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ORIGINAL PAGE I9

PREFACE OF POOR QUALITY

This report contains the results and details of a design study and
analysis performed by Advanced Technology and Research, Inc. (ATR) for the NASA
Goddard Space Flight Center (GFSC) as part of the overall Imertial Energy
Storage Hardware Definition Study. The study was confined to include only the
composite ring rotor element., The GSFC technical officer for this task was Mr.
G. Ernest Rodriguez.

The objectives of this study were:

1. Detailed design definition of a composite ring rotor meeting the

stated performance requirements.

2, Definative specifications for ring rotor fabrication and assembly.

3. Identification of potential sources for fabrication and assembly.

This design effort centered around the use of graphite—epoxy composite
materials. The study is significant because it resulted in the following:

1. High energy density "thick ring" composite rotor design compatible

with the "Mechanical Capacitor" concept.

2., Unique multiring prestressed design configuration.

3. Successful application of a modified Tsai-Hill Quadratic Interaction

Analysis technique.

4. Demonstrated usefulness and versatility of previously developed

computer codes (FLYANS and FLYSIZE), which include the presence of an

‘iron inner ring.
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I. DESIGN BACKGROUND

This report covers the design definition of the composite fiber ring-rotor

portion of an Inertial Energy Storage Hardware Definition Study managed by the

E‘ NASA Goddard Space Flight Center (GSFC). Genesis for this effort stems from

i» early work done at GSFC on the "Mechanical Capacitor" program. This early work I
E;‘ showad the potential merits of a magnetically suspended ring rotor with

.fiz integral ironless armature motor/generator construction. The three major

- elements of this design concept are:

;T 1. Composite material ring-rotor flywheel

}, ; 2, Magnetic suspension

g . 3. Permanent magnet ironless armature motor/generator

N T

The GSFC selected item 1. as the logical starting point for a complete

design definition of the inertial energy storage system.

wozeesey
TR

Stated requirements for this effort were to provide design definition and
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a specification for a Inertial Energy Storage wheel comprised of composite

materials to yield high energy density and be capable of interfacing with an

Jrmenm-

appropriate magnetic suspension system and motor/generator.

¥

Performance requirements:

Energy Storage 1.6 KWh

(at max. speed) |
‘ Weight 60 kg(132 1bm)
(tqtal system) ‘
Uy Volume Less than 0.05 m3 (1.77 £t3)
B Environment |
! Temperature -10°C to +50°C (14°F to 122°F)
- (operating)
i -
5 Pressure <107 torr
(operating)
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The basic requirement that establishes the size of the storage element is
the 1.6 KWh capacity. Before determining specific parameters it was necessary
to select a best estimate composite material. Previous work supported by the

Department of Energy, Mechanical Energy Storage Téchnology (MEST) program

" showed that graphite fiber epoxy matrix material demonstrated best overall

technical performance and ease of manufacturing when compared to other
materials and fabrication technique.. Thus, a graphite/epoxy fiber (Celion
6000) and an epoxy matrix (EPON 826) were selected for this study.

Two form factors (ID/OD ratio) of 0.5 and 0.4 were selected and the design

sizing and analysis were conducted using these stated parameters.
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I1, ROTCR ANALYSIS
1. Iqtfoaugtion

In designing a magnetically suspended flywhéel rotor it is necessary to
consider a reasonable geometry upon which the design/analysis will be based.
Early work in this area by Kirk, Studer and Evans of GSFC [1, 2, 3]* has shown ‘
that a pierced disk of uniform thickness provides a desirable rotor geometry
from both a performance and manufacturing point of view.

Shown in Figure IL1 is a cross sectional view of the original GSFC
magnetically suspended flywheel design. The original design consists of 2
rings with the outermost ring being made of a filamentary wound composite
material and the inner ring being made of continuous iron bonded to the
{ilamentary wound ring. The stator of this design fits in the "hole" of the 2
ring rotor and it carries the magnetic suspension and motor/generator
electronics.

RCA [4] and Kirk [5], under contract to GSFC, have done additional work on
the original GSFC design. Kirk concluded that a multiring, interference
asgembled rotor, such as shown in Figure IL2, would provide for substantial
impiovements in the original GSFC design. The modified GSFC design, shown in
Figure IL2, differs from the original GSFC design in the following areas:

1. The rotor is composed of a number of individual filamentary wound rings,

rather than being one continuous ring.

2. The inside diameter (ID) to outside diameter (OD) rotor ratio (ID/QD)

is smaller than the original GSFC design.

