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SUMMARY 

New m a t e r i a l s  and energy problems a re  i n c r e a s i n g  the  f e a s i b i l i t y  o f  us i ng  

f lywheel energy s to rage  systems t o  power personal  automobi les .  A p romis ing  

concept appears t o  be t h e  combinat ion o f  t h e  h i g h  s p e c i f i c  power d e n s i t y  o f  a 

f lywheel  w i t h  t h e  h i g h  s p e c i f i c  energy d e n s i t y  o f  a smal l  hea t  engine. Th i s  

r e p o r t  p resen ts  a t e c h n i c a l  and f u e l  economy assessment o f  a smal l  personal  

v e h i c l e  powered by a h y b r i d  f l y w h e e l l h e a t  engine d r i v e  system. 

Techn ica l  e v a l u a t i o n s  i n d i c a t e  t h a t  a f l ywhee l  /hea t  engine system based 

on improved m a t e r i a l s  technology cou ld  se rve  as a p r a c t i c a l  v e h i c l e  d r i v e .  

Whi 1 e somewhat 1 i m i  t e d  i n performance, t h e  proposed sys tem cou ld  produce 

s i g n i f i c a n t  improvements i n  f u e l  consumption r a t e s .  Techno log ica l  advance- 

ments i n  m a t e r i a l s  and power t r ansm iss i on  systems would make f l y w h e e l l h e a t  

engine systems even more a t t r a c t i v e .  
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FLYWHEEL/HEAT ENGINE POWER 

FOR AN ENERGY-ECONOMIC PERSONAL VEHICLE 

IIVTRODUCTION 

The automobi le  i n  t he  U.S. en joys t h e  d i s t i n c t i o n  o f  be ing  a  source o f  

convenient,  safe,  r a p i d  and persona l i zed  t r a n s p o r t a t i o n .  Americans t end  t o  

judge and s e l e c t  t h e i r  automobi les on t he  bas i s  o f  s p e c i f i c  c h a r a c t e r i s t i c s  

and performance c a p a b i l i t i e s ,  which sometimes f a r  exceed ac tua l  needs. This 

leads t o  i n e f f i c i e n t  use o f  t h e  automobi le,  r e s u l t i n g  i n  waste o f  n a t u r a l  

resources. 

Today, new f a c t o r s  e n t e r i n g  t h e  t r a n s p o r t a t i o n  s e c t o r  a re  f o r c i n g  changes 

i n  a t t i t u d e s  toward t h e  automobi le.  The magnitude o f  t h e  automobi le  i n d u s t r y ,  

which i s  s i g n i f i c a n t l y  dependent upon n a t u r a l  resources, i s  th rea tened by 

p o s s i b l e  1  i m i t a t i o n s  i n  these resources. The most immediate t h r e a t  i s  posed 

by 1  i m i  t s  t o  ava i  1  ab i  1  i t y  o f  t h e  energy source t o  power automobi 1  es - -pe t ro l  eum. 

The h i g h  c o s t  o f  impor ted crude o i l  and an apparent  marg ina l  a b i l i t y  o f  t h e  

Un i ted  S ta tes  t o  produce a l l  t h e  r e q u i r e d  pet ro leum have encouraged a  recen t  

t r e n d  toward g r a d u a l l y  s c a l i n g  down c u r r e n t  veh i c l es  t o  improve f u e l  economy. 

The e x t e n t  o f  pet ro leum dependence by f u t u r e  personal veh i c l es  must be 

minimized. The i n d u s t r y ' s  u l  t i m a t e  response w i l l  be, by necess i t y ,  a  t o t a l  

redes ign  o f  t h e  power system and supe rs t ruc tu re  o f  t he  automobi le.  

A1 t e r n a t i v e  veh i c l es ,  such as e l e c t r i c  cars ,  p rov ide  a  p o t e n t i a l  s o l  u- 

t i o n  t o  t h e  problem. However, e l e c t r i c  ca rs  have t h e i r  own i n h e r e n t  draw- 

backs. An a1 t e r n a t e  approach cou ld  be t o  u t i l i z e  f u e l  more economical l y  by 

i nc reas ing  t h e  gas m i l  eage t o  80 t o  100 m i l e s  per  ga l  l o n  f o r  each veh i c l e .  

Th is  a l t e r n a t i v e  i s  t o  i n c o r p o r a t e  h i g h  energy d e n s i t y  hea t  engines w i t h  h i g h  

power d e n s i t y  f l ywhee l s .  Such a  des ign would p rov ide  an op t ima l  v e h i c l e  

d r i v e  system which s y n e r g i s t i c a l  l y  combines t he  most d e s i r a b l e  c h a r a c t e r i s -  

t i c s  o f  t he  two energy systems. Th is  s tudy  examines t he  concept and i t s  

p o t e n t i a l  f o r  reduc ing  automobi le  gaso l i ne  consumption by a  f a c t o r  o f  t h r e e  

o r  more. 



STWDY OBJECT1 VE 

The p r imary  o b j e c t i v e  o f  t h i s  s tudy  i s  t o  examine t h e  f l y w h e e l l h e a t  

engine h y b r i d  as a  p o t e n t i a l  energy-economic d r i v e  f o r  personal  veh i c l es ,  

us i ng  t e c h n i c a l ,  economic, and performance c r i t e r i a .  The v e h i c l e  descr ibed  

here i s  a  concept w i t h  a l l  elements keyed t o  t he  p ropu l s i on  system. This  

concept i nc l udes  t he  f o l l o w i n g  fundamentals o f  automobi le  eng ineer ing :  

engines designed t o  opera te  a t  peak e f f i c i e n c y  a t  a l l  t imes,  

aerodynamica l ly  designed ca r r i ages ,  

body and chass is  designed f o r  minimum we igh t ,  

t i r e s  w i t h  h i gh  pressures and narrow t read ,  

r educ t i on  i n  accessor ies .  

The key t o  t h e  proposed v e h i c l e  i s  a  d r i v e  system possessing t h e  econ- 

omy o f  a  smal l  i n t e r n a l  combustion engine (about  10 hp) and t he  performance 

o f  a  100-hp i n t e r n a l  combustion engine when measured by a c c e l e r a t i o n ,  h i l l  

c l i m b i n g  and peak speeds. 

The most s i g n i f i c a n t  c h a r a c t e r i s t i c  o f  t h e  proposed f l y w h e e l l h e a t  

engine p r o p u l s i o n  system i s  a  very  smal l  f u e l  engine i n  s e r i e s  w i t h  a  very  

l a r g e  f l ywhee l .  The i n t e r f a c e s  between eugine and f l ywhee l ,  and between 

f l ywhee l  and wheels, a r e  i n f i n i t e l y  v a r i a b l e  t r a c t i o n  t ransmiss ions .  A1 1  

o t h e r  f ea tu res  o f  t h e  v e h i c l e  a re  s i m i l a r  t o  those o f  c u r r e n t  veh i c l es ,  

except  f o r  t h e  des ign m o d i f i c a t i o n s ,  which a r e  accord ing  t o  t h e  fundamentals 

l i s t e d  above. 



FLYWHEELIHEAT E N G I N E  HYBRID 

BACKGROUND 

The f i r s t  m a j o r  v e h i c u l a r  a p p l i c a t i o n  o f  f l y w h e e l s  was t h e  O e r l i k o n  

E l e c t r o g y r o  bus, used i n  European and A f r i c a n  t r a n s i t  s e r v i c e s  i n  t h e  1950s. 

The buses were t e c h n i c a l l y  s u c c e s s f u l  and economica l l y  f e a s i b l e .  However, 

l o n g  w a i t s  between recharges and d i f f i c u l t i e s  imposed on t h e  v e h i c l e  opera- 

t o r s  f o r c e d  a  gradual  w i thd rawa l  o f  these buses f r o m  s e r v i c e .  

Lockheed has worked on a  program t o  demonstrate f l y w h e e l  p ropu l  s i o n  

systems i n  San F r a n c i s c o  u s i n g  a  dua l  mode v e h i c l e  o p e r a t i n g  e i t h e r  f r o m  

energy s u p p l i e d  by t h e  f l y w h e e l  o r  f r o m  energy s u p p l i e d  by t r o l l e y  w i r e s .  ( 1  

I n i t i a l  a n a l y s i s  suggested an e f f e c t i v e  e l e c t r i c  v e h i c l e  w i t h  i n c r e a s e d  r o u t e  

fl e x i  b i  1  i t y  . Lockheed has a1 so examined s e v e r a l  f l y w h e e l  and f l y w h e e l  

h y b r i d  concepts i n  d e t a i l  f o r  t h e  Env i ronmenta l  P r o t e c t i o n  Agency. (2 ,394)  

T h e i r  s t u d i e s  c e n t e r e d  on t h e  h y b r i d  o f  a  sma l l  f l y w h e e l  w i t h  a  s l i g h t l y  

reduced eng-ine, about 50 p e r c e n t  o f  normal power p l a n t .  T h i s  system was 

found t o  o f f e r  o n l y  m inor  advantages o v e r  t h e  conven t iona l  au tomob i le  d r i v e  

system i n  terms o f  economy and emiss ions.  Furthermore,  t h e  h i g h  performance 

was l i m i t e d  t o  a smal l  number o f  c y c l e s  because t h e  sma l l  f l y w h e e l  was d i s -  

charged a f t e r  o n l y  b r i e f  use. I n c i d e n t a l l y ,  t h e  s t u d y  a l s o  found t h a t  a  

pure f l y w h e e l  d r i v e  system was i m p r a c t i c a l  f o r  a  conven t iona l  American auto-  

mobi le .  The b i g g e s t  drawback was t h e  s i z e  o f  t h e  d r i v e  system necessary t o  

g i v e  a  5000-1 b  v e h i c l e  a  200-mi le  range. However, s p e c i a l  purpose v e h i c l e s  

w i t h  a  l i m i t e d  range were found t o  be e x c e l l e n t  cand ida tes  f o r  f l y w h e e l  

power systenis . 
I n  a d d i t i o n ,  G a r r e t t  Research i s  c u r r e n t l y  t e s t i n g  f l y w h e e l s  as a means 

f o r  r e g e n e r a t i v e  b r a k i n g  i n  t h e  New York subway system. ( 5 )  Large f l y w h e e l s  

absorb b r a k i n g  energy d u r i n g  s tops  and g i v e  i t  up upon demand d u r i n g  a c c e l -  

e r a t i o n s  o r  emergencies. The G a r r e t t  t e s t s  i n d i c a t e  t h e  r e g e n e r a t i v e  system 

c o u l d  reduce e l e c t r i c a l  energy demands by n e a r l y  10 percen t  and, i n  a d d i t i o n ,  

p r o v i d e  s u f f i c i e n t  power f o r  t h e  t r a i n s  t o  reach  t h e  n e x t  s t a t i o n  i n  t h e  

even t  o f  a  power f a i l u r e .  



I n  a d d i t i o n  t o  t h e  f l ywhee l  power u n i t s  j u s t  desc r ibed ,  o t h e r  v a r i a t i o n s  

o f  f l ywhee l  - d r i  ven v e h i c l e s  a re  f e a s i  b l  e  as t r a n s p o r t a t i o n  a1 t e r n a t i  ves . The 

system proposed i n  t h i s  r e p o r t - - a  l a r g e  f lywheel  i n  s e r i e s  w i t h  a  sma l l  i n t e r -  

n a l  combust ion engine ( I C E ) - - i s  one v a r i a t i o n  which had n o t  undergone p r i o r  

ex tens i ve  a n a l y s i s .  

