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A B S T R A C T

In this paper, a windage loss characterisation strategy for Flywheel Energy Storage Systems (FESS) is presented.
An effective windage loss modelling in FESS is essential for feasible and competitive design. Unlike generic
aerodynamic loss models, FESS require particular attention to their unique characteristics i.e., vacuum, small
airgaps, high angular speed, and presence of low friction rotor supports.

The proposed model is based on several analytical and semi-empirical windage loss solutions for cylindrical
and planar surface interactions, harmonised to manage the transition between laminar and turbulent flows.
Also, the model is enriched by introducing corrections for rarefied gasses, using kinetic gas theory formulation.
Therefore, it is possible the reduce the windage overestimation occurring with Navier–Stokes equation solutions
for laminar flow. The model is compared to case studies from the literature featuring different boundary and
operating conditions, to check consistency of all the harmonised models. A dedicated experimental test-rig is
developed to validate the corrections to the model for rarefied gas at different vacuum levels. Then, a non-
invasive characterisation approach for FESS windage losses in self-discharge phase is proposed and validated
on the test-rig.
1. Introduction

Flywheel Energy Storage Systems (FESS) have attracted significant
attention in the sustainable energy storage ecosystem, where is crucial
developing environmentally friendly methods for sourcing materials,
manufacturing processes, and end-of-life management [1].

FESS are notable for their high round-trip efficiency, power density,
and rapid response time, making them suitable for applications such
as grid stabilisation and frequency regulation [2], renewable energy
integration [3], microgrid support and islanding [4,5], Uninterruptible
Power Supply (UPS) [6,7], electric vehicle charging infrastructure [8],
aerospace applications [9,10], and nuclear energy applications [11,12].

Currently, the primary challenges in FESS technology are reducing
energy costs, increasing energy density, and improving daily discharge
capacity. In a recent review about energy storage systems, Mitali et al.
[13] highlighted that high speed FESS current Technology Readiness
Level (TRL) is about 5–7 and that the energy density range is 5 ÷
80 Wh∕kg, and the discharge time is in the order of minutes.

The challenge of reducing energy costs in FESS has been addressed
by replacing full composite material flywheel solutions [14–16] with
more cost effective mixed material solutions, such as steel shafts com-
bined with localised Carbon Fibre Reinforced Polymer (CFRP) compos-
ites [17,18].

∗ Corresponding author.
E-mail address: simone.venturini@polito.it (S. Venturini).

Enhancing energy density has primarily involved optimising the
flywheel shape profile to maximise the peripheral mass distribution.
Several manufacturers have introduced disc-rim profiles. For example,
in 2013, GKN developed GyroDrive Mk4, a non-symmetric disc-rim
profile FESS [19]. In the next years, Beacon Power and Powerthru
developed symmetric disc-rim profile FESS using a steel-CFRP material
composition [17,18].

Recently, these solutions have been abandoned in favour of shaft-
less configurations [16,20,21]. Transitioning from disc-rim to shaftless
flywheel architecture increases the wet surface interacting with the
housing fluid, leading to higher windage losses. The common solution
to reduce the windage losses involves reducing the chamber pres-
sure to achieve a free molecule flow, typically using high-vacuum
level solutions [14–21]. Despite high-vacuum environment solution
effectiveness, the energy cost balance must be carefully analysed.

Another approach is to design FESS to optimise rotor windage
loss. The study of windage losses is crucial not only for improving
daily discharge capacity, but also for addressing other technological
requirements. For instance, CFRP materials experience a reduction
in mechanical properties at high temperatures due to aerodynamic
heating [22]. In 1997, Kolk developed a FESS for grid applications
with a 10−2 Pa vacuum using a 2-stage turbomolecular pump [23].
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Kolk does not supply further details on windage losses, but justifies the
low pressure with CFRP material limitations around 140 ◦C. Similarly,
Quurk et al. imposed 10−2 Pa vacuum pressure through turbomolecular
pump [20].

FESS windage losses cannot be modelled as generic aerodynamic
losses in turbulent flow [24], due to several specific characteristics:

• small airgaps: the aerodynamic loss boundary layer and the flow
regime are affected by the dimensions of the interacting surfaces;

• centrifugal forces: the rotation of the interacting surfaces requires
considering also the contribution of centrifugal forces acting on
the fluid bringing vortex instability depending on the operating
conditions [25];

• cylindrical and annular interactions: the frontal channel boundary
layer considerations must be reconsidered for different geometry
of interacting surfaces, thus requiring, at least in laminar flow, a
different approach to the integration of Navier–Stokes Equations
(NSE);

• gas rarefaction: for high vacuum level, NSE solution hypotheses of
continuum flow are not consistent. Therefore, the NSE solution is
corrected using gas kinetic theory considerations to consider slip
and free molecule flows [26].

The correction for gas rarefaction using gas kinetic theory is pro-
posed in [27] using the Gu solution [28], which is limited to annular
interaction only. The NSE solution for continuum flow is commonly
found in boundary layer theory textbooks [25,29,30] for interacting
cylindrical surfaces.

In 2003, Liu et al. [31] implemented kinetic gas theory to pre-
dict windage losses of enclosed rotors in the pressure range of 1.3 ×
101 ÷ 103

)

Pa, obtaining slightly overestimated results in steady-state
onditions. The analysis also indicated critical temperature rise at high
ressure [32]. This methodology has been adopted by other researchers
n FESS application [33]. In 2005, Suzuki et al. [7] tested gaseous
ixtures to reduce aerodynamic losses, by considering different helium

oncentration levels in the power balance, which showed an effective
eduction of windage losses.

In 2021, Barkova and Pugachuk [34] performed a comparison be-
ween Computational Fluid Dynamics (CFD) and semi-empirical models
o investigate the effect of the chamber pressure in FESS applications.
he comparison shows that the semi-empirical model is underesti-
ating the power losses and the difference increases at higher rotor

elocities.
In 2019, Wei et al. [35] explored various separation techniques

o indirectly measure windage losses, proposing several semi-empirical
odels that proved consistent for vacuum pressures below 2 × 103 Pa.