*Brackets denote references at the back of this section.
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Figure II.1
Cross Sectional View of Rotor/Stator in Original GSFC
Magnetically Suspended Flywheel Design (from reference 1)
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3. The innermost ring is made of iron and is segmented into discrete pie
shaped "chunks",

Bgch‘of,the above changes was made in the origiual GSFC design in order to
improve the overall performance of the energy storage system. The reasoning
behind the changes has been documented by Kirk and Huntington {6, 7, 8, 9] and
a brief explanation follows:

1. The rotor is made of a number of composite material rings which are
interference assembled. The reason behind this change is to favorably
prestress the rotor so higher rotatiunal speeds and energy densities
can be obtained before a limiting performance constraint is
encountered.

2. The ID/OD ratio has been lowered. The reason behind this change is
that the original GSFC design was of a "thin hoop" type and suffered
excessive "gap" growth between the rotor and the stator as it spum.
Since gap growth will degradate electrical performance it must be’
controlled and the best way to achieve this control is by
decreasing the ID/OD ratio.

3. The innermost ring must be made of iron and is now segmented instead
of being continuous. This change has been made bécause the iron ring
would always reach the limiting strength long before the filamentary
vound composite ring(s) reached their strength limit. To overcome
éhis limitation a "segmented" inner ring is now proposed for use on
the magnetically suspended flywheel system. The important point to
note is that the inner iron ring will have all the necessary magnetic
properties but will consist of a number of pie shaped eegments which

are bonded to the inside diameter of the firset filamentary wound ring.
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The iron ring thus has no stiffness in a "hoop" or tangential
direction and presents an "inner loading" on th? filamentary wound
;ompélite ring to which it is attached.

The result of making the above changes in the original GSFC design are all
intended to bring the original design's excellent theoretical performance to
fruition in & physical system.

2, Rotor Analysis Methods

It is clear that the design dimensions for the GSFC rotor must evolve in
parallel with the magnetic suspension and motor generator designs (as they
impact on the dimenlibnl and weight of iron inner ring). Obviously then, the
most useful rotor design and analysis tools are those which most closely model
the real physical system and are convenient to apply as the iron inner ring
design evolves. One such tool has already %ien reported by Kirk and Huntington
[6, 7, 8, 9] and was used for this project. This tool, an interactive computer
code called FLYANS (FLYwheel ANalySis), represents the most complete stress and
failure analysis ever performed on a pierced disk multiring rotor. A second
tool has been ' developed for this project and is a computer code
called FLYSIZE (FLYwheel SIZE), to size all dimensions for a given rotor
design. Each of these codes will be di;cussed in more detail in the following
sections. ,

2.1, FLYANS - Flywheel Analysis Computer Code
A. Background

Shown in Appendix 1 is the background theory which was used in developing
FLYANS. The computer code was originally written by R.A., Huntington [9], as
part of his Master's thesis, while working with his thesis advisor, Dr. J.A.
Kirk. The code has since been modified by Dr. Kirk, and the modified version

was used for this projeCt.
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Shown in Figure .3 is a schematic diagram of the multiring rotor which s
modeled in the FLYANS code. Each of the rings are the same axial thickness and
the ﬂt{ellél#in each ring consiii of a hoop or énngentill stress (19) and a
radial stress <°r)' If power is being put in or taken out of the system ther;
is an additional shear stress (tro) in each ring. This stress is assumed to be
zero for this design (i.e., power transfer occurs "slowly") although the FLYANS '
code is set up to allow any stress input the user wishes. It is also assumed
that the flywheel rings ave in a state of plane stress, meaning that there is
no variation of the % and o stresses in the axiai direction,

The materials which comprise the multiring rotor are modeled as
homogeneous linearly elastic, specially orthotropic [10] materials, with
material properties specified in the radial and tangential direction. For this
project ring #1 is always segmented iron and ring #2 through ring #n are CELION
6000/EPOXY. The properties for these 2 materials are shown in Table I.l. For
comparison purposes a number of other materials and their properties are also
shown. The source of information for properties on Celion 6000/EPOXY was a
Celanese data sheet provided to us by Mr. Alan Hannibal (Section Manager
Materials & Process, R & D Department), of Lord Corporation. The other
materials listed in the table were from an earlier report to GSFC by Dr. J. A.

Kirk [5]. These other materials are shown here because they constitute the

working database used by the FLYANS code. It should also be peinted out that

any new or hypothetical materials can easily be added to the database with

minimal effort.
The total stress distribution in one ring of the multiring flywheel is the

superposition of the five stress distributions due to the following:
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Figure II.3

Multiring Rotor Model. All rings are the same thickness
and may be either isotropic or orthotropic materials.
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1. Rotation of the ring at constant angular velocity.
2, Interaction with adjoining rings due to rotational expansion.
3., Interference assembly of the rings.