Th i s  s tudy  cons iders  a  p a r t i c u l a r  f l ywhee l l ICE  h y b r i d  which i s  dominated 

by t h e  f l y w h e e l .  I n  terms o f  performance ( a c c e l e r a t i o n ,  t o p  speed, h i  11- 

c l i m b i n g  a b i l i t y )  and energy economy, t h e  proposed system appears t o  be a  

s a t i s f a c t o r y  s u b s t i t u t e  f o r  c u r r e n t l y  manufactured automobi les .  

The c h a r a c t e r i s t i c s  o f  t h e  proposed h y b r i d  system match those r e q u i r e d  

o f  a  personal  v e h i c l e  q u i t e  we1 1. A f l ywhee l  can p r o v i d e  h i g h  power d e n s i t y  

l e v e l s  t o  p rope l  v e h i c l e s  a t  d e s i r e d  v e l o c i t i e s  and a c c e l e r a t i o n s .  Wi th  a  

b i l a t e r a l  t r ansm iss i on ,  a  f l ywhee l  system can s t o r e  v e h i c l e  k i n e t i c  energy 

d u r i n g  b r a k i n g  f o r  use d u r i  ng a c c e l e r a t i o n ,  the reby  i n c r e a s i n g  t h e  energy 

e f f i c i e n c y  o f  t h e  v e h i c l e .  I n  a d d i t i o n ,  f l ywhee l s  have an a lmost  u n l i m i t e d  

c y c l e  l i f e ,  compat ib le  w i t h  se r v i ce -1  i f e  r e q u i  rements o f  t h e  complete v e h i c l e  

d r i v e  system. A sma l l  hea t  engine has very  h i g h  energy d e n s i t y  l e v e l s  b u t  

ve ry  1  ow power d e n s i t y  1  eve1 s. Thus, a  f l ywhee l  /hea t  engine h y b r i d  combines 

t h e  b e s t  f e a t u r e s  o f  each t o  p r o v i d e  an e x c e l l e n t  v e h i c l e  d r i v e  system. 

FLYWHEEL SYSTEM PROPERTIES 

The a t t r a c t i v e n e s s  o f  f l ywhee l  systems i n  t r a n s p o r t  veh i c l es  l i e s  i n  t h e  

i n h e r e n t  c h a r a c t e r i s t i c s  o f  t h e  f l ywhee l .  The amount o f  energy s t o r e d  i n  a  

f l ywhee l  i s  a  f u n c t i o n  o f  t h e  mass and angu la r  v e l o c i t y  o f  t h e  f l ywhee l .  The 

amount o f  power which can be taken from, o r  p u t  i n t o ,  a  f l ywhee l  depends on 

t h e  f l ywhee l  and t h e  i n t e r f a c e  w i t h  wheels, no rma l l y  a  t ransmiss ion .  Fu r t he r -  

more, a  f l ywhee l  can be charged and d ischarged  a  l a r g e  number o f  t imes  w i t h o u t  

concern about degree o f  d i scharge .  These advantages a re  compared t o  those  o f  

b a t t e r y  s t o rage  systems i n  Table  1 .  

These comparisons suggest t h a t  a  f l ywhee l  energy s to rage  system matches 

o r  exceeds conven t iona l  b a t t e r y  systems i n  terms o f  energy d e n s i t y ,  power 

d e n s i t y  and l i f e .  The f l ywhee l  system f a l l s  s h o r t  o f  t h e  energy d e n s i t y  



TABLE 1. Flywheel - B a t t e r y  Comparison (1  

Energy Sys tem 

Lead-acid b a t t e r y  

N i cke l  -cadmi um b a t t e r y  

Maragi ng s t e e l  f l ywhee l  

4340 s t e e l  f l ywhee l  

PRD-49 f i  berg1 ass f l ywhee l  

Fused s i l  i ca f l ywhee l  

Heat engine 

Energy 
Dens i t y  
W-hr/'l b  

Power 
Dens i ty 

W / l  b  

Discharge 
Cyc le  (75%) 
L i f e ,  Cycles 

c a p a b i l i t i e s  o f  an i n t e r n a l  combust ion engine. However, when combined w i t h  a  

smal l  i n t e r n a l  combust ion engine,  t h e  f l ywhee l  y i e l d s  an i d e a l  h i g h  p e r f o r -  

mance and energy-economic veh i  c l  e  d r i v e  system. 

Development o f  an inexpens ive ,  e f f i c i e n t ,  1  i g h t w e i g h t  s t o rage  b a t t e r y  

f o r  e l e c t r i c  v e h i c l e s  would a1 l ow  e f f i c i e n t  t r a n s p o r t a t i o n  use o f  e l e c t r i c  

energy generated by n u c l e a r  power p l a n t s .  However, such v e h i c l e s  would be 

l i ~ i i i t e d  by a  range o f  about  100 m i l e s  f o r  4000 l b  o f  l ead -ac i d  b a t t e r i e s  and 

400 1b o f  ;odium-sul fur  b a t t e r i e s ,  because recha rg i ng  i s  s low due t o  power, 

hea t  and b a t t e r y  1  i f e  1  i m i t a t i o n s .  ( 6 )  Fu r t he r ,  b a t t e r y  replacements t o  

extend v e h i c l e  range, w h i l e  poss ib l e ,  a r e  cons ide rab l y  more compl i ca ted  than 

t h e  replacement o f  l i q u i d  f u e l s .  I n  a  f u t u r e  a l l  - e l e c t r i c - e n e r g y  s o c i e t y ,  

i r~ iproved b a t t e r i e s  would be t h e  pr-iniary v e h i c l e  energy system. I n  t h e  

i n t e r i m ,  f l y w h e e l l h e a t  engine d r i v e  cou ld  p r o v i d e  a  more f e a s i b l e  a l t e r n a t i v e .  

The amount o f  energy s t o r e d  i n  a  f lywheel  cou ld ,  i n  p r i n c i p l e ,  be 

inc reased  i n d e f i n i t e l y  by a  con t inuous  i ncrease i n  angu la r  v e l o c i t y .  However, 

t he  u l t i m a t e  l i m i t  o f  energy s t o r e d  i n  a  f l ywhee l  i s  s e t  by t h e  t e n s i l e  

s t r e n g t h  o f  t h e  f l ywhee l  m a t e r i a l .  For  s imp le  c o n f i g u r a t i o n s ,  i t  can be 

e a s i l y  shown t h a t  t h e  maximum amount o f  energy s t o r e d  p e r  u n i t  we igh t  o f  t h e  

f lywheel  m a t e r i a l  i s  equal t o  



where 

Emax = maximum s p e c i f i c  energy, I b - i n . / l b  

Ks = shape f a c t o r ,  d imension less 

a = u l t i m a t e  t e n s i l e  s t r e n g t h ,  I b / i n .  2 

p = d e n s i t y ,  l b / i n .  3 

I n c o r p o r a t i o n  o f  new m a t e r i a l s  i n t o  t h e  des ign  o f  f l ywhee l s  can y i e l d  energy 

s to rage  syste~ i is  h i g h l y  s u i t a b l e  f o r  c u r r e n t  m in i -au tomob i les .  For  exarnple, 

t h e  f l ywhee l  used i n  t h e  Oer l  i kon bus had a  maximum energy d e n s i t y  l e v e l  o f  

2.7 W - h r / l  b.  ( 7 )  Recent t e s t s  o f  maraging s t e e l  f l y w h e e l s  have been conducted 

a t  an energy d e n s i t y  l e v e l  o f  25 W-hr/ lb,  n e a r l y  10 t imes  t h a t  o f  t h e  O e r l i k o n  

bus system. ( 7 y 8 )  F u r t h e r  a p p l i c a t i o n s  o f  new m a t e r i a l s  promise c l o s e  t o  a  

t e n f o l d  i nc rease  i n  energy d e n s i t i e s  f o r  f l y w h e e l s .  Th i s  would make them 

n e a r l y  competi ti ve w i t h  smal l e r  i n t e r n a l  combusti on engines i n  terms o f  

energy d e n s i t y .  

ENERGY CONSERVATION POTENTIAL 

Cu r ren t  i n t e r n a l  combust i  on engines a r e  seldom opera ted  a t  maximum 

power, t h e  s t a t e  a t  which maximum thermal  e f f i c i e n c y  i s  achieved. One s tudy  

has es t ima ted  t h a t  t h e  American automobi le  uses maximum power o n l y  1  pe rcen t  

o f  t he  t ime;  l e s s  than 10 pe rcen t  o f  eng ine power i s  used 43 pe rcen t  o f  t h e  

t ime.") As a  r e s u l t ,  e f f i c i e n c y  o f  p resen t  engines i s  ve ry  low. 

The l o s s  i n  e f f i c i e n c y  a t  p a r t  t h r o t t l e  has t h r e e  sources:  

t h e  mechanical  f r i c t i o n  o f  l a r g e  engines run  a t  moderate speeds; 

t h e  energy r e q u i r e d  t o  purnp a1 1  i n t a k e  a i r  p a s t  a  p a r t i a l l y  c l o s e d  

t h r o t t l e  p l a t e  i n t o  t h e  l ow  p ressure  i n t a k e  man i fo ld ;  

t h e  l a r g e r  f r a c t i o n  o f  hea t  o f  combustion r e j e c t e d  t o  t h e  c y l i n d e r  

w a l l s .  

The degrada t ion  o f  thermal  e f f i c i e n c y  due t o  these f a c t o r s  exceeds 50 pe rcen t  

a t  p a r t  l oad .  



I d l i n g  i s  t h e  most i n e f f i c i e n t  o f  a l l  o p e r a t i n g  modes because i t  wastes 

f u e l  w h i l e  do ing  no u s e f u l  work. Cons iderab le  p o t e n t i a l  f o r  f u e l  sav ings 

e x i s t s  i n  u t i l i z i n g  t h e  i d l i n g  pe r i ods  e f f e c t i v e l y  by s t o r i n g  t he  energy 

generated d u r i n g  i d 1  i n g .  

Table  2  summarizes Kummer's c a l c u l a t i o n s  o f  thermal  e f f i c i e n c y  degrada- 

t i o n  a t  t y p i c a l  p a r t  load.  ( l o )  The c a l c u l a t i o n s  a re  based on a  1971 Ford 

P in to ,  2000 cc, 4 - c y l i n d e r  engine w i t h  an au tomat i c  t ransmiss ion .  Note t h a t  

t h e  thermal  e f f i c i e n c y  a t  wheels i s  o n l y  8.5 percen t ;  hence, t h e  f u e l  econ- 

omy can be improved s i g n i f i c a n t l y  w i t h  more e f f e c t i v e  engine u t i l i z a t i o n .  

An es t ima te  o f  a c t u a l  improvement i n  t h e  exemplary P i n t o  i s  up t o  38 mpg i n  

c i t y  d r i v i n g .  One e x i s t i n g  p r o j e c t  seeks t o  demonstrate t h i s  w i t h  a  smal l  

f lywheel  (150 l b  f o r  t h e  e n t i r e  f l ywhee l  package). 

