacuum container.
In addition to the effect of pressure and speed on windage losses, the air gap variations between the
flywheel rotor and container are also studied in this calculation method and the windage losses at
different air gaps ranging between 1–5 mm are shown in Figure 6. The speed range is further extended
to 40,000 rpm since the air gap effect on aerodynamic loss is more evident at larger speeds.

The estimation of losses at lower pressures shows that the effect of air gap variations is negligible
and the windage losses remain the same for all air gaps. If the pressure level is increased to 1 Pa, the
losses slightly decrease as the air gap increases. This is evident in higher pressures (10 Pa and 100 Pa)
where the losses are significantly increased with the reduction of the air gap. For instance, changing
the air gap from 5 to 1 mm at 2000 rpm speed will increase the losses by approximately 590 W at 10 Pa
and 1470 W at 100 Pa, respectively.

Since the proposed calculation method is developed for vacuum conditions, its accuracy and
limitations for higher pressures need to be evaluated. Hence, as shown in Figure 7, further results are
produced using the method derived in Equation (15) where the momentum accommodation coefficient
(σ) is included in the calculations and all pressure levels are accommodated.
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Figure 5. Aerodynamic drag loss relative to speed and pressure.

The results obtained show that both calculation methods give similar and accurate results at lower
pressures and are hardly affected by the air gap differences. As the pressure increases beyond 1 Pa,
windage losses in method 1 change significantly with different air gaps although the losses based on
method 2 show consistency and close correlation for the entire range of air gap values.

Method 1 is valid for rarefied gas conditions with low-pressure level, hence at large pressures, any
small increase in the air gap will contribute to rarefication of the medium and the windage loss will be
reduced. For example, a change of air gap from 1 to 5 mm at 20,000 rpm will reduce the windage loss
by approximately 35 W at 1 Pa (Figure 6c), 590 W at 10 Pa (Figure 6d) and nearly 1.5 kW at 100 Pa
(Figure 6e), respectively. Therefore, both methods are valid for the entire range of Knudsen numbers
and can be used for calculation of windage losses in flywheel systems. However, in method 1 the air
gap deviation is also taken into account and is quite useful for the cases of variable gap between the
rotor and surrounding containment.
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Figure 7. Windage loss relative to pressure and speed at different air gaps–Method 2 (with σ).

The statement made earlier in the introduction that the MG makes a low contribution to the losses
can be justified given that the calculation methods for windage losses have been described. For the
flywheel described in Table 1, the MG would have a power output in the order of 10′s kW. Taking
a maximum power of 100 kW and assuming a MG rotor peripheral speed of 180 m/s and a range of
magnetic shear stress of 0.001–100 Pa, the rotor, radial flux, will have a diameter and length of 172
and 206 mm, respectively. For a 1 mm air gap, the windage losses of the flywheel rotor and MG are
calculated according to the methods described and compared in Table 2. The ratio of MG windage loss
to flywheel rotor is shown to be approximately 3% for all pressure levels and is therefore small enough
to be neglected.
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Table 2. Results of windage loss for flywheel rotor and MG relative to the pressure.

Description Pressure (Pa)

0.001 0.01 0.1 1 10 100

Flywheel windage loss (W) 0.16 1.59 17.20 151.66 925.48 1889.62

MG windage loss (W) 0.005 0.048 0.523 4.61 28.2 58.5

Ratio of MG to flywheel
losses (%) 3.07 3.02 3.04 3.04 3.05 3.09

Finally, the windage loss for continuum and molecular flow regimes as a function of the flywheel
pressure level is now shown in Figure 8. The losses in the molecular region are calculated based on
rarefied gas conditions using the approximation methods developed in this work, whereas for the case
of continuum regimes, the calculation methods for atmospheric conditions are used. For each flow
regime, it is shown that the level of losses for the two conditions of 1 and 5 mm radial gap is quite
close and not significantly affected by changing the pressure level. Although the flywheel system will
be operating in molecular regime due to vacuum conditions and this will be well below the 10 Pa
pressure level, to the author’s best knowledge, there is no theory or test available for the windage
losses in the transition region between continuum and molecular flow regimes and these losses are
usually calculated by interpolation method.
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4.2. Bearing Friction Losses

The static and dynamic loads, as well as the specifications of the bearing assembly of the proposed
flywheel system, are summarised in Table 3. The lower bearing will have the highest load by taking
the net axial load of approximately 5% of the rotor weight including the weight of the integrated MG.
The top bearing will be supported by the attached springs, and a light preload as recommended by the
bearing manufacturers will be considered for this bearing.
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Table 3. Bearing specifications and static and dynamic loads.