In 2020, Amiryar and Pullen [36] examined multiple loss contribu-
tions and developed a semi-empirical solution applicable down to
10−2 Pa, based on Couette flow considerations regarding wall shear
stress distribution.

In 2021, Skinner et al. [37] characterised the losses of a FESS
1 kWh barrel-type flywheel demonstrator in the pressure range 27 ÷
333 Pa. The demonstrator aerodynamic losses were modelled with
ifferent semi-empirical models for disc and cylindrical surfaces show-
ng difficulties in separating loss contributions due to the bearings
nd the electrical machine. In the end, the semi-empirical models are
nly adopted to identify the dependence of aerodynamic loss terms on
ngular velocity and then fitted in post-processing.

In FESS application, increasing flywheel external diameter and an-
ular speed improves the flywheel energy density and amplifies cen-
rifugal forces acting on the fluid in the outer airgap. The centrifugal
orces lead to Taylor vortex instability, a significant phenomenon in re-
ent FESS technology. Eltaweel et al. [38] evaluated the standby power
f a FESS using CFD simulations and analysis of variance, showing that
he external airgap must be minimised to reduce aerodynamic losses.
n the case studies, the Taylor vortex size reduces size with the airgap.
imilarly, Motaman et al. [39] performed CFD analysis on a barrel-type
2

flywheel and identified the critical Taylor number between stable and
turbulent Taylor vortexes.

Semi-empirical models are particularly useful for analysing turbu-
lent flow behaviour. Pozzi et al. [40] and Sirigu et al. [41] investi-
gated the fluidic interactions of rotor configurations, both in free and
in-housing environments.

From the literature review analysis, it emerges the lack of a unified
windage loss model practically useable for rotors with complex geome-
try and differentiated airgaps. Therefore, this paper presents a complete
windage loss model with the following characteristics:

• collection and harmonisation of analytical [25] and semi-
empirical solutions [42–45] for boundary conditions typical of
FESS applications e.g., small airgaps, fixed stator surfaces, con-
stant operating temperature and vacuum pressure, no air flow
rate. The usage of analytical solutions is prioritised for lami-
nar flow, while semi-empirical solutions are adopted to reduce
computational costs;

• gas rarefaction corrections to manage the low pressure of the gas
in the housing up to 10−2 Pa for high Knudsen number values;

• a wide range of boundary and operating conditions to encompass
various operational scenarios.

This paper presents the following points of novelty:

• the development of a completely harmonised windage loss model,
covering different laminar and turbulent flows, pressure levels,
and wide range of airgaps;

• the development of a dedicated experimental test-rig to vali-
date the proposed model for wide ranges of airgaps, speed, and
pressure;

• the implementation of an experimental, non-invasive procedure
to characterise windage loss under transient conditions.

The proposed methodology is based on the following assumptions:

• the temperature of the system analysed is considered stationary;
• the rotor and stator geometry are considered axisymmetric;
• the rotor and stator geometry are represented only by cylindrical

and annular surfaces.

The paper is organised in six sections.
In Section 2, the fundamental windage loss concepts behind NSE

and semi-empirical solutions are proposed. In Section 3, the gas rar-
efaction corrections based on kinetic theory of gasses are introduced
in a harmonised windage loss model. In Section 3.3, a windage loss
characterisation applicable during FESS self-discharge phase is defined.
In Section 4, the model is validated in steady-state conditions using
several case studies from the literature, and the results are discussed. In
Section 5, the transient windage loss characterisation is performed on
a dedicated experimental test-rig comparing the model prediction. The
results are discussed. Finally, in Section 6, the outcomes of this research
activity are drawn and possible future developments are proposed.

2. Theoretical background

The windage power loss of rotating devices is strictly related to
the rotor geometry, the presence of airgaps between the rotor and the
housing, temperature, viscosity and density of the interacting fluid, and
the rotor speed.

By assuming that the rotor and the housing are axisymmetric, coax-
ial, without continuous variation of radii, and the rotor is torsionally
rigid, the total windage power loss 𝑃𝑤 is calculated as the summation of
ll the rotor drag contributions i.e., 𝑃𝑤,𝐶 and 𝑃𝑤,𝐴 drags by cylindrical

and annular wet surfaces:

𝑃𝑤 =
∑

𝑃𝑤,𝐶 +
∑

𝑃𝑤,𝐴 =
(

∑

𝑇𝑤,𝐶 +
∑

𝑇𝑤,𝐴

)

𝛺 (1)

in which 𝑇𝑤,𝐶 and 𝑇𝑤,𝐴 are the induced torques on the rotor caused by
the fluidic interactions of cylindrical and annular wet surfaces, and 𝛺 is
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Fig. 1. Surface interaction schemes.
the rotor angular speed. Fig. 1 shows the geometrical and operational
characteristics of cylinders and rings, with the adopted torque and
speed conventions.

In both figures, the interacting surfaces have speeds 𝛺1 and 𝛺2, and
corresponding windage torques due to fluid interaction, 𝑇1 and 𝑇2. On
the left, the cylinder surfaces have the same height ℎ, and different radii
𝑟1 and 𝑟2, on the right, ℎ indicates the surface airgap, while 𝑟1 and 𝑟2
are the inner and outer radii.

The characteristic length is 𝑑 = 𝑟2 − 𝑟1 and the non-dimensional
aspect ratio is 𝐺 = 𝑑∕𝑟 where 𝑟 is the largest radius of the rotor surface.

