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Abstract 

This paper describes the design o f a flywheel which 
incorporates a circumferentially wound rim. The 
design required the selection of materials and con­
figuration for rim and hub, and a means of attaching 
the rim to the hub. The method used to fabricate 
prototype flywheels of this d e sign is discussed. 

1. INTRODUCTION 

A hybrid heat engine/flywheel 

propulsion system . requires a ro­

tor which can both store energy 

efficiently and also fail in an 

easily contained manner. A 

high performance, filamentary 

composite rptor appears as a 

likely candidate to meet these 

d . . 1 es1gn requ1rements. An ex-

tensive listing of conceptual 

co mposite flywheel designs is 

given in Ref. 2. The three de-

signs which utilize circum­

ferentially wound composites 

arc the (1) solid ojsk, (2) 

multi-ring disk, and (3) rim 

attached to a hub by bands or 

spokes. 

Flat circumfcrcntially wound 

disks have bet~ n fabricated from 

glass/epoxy .:l ild Kevlar/epoxy.
3

• 4 

- These rotors developed circum­

ferential cracks during spin 

testing at rather low rota­

tional speeds and hoop stress 

levels. Substantial radial 

tensile stresses are induced 

by the rim's rotation and und e r 

certain conditions by fabrica­

tion and thermal variations. 5 •
6 

The rotors failed because the 

radial stresses developed in 

these spinning disks exceeded 

the low transverse strength of 

the circumfer~ntially wound 

composites. By properly tailor-

ing the axial thickness of a 

disk, the radial stress distri­

btition can be depr ~ssed; 7 • 8 

however, it appears that the 

radial stresses cannot be 
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reduced sufficiently to permit 

a solid disk design. 

The multi-ring flywheel design 

nests a set of hoop wound 

rings. The radial thickness of 

each ring is chosen to avoid a 

radial tensile failure. There 

is a radial displacement incom­

patibility between rings. The 

multi-ring concept still awaits 

the identification of an ade­

quate method to accommodate 

this displacement incompatibi-· 

lity between ririgs without de­

grading the dynamic stability 
. 9 

of the rotor. 

A flywheel incorporating a Kev­

lar 49 composite rim was de~ 

signed, built, and tested by 

the Oak Ridge Y-12 Plant.2,10 

Although this flywheel did 

achieve a higher energy density 

per pound than the.solid disks, 

it too failed in radial tension 

be'fore the full potential of 

the hoo~ strength was utilized. 

This failure was due, in part, 

to a non-optimal choice of the 

rim's inner-to-outer radius 

ratio. The peak radial stress 

i~ a rotating rim with a fixed 

ovter radius is decreased by 

decreasing the radial thickness 
11 of the rim. Therefore, a 

proper choice of the inner-to­

outer ~im ratio will suppress a 

premature radial failure. 

In this paper a flywheel in­

corporating a circumferentially 

wound rim is described. The 

flywheel was required to sa­

tisfy weight and size limita­

tions which seem appropriate 

for utilization in a hybrid 

vehicle. The rim material and 

design were chosen to. optimize 

the rotor's energy storage ca­

pacity. A method of attaching 

the rim to a hub is discussed 

as well as a method of fabri­

cating prototype flywheels. 

II. ANALYSIS OF·A CONSTANT 
AXIAL THICKNESS RIM 

A design which optimizes the 

energy storage of a flat, cir­

cumferentially wound rim was 

sought. This choice could then 

.be used as a basis for desig­

ning a thick rim flywheel. The 

rim designs considered were 

(1) a rim fabricated from a 

single material, (2) a rim with 

lead ballast uniformly distri­

buted along its inteiior ~dge, 

and (3) a rim composed of two 

concentrically wound materials 

(Fig. 1). The uniform lead 

ballast was modeled by requi­

ring that the inner material of 

a two-material rim have a ra­

dial modulus E equal to that r . 

of lead, a vanishingly small 

circumferential modulus E8 , and 

a zero in-plane Poisson's ratio 

Therefore, d~signs 1 and 

2 are special cases of the two-

mater:i.al rim. The rims w~rc 

required ~o.have an outside 

radius r 3 = 10 in., an axial 

he i g h t H < 3 in . , a- we i g h t 
0: ..... --·: . 

