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Abstract Structural integrity of the flywheel of reactor

coolant pump is important for safe operation of a nuclear

power plant. A shrink-fit multi-ring flywheel is designed

with a fall-off function, i.e., it will separate from the shaft at

a designed fall-off rotation speed, which is determined by the

assembly process and the gravity. However, the two factors

are ignored in the analytical method based on the Lame’s

equation. In this work, we conducted fall-off experiments to

analyze the two factors and used the experimental data to

verify the validity of the analytical method and the finite

element method (FEM). The results show that FEM per-

forms better than the analytical method in designing the fall-

off function of the flywheel, though FEM cannot success-

fully predict the strain variation with the rotational speed.

Keywords Multi-ring flywheel � Fall-off rotational speed �
Shrink-fit assembly � Gravity

1 Introduction

In a nuclear power plant (NPP), flywheels, with their

kinetic energy storage, are used as uninterrupted power

supply (UPS). If an accident happens, the flywheels keep

running in a short time the reactor coolant pump to remove

residual heat from the reactor core [1]. Flywheel can be seen

as a hollow disk; its kinetic energy is E ¼ phq a4 � b4ð Þx2=8

[2], where q is the density and h is the thickness. a and b are

radii of the hollow disk, and x is the angular velocity; a

designer of a general-purpose flywheel can increase the

density or the rotation speed [3]. In an NPP, the flywheels

rotate at the same speed as a motor, so the high-density metal

seems the only choice. Also, the structural integrity of the

flywheel is important [1, 4, 5]. In this paper, we analyze a

flywheel having a fall-off function to separate itself from the

shaft sleeve at fall-off rotation speed, so as to avoid flywheel

fracture.

The fall-off rotation speed is depended on the magnitude

of shrink-fit, which is determined by the Lame’s equation

[6–10]. However, this equation works under the assump-

tion of thick-wall cylinder in uniform thickness (ignoring

the gravity effect), so the Lame’s equation-based analytical

method has been under questioning for its suitableness to

solve complex structural engineering problems [11–14]. In

addition, the fall-off function of flywheel is not studied

systematically, but the shrink-fit failure without the gravity

effect has been studied extensively. Antoni [15] studied the

contact separation and failure of the two-ring disks with

thermo-elastic–plastic analytical model and gave the criti-

cal rotational speed for plastic deform. Kovan [16] used the

finite element method (FEM) to analyze the separation

speed of interference-fit hollow shaft-hubs of different

diameters and found that the separation speed was affected

by the contact pressure resulted from the shrink-fit

assembly. Sniezek et al. [17] investigated carrying capacity

of the interference-fit assembly with a 3D finite element

model and found that the calculated carrying capacity

differed significantly from the experimental data, due to
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excessive mesh distortion in the simulation. By analysis of

shrink-fit with FEM, Jiang et al. [18] suggested that the

centrifugal force might be greater than the contact pressure

at high speed, with decreased shrink-fit magnitude. Model

simplification of different degrees is analyzed in the

researches, but little has been done on experimental veri-

fication on the small radius-to-thickness ratio disks.

In this work, for studying those influence factors that

have been ignored, flywheel fall-off experiments were

conducted to record the rotation speed and strain variations,

to verify validity of the analytical method and FEM by

comparing the calculated results with the experimental

data. Finite element models of different boundary condi-

tions were built to evaluate the influence factors. The

results show that the analytical method underestimates the

fall-off rotation speed as it ignores the expansion sleeve

connection, while the FEM results are close to the exper-

iment data. Meanwhile, we measured the strain at some

special position of the flywheel and found obvious gravity

effect, but the FEM cannot successfully predict the varia-

tion tendency of the strain versus rotation speed.

2 Experimental setup

An experimental setup was built to test the fall-off

function of flywheel, as shown in Fig. 1. For safeguard

against possible fracture of the fast-rotating flywheel, the

flywheel itself is in an underground pit. The drive motor of

the flywheel is 75 kW frequency-variable motor, and an

inductor-type tachometer is used to measure the motor

rotation speed.

The flywheel was assembled on the shaft in two pro-

cesses. First, the flywheel was heated to a specific tem-

perature so that the thermal dilation made its inner radius

being larger than that of the shaft sleeve, and after natural

cooling, the shrink-fit produced the residual stress. The

second assembly process is expansion sleeve connection.

By tightening the bolts (tension of about 1 9 106 N), the

expansion sleeve deformed in the radial direction, and

finally the shaft sleeve clinged to the shaft. The flywheel

assembly is shown in Fig. 2a, and its specific parameters

are listed in Table 1.

