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ABSTRACT

This study numerically investigates the multiphase
flow characteristics inside a hollow rotating shaft under
near-vacuum conditions, aiming to clarify the
fundamental flow mechanisms governing rotor cooling in
flywheel energy storage systems (FESS). Computational
fluid dynamics (CFD) simulations were conducted to
compare the stationary and rotating configurations,
focusing on the influence of shaft rotation on phase
distribution, pressure evolution, and velocity field
characteristics. In the stationary case, the impinging jet
induces a strong local pressure peak and downward flow,
accompanied by pronounced air entrainment,
incomplete gas removal, and localized cavitation near
geometric transitions. When rotation is introduced,
centrifugal force dominates the flow dynamics, leading
to a stable annular flow structure with liquid adhering to
the wall and air confined to the shaft core. The air phase
develops a helical backflow path driven by the low-
pressure core region, while near-wall backflow and
cavitation are significantly suppressed. The findings
reveal a transition from a gravity- and inertia-driven,
chaotic two-phase regime to a rotation-dominated,
stratified annular flow regime. This transition enhances
flow stability and liquid film continuity, offering
important insights into the coupled flow-phase
interactions under vacuum and providing practical
guidance for the thermo-fluid optimization of high-speed
flywheel rotors.

Keywords: Flywheel energy storage system (FESS);
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NONMENCLATURE
Abbreviations
CFD Computational fluid dynamics
FESS Flywheel energy storage system

PMSM Permanent magnet synchronous
motor
RANS Reynolds-averaged Navier-Stokes
SST Shear stress transport
TC Taylor-Couette
TCP Taylor-Couette-Poiseuille
Symbols
f body force
p pressure
Rg bubble radius
dimensionless axial flow Reynolds
Re,y
number
Re,, rotational flow Reynolds number
u velocity
a volume fraction
é annular gap width
Uz turbulent viscosity
p density
Tij viscous stress tensor
Tw wall shear stress
W angular velocity

1. INTRODUCTION

Flywheel energy storage systems (FESS) have
attracted significant attention due to their ability to store
energy in the form of rotational kinetic energy, offering
high power density, fast response, and long service life[1-
3]. Its basic structure is shown in Fig. 1, includes a
rotating flywheel connected to a motor-generator, which
can accelerate or decelerate the flywheel to store or
release energy. When energy is stored, electrical power
is converted into mechanical energy, causing the
flywheel to spin. Upon discharge, the process is reversed,
and the rotational energy is converted back into
electrical power. Central to this process is the permanent
magnet synchronous motor (PMSM), which is
responsible for driving the flywheel during energy
storage and extraction. While PMSMs offer high
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efficiency and robustness, enabling high-speed
operation critical for FESS, effective thermal
management, particularly of the rotor, remains a
fundamental challenge[4-6].
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Fig. 1 A typical flywheel energy storage system

Heat generation within the rotor arises from core
losses, eddy currents in permanent magnets, and
frictional losses[7]. Excessive temperatures risk
demagnetization, material degradation, thermal
expansion-induced imbalance, and ultimately, system
failure[8, 9]. Mitigating rotor heat buildup is especially
complex in FESS. The necessity for a vacuum or low-
pressure environment to minimize aerodynamic drag
severely restricts conventional cooling methods like
forced air or direct liquid cooling over the rotor surface.

To address this constraint, internal convective
cooling via a hollow shaft has emerged as a promising
solution, as illustrated in Fig. 2. The shaft is hollow, inside
which a cantilevered pipe is installed. A tank filled with
heat transfer fluid is positioned at the bottom. During
operation, the fluid is circulated from the tank through
the pipe into the hollow shaft using a pump. The
circulating fluid absorbs the heat generated by the rotor
and subsequently returns to the tank. The cooling system
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Fig. 2 A hollow shaft rotor cooling solution