In FESS applications, the stator speed is null. In the case of laminar
interaction of the rotor cylindrical surface 1 with the housing surface
2, 𝛺2 = 0 and the windage torque 𝑇1 is obtained by the exact solution
of NSE for continuum flow [25,29,30]:

𝑇1 = 𝜏
(

2𝜋𝑟1ℎ
)

𝑟1 (2)

where 𝜏 is the tangential wall shear stress.
If the flow is turbulent, the semi-empirical approach, based on

non-dimensional numbers [46], is adopted:

𝑇1 =
1
2
𝜋𝜌𝐶𝑀𝛺2

1𝑟
4
1ℎ (3)

which depends on the fluid density 𝜌, and the moment coefficient
𝐶𝑀 . If the rotor is enclosed, the moment coefficient 𝐶𝑀 is

𝐶𝑀 = 𝑓
(

Ta,Re𝜙𝑚
)

(4)

where Ta is the non-dimensional Taylor number (Eq. (5)), identifying
the radial flow due to centrifugal to viscous force ratio, and Re𝜙𝑚 is the
non-dimensional Reynolds number (Eq. (6)), identifying the tangential
flow due to inertial to viscous forces ratio [25]

Ta =
𝜌
𝜇
𝛺1𝑟1𝑑

√

𝑑
𝑟1

=
𝜌
𝜇
𝛺1𝑟1𝑑

√

𝐺1 (5)

Re𝜙𝑚 =
𝜌
𝜇
𝛺1𝑟1𝑑 = Ta

√

𝐺1
(6)

where 𝜇 is the fluid dynamic viscosity under operational conditions. In
this paper, Sutherland’s law is adopted to define dynamic viscosity for
dry air [26].

If the rotor is in free environment, the moment coefficient 𝐶𝑀 is

𝐶𝑀 = 𝑓
(

Re𝜙
)

(7)

where Re𝜙 is the non-dimensional Reynolds number (Eq. (8)), identi-
fying the tangential flow due to inertial to viscous forces ratio [25]:

Re𝜙 =
𝜌
𝛺1𝑟

2. (8)
3

𝜇 1
In case of laminar interaction of the rotor annular surface 1 with
the housing surface 2, 𝛺2 = 0 and the induced torque 𝑇1 is obtained by
the exact solution of NSE in case of continuum flow [30]:

𝑇1 = 2𝜋 ∫

𝑟2

𝑟1
𝑟2𝜏𝑑𝑟 (9)

where 𝜏 is the wall shear stress.
Similarly to the case presented in Eq. (2), if the flow is turbulent,

the semi-empirical approach is adopted:

𝑇1 =
1
2
𝜌𝛺2 [𝐶𝑀 (𝑟2)𝑟52 − 𝐶𝑀 (𝑟1)𝑟51

]

(10)

which depends on the moment coefficient 𝐶𝑀 computed at inner and
outer radii 𝑟1 and 𝑟2. The moment coefficient 𝐶𝑀 is a function of Re𝜙
both in enclosed and free environment. Re𝜙 is calculated with Eq. (8)
for 𝑟1 and 𝑟2. A detailed list of the adopted models in this paper is
available in Appendix.

3. Gas rarefaction correction

In FESS application, the housing pressure is drastically reduced
to minimise windage power losses. The analytical and semi-empirical
models proposed in Section 2 are limited to continuum flow condition.

The analytical models based on NSE represent laminar flow exact
solutions when the non-dimensional Knudsen number Kn is much lower
than 1. Kn is used to classify the laminar flow depending on the ratio
between the mean free path distance 𝜆 and the characteristic length 𝑑
of the phenomenon [26]. The gas rarefaction can be embedded in the
NSE solutions by introducing additional fluid behaviour through Kn.

A compressible ideal gas behaviour can be described by the ideal
gas law linking pressure 𝑝, density 𝜌, and temperature 𝑇 [26]. The fluid
dynamic viscosity is expressed as a function of the fluid density:

𝜇 ≃ 1
2
𝜌𝑣̄𝜆 (11)

where 𝑣̄ is the mean particle speed. By considering a Maxwellian
particle velocity distribution 𝑣̄, 𝜆 can be expressed as:

𝜆 =
𝜇
𝜌

√

𝜋
2𝑅̄𝑇

(12)

where 𝑅̄ is the specific gas constant.
In the next subsections, the gas rarefaction correction is introduced

into the NSE solution for cylinder and ring surface interaction, also
comparing existing formulations in the literature.
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Fig. 2. Cylindrical laminar flow velocity profile solution for 𝑢2 = −𝑢1.

3.1. Cylindrical laminar flow

The Taylor NSE solution [25] is considered, assuming thatthe stator
cylindrical surface is not rotating i.e., 𝑟 = 𝑟1, 𝛺2 = 0, and the flow is
continuous; it holds:

|𝜏| = 2𝜇
𝑟22

𝑟22 − 𝑟21
𝛺1. (13)

The dynamic viscosity in Eq. (13) can be described with the kinetic
gas theory for diluted gases; substituting Eq. (12) in Eq. (13) it yields:

|𝜏| = 2𝜌
√

2𝑅̄𝑇
𝜋

𝛺1𝑟1Kn𝐶0 (14)

with 𝐶0 =
(1 + 𝐺)2

2 + 𝐺
. Eq. (14) is not consistent in continuum flow,

i.e., when Kn → 0. Additionally, inconsistencies are observed in Liu
et al. @solution [31]. The solution converges to the expected contin-
uum flow solution, but shows two significant differences from Eq. (14):

• the constant factor 2 is absent, therefore Liu et al. solution is
smaller in amplitude with respect to the analytical solution;

• the geometrical dependency from airgap and radius is not
quadratic.

The analytical cylindrical laminar flow solution is corrected assum-
ing non-null tangential slip velocity 𝑢𝑠, following the gas dynamics
considerations for in-plane interaction in [26]:

𝑢𝜙 =
(

1 +
𝑢𝑠
𝑢1

)[

𝐶1𝑟 +
𝐶2
𝑟

]

(15)

where the tangential slip speed 𝑢𝑠 is assumed to be proportional to
𝑢1 = 𝛺1𝑟1.

Fig. 2 shows the NSE cylindrical solution with the introduced mod-
ification. The cylindrical solution is slightly nonlinear, and it is compli-
ant with the solution proposed in [30]. From [26], the tangential slip
speed 𝑢𝑠 is expressed as a function of the mean particle path 𝜆:

𝑢𝑠 = 𝜆𝑟
𝜕
(

𝑢𝜙∕𝑟
)

𝜕𝑟
. (16)
4

Therefore, by combining the shear definition [30] with Eqs. (15)
and (16), it yields

|𝜏| = 2𝜇
𝐶2

𝑟21

(

1 + 2𝜆
𝐶2

𝑟21𝑢1

)−1

. (17)

Finally, substituting Eq. (12) in Eq. (17), it holds:

|𝜏| = 𝜌

√

2𝑅̄𝑇
𝜋

𝛺1𝑟1

(

2Kn𝐶0
1 + 2Kn𝐶0

)

. (18)

If Kn → 0, Eq. (18) is consistent also in amplitude with Eq. (14).
The calculation of the case with rotating external cylindrical surface
i.e., 𝛺1 = 0 and 𝛺2 ≠ 0, is left to the reader.

