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ABSTRACT 

During urban driving, a significant amount of energy is 
lost due to continuous braking, which can be 
recovered and stored. The flywheel energy storage 
system (FESS) can efficiently recover and store the 
vehicle's kinetic energy during deceleration. However, 
standby losses in FESS, primarily due to aerodynamic 
drag, can affect its overall efficiency. To address this 
issue, the flywheel rotor is typically housed in a 
dedicated housing maintained at a low pressure using 
a vacuum pump. Standby power is known as the total 
power used by the auxiliary systems and the power 
needed to overcome drag and keep the flywheel rotor 
at a specific state of charge. The Analysis of Variance 
(ANOVA) technique was combined with the 
computational fluid dynamics (CFD) technique in this 
study to determine the optimal flywheel design 
parameters and investigate their impact on standby 
power. The study's results demonstrated the optimal 
combination of the airgap size and the rotor's pressure 
cavity to achieve the lowest standby power. 

INTRODUCTION 

Urban driving contributes significantly to energy 
consumption and greenhouse gas emissions. Braking 
during urban driving results in significant energy loss, 
which can be recovered and stored for future use. The 
flywheel energy storage system (FESS) is a novel 
technology that efficiently recovers and stores kinetic 
energy generated during vehicle deceleration [1]. The 
stored energy can then accelerate the vehicle, 
reducing reliance on fossil fuels and lowering carbon 
dioxide emissions [2]. However, FESS systems also 
have a drawback in the form of aerodynamic drag, also 
known as windage. Windage occurs when air friction 
and turbulence affect the spinning flywheel rotor, 
leading to losses in stored energy. Windage loss 
contributes significantly to total losses in high-speed 
rotating machines, increasing self-discharge and 
reducing FESS' overall efficiency and effectiveness. 
As a result of windage loss, FESS may be unsuitable 
for long-term energy storage applications [2]. To 
minimise windage, the flywheel rotor is housed in a 
dedicated housing maintained at a low pressure using 
a vacuum pump [3]. The power the vacuum pump 
uses to maintain the low-pressure environment and 
the power needed to overcome drag is known as 
standby power. Standby power, along with the power 
needed to keep the flywheel rotor at a specific state of 
charge, is a crucial factor in determining the overall 
efficiency of the FESS [3], [4]. 

Several studies have investigated approaches to 
reducing windage loss in FESS [1]. The use of various 
materials to improve FESS performance and various 
design approaches for minimising windage loss has 
been the focus of research [5]. Furthermore, 
computational fluid dynamics (CFD) has been studied 
as a tool for modelling and analysing flow in the 
annulus of a solid FESS to identify strategies for 
improving the system's overall efficiency and 
effectiveness [6], [7]. Additionally, Taylor-Couette flow 
has been explored to examine flow stability in the 
annular gap and the heat transfer properties to reduce 
losses. The heat produced by aerodynamic losses 
can influence the performance and lifespan of 
high-speed FESS. To reduce windage loss and 
improve the thermal performance of rotating 
machinery, examining the flow stability in an annular 
gap and the heat transfer properties is an efficient way, 
as stated in [8]. 

Anderson [9] presented the results of windage loss in a 
high-speed motor using a commercial CFD software 
package. Their research provided a method for 
designers to quickly assess the impact of windage loss 
on the thermal performance of rotating machinery. 
Windage loss in high-speed motors can be reduced 
using a new structure that combines an aerodynamic 
step thrust bearing with a spiral-grooved viscous 
vacuum pump, as stated by Asami et al. [3]. According 
to Nachouane et al. [7], calculating windage loss 
heavily relies on the skin friction coefficient, a 
non-dimensional parameter affected by the radius ratio 
and the Reynolds number. The windage losses 
produced are very different in large and small gaps. To 
qualify as having a small gap, a ratio must have a 
gap/diameter of less than 0.005 to 0.02 [10]. 
Investigations into windage losses for large gaps and 
atmospheric air have been the subject of numerous 
studies [11]. Numerous researchers have started using 
CFD numerical simulations in conjunction with 
experiments in recent years [12]–[16]. In a vacuum 
chamber, Walton et al. [10] investigated the windage 
losses of a rotor supported by gas foil bearings, but 
they did not consider the fluid field's impact near the 
journal. 

