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ABSTRACT
A flywheel energy storage unit which can accelerate inertial loads from rest with-
out an external transmission has been designed, built and tested. The preliminary
development of this flywheel, a configuration of Band Type Variable Inertia Flywheel
(BVIF), is presented. This includes a development of the equations of motion which
governs the BVIF mechanism, the properties of a BVIF powering an inertial load, and the
design and testing of a prototype model. It will be shown that the BVIF is an energy
storage system capable of smoothly accelerating inertial loads to an even terminal speed.
|
VARIABLE LIST INTRODUCTION
b band width Many of the -end uses of energy
E energy depend on its availability in mechanical
h band thickness form, usually as rotating shaft power.
I polar moment of inertia Consequently, great advantage would be
L single band length had in terms of simplicity and overall
m mass system efficiencies if energy for such
n number of bands uses could be stored in a rotating mass.
P power ‘ -Such a device is by definition a fly-
r hub radius wheel, one of the oldest and most
T, outer radius of material wrapped commonly used energy storage mechanisms.
around the hub
r, inner radius of material in outer Nonetheless, the uses of flywheels
casing to date have been largely limited to
r, inner radius of out casing reducing variations in the speeds of
r5 outer radius of casing shafts driven by pulsed or irregular
T" torque ' inputs or supplying peak forces in
0 angular position machine tools such as punch presses.
p mass density The reason for this underutilization is
w angular speed an inherent difficulty in the power
delivery capabilities of conventional
Subscripts flywheels, Specifically, the energy
content, E, of a flywheel is a function
B band of the polar moment of inertia, I, and
eff effective the angular velocity, w, (E = %Iw"),
fixed nonvariable where the moment of inertia is a function
e 3. inner hub shaft of the mass and the effective radius of
i moment of inertia that mass from the axis of rotation
o outer casing shaft (I = f r“dm). For a fixed-inertia
w angular rate m
L lecad system such as the common rotating disk
flywheel, then, the energy equation
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prescribes reduction in angular velocity
as the only means of extracting energy,
Most shaft loads, however, require a
constant or increasing speed for their
operation, so the only means of connect-
ing a fixed-inertia flywheel to such
loads is through some type of continuously
variable transmission (CVT) or its
electrical analog, a motor—-generator
system. The addition of such a unit to
the system usually produces reduction in
efficiency and increases in system
complexity, weight, and cost. The design
and development of effective flywheel
energy transmission systems must precede
any significant usage of flywheels as
energy storage systems.

The flywheel described in this report
_releases energy in a manner intended to
eliminate the need for a CVT or motor-
generator by uncoupling the flywheel's
energy content from its angular velocity.
Tt is a variable-inertia flywheel (VIF),
in which the moment of inertia term I, of
the energy equation becomes a variable,
allowing net energy release even if the
speed term, w, is constant or accelerat-
ing. For the flywheel under consideration
here, the mechanism is a coiled thin band
wound between an inner hub rotating with
angular velocity wi and a concentric

cylindrical outer casing rotating with
angular velocity mo- Thus the BVIF is a

two-degree—of-freedom device. The layout
is much like the installation of a clock-
work's mainspring except that no springi-
ness is intended or assumed. As shown in
Fig. 1 there are two inter-wound bands
for balance but there could be more if
desired. Variation in the moment Qf
inertia is accomplished by relative rota-
tion of hub and casing which winds the
band material in onto the hub or oukt
against the casing. This device is
referred to as the Band-Type Variable
Inertia Flywheel (BVIF). Figure 1 also
defines the conventions used in all the
ensuring discussion. The positive
directions for all angular rates and
torgques are taken to be positive in the
counter-clockwise direction shown. The
subscripts used for these gquantities are:
"i" when referring to the inner hub, the
inner rotating element, "o" when referr-
ing to the casing, the outer rotating
element. The torques on hub and casing
are due to the band segment between the
tightly wound material about the inner
hub and that pressed by centrifugal forces
in the outer casing. This segment of the

band is in tension. The bands exert a
positive torque on the hub and a negative
torque on the casing when wrapped in the
direction shown. The band-wrap direction

is defined to be positive when W > Wy

causes the bands to accumulate on the hub;
negative if w > wi causes the bands to
()

move out to the casing.