3.2. Annular laminar flow

As in Section 3.1, the NSE solution is discussed. Under continuum
flow hypothesis, the radial wall shear stress at radius 𝑟 is expressed by
combining Eqs. (9) and (10):

𝜏 = 𝜇𝛺𝑟
𝑑

. (19)

The solution is compared with the in-plane NSE solution for non-
null slip velocity [26]:

𝜏 = 𝜇𝛺𝑟
𝑑

(

1 + 2 𝜆
𝑑

)−1
. (20)

Eqs. (19) and (20) are compatible for continuum flow hypothesis,
i.e., when Kn → 0. The drag torque 𝑇1 is computed for a generic annular
section of the wet surface bounded in 𝑟1, 𝑟2 with 𝑟2 > 𝑟1:

𝑇1 =
1
2
𝜌
√

2𝜋𝑅̄𝑇𝛺
(

𝑟42 − 𝑟41
)

(

2Kn
1 + 2Kn

)

. (21)

3.3. Transient characterisation of windage power loss

Typically, power characterisation requires the experimental mea-
surements of torque and speed in steady-state conditions. In FESS
applications, steady-state conditions are not achievable since the in-
put power is not controlled after the charging phase, resulting in
self-discharge.

The FESS self-discharge is a transient behaviour in which the fly-
wheel kinetic energy reduces due to friction, viscous interaction, aero-
dynamic effects, Eddy current, and contact losses. The self-discharge
time of a FESS can be extended by reducing friction losses. For ex-
ample, rolling bearings can be replaced with low-friction or magnetic
interaction bearings.

In this section, a strategy to characterise windage power losses of
FESS in self-discharge phase is proposed. By considering the FESS rotor
operating in self-centring regime [47], the losses caused by the contact
with backup bearings and the magnetic interaction are neglected.
Therefore, the rotor power equilibrium is

𝐼𝑝𝛺̇𝛺 = −
∑

𝑗
𝑐𝑤,𝑗 (𝑝, 𝑇 )𝛺

𝑘𝑗+1 (22)

in which 𝐼𝑝 is the rotor polar moment of inertia and 𝑐𝑤,𝑗 (𝑝, 𝑇 ) is the
𝑗th aerodynamic coefficient related to the drag torque contributions of
a subset of rotor surfaces described by analytical and/or semi-empirical
models.

A detailed list of angular speed exponents 𝑘𝑗 is presented in Ap-
pendix.

An example calculation of the aerodynamic coefficient 𝑐𝑤,𝑗 and
corresponding 𝑘𝑗 for an in-housing convex rotor is presented here. The
rotor wet surface is modelled as cylindrical surface 𝐴 and two identical
circular surfaces 𝐵. Therefore, the total windage torque 𝑇𝑤 can be
expressed as a function of the moment coefficient 𝐶𝑀 :

𝑇 = 𝜌𝛺2𝑟4
[ 1𝜋𝐶 ℎ + 𝐶 𝑟

]

. (23)
𝑤 1 1 2 𝑀𝐴 𝑀𝐵 1
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Table 1
Case study characteristics.
Group Property Case study

1 2 3

Rotor test-rig geometry

𝑟1, rotor outer radius [m] 0.2120 1.075

𝑟2, stator cavity radius [m] 0.2156 1.145

ℎ, rotor height [m] 0.121 1.0

𝑑𝐶 , radial airgap [mm] 3.6 70 –

𝑑𝐷 , axial airgap [mm] 12.3 180 –

Operating conditions

𝑇0, initial airgap temperature [◦ C] 25

Min. angular speed [rad/s] 1571 10.47

Max. angular speed [rad/s] 4189 83.78

Min. vacuum pressure [Pa] 1.3 × 101 103 –

Max. vacuum pressure [Pa] 1.3 × 103 101325
a
r
I

The moment coefficients 𝐶𝑀𝐴
and 𝐶𝑀𝐵

are replaced with the mod-
els in Appendix, Re𝜙𝑚 and Re𝜙 from Eqs. (6) and (8). It yields:

𝑇𝑤 = 𝜋𝜇𝑟31

[

4ℎ
𝑑
(1 + 𝐺)2

(2 + 𝐺)
+ 1

𝐺

]

𝛺1 = 𝑐𝑤,𝑗𝛺
𝑘𝑗
1 . (24)

The power loss characterisation can be performed in self-discharge
phase by measuring 𝛺 and 𝛺̇. Moreover, only the time histories of 𝛺
and 𝛺̇ during which the self-centring regime occurs must be considered
to avoid additional power loss contributions. The dependency of 𝑐𝑤,𝑗
in Eq. (22) on operational conditions requires conducting the experi-
mental tests at constant temperature and vacuum pressure to ensure
accurate characterisation.

The aerodynamic coefficients 𝑐𝑤, 𝑗 vary with flow regime and the
corresponding moment coefficients 𝐶𝑀 of each rotor wet surface. The
aerodynamic coefficient variability must be evaluated for every rotor
system. In this paper, the aerodynamic coefficients 𝑐𝑤,𝑗 are assumed
to be constant within the operational speed range and are determined
using a weighted average of numerical windage power loss percentage.
The effectiveness of this approach is discussed in Section 5.

4. Windage loss model validation

In this section, the proposed harmonised windage loss model is
validated using several case studies from the literature.

Table 1 lists the main rotor characteristics and operative condi-
tions of the proposed case studies [31,41]. The selected case studies
encompassing various applications and boundary conditions, are used
to validate the model prediction capability across a wide range of
conditions. This is crucial because the flow regime for each rotor
surface under different operative conditions is not known a priori.
Moreover, the three case studies represent viable design solutions for
FESS applications and operational conditions. Case study 1 [31] is
a realistic mid-vacuum in-housing FESS application . Case studies 2
and 3 are low speed rotor applications in which turbulent regime is
predominant [41]. Case study 3 represents the theoretical limit for the
external cylindrical surface interaction in the absence of an airgap.

