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Lead acid battery: 18 Wh/kg
Nickel-cadmium battery: 31 Wh/kg

Hydrostorage: 300 Wh/m?
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Some energy storage technologies
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Lead acid battery: 18 Wh/kg
Nickel-cadmium battery: 31 Wh/kg
Hydrostorage: 300 Wh/m?

Composite flywheels: 100 to 1000 Wh/kg
Compressed air: 2000 Wh/m?

Gasoline: 14000 Wh/kg

Hydrogen: 38000 Wh/kg
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Flywheel Energy Storage (FES)
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® FES usage
- Electrical load leveling
- Batteries for electrical vehicles
- Pulsed power supplies

#® FES design challenges
- Bearings
- Drive/generator
- Containment
- Flywheel
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Flywheel Energy Storage - Basic ideas
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#® A kinetic energy storage device
# Maximum energy density:

1, o 1
=5 ) (3600pV> Whyke

I - moment of inertia of the disk (kg-m?),
w;y - failure speed of the disk (rad/s),

p - density (kg/m?),
V - volume (m3).
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Flywheel Energy Storage - Schematic:
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Stacked-ply Flywheel

0505

tangential radial
ply ply

# Alternate layers of radial and tangential plies
# Can fiber angle variation improve performance?
#® How can such disks be constructed?
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Constitutive relationship

|7 fiber T

direction

Ply stiffness relationship

o11 Q11 Q12 O €11

092 = | Q2 Q22 O €22

T2 ), 0 0 Qe /, \ 12/,
Q..
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The k-th ply stiffness

Opp Qr’r Qr@ QT6 Ery

090 = C_Jre Qee C_296 €00
T ) | Qre Qos Qo6 /. \ o
Q(9)].
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er
Qro
Q22
Qs

QTG

Qo

Stiffness components

=

Q11 cos* ¢ + Qa9 sin’ ¢+ (2Q12 + 4Q¢6) cos? ¢ sin? 0)
Q12(cos* ¢ + sin* @) + (Q11 + Q22 — 4Qg6) cos? P sin? ¢
Q1150 ¢ + Qag cos® ¢ + (2Q12 + 4Qg6) cos® P sin” ¢
(Q11 + Q22 — 2Q12 — 2Qg6) cos? Ppsin” @

+ Qg6 (cost ¢ + sint ¢)
(Q11 — Q12 — 2Qe6) cos® Psin ¢

— (Q22 — Q12 — 2Qg) cos Ppsin® ¢
(Q11 — Q12 — 2Q6) cos psin® ¢

— (Q22 — Q12 — 2Qg6) cos® Psin .
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Ply properties

Fnq
Q11 =
I — vi9191
FE2o
(22 =
1 — v19191
vo1 Bt
Q12 = Q21 =
I — vi9191
Qes = G12
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| aminate constitutive relations
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Oy Crr
gog | = [A(D)] | eqo
Tro Vro

2 2

\ . J/

A=) @O0+ - (51Q0)+ 5a-0))

tang. gﬁffness . )
J radial stiffness

total thickness of tangential reinforcement plles
total thickness of laminate

\ =
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Laminate constitutive relations (cont.)
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Effective strain-stress

Epp Srr S r0 0 Orr
cgg | = | Sro Sep O o
Y 0 0 Ses 0

N

S(¢)]

where [S(¢)] = [A(¢)] ! is the effective compliance matrix

( 092 ) = [T(0)];[Q(#)][S(¢)] ( o ) :
T2 ), 0
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Coordinate trasformation
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cos® ¢ sin? ¢ 2 COs @ sin @
T(¢) = sin? ¢ cos® ¢ — 2cos¢sing | .
—cos¢@sing  cos@sin cos® ¢ sin? ¢




Stress state

» Equilibrium: 4 (rG,.) — g9 + pw?r? =0
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Stress state
: o

» Equilibrium: 4 (rG,,) — g9 + pw?r? =0
» Compatibility: 7% + ¢yp — €., = 0
® States:

Orr g6 . .
2,2 T3 =0, T4=7[ro=T
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Stress state

» Equilibrium: 4 (rG,,) — g9 + pw?r? =0
» Compatibility: 7% + ¢yp — €., = 0

® States:

Oy o — ¢
T

2,2 Ta=7/To=T
pur? ol

o Control variable: = derivative of fiber angle: v = d¢/dr
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Stress state
o ~ : o

Equilibrium: % (r6,,) — Ggg + pw?r? = 0
Compatibility: r2 + gy — ¢, = 0

® States:

Oy o o
L2 = 9 27 L3 = ¢7

55 Ta=7/To=T
PWAT PWAT

o Control variable: = derivative of fiber angle: v = d¢/dr

# Nondimensional compliance: Syy = E11599 and
Srg = E115:4.
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State equations

1 = (5132 — 11 — 5’3121) [y,
To = — [xl (x487f9u — Srr) — 5,07
+T9 (mSéeu + 399)} / [564899] :
T3 = u,
x4 = 1.
where &; = dz;/dr, i =1,2,3,4, Spy = dSpp/dp, and
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Flywheel Performance
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# Energy density:




Flywheel Performance
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# Energy density:

2 4 _ .4
o= —d (TO Tg) [Whikg]

2 _
T, r;

# Design problem: Find the radial-ply fiber orientation that
will maximize wy.
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Failure theories: When does the disk fall
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® Maximum stress failure criterion
® Maximum strain failure criterion
® Tsai-Wu failure criterion
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Optimization results

-

Compare 4 designs:

# Benchmark design: ¢(7) = 0.

& J,, maximum stress failure criterion.
® J_, maximum strain failure criterion.
® Jrw, Tsal-Wu failure criterion.
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Fiber orientation
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Benchmark design
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Maximum stress design
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Maximum strain design

-

" WASHINGTON Energy storage via high-energy density composite flywheels — p.23/3.




Tsai-Wu design
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Effective radial stress

02 T T T T T T T T T
0.18 _
0.16 PRGN .
/ > N
/ N
| N ]
0.14 // N
n \N
8 /)
s 0.12+ / n
s /
©
3 \
8 o01f / \ .
© / N\
.g \
S 0.08} \ =
= \
L \
0.06 \ \ i
Benchmark N
0.04} - - =Y \ .
J \
€ \
0.02 JTW NG
\
\
| | | | | | | | |

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
r/r
(0]

" WASHINGTON Energy storage via high-energy density composite flywheels — p.25/3




Effective tangential stress
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Radial ply stressoy;
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Tangential ply stresso;
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Energy density
- o

Disk Maximum Maximum Tsai-Wu
design stress strain
Benchmark 150 150 142
Js 168 168 106
Je 161 161 157
JTw 166 166 156
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Flywheel construction
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Tangential strain
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# Fiber angle optimization can improve energy density

-

Energy storage via high-energy density composite flywheels — p.34/3.




Conclusions

-

=

# Fiber angle optimization can improve energy density
# Failure criteria is significant

-

Energy storage via high-energy density composite flywheels — p.34/3.




Conclusions

-

=

# Fiber angle optimization can improve energy density
# Failure criteria is significant
# Optimized radial plies can be constructed

-

Energy storage via high-energy density composite flywheels — p.34/3.




Conclusions
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=

# Fiber angle optimization can improve energy density
# Failure criteria is significant

# Optimized radial plies can be constructed

#® Behavior as predicted by classical lamination theory
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