is connected to a heat exchanger, which cools the
thermal fluid and removes the absorbed heat. However,
the low operating pressure creates a high propensity for
cavitation at flow conditions, and the initial rarefied air
induces complex multiphase flow within the shaft. The
axial through-flow with high-speed rotation of the shaft,
also known as Taylor-Couette-Poiseuille (TCP) flow, leads
to intricate secondary flows. These phenomena critically
influence flow distribution, residence time near hot
surfaces, and crucially, induce substantial parasitic
torque on the shaft and high flow pressure loss,
consuming valuable energy intended for storage.
Despite investigations into TCP flow, significant
limitations exist concerning the specific challenges of the
FESS cooling system. Existing TCP research has primarily
focused on fundamental flow characteristics and stability
under controlled conditions. Studies have examined
linear stability for various configurations, including co-
rotation of cylinders at different speeds[10], eccentric
rotation[11], and varying radius ratios[12]. Simulations
by Poncet et al.[13] and Cosgun et al.[14] for inner
cylinder rotation have analyzed mean velocity profiles
and turbulence intensity across combinations of
rotational and axial Reynolds numbers. The influence of
sudden annular contractions/expansions on Taylor
vortex propagation and pressure oscillations has been
explored[15], while experiments demonstrated how
axial flow promotes the formation of spiral vortex
structures[16]. Crucially, the vast majority of this work
addresses inner cylinder rotation, with research on outer
cylinder rotation being notably scarce. Yoo[17] studied
TC flow without axial flow under outer cylinder rotation,
observing flow regimes categorized by vortex count.
Hadziabdi¢ et al.[18] employed LES to investigate fully
developed turbulent flow in a concentric annulus with a
rotating outer wall, highlighting the impact of rotation
rate on turbulence and suggesting a ratio of centrifugal
to axial inertial forces as a potential regime criterion.
Research incorporating multiphase flow and
cavitation within rotating flows is even more limited and
predominantly confined to simpler Taylor-Couette (TC)
systems.  Verschoof et al.[19] experimentally
demonstrated that cavitation promoters on the inner
cylinder generated bubbles, reducing drag. Teamah et
al.[20] investigated transient flow fields with varying oil
levels in a horizontal TC apparatus for enhanced thermal
performance. Reinke et al.[21] utilized high-speed
imaging to record cavitation and PIV for velocity field
measurements to analyze cavitation behavior induced by
inner cylinder rotation. While Wang et al.[22] studied
flow and heat transfer in a structure somewhat similar to



the present cooling system, their focus was primarily on
thermal aspects, and key flow path dimensions were
unspecified. Pan et al.[23] employed sidewall jetting,
resulting in a fundamentally different flow structure.
Critically, both papers assumed fully flooded, single-
phase conditions, neglecting multiphase effects under
vacuum.

Existing research on TCP flow predominantly
operates under atmospheric pressure, considers only
single-phase flow, and employs simplified geometries
devoid of complex internal features. Similarly, studies on
cavitation typically neglect the profound influence of
coupled axial-rotational flow dynamics and intricate
geometric constraints. Consequently, a significant and
largely unaddressed knowledge gap exists concerning
the complex liquid-vapor-air three-phase flow dynamics
within the specific geometry of a hollow shaft featuring
a cantilevered pipe. This regime inherently involves
incomplete filling and recirculating liquid flow patterns,
vacuum-induced cavitation under near-saturation
conditions, and intense, outer-cylinder-dominated TCP
flow. The lack of validated understanding and predictive
capability for this multiphase, rotating coupled flow
regime under vacuum directly hampers the reliable
design and optimization of energy-efficient hollow-shaft
cooling systems for high-speed FESS rotors operating in
vacuum environments.

This study employs high-fidelity CFD simulations to
investigate the multiphase flow behavior within a hollow
rotating shaft under near-vacuum conditions, with a
particular emphasis on comparing stationary and 1000
rpm rotating configurations. The analysis focuses on how
rotation influences phase distribution, pressure fields,
and velocity characteristics, as well as the potential onset
of cavitation phenomena. By establishing a connection
between qualitative flow structures and quantitative
flow features, this work provides a comprehensive
understanding of the coupled flow-phase interactions
and offers practical guidance for the thermo-fluid
optimization of high-speed flywheel rotors.