TABLE 2. Degradat ion o f  Thermal E f f i c i e n c y  i n  an Automobi le (10)  

Cornpl e t e  convers ion  o f  chemical t o  
mechanical energy 

Theo re t i  c a l  O t t o  Cyc le  

Real O t t o  Cyc le  

A f t e r  pumping losses  (90  mph) 

A f t e r  engine f r i c t i o n  l osses  (40 mph) 

A f t e r  ca rbu re to r ,  choke, man i f o l d ,  
d i s t r i b u t o r  r e t a r d ,  e t c .  1  osses 

A f t e r  au tomat i c  t r ansm iss i on  losses  

A f t e r  power s t e e r i n g  and gene ra to r  
1  os ses 

A f t e r  a i r - c o n d i t i o n i n g  l osses  (1-112 hp) 

Percen t  
Thermal 

E f  f i c i  ency 

M i l e s  
Per 

Gal 1  on 

Given energy con ten t  o f  g a s o l i n e  t o  be 49.1 hp-h r /ga l ,  a  t h e o r e t i c a l  

upper va lue  on f u e l  u t i l i z a t i o n  can be e s t a b l i s h e d .  Assuming t h a t  5  hp a re  

needed t o  d r i v e  a  2000- lb  v e h i c l e  a t  40 mph and a  33-percent  O t t o  c y c l e  e f f i -  

c iency,  a  g a l l o n  o f  gaso l i ne  cou ld  t a k e  t h e  v e h i c l e  a  d i s t ance  o f  120 m i l e s .  



Whi le  t h i s  i s  h igh ,  i t  i s  n o t  unreasonable and cou ld  be a t t a i n e d  w i t h  good 

des ign and d r i v i n g  p r a c t i c e .  I n  v iew o f  these numbers, 60 mpg i s  n o t  

unreasonable f o r  a  l i g h t w e i g h t  ca r .  I n  f a c t ,  one c u r r e n t  s t udy  expects  t o  

demonstrate 51 mpg f o r  a  Honda C i v i c  .in c i t y  d r i v i n g  by u s i n g  a  smal l  f l y -  

wheel f o r  energy s to rage .  (11 

The fo rego ing  r e s u l t s  suggest t h a t  t h e  p o t e n t i a l  i s  h i g h  f o r  i n t e r n a l  

comb l~s t ion  engines designed f o r  minimum f u e l  consumption. Th is  p o t e n t i a l  

may be r e a l i z e d  by combining a  l a r g e  f l ywhee l  w i t h  a  heat  engine. 

FLYWHEEL/HEAT ENGINE HYBRID DESIGN PERFORMANCE 

The proposed system i s  based on a  c y c l e  seve ra l  hours  long ,  p l u s  an added 

f a c t o r  f o r  emergencies. Th is  d i f f e r s  f rom t h e  system analyzed by Lockheed, ( 3  

which was based on t h e  maintenance o f  cons tan t  t o t a l  k i n e t i c  energy o f  t h e  

v e h i c l e .  Imp1 i c i t  i n  t h e  Lockheed system was t h e  c o n t r o l  o f  heat  eng ine  

o u t p u t  t o  h o l d  t h e  sum o f  t h e  k i n e t i c  energ ies  o f  t h e  f l ywhee l  and t h e  

v e h i c l e  a t  a  cons tan t  va lue.  I n  t h e  proposed system, heat  engine o u t p u t  

i s  h e l d  a t  a  n e a r l y  cons tan t  optimum l e v e l ;  i t s  s o l e  f u n c t i o n  i s  t o  charge 

t h e  f l ywhee l .  The f l ywhee l  i s  t h e  o n l y  source o f  power t o  t h e  wheels and 

i s  ma in ta ined  a t  o p e r a t i o n a l  power l e v e l s  by t h e  i n t e r n a l  combustion engine. 

Thus, v e h i c l e  performance i s  dependent upon f l ywhee l  power, n o t  hea t  eng ine  

r a t e d  power. 

The cho ice  o f  f l ywhee l  s i z e  i s  l a r g e l y  a  ques t i on  o f  assess ing t r ade -  

o f f s  between performance and c o s t  o r  between one f i g u r e  o f  m e r i t  and ano ther .  

O p t i m i z a t i o n  o f  a  h y b r i d  v e h i c l e  des ign  r e q u i r e s  some c r i t e r i o n ,  such as 

s t a t i s t i c a l  f requency and magnitudes o f  demands irr~posed on t h e  v e h i c l e ,  f o r  

de te rm in i ug  i n t e r m e d i a t e  r ese rve  s to rage  capac i t y .  S ince  t h i s  s t udy  i s  

l i m i t e d  t o  a  f u e l  economy a p p r a i s a l ,  t h e  h y b r i d  system was a r b i t r a r i l y  

s e l e c t e d  t o  c o n s i s t  o f  a  10.0-kwh f l y w h e e l  i n  s e r i e s  w i t h  a  7.5-kW (10  hp) 

hea t  engine. 

The performance o f  t h e  cand ida te  v e h i c l e ,  i n  terms o f  t o p  speed and 

a c c e l e r a t i o n ,  would equal t h a t  o f  c u r r e n t  sma l l - s i zed  automobi les .  For  d i s -  

cuss i on  purposes, a  peak p o s s i b l e  speed c o u l d  be 100 mph; t h e  a c c e l e r a t i o n  



would be such t h a t  speed cou ld  i nc rease  f r om 0 t o  60 mph i n  about 15 sec. 

However, t h i s  would be ob ta i ned  a t  a s a c r i f i c e  i n  v e h i c l e  range. The 

c r u i s i n g  speed would be about 50 mph. Lower c r u i s i n g  speeds a re  necessary 

t o  maximize v e h i c l e  range, which would depend on t h e  c a p a c i t y  o f  t h e  gas01 i n e  

tank.  Wi th  a 5-gal tank,  t h e  range cou ld  be 500 m i l e s .  I t  would be l owe r  

a t  h i g h e r  speeds and when h i g h  headwinds a re  encountered. The s p e c i f i e d  

performance v a r i a b l e s  can be e a s i l y  inc reased  by i n c r e a s i n g  t h e  hea t  engine 

power r a t i n g  by a few k i l o w a t t s .  The optimum combinat ion o f  a f l ywhee l  and a 

heat  engine would be determined by t h e  a u x i l i a r y  system needs and t h e  o v e r a l l  

e f f i c i e n c y  o f  t h e  d r i v e  t r a i n  system. A summary o f  p o s s i b l e  h y b r i d  v e h i c l e  

s p e c i f i c a t i o n s  and performance i s  g i ven  i n  Table  3. Road performance and 

economy c h a r a c t e r i s t i c s  a re  c a l c u l a t e d  f o r  a number o f  r e p r e s e n t a t i v e  con- 

d i  t i o n s  i n  Appendix A. 

TABLE 3. Performance o f  F lywheel IHeat  Engine H y b r i d  

Heat engine - 7.5 kW 

Flywheel energy c a p a c i t y  - 10 kwh 

Depth o f  f l ywhee l  d ischarge  - 75% 

Maximum speed - 100 mph 

C r u i s i n g  speed - 50 mph 

Range ( a t  c r u i s i n g  speed) - 200 m i l e s  

V e l o c i t y  on 20% grade - 50mph 

The f l ywhee l  i n  a h y b r i d  v e h i c l e  cou ld  p r o v i d e  approx imate ly  36,000 hp 

sec, which may be d i s t r i b u t e d  i n  any d e s i r a b l e  mode. For  example, t he  f l y -  

wheel cou ld  p r o v i d e  60 hp f o r  10 min, o r  600 hp f o r  1 min, be fo re  becoming 

d ischarged.  However, t h i s  i s  n o t  " r unn ing  o u t  o f  gas;" t h e  7.5-kW hea t  

engine would then  be used t o  reach d e s t i n a t i o n ,  b u t  a t  a s lower  speed. 

VEHICLE DESIGN CONS1 DERATIONS 

The personal  v e h i c l e  proposed i n  t h i s  s t udy  i s  a concept w i t h  a l l  

elements keyed t o  m i n i m i z i n g  energy consumption. Th i s  i n c l u d e s  most of t h e  

fundamental aspects  o f  automobi le  eng ineer ing .  Whi le  s a f e t y  i s  ve ry  



i m p o r t a n t  and i s  a  pr ime f a c t o r  i n  t h e  h y b r i d  v e h i c l e  design, comfo r t  has 

t o  be secondary t o  energy sav ings.  An energy economic des ign  must be 

ded ica ted  t o  r educ ing  f r i c t i o n ,  d rag  and we igh t .  Such l u x u r i e s  as a i r  

c o n d i t i o n i n g ,  power sea ts  and power windows a r e  o u t  o f  t h e  q u e s t i o n  i n  

v e h i c l e s  des igned f o r  economy. 

A t  moderate and h i g h  speeds, t h e  ma jo r  l o s s  i n  a  v e h i c l e  i s  aerodynamic 

drag. I t  accounts f o r  n e a r l y  one -ha l f  t h e  power l o s t  i n  average v e h i c l e  

ope ra t i on .  Power l o s t  t o  drag i s  expressed by 

where 

CD = d rag  c o e f f i c i e n t  

A  = f r o n t a l  area, f t  2  

V = v e l o c i t y ,  m i l e s / h r  

L i t t l e  can be done about v e l o c i t y  s i n c e  an upper l i m i t  o f  a t  l e a s t  50 ~nph i s  

necessary.  The f r o n t a l  area can be min im ized  t o  some e x t e n t  by u s i n g  semi- 

r e c l i n i n g  and ve ry  low s e a t i n g  p o s i t i o n s  f o r  passengers. Proper  aerodynamic 

des ign  can reduce drag c o e f f i c i e n t s  f rom t h e  p resen t  range o f  0.45 t o  0.55 

down t o  t h e  range o f  0.2 t o  0.3 w i t h  advanced des ign  techniques.  Wi th  a  
2 reasonable  d rag  c o e f f i c i e n t  o f  0.4, a  f r o n t a l  area o f  16 f t and a  v e l o c i t y  

o f  50 mph, t h e  d rag  l o s s  i s  

I t  i s  obv ious t h a t  p rope r  des ign  can b r i n g  t h e  losses  down by s i g n i f i c a n t  

f a c t o r s .  A  decrease i n  speed t o  30 mph f o r  c i t y  d r i v i n g  would decrease d rag  

losses  t o  about 1  hp. However, t h e r e  would be a d d i t i o n a l  l osses  due t o  

a c c e l e r a t i o n ,  grades, and f r i c t i o n .  



Another ma jo r  c o n t r i b u t o r  t o  v e h i c l e  losses  i s  t h e  road  l o a d  component 

made up o f  t i r e  l o s s ,  bea r i ng  l o s s ,  and power t r a i n  l o s s .  The dominant 

f a c t o r ,  ti r e  l o s s ,  accounts f o r  n e a r l y  85 percen t  o f  t h e  t o t a l .  Advanced 

ti r e  des igns w i t h  spec i  a1 rubber  compounding, reduced w id th ,  s t i f f e r  s ide -  

w a l l s  and reduced aspect  r a t i o s ,  can reduce r o l l i n g  r e s i s t a n c e  by a lmost  

60 percen t .  A t  50 mph, t h e  r o l l i n g  r e s i s t a n c e  l o s s  c o u l d  be kep t  under 

2 hp (1.5 kW). There may be a  l o s s  i n  s t a b i l i t y  and a  harsher  r i d e  due t o  

these t i r e  m o d i f i c a t i o n s .  For  a  commuter v e h i c l e ,  these  should  n o t  be 

e x c e s s i v e l y  o b j e c t i o n a b l e .  