Property (Unit) Lower Bearing Top Bearing

Axial load Fa (N) 1 260 80
Radial load Fr (N) 100 160

Load ratio (Fa/Fr)> e or < e (Table A3) 2.60 0.53
Radial static load factor Xs (Table A2, α = 25◦) 0.5 0.5
Axial static load factor Ys (Table A2, α = 25◦) 0.38 0.38

Radial dynamic load factor Xd (Table A3, α = 25◦) 0.41 1.0
Axial dynamic load factor Yd (Table A3, α = 25◦) 0.87 0

Equivalent static load [Fs = max((XsFr + YsFa), Fr)] (N) 149 160
Equivalent dynamic load (P = XdFr + YdFa) (N) 267 160

1 Flywheel rotor: mass (kg) = 524, outer diameter (mm) = 410, height (mm) = 500.

The radial load on the bearings is not fixed and is estimated using ISO 1940/1 for a balance quality
grade of G0.4 [38]. This gives an unbalanced force of approximately 260 N although this is unlikely
to be as high as this since it will be significantly reduced due to the presence of soft mounting of the
bearing outer races using springs. Opposite to the case of axial loads, most of the radial load will act
on the top bearing since the length of the integrated MG moves the lower bearing further away from
the flywheel rotor. Hence, 160 N for the top bearing and 100 N for the lower bearing are assumed.
The effect of springs on the overall system dynamics is analysed based on the considerations that the
flywheel rotor is axisymmetric and rigid, and the deviations of the centre of gravity of the flywheel are
small. The rigidity of the rotor can be justified in reference to the assumption that if the rotor stiffness
is considerably higher than the stiffness of the bearing support system, the rotor behaves as a rigid
body [39]

The type and specification of the bearings including the factors and parameters for bearing
life calculations are presented in Tables A1–A6 in Appendix A. Considering the bearing type and
lubrication method described above, the load-dependent torque and speed-dependent torque on the
bearings are determined by substituting the relevant parameters into Equations (17) and (20). The
losses due to both bearings supporting the flywheel rotor for different operating speeds are presented
in Table 4.

Table 4. Results of bearing standby loss calculations.

Speed (rpm)
Bearing Friction Losses (W)

Lower Bearing Loss Top Bearing Loss Total Loss

PL Pv PL Pv P

1000 0.4 0.08 0.13 0.38 1

5000 2 1.2 0.7 5.6 10

10,000 4 3.7 1.3 17.6 27

15,000 5.97 7.3 2 34.5 50

20,000 8 11.7 2.7 55.8 78

25,000 10 17 3.3 81 111

30,000 11.96 23 4 109.5 149

35,000 13.95 29.72 4.7 141.6 189

40,000 15.94 37.14 5.3 176.85 235

Most of the estimated losses occur on the top bearing and the majority comes from the
speed-dependent loss component. This is partially due to larger radial load on this bearing but
it is mainly related to the type and mode of lubrication. As the speed increases, the speed-related
losses for the top bearing increases much greater compared to the load-related losses. This is not
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the case for the lower bearing since it is oil-lubricated and the viscosity and mode of lubrication
contributions are small. Hence, the type of lubrication determines the implication of load-related and
speed-related losses.