A vacuum-tight seal is a crucial component of a FESS 
to maintain a low-pressure environment [17]. 
Mechanical, magnetic, and labyrinth seals are 
commonly used for this purpose. Mechanical seals 
comprise two metal surfaces held together by spring 
pressure to form a vacuum-tight seal. Magnetic seals 
are more expensive than mechanical seals but can 
handle high-speed rotation or vibration using magnetic 



 

 

force [18]. Labyrinth seals use grooves and ridges to 
form a barrier and are less expensive but may be less 
reliable than other seals [19]. The vacuum pump used 
in a FESS is another critical component for 
maintaining the low-pressure environment [20]. 
Different types of pumps are available, and the 
selection depends on the system's specific 
requirements and desired vacuum level [21]. 
Mechanical pumps, such as rotary vane and piston 
pumps, are most widely used due to their affordability, 
compactness, ultimate high vacuum, and dust and 
particulate matter resistance. Cryogenic pumps can 
achieve higher vacuums but are more expensive and 
require specialised equipment, while molecular turbo 
pumps are highly efficient and expensive. Rotary vane 
and piston pumps are most suitable for low to medium 
vacuum applications [22]. 

FESS supports the rotor with air or magnetic bearings 
to achieve low friction. Air bearings, also known as 
aerostatic bearings, use pressurised air to provide 
low-friction levitation, allowing for precise control and 
extending system longevity by eliminating physical 
contact between moving parts [23]. Magnetic bearings 
use a magnetic field for levitation, which provides high 
accuracy and longevity but is more complicated and 
expensive. To achieve optimal vacuum tightness and 
longevity, both types of bearings can be combined with 
various seals, such as mechanical or magnetic seals 
[24]. 

This study aims to determine the optimal flywheel 
design parameters that minimise the standby power in 
FESS. The Analysis of Variance (ANOVA) technique 
was used to investigate the effect of two parameters 
on standby power: airgap size and operating pressure. 
These parameters were modelled using computational 
fluid dynamics (CFD), allowing for a thorough 
examination of the relationships between the 
parameters and standby power. The findings of this 
study can be used to develop FESSs with lower 
standby power and higher energy efficiency. To the 
authors' knowledge, this is the first attempt to 
investigate the effect of airgap size and operating 
pressure while considering the FESS's standby power. 
This study is significant because it applies to the 
automotive industry and other fields in which FESSs 
are used, such as renewable energy storage, 
aerospace, and military applications. 

NUMERICAL MODELLING 
 
NUMERICAL MODEL SETUP 
This study proposes a numerical model of a solid 
flywheel with a uniform, concave, and closed airgap to 
investigate the effect of airgap size and operating 
pressure on standby power in FESSs. To predict the 
skin friction coefficient and describe the airgap flow 
structure, CFD methods are used. The governing 
equations that a CFD code uses are based on 
equations for the conservation of fluid motion that 
adhere to the fundamental principles of fluid 
mechanics, including energy, momentum, and mass 
conservation laws [25] [26]. The FESS CFD domain is 
created and divided into computational cells and 
nodes. After the mesh is established, the governing 
equations are numerically discretised to a system of 

linear algebraic equations [27]. The following are 
governing equations for a turbulent flow in the steady 
state which is outlined as follows [28]: 
Continuity equation: 

𝜕𝜌

𝜕𝑡
+ ∇. 𝜌𝑉 = 0   (1) 

Momentum equation: 
𝐷(𝜌𝑉)

𝐷𝑡
= −∇𝑝 + ∇ ∙ 𝜏𝑖𝑗 + 𝜌𝑔  (2) 

Energy equation: 
𝐷(𝜌𝐶𝑝𝑇)

𝐷𝑡
= ∇ ∙ (λ∇𝑇) + Φ  (3) 

Where V is the velocity vector, 𝜌 is the density, ∇𝑝 is 

the pressure force, ∇ ∙ 𝜏𝑖𝑗 is the viscous force, 𝜌𝑔 is 

the gravitational force, ∇ ∙ (λ∇𝑇)  is the heat 

conduction through the fluid element boundaries, λ is 
the thermal conductivity, T is the temperature, and  Φ 
is the heat from the conversion of mechanical energy. 
The CFD simulation of a fluid depends on the 
Knudsen number, which determines whether the flow 
of a fluid can be modelled using continuum mechanics 
or requires statistical mechanics [3]. This study used a 
Knudsen number less than 0.01 to keep the flow 
continuous and allow the use of Navier-Stokes 
equations. 