Bear ing  and power t r a i n  l osses  can be s i g n i f i c a n t l y  reduced by avo id -  

i n g  packed wheel bear ings ,  us i ng  magnet ic sea ls  t o  c u t  drag, and u s i n g  d r y -  

sump t ransmiss ions .  V a r i a b l e  speed t ransmiss ions  can s u b s t a n t i a l  l y  improve 

energy th roughpu t  e f f i c i e n c i e s .  The r e s u l t i n g  l osses  should  be l e s s  than  

1  hp a t  50 mph. 

A  t h i r d  ma jo r  c o n t r i b u t o r  t o  v e h i c l e  road  l osses  i s  assoc ia ted  w i t h  

v e h i c l e  a c c e l e r a t i o n  and b rak i ng .  These losses  a re  magn i f i ed  by stop-and- 

go d r i v i n g  which i s  common t o  an urban v e h i c l e .  The a c c e l e r a t i o n  losses  

a r e  g iven  by  

n  1.a.w 
- HPA - - i i i  

+ 550 i = l  

where 

m  = v e h i c l e  mass, s l ugs  

a  = 1  i n e a r  a c c e l e r a t i o n ,  f t / s e c  2 

V = l i n e a r  v e l o c i t y ,  m i l e s / h r  

I = moment o f  i n e r t i a ,  s l u g - f t  2 

a = angu la r  a c c e l e r a t i o n ,  rad/sec 2 

w = angu la r  ve l  o c i  ty , rad/sec 

A c c e l e r a t i o n  losses  can be min imized by d i m i n i s h i n g  t h e  v e h i c l e  we igh t  and 

number o f  a c c e l e r a t i o n s  . 



A c c e l e r a t i o n  losses  can a l s o  be reduced by t r ans fo rm ing  t h e  k i n e t i c  

energy o f  t h e  v e h i c l e  i n t o  k i n e t i c  energy o f  t h e  f l ywhee l  th rough  regen- 

e r a t i v e  b rak i ng .  I n  urban s i t u a t i o n s ,  t h i s  cou ld  mean a  10 pe rcen t  o r  

g r e a t e r  r e d u c t i o n  i n  energy consumption. 

Summing up a1 1  t h e  power demands a t  50 mph, t h e  power which must be 

produced by t h e  v e h i c l e  motor system i s  about  10 hp o r  about  7.5 kW. The 

a d d i t i o n a l  power i s  r e q u i r e d  f o r  l i g h t s  and o t h e r  a u x i l i a r y  systems. Very 

heavy loads,  such as a i r  c o n d i t i o n e r s  and heavy du t y  hea te rs ,  have been 

i gno red  and w i l l  r e q u i r e  t h e i r  own power sources when i n c o r p o r a t e d  i n t o  

t h e  proposed v e h i c l  e. 



FLYWHEELIHEAT ENGINE SYSTEM DESIGN 

FLYWHEEL AND HEAT ENGINE SELECTION 

The d r i v e  system of t h e  proposed v e h i c l e  i s  a  7.5-kW i n t e r n a l  cornbus- 

t i o n  engine i n  s e r i e s  w i t h  a  10-kwh f l ywhee l .  Operat ion and performance 

of t h i s  d r i v e  system i s  based upon approx imate ly  f o u r  hours o f  cont inuous 

o p e r a t i o n  a t  50 mph, d u r i n g  which t h e  average losses  t o  wind drag, r o l l i n g  

drag, and o t h e r  f a c t o r s  a re  about 10.0 kW. Dur ing  t h e  four -hour  per iod ,  t h e  

heat  engine p rov ides  30.0 kwh and t h e  f l ywhee l  p rov ides  10  kwh o f  energy. 

A f t e r  t h e  four -hour  pe r i od ,  t h e  f l ywhee l  w i l l  be dep le ted  o f  n e a r l y  a1 1  

energy and t h e  hea t  engine w i l l  be the  source o f  a l l  mot i ve  power. I f  an 

8.5-kW heat  eqgine i s  used over  t he  same c y c l e  ins tead ,  t h e  f l ywhee l  w i l l  

be n e a r l y  one-ha l f  charged a t  t he  end o f  t he  four -hour  per iod .  For c i t y  

d r i v i n g  under 30 mph, t h e  f lywheel a lone can power t h e  v e h i c l e  f o r  about 

100 m i l es .  

The cho ice  o f  a  hea t  engine i s  determined by t h e  need o f  t h e  engine 

t o  charge t h e  f lywheel  whenever i t  i s  below t h e  peak l e v e l  and t h e  d r i v i n g  

cyc le .  Such an engine would be designed t o  opera te  a t  optimum e f f i c i e n c y  

a t  a  s i n g l e  o p e r a t i n g  p o i n t .  Since hea t  engine technology i s  w e l l -  

e s t a b l  ished,  a d d i t i o n a l  i n v e s t i g a t i o n s  i n  t h i s  area are n o t  pursued i n  

t h i s  s tudy.  

I n  normal ' opera t ion ,  t h e  engine charges t h e  f l ywhee l  con t inuous ly ,  

d u r i n g  bo th  t r a n s i t  and s tops.  I f  t h e  f l ywhee l  i s  complete ly  discharged, 

t h e  7.5-kW engine can p rov ide  s u f f i c i e n t  power t o  d r i v e  t he  v e h i c l e  a t  

about 45 mph, a1 though a c c e l e r a t i o n  and h i 1  1  - c l  imb ing  ab i  1  i t y  wi 11 be 

seve re l y  impai red.  The system can be designed t o  shu t  o f f  t he  engine 

a u t o m a t i c a l l y  when t h e  f l ywhee l  i s  f u l l y  charged, and t o  r e s t a r t  i t  

a u t o m a t i c a l l y  when t he  f l ywhee l  charge l e v e l  f a l l s  below a  s p e c i f i e d  

value. 



FLYWHEEL MATERIAL, BEARINGS, AND SEALS 

The f l y w h e e l  f o r  t h e  proposed d r i v e  system i s  l i m i t e d  i n  s i z e  by a  

number o f  cons ide ra t i ons ,  t h e  most impo r tan t  o f  which a r e  m a t e r i a l  and 

p h y s i c a l  d imensions. For  t h e  purposes o f  t h i s  study, t h e  f l ywhee l  m a t e r i a l  

i s  mod i f ied  s t e e l .  The maxinium d iameter  o f  t h e  f l ywhee l  i s  l i m i t e d  t o  

30 i n .  t o  a l l o w  f o r  t h e  conta inment  r i n g  and t h e  vacuum housing. Wi th  these  

l i m i t a t i o n s ,  a  p o s s i b l e  cand ida te  f l ywhee l  c o u l d  be designed w i t h  a  r a t i n g  

o f  10  kwh. The s i g n i f i c a n t  c h a r a c t e r i s t i c s  f o r  a  10-kwh f l ywhee l  made o f  

m o d i f i e d  A IS I  4340 grade s t e e l  w i t h  an u l t i m a t e  s t r e s s  o f  260 k s i  a r e  as 

f o l  lows : 

Conf i  g u r a t i o n  - m o d i f i e d  exponent i  a1 

Energy l e v e l  - 10  kwh 

Energy d e n s i t y  - 14.3 W-hr / lb  

Weight - 700 1b 

Diameter - 30 i n .  

Speed - 24,000 rpm 

Maximum work ing  s t r e s s  - 160 k s i  

Shape f a c t o r  - 0.88 

The des ign  procedure f o r  t h e  sample f l ywhee l  i s  presented i n  Appendix A. 

Other  m a t e r i a l s  w i t h  p o t e n t i a l l y  b e t t e r  energy, we igh t ,  and s t r e s s  

c h a r a c t e r i s t i c s  can be used. Table 4  1  i s t s  12 a v a i l a b l e  cand ida te  m a t e r i a l s .  

The most i m p o r t a n t  f a c t o r  o m i t t e d  f r om t h e  t a b l e  i s  t h e  c o s t  o f  each mate- 

r i a l .  However, i t  i s  f e l t  t h a t  c u r r e n t  cos t s  would n o t  r e f l e c t  t h e  t r u e  

cos t s  o f  a  system i f  l a r g e - s c a l e  p r o d u c t i o n  i s  assumed. 

The bear ings  f o r  a  f l ywhee l  system do n o t  p resen t  a  ve ry  s i g n i f i c a n t  

obs tac l e  t o  f l ywhee l  system development. Convent iona l  bear ings  and l u b r i -  

can t s  appear t o  be adequate f o r  most v e h i c l e  d r i v e  systems, s i n c e  t h e  loads  

a r e  r e 1  a t i  v e l y  1  ow and 1  oss r e q u i  rements a r e  modest. Furthermore, b a l l  

bea r i ng  systems a r e  h i g h l y  r e f i n e d  and r e l i a b l e ;  b e a r i n g  1  i v e s  exceed t h e  

10,000 h r  necessary f o r  pub1 i c  t r a n s p o r t a t i o n .  



TABLE 4. Flywheel M a t e r i a l  

U1 t i m a t e  
Tens i 1 e  Working Dens i ty  kg-cm/kg 
S t ress ,  S t ress ,  kg/cm3 x 106 

Mater i  a1 kg/cm2 x 103 kg/cm2 x 103 x 10-3 (W-hr/ l  b )  

"R" G l  ass /po l yes te r  13.71 4.71 1.8 2.61 
(32.22) 

S-1014 Glass 

Kevl a r  49 

2024-T851 A1 um-i num 

18 Ni-400 S tee l  

4340 S tee l  

Graph i te  

Boron 

Wood (redwood) 

Bamboo 

T i  t a n i  um 9.15 4.60 4.6 1  .OO 
(12.35) 

Advanced bear ings  (e.g. , f l u i d  and magnet ic)  niay e v e n t u a l l y  r ep lace  

b a l l  bear ings  as f l ywhee l  m a t e r i a l  techno1 ogy improves and speeds r i  se 

s u b s t a n t i a l l y .  F l u i d - f i l m  bear ings  can use o i l ,  grease, o r  gas as t he  

hydrodynamic suppor t  medium. Because o f  t h e  a d d i t i o n a l  f l u i d  pressures 

i nvo l ved  w i t h  these bear ings,  r ubb ing  sea l s  o r  magnet ic f l u i d  sea ls  a re  

requ i red .  The f r i c t i o n  losses  i n  these bear ings  a re  s i g n i f i c a n t l y  lower  than 

those assoc ia ted  w i t h  b a l l  bear ings .  



Magnet ic bear ings  o f f e r  t h e  g r e a t e s t  p o t e n t i a l  f o r  ve r y  low f r i c t i o n  

and drag l osses .  However, a  f a i l u r e  o f  t h e  magnet ic l e v i t a t i o n  dev ice  w i l l  

l e a d  t o  a  c o l l a p s e  o f  t h e  bea r i ng  and p o s s i b l e  d e s t r u c t i o n  o f  t h e  f l ywhee l  

system. For  t h i s  reason, magnet ic bear ings  w i l l  p robab ly  always be des igned 

w i t h  a  b a l l  b e a r i n g  system as a back-up i n  f l ywhee l  systems. 