Three strain gages (KFG-03-120-C1-1121M2R, Kyowa)

were pasted on the flywheel surface. As shown in Fig. 2b,

gage A was pasted at the region where the flywheel con-

tacted the shaft sleeve. If the fall-off process occurs, gage

A will be fractured, with a sudden increase in the strain

value. Gages B and C were pasted at r ¼ a � bð Þ1=2, to

measure the radial and tangential strain, respectively. The

strain information was sent to a computer by the wirelessFig. 1 Configuration of the test platform

Fig. 2 Structure of the flywheel

(a) and positions of the strain

gages to test the fall-off function

(b)

Table 1 Parameters of the

flywheel
Material Q235 Elastic modulus (E) 206 GPa

Flywheel outer radius (a) 925 mm Density (q) 7850 kg/m3

Flywheel inner radius (b) 330 mm Poisson’s ratio (l) 0.3

Shaft inner radius (c) 270 mm Shrink-fit (d) 0.04 mm

Flywheel thickness (h) 50 mm Rotation speed (X) 0–1800 rpm
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strain node. Besides, the fall-off process of the flywheel

was monitored by a high-speed camera.

3 Traditional design method

3.1 Magnitude of the shrink-fit

For designing a flywheel with the Lame’s equation, the

minimum and maximum allowable contact pressures (cpmin

and cpmax) can be calculated by Eqs. (1) and (2):

cpmin ¼ F= Afð Þ ¼ F2
x þ Mt=cð Þ2

h i1=2
= 2pahfð Þ; ð1Þ

cpmax ¼ r½ � b2 � a2
� �

= b2 þ a2
� �

; ð2Þ

whereF is the normal force onmating surface,A is the area of

mating surface, f is the friction coefficients, Fx is the axial

force related to the dead weight of flywheel, Mt is the max-

imum transmit moment of the motor, a, b and c are the radii,

h is the height, and is the allowable stress of the material.

From the displacement magnitude of the mating sur-

faces, the shrink-fit d can be calculated by [19]:

d ¼ b � cp
E

b2 þ c2

c2 � b2
þ l

� �
þ b � cp

E

a2 þ b2

b2 � a2
� l

� �
; ð3Þ

where E is elasticity modulus, and l is the Poisson rate.

3.2 Fall-off rotational speed

To verify the fall-off function of flywheel, the radial stress

on the mating surface is monitored. At 0 MPa of the radial

stress, the contact status is open. Thus, the radial stress for

rotating disks is the evaluation criteria of the fall-off function.

In analytical method, we assume that the disks are of

uniform thickness and the thickness-to-diameter ratio is

small enough to neglect the gravity [20]. Therefore, the

general equilibrium equation can be written as

d2u

dr2
þ 1

r

du

dr
� u

r2
þ 1� l2
� � qx2r

E
¼ 0; ð4Þ

where u is the displacement, x = X/60 9 6.28. Thus, we

have:

u ¼ � 1� l2
� � qx2

E

r3

8
þ Anr þ

Bn

r
; ð5Þ

where An and Bn are the constants determined by the

boundary conditions, and n = 1 or 2 is the serial number of

the disks.

The radial strain (er) and tangential strain (er) are defined
as

er ¼ du=dr; ð6Þ
et ¼ u=r: ð7Þ

The radial stress (rr) and tangential stress (rt) of the

rotating disks are given by [19]

rrn r;xð Þ ¼ � 3þ l
8

qx2r2 þ An �
Bn

r2
; ð8Þ

rtn r;xð Þ ¼ � 3þ l
8

qx2r2 þ An þ
Bn

r2
: ð9Þ

For a two-diskmodel,A1,A2,B1 andB2 shall be determined

under the four boundary conditions specified as follow

rr1 a;xð Þ ¼ 0; ð10Þ
rr2 c;xð Þ ¼ 0; ð11Þ
rr1 b; 0ð Þ ¼ rr2 b; 0ð Þ ¼ �cp; ð12Þ
rr1 b;xð Þ ¼ rr2 b;xð Þ: ð13Þ

Equations (10) and (11) express that there are no radial

stress at free surface of the disks, and the radial stress has

nothing to do with the rotation speed, so the radial stress is

0 MPa at any rotational speed. Equations (12) and (13)

express that the two disks have the same radial stress on the

mating surfaces based on the Newton’s Third Law ofMotion,

and the magnitude of the radial stress equals to the contact

pressure due to the shrink-fit when the flywheel is at rest.