.-~ 0 : : ·.;' • 



W ~ 20 lb, and a rotational 

speed w ' 40,000 rpm. These 

constraints appeared appro­

priate for a rotor utilized in 

a hybrid vehicle which re­

quires 0.5 kWh of mechanical 

energy storage. The inside 

radius r
1 

and the interface 

radius r 2 were chosen to maxi­

mize the rim's energy storage 

without exceeding an aniso­

tropic maximum stress failure 

criterion. Circumferentially 

wound rims reinforced with 

graphite, Kevlar 49, S-glass, 

and E-glass were considered. 

"The nominal static properties 

of these composites were taken 

from Refs. 8, 12, 13 and are 

shown in Table 1. The details 

of the analysis are presented 

in Ref. 14. 

III .. RESULTS 

The optimal choice of the rim's 

inside radius r
1 

was identified 

for one-material rims. The 

optimal cortfigutation a£ well 

as the associated energy sto­

rage at failure are given in 

Table 2 for rims reinforced 

with either graphite, Kevlar 

49, S-glass or E-glass. The 

optimal graphite composite rim 

has_ r 1 /r 3 = 0.775 and stores 

more energy (1.13 kWh) than 

any other rim reinforced with 

only one material. 

The addition of a lead ballast 

to the composites listed in 

Table 1 did not improve the 

maximum energy storage capacity 

of rims reinforced wiLh.gra­

phite, S-glass, or E-glass, but 

it did increase the maximum 

energy that can be stored in a 

Kevlar 49 composite rjm b~ 21% 

(Table 3). However, this op-

timum ba1lasted Kevlar 49/epoxy 

rim still stores l~ss energy 

than the optimum unballasted 

graphite/epoxy rim. 

Two-material rims composed of 

the six possible combinations 

of composites listed -in Tab\e 1 

were analyzed. It was found 

tha~ the only synersistic com­

binations have Kevlar 49 com-

._posite as the outer rim ma­

terial and either an S-glass or 

E-glass composite as the inner 

material (Tabl~ 3). The. energy 

storage capacities of the op­

timal E-glass/Kevlar 49 and S­

glass/Kevlar 49 composite rims 

were re~pecti~eli 22% a~d 25% 

higher than the optimal Kevlar 

49 composite rim. This syner-

gistic effect occurred only 

when the inner composi~e .. had a 

hoop modulus lower than a 

Kevlar 49 composite. The 

effect was stroriger -~s the den­

sity of the inner composite de-

ere a.s e d ~ This suggests the use 

of Kevlar 29/epoxy, which has a 

hoop modul~~.-of 7.25 x 10
6 

psi 15 

and a density equal to that of 

a Kevlar 49/epoxy, for the inner 

composite. Except for hoop 

modulus, the mechanical proper­

ties of Kevlar 29 and Kevlar 49 
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composites were assumed iden­

tical. The optimal Kevlar ?9/ 
Kevlar 49 rein~orced rim has an 

energy storage capacity 31% 

higher than.the optimal Kevlar 

49 compo~ite rim (Table 3). 

However, this rim's energy 

storage capacity is 94% of that 

of the optimal graphite campo-

site rim. Therefore, the op-

timal.graphite/epoxy rim is .the 

first choice for incorporation 

·into a thick rim design • 

IV. HUB DESIGN 

The two conceptual methods for 

attaching a rim to a hub are 

(1) ~unning spokes from the hub 

to the inside edge of the rim, 

and (2) wrapping bands over the 

rim and hub. The chief ob-

stacle confro~ting the spoke 

design is the difficulty of 

at~aching a spok~ to the inside 

of a hoop wound composite rim 

_without degrad~ng the rim's 

strength. Filament wound band. 

designs avoid this attachment 

problem and also appear e~sier 

to fabricate. For these r.ea-

sons an overwrapped band design 

was chosen. 

The results of th~ analysis of 

a flat rim, presented above, 

indicate that a graphite/epoxy 

rim with an inner-to-outer ra-

dius ratio of 0 .• 775 should be 

chosen to optimize energy sto­

rage capacity. In this analy~ 

sis. th~ rim's cross section 

was assumed rectangular. A 

band wrapped design, however, 

requires that the ri~ .shape 

be chosen in a manner which 

minimizes band bending. Ac­

cordingly, a semi-elliptical 

rim cross section with the 

flat· edge facing the hub was 

selected. An. axisymmetric 

finite element analysis was 

utilized to deter~ine the three 
·'¥ .. ··:. 

dimensional stress. ~(t.a t e ·i u"-.. .. . . . . 

duced in a rota'ting· .... ~ .. emi-=-

elliptical torus. The hoop-· and 

radial stress distributions in 

this contoured rim were slight­

ly perturbed from those·given 

by a plane stress analysis of 

a rim with· the:same inner-to~ 

outer radius ratio. The finite 

element ~nalysis indicated .that 

_to increase energy storage th~ 

inside radius of the ~emi­

elliptical torus should be 

7~625 in. as compared with a 

r~dius of 7.75 {n. ·for the .c6~~ . . .. 

s tan t · ax i a 1 heigh t disk . 