A l a r g e  p o t e n t i a l  l o s s  i n  f l ywhee l  systems i s  assoc ia ted  w i t h  sea l s  i n  

a  mechanical power feedthrough.  Cu r ren t  sea l s  can be used f o r  t r a n s p o r t  

v e h i c l e s  i n  s p i t e  o f  l a r g e  f r i c t i o n  losses .  L a b y r i n t h  sea l s  a re  charac- 

t e r i z e d  by low losses  and l o n g  l i f e .  F e r r o f l u i d i c  sea l s  show g r e a t  promise 

b u t  have n o t  demonstrated t h e  l ong  l i f e  necessary  f o r  v e h i c l e  ope ra t i on .  

Two a l t e r n a t i v e s  t o  sea l s  a r e  poss ib l e :  magnet ic coup l i ngs  and l o c a t i n g  

t h e  motor gene ra to r  i n  a  vacuum. 

The bea r i ng  and seal  f r i c t i o n  losses  f o r  a  10-kwh f l ywhee l  energy s t o r -  

age system shou ld  n o t  exceed 1 kW i f  t h e  system i s  used t o  p rope l  a  v e h i c l e .  

Est imates o f  performance o f  these systems i n d i c a t e  t h a t  l osses  can be k e p t  

a t  t h i s  1  eve1 b u t  woul d  r e q u i r e  some improvement o f  c u r r e n t  components. ( 4 )  

It w i  11 a1 so be necessary t o  accumulate s i g n i f i c a n t  exper imenta l  i n f o r m a t i o n  

t o  v e r i f y  t h e  l o s s  and l i f e t i m e  performances. 

SAFETY CONS1 DERATIOIVS 

The proposed f l y w h e e l l h e a t  engine system r e q u i r e s  a n a l y s i s  and t e s t i n g  

t o  determine t h e  e x t e n t  o f  p o s s i b l e  dangers i n h e r e n t  i n  t h e  a p p l i c a t i o n  o f  

a  f lywheel  . Two known problems must be so lved.  

F i r s t ,  a  700-1 b  f l ywhee l  r a t e d  a t  10 kwh con ta i ns  t h e  same p o t e n t i a l  

energy as 2  1b o f  g a s o l i n e  o r  20 l b  o f  TNT. A sudden change i n  t h e  s t a t e  

o f  t h e  f l ywhee l  c o u l d  produce a dangerous s i t u a t i o n .  I n  case o f  an a c c i -  

den ta l  occurrence, t h e  f l ywhee l  energy must be d i s s i p a t e d  s l ow l y .  One pos- 

s i b l e  s o l u t i o n  would be t o  combine programmed f l ywhee l  d i s i n t e g r a t i o n  w i t h  

a  h i g h  f a c t o r  o f  s a f e t y  and ex tens i ve  q u a l i t y  c o n t r o l  o f  t h e  f i n a l  p roduc t .  

A1 though a somewhat 1  esser  danger, gy roscop ic  e f f e c t s  r ep resen t  an area 

o f  concern t o  v e h i c l e  c o n t r o l .  The gy roscop ic  e f f e c t s  on a v e h i c l e  dominated 



by a  f l ywhee l  d i c t a t e  a  g i l r~bal  -mounted f l ywhee l  , p e r m i t t i n g  1  arge 1  a t e r a l  

mot ions. The f o l  1  owing sample c a l c u l a t i o n  demonstrates t h e  s i g n i f i c a n t  

p o t e n t i a l  gyroscopic  precess ion f o r c e  r e l a t i v e  t o  t h e  s i z e  o f  t h e  v e h i c l e .  

Assume a  maximum v e h i c l e  p i t c h  r a t e  o f  wl = 0.1 rad/sec and a  

bea r i ng  spac ing o f  L = 18 i n .  The gyroscopic  precess ion fo rce  

F  a c t i n g  on each bea r i ng  a t  24,000 rpm (9 = 2512 r a d l s e c )  

would be 

where I i s  t h e  moment o f  i n e r t i a  f o r  t h e  f l ywhee l  r o t o r .  

Forces of  t h i s  magnitude must be minimized. One p o s s i b l e  means i s  t o  use 

a  p a i r  o f  c o u n t e r r o t a t i n g  f l ywhee l s  on t he  same s h a f t  t o  e l i m i n a t e  t h e  

e x t e r n a l  gy roscop ic  torques.  However, t h i s  generates a d d i t i o n a l  to rques  

on f l ywhee l  s h a f t s  and bear ings.  Gimbal i n g  t he  f l ywhee l  system w i t h  a l l ow -  

ab le  mot ion o f  + l o 0  should 111-inirnize t h e  undes i rab le  torques.  As a  sa fe t y  

measure, t he  f l ywhee l  u n i t  cou ld  be designed t o  separate f rom t h e  v e h i c l e  

main s t r u c t u r e  i n  cases o f  excess angu la r  displacements such as those 

which may r e s u l t  f rom acc iden ts .  An a1 t e r n a t i v e  would be t o  reduce t h e  

s i z e  o f  t h e  f l ywhee l ,  which may mean reduc ing  f l ywhee l  energy t o  1 .0  kwh 

maximum. 

FLYWHEELIHEAT ENGINE SYSTEM CONFIGURATION 

The proposed v e h i c l e  d r i v e  system i s  shown schema t i ca l l y  i n  F igure  1. 

A  7.5-kW i n t e r n a l  combustion engine, designed t o  opera te  a t  about 5000 rpm 

a t  t h e  designed torque-speed r a t i n g ,  charges t h e  f l ywhee l  a t  a  s teady 

7.0 kW i f  some losses  a r e  inc luded .  Power i s  s u p p l i e d  t o  t he  f l ywhee l  

through a  con t i nuous l y  v a r i a b l e  t ransmiss ion ,  which a d j u s t s  au tomat ica l  l y  

t o  ma in ta i n  t h e  engine a t  des ign speed w h i l e  t he  f l ywhee l  v a r i e s  between 

12,000 and 24,000 rpm. Another c o n t i n ~ ~ o u s l y  v a r i a b l e  t r ansm iss ion  w i t h  



I HEAT ENGINE I 

FLYWHEEL 

FIGURE 1. F lywheel IHeat  Engine Veh ic le  Schematic 

r e v e r s i n g  c a p a b i l i t i e s  d r i v e s  t h e  wheels us ing  t h e  f l ywhee l  energy. There 

i s  no need a t  any t ime  t o  vary  t h e  speed o f  t h e  engine t o  corr~pensate f o r  

changes i n  demand, except  when t h e  f l ywhee l  i s  f u l l y  charged. A t  t h i s  t ime,  

t he  engine i s  t u rned  o f f  au toma t i ca l l y ,  t o  be tu rned  on a u t o m a t i c a l l y  when 

t h e  energy l e v e l  i n  t h e  f l ywhee l  f a1  1s below a  s p e c i f i e d  l e v e l .  

It i s  p o s s i b l e  t o  opera te  t he  engine w i t h o u t  a  t ransmiss ion  t o  t h e  

f l ywhee l .  I f  t h e  f l ywhee l  i s  assumed t o  d ischarge  a t  one - fou r t h  o f  i t s  

maximum r a t e d  energy l e v e 1 , ' t h e  charge ld ischarge  speed r a t i o  i s  2 : l .  Thus, 

t h e  engine speed r a t i o  i s  2:1 (5000 rpm t o  2500 rpm). The engine w i l l  

opera te  i n  a  range s l i g h t l y  o f f  t h e  op t ima l ,  which w i l l  r e s u l t  i n  a  h i g h e r  

f u e l  consumption r a t e .  Ove ra l l  system e f f i c i e n c y  i s  h i g h e r  than c o u l d  be 

ob ta i ned  w i t h  f i x e d  p o i n t  engine opera t ion ,  however, because o f  losses  asso- 

c i a t e d  w i t h  a  t ransmiss ion .  The engine would be coupled t o  t he  f l ywhee l  

by an e f f i c i e n t  speed r e d u c t i o n  u n i t  and a  s imp le  c l u t c h .  There may be 

s t a r t - u p  d i f f i c u l t i e s  w i t h  a  complete ly  stopped f l ywhee l  as w e l l  as ope ra t -  

i n g  problems w i t h  a  n e a r l y  d ischarged f l ywhee l .  

- ' GEAR BOX - SPEED 
REDUCER 

CONTINUOUSLY 
VARIABLE 

TRANSMISSION 
CLUTCH - 



The flywheel i s  contained in a vacuum system to  minimize the windage 
losses. With pressures near to r r ,  the flywheel could run nearly a 

week before discharging suff icient ly to  excite the internal combustion 
engine. 

The traction transmissions can be used to provide regenerative braking. 
This could yield large savings in energy during stop-go urban driving. 
Traction transmissions are 87 to  95 percent e f f ic ient  in the forward direc- 
tion and somewhat lower i n  reverse. 



FLYWHEELIHEAT ENGINE AND CURRENT TRANSPORTATION SYSTEMS 

REGULATORY CONFLICTS 

Government r e q u i r e d  s a f e t y  fea tu res ,  such as 5-mph bumpers and s i d e  

guard beams, add p r o p o r t i o n a t e l y  more we igh t  t o  a  l i g h t  v e h i c l e  than t o  a  

heav ie r  automobi le.  Achievement o f  t h e  100-mpg f l ywhee l  / hea t  engine v e h i c l e  

w i l l  n e c e s s i t a t e  o b t a i n i n g  exemptions f rom c e r t a i n  r e g u l a t i o n s .  A  precedent  

f o r  do ing  so has a l r eady  been se t .  Sebr ing Vanguard, manufacturer  o f  t h e  

smal l  e l e c t r i c  "C i t i -Ca r , "  has ob ta ined  exemptions f rom some s a f e t y  regu la -  

t i o n s  f o r  i t s  veh i c l e .  Thus, w h i l e  they  must be cons idered i n  any design, 

c u r r e n t  s a f e t y  r e g u l a t i o n s  do n o t  p resen t  an insurmountable roadblock t o  

t he  development and manufacture o f  l i g h t w e i g h t  veh i c l es .  

P o l l u t i o n  standards can be met w i t h o u t  an excess ive l o s s  i n  pe r f o r -  

mance. The proposed hea t  engine, designed t o  opera te  w i t h i n  a  narrow band, 

cou ld  conce ivab ly  s a t i s f y  c u r r e n t  requirements w i t h o u t  added pol  1  u t i o n  

equipment. Fur ther ,  t he  f l y w h e e l l h e a t  engine h y b r i d  v e h i c l e  c o u l d  p rov ide  

a  s o l u t i o n  t o  t h e  v e h i c l e  p o l l u t i o n  emiss ion problem, because o f  i t s  a b i l i t y  

t o  opera te  on f l ywhee l  power o n l y  f o r  extended t ime  per iods .  A f u l l y -  

charged f l ywhee l  a t  10 kwh w i t h  r egene ra t i ve  b rak ing  w i l l  propel  t he  des ign 

v e h i c l e  between 75 and 100 m i l e s  a t  30 mph w i t h o u t  ass is tance  f rom t h e  hea t  

engine. For most downtown and suburban d r i v i n g ,  t h e  hea t  engine need n o t  

be operated. Thus, t h e  h y b r i d  v e h i c l e  l o c a l  p o l l u t i o n  emissions would be 

zero. P o l l u t a n t s  would be emi t ted ,  however, whenever t h e  f l ywhee l  i s  

charged by t h e  heat engine o r  by any e l e c t r i c a l  means. 