Fig. 3 shows the validation of the windage loss model using the case
studies. The grey round markers are the experimental windage power
losses from the literature, the black dots or markers are the predictions,
while blue circles and red markers are the proposed predictions using
the harmonised windage loss model.

In the first case study, a high speed composite rotor with mid-
vacuum level housing is studied [31]. Liu et al. noticed variations of
radial airgap and a relevant rise in the rotor wet surface temperature
𝛥𝑇 due to aerodynamic heating. The Liu et al. prediction assumes that
the flow is laminar and the temperature reaches a stationary condition
on all the rotor wet surfaces.
5

Fig. 3(a) shows the comparison with [31]. The harmonised windage
loss model allows to distinguish the predictions for the flow regime of
the surfaces. The flow regime distinction is consistent with the increase
in vacuum pressure, and the corresponding increase in Re𝜙 and Re𝜙𝑚.
This result is not compatible with the Liu et al. assumption.

The laminar flow is only guaranteed at 1.3 × 101 Pa. The proposed
prediction is conservative and more precise than [31]: the reference
prediction maximum experimental relative error is 13%, while the pro-
posed prediction is 6.1%. Similarly, the 1.3 × 102 Pa tests at low speed
re well predicted: the reference prediction maximum experimental
elative error is 18%, while the harmonised model prediction is 9.2%.
n tests 6 and 8 at 4189 rad∕s the prediction is not conservative.

The second case study is based on low-speed gyroscope energy
harvester results [41].

The flow is turbulent in the tested conditions for the majority of the
interacting surfaces, due to the rotor outer radius and the large airgaps
(see Table 1).

Fig. 3(b) shows the performed comparison for both the datasets.
The model underestimates the experimental evidence, and it is

more consistent at high speeds: the experimental relative error is 14%
at 10.47 rad∕s, −2% at 52.36 rad∕s, while the reference prediction
experimental relative error is 9%. Also, the harmonised windage loss
model generally overestimates the reference prediction: the reference
prediction relative error is high at low speeds (42% at 20.94 rad∕s),
while is more consistent at high speeds (8.3% at 83.78 rad∕s).

The consistency of the proposed model is optimal. In FESS appli-
cation, the high relative errors at low speeds are less important, while
the strong correlation at low vacuum pressure and high speeds can be
considered more significant.

In the third case study, the previous rotor is studied in free environ-
ment and atmospheric pressure. Fig. 3(c) shows the comparison of the
proposed prediction with the experimental data and predictions of [41].

Again, the consistency of the proposed methodology is validated at
high speeds. The predictions slightly underestimate the experimental
data.

5. Flywheel energy storage system case study

An experimental validation activity is performed on the vertical
rotor test-rig shown in Fig. 4. The aim of the test-rig is to investigate
typical features of FESS, as shown in Fig. 4(a):

• parametric Passive Magnetic Bearings (PMB) interaction: the ra-
dial forces are supplied by the interaction of annular NdFeB
magnets [48] with axial magnetisation. The proposed stator–rotor
magnet configuration allows to generate a vertical compensation
force. The radial and vertical bearing characteristics are tuned by
changing the vertical position of stator magnets by acting on two
upper and lower knobs;
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Fig. 3. Validation of the steady-state windage loss prediction.

• backup bearings: the radial rotor displacement is limited by Del-
rin bushings at upper and lower rotor sections;

• thrust low-friction contact bearing: the stability at null speed is
guaranteed by a sphere-to-plane bearing. The reduced contact
region allows to minimise the friction loss, making it a low-cost
solution for FESS applications. The solution is inspired by Siebert
et al. [49] i.e., a PMB horizontal flywheel demonstrator which
overcomes the Earnshaw’s theorem [50] limitations with an extra
6

constraint supplied by a thrust jewel bearing. The concept is also
present in the floating pen demonstrator, analysed in [51];

• electro-mechanical coupling: the kinetic energy is supplied by
coupling the rotor to an external DC motor through an Electro-
Magnetic (EM) clutch (see Fig. 4(a)). The clutch is connected
during the charging phase and disconnected in the self-discharge
phase.

Fig. 4(b) shows the vertical rotor test-rig architecture and the dis-
tribution of airgaps and Fig. 5 shows details about the low pressure
experimental setup. The test-rig is placed inside a vacuum chamber.
The power supply, acquisition and control connection are obtained by
an electrical feedthrough on the chamber cover. The only acquired
quantity is the radial displacement in correspondence of the upper
rotor section, measured by a point-wise laser at high-frequency. The
measurement is non-invasive and is used to evaluate the rotor contact
with backup bearings, and also to estimate the rotor speed [52]. The
acquisition is performed by LMS SCADAS Mobile together with Keyence
LK-H152 i.e. displacement sensor using LMS Test.Lab at 4096 Hz.

From an aerodynamic point of view, the test-rig presents charac-
teristics of both cylinder and annular configurations. Fig. 4(b) shows
the typical distribution of airgap in operational conditions (light grey
regions): the airgap aspect ratio 𝐺 range is 0.085 ÷ 0.85. The rotor
presents multiple wet surfaces, assumed without housing, due to their
very large airgaps. During operation, the EM clutch is disconnected
and an airgap between the clutch plate and the rotor counterpart is
generated. Moreover, the tuning of vertical and horizontal bearing
characteristics by stator knobs implies a small variation of rotor annular
surface airgaps. With the proposed configuration, all the harmonised
windage loss models are implemented concurrently. The chamber tem-
perature is supposed constant during the experimental activity at 22 ◦C.
Measurements at the end of each test do not show significant variations.
The pressure is experimentally kept constant by controlling the vacuum
pump at several vacuum pressure levels. The possibility to control the
vacuum pressure allows to validate the windage loss models at different
regimes.