4. Residual stresses due to curing. .

5. Angular acceleration of the entire assembly.

+

The stress dietribution for the entire flywheel is the summation of the above 5
stresses for each flywheel ring.

Of the 5 stress distributions given above, no. 3, interference assembly,
is under the direct control of the designer. It can therefore be stated that
it is the goal of the designer to choose an interference pressure set which
will maximize the flywheel stored energy per unit weight (termed SED).

B. Interference Stresses

It will be instructive at this point to comsider the hypothetical example
ring "pierced disk" rotor.

Shown in Figure IL4 is the stress distribution which occurs when 2 rings
of the same material are interference assembled (no rotation). When the
interference stress distribution is added to (i.e., superposed omn) the
rotational stress distribution the net result is as shown in Figure IL.5. 1In
Figure II.5 the stresses have been made nondimensional by the factor:

p,w3b? (units are psi)
where;
p, = mass density for the first ring of the assembly (value is
weight density in lb/in3 divided by g = 386 in/secz)
w = rotational speed (rad/sec)

b = outer radius of the flywheel(inches)

v e i e e 0 .




- BT

ki

,.ibﬁunn\n»l\ L
ot

3030§ 3UIY 7 ® Ul 89883135 FoUIILIIIIU

¥ 11 9In¥i3

JJwo9

9AISS
a®

&
SS341S

d|Isug}

AIHNISSY  FONIHIJHTINI

v PAGE 1S
GINAL PAG
O boR QUALITY

g g YT B ke B P



e

SHEY -
.

STRESS VS, RADIUS

ORIGINAL PAGE 19 2 RING
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a/b b ,

Figgre 11.5

Rotational Stresses in a 2 ring rotor. The dotted line
shows the effect of interference assembly.
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The solid Iine shown in each of the plots in Figure I..5 represents the stress
distribution which occurs when the 2 rings are spun without any interference
an-embI? pregent. The dotted lines show the strees distribution when the 2
ringlAarc interference assembled and then spun. Has interference assembly
actually helped? The answer is yes, because the largest value of
nondimensional stress limits performance, and this value has been reduced when
interference is applied between the rings. Consider the lower plot in Figure
ILS. If the working tangential stress of the material, Ogs is constant, then
the liwiting value of ae/p,w’b’ is = 0,97, with no interference present, and
0.94 with interference present. For a fixed value of b and % it is clear the
interference assembled flywheel has a larger w. Since flywheels are
characterized by the amount of kinetic energy per unit weight they 'achieve, the
interference assembled flywheel will have a larger SED compared to a
noninterference assembled one. Why? Because the flywheel is always limited by
its rotational stresses and f»or a given % the interference assembled flywheel

can rotate faster, and thus have a larger kinetic energy for the same flywheel

weight.
C. Constraints

There are two principal constraints which limit the performance of the GSFC
multiring flywheel. These are: |

1. The flywheel must not fail.

2, The flywheel must not exceed a user specified displacemenﬁ‘at the

inner radius (to control the rotor/stator air gap).

The failure constraint is discussed in detail in Appendix 2. FLYANS allows

the user to choose between the following 3 failure criterion:
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1. wodified TSAI-HILL

2. maximum STRESS

3. maximpm STRAIN
and FLYANS vill then return the limiting value of .p,w3b3 for the user selected
geometry and materials. Extensive use of the FLYANS program by Dr. Kirk has
shown that the TSAI-HILL failure criterion is generally ;he most conservative
and it was therefore used for all work on this project. It should be noted
thné n‘prediction of flywheel performance based on one of the above tailure
theories is a prediction for the maximum or "burst" performance of the rotor.

The second constraint is on air gap growth and the FLYANS code applies
this in addition to the failure criterion. Fither a failure criterion or
"inner radius displacement" always limits multiring rotor performance.

What about interference? Interference does not limit performance; it
enhances it. FLYANS analyzes a user specified design assuming no interference
and then asks if the user wishes to apply interference. If the user elects to

apply interference, he is asked to either input the ring to ring interference

pressure he desirees or to permit the program to use its own algorithm to choose

an interference pressure set. The interference pressure selection algorithm is

documented in Appendix 1 and details may be found there. If the program

selects the interference pressure set then the user must specify the maximum

allowable radial interference (i.e., % INTERFERENCE = radial mismatch between 2

rings divided by the nominal radius of the rings). Typically 0.2 to 0.5%
interference is used. The FLYANS code will then compute the "best" pressure
set and will return the new SED and p,w3b3 values. Typically the SED will

increase 20% to 200% over the identical design without any interference.