2. METHODS
2.1 Physical model

To simulate the flow characteristics of the fluid inside
the hollow shaft under vacuum conditions, the complex
shafting was simplified. A tapered sleeve was added to
the outlet section of the hollow shaft flow channel to
reduce the tangential velocity of the exiting fluid. The
simplified physical model of the hollow shaft rotor
cooling system is shown in Fig. 3, with dimensional

parameters listed in Table 1. The rotor shafting assembly
rotates at a constant angular speed w, while the pipe
remains stationary. A heat transfer fluid at temperature
T; flows vertically into the hollow shaft from the pipe
inlet at a constant velocity wu; . The surrounding
environment is a low-pressure region maintained at a
constant pressure p, = 25Pa.
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Fig. 3 Model of the hollow shaft rotor cooling system

Table 1 Dimensional parameters of the model

Parameters Symbols  Values (mm)
1 Inside dlameter of the 2 18.71
pipe
2 Outside dla.meter of o 2195
the pipe °
3 Distance from the top
of the pipe to the top S 29
inside the hollow
shaft
4 Diameter of the flow
channel in the hollow 27 50
shaft
5 Diameter of the flow
channel in the hollow 215, 44—-36
shaft at the outlet
6 Rotor diameter 2R 150
7 Rotor height H 218
8 Pipe length L 550

The Properties of the materials used for numerical
modeling are provided in Table 2. Due to the low
ambient pressure, the heat transfer oil may cavitate. The
saturated vapor pressure of the heat conducting oil
vapor is 2x107° Pa at 20 °C.

Table 2 Properties of the materials
Air Qil Qil vapor

Density (kg -
m~3)

Dynamic viscosity
(kg-m~'-s71)

ideal gas 823.8 ideal gas

1.846x10°  0.02812 2X10?




2.2 Governing Equations

For the flow in the hollow shaft, the governing
equations are derived from the Reynolds-averaged
Navier-Stokes (RANS) equations, which are applied to
account for turbulent flow behavior.

1) Continuity equation

apm + a(pmﬂm,j) =0 (1)
ot axj

where py, is the mixture density, and , ; is the
mass-averaged velocity componentin the j-th direction.

2) Momentum equations

The momentum equation for the mixture can be
obtained by summing the individual momentum
equations for all phases. A single-phase momentum
equation is
a(pti;) N a(pﬁiﬁj) _ _@ N 0t;; N 6(—pu

at 0x; ox; 0x; 0x;

where p is the time-average pressure; 7;; is the
viscous stress tensor; —pTu]’ represent the Reynolds
stresses; f; is the body force.

3) Turbulence model equations

The shear stress transport (SST) k-w turbulence
model is employed for accurately predicting turbulence
effects[24-27], especially in near-wall regions:

a(pk) 0(pkw;) 0

+ ( +%)% +P *kw(3)
at ox; _ax,- a o/ 0x; k = pB ke

d(pw) 0(pwi;) 0 [( ,ut> 6(»]
+ =— +— )|+
at 0x; 0x; 04/ 0%;

y ) p 0k dw
V_th - ,0,3(1) + 2(1 - Fl) a)awza_xja_xj

4) Multiphase flow equations

To accurately capture cavitation phenomena within
the flow, the multiphase Mixture model was employed,
which maintains simulation fidelity while reducing
computational complexity. From the continuity
equation, the volume fraction equation for secondary
phase r can be obtained:

6(prar) a(prarﬁm,j) d (prar(ﬁdr,r)j)
+ = — +
Jat d0x; 0x;

(4)

]
Z(msr - mrs) (5)
s=1

where Ug, is the drift velocity of the phase 7;
mg, and m,g arethe masstransfer from phase s to r
and from phase r to s, respectively. The Mixture
model treats the multiphase flow as a quasi-single-phase
continuum in which all phases share a common velocity
field but allow interphase slip velocities. The velocity of

/ul
—>+pfi(2)

phase r relative to phase s is defined as:
Upg = Uy — U (6)
The Schnerr-Sauer model is selected for its physically
grounded representation of bubble dynamics in low-
pressure environments and superior convergence
behavior in rotating reference frame simulations.
Expressions of the mass transfer rate R are:

PvP 3 [Zpy—p
R.=F,,—a(l—a)— |= , >
e vap a( a)RB 3 p by~ P
(7)
PvP1 3 |2p—p
RcchondVTa(l_a)R_B § o1 V: Pv=p

where F,, and  Feong are the empirical
calibration coefficients of evaporation and condensation
with the default value of 1 and 0.2, respectively; Ry is
the bubble radius; «a is the vapor volume fraction; p,
and p; are the vapor and liquid density, respectively; p
is the mixture density, which is defined as

p=apy+(1—a)p (8)
2.3 Mesh and Solver Settings

For both the fluid and the solid domain in the hollow-
shaft internal flow and heat transfer process, hexahedral
structured meshes were generated as shown in Fig. 4. To
satisfy the requirement of SST k-w turbulence model for
resolving the viscous sublayer, the near-wall mesh was
appropriately refined to ensure a boundary layer y* =~
1. The value of y* can be calculated by the following
equations:

= | 9)
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Fig. 4 Mesh of the hollow shaft structure
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u
where v* is the friction velocity; t,, is the wall
shear stress; y is the normal distance to the wall.