The development history of the BVIF
leading to the research reported here is
presented in References 1-4. Reference 1
presents an introduction to the variable
inertia concept, discusses many potential
configurations and studies one configured
like a flyball governor. Reference 2 is
a digested version of Reference 1. 1In
Reference 3 the Band Type Variable Inertia
Flywheel is initially studied. TIts
equations of motion are derived and three
potential ways of connecting it to
external systems are developed. These
three are as shown in Fig. 2 as Type I,
the inner hub connected to the load and
the outer casing free; Type II, the inner
and outer elements geared together
reducing the BVIF to a one-degree-of-
freedom system; and Type III, the inner
hub, ocuter casing and load are connected
to the three elements of a planetary
gear set. In Reference 3 the Type II
system was studied and found to be able
to power a friction load at near constant
speed but not have good inertia load
powering capabilities.

This paper is a synopsis of research
reported on in Reference 4 where the
Type III BVIF, the one with the planetary
gear set, has been more deeply studied.
The operation of this system is explained
by derivation of the equations of motion
and their application to the Type III
system. A comparison of computer simula-
tion results to experimental data is
offered as verification of the equations.

THE BVIF EQUATIONS OF MOTION

The equations of motion of the BVIF
(regardless of which Type system) have
been derived using Lagragian techniques
in References 3 and 4. 1In Reference 4
the approach is made both through kinetic
energy and separately through potenital
energy formulations. This dual approach
is intended to gain insight into the
complex variations of angular rate, band
torque and moments of inertia which
characterize the operation of a BVIF.
Also in Reference 4, for completeness,




the equations of motion have been derived
using tHe standard Newtonian approach.
This latter development is presented here
assuming a perfect, no-loss system. This
assumption is relaxed in later sections of
the paper.

According to Newton's 2nd Law, the
sum of the torgues on a body must equal
the time-rate of change of angular momen-—
tum or,

- 2

T dt(Im).

Visualizing the BVIF as a two degree-of-
freedom system, drawing free-body diagrams
on inner and outer inertias (see Fig. 3),
and summing forces on each provides:

T
1 B

d
dt(Iiwi), (1)
and
d
T - = —[I W )a 2
e} TB dt( o o) (2)
T 1is the only unevaluated term here. To
develop an equation for this band torgue
in terms of the variables defined in Fig.
1, consider a small mass, dm, in the band
and moving from radius r, to r_. A
rotation of the inner hug, d@., causes
a length of band, dL = d0.r. to unwind.
Since band accumulation bétiween windings
is not allowed, a casing rotation equal
‘r2
to d@i ;ﬁ—is required to absorb dL from
3
the hub., If O is defined by

Q=06 -0,
i o
then
i
de = d@. - dO® = 406, - ap. —=
i o i ir
3
and
d
e _ 273
ag = r.  r.-=r_ °
do . -d40. “3 4 "
<k s r3

Now, dm = nhbpdL, so by substitution and
rearrangement,

o - dm (rs”rz
nbhp r3r2

) -

As the torque, T_, does work (causes an
energy change) in the band as it moves
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through the relative angle @ then
E =70
B
or

dE = T_doO.
B

For the bit of band mass, dm, moving from '

r., to r

5 the change in energy is:

3l
4dE = %dmriwi - %dmr;wi

Combining and rearranging the expressions

for dE and dO gives

L
Z 2 Z.2
— )(r3m —rzw,) , (3)
I3 r2 Q L

TB = Lnhbp (

this characterizes the band torgue in
terms of the basic system. From the
Reference 3 derivation, the expressions
for the other variables used are:

I, = E%E{rg—ri) ¥ T, (4a)
. *fixed
and
m 4 4
I = —%2{r4—r3) + I ’ (4b)
© Cfixed
so
I. = 2mpbri: {4c)
3 T PRESE,
and
I = -2mpbroi (4d)
o g "
where
. _mh T3 .
r2 ST F -f2 (wo mi) (de)
and
E
i3 = ;zriz . (4F)
3 .
The wvariables r., r_. can be used as

macroscopic, observable coordinates for

the system motion. They depend on the

intrinsic coordinates, ©., and @ accord-

ing to eguations 5, 1 ©
2 2

(x - )—i(r3 -r

y+K (0,-0 )}2
3 s 1 o©

2
o ‘o o ‘o
2[(r3 ~By x+Ks(®i—9 1]
o} o (5a)




and | 2 2 ]2

o = - 7 Y 0O
(m) -r )+[(r3 Eo T IE. <D )
5 e Q o Q e}
3 . ;D 0 IS
2[(r3 X }+I\S(Oi UO)] (5b)
6] e}
nh
where K = — and r P = are the wvalues
s 21 2O 30

£ d
of r, an r3

5 at time equal to zero.

The above equations constitute a
complete modeling of the basic BVIF as a
free-standing system with the assumption
of perfect, no-loss operation. These
factors will be added in the subsequent
sections of this paper. Also, from
equations 1-5 it is evident that the BVIF
is a two degree of freedom system with the
angular velocities or positions of the
hub and casing as independent coordinates.
It is obvious that these equations are
highly nonlinear and that the seven inde-
pendent equations 1, 2, 3, 4a, 4b, 4e and
4f contain 9 unknowns (T., T , T , w,, W ,
I,;, T 7., B.)« To cotpleté the se% ofO
eéuatlons the connection of the BVIF to
the outside system must be defined.

TYPE III BVIF SYSTEM SIMULATION

The Type III BVIF is by far the most
complex dynamically of the BVIF configur-
ations studied to date due to the inclu-
sion of a planetary gear set. However,
the complexity offers the most promise for
versatility in operation. In this
configuration (see Fig. 2), the two shafts
of the BVIF (hub and casing) are connected
to a load shaft via a planetary (epicyclic
gear train) so that at any given time all
three shafts can be rotating at different
angular rates. The load shaft is notated
with the subscript L. The eguations of
motion do not reduce but rather expand
intc a set of 11 simultaneous nonlinear
equations which can be solved for the
torgues and accelerations of hub, casing
and load shafts. In addition to the
seven equations derived earlier there are
also additional equations for the load
and the planetary gear set. The load
torgque and angular rate (2 more unknowns)
are related by

2
m w_;
AERO L

3y il I

A F 8)
where the load is assumed to consist of
an inertia I_, Coulomb friction, T_, and
aerodynamic loss, T Plus from
Reference 5, the torqué and rotational
relationships for planetary gear sets:
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Ti = ATL/(l-gr) (7a)

and
TO = qr-TL/(léqr) (7b)

and
mL = &i/(lﬂgr) - gr-wo/(l—gr). (7¢)

The gear ratio, gr, is defined as the
ratio of 0, to @ when @ = 0. Note that
the rotation equgtion (7c) holds for
angular position, @, and angular accelera-
tion, ®, as well and that the representa-
tion of the gear set in Fig. 2 is purely
Any of the elements of the
epicyclic train may be attached to the
three shafts of the Type III without
altering the eguations so long as gr is
defined.as above. Also with the addition
of variables T_ and w_ and equaticns 6
and 7, there are eleven nonlinear
equations and unknowns.

arbitrary.

With the planetary gear set in the
Type ITII BVIF it is guite possible to
accelerate the load while both hub and
casing are slowing down. The accelera-
tion of the load depends on the rate of
change in the difference between inner
and outer velocities, rather than their
absolute values. 1In fact, for appropriate
choices of gr, the load can be made to
accelerate positively no matter what the
magnitudes or even directions of the two
flywheel velocities. 1In principle a
great energy yield may be possible if the
flywheel speeds can be brought low while
the load shaft speeds up.