MAINTENANCE AND OPERATIOIV 

Maintenance r e q u i r e d  f o r  a  f l y w h e e l l h e a t  engine h y b r i d  w i l l  be d e t e r -  

mined p r i m a r i l y  by t h e  maintenance needs o f  t h e  hea t  engine. Hyb r i d  v e h i c l e  

maintenance should n o t  be any more d i f f i c u l t  and time-consuming than  main- 

tenance o f  t oday ' s  automobi 1  es . The f l ywhee l  u n i t  may r e q u i r e  spec ia l  a t t e n -  

t i o n  i n  a d d i t i o n  t o  p e r i o d i c  u n i t  rep1 acement ( p r e v e n t i v e  maintenance). 



D i f f i c u l t i e s  may be encountered i f  t he  f l ywhee l  i s  a l lowed t o  r un  down com- 

p l e t e l y ;  i f  t h e  v e h i c l e  encounters a  l ong  and s teep grade a t  a  very  low 

charge l e v e l  ; i f  t h e  f l ywhee l  con ta ine r  develops a  leak ;  i f  t he  r o t o r  

develops unexpected f a i l u r e ;  o r  i f  t h e  v e h i c l e  encounters an acc iden t .  How- 

ever,  except  f o r  acc iden ts  i n  which a  v e h i c l e  i s  seve re l y  j o l t e d  and/or 

undergoes angu la r  displacement,  none o f  t h e  d i f f i c u l t i e s  appears t o  be 

ca tas t roph i c .  

For general  ope ra t i on ,  t h e  ope ra to r  c o n t r o l s  on t h e  h y b r i d  v e h i c l e  

would be analogous t o  those on p resen t  veh i c l es .  A s w i t c h  would engage t h e  

f l ywhee l  c l u t c h ;  a  s e l e c t o r  1  eve1 t ransmiss ion  would pe rm i t  cho ice  o f  d r i v e ,  

n e u t r a l ,  o r  reverse;  and a c c e l e r a t i o n  and brake pedals would command v e h i c l e  

acce le ra t i ons  and dece le ra t i ons .  The o n - o f f  o p e r a t i o n  o f  t h e  engine would 

be c o n t r o l  l e d  au ton ia t i ca l  l y  t o  keep t h e  f l ywhee l  speed w i t h i n  a  d e s i r e d  

range. The automat ic  mechanism would have a  manual o v e r r i d e  t o  p e r m i t  

ope ra t i on  i n  t h e  f l ywhee l -on l y  mode d u r i n g  urban d r i v i n g .  It migh t  be prac-  

t i c a l  t o  p rov ide  a  ga in  c o n t r o l  t o  a d j u s t  v e h i c l e  response t o  o p e r a t o r  p r e f -  

erences and d r i v i n g  c o n d i t i o n s  and t o  g i v e  t h e  d r i v e r  t h e  " f e e l  " o f  v e h i c l e  

a c c e l e r a t i o n  and dece le ra t i on .  

The f l ywhee l  must be recharged p e r i o d i c a l  l y  t o  ma in ta i n  r e q u i r e d  energy 

l e v e l s .  The p r imary  means o f  r echa rg ing  i s  t h e  10-hp heat  engine, which can 

b r i n g  t h e  10 kwh f l ywhee l  f rom one-quar ter  t o  f u l l  charge i n  about 1  hour. 

A s a f e t y  dev i ce  would shu t  o f f  t he  hea t  engine t o  avo id  overcharg ing.  If 

v e h i c l e  use were l i m i t e d  p r i m a r i l y  t o  urban commuting, t he  hea t  engine cou ld  

be augmented by an e l e c t r i c  motor, which can be used t o  charge t h e  f l ywhee l .  

Since t he  f l ywhee l  d r i v e  a lone  has a  75 t o  100-mi le range, a  smal l  motor 

r echa rg ing  t he  f l ywhee l  o v e r n i g h t  may be adequate f o r  a  l a r g e  range o f  d u t y  

c y c l  es . 



CONCLUSIONS 

The f l ywhee l / hea t  engine h y b r i d  p ropu l s i on  system appears t o  be a  very  

promi s i n g  concept f o r  an energy-economi c  v e h i c l e  d r i v e .  P o t e n t i a l  e x i s t s  

f o r  v e h i c l e s  powered by spark i g n i t i o n  engines, which have excel  l e n t  acce l -  

e r a t i o n  and grade-c l  imbing c h a r a c t e r i s t i c s  , 1 ong ranges, and o f f e r  80 t o  

100 mi l e s  p e r  ga l  l o n  o f  gas01 i ne .  Even h i g h e r  f u e l  economies a r e  poss i  b l  e  

w i t h  D iese l  and S t i r 1  i n g  engines. The combinat ion o f f e r s  e x c e l l e n t  pe r f o r -  

mance c h a r a c t e r i s t i c s  as an urban v e h i c l e  w i t h  a  range o f  75 t o  100 m i l e s  

on f lywheel energy alone. 

The b i g g e s t  shortcomings o f  a  10-kwh f l ywhee l  a r e  t h e  magnitude o f  

gy roscop ic  precess ion f o r ces  and danger f rom f l ywhee l  d i s i n t e g r a t i o n .  The 

f i r s t  can be e l  i m i  nated by des ign ing  c o u n t e r r o t a t i n g  f l ywhee l s  o r  by 

decreas ing t h e  f l ywhee l  s i z e .  The second may be so lved  w i t h  programmed 

d i s i n t e g r a t i o n  and spec ia l  f l ywhee l  designs. 

Another o b s t a c l e  t o  use o f  t he  f l ywhee l / hea t  engine system i s  t h e  cost .  

The added complex i t y  o f  t h e  system, coupled w i t h  t h e  e x o t i c  m a t e r i a l  used 

i n  t h e  f l ywhee l  and i t s  accessor ies,  sum up t o  a  r e l a t i v e l y  expensive 

veh i c l e .  A d e t a i l e d  c o s t  a n a l y s i s  w i l l  be r e q u i r e d  be fo re  a  h y b r i d  system 

i s  p u t  i n t o  p roduc t ion .  
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ENGINEERING ANALYSIS OF THE FLYWHEEL/ICE HYBRID 

Th is  appendix documents t h e  methods used t o  p r e d i c t  performance of a  

f l y w h e e l / i n t e r n a l  combustion engine ( ICE) h y b r i d  power p l a n t .  A1 though 

f a m i l i a r  terms o f  power p l a n t  horsepower and to rque  r a t i n g s  a r e  used, they  

must be viewed i n  a  d i f f e r e n t  frame o f  r e fe rence  when t h e  h y b r i d  power 

p l a n t  i s  examined. Convent ional  p r i n c i p l e s  o f  eng ineer ing  mechanics form 

t h e  bas is  o f  a n a l y s i s .  

FLYWHEEL/ICE HYBRID OPERATION 

Dur ing ope ra t i on  o f  a  v e h i c l e  powered by a  f l ywhee l / ICE d r i v e  system, 

the  road demands a r e  met e n t i r e l y  by t h e  f l ywhee l ,  except  when t h e  f lywheel  

i s  n e a r l y  d ischarged.  Power t o  t h e  wheels i s  ob ta ined  by reduc ing  f l ywhee l  

speed v i a  a  con t i nuous l y  v a r i a b l e  mechanical t ransmiss ion .  The same t r a n s -  

m iss ion  i s  used f o r  r egene ra t i ve  b rak ing  by conve r t i ng  t he  k i n e t i c  energy 

of t h e  v e h i c l e  i n t o  k i n e t i c  energy o f  t h e  f l ywhee l .  Dur ing normal opera- 

t i o n ,  the  i n t e r n a l  combustion engine p rov ides  7.5 kW t o  t h e  f l ywhee l  u n t i l  

t he  f l ywhee l  reaches i t s  maximum speed o f  24,000 rpm. A t  t h a t  c o n d i t i o n ,  

t h e  engine swi tches o f f  a u t o m a t i c a l l y  and t h e  f l ywhee l  operates as t h e  s o l e  

source o f  v e h i c l e  power. The engine may be swi tched on by t h e  f l ywhee l  

whenever t h e  f l ywhee l  drops below a  g i ven  speed, o r  by t h e  ope ra to r  as 

des i red. 

The TEK@ transmiss ion,  a v a i l a b l e  commercially, has a  cont inuous 

r a t i n g  o f  7.5 kW and w i l l  s a f e l y  handle momentary loads  up t o  50 kW. Wi th  

e f f i c i e n c i e s  o f  85 t o  95 percent ,  i t  appears adequate f o r  t h e  des ign veh i c l e .  

However, new designs a r e  p o s s i b l e  f o r  l i g h t e r  and more e f f i c i e n t  t ransmiss ions .  

A  l a r g e  number o f  f l ywhee l  m a t e r i a l s  i s  p o s s i b l e  f o r  use i n  f u t u r e  f l y -  

wheel systems, as shown l a t e r  i n  t he  appendix. However, t h e  c u r r e n t  des ign 

w i l l  u t i l i z e  a  s t e e l  d i s k  o f  cons tan t  s t r e s s  design, t u r n i n g  a t  a  maximum 

speed o f  24,000 rpm. The f l ywhee l  i s  charged by an i n t e r n a l  combustion 

engine th rough a  second con t i nuous l y  v a r i a b l e  t ransmiss ion .  The t ransmis -  

s i o n  i s  o f  t h e  same des ign as t h e  p r imary  t r ansm iss ion  used t o  d r i v e  t h e  

v e h i c l e  except  t h a t  i t  does n o t  need a  reve rse  gear.  The f l ywhee l  system 



w i l l  be designed f o r  a maximum power l e v e l  of  50 kW. For a 10-kwh f l ywhee l ,  

t h i s  power l e v e l  can be mainta ined f o r  12 min be fo re  be ing reduced t o  

7.5 kW, t h e  l e v e l  o f  t h e  i n t e r n a l  combustion engine ou tpu t .  

VEHICLE WEIGHT ESTIMATES 

The h y b r i d  v e h i c l e  i s  designed f o r  minimal weight  and maximum per -  

formance. Weights o f  va r i ous  components a r e  shown i n  Table A-1. 

Weight es t imates  a r e  based on l i g h t w e i g h t  m a t e r i a l s ,  s i n g l e  l i g h t -  

du ty  ax le ,  7.5-kW engine, and 10-kwh f l ywhee l  and t ransmiss ions  descr ibed  

p r e v i o u s l y .  These weights  a r e  dominated by t h e  f l ywhee l  and cou ld  be 

reduced w i t h  h i g h - t e n s i l e  s t r eng th ,  low-densi  t y  f i b e r g l a s s  m a t e r i a l s .  