Bearing life calculations for both bearings operating at different speeds are shown in Table 5.
In contrast to the strong dependency of lubrication type on the bearing losses, the applied load mainly
affects the bearing life but the type of lubrication has less of an effect. It is dependent on the equivalent
load and the type of bearing. Since the same type of bearing has been selected for both the top and
lower bearings, the larger equivalent load on the lower bearing greatly reduces its estimated lifetime.
The equivalent load on the lower bearing is 40% higher than the top bearing. If we compare both
bearings at 20,000 rpm, the estimated basic life of the top bearing is 178,000 h while that of the lower
bearing is 38,000 h. The modified rating life of the top and lower bearings are 284,000 h and 98,000 h,
respectively. Therefore, despite the lower bearing having a relatively less viscous lubricant compared
to the grease-lubricated top bearing, an increase of 40% in its equivalent load will reduce its basic
lifetime by 78% and modified rating life by 65%. Additionally, factors such as dynamic load rating (C)
and fatigue load limit (Pu) will also affect the bearing life rating. Selecting a different type of bearing
with lower C value will have a shorter bearing life rating.

Table 5. Results of bearing life calculations.

Bearing
Type

Description Speed (krpm)

1 5 10 15 20 25 30

Top Basic rating life (1000 h) 3555 711 356 237 178 142 119

Modified rating life at
95% reliability (1000 h) 5688 1138 569 379 284 228 190

Lower
Basic rating life (1000 h) 765 153 77 51 38 31 26

Modified rating life at
95% reliability (1000 h) 1959 392 196 131 98 78 65

4.3. Total Losses and Efficiency

In order to determine the overall efficiency of the system, total standby losses including windage
and bearing friction losses must be taken into account. The flywheel self-discharge rate increases
nonlinearly as the speed and pressure increase. The windage losses vary with pressure and speed
although bearing losses are only speed dependent. Hence the combined run-down losses will be
a combination of different powers of speed due to multiple power loss expressions (PL, Pv and Pw)
included in the calculations. Air gap variations will also have a significant effect at higher pressure,
hence, a gap of 1 mm is considered as a worst case. The standby self-discharge rate of the flywheel
system at three different pressures of 0.01, 0.1 and 1 Pa is shown in Figure 9. The flywheel is considered
to be initially fully charged and running at 20,000 rpm, and then left on standby mode for 24 h without
any further recharging.
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Figure 9. Flywheel standby discharge rate in 24 h.

The 24-h run down losses at lower pressures are smaller and gives 25% discharge at 0.01 Pa and
approximately 30% discharge and 0.1 Pa. When the pressure is increased to 1 Pa, the discharge rate is
almost doubled to 55% and approximately 2740 Wh of energy is lost in 24 h. This is because of the
exponential increase of the windage losses with respect to rising pressure. At lower pressures, the
windage losses are insignificant and bearing friction losses dominate the standby losses. At 1 Pa and at
higher speeds, however, the windage losses increase substantially while the rate of change of bearing
losses is less pronounced. Since the flywheel will be operating in a vacuum and a pressure of 0.01 Pa
could be easily maintained, a pressure of 1 Pa can be avoided and considered as the maximum operating
pressure limit. What this analysis illustrates is that the windage loss can be strongly controlled by
changing the pressure whereas there are fewer opportunities to reduce the bearing loss. It therefore
makes sense to set the pressure such that the windage losses are of a similar order of magnitude to the
bearing losses rather than choosing to reduce the vacuum pressure to the point of diminishing returns
given the cost of maintaining a harder vacuum. In addition, this analysis is performed based on the
assumption that the flywheel performs only one charge-discharge cycle per day and then switches to
standby mode for the course of 24 h. Considering this, if the number of cycles per day is increased, the
percentage of energy loss during standby periods will become smaller as shown in Table 6.

Table 6. Flywheel standby discharge rate relative to the number of cycles.