TYPE III BVIF - TYPICAL OUTPUT
CHARACTERISTICS AND SENSITIVITY
TO PARAMETER VARIATION

To demonstrate the output character-
istics of a Type III BVIF accelerating
inertial load and show the effects of
parameter variation a specific example
will be used. The dimensions for this
example are from the prototype BVIF
described in the next section of this
paper. The major dimensions for this
model are:

T = 0.5 in
1 .

T = §.0 in
4

nband 2

h = ,002 in
band .
bband = 1.0 in
Lband = 9700 in




.00073 1b-s2/ind

p ==

IiSt?el;: .05 lb-s2.in
fixed 5

T = .74 1lb-s -in

®fixed )
Imax = 1.32 lb-s_-in @ r_=.5 in
I . = 0.98 1b*s *in @ r_=3.5 in

min 2

The planetary gear set used has a ratio of
.75. This value was not selected based on
any benefits of this v.lue but because of
availability of hardware. 1In these
simulations the entire mechanism is assum-—
ed frictionless. Friction effects will be
discussed.

In this section the operation of the
above dimensioned Type III BVIF will be
described in great detail. This will be
followed by a discussion of the effect of
variation of some of the major dimensions
and initial conditions.

For example the baseline initial
conditions used are w, = w_ = 500 rad/sec
(4775 rpm) and r, = 3.0 iR. The load is

2,
-20 1lb*s -in.
load is at rest.

purely inertial and T
Initially the inertia
The simulation of this example is made in
three steps. At time zero the entire BVIF
is rotating at 500 rad/sec and a clutch
between the load and BVIF is disengaged.
At time zero-plus the BVIF is allowed to
go free so the various shafts can rotate
at different speeds which will happen

due to centrifugal forces on the bands.

At one second the lcad clutch is engaged
taking one second for the EVIF load shaft
and the load to reach a nonslip common
speed. From two seconds on the BVIF is
directly powering the load with no clutch
slip or gear change. The results of

this simulation are shown in Fig. 4a-f
and 5.

1l

The angular rate time history of the
BVIF is shown in Fig. 4 along with the
band position r_ . For the first second
of the run the BVIF is free so centrifugal
force is driving the band material outward
(i2<0). This causes the inner hub to
accelerate due to loss of mass and the
casing to decelerate as it gains mass.
The load shaft having low inertia speeds
up in response to the torgues on it
through the planetary. Between one and
two seconds the clutch is engaged slowing
the load shaft. The 190 rad/sec shown
for ML at two seconds is the speed of the
load shaft and the load itself at that
time, Prior to one second the load was
at rest and with the torque supplied
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through the slipping clutch accelerated
from 0 to 190 rad/sec in the one second
interval. From the two second point on
the load is accelerated with no clutch

slip. To do this wifm so the band winds
in, r_>0. At 8 seconds w. = w. = w and
¥ 8. From this time onhward w >Cw.

and the band winds out into the 8asin§,
r.<0. This continues until the band is
fully out wound. At this time w_ = 800
rad/sec and the inertial load has been
smoothly accelerated from rest with only
an initial clutching.

In Fig. 4b the moments of inertia of
the system are plotted. Here the moment
of inertia of the material rotating at
speed wW,, I., is seen to increase
initialiy a8 the band winds in.
the band winds out I, falls to I,

i -

fixed
Similarly the moment of inertia of the
material rotating at w , I , drops
initially then increasés steadily. The
moment of inertia of the BVIF as seen by
the load itself is called the effective
moment of inertia, I . This ficticious
inertia represents thé entire BVIF as if
all the elements were rotating with
angular velocity w_. The effective
moment of inertia can be derived either
by considering the equations of motion
which is quite lengthy or by treating the