Under these boundary conditions, and the A1, A2, B1 and

B2 thus obtained, the radial stress and tangential stress of

the two disks can be calculated as [20]

rr1 r;xð Þ ¼ 3þ l
8

qx2 a2 � r2
� �

þ a2b2

a2 � b2
cp

1

a2
� 1

r2

� �
;

ð14Þ

rt1 r;xð Þ ¼ � 1þ 3l
8

qx2r2 þ 3þ l
8

qx2a2

þ a2b2

a2 � b2
cp

1

a2
þ 1

r2

� �
; ð15Þ

rr2 r;xð Þ ¼ 3þ l
8

qx2 c2 � r2
� �

þ b2c2

b2 � c2

� �cpþ 3þ l
8

qx2 a2 � c2
� �� �

1

c2
� 1

r2

� �
;

ð16Þ

rt2 r;xð Þ ¼ � 1þ 3l
8

qx2r2 þ 3þ l
8

qx2c2

þ b2c2

b2 � c2
�cpþ 3þ l

8
qx2 a2 � c2

� �� �

� 1

c2
þ 1

r2

� �
:

ð17Þ
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4 Finite element models

For comparing the analytical results with experimental

data, 2-D axisymmetric FE models of the flywheel

assembly are established with ANSYS 14.5. The flywheel

is modeled with the axisymmetric PLANE42 elements, and

the contact pairs are modeled with CONTA172 and

TARGE169 elements. In this paper, five FE models are

simplified to different degrees in their assembly models

and boundary conditions, as shown in Table 2.

As shown in Fig. 3, Model 0 is a shrink-fit two-ring two-

disk flywheel of uniform thickness; Model 1 is a flywheel

of the shaft sleeve type, without the expansion sleeve

connection, while Models 2, 3 and 4 are of the same

geometry but different boundary conditions. Model 2 is a

flywheel of stationary state, considering no effect of the

gravity. Model 3 rotates, but no gravity effect for Model 3.

Model 4, being the most complex of all models, rotates

with the gravity effect.

To analyze sensitivity of the grid, the Model 0 has two

grid settings (the numbers in Fig, 4a denote the elements

along the edges). By comparing the stress distribution

along a node path (the red arrows), a proper density of grid

is determined.

5 Results and discussion

5.1 Mesh-sensitiveness

The study is conducted with Model 0 of two element

densities (800 9 50 in the radial direction and 397 9 25 in

axial direction), and the stress distributions are compared

with those calculated by the Lame’s equation. Stress distri-

butions along the radial direction by Lame and FEM are

shown in Fig. 4. It can be seen that the two models are of

sufficient accuracy for the present study. And for shrink-fit

disks with uniform thickness, the two methods have almost

the same results. The curve of Model 1 is also plotted in

Fig. 5; the difference is not obvious among the three curves.

5.2 Influence factors

5.2.1 Expansion sleeve connection process

In assembling the expansion sleeve, when the bolts are

tightened, the contact pressure produced by expanding the

sleeve causes radial deformation of the shaft, and the stress

distribution is influenced due to magnitude increase in the

shrink-fit. The radial and tangential stress distributions are

shown in Fig. 5. Obviously, the radial stress (contact

pressure) on mating surface is greater than the analytical

method, and the tangential stress distributions show that

tangential tensile deform occurred to the flywheel and shaft

sleeve.

5.2.2 Gravity effect

The shrink-fit multi-ring flywheel has a special geome-

try feature: a small thickness-to-radius ratio (&0.054).

Therefore, under the action of gravity, the flywheel bends

naturally, just like a cantilever beam. Originally, the

gravity is ignored based on the Lame assumption of the

thick-wall cylinder. The gravity effect is studied by com-

paring the stress distribution by FEM of Models 3 and 4.

Table 2 FEM models for

flywheel
No. Parts Boundary condition

Flywheel Shaft sleeve Expansion sleeve Shaft Tightened Bolts Gravity Rotational speed

0 Y Ya N N N N N

1 Y Y N N N N N

2 Y Y Y Y Y N N

3 Y Y Y Y Y N Y

4 Y Y Y Y Y Y Yb

a Shaft is modeled based on the Lame assumptions
b Rotational speed are 300, 600, 900 and 975 rpm

Fig. 3 FE flywheel assembly model
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The stress distributions under different rotation speeds are

shown in Fig. 6, in which ‘w/o’ means the FE results

without considering gravity; otherwise, the data are labeled

as ‘w/’. It is hard to find that there is no difference at any

rotational speed. However, the experimental results are not

consistent with the FEA results.