This study utilizes Fluent to perform coupled fluid-
thermal simulations. To ensure the reliability and
accuracy of the numerical results, grid-independence
tests were performed with various mesh-refinement
strategies. Three-dimensional steady calculations
employed the coupled solver, and the working fluid was
initialized as rarefied air. Upon increasing the mesh to 3.2
million cells, the volume fraction of liquid phase and y™*
at the principal monitoring points converged to stable
values, thereby accurately capturing the flow condition.
Consequently, this mesh configuration was adopted for
all subsequent simulations.

A moving reference frame was used to simulate the
rotation of the shaft assembly. Mass-flow-inlet and
pressure-outlet boundary conditions were imposed. A
coupled-solution approach was adopted to solve the
Navier-Stokes equations, volume fraction equations, slip
velocity equations and turbulence equations
simultaneously. Inlet and outlet mass flow rates, wall
shear stress and phase distribution were monitored. The
solution was considered converged when all equations
residuals remained stable, and the monitored physical
guantities exhibited no further variation with additional
iterations.

(10)

2.4 Flow Conditions

For the hollow-shaft rotor cooling system with fixed
geometric dimensions, the flow characteristics of the
fluid inside the shaft vary with different inlet mass flow
rates and shafting rotational speeds. The axial and
rotational components of the flow velocity are
characterized using the dimensionless axial flow
Reynolds number Re,y and rotational flow Reynolds
number Re,,, respectively:

2pud
Re,, = 2P (11)
; )
wT,
Re, =" :“t (12)

where u is the characteristic axial velocity; w is
the angular velocity; § = r5; — 1, denotes the annular
gap width. Notably, when the fluid does not completely
occupy the annulus, for example, a thin film with a
thickness of d is formed and attached to the outer
cylinder wall, where d < §, the characteristic length of
dimensionless numbers must be modified. However, it is
challenging because calculations reveal that the liquid-
phase thickness varies along the axial direction.

Consequently, § was still used in this article to define
Re,x and Re,,.

2.5 Model Validation

To verify the reliability of the present computational
model, a validation was performed based on the study
by HadzZiabdi¢ et al.[18], which investigated the TCP flow
under conditions of axial through-flow and rotating outer
cylinder. Although the original work used air as the
working fluid and a horizontally oriented configuration,
the present model adopts a vertically aligned geometry
but maintains the same fluid properties and flow regime
for consistency.

Three representative cases were selected for
comparison, corresponding to different outer cylinder
rotation speeds while keeping the Re,, fixed at 12500.
The Re, was set as 3125, 6250, and 12500,
respectively, matching the dimensionless parameters in
the reference study. The annular gap § between the
cylinders was 0.02875 m, with an inner stationary
cylinder and a rotating outer cylinder. The flow domain
was simplified by removing the inlet pipe, and the top
surface was set as a uniform velocity inlet, while the
bottom was treated as a pressure outlet. Gravity was not
considered.

The simulations were carried out using the SST k-w
turbulence model. The fluid was treated as
incompressible and isothermal, with constant physical
properties. The mesh quality was carefully controlled to
resolve near-wall gradients adequately, and the
dimensionless wall distance was maintained y* ~ 1 in
all regions.
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Fig. 5 Results of the model validation

Fig. 5 compares the non-dimensionalized mean axial

velocity profile as a function of the non-dimensional

radius for all cases. The results obtained from the

present simulations show good agreement with the

reference data. The deviations in velocity magnitude



were found to be less than 0.1, indicating the adequacy
of the numerical settings and validating the model’s
ability to capture the essential physics of TCP flow under
the tested conditions. This validated model provides a
solid foundation for the multiphase and cavitating flow
simulations presented in the subsequent sections.