Finally, the FLYANS code returns the partial assembly pressures for each of the

Gramer s re s
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rings. Rings are always added from the inside out, sc knowing the partial

assembly pressures and ring thickness, it is straightforward to calculate the

assembly forces (this is exactly what FLYSIZE does).

D. Summary . v

The FLYANS code will analyze multiring flywheels including the presence of

an iron inner ring. The required input parameters are summarized in Table I.2

and typical output parameters are shown in Table I.3. The code will select an

interference pressure set which maximizes the specific energy density (SED) of

the multiring rotor. When this code was applied to two 1600 Wh multiring

flywheel designs for this project the SED went from 25 Wh/1lb to 41 Wh/1lb in one

case, and from 19 to 42 Wh/1b in a second case. The detailed output for these

two runs is presented in Section 2.3.

2.2, FLYSIZE - Flywheel Sizing Computer Code

A second computer code has been developed for this project

and the program listing is shown in Appendix 3. The purpose of this code is

to take output results of FLYANS and ¢ombine them with the specifics of a user

design, in order to produce detailed information which can then be used to

generate engineering drawings for each of the flywheel rings. The user

supplied inputs are:

1.

2.
3.

4,
5.

6.

The number of rings in the wheel¥*

The outside radius of the wheel, (inches)

The inside radius ratios for each of the rings¥*

The calculated or specified 2 interference for each interface¥

The user specified maximum inner displagement ratio*, (nondimensional,
equal to actual displacement divided by flywheel outer radius)

The required stored energy, (Wh)
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2,
3.

. TETT hermwtc oy

L

5.

f flywheel outer radius).

6.

.

Inner radius ratios of each ring, (dimensionless)

»

Table II.2
FLYANS INPUTfPARAHETERS

Flywheel materials, each specified by

b.

Ce
d.
€.
£.
g
h.
i.
je
K.

Name and identification number

Orthotropic ratio, JEO/Et. where

Be = tangential direction modulus of elasticity, (psi)
E_ = radial direction modulus of elasticity, (psi)

Tangential modulus of elasticity, (psi)

Weight denmsity, (lbs/ina)

Working stress

Working stress

Working stress

Working stress

1. Number of rings in the flywheel, (dimensionless)

in tension in the tangential directiom, (psi)

in compression in the tangential direction, (psi)

in tension in the radial direction, (psi)

in compression in the radial direction, (psi)

Shear working stress, (psi)

Material cost, ($/1b)

Residual stress parameter, (dimensionless)

What material each ring is made frocm (chosen from the user supplied

database in item 3).

The maximum inner radius displacement ratio (i.e. gap growth divided by

The maximum permissible ring interference %.
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1.
2.
3.
4.
5

Table II.3
o FLYANS OUTPUT
Specific energy density (SED), (Wh/1b). v

Volumetric energy density (VED), (Wh/fts).
Limiting value of plmzbz. (psi).

Which ring limits performance.

Interference pressures at each ring interfnce
a. after complete assembly.

b. to assemble.
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7. The limiting value of p,w?bs, (psi)¥*
8. The'calcullted SED, (Wh/1b)*
9. The calculated VED, volumetric energy demsity, (Wh/£t~3)*
10. The partial assembly pressures, (ksi)*
11, The weight densities for each of the flywheel rings*, (lb/iua‘)
The FLYSIZE code will then compute the following design values.

1. The inside and outside radius for each flywheel ring, (inches)

2. The radial mismatch at each ring interface, (inches)

3. The flywheel thickness, (inches)

4, The weight of each ring, (1lbs)

5. The minimum conical taper which must be present on each ring to nll:ow

interference assembly, (degrees)

6. The maximum flywheel rotational speed, (rpm)

7. The total flywheel weight, (1lbs)

8. The maximum inner radius displacement (air gap growth), (inches)

9., Tke partial assembly forces (assuming a 1~1/2° ring taper and 0.1

interface coefficient of frictiom), (1bs)

The calculation formulas which are ﬁsed to generate the above outputs are
explained in detail in Appendix 4. Shown in Table IL4 is a summary of the
design parametexrs which are utilized or calculated by the FLYSIZE code. The
symbols shown in this figure are consistent with those used in the FLYSIZE
program (listed in Appendix 3) and will permit an easier understanding of

FLYSIZE logic.

* Taken directly from the FLYANS runm.
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FLYSIZE MULTIRING ROTOR PARAMETERS

n’ v 1 ;("'
7(n) 7(1) /
WI(n) Wr(1) /
/ :
a(n+l) a(n) 'a(2) / al)
f1.0 RR(n-1) RR(2) /rR(1}
INF(n)
PP(n) %
F(n) !