TABLE A-1 . FlywheelI ICE Hyb r i d  Veh ic le  
Weight Est imates 

I n d i v i d u a l  Combined 
Component Weight, 1b Weight, 1b 

S t r u c t u r e  and suspension systems 

Flywheel1 ICE system 

Flywheel 

Housing and suppor ts  

Transmissions 

ICE 

D i f f e r e n t i a l  

M i  s ce l  1 aneous accessor ies 

M i  s c e l l  aneous 

5-gal l o n  f u e l  tank  ( f u l l  ) 

Noni t e ~ i i i  zed components 

D r i v e r  and passenger 

4 5 

100 

32 0 

TOTAL WEIGHT 2,450 



ACCESSORY POWER 

Accessor ies f o r  t he  h y b r i d  v e h i c l e  were se lec ted  t o  be t he  minimum 

necessary f o r  sa fe  ope ra t i on .  They a r e  l i s t e d  i n  Table A-2, a long  w i t h  

t he  an ti c i  pated power r e q u i  remen t s  . 
Because t h e  cont inuous demand on t h e  f l ywhee l  i s  inc reased  when t h e  

accessor ies a r e  used, t h e  v e h i c l e  range i s  reduced. To ma in ta i n  t he  v e h i c l e  

range, t he  c r u i s i n g  v e l o c i t y  must be reduced t o  about 45 mph w h i l e  acces- 

s o r i e s  a re  used. 

TABLE A-2. Hyb r i d  Veh ic le  Accessor ies 
Power Requi rements 

Accessorv 
Required Power, 

Watts 

Serv ice  1  i g h t s  - f r o n t  

Serv ice  1  i g h t s  - r e a r  

L icense p l a t e s  

Winds h i  e l  d  w i  p e r  

Radio 

Clock 

Dash l i g h t s  

M i  s c e l l  aneous 

Heater f o r  motor 

Accessory Load 197 

A1 t e r n a t e  1  osses (85% e f f i c i e n c y )  35 

TOTAL 232 = 0.32 hp " 

Heater  500 = 0.67 hp 

Accessory power r e q u i r e d  732 wa t t s  21 hp 

FLYWHEEL ANALYSIS 

The f o l l o w i n g  a n a l y s i s  i s  based on A IS I  4340 s t e e l .  C r i t i c a l  parame- 

t e r s  o f  t h i s  metal  a re :  



dens i t y ,  p = 0.289 l b j i n .  3 

t e n s i l e  s t r eng th ,  a  = 240,000 l b / i n .  2  

The maximum work iqg s t r e s s  w i l l  be s e t  t o  a1 low a  f a c t o r  o f  s a f e t y  o f  1-112 

based upon t h e  maximum d i s t o r t i o n - e n e r g y  t heo ry  o f  f a i  1  u re  : 

Maximunl f l ywhee l  speed w i  1  1  be determined f rom the  1  i m i  t i  ng va l  ue 

o f  a,. However, a  nominal va lue  o f  24,000 rpm w i l l  be sought: 

W max = 2,512 rad/sec. 

The e f f e c t i v e  minimum value o f  t he  f l ywhee l  speed w i l l  be t he  most e f f e c -  

ti ve c o n d i t i o n  f o r  t h e  i n t e r n a l  combustion engine: 

Nmin = 2,400 rpm 

The p r o f i l e  o f  t h e  f l ywhee l  w i l l  be t h a t  o f  a  cons tan t  s t r e s s  d i s k  

( b i a x i a l  s t r e s s  f i e l d )  where 

- 
= a e - a o '  r 

Accord ing t o  Den ~ a r t o ~ , " )  t h i s  g i ves  

where 

a, = r a d i a l  s t r ess ,  l b / i n .  
2 

a  = t a n g e n t i a l  s t r ess ,  ' Ib/ in.  2  
0 

a, = e q u i v a l e n t  s t r ess ,  I b / i n .  
2  



ACCESSORY POWER 

Accessor ies  f o r  t h e  h y b r i d  v e h i c l e  were s e l e c t e d  t o  be t h e  n~in'inium 

necessary f o r  s a f e  ope ra t i on .  They a r e  l i s t e d  i n  Table  A-2, a long  w.ith 

t he  a n t i c i p a t e d  power requi rements .  

Because t h e  cont inuous demand on t h e  f lywheel  i s  inc reased  when t h e  

accessor ies  a r e  used, t h e  v e h i c l e  range i s  reduced. To m a i n t a i n  t h e  v e h i c l e  

range, t h e  c r u i s i n g  v e l o c i t y  must be reduced t o  about  45 mph w h i l e  acces- 

s o r i e s  a r e  used. 

TABLE A-2. H y b r i d  Veh i c l e  Accessor ies  
Power Requirements 

Accessory 

Serv ice  l i g h t s  - f r o n t  

Se rv i ce  1 i g h t s  - r e a r  

L icense p l a t e s  

Windsh ie ld  w i p e r  

Radio 

Clock 

Dash l i g h t s  

M i  s c e l l  aneous 

Heater  f o r  motor  

Accessory Load 

A1 t e r n a t e  1 osses (85% e f f i c i e n c y )  

TOTAL 

Heater  

Accessory power r e q u i  r e d  

FLYWHEEL ANALYSIS 

Requi r e d  Power, 
Watts 

500 = 0.67 hp 

732 w a t t s  21 hp 

The f o l l o w i n g  a n a l y s i s  i s  based on A I S I  4340 s t e e l .  C r i t i c a l  parame- 

t e r s  o f  t h i s  meta l  a re :  



dens i t y ,  p = 0.289 I b l i n .  3 

t e n s i l e  s t r eng th ,  a  = 240,000 l b l i n .  2  

The maximum work ing s t r e s s  w i l l  be s e t  t o  a l l o w  a  f a c t o r  o f  s a f e t y  o f  1-112 

based upon t he  maximum d i s t o r t i o n - e n e r g y  t h e o r y  o f  f a i l u r e :  

Maximum f l ywhee l  speed w i l l  be determined f rom the  l i m i t i n g  va lue  

o f  a,. However, a  nominal va lue  o f  24,000 rpm w i l l  be sought: 

Nmax = 24,000 rpm 

W max = 2,512 rad l sec .  

The e f f e c t i v e  minimum value o f  t h e  f l ywhee l  speed w i l l  be t h e  most e f f e c -  

t i v e  c o n d i t i o n  f o r  t h e  i n t e r n a l  combustion engine: 

Nmi n  = 2,400 rpm 

W mi n  = 251 rad l sec .  

The p r o f i l e  o f  t h e  f l ywhee l  w i l l  be t h a t  o f  a  cons tan t  s t r e s s  d i s k  

( b i a x i a l  s t r e s s  f i e l d )  where 

Accord ing t o  Den ~ a r t o ~ , ( '  ) t h i s  g i ves  

where 

= r a d i a l  s t r ess ,  l b / i n .  2  
a r 

a  = t a n g e n t i a l  s t r ess ,  l b l i n .  2  
0 

= e q u i v a l e n t  s t r ess ,  1  b / i n .  
2 

a. 



t = d i s k  th ickness  a t  r, i n .  

t = d i s k  th ickness  a t  r = o, i n .  
0 

r = rad ius ,  i n .  

e  = 2.71828. .. 
g  = 386 in . / sec  2  

Since t h e  c r i t i c a l  c o n d i t i o n  i s  a t  t he  maximum speed, t h e  d i s k  p r o f i l e  i s  

e s t a b l i s h e d  a t  t h a t  c o n d i t i o n  as f o l l o w s :  

t = t exp (- 0.014764 r2) 
0 

Energy s t o r e d  i n  t h e  f l ywhee l  i s  

1 2  8  KE = 7 Iw = 10 kwh = 13.41 hp-hr  = 3.185 x  10 i n . - l b  

where 

2  I  = moment o f  i n e r t i a ,  i n . - l b - sec  . 
The moment o f  i n e r t i a  r e q u i r e d  t o  s t o r e  10 kwh between 24,000 and 2,400 rpm 

i s  

8  AKE = 3.185 x  10 in . - ' lb  

Knowing t h e  i n e r t i a ,  t h i ckness  o f  t he  d i s k  base may be determined. 

The i n e r t i a  o f  a  cons tan t  s t r e s s  d i s k  may be found by i n t e g r a t i n g  t h e  

element shown i n  t h e  f o l l o w i n g  sketch.  



For a cylindrical element, 

r 2 3 I0 =/0 0.00472 toexp (-0.014764 r)r dr. 

Let u = r 2 
d v  = exp (-0.014764 r2)r dr. 

r 
Then du = 2r dr v = 1 exp (- 0.014764 r2)(rdr) 

0 

= - 33.87 exp (-0.014764 r2) 

I0 = 0.00472 to 1-33.87 r2 exp (-0.014764 r2) 

-33.87 exp (-0.01 4764 r2)2rdr , 1 



F ina l  l y ,  

I 0  
= 0.00472 to r2 exp (-0.014764 r2) -2294 exp (-0.014764 r2) , + CI 

when r = 0, I = 0 
0 

Thus, C = 2294, and 

I 0  
= 0.00472 to 2294 - 2294 exp (-0.014764 r2) 

-33.87 r2 exp (-0.014764 r2)\ . 

From t h e  l a s t  equa t ion  i t  i s  obv ious t h a t ,  f o r  a g iven  cho ice  o f  rmax, a 

va lue o f  to and t h e  we igh t  o f  t h e  f lywheel  a r e  obta ined.  Two cases a r e  

discussed, rmax = 12 i n .  and rmax = 15 i n .  

Case A: rmax = 12 i n .  

exp ( -0 .014764(12)~)  = exp (-2.126) = 0.1193 

Disk p r o f i l e  i s  g i ven  by 

r = 0 i n . ,  t = 14.87 i n .  

r = 3 i n . ,  t = 12.92 i n .  

r = 6 i n . ,  t = 9.08 i n .  

r = 9 i n . ,  t = 4.51 i n .  

r = 12 i n . ,  t = 1.77 i n .  



With a th ickness o f  1.77 i n .  a t  the  t i p ,  t h i s  d i sk  does n o t  y i e l d  a good 

shape f a c t o r .  Furthermore, t he  weight  o f  t h i s  d i s k  i s  l a r g e .  The d i s k  

weight may be found by i n t e g r a t i o n ,  us ing  a c y l i n d r i c a l  element s i m i l a r  

t o  t h a t  used be fore  t o  eva lua te  the moment o f  i n e r t i a .  

dV = 2nr  ( t d r )  

= 2nr  to exp (-0.014764 r2 )d r  

12 
V = Zn(14.87) 4 exp (-0.014764 r 2 ) d r  

= 93.385 [-33.87 exp (-0.014764 

= 3163 (1-0.1193) = 2786 i n .  3 

Case B: rmax = 15 i n .  

exp (-0.014764(15)~) = exp (3.322) = 0.0361 

to = 
100 

0.00472 (2294-275-83) = 11.05 i n .  

Thus, r = 0 i n . ,  t = 11.05 i n .  

r = 3 in . ,  t = 9.08 i n .  

r = 6 in. ,  t = 6.49 i n .  

r = 9 i n . ,  t = 3.34 i n .  

r = 12 in . ,  t = 1.32 i n .  

r = 15 in . ,  t = 0.40 i n .  



The th ickness o f  t h i s  d i s k  a t  the t i p  i s  n e a r l y  zero, assur ing a  shape 

f a c t o r  near 0.90. Furthermore, the  weight o f  t h e  d i s k  i s  a l s o  reduced. 