5.1. Numerical modelling

The test-rig power model presented in Eq. (22) includes an addi-
tional contribution to account for the low–friction contact point in the
power equilibrium, i.e.,:

𝐼𝑝𝛺̇𝛺 = −sgn (𝛺)𝜇𝑓,𝑑𝑟𝑐
(

𝑚𝑔 − 𝐹𝑧
)

𝛺 −
∑

𝑗
𝑐𝑤,𝑗𝛺

𝑘𝑗+1 (25)

where 𝜇𝑓,𝑑 is the dynamic friction coefficient for point-wise steel-steel
rotational contact, 𝑚𝑔 is the rotor weight force, 𝐹𝑧 is the vertical
bearing compensation force, and 𝑟𝑐 is the effective Hertzian contact
radius.

The test-rig characteristics are known: rotor mass is 4.943 kg and
moment of inertia 6.52 × 10−3 kg m2. The dynamic friction coefficient
𝜇𝑓,𝑑 is 0.1 in this application.

A sensitivity analysis of the test-rig windage power loss is performed
to discuss the aerodynamic coefficient 𝑐𝑤 variability. Fig. 6 shows
the model windage loss variation versus vacuum pressure and speed.
Overall, the angular speed has a more significant effect at higher pres-
sures, which is mitigated at lower pressures. The change in behaviour
is gradual with a definite transition in the extended pressure range
5 ×

(

102 ÷ 103
)

Pa. The reason of the transition is the change of flow
regime of several surfaces of the rotor. Therefore, it is possible to
predict a significant change in flow regime of the whole rotor and to
direct the rotor geometry design to a selected windage loss level.

The windage power loss distribution is investigated among the
dashed green curves i.e., feasible self-discharge testing conditions at
constant vacuum level. In self-discharge phase, the flow regime of
each rotor wet surface is dependent on the rotor angular speed and
vacuum pressure. The singular contributions of surfaces in different
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Fig. 4. Vertical rotor test-rig.

Fig. 5. Experimental setup for rotor windage loss evaluation at different vacuum pressure levels.
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Fig. 6. Windage test comparison of results.
flow regimes are separated in order to distinguish their effects on the
total windage losses. The separation of the contributions allows to
identify critical surfaces generating higher windage losses.

Fig. 7 shows the coefficient 𝑐𝑤 variations and the corresponding con-
tributions on the overall windage power loss at the following vacuum
levels: 101325 Pa at turbulent flow, 9 × 103 Pa, showing the transition
to mixed flow, and 102 Pa mainly at laminar flow.

On the left side, the aerodynamic coefficients 𝑐𝑤 are plotted versus
speed, while the windage power loss weighted averaged 𝑐𝑤 are plotted
as black dash dot horizontal lines. On the right side, the windage
loss contributions are plotted versus speed considering averaged 𝑐𝑤,
the black dashed curve is the total averaged windage power loss
𝑃𝑤,𝑚𝑒𝑎𝑛 considering averaged 𝑐𝑤, while the black cross curve is the total
windage power loss 𝑃𝑤 considering variable 𝑐𝑤.

In Fig. 7(a), the aerodynamic coefficients have a large variability.
The laminar flow aerodynamic coefficient 𝑐𝑤,0 is quite significant at
low speeds, while completely negligible from about 80 rad∕s. Also,
the trend is monotonically decreasing: this phenomenon is physically
explained as Reynolds number increases and gradually all the rotor
wet surface flows pass from laminar to turbulent. The monotonic
decrease in 𝑐𝑤,0 coincides with the increase in 𝑐𝑤,1 for cylindrical
surfaces with small airgaps passing to transitional flow. Similarly, the
monotonic decrease in 𝑐𝑤,3 mainly corresponds to cylindrical surfaces
without airgaps passing to higher exponent semi-empirical turbulent
flow models. The windage loss contributions show the significance of
aerodynamic coefficients. At this pressure level, the flow regime is
principally turbulent. The total windage loss is mainly due to cylinder
surfaces in turbulent flow (𝑐𝑤,2 and 𝑐𝑤,4), and marginally to cylinder
surfaces in transitional flow (𝑐𝑤,1).

In Fig. 7(b), the aerodynamic coefficient variability is smaller. The
most significant aerodynamic coefficient variation occurs at 𝑐𝑤,1, 𝑐𝑤,3,
and 𝑐𝑤,4 around 170 rad∕s. The monotonic decrease in 𝑐𝑤,3 coincides
with the abrupt increase in 𝑐𝑤,4 for cylindrical surfaces without airgaps
passing to higher exponent semi-empirical turbulent flow models. At
this pressure level, the flow regime is mainly low turbulent, while a
significant portion of wet surfaces is in laminar flow. The total windage
loss is mainly due to cylinder surfaces in low turbulent flow and disc
surfaces in laminar flow (𝑐𝑤,2 and 𝑐𝑤,3), while a more consistent portion
of surfaces is in laminar flow (𝑐 ). Additionally, cylinder surfaces
8

𝑤,0
without airgaps are still in turbulent flow and their contribution is more
significant at high speeds (𝑐𝑤,4).

In Fig. 7(c), the aerodynamic coefficients are constant. The lami-
nar flow aerodynamic coefficients 𝑐𝑤,0 and 𝑐𝑤,2 are the only non-null
coefficients describing flow regimes in the whole speed range. At
this pressure level, the flow regime is completely laminar. The total
windage loss is mainly due to cylinder and annular surfaces with
airgaps in laminar flow (𝑐𝑤,0), and secondly to annular surfaces without
airgaps in laminar flow (𝑐𝑤,2).

The power contributions lower than 1% are not reported.
The power loss contribution variation at vacuum levels is physically

consistent: at atmospheric pressure, the turbulent flow is the most
significant, while at lower pressures the turbulent flow contributions
became marginal with respect to laminar one.

In conclusion, it is possible to describe the transient windage loss
variation by considering constant aerodynamic coefficients. The possi-
bility of adopting constant aerodynamic coefficients reduces the com-
putational complexity of the prediction model and allows for effectively
embedding aerodynamic losses in the design process. Also, for the
proposed test-rig, the number of terms in the right hand side of Eq. (25)
can be reduced to the most significant contributions listed in Table 2.