E ...............

!ﬂ SYMBOL. TABLE
SYMBOL INPUT/OUTLUT y MEANING
"
}A l1, 2,-~-n I Identif.cation
' (1), v(2)---7(n) 1 Weight density
. WI(1), WI(2)---WT(n) 0 Weight
{ ~ a{l), a(2)~---a(n+l1) 0o Radius
RR(1), RR(2)---RR(n) Inside radius ratio
INF(1), INF(2)~--INF(n) I % Interference
PP(1), PP(2)=-~PP(n) I Partial assy. pressure
F(1), F(2)~~-F(n) 0 Partial assy. forces
b I Outer radius
DISP I Inner ring disp.




The FLYSIZE code has been applied to two specific designs for this project
and the u'lu}tl will be presented in section 2.3.
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3.,  Results
Both Ehg FLYANS and FLYSIZE computer codes were used to design two rotors
for this project, and ﬁhe deiisn drawings for each’ are presented in Appendix 7,
These two designs nre‘identified as NASA~12 and NASA~20, and they represent the
results which were obtained from running the FLYANS code oier 40 times. ‘
Shown in Table II.5 through II.8 are the FLYANS output for the NASA-12 and
NASA~20 designs. The results shown in these 4 tables are summarized below.
1. Table II.5 shows the results for a 6 ring rotor with ID/OD = 0.5,
This design is labeled NASA-12, The design is unoptimized and has no
interference between rings, The SED (specific energy density) is
25.0 Wh/1b and this number includes the presence of an irom inner
ring. Displacement of the irner radius (which is equal to the air gap
growth due to rotation) is less than .006 times the outer radius of
the flywheel, ;
2. Table II.6 shows the results for the NASA-12 design with interference |
between rings. The SED has been improved to 41.0 Wh/1b by the etfect
of prestressing (through interference). The inner radius displacement
is still less than .006 times the outer radius of the flywheel.
3. Table II.7 shows the resﬁlts for a 6 ring rotor with ID/OD = 0.4.
this design is labeled NASA-20. The design is'unnptimized and has no
interference betweén rings. The SED is 18.5 Wh/1b and the inner
radius displacement is less than .004 times the outer radius of the g
flywheel.

4. Table II.8 shows the results for the NASA-20 design with interference

between rings. The SED has been improved to 41.9 Wh/1b and the inner
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radius displacement is still less than .004 times the outer radius of
thg flyvheel.

One o% the additicnal, and very informative, outputs from the FLYANS code
are plots of residual and rotational stresses vs. radius ratio for each design
being considered. These plots are ihown in Appendix 6 for the following
stresses:

1. Radial residual'stress vs. radius rqﬁio

2, Tangential residual stress vs. radius ratio

3. Radial stress (at max. speed) vs. radius ratio

4. Tangentiél stress (at max. speed) vs. radius ratio
and have been obtained for both the unoptimized and optimized NASA-12 and
NASA-20 designs.

In order to apply the FLYANS results to a specific design 1t 18 necessary
to specify the followinglparametera.

1. Total stored energy in Wh, a value of 1600 Wh is being used for this

project.

2. The outer radius of the flywheel in inches; a value of 10 is being

used in this project. ’
Once these values are specified, the FLYSIZE code can be run using the FLYANS
output for each design being considered. When FLYSIZE is applied to the
NASA-12 and NASA-20 designs the results are as shown in Tables II.9 through
Ii.lZ. Based upon the results shown in these tables it is very convenient for
tﬁe designer to choose the diménsions of each ring of the flywheel. The method

used to select the ring diameters and tolerances is included in Appendix 5, and

~ the detailed drawings for NASA-12 optimized and NASA-20 optimized are shown in

Appendix 7 of this report.
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*