A rim with an inside radius of 

7.625 in., a semi-major axis 

(aligned radially) of ~.j75 

in., and a semi-minor axis of 

1.5 in. rotating at 40,000·rpm 

will have (1) a maximum hoop 

stress of 206 ksi and (2) a 

maximum radial stress of 4.7 

ksi. These stress levels are 

just below the strength of the 

graphite/epoxy composite 

(Table 1). This rim l-.Teighs 

16.4 lb and has a moment of 
2 

inertia of 3.212 in.-lb-sec • 

.. 



A rotor which stores 0.56 kWh 

of energy can deliver 0.5 kWh 

with a 3 to 1 speed reduction.· 

This free-spinning, semi­

elliptical torus-will s.tore 

the required 0.56 kWh at 31,800 

rpm. 

The method chosen for band at­

tachment is shown in Fig. 2. 

This design, which was called 

the Wagon Wheel Flywheel, in­

corporates a tubular hub made 

from 7075-T6 aluminum and six 

circumferentially wound bands. 

Each band is directed radially 

and passes over the geometric 

center of the rim. The bands 

are axially segregated by hub 

castellations of varying 

heights (Fig. 3). The bands 

are not tightly bound to the 

hub. They can move radially 

through the hub, resisted only 

be frictional forces. The de­

sign therefore limits the ra­

dial forces. applied to the 

hub. The bands are constrained 

against tangential motion 

relative to the hub by the 

walls of the slots. This con-

straint permits torque to be 

applied to the rim. 

The bands are required (1) to 

be in tension along their en­

tire length and (2) not to 

fail when the flywheel is ro­

tating at 4o.oob rp~. The 

bands arc subject to inertial 

londs induced by the flywheel's 

rot~tion. Additional band 

ioads may resul~ from any ~a­

dial displacement incompati­

bility between the rim and the 

overwrapped bands. The band 

loads are dependent upon the 

choice of the band material. 

An ·analysis was performed to 

determine an appropriate 

choice for the band material. 

The hoop wound bands were 

modeled by a rod spinning about 

its center and with a half 

1 eng th L = 1 0 . in . (Fig . 4 ) . 

The radial displacement U of 

the rod at its tip can be 

easily found from one dimen­

sional elasticity analysis and 

is given by 

where 

2 3 pw L · u = 3E 
/ 

(1) 

p = material density 

w = angular speed 

E = longitudinal 

Young's modulus 

This relation can be inverted 

to express spP.cific stiffness 

E 
p = (2) 

At w = 40,000 rpm, a finite 

element calculation performed 

for the chosen graphite/epoxy 

rim gave U = 0. 088 .in. The 

specific.stiffness E/p required 

for the bar to achieve this 

displacement is 172 x 10 6 in. 

The specif~c hoop stiffness of 

the four filamentary composites 



under· consideration is given in 
f • 

Table 1. The Kevlar 49/epoxy 

composite with a specific 

stiffness of 220. x 10 6 iu. is 

the material of choice. Its 

specifi~ stiffness exceeds the 

· ·va·lu.e desired b.y ·the least 

amount. ·A stif!er.composite 

than that which was calculated 

to match the rim displacement 

will insure the rod.will be in 

tension. 

The maximum stress developed in 

a rotating rod with its tip 
.. 

displacement U prescribed oc-

~urs at its origin and can be 

shown to be 

C1 
r 

2 = EU + p(wL) 
L 6 

(3) 

A Kevlar 49 epoxy rod rotating 

at 40,000 rpm with U = 0.088 

in. will induce a maximum 

stress of 135,000 psi. This is 

well below the composite's 

strength (Table 1). 

v. FABRICATION 

The Wagon Wheel Flywheel desi~n 

was fabricated by Brunswick 

Corporation of Lincoln, NB. A 

sand mandrel co~i~inin~ the fly­

wheel hub wa~ prepared.~ The 

outside uiameter of the sand 

mandrel was machined to the de­

sired inside diameter of the 

rim. The rim was filament 

wound using a four end roving 

of j617 denie.r Thorne! 300 

graphite yarn and a DER 332-

Jeffamine T403 (100:36 by 

weight) resin system cured at 

room temperature. A constant 

winding tension of 4 pounds 

was employed. The dams were 

removed and the rim was ma­

chined to the required semi­

elliptical cross section. 