No. of Cycles Standby Self-Discharge Rate (%)

(Per Day) (0.01 Pa) (0.1 Pa) (1 Pa)

1 (0.5 h) 24 30 55
5 (2.5 h) 23 29 53
10 (5 h) 20 25 47

20 (10 h) 15 19 37
30 (15 h) 10 12 25
40 (20 h) 4 5 12

45 (22.5 h) 2 3 7

The proposed flywheel system is C2 rating (5 kWh, 10 kW) and takes 30 min charge-discharge
time between 50% charge to fully charged and back to 50% state of charge. For 10 cycles per day, the
flywheel will be idling for 19 h and this gives 47% discharge rate if the pressure reaches the maximum
of 1 Pa. For the same pressure, the self-discharge rate can be reduced to an acceptable level of 25% for
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30 cycles and this is further improved to 12% and 10% if the pressure is reduced to 0.1 and 0.01 Pa,
respectively. The standby losses will be far reduced for 40 and 45 cycles but this will not be realistic
since the maximum possible number of cycles per day is 48 and the flywheel would hardly rest.
A compromise must be made between the number of cycles and standby losses based on the level of
pressure in the vacuum. For instance, the self-discharge rate of 25% can be reached for 10 cycles at
0.1 Pa or 30 cycles at 1 Pa. Therefore, 10 cycles per day is considered as an acceptable compromise for
calculating the run down losses and system efficiency. This will give a self-discharge rate of 4.7% per
cycle in the extreme conditions of 1 mm air gap and 1 Pa pressure.

The efficiency of the system can be calculated considering the system conversion efficiency during
charging (ηcharge) and discharging (ηdischarge) which are also dependent on the energy losses in the
electrical machine and related power electronics. The overall efficiency per cycle of the flywheel
system (ηsys) including the run down losses can be calculated by assuming an efficiency of 98% for
power electronics and 95% for the MG (electrical machine) giving an overall round trip efficiency
of approximately 83%. Accordingly, the maximum standby losses of 230 W can be confirmed by
combining the windage losses with the bearing friction losses for an operating speed of 20,000 rpm.
The remaining operational losses are approximately 310 Wh per cycle.

5. Conclusions

This paper has described a methodology for estimation of standby losses in flywheel storage
systems operating in vacuum conditions, which is an area previously not addressed in the literature in
a clear manner focused on this application.

Calculations of aerodynamic and bearing friction losses were performed at different speeds and
pressures to show the substantial level of losses in flywheel systems operating in atmospheric conditions
and the need for maintaining a vacuum environment. For the case of vacuum environments with
rarefied gas conditions, two different windage loss calculation methods were developed, compared
and justified by performing a comprehensive analysis of the proposed flywheel system. The findings
of the research showed that both methods represent quite a close correlation for pressure levels below
1 Pa, but will show some disparity for pressures higher than 1 Pa. Nevertheless, method 1 exhibited a
satisfactory level of consistency and also includes air gap variations.

Bearing friction losses and life calculations concerning loading conditions, mode of lubrication
and maintenance requirements are determined using empirical approaches recommended by the
bearing manufacturers. It was shown that the bearing losses are strongly dependent on lubrication
type and not majorly affected by the applied load. In contrary, the loading condition mainly challenges
the effective life of the bearing and the type of lubrication has less of an effect.

The total loss and efficiency of the proposed flywheel system were determined based on the results
of bearing friction and windage losses. Analysis of the effect the flywheel operating cycles indicated
that the standby losses can be minimised by increasing the number of charge-discharge cycles, however,
a realistic and practical system requires a compromise between the number of cycles and standby
losses. Therefore, 10 cycles per day was considered as an acceptable compromise for calculating the
run down losses and system efficiency. It was shown that the system will incur maximum standby
losses of 230 W in 10 cycles while the remaining operational losses will be 310 Wh per cycle.

The mathematical equations and methodology developed for estimation of windage drag
coefficients are proposed for estimation of aerodynamic windage losses in flywheel systems operating
in full or partial vacuum conditions. Further research will focus on the method of windage loss
estimations in the transition flow regime since there is no theory available for this region and mostly
the calculations are performed by using interpolation between continuum and molecular flow regimes.
Future research will be directed on experimental verification of the theoretical methods for estimation
of flywheel energy storage system losses as presented in this article.
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Appendix A

The static equivalent load Fs is a theoretical load that is assumed to produce contact stress
equivalent to the maximum stress when the bearing is operating under actual practical conditions. It is
calculated using Equation (A1) and the greater of the two values should be accounted for the static
equivalent load on radial bearings.