NASA~12 UNOFTIMIZED & RING CELION &QO0/EPOXY FLYWHEEL

RUN ON 12~26~1983 AT 11:06: 0%
RING IN. R. INSIDE OQUTSIDE RADIAL % RING MIN,
NO. RATIO RADIUS RADIUS MISMATCH INT WEIGHT TAPEFK
(=) (=) (IN) (IN) (IN) {10"=3) {(LEBS) {DEG)
3 0, S00 5. 000 5. 200 ¢ B.1
- 0,520 5,200 4,000 0,000 2~ 3 Q0 T= T 6.9 Q.0
ot Q. 600 4. 000 74000 DeO0G 3- 4 0ut) 3= 4 10,0 Gy 0
4 0,700 7,000 8. 000 0,000 4=~ 5 0,0 4~ T 11.% 0.0
<] G.800 8.000 F.000 Q000 T= & 0.0 8= 6 13.0 0.0
6 0,900 ?.000 £0,000 14,6
RING THICKNESS({INCHES).veuvssen 4.4
RF’M(RDT/NIN)---;-..»-.o--oc'u- BOQBBQ
ssD(wH/LB)II'.DI".'...'ll'lll 25.0
VED(wH/FT”B).llll.l.l.l.llllll 1’984.4
TOTAL STORED ENERGY(WH) s ssvsse 1,600
TOTAL FLYWHEEL WEIGHT(LEBS) .. 54,0
MAX, INNER RAD, DISF. (INCHES). 9.Q60
4
‘FARTIAL ASSEMELY PRESSURES FORCES
RING T ADDED TO PREVIOUS RINGS..... 0.0 kPSI .... 0.0 1073 LBS
RING 4 ADDED TO PREVIQUS RINGE..... 0.0 kFSI .... 0.0 103 LES
RING & ADDED TO PREVIOUS RIMGS. .« 0.0 RPST vy 0,0 1973 LBS
RING 4 ADDED TO PREVIOUE RINGS...ss 0.0 P8I ... 0.0 1073 LES
RING WEIGHT DENSITY RING WEIGHT DENSITY
(e} (LB/IN™Z) (eome) (LB/IN™3)
1 0,286 & 0052
o 2,055
= 0SS
4 Q. 035
[ . 055

DATA FOR THIS RUN 18 IN FILE H:RUN=-12.DAT

Table II.9

ORIGINAL PAGE |§
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NASA~L2 OFTIMIZED & RING CELIOM/EPOXY FLYWHEEL
RUN ON 12«=24~1983 AT 14:07:40
RING IN. R, INSIDE  QUTSIDE RADIAL. % RING MIN,
NO, RATIO RADIUS  RADIUS MISMATCH INT WE IGKT TAPER
(=) {==) (IN) (IN) {(IN) (10 =2) (LES) (DEG®)
1 0., 500 5. 000 5,200 4,9
2 0. 520 5. 200 4,014 O.01b 2~ 3 3,0 2= 3 4,2 0.3
- 0, 600 6. 000 7.018 0,018 3~ 4 Sl = 4 b, 1 0.4
4 0, 700 7,000 8,021 0,021 4=5  Z.0 4~ 5 7.0 0.4
-] 0,800 8,000 ?.M024 0,024 5=~ b 3.0 9= 4 7.9 0.5
- . b . 900 2, QOO 10.000 8.9
. L RINB THlC}’;NESS(x“CHEB)'0"00'D 2-7
RPMARDT/MINDY sovvenonsvevivenes 239,581
SEDIWH/LE) savesnsavvnsndbaians 41,0
VED(MH/FT‘\:\)-ln-.qobo-.--ln--n 3.26‘:‘:2
TOTAL STORED ENERGY(MWH). ..o uwe 1,600
TOTAL FLYWHEEL WEIBGHT(LBS) ... 39,0
MAX., INNER RAD. DISP. (INCHES). 0.0&0 ,
PARTIAL ASSEMBLY PRESSURES FORCES
RING T ADDED TY RPREVIOUS RINGS..... 2.9 EFEL .... 43,7 1073 LES
RING 4 ADDED ") PREVIOUS RINGS..... 4.5 IIPEI ... 8.7 103 LBS
RING 5 ADDED “Q PREVIOUS RINGE..... 4,5 EPSTI .,.. &b, 7 1077 LEB
RING & ADDED TOD PREVIOUS RINGB..s.s 4.2 EPSI .s.s. 72.1 1077 LBY
RING WEIGHT CENSITY RING WEIBGHT DENSITY
() (LE/INSS) {1y (LB IN-Z)
i 0.286 é 0,055
2 0. 058
T 0, 0ES
4 0,058
5 1, 55
BATA FOR THIS RUN IS IM FILE #:RUN-12~0.DAT
' Table II.10
ORIGINAL PAGE 19
OF FOOR QUALITY
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ORIGINAL PAGE 1S