BOUNDARY CONDITIONS 

For this study, ANSYS Fluent was utilised as the CFD 
program to model the FESS, which consists of a 
cylindrical rotor, a housing, and an air gap between 
them (see Figure 1(a)). The rotor's radius and length 
were fixed at 0.08 m, and periodic boundary conditions 
were applied to all periodic surfaces as the FESS flow 
pattern allows for periodic regions [29]. To reduce 
computational resources and costs, an 8°-slice from 
the FESS with a symmetry plane in the centre was 
simulated. Figure 1(b) shows the simplified geometry 
with the periodic region and symmetry plane. 

To ensure the accuracy and reliability of numerical 
simulations, performing a mesh independence 
analysis is crucial. A structured quadrilateral mesh 
was utilized to simulate a system consisting of a rotor 
and housing, both varying in size from 1 to 2mm, 
along with an airgap ranging from 0.1 to 0.2mm. A 
mesh independence test was conducted to identify the 
optimal mesh for the simulations, using the highest 
studied rotational speed of 4000 rad/s to analyse the 
average air temperature, rotor, and housing 
temperature. Additionally, a 3D steady-state turbulent 
flow model utilising a moving reference frame (MRF) 
was used to examine the system's steady-state 
performance. This approach resolves most flow 
characteristics, including mass flow rates and 
pressure changes across the rotating components 
[30]. Because the Reynolds number in the air gap was 
in the turbulent region for the rotational speeds 
studied, a turbulence model was required. The SST 
K- 𝜔  turbulence model was used to solve the 
Reynolds-averaged Navier-Stokes (RANS) equations. 
This model is suitable for estimating fluid flow and 
heat transfer in concentric cylinder systems, as 
demonstrated in the existing literature on turbulence 
modelling of Taylor-Couette flow in high-swirl narrow 
annulus gaps [9], [32], [33]. 
Sutherland's three equations were employed to 
calculate air viscosity, assuming ideal gas properties. 



 

 

The system had no inlet or outlet, and the overall 
thermal boundary condition of the housing was set to 
24°C. A high-resolution boundary layer mesh with 
𝑦+ ≤ 1 was created to resolve the viscous sublayer. 

 
Figure 1 Numerical domain, (a) FESS geometry in 3D, (b) 
the simplified geometry with periodic and symmetry region 

NUMERICAL MODEL VALIDATION 

The comparison of skin friction coefficient variation to 
experimental data is a crucial step in verifying the 
accuracy and validity of the numerical simulation. This 
study compared the skin friction coefficient and Taylor 
number distributions obtained from the CFD model to 
the experimental data presented by Castle and Mobbs 
[33] and SIONG [34]. The results, shown in Figure 3, 
demonstrate that the critical Taylor numbers 
determined numerically are in excellent agreement 
with the previously published data in the literature. 
Moreover, the CFD model accurately represents the 
distribution of skin friction coefficients in the first zone, 
and the estimated skin friction coefficients closely 
follow the data presented by Castle and Mobbs [33] 
and SIONG [34] when Taylor vortices form in the 
airgap. These results suggest that the CFD model's 
predictions closely match the experimental data and 
provide confidence in the accuracy of the simulation. 
On the other hand, the CFD model was validated by 
the authors' experimental work [35]. The experimental 
and numerical results agree well, with both methods 
exhibiting similar trends. The differences between 
experimental and numerical results are within a 15% 
margin of error. 

PARAMETRIC STUDY 

Analysis of variance (ANOVA) is a statistical tool that 
can be used to learn about the relationships between 
variables and the effects of each variable on the 
experiment and their interactions [36]. ANOVA would 
aid in determining the significance of the studied 
FESS parameters and their effects on achieving 
optimal standby power. 