Then, as

BVIF as a black box so that
T = 51(1 w_)
L dt " eff L

and solving for I . This latter treat-
ment has been useg In the computer simu-
lations. As seen in Fig.4b, Ief drops
steeply during the high acceleragion
portion of the run then levels off as
the terminal velocity is reached.
Essentially the entire system of BVIF
plus load must conserve angular momentum
SO

d
= + I )w =0
dt[(Ieff L) L]
or
Iefwa = “(Ieff * IL]wL
Thus T must be negatively large to

give h?éﬁ acceleration to the load in the
early portion of the run as can be seen.
Figure 4c is the torque-time history of
each element of the system. Also includ-
ed is the history of r_, or band position.
Note that T_, the band torque is the
overwhelming protion of T,, justifying
the usage of the potentiai energy/band




tension mode of energy removal rather than
relying oh the inertial change effects

to produce usable torque. Note also that
all the torques can be approximated as
being proportional to r This supports
the decision to use in-wound band as the
initial condition, in order that the
torgue curves would have the early peak
and trailing long-term response.

Figures 4d, e and f along with Fig.
5 show the power flow within the system.
In Fig. 4d the power flow through the
planetary is shown. Power P is the
power given up to the load. "P_is the
power transferred to the cuter casing
through torgue T . P_ is the power input
to the planetary from the hub through
torque T.. As can be seen the sum of
these powWers equals zero at all times.
Power P., for example, is derived from the
band to%que T_ and the rate of change of
the energy stored in the mass rotating
at speed mi. This can be shown as

a
+
y “geby T Ep

d 2
EEI%Iiwi] 4 B

P

Il

]

L, =t i

1
—
£
=
o
.X"

-
L
1

The first term is due to change in speed
and the second due to change in inertia.
These two terms and their sum is plotted
in Fig. 4e for the inner hub and similarly
in 4f for the outer casing. Before dis-
cussing the information on these plots
Fig. 5 is introduced.

In this figure the various powers
from Figs. 4d, e and £ are shown in a
power flow diagram at selected times.
Initially, at time zero, all elements of
the BVIF are at the same speed and there
is no load thus there is no power flow
anywhere within the mechanism. At one
second, just prior to clutch engagement,
the band is unwinding due to centrifugal
force. Thus the inner moment of inertia
is dropping, releasing energy but, by
conservation of angular momentum the
inner hub is accelerating which takes
energy. The net effect is that the inner

hub is absorbing energy. The opposite
is occurring in the outer casing and
power is flowing through the band,
because of the band torque, from the

outer casing to the inner hub. At two
seconds the clutch is fully engaged and
now there is also power flow through the
planetary to the load. The band is
winding in (see Fig. 4a) thus I. is
increasing, absorbing energy, and both

w, and W are increasing absorbing energy.

Héwever,ol is decreasing at such a high
rate as toOSupply power to the above plus
the load (note P_ + P + P + P =

E I o o

w I w I
-P_). As Ww_ accelerates w_starts to
decrease, O < 0 as seen at 4 seconds.
Now both pa?ameters associated with the
outer casing are giving up energy. The
same is true at six seconds. Near eight
seconds the angular rates become equal
and change from w > w to w > w At
this junction the ®band* starts wlnalng out
rather than in. Also, at the same time,
m. is very small. Thus the power terms
associated with I., I and &, are all
small. From 8 secondg on thé band is
winding out, thus I, is decFeasing and
giving up power. However, I is absorb-
ing power at a faster rate, so the net
effect of moment of inertia change is to
absorb power. But, the angular speeds
are both decreasing at a rate fast enough
to overwhelm the inertia effects. 1In
fact, net power is being given up by
both segments of the BVIF during the
remainder of the run.

In considering at the power flow
diagrams one point is noteworthy. Before
eight seconds, when the momentsof inertia
appear to be decreasing, the power flow
recirculating through planetary gears and
BVIF is on the order of three times what
is given up to the load. However, after
eight seconds when the apparent moment
of inertia is increasing (the effective
moment of inertia is still dropping how-
ever) the recirculating power is the same
order of magnitude as the power to the
load. This implies the BVIF is more
efficient in its power flow when outwind-
ing.