NASA=20 UNOPTOMIZED & RING CELION/EPOXY & RING FLYWWEEL

RUN ON 12~24-1987 AT 09153106

OF POOR QUALITY

RING IN. R. INSIDE  QUTSIDE RADIAL % RING MIN,
NO. RATIO RADIUS RADIUS MISMATCH INT WEIGHT TAFER
(=) (oem) (IN) CINY (IN) {10=3) (LEBS) {DEG)
3 0400 4,000 4,200 8,1
3 0800 5, 000 &, 500 0000 3= 4 .0 3= 4 16,4 0.0
4 0. 650 6,500 8,000 OJCIOQ 4~ 5 0,0 4~ & 20,7 G, 0
5 0. 800 8,000 9. OO0 0000 S & 0.0 8= & 162 (V]
) 0, 200 94000 10,000 18.1¢
RINB THICKNESS(INCHES) ssvsnnns 5.5
RPMOKOT/MINY v vsssonennnpeneses 27,483
SED(WH/LB)Ot-oon»nnqn.-qoonu;a 16,5
VEDC(HWH/FT Z) savvnnsnsvasanones 1,596.7
TOTAL STORED ENERGY(WH) s sssyv.s 1,600
TOTAL FLYWHEEL WEIGHT (LEB) .., Bb. 6
MAX. INNER RAD, DISF. (INCHES). 0,040 .
PARTIAL. ASSEMBLY PREESURES FORCES )
RING S ADDED TO PREVIOUS RINGS..... 0.0 KPST .4 0,0 1077 LBS
RING 4 ADDED TO FREVIDUS RINGS,.... 0.0 KPS ..., Qe 1073 LEBES
RING 5 ADDED TO »REVIOUS RINGS.,»us 0,0 KPSYT s 0.0 1002 LBES
RING & ADDED TO PREVIOUS RINGS..... 0.0 EPST v, U.0 103 LBES
RING WEIGHT DENSITY RING WEIGHT DENSITY
(o) (LB IN®Z) (o) (LB/ IN~E)
1 . 286 b 0. 055
2 0085
3 0. 055
4 0, 058
] 0.085

DATA FOR THIS RUN IS IN FILE E:RUN-20.DAT

Table II, 1l
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NASA=Z0 DFTIMIZED & RING CELION/EPOXY FLYWHEEL
RUN ON {2-26~1983 AT Q9102116

RING IN, R. INSIDE OUTSIDE RADIAL % RING MIN.
NO. RATIO RADIUS  RADIUS MISMATCH INT WEIGHT TAPER
(m=) () (IN) (IN) (IN) (103 (LES) (DEG)
1 0,400 4,000 4,200 n.6
2 0.420 4,200 5,025 0,025 2= % 5,0 2= 3 3.1 0,4
3 0,800 5,000 6,533 0.03% 3= 4 5.0 3- 4 7.2 0.8
4 0.6%0 6,500  B,040 0,080 4= & 8.0 4= 2.1 0.9
5 0,800 8,000 9,048 0,045 5= & 5.0 G- & 7.1 1.1
& 0,900 2.000 10,000 8.0
RING THICFNESSC(INCHEB)vessyres,s 2.4
RPM,(ROT,MIN).IIUIO'OOUO.:.'IC'I “1’;72
SED‘NH/LB’!l.'lll.'.l‘,.“‘..]. 4‘.9
VED(”H/FT’3".0‘0.000‘0‘1!.!!0 3’613.1
TOTAL STORED ENERGY (WH)svenres 1,400
TOTAL FLYWHEEL WEIGHT(LES) ... 38,2
MAX. INNEF RAD, DIGP.(INCHES), f.p4P ,
; PARTIAL ASSEMELY PRESSURES FORCES
RING 3 ADDED TO PREVIOUS RINGS..... 8.5 KPS! ....  B1.5 10-3 LES
RING 4 ADDED TO PREYIOUS RINGS..... 9.9 KPEI ..., 124.6 103 LES
RING 5 ADDED TO PREVIOUS RINGS..... 7.4 FRSI ...  116.8 1073 LES
RING & ADDED TO PREVIOUS RINGS..... 7.1 KFSI +uvw  120.7 1093 LES
RING WETGHT DENSITY RING WETGHT DENSITY
(== (LE/IN™3) (==3 (LB/ IN"3)
1 0. 286 s  0.0855
= &, 055
z f.E8S
4 & O5E
g 0, 058
DATA FOR THIS RUN IS5 IN FILE B:RUN=20-3, DAT
Table II.12
ORIGINAL PACGE 1§
OF POOR QUALITY




+ 4. Discussion
For a given form factor (ID/OD) rotor there are 2 principal advantages of
using multiring construction versus winding the rotor as one continuous ring.