 

Figure 2 Rotor skin friction coefficient (Cf) vs Taylor number 
(Ta) validation  

RESPONSES SELECTION 
The selection of system responses serves the 
purpose of exemplifying the local shape of the 
response surface through the simulation of the 
interaction and effects of the system parameters. 
Additionally, these responses are utilised to evaluate 
the system's capabilities and limitations and identify 
the optimal system settings [37]. In this study, the 
focus is on analysing the standby power of the FESS. 
Standby power is the sum of windage losses and the 
power required to maintain a low-pressure 
environment by the vacuum pump. Reduced standby 
power reduces the system's self-discharging rate, 
making it an ideal solution for extended storage 
periods, which can be useful for various applications. 
  
FACTORS SELECTION 
To reduce the windage losses, the flywheel rotor is 
typically housed in a dedicated housing maintained at 
a low pressure using a vacuum pump. The outer rotor 
and inner housing surface temperatures of a 
high-speed rotating machine can be significantly 
influenced by windage losses caused by 
non-ventilated airflows within the annulus of a FESS. 
Increased airgap size is commonly used to reduce 
temperature; however, this leads to higher power 
required by the vacuum pump to create a 
low-pressure environment. Hence, the airgap size and 
the rotor cavity pressure are two key factors that 
require consideration when designing a FESS. In 
order to meet the requirement of a compact system 
suitable for a range of applications, the study selected 
five different airgap sizes to achieve a narrow gap 
between the rotor and housing. The parameter used 
in this study to define the airgap is a dimensionless 
parameter called the radius ratio, which is 𝜂 = 𝑟𝑜 𝑟ℎ⁄  

where 𝑟𝑜  is the rotor radius and 𝑟ℎ  is the internal 
housing radius. The rotational velocity of the rotor was 
limited to 4000 rad/s to ensure safety, which is the 
maximum allowable velocity for a solid cylinder rotor 
with a factor of safety of two when the rotor's material 
is steel 4340 [38]. To minimise windage losses, it is 
essential to maintain a low-pressure environment 
around the rotor cavity. However, a hard vacuum is 
not ideal as it would require considerable power from 
the vacuum pump and make maintenance more 
challenging. A partial vacuum can reduce the FESS's 



 

 

windage losses while also being achieved using 
cheap and less complex vacuum pumps such as 
rotary vane pumps. Five different rotor cavity 
pressures were used in this study, ranging from 
atmospheric pressure to 200 mbar. A DC rotary vane 
pump with 24 V was used in the study to achieve the 
required partial vacuum [39]. The different values of 
each studied level are shown in Table 1. 
 
Table 1 The factors studied with different levels 

Levels 

Factors 

A B 

Airgap [mm] 
(𝜼) 

Rotor cavity pressure [mbar] 

1 1 (0.99) 1000 

2 2 (0.975) 800 

3 3 (0.96) 600 

4 4 (0.95) 400 

5 5 (0.94) 200 

 
ANALYSIS SETUP 
In this study, the ANOVA used factorial analysis to 
determine the effects of the two factors on responses 
at different levels [36]. This method allows 
researchers to rank variables according to their 
influence on objective function values [40] [41]. This 
analysis can be used for FESS optimisation to 
determine which parameters affect performance and 
optimise those parameters to achieve the desired 
standby power value. The main processes in 
optimisation are estimating the coefficients in a 
mathematical model, forecasting the response, and 
determining the model's suitability. Regression 
analysis of the data was performed using the 
statistical software Design-Expert, to fit the proposed 
equations and plot response surfaces. 
 

RESULTS AND DISCUSSION 
 
INFLUENCE OF THE AIRGAP SIZE 
This study investigates the flow characteristics of 
cylindrical annulus airgap and the effect of airgap size 
on windage losses in the studied system. The Taylor 
number is calculated based on geometrical factors, 
operational conditions, and fluid characteristics to 
characterise the airgap flow regimes. The primary 
factors affecting the flow characteristics are the rotor's 
rotational speed and the airgap size. When the Taylor 
number exceeds a critical value, laminar flow 
collapses, and Taylor instabilities arise, forming 
counterrotating vortices along the axial direction 
known as Taylor vortices. 
The effect of airgap size on the windage losses of the 
system is investigated at a rotational velocity of 4000 
rad/s. The results show that the current Taylor number 
consistently exceeds the critical Taylor number, 
indicating the existence of Taylor vortices in the 
studied case. The air velocity distribution within the 
studied airgap size under atmospheric pressure 
exhibits a spike-shaped flow caused by creating a 