5.2. Experimental campaign

The experimental campaign is dedicated to characterise the test-
rig windage losses at different vacuum pressure levels. The Design of
Experiments (DoE) considers the rotor’s vertical reaction to distinguish
friction losses from the windage losses. The DoE parameters are:

• vacuum pressure: imposed by vacuum pump control at 101325 Pa,
9 × 103 Pa, and 102 Pa;

• thrust bearing compensation force: each configuration is imposed
by acting together on upper and lower rotor knobs, and by mea-
suring the vertical reaction force with a scale (see Fig. 4(a)). Three
compensation levels are tested for different ranges of measured
vertical reaction force: configuration A (minimum compensation)
45.1 ÷ 46.1 N, configuration B (intermediate compensation 24.5 ÷
28.4 N, and configuration C (maximum compensation) 5.89 ÷

10.1 N.
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Fig. 7. Windage loss analysis: aerodynamic coefficient 𝑐𝑤 trends (left) and windage power loss contributions (right).
Table 2
Averaged aerodynamic coefficients.

Vacuum pressure Coefficients/Windage loss percentage

101325 Pa 9 × 103 Pa 102 Pa

𝑐𝑤,0 – – 5.4 × 10−9 8.28% 9.0 × 10−8 66.8%

𝑐𝑤,1 6.0 × 10−9 1.31% – – – –

𝑐𝑤,2 2.0 × 10−7 71.2% 4.2 × 10−8 70.2% 3.9 × 10−9 33.2%

𝑐𝑤,3 – – 7.4 × 10−9 13.0% – –

𝑐𝑤,4 2.2 × 10−8 26.9% 3.4 × 10−9 8.46% – –
9
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Table 3
Experimental campaign characteristics.
Group Property Configuration

A B C

Rotor test-rig geometry

𝑟, max rotor outer radius [m] 0.05

ℎ, rotor height [m] 0.255

𝑑𝐶 , min radial airgap [mm] 1

𝑑𝐷 , min axial airgap [mm] 1.25

Operating conditions

𝑇0, airgap temperature [◦ C] 22

Min. angular speed [rad/s] 6

Max. angular speed [rad/s] 300

Vacuum pressure [Pa] 101325, 9 × 103, 102

𝐹𝑧 Vertical compensation force [N] 45.1 ÷ 46.1 24.5 ÷ 28.4 5.89 ÷ 10.1
Fig. 8. Rotor radial displacement post-processing procedure.
The boundary conditions and the initial conditions are listed in
Table 3.

The experimental tests are performed accelerating the rotor up to
300 rad∕s, then disengaging the EM clutch and letting the rotor to decel-
erate, while recording the laser radial displacements. The acquisitions
are stopped when the rotor speed reaches 6 rad∕s.

5.3. Numerical-experimental comparison

In this section, the harmonised windage loss model prediction is
compared to the experimental results.
10
During the acquisition, the angular speed is monitored through the
real-time Power Spectral Density (PSD) of the radial displacement with
frequency resolution of 0.4 Hz. The lowest moving peak with larger
amplitude corresponds to the rotor speed. The acquisitions are stopped
when the PSD fundamental harmonic reaches 1 Hz.

After the experimental test, the radial displacement time history is
post-processed to extrapolate the rotor speed and acceleration.

The rotor speed is computed by tracking the fundamental harmonic
on the Fast Fourier Transform (FFT) spectrogram of the signal.
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Fig. 9. Numerical-experimental comparison of rotor speed-acceleration relationship.
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Fig. 8 summarises the post-processing procedure steps, based on
onsolidated signal processing techniques in time and frequency do-
ains. The radial displacement signal is segmented and considered

nly when is limited to 0.6 mm i.e., half of the cylindrical minimum
irgap. Fig. 8(a) shows different green regions of the considered signal
ime history segments. The red curve is the time-speed characteristics.
ig. 8(b) shows the FFT spectrogram of the whole radial displacement
ignal, where darker regions have high signal power density content. Fi-
ally, the angular acceleration is obtained by numerical differentiation
f the angular speed. Fig. 8(c) shows the comparison between the whole
peed–acceleration characteristics in black dot curve, and the selected
11

egments in red colour. d
The selected time segments share a common slope, unaffected by
ower loss mechanisms other than windage and friction. The contri-
ution of friction losses depends on vertical compensation level and is
bserved in Fig. 8(c) as a non-null acceleration when the rotor speed
s null.

In Fig. 9, the harmonised windage loss model is compared to the
ost-processed data. The grey markers represent the post-processed
xperimental data segments, the black dashed curves are the data
rends obtained by fitting the speed polynomial law to the experimental
ata. Red, green, and blue solid curves are the predictions of the
indage loss model.

Fig. 9(a) shows the validation at atmospheric pressure. The pre-
icted behaviour at three levels of vertical compensation differs only
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Table 4
Numerical-experimental comparison.

Configuration Vacuum RMSEP trend RMSEP model
pressure [Pa] vs. Exp. data [%] vs. trend [%]

A
101 325 5.3 2.6

9 × 103 7.1 1.3

1 × 102 3.1 3.2

B
101 325 1.7 2.0

9 × 103 6.5 2.4

1 × 102 1.8 0.1

C
101 325 4.9 1.3

9 × 103 9.0 0.6

1 × 102 6.3 1.5

in the acceleration offset. The model optimally predicts the windage
loss behaviour at speeds far from critical speeds but underestimates at
high speeds, as previously noticed in Section 4.

Fig. 9(b) shows the validation at 9 × 103 Pa. The prediction is
correctly aligned to data trends. The prediction is almost horizontal,
since the friction loss contribution is the most significant.

Fig. 9(c) shows the validation at 102 Pa. The prediction is almost
linear, since the behaviour is mainly in laminar flow.

The performance of the developed prediction model are quantified
by computing the Root Mean Square Error of Prediction (RMSEP)
between the datasets with the following definition:

RMSEP =

√

√

√

√

√

√

∑𝑛
𝑖=1

(𝑥𝑖,ref − 𝑥𝑖
𝑥𝑖,ref

)2

𝑛
(26)

where 𝑛 is the number of samples per configuration and prescribed
vacuum pressure, 𝑥𝑖 and 𝑥𝑖,ref are the 𝑖th samples of the studied and
eference datasets, respectively. Table 4 lists the computed RMSEP for
ll the configurations studied in the DoE. The scattering in experimental
ata affects the RMSEP between trend curves and experimental data.
nstead, the trend represents the fitted solution by optimising the 𝑐𝑤,𝑗

coefficients. The RMSEP between trend curves and experimental data is
globally lower than 10%. Also, the highest RMSEP between the model
results and the trend curves is 3.2%.