Based on the simulation presented
above &nd numerous others the effect of
changing various parameters on the output
will be discussed. There are two sets of
parameters, physical measures and initial
conditions. The effects of the band
thickness, h, and length, L, and number
of bands, n are to affect the total
amount of band material in the BVIF. 1In
Reference 3 it was shown that the great-
est change in moment of inertia was when




r2) ‘

w2
nLh = 2{r4 -

Thus any deviation from this will reduce
the available moment of inertia variation
potential. The height of the bands, b,
and the outer radius of the band casing,
r , alter the total energy storage capa-
bility of the BVIF, the height in direct
proportion and the radius as squared.
Obviously if r is alt:red then the band
length, thickness or number of bands will
need to be altered as discussed above.
The hub radius, r. , has only a weak effect
on the design and generally should be kept
as small as possible. The band density,
p, has proportional effect on total
energy storage. The band material should
be as dense as possible. The fixed
inertias, I, and I . reduce the
fixed Ofixed
effectiveness of the BVIF. Thus they
should be as small as possible.

The effect of the initial speed of
the BVIF is to increase the energy stored.
The shape of the curves in Fig. 4 do not
change other than in time scaling in an

inverse proportion. In this example wi =

wo = 500 rad/sec and the run lasted
o
30 seconds. If another run was to be made
with another initial speed, w, then the
time for the run, tf, would be
500-30
B ST
So if w = 1000 rad/sec then tf = 15 sec.

The effect of load moment of inertia
and of the initial band position as
measured by r,

o
terms of Fig. 6. This figure is the
result of many simulated runs where the
initial band position as measured by r

can best be discussed in

2
and the inertial load were varied. The®
approach to the figure can best be seen
by example. Say that Fo ~ 3.0, most of
o
the material is inwound and I_ = .20 1lb-
s2.4n, point A in the Figure.  When the
load is engaged the BVIF will initially
wind in the bands until r., = 3.5 which
is r, . Then the bands will totally
max
unwind into
lishing the
release 56%
This is the
Figs. 4 and

the ocuter casing. In accomp-
wind and unwind the BVIF will
of its initial stored energy.
same run as presented in

5. 1f IL = .05 for example
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the band would not inwind at all, r, =

3.0 and just outwind until all the band
material was in the outer casing. The
BVIF would have released only 28% of its
stored energy in performing this task.

It is interesting to note that the
final speed of a load accelerated from
rest is a function of initial speed only.
(An exception to this statement jis at
very low load inertias, .05 lbes -in or
less) . In general the ratio of final
load speed to initial BVIF speed is 1.60
+ 10%. Thus for this case the initial
BVIF speed was 500 rad/sec and the final
was 795 rad/sec near the 800 rad/sec
calculated by the general ratio.

From the above it can be concluded
that the Type III BVIF can accelerate a
frictionless inertial load irrespective
of initial band position, angular rate,
or, within bounds, moment of inertia of
the load. In actuality the moment of
inertia of the load as seen by the BVIF
can be modified by fixed ratio gearing
as, of course, can the speed of the load.
Gearing such as described can only be
desigrnied with a specific load in mind.
Thus the next step in BVIF develcpment
will be the application of the Type III
BVIF to a specific load such as a vehicle.

No mention has yet been made about
some practical aspects of BVIF design
such as dynamic balance and energy
density. Balance considerations will be
mentioned in the next section. 1In
discussing energy density for the BVIF
care must be taken as the BVIF is both
the energy storage unit and a major part
of the transmission system. However,
analysis in Reference 4 has shown that,
assuming the outer ring carries the
entire centrifugal load of the bands (the
band carry none of their own load) and
the bands are steel and the outer ring is
Kevlar (working stress 130,000 ksi) the
energy density is 5.9 watt hr/lb. Left
out of this value are the load carrying
capacities of the end plates which
support the outer ring, the load carrying
capacity of the bands themselves and the
weight of the end plates, gears, bearings
and containment. But, even if 3 watt hr/
1b is realizable it still may be accept-
able in an era of 40 watt hx/lb fixed
inertia flywheels because the BVIF is not
only a flywheel but a transmission system
as well.
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BVIF PROTOTYPE TESTING
4
In order to verify the dynamic simu-