Taylor-Couette flow in the airgap. The air velocity 
closest to the housing is near zero, while the velocity 
closest to the rotor is the greatest. 
Furthermore, the airgap size determines the number 
of Taylor vortices, with larger airgap sizes resulting in 
fewer Taylor vortices. The Taylor vortices cells take a 
cubic shape, and their number decreases from 64 to 
12 as the airgap size increases from 1 to 5 mm, 
respectively. The number of Taylor cells decreases 
dramatically as the airgap size increases, resulting in 
better heat transfer between the rotor, housing, and air, 
which leads to lower temperatures for each 
component and lower windage losses. Figure 3 shows 
that the number of Taylor cells decreases as the 
airgap size increases, confirming the above 
observation. The flow characteristics inside the 
system are altered upon reducing the cavity pressure. 
In particular, the presence of Taylor vortices remains 
unaffected as the air particles remain within the 
system. However, the reduced pressure results in a 
lower number of air particles, leading to a decrease in 
fluid density. This reduction in fluid density reduces 
the occurrence of viscous friction between the rotor 
and the air. 
 

 
Figure 3 Air velocity distribution inside the studied airgap 

sizes at atmospheric pressure where (A) is the airgap size in 
mm and (B) is the rotor cavity pressure in mbar 

RESPONSE 
An analysis of variance was performed on the chosen 
response, and the results of the significant factors and 
their interactions are shown in Table 2. With an 
F-value of 1483.29, the ANOVA for the response 
surface quadratic model for standby power revealed 
that the model was significant. P-values less than 0.05 
are considered significant for model terms. Model 
terms with values greater than 0.10 are deemed 
unimportant. Therefore, the table responses are 
significant, and the insignificant factors were removed 
to improve the model. The F-values for each factor 
and their interactions are calculated to determine the 
significance of their mean variation. The tables 
calculate the relevant P-values with a 95% confidence 
interval. Statistical results show that these models 
accurately predicted standby power across the 
studied variables. Table 2 shows that each factor has 
a p-value less than 0.05 and is, therefore, significant. 
 
MODEL ADEQUACY 

A mathematical model in a regression model 
describes the relationship between the input variables 
and the dependent response. The fit statistics for the 
initial response calculated using Design-Expert 



 

 

software are shown in Table 3. With only a few data 
points separating the regression line and the response 
points, the coefficient of determination (R2) for 
regression analysis for the response is 0.9949. The 
adjusted R2, which considers unnecessary and 
valuable parameters, was used to represent the 
model's variability. The adjusted R2 value is 0.9968, 
indicating that only a small percentage of variance 
was introduced. The predicted R2 can be used to 
assess the model's ability to forecast new 
observations. The results show a 0.2 difference 
between the adjusted and predicted R2 values, 
implying a reasonable correlation. While acceptable 
precision evaluates the data's signal-to-noise ratio, 
insufficient precision only evaluates noise. This means 
a sufficient signal was obtained with a satisfactory 
precision ratio of 116.718. 

 
Table 2 ANOVA for response surface quadratic model for 
standby power 
Source Sum of 

Square
s 

d
f 

Mean 
Square 

F-val
ue 

p-val
ue 

 

Model 7.589E
+05 

5 1.518E
+05 

1483.
29 

< 
0.000

1 

signific
ant 

A-Airga
p 

16094.6
9 

1 16094.6
9 

157.2
9 

< 
0.000

1 

 

B-Press
ure 
Level 

7.295E
+05 

1 7.295E
+05 

7129.
50 

< 
0.000

1 

 

AB 7093.68 1 7093.68 69.33 < 
0.000

1 

 

A² 2882.71 1 2882.71 28.17 < 
0.000

1 

 

B² 3290.06 1 3290.06 32.15 < 
0.000

1 

 

Residua
l 

1944.14 1
9 

102.32  
  

Cor 
Total 

7.608E
+05 

2
4 

 
 

  

 
Table 3 The fit statistics for the obtained response 

 

 
STANDBY POWER RESPONSE 

This study evaluates the FESS's standby power, 
which is the sum of windage losses, and the power 
required for maintaining a low-pressure environment. 
Decreasing standby power reduces the 
self-discharging rate of the system, making it 
well-suited for extended storage periods in various 
applications. The viscous friction between the rotor 
and the air in the gap during rotation generates 
windage losses. The size of the airgap and the 
thermophysical properties of the fluids involved 
influences the losses. In this system, the stationary 
outer cylinder acts as the housing, while the inner 
cylinder is the rotating rotor. As the rotational speed 

increases, the air velocity distribution changes due to 
the Taylor number exceeding the critical value of 41.3, 
creating the Taylor vortex. 