3. RESULTS AND DISCUSSION
3.1 Stationary Hollow Shaft

Fig. 6 illustrates the flow characteristics under the
stationary shaft condition, including the liquid phase
distribution, absolute pressure field, inlet streamlines,
and outlet recirculation streamlines. Under the pressure
difference between the inlet and the outlet, the heat
transfer oil jet impinges on the inner top wall of the
hollow shaft, producing a distinct local pressure peak. In
the absence of centrifugal forces, the driving momentum
of the oil jet is insufficient at low axial velocities to
sustain a continuous radial spreading along the top wall.
Consequently, part of the oil departs prematurely from
the top surface under the influence of gravity and
directly impinges on the sidewall. The impingement and
subsequent deflection of the liquid generate a weak
recirculation region near the junction of the top wall and
the sidewall, where a small portion of the liquid flows
upward, entraining and replacing part of the initially
trapped air. However, a thin air layer remains in this

Liquid Absolute Pressure

. 1.000 H 6.420e+03
0.900 9.056e+02
0.800 1.277e+02
0.700 1.801e+01
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0.400 5.054¢-02
0.300 7.128e-03
0.200 1.005e-03

I 0.100 1.418e-04
0.000 2.000e-05

[Pa]

(a) liquid volume fraction (b) absolute pressure

(¢) streamline - oil flow

corner region, indicating incomplete air displacement
during the filling process.

Most of the liquid subsequently flows downward
along the sidewall. Due to the relatively low flow rate and
the intermittent splashing caused by jet impingement,
liquid droplets become entrained in the surrounding air,
forming a liquid-air two-phase flow. When the two-
phase mixture reaches the outlet sleeve with an abrupt
contraction, the kinetic energy is partially converted into
pressure energy, and the local static pressure recovers to
approximately 140 Pa. After impingement on the
contraction section, the liquid undergoes a short
horizontal movement followed by a ballistic trajectory
before attaching to the converging wall downstream. At
the junction between the sudden contraction and the
converging section, continuous removal of air without
replenishment leads to a local pressure minimum, where
cavitation occurs.

At the outlet, the low pressure within the hollow
shaft induces a high-speed air backflow along the wall of
the pipe. The backflow persists until the total pressure
becomes lower than that of the incoming two-phase
mixture, after which the air reverses direction and is
expelled from the hollow shaft. Under the compressive
effect of the backflowing air, the two-phase mixture
flows downstream along the converging wall, where the
near-wall region transitions into an almost pure liquid
phase. Excluding the outlet pipe, the average volume

i Liquid. Velocity Gas. Velocity
I H 2.526 . 10.988
2.273 9.901
t £ 2.021 8.815
[ 1.768 7.728
! 1.515 6.642
’ 1.263 5.555
| 1.010 4469
l 0.758 3.382
| 0.505 2.296
)‘ 0.253 I 1.210
0.000 0.123
\I [ms”-1] [m s”-1]
(

!,

(d) streamline - reserve flow

Fig. 6 Flow characteristics under the stationary shaft condition



fractions of the liquid, air, and vapor phases within the
hollow shaft are 17.87%, 82.13%, and < 0.01%,
respectively.

To further analyze the flow behavior, Fig. 7 presents
the distributions of axial velocity and liquid volume
fraction along the dimensionless radial R* or §*
coordinate at 4 axial positions: near the top surface, in
the mid-section of the hollow shaft, at the mid-section of
the sleeve, and at the outlet, as shown by the red line in
Fig. 3. For the near-top surface, the radial velocity is
analyzed instead of the axial velocity.

Fig. 7 Distributions of axial velocity and liquid

volume fraction
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Near the top wall, the jet center velocity is nearly
zero, and the radial velocity increases with radius,
reaching its maximum in the mid-region. Close to the
sidewall, a weak reverse flow is observed, with a velocity
maghnitude below 0.1 m/s. The liquid phase dominates
this region, with a volume fraction exceeding 98%. As the
radius increases, the liquid fraction gradually decreases
but exhibits a secondary peak near the sidewall, which is
attributed to the local liquid backflow.