Slots were also.machined into 

the face of the mandrel to 

contain the bands during fila-

ment winding. A sealer coat 

was applied to the rim. The 

bands were wound with a 4560 

·denier Kevlar 49 yarn and a 

DER 332-Jeffamine T403 resin 

system toughened with ATBN and 

with a DMP30 accelerator (100: 

36:6:1 by weight). After a 

room temperature cure, the 

sand mandrel was dissolved 

with water. 

VI. SUMHARY 

An analysis of constant thick­

ness rims identified a graphite/ 

epoxy rim with .an inner-to-outer 

radiui ratio of 0.775 as having 

the highest energy storage ca­

pacity of all design and ma­

terial choices considered. 

This rim was used as the basis 

of a thick rim flywheel design. 

The Wagon Wheel design (Fig. 

2) incorporates a tubular alu­

minum hub and over-wrapped 

Kevlar 49/epoxy bands. If this 

flywheel reaches a rotational 

speed of 32,000 rpm it could 

deliver. 0.5 kWh of energy with 

a three to one speed reduction. 
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TABLE 1. PROPE3.TIES OF CIRCUMFERENTIALLY WOUND COMPOSITES 

Property Graphite/ Kevlar 49/ S-Glass/ E-Glass/ 
Epoxy Epoxy Epoxy Epoxy 

Hoop tensile modulus· 18. 11. 7.8 6. 
6 . 4 

10 psi- (10 MPa) (12.4) (7. 6) (5.4). (4.1) 

Radial tensil·e modulus 1.3 0.7 3. 2. 

10 6 psi· (10 4 MPa) (0.88) (0.45) (2.1) (1. 4) 

Poisson's ratio 0.27 0.34 0.25 0.25 

.... Hoop tensile strength 220. 200. 226. 150. 

ksi (MP a). (1520.) (1380.) (1560.) (1040.) 

Radial tensile strength 4.8 2. 3 5.8 4. 

ksi (MPa) (33.1) (15.9) (40.) (27.6) 

Density 0.054 0.05 0.072 0.075• 

lb I in-. 3 (10 3 . 3· 
Kg/m ) (1.50) (1. 38) (1.99) (2.08) 

Specific hoop stiffness 333. 220. 10~. 80. 

10 6 in. (106 em.) 8.46. 559. 274. 203. 
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TABLE 2. OPTUIAL DESIGNS FOR RIMS MADE OF A SINGLE MATERIAL. 

r = 3 10 in. 

AT FAILURE 

rl H w wf .w-hr w-hr 
3 Reinforcement in. in. 1b rpm kWh 1b in. 

Graphite 7.75 2.95 20. 39,850 1.13 56.7 1.22 

Kev1ar 49 8.35 3.00 14.3 38,680 0.81 56.6 0.86 

S-G1ass 8.40 3.00 20. 34,230 0.90 44.5 0 .• 94 

E-Glass 2.97 20. 27,300 0.57 28.5 0.61 

·- -··· -..;...,..,.~-'------
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TABLE 3. OPTIMAL DESIGNS FOR SYNERGISTIC COMBINATIONS WITH KEVLAR ·49/EPOXY 

r3 = 10 in. 

AT FAILURE 

rl r2 lt w wf w-hr w-hr 
3 

Ir"ner Mate rial in. in. in. lb rpm kWh lb in. 

Lead Ballast ·. 7. 8 7.83 2.99 20. 37,280 0.98 48.9 1.04. 

S-Glass/Epoxy 7.7 8.1 2.93 20. 37,940 1.01 50.4 1.10 

E-Glass/Epoxy 7.7 8. 2.96 2·0. 37,570 0.99 49.5 1.07 

Kevlar 29/Epoxy 7.5 8.5 2.91 20. 38,960 1.06 52.9 1.16 

.l .. 



2ND 
MATERIAL 

1ST 
MATERIAL 

Fig. 14 Rim composed of two 
concentrically wound materials. 

h , 
·-~ ..... -.... _ .... 

Fig. 3. Wagon Wheel Flywheel Hub. 
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,. 
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Fig. 2. Wagon Wheel Flywheel. 

Fig. 4. Spinning rod model of band. 