The windage loss of an enclosed flywheel can be 
expressed as the sum of two components: 
aerodynamic loss due to skin friction, which arises 
from the viscous forces acting on the flywheel's outer 
surface, and aerodynamic loss due to flywheel torque, 
which arises from the flow interaction between the 
flywheel sides and the housing. The total windage 
loss can be calculated using equation (4) [35]: 

𝑃 = (𝜋 × 𝐿 × 𝐶𝑓 × 𝜌 × 𝑟𝑖
4 × 𝛺3) + (𝐶𝑚 × 𝜌 ×

𝑟𝑖
5 × 𝛺3)     (4) 

Where 𝑃 is the total windage loss in watts, 𝐿 is the 

flywheel width in metres, 𝜌  is the gas density in 

kilogrammes per cubic metre, 𝑟𝑖  is the flywheel 

radius in metres, 𝛺  is the flywheel's rotational 

velocity in rad per second, 𝐶𝑓  is the skin friction 

coefficient on the top flywheel surface, and 𝐶𝑚 is the 
flywheel disk torque coefficient on the sides of the 
flywheel. 𝐶𝑓  and 𝐶𝑚 can be determined using 

numerical simulations based on the average gas 
temperature within the flywheel airgap. The windage 
losses with respect to the rotational velocity from 
40,000 rpm to 0 rpm with 1000 intervals for all studied 
simulations are shown in Figure 4.  

The research findings show that larger air gaps lead to 
lower air friction and hence, reduced windage losses. 
This is due to the increased rotor shear stress in 
smaller air gaps, further amplified by the formation of 
Taylor vortices. Taylor vortices appear more frequently 
as the airgap widens, while Taylor cells are less 
rapidly affected by azimuth waves as the airgap 
narrows [42].  The highest windage losses are 
observed at atmospheric pressure and can be 
significantly reduced by reducing the pressure within 
the cavity. while the lowest windage losses were 
achieved with the largest studied airgap size and the 
lowest cavity pressure. 

Several factors must be considered when calculating 
the power required to run a vacuum pump to reduce 
the pressure inside a FESS. First, the desired vacuum 
level must be determined. The second step is to 
choose a vacuum pump, a Dual-stage, 
high-performance rotary vane pump with a pumping 
speed of 2.5 m3/h (Duo 3 DC, 24 V DC, DN 16 
ISO-KF) that can be used in vehicles [39]. The third 
factor is the type of seal and bearing used to maintain 
the vacuum. Finally, there is the volume of gas 
contained within the rotor cavity. The calculation of 
time the pump would run to achieve the required 
pressure level can be calculated using the following 
formula [43]: 

𝑡 =
𝑉

𝑆
× ln

𝑃1

𝑃2
   (5) 

Where 𝑉 is the volume of the rotor's cavity, 𝑆 is the 

pumping rate of the selected vacuum pump, 𝑃1 is the 
initial pressure in the FESS, and 𝑃2 is the required 
pressure. The power required to run the pump is 240 
W [39], but because the system's seal and bearing 
would affect the pressure level, the vacuum pump 
must regulate the pressure inside the cavity to ensure 
a constant pressure level. 
It was found that reducing cavity pressure and 

Std. Dev. 10.12 R² 0.9974 

Mean 734.51 Adjusted R² 0.9968 

C.V. % 1.38 

Predicted R² 0.9949 

Adequate 
Precision 

116.7178 



 