5.3 Fall-off rotation speed

The contact pressure (radial stress) at inner edge of the

flywheel is monitored to judge the contact status (Fig. 7).

The contact pressure decreases with increasing rotation

speed, and the contact status is open at 465 rpm,

The simulations of fall-off process of the flywheel are

performed with Models 1 and 4, ignoring the roughness of

the mating surface. A fall-off happens when the flywheel is

running to the critical rotation speed and the contact

pressure is zero. Figure 8 shows the contact pressure dis-

tribution along the mating surface at different rotation

speeds. The two predictions of the fall-off rotation speed

are different, being about 665 rpm for Model 1, and about

975 rpm for Model 4. So, the tightened expansion sleeve

has an increased magnitude of shrink-fit, so the expansion

sleeve connection should not be ignored.

5.4 Experimental results

Readings of the strain gage A are shown in Fig. 9, with a

sudden increase at the fall-off rotation speed, due to failure

of the strain gage. Figure 9b shows the fall-off process shot

by high-speed camera. The flywheel dropped on the conical

surface of the shaft sleeve, at rotation speed of 1120 and

1040 rpm in two experiments, respectively. The different

speeds are related to the uncontrolled pretension force of

the bolts in the expansion sleeve assembly process, which

affects the shrink-fit magnitude of the flywheel.

The predicted fall-off rotation speeds are 465 rpm by the

analytical method, and 665 and 975 rpm by FEM for

Models 1 and 4, respectively, while the measured data are

1040 and 1120 rpm. While the analytical method provides

Fig. 4 Stress distributions obtained by the Lame equation and FEM (Models 0 and 1)

Fig. 5 Influence of the expansion sleeve on stress distribution of the shrink-fitted flywheel
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a false fall-off rotation speed, the result of FEM (Model 4)

considering the expansion sleeve connection is close to the

measured data.

In the experiment, we analyzed the force balance

between the gravity and centrifugal force by observing the

radial and tangential strains. Strain gages B and C were

pasted at locations introduced in Fig. 2a. The results are

plotted in black squares in Fig. 10. At low rotation speeds,

the centrifugal force is less than the gravity, so the flywheel

deforms like a bend cantilever, while at high rotation

speeds, the flywheel will be lifted to parallel to the horizon

by the centrifugal force. The radial strain gage was under

compression during the flywheel-lifting process. When the

centrifugal force increases, the radial elongation of fly-

wheel becomes obvious gradually, so the strains change

from negative to positive, as plotted in Fig. 10.

Figure 10 also shows the simulation results of force

balance analysis using Model 4. In this simulation, gravity

was the only load considered in Step 1, and the rotation

was added in Step 2. The radial strain er for FEM analysis

was obtained by

er ¼ l2 � l1ð Þ=l1; ð18Þ

Fig. 6 Influence of gravity on the stress distribution at different rotational speeds

Fig. 7 Contact pressure versus rotation speed

Fig. 8 Contact pressures of Model 1 (a) and Model 4 (b)
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where l is the edge length of the monitored element, and

the subscripts denote different load steps in this analysis.

The strain varying with the rotation speed is plotted in red

full circles in Fig. 10. Although the FEM-predicted fall-off

rotation speed is close to the experimental data, the cal-

culated strains are not consistent with the measurement.

Although it is unclear what causes the significant differ-

ence, the experimental results show the necessity of taking

the gravity effect into account.

In addition, other interesting phenomena are valuable to

further study. The experimental results show the tangential

strain has the same variation tendency as radial strain, and

the minimum tangential strain is lower than the radial

strain at low rotation speed, indicating that the tangential

compression deform is more obvious than radial strain.

6 Conclusion

The fall-off function of shrink-fit multi-ring flywheel of

RCP has been studied. The fall-off rotation speed and

changes in strain measured in experiments are used to

verify the validity of the analytical method and FEM. The

influence factors ignored in the analytical method are

analyzed. The following conclusions can be made:

1. The analytical method is not suitable to predict the fall-

off rotation speed of shrink-fit flywheel of complex

structure.

2. The influence of expansion sleeve connection should

be considered in engineering design. FEM-predicted

fall-off rotation speed is close to the measured speed.

3. The FEM-predicted strains deviate from the experi-

mental results, so FEM underestimates the gravity

effect, and the mechanism behind this phenomenon

requires further investigations.

Overall, FEM is a better choice to replace the analytical

method from an engineering view.
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