Fs = max((XsFr + YsFa), Fr) (A1)

where Fr is the radial load (N), Fa is the axial load (N), Xs is the static radial load factor and Ys is the
static axial load factor (Table A2).

Table A1. Values of permissible static load factor fs [33].

Operating Conditions Lower Limit of fs=Cs/Fs

Ball Bearings Roller Bearings

Low-noise applications 2.0 3.0
Bearings subjected to vibration and shock loads 1.5 2.0

Standard operating conditions 1.0 1.5

Table A2. Values of the load factor, torque factor and lubrication factor [33–35].

Load Torque Factors Lubrication Factor, f0

Bearing Type Xs Ys z y Oil
Mist/Injection

Oil Bath
/Grease

Oil
Bath/Jet

Single row radial 0.6 0.5 0.0007 0.55 0.7–1.0 1.5–2.0 3.0–4.0
Angular contact, (α = 15◦) 0.5 0.47 0.001 0.33 1.0 3.0 6.0

α = 20◦ 0.5 0.42 0.001 0.33 1.0 3.0 6.0
α = 25◦ 0.5 0.38 0.001 0.33 1.0 3.0 6.0
α = 30◦ 0.5 0.33 0.001 0.33 1.0 3.0 6.0
α = 35◦ 0.5 0.29 0.001 0.33 1.0 3.0 6.0
α = 40◦ 0.5 0.26 0.001 0.33 1.0 3.0 6.0

Angular contact double
row - - - - 2.0 6.0 9.0

The basic dynamic load (C) is a constant load on the bearing that it can withstand for a rating life
of one million revolutions. The factor a1 is an adjustment factor when calculating the modified life of
the bearing. It shows the percentage of the failure when the bearing completes millions of revolutions.
The value of ask f is a function of viscosity ratio (κ) for lubrication condition, the level of contamination
in the bearing (ηc) and the ratio of the fatigue load limit to the acting bearing equivalent load ( Pu

P ).
These values are obtained from the data sheets provided by bearing manufacturers.
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Table A3. Values of dynamic load factor Xd and Yd for angular contact bearings [35].

Nominal Contact
Angle

Fa
Cs

e
Fa
Fr
≤e Fa

Fr
>e

Xd Yd Xd Yd

15

0.178 0.38

1 0 0.44

1.47
0.357 0.40 1.40
0.714 0.43 1.30
1.070 0.46 1.23
1.430 0.47 1.19
2.140 0.50 1.12
3.570 0.55 1.02
5.350 0.56 1.00

18 - 0.57 1 0 0.43 1.00
25 - 0.68 1 0 0.41 0.87
30 - 0.80 1 0 0.39 0.76
40 - 1.14 1 0 0.35 0.57
50 - 1.49 - - 0.73 1
55 - 1.79 - - 0.81 1
60 - 2.17 - - 0.92 1

Table A4. Values of the life adjustment factor a1 [37].

Reliability Failure Probability SKF Rating Life Factor

n Lnm a1

% % Millions revolution -

90 10 L10m 1
95 5 L5m 0.64
96 4 L4m 0.55
97 3 L3m 0.47
98 2 L2m 0.37
99 1 L1m 0.25

Table A5. Angular contact super precision ball bearing specifications [37].

Bearing
SKF 7005
CD/P4A

Principle Dimensions Basic Load Ratings
Fatigue

Load
Limit

Max
Speed

Bore
Diameter

Outside
Diameter Width Dynamic Static

d D B C CS Pu

mm mm mm kN kN kN krpm

Top bearing
(Grease

lubricate)
25 47 12 9.56 5.2 0.22 36

Lower bearing
(Oil lubricate) 25 47 12 9.56 5.2 0.22 56
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Table A6. Values of life modification factor [37].

Actual Operating Viscosity Rated
Viscosity κ ηc askf

1

Oil-Mist (mm2/s) Grease (mm2/s) ndm

4 40 ◦C 100 ◦C 40 ◦C 100 ◦C mm2/s

Top bearing - - 26 4.5 7 0.64 0.4 2.5

Lower
bearing 16 4 - - 7 0.57 0.5 4

1 Calculated based on the specifications and diagrams provided by SKF.
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