6. Conclusions

In this paper, a procedure for FESS windage loss characterisation is
proposed. The characterisation procedure relies on describing windage
loss contributions from fluid interactions with cylindrical and annular
surfaces, considering different airgaps, operational conditions and flow
regimes. This is achieved through indirect measurements of angular
speed during self-discharge transient conditions.

The windage losses are deeply investigated, by the analytical and
semi-empirical models in case of temperature, pressure, airgap, and
speed variability. The windage loss model is obtained by collecting
analytical and semi-empirical formulations in the literature and by
introducing corrections for free molecule flow, typical of high vacuum
levels.

The loss model is validated in steady–state conditions using case
studies from the literature. It is shown that the developed windage loss
model is in agreement with experimental case studies at high speeds
and low pressure levels.

An experimental test-rig is developed to validate the windage loss
model and the characterisation procedure. The test-rig exploits laser
radial measurements to obtain non-invasive angular speed and acceler-
ation estimations. The numerical–experimental validation is performed
at different vacuum levels, showing optimal correlation up to 270 rad∕s
and 102 Pa. The proposed methodology presents limitations: the model
12
can be only used for almost stationary behaviour since the temperature
of the system is considered constant in time. Also, the whole geometry
is assumed axisymmetric and only representable by cylinders and discs.
The limitations are compatible with FESS application, since tempera-
ture rising is mainly caused by aerodynamic heating, which is marginal
in high vacuum. The developed model will be used in rotor design
frameworks to optimise rotor topology, aiming at reducing windage
losses and vacuum requirements.
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Appendix. Analytical and semi-empirical models

The models for cylinder and disc surfaces interactions are listed in
Tables A.5 and A.6. The moment coefficients 𝐶𝑀 , the type of models,
and the angular speed exponent 𝑘 for windage torque contributions are
listed.

The models marked by ‘‘*’’ in Table A.5 have been developed
by fitting polynomial laws to Theodorsen and Regier’s closed-form
model [44] of turbulent flow around a cylinder with housing. The
proposed models produce moments coefficients 𝐶𝑀 with a maximum
relative error of 5% compared to the Theodorsen and Regier model.
Their usage is necessary to maintain the whole windage power loss
model in polynomial form.

Unlike in the literature, the range of Reynolds and Taylor num-
bers for the applications is not reported. The effective flow regime is
the largest 𝐶𝑀 for prescribed aspect ratio 𝐺 and Re𝜙 or Re𝜙𝑚. The
calculation procedure is graphically represented in Figs. A.10 and A.11.

The regions of applicability of each model listed in Table A.5
and A.6 are shown. In case of surface interaction with housing, the
aspect ratio 𝐺 is also considered; instead, free environment surface
interactions depend only on Reynolds numbers.
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Table A.5
Moment coefficients for cylinder surface interactions: Taylor and Reynolds classifications.
Interaction Flow regime Moment coefficient 𝐶𝑀 Model Torque

Cylinder with housing

Laminar (Linear) [30,42] 8
(1 + 𝐺)2

(2 + 𝐺)
Re−1𝜙𝑚 NSE

𝑇 ∝ 𝛺1Laminar [25,30,42,43] 10 𝐺0.3Re−1𝜙𝑚

Empirical

Laminar with vortexes [25,42,43] 2 (2 + 𝐺)

[

1 + 1.4472

(

1 − 41.32

𝐺Re2𝜙𝑚

)]

Re−1𝜙𝑚

Transitional [30,42] 2 𝐺0.3Re−0.6𝜙𝑚 𝑇 ∝ 𝛺1.4

Turbulent (low) [30,42] 1.03 𝐺0.3Re−0.5𝜙𝑚 𝑇 ∝ 𝛺1.5

Turbulent [30,42] 0.065 𝐺0.3Re−0.2𝜙𝑚 𝑇 ∝ 𝛺1.8

Turbulent (high) [25] 0.12 𝐺0.4Re−0.2𝜙𝑚

Cylinder without housing

Laminar [44] 4 Re−1𝜙 NSE 𝑇 ∝ 𝛺1

Turbulent [44] 𝐶−0.5
𝑀 = −0.6 + 4.07 log(Re𝜙𝐶0.5

𝑀 )

Empirical

–

Turbulent I* 0.442 Re−0.5𝜙 𝑇 ∝ 𝛺1.5

Turbulent II* 0.257 Re−0.4𝜙 𝑇 ∝ 𝛺1.6

Turbulent III* 0.079 Re−0.25𝜙 𝑇 ∝ 𝛺1.75

Turbulent IV* 0.029 Re−0.16𝜙 𝑇 ∝ 𝛺1.83
Table A.6
Moment coefficients for disc surface interactions: Reynolds classification.
Interaction Flow regime Moment coefficient 𝐶𝑀 Model Torque

Disc with housing

Laminar I [45] 𝜋 𝐺−1Re−1𝜙 NSE 𝑇 ∝ 𝛺1

Laminar II [45] 1.85 𝐺0.1Re−0.5𝜙

Empirical

𝑇 ∝ 𝛺1.5

Turbulent III [45] 0.04 𝐺−0.16Re−0.25𝜙 𝑇 ∝ 𝛺1.75

Turbulent IV [45] 0.051 𝐺0.1Re−0.2𝜙 𝑇 ∝ 𝛺1.8

Disc without housing
Laminar [27,29] 3.87 Re−0.5𝜙

Empirical
𝑇 ∝ 𝛺1.5

Turbulent [27,29] 0.146 Re−0.2𝜙 𝑇 ∝ 𝛺1.8
Fig. A.10. Flow regimes of cylindrical surface: cylinder with housing (left) and without housing (right).
Fig. A.11. Flow regimes of circular surface: disc with housing (left) and without housing (right).
13
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