In the mid-section of the hollow shaft, the velocity
profile exhibits a typical parabolic shape. Due to the
higher liquid volume fraction near the wall region
(exceeding 50%), the boundary layer thickness is larger
than that near the pipe wall. In the mid-section of the
sleeve, the local contraction of the flow area leads to an
increase in velocity, accompanied by a rise in liquid
fraction near the pipe wall. At the outlet, a pronounced
air backflow is observed, reaching a velocity of up to 12
m/s, although this motion is confined to the region
adjacent to the pipe. Outside this region, the velocity
magnitude remains similar to that within the sleeve.

3.2 Rotating Hollow Shaft

Fig. 8 illustrates the flow characteristics under the
rotating shaft condition. When a constant rotational
speed of 1000 rpm is applied to the hollow shaft, the jet
flow from the pipe outlet exhibits a similar pattern to
that in the stationary case. However, the overall flow

I

(c) streamline - oil flow  (d) streamline - reserve flow
Fig. 8 Flow characteristics under the rotating shaft condition
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behavior is significantly modified by centrifugal effects.
Driven by centrifugal forces, the oil film spreads
smoothly along the top wall and reaches the sidewall,
eliminating the backflow observed in the stationary
configuration. Centrifugal force dominates the two-
phase distribution inside the rotating shaft, forming an
annular flow regime. The liquid phase is forced toward
the sidewall, while the gas phase is confined near the axis
due to phase separation. A small portion of oil, unable to
reach the top surface, flows downward along the outer
wall of the inlet pipe, forming a small cavitation zone.

At the upper end of the sleeve, where a sudden
cross-sectional contraction occurs, the circumferential
oil flow is locally blocked, resulting in transient liquid
accumulation. The strong radial pressure gradient
generated by rotation produces a higher pressure near
the wall and a lower pressure near the axis.
Consequently, the gas within the core is gradually
entrained downward and then drawn toward the outlet.
The pressure reduction inside the shaft induces an air
backflow from the outlet, which moves helically upward
along the shaft axis under the influence of the rotating
liquid phase. Under this condition, the volume fractions
of the liquid and air phases inside the hollow shaft are
45.03% and 54.97%, respectively.

The axial velocity and liquid volume fraction
distributions for the rotating condition are illustrated in
Fig. 10. Near the top surface, the radial velocity profile
remains similar to that of the stationary case, except that
no backflow is observed. The flow is dominated by a
single-phase liquid jet, indicating that the centrifugal
force assists the oil in fully spreading over the top wall.

Top Surface (Radial Velocity) " Shaft
T Y

st /
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Fig. 10 Distributions of axial velocity and liquid
volume fraction

A pronounced air backflow develops within the
hollow shaft, with the maximum reverse velocity of
approximately 0.5 m/s occurring at §* =0.43. It is

noteworthy that not all gas flows upstream: air adjacent
to the liquid phase—either along the pipe wall or the
inner shaft wall—is entrained by the downward-moving
liquid, while only the core region exhibits reverse flow.
This phenomenon suggests a stratified gas recirculation
structure driven by the pressure gradient established by
rotation.

Within the sleeve section, the liquid layer near the
sleeve wall becomes thicker, reducing the space
available for the recirculating gas. However, near the
outlet, the liquid film is centrifugally expelled from the
wall, decreasing the local film thickness. The backflowing
air accelerates in this region, reaching a velocity of up to
1 m/s. The combined action of centrifugal and pressure-
driven effects leads to a helical air recirculation pattern
inside the rotating hollow shaft.

The tangential velocity and liquid volume fraction
distributions at 4 representative positions are presented
in Fig. 9. The results reveal a clear coupling between the
centrifugal and rotational effects, resulting in distinct
Taylor-Couette-type profiles characterized by high
tangential velocity near the wall and rapid decay toward
the core. At the top surface, the liquid flow is fully
developed and dominated by the centrifugal motion. The
dimensionless tangential velocity increases
monotonically with R*, indicating a laminar-like shear
profile induced by wall rotation.

Top Surface (Radial Velocity) __ __Shat__

me Fraction (Liquid)

uid)

lurme Fraction (Lig

v
N
v

Fig. 9 Distributions of tangential velocity and liquid
volume fraction

In the shaft region, a pronounced gas-liquid
stratification occurs. The liquid film adjacent to the wall
rotates nearly at the wall speed, whereas the gas core
exhibits a steep velocity drop, leading to a large
interfacial shear. This shear layer is responsible for
momentum transfer from the rotating liquid film to the
enclosed gas phase. Within the sleeve section, as the
flow passes through the contracted cross-section, the



wall-bounded liquid layer is further accelerated,
resulting in ug/wr > 1 near the wall due to centrifugal
intensification of the tapered tube.