These are:

1. The residual stresses due to fabrication are known to be smaller for

&5

smaller size rings.
1 2. The individual rings of a multiring design can be interference
; assembled. The condition will significantly improve performance and is
much better than building in rotor prestress through controlled winding
tension.
P The main disadvantage of multiring construction is that each ring interference
must be bonded together upon assembly. This binding must be sufficiently
strong so that the interference radial stresses (due to rotation) will not cause
tﬁe outer rings to separste from the imer ones. Since the required strength of
the interface bond is always less than (or equal to) the transverse strength of
the graphite/epoxy, the same epoxy used in ring fabrication will accomplish the
- task of bonding the rings togethex, It can be concluded that the advantages of
| multiring fabrication outweigh the disadvantages and that the multiring
construction with interference assembly represents the best manufacturing
method or the NASA-12 optimized and NASA-20 optimized designs. .

The NASA-12 optimized design will produce 41.0 Wh/1b at its maximum
rotational speed of 39,581 rpm. This design has an inside diameter of 10
inches an outside diameter of 20 inches, and an axial thickness of 2.7 inches.
It will store 1600 Wh of energy when it is running at maximum speed, and its

air gap growth will not exceed .060 inches at 39,581 rpm. The design has an

irou inner ring weighing 4.9 lbs and the total weight of the flywheel is 39.0
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1bs. There are 6 ringe in this design and rings 2 through 6 are Celion
6000/EPOXY (filamentry wound composite). There is light interference (.3X)
between all Celion 6000/EPOXY rings and the assembly forces to press the rings
together do not exceed 75,000 1lbs. v

The NASA-20 optimized design will produce 41,9 Wh/1b at its paximum
rotational speed of 41,372 rpm. This design has an inside diameter of 8
inches, an outside diameter of 20 inches, and an axial thickness of 2.4 inches.
It will store 1600 Wh of energy when it ig running at its maximum speed, and
its air gap growth will not exceed .040 inches at 41,372 rpm. The design has
an iron inner ring weighing 3.6 lbs and the total weight of the flywheel is
38;2 1bs. There are 6 rings in this design and rings 2 through 6 are Celion
6000/EPOXY. There is heaVy interference (.5%) between all Celion 6000/EPOXY
rings but the assembly forces to press the rings together do uot exceed 125;000
1bs.

It ;as generally observed that to control growth of the air gap it is
desirable to decrease the inside diameter of the rotor. To control the

stresses which result from this action it is necessary to increase ring

g o

prestressing through an increase in % interference between rings. To
illustrate this point, had the NASA-20 design been limited to 0.32 interference ;
between rings, it would develop only 35.2 Wh/1lb versus the 41.9 Wh/1b which it
will develop with 0.5% interference between rings.

It must be emphasized that the design values presented for NASA-12 and
NASA-20 are for the flywheel pushed to its limiting failure speed. If the 7 %
flywheel is operated at .707 of this limiting speed the maximum flywheel
stresses will be 1/2 their failure values and the SED will be 1/2 of its

limiting value. If it is required that the usable stored energy be 1600 Wh and
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ORIGINAL PAGE 8
OF POOR QUALITY

the flywheel is assumed to cycle between .707 of its limiting speed and .25 of

its limiting speed, then the calculated flywheel thickness must be increased,

in both ihe,NASA-lz and NASA-20 designs, by a factor of 2.3. Obviously, then,

vhen a flywheel is said to store 1600 Wh, it could only deliver this amount of

energy 4f¢

1. The flywheel is cycled from its maximum rotational speed to zero lpeed'

2, The flywheel did not fail et its maximum rotational speed.

‘Clearly, the final rotor design for a magnetically suspended flywheel must
proceed with consideration for the speed range of the motor/generator and the
iron ring weight requirements for the magnetic suspension and motor/generator
magnetic paths. The FLYANS/FLYSIZE tools used in this project are the best way
to revise the rotor design as other system components evolve.
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III. FABRICATION/ASSEMBLY
A. Hngerillg.

Two candidate graphite epoxy materials exist.for this application. These
materials are:

Fiber

Celanese Celion 600O% or 12,000

Union Carbide Thornel 3C0, WYP6 1/0

The fibef should be without twist and have a matrix compatible sizing.

Epoxy

Shell EPON 826% ﬁith Jeffamine Chemical Company D230 Curative

NARMCO 5213
* Recommended for this task.
B. Techniques
1. Fabrication

Residual transverse and/or circumferential stresses should be held to a
minimum. Prestressing using fiber tension has not proven practical. Either
precompression of thin rings (via interference assembly) or a flexible urethane
resin appears at present to be the best approach. Urethane resin use would
require further study and testing before a practical matrix could be specified.

A controlled environment, such as room temperature and a relative humidity
less than 50%, are desirable during winding. These conditions control
variations in material properties. In addition, to assure quality materials,
tﬁe resin should be stored carefully according to the manufacturer's
recommendations and shelf life strictly adhered to. To verify the resin, a pad

should be cast with each