laticon results and gain knowledge of the
BVIF's true potential, a prototype model
was designed, constructed and tested.
The design of the prototype medel is based
on the proof-of-concept model described in
Reference 3. Like the previous version,
this prototype is 10%" in diameter and
1 3/8" thick at the rim. The band mater-
ial occupies a cavity 10" in diameter and
1.05" high. The maximum design rotational
rate is 5000 rpm. The stresses resulting
from this speed are quite conservative in
keeping with the primary design objective
of verifying the equations of motion not
in producing a high energy density system.

The resulting prototype configuration
and its test stand are presented in photo-
graphic Figs. 7 and 8. The prototype as
seen in Fig. 7 only shows the outside of
the casing. Internally, as shown in Fig.
8, the center hub is really a spool to
help reduce internal friction. Essen-
tially, the physical properties of this
prototype are as used for the simulations
in the previous section.

Te support the analysis the prototype
model was used to accelerated an inertial
load. The simulation was modified by
the addition of bearing, gear, and
windage friction (no vacuum was used).

The gear and bearing friction values were
measured {(Reference 4) and the windage
values were empherical (Reference 3). A
typical comparison of results is shown in
Fig. 9. Here the two measured values, the
loadshaft rpm and the inner hub shaft rpm
are plotted with simulated values. BAs

can be seen the simulation is always with-
in 10% of the measured values. The
effects of the friction can be seen by
comparing Figs. 4a and 9. The major
features are that the ratio of maximum
load speed te initial BVIF speed is lower
and the rpm tapers off with time. There
was no effort beyond using a good grade

of bearings to reduce friction in the
prototype testing.

In operating the prototype speeds of
up to 3500 rpm were run. At thes speeds
there was no apparent problem with
balancing. With the use of two bands and
the high inertial loads, mass was always
symetric about the axis., Potential
problems which might be encountered in a
moving base application are unknown, but
the amount of material mass between the
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tight wound outer and inner sections of
band are very small and, thus, little
problem is foreseen.

CONCLUSIONS AND RECOMMENDATIONS

1. The Band-Type Variable Inertia
Flywheel (BVIF) is a system capable of
storing and delivering energy in usable
form. This is a single mechanism, which,
unlike conventional flywheels does not
require any intermediate transmission
equipment. A BVIF has been built and
operated which is capable of smoothly
accelerating a directly-connected
inertial load from rest to a final speed
without clutch-slipping losses or any
additional transmission devices.

2. There are essentially three ways
to attach loads to a BVIF. The first is
an open-loop system with two degrees of
freedom, referred to as the Type I. The
Second (Type I1I) is a single-degree-of-
freedom unit with a fixed ratio between
hub speed and casing speed. Third (Type
III) has two degrees of freedom like
Type I but includes power recirculation
through a gear train like Type II. Of
these, the Type III has been identified
as the most promising configuration.

3. The Type III BVIF is capable of
accelerating inertial loads smoothly and
with stability to a terminal speed. That
final speed can be greater than the
initial flywheel speed, .and both inner
and outer elements of the BVIF slow down.
The Type III BVIF is ideally capable of
yielding more than half of its stored
energy to the load during such an opera-
tion.

4. Prototype testing in the Type
III mode has produced real-world evidence
of Type III BVIF capacity. Further work
remains to be done to fully characterize
the nature of such systems.

5. Throughout this study the BVIF
was treated only in the mode of giving
up stored energy. A study is needed on
the effects of BVIF design parameters and
load conditions on the energy absorption
or storage mode.

6. The next step in BVIF develop-
ment is to integrate it into a system
with a prime mover. The BVIF with its
accelerating capability seems a good
choice for hybridizing with a prime
mover to add additional power during




acgeleration and absorbing power during
braking.
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