3.3 Comparative Discussion between Stationary and
Rotating Cases

A direct comparison between the stationary and
rotating hollow shafts reveals that rotation significantly
alters both the flow structure and phase distribution
inside the shaft.

In the stationary case, the flow is primarily governed
by the momentum of the impinging jet and gravity. The
oil jet impacts the top surface, producing a localized
pressure peak. However, in the absence of centrifugal
force, the liguid momentum is insufficient to drive the
fluid radially along the top wall. As a result, the oil
detaches prematurely and descends along the sidewall,
entraining air and forming a liquid-gas two-phase flow.
The entrained gas accumulates near the top corner,
leading to incomplete displacement of the initial air
phase. Additionally, at the junction between the
contraction and the tapered sleeve, a local pressure drop
induces cavitation. The outlet region features gas
recirculation caused by the pressure imbalance between
the shaft and the surrounding vacuum environment.

In contrast, the rotating case exhibits flow behavior
dominated by centrifugal effects. The imposed rotation
assists the oil in spreading evenly along the top wall and
suppresses the near-wall backflow observed under
stationary conditions. The centrifugal force drives the
liquid toward the sidewall, forming an annular flow
pattern where the liquid adheres to the wall and the gas
phase concentrates at the core. The gas and liquid
phases are clearly separated, and the pressure field
becomes smoother, reducing the likelihood of cavitation
at the sleeve junction. Nevertheless, a low-pressure
region still forms along the shaft axis, which induces a
helical air recirculation inside the core.

The velocity field comparison highlights the distinct
flow mechanisms. In the stationary case, the flow is
characterized by irregular two-phase mixing and weak
circulation, with pressure-driven flow dominating. In the
rotating case, the tangential and axial components
become strongly coupled. The liquid film along the wall
reaches near-wall rotational velocity (ug /wr = 1), while
the gas core develops a counter-rotating or low-speed
zone, typical of Taylor-Couette-Poiseuille flow regimes.
This transition from pressure-driven to rotation-
dominated flow enhances flow uniformity, stabilizes the
liquid film, and significantly reduces air retention inside
the shaft.

Overall, the introduction of rotation transforms the
internal flow pattern from a chaotic, entrained two-
phase structure to an organized annular configuration
with stratified gas recirculation and reduced cavitation
risk.

4. CONCLUSIONS

A comprehensive numerical study was conducted to
investigate the multiphase flow characteristics within a
hollow rotating shaft under near-vacuum conditions. The
results provide insights into the effects of rotation on
flow structure, phase distribution, and pressure
evolution.

In the stationary shaft, the impinging jet forms a
localized high-pressure region at the top surface,
followed by a downward flow dominated by gravity and
inertial effects. The flow exhibits strong air entrainment,
incomplete air removal, and local cavitation near the
sleeve junction. The internal flow pattern remains
unstable, with limited recirculation and pronounced
phase mixing.

When the shaft rotates at 1000 rpm, centrifugal
force becomes the primary driving mechanism. The oil
spreads smoothly over the top surface, and the flow
organizes into an annular structure, with liquid adhering
to the wall and air confined to the core. The air backflow
forms a helical recirculation path within the low-pressure
core region.

Rotation suppresses near-wall backflow, reduces
gas retention, and mitigates cavitation by redistributing
the pressure field. The liquid film becomes more stable
and continuous along the sidewall, enhancing the overall
flow uniformity.

The transition from stationary to rotating operation
marks a shift from a pressure-driven, chaotic two-phase
regime to a rotation-dominated, stratified flow regime,
which is essential for improving the cooling performance
and operational stability of hollow rotating shafts in
flywheel energy storage systems.

Future work will focus on extending the present
model toward experimental validation and broader
operational conditions. Additional simulations covering a
wider range of rotational speeds (500-2000 rpm) and
inlet flow rates will be performed to establish scaling
correlations for flow stability and liquid film continuity.
Furthermore, coupling the present flow model with
conjugate heat transfer (CHT) analysis will enable
guantitative evaluation of heat removal efficiency and
strengthen the link between internal multiphase flow
behavior and the actual thermal performance of flywheel
rotors.
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