 

increasing airgap size effectively reduced windage 
losses. However, it was observed that increasing 
airgap size resulted in increased power consumption 
by the vacuum pump to achieve the desired pressure 
level. Moreover, increasing airgap size was observed 
to be beneficial for reducing standby power 
consumption when the pressure inside the FESS was 
atmospheric or more than 600 mbar, as shown in 
Figure 5. Conversely, when the pressure was below 
400 mbar, the minimum standby power was achieved 
at around 2 mm airgap size due to the increased 
power required to achieve the desired pressure level 
for a larger cavity.  
The regression model for predicting the standby 
power is presented using the ANOVA as equation (6). 
Note that the R2 value for this regression model is 
99.7%. To obtain accurate predictions, the original 
units of each factor must be specified. The response 
prediction equation represents a valuable tool for 
predicting the response variable, and it can be used to 
predict the standby power for pressure levels between 
atmospheric pressure to 200 mbar and airgap size 
between 1 to 5mm. 

𝑃𝑡 = 347.09 − 31.17791𝐴 + 0.935957𝐵 −
0.042112𝐴𝐵 + 6.41729𝐴2 − 0.000171𝐵2  (6) 
Where 𝑃𝑡  is the standby power in watts, 𝐴 is the 
airgap size in mm, and 𝐵 is the cavity pressure in 
mbar. 
 
OPTIMISATION 
Myers and Montgomery [44] introduce the term 
"desirability" to refer to the multiple-response method. 
The desirability function, denoted as D(X), is the 
objective function employed in this method. For each 
response, an ideal range, 𝑑𝑖, is specified, with the 
most desirable range between zero and one 
(representing the least to the most desirable values, 
respectively). The simultaneous objective function in 
this method is determined as the geometric mean of 
all the transformed responses, as shown in equation 
(7): 

𝐷 = (𝑑1 ∙ 𝑑2 ∙ … 𝑑𝑛)
1

𝑛 = (∏ 𝑑𝑖
𝑛
𝑖=1 )

1

𝑛  (7) 

Where the number of measured responses is n, from 
zero outside the limits to one at the goal, desirability is 
an objective function. A point is found that maximises 
the desirability function by using numerical 
optimisation. Adjusting the weight or importance of a 
goal can change the goal's characteristics. A single 
desirability function is applied to various responses 
and factors, and numerical optimisation is used to find 
the maximum value of the desirability function. The 
Design-Expert software is used for numerical 
optimisation for the system response. The software 
provides a solution that can achieve the highest 
desirability by minimising standby power, considering 
the importance of each factor. 
Based on the optimisation, the proposed solution 
achieves the lowest standby power at a pressure level 
of 200 mbar and an airgap size of 2.37 mm, with a 
desirability of 1. The results are presented in Figure 6. 
To ensure that the predicted values can be used and 
are compatible with the results obtained from CFD 
simulations, the predicted standby power for the 
proposed solution is validated by running a CFD 

simulation. As a result, the numerical and predicted 
values are in good agreement, with a difference of 
3%. 

 
Figure 4 The windage losses with respect to rotational 

velocity for the 25 runs, where (A) is Airgap size in mm and 

(B) is the rotor cavity pressure in mbar. 

 
Figure 5 3D plot for standby power between airgap size and 

pressure level 

 
Figure 6 The desirability of the optimisation of the FESS and 

the corresponding standby power 

CONCLUSION 

The flywheel energy storage system (FESS) presents 
an efficient solution for recovering and storing kinetic 
energy lost during deceleration in urban driving 
scenarios. However, standby losses in FESS, 
predominantly due to aerodynamic drag, can harm its 
overall efficiency. The FESS is typically enclosed in a 
dedicated housing maintained at low pressure using a 
vacuum pump to address this issue. The current study 
utilised the Analysis of Variance (ANOVA) method and 
extensive CFD simulations to investigate the optimal 
design parameters that minimise standby power. The 
results showed that the airgap size and the rotor's 



 

 

cavity pressure significantly affect standby power, and 
an optimal combination of these parameters can 
achieve the lowest standby power for the FESS. The 
lowest standby power was attained when the system 
operated at a pressure level of 200mbar, 
accompanied by an airgap size of 2.37 mm. These 
findings can be utilised to improve the efficiency and 
performance of FESS in urban driving scenarios, 
paving the way for future research and advancements 
in the automotive industry towards more 
energy-efficient flywheel designs. This will lead to 
reduced emissions and more environmentally friendly 
driving experiences. 
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