15 
Y = 2-m (1  1.05) exp (-0.01 4764 r 2 ) d r  

= 271 (1 1.05) [-33.87 exp (-0.01 4764 r2) 

= 2350 (1-0.0361 ) = 2265 i n .  3  

A l a r g e r  diameter w i l l  y i e l d  a  lower weight,  b u t  may a l so  exceed t h e  c r i t i -  

ca l  s t ress- to-densi  t y  r a t i o .  For t h e  above design, t h e  energy dens i ty  i s  

The c r i t i c a l  energy dens i ty  i s  

Thus, t he  energy dens i ty  i s  s u f f i c i e n t l y  low t o  permi t  t he  15-in. d i s k  t o  

be a  candidate f lywheel  f o r  the  hyb r id  veh ic le .  The shape f a c t o r  f o r  t he  

constant s t ress  design i s  1.0 f o r  a  pure ly  exponential  d isk.  For the  case 

examined here, t he  shape f a c t o r  requ i red  i s  about 0.88. Note t h a t  t h i s  

inc ludes a  f a c t o r  o f  s a f e t y  o f  1-1/2 based upon maximum t e n s i l e  s t ress .  

ROAD LOAD REQUIREMENTS 

Road load  requirements can be descr ibed i n  terms o f  several  major 

f ac to rs :  aerodynamic res is tance,  r o l l i n g  res is tance,  acce lera t ion ,  and 

grades. 



Aerodynamic res i s tance  i s  g iven by Taborek") as 

where PA = aerodynamic drag fo rce ,  1  bs 

CA = 0.42 (aerodynamic drag c o e f f i c i e n t )  

2  A = 16 f t  ( f r o n t a l  area)  

V = v e l o c i t y ,  f t / s e c .  

For t he  s u b j e c t  veh i c le ,  

2  PA = 0.00768V 

R o l l i n g  res is tance" )  can be est imated by 

where W = v e h i c l e  weight,  l bs .  

Combining aerodynamic and r o l l  i n g  res is tances ,  

For a  2000-1 b  veh i c le ,  

I n  terms o f  power r e q u i r e d  a t  t he  wheels, 

HP = PV/550 hp 

-3  3 HP = 0.0291V + 0.0147 x 10 V hp. 

T r a c t i l e  e f f o r t  can be est imated as 

PT = W @ / l O O  

where @ = grade, i n  percent .  



I n  terms o f  power 

f o r  a  v e h i c l e  weigh ing 2000 1  bs. 

Power r e q u i r e d  t o  acce le ra te  a  v e h i c l e  a t  cons tan t  r a t e  "a"  i s  

where "a" i s  a c c e l e r a t i o n  l e v e l  i n  gs.  (a  

To summarize, t h e  t o t a l  power r e q u i r e d  a t  wheels t o  overcome road l oad  

requirements and t o  acce le ra te  a t  a  cons tan t  r a t e  "a" up a  grade @ i s  

Case A  

Power requi rements f o r  cons tan t  speed a re  as f o l l o w s :  

Vel o c i  t y  , 
f t / s e c  

Assuming t ransmiss ion  and a x l e  e f f i c i e n c y  o f  0.9, t h e  maximum power 

r e q u i r e d  a t  50 mph (73.3 f t / s e c )  i s  8.80 hp. 

Case B 

Power r e q u i r e d  a t  wheels t o  acce le ra te  t h e  v e h i c l e  a t  a  cons tan t  r a t e  

o f  0.39 t o  70 f t / s e c  (47.7 mph) on l e v e l  ground i s  determined by: 

(a )  The a b b r e v i a t i o n  g  i s  used here t o  i n d i c a t e  g r a v i t a t i o n a l  f o r ce .  

A-1 1  



At  0.39, V = 9 .66 t  and A t  = 1.035 sec f o r  each 10 f t / s e c .  

A t  
sec 

cat  
sec 

1 .035 

2.070 

3.105 

4.140 

5.175 

6.21 0 

7.245 

Mean HP 
hp 

5.61 

16.87 

28.26 

39.87 

51.79 

64.11 

76.91 

AKE 
hp-sec 

5.81 

17.46 

29.25 

41.27 

53.60 

66.35 

79.60 

CAKE 
hp-sec 

5.81 

23.27 

52.52 

93.79 

147.39 

21 3.74 

293.34 

'Thus, 293 hp-sec (0.081 hp-hr)  a r e  r e q u i r e d  t o  a c c e l e r a t e  t h e  v e h i c l e  f r om 

0 t o  70 f t / s e c .  The maximum horsepower r e q u i r e d  (80)  i s  we1 1 w i t h i n  f l y -  

wheel system c a p a b i l i t i e s .  Note t h a t  convers ion e f f i c i e n c i e s  o f  t ransmis -  

s i o n  and d i f f e r e n t i a l  a re  neg lec ted  here. I n  t he  above t a b l e ,  

AKE = HP x A t  

Case C 

Power r e q u i r e d  a t  wheels t o  acce le ra te  t h e  v e h i c l e  t o  60 f t / s e c  

(41 mph) a t  a cons tan t  r a t e  o f  O. lg  on a 20 pe rcen t  grade i s :  

A t  O.lg, V = 3 .22t  and A t  = 3.106 sec f o r  each 10 f t / s e c  increment.  The 

horsepower and energy r e q u i  rements are:  



A t  
sec 

3.106 

3.106 

3.106 

3.106 

3.106 

3.106 

cat 
sec 

3.106 

8.212 

9.318 

12.424 

15.530 

18.636 

Mean HP 
hs 

5.61 

16.87 

28.26 

39.87 

51.79 

64.11 

AKE 
hp-sec 

17.43 

52.40 

87.78 

123.84 

160.86 

199.13 

CAKE 
hp-sec 

17.43 

69.82 

157.60 

281.44 

442.30 

641.43 

The t o t a l  energy r e q u i r e d  t o  acce le ra te  t he  s u b j e c t  v e h i c l e  f rom 0 t o  41 mph 

on a 20 percen t  grade i s  641 hp-sec (0.17 hp-hr )  and t h e  mininium power i s  

70 hp, again we1 1 w i t h i n  f l ywhee l  system c a p a b i l i t i e s .  

FUEL ECONOMY AT CONSTANT SPEED 

A t  cons tan t  speed on a l e v e l  roadway, power a t  wheels i s  a f unc t i on  o f  

v e l o c i t y .  From t h e  p rev ious  sec t i on ,  

f o r  a 2000-1 b veh i c l e .  Assuming 49.1 hp-hr per  g a l l o n  o f  gaso l ine ,  a 33 per -  

c e n t  O t t o  c y c l e  e f f i c i e n c y ,  a 0.90 percen t  e f f i c i e n c y  o f  t ransmiss ion  and 

d i f f e r e n t i a l ,  and 1.5 hp f o r  o t h e r  losses,  t he  mi leages f o r  a h y b r i d  v e h i c l e  

a re  : 

CHP 
hp 

2.28 

2.91 

3.84 

Consumption, 
mpg 

97 

114 

115 

107 

95 

83 
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Thus, the  maximum f u e l  economy i s  115 nlpg a t  40 f t / s e c  (27 mph) and 

decreases t o  about 80 mpg a t  73.3 f t / s e c  (50 mph). For a  veh ic le  weighing 

2500 'Ibs, these mileages would decrease by about 25 percent over the  e n t i r e  

range o f  speeds. 

URBAN AREA FUEL ECONOMY 

If the proposed veh ic le  i s  equipped w i t h  a  regenerat ive brak ing  system, 

the  ne t  e f fec t  of  a  l a r g e  number of  accelerat ions,  decelerat ions,  and long 

i d l i n g  periods on veh ic le  gas consurr~ption w i l l  be minimal. I d l i n g  t ime 

w i l l  have no e f f e c t  a t  a l l ,  since, u n l i k e  a  conventional vehic le,  i d l i n g  

t ime i s  used t o  charge the  f lywheel and no energy i s  wasted. Acce lera t ion  

a t  0.30 gs t o  40 f t / s e c  uses 0.03 hp-hr o f  energy, o r ,  approximately 30 stops 

are requ i red  w i t h i n  an hour t o  deplete 1/10 o f  the t o t a l  f lywheel energy 

stored. With regenerat ive braking, about 60 percent o f  the  energy l o s t  t o  

braking f r i c t i o n  can be recovered; on l y  0.01 hp-hr o f  energy i s  l o s t  i n  each 

acce lera t ion .  A t  40 f t / sec ,  the  t o t a l  energy used i s  then 3.84 + 30 x  0.01 = 

4.14 hp-hr, and expected urban mileage i s  106 mpg compared t o  115 mpg a t  best  

cond i t ions .  

FLYWHEEL WINDAGE LOSSES 

An important  f a c t o r  i n  f lywheel  system design i s  the  windage loss  asso- 

c i a t e d  w i t h  the  h igh  speed o f  a r o t a t i n g  f lywheel .  This l o s s  must be kept  

under 0.5 hp i f  the  f lywheel system i s  t o  be e f f e c t i v e .  An empi r ica l  r e l a -  

t i o n s h i p  used by ~ o c k h e e d ' ~ )  gives approximate windage power losses as 

where 

HP = steady-state windage loss ,  horsepower 

t = t i p  thickness, inches 

R = rad ius  o f  f lywheel ,  inches 

P = a i r  pressure, ps ia  

T = temperature, O R  

N = r o t a t i o n a l  speed, rpm 

1. = a i r  v i s c o s i t y ,  I b / h r - f t  



The s teady-s ta te  windage l o s s  c a l c u l a t i o n  i s  f o r  an unshrouded d i s k  r o t a t i n g  

i n  an incompress ib le  gas i n  t h e  subsonic reg ion .  The losses may be reduced 

s u b s t a n t i a l l y  w i t h  an op t im ized  shroud. 

Table A-3 shows windage l o s s  as a  f u n c t i o n  o f  pressure. Tabular values 

a re  based on the  f o l l o w i n g  parameters: 

N = 24,000 rpm 

R = 15 inches 

t = 0.40 inches 

T  = 520°R 

p = 0.043 l b / h r  = ft. 

The t a b l e  i n d i c a t e s  t h a t  vacuum l e v e l s  of  0.0001 atmospheres o r  b e t t e r  

a re  d e s i r a b l e  t o  h o l d  t h e  pumping l o s s  t o  0.5 hp o r  l e s s .  

TABLE A-3. Pressure-Windage Loss Re la t ionsh ips  

Steady-State 
Pressure, Windage Loss, 

p s i  h  p  

0.01 atm = 0.147 14.6 

0.001 atm = 2.0147 2.3 

0.0001 atm = 0.00147 0.37 

The vacuum system sea ls  used determine t h e  maximum main ta inab le  f l y -  

wheel vacuum. Dynamic seal i n g  w i t h  magnetic f l u i d s  ( f e r r o f l  u i d i c  sea l s )  can 

p rov ide  n e a r l y  zero leakage a t  h i gh  speeds. Recent ly,  vacuum seals  have 

been b u i l t  f o r  speeds t o  120,000 rpm and f o r  vacuums t o  t o r r  atm). 

Thus, h o l d i n g  h i g h  vacuums appears t o  be poss ib le .  Magnetic-1 i q u i d  seals  

p rov ide  a  p o s i t i v e  hermet ic  b a r r i e r  i n  vacuum systems w i t h  leaks  o f  l e s s  

than lo- ' '  s tandard c/sec o f  he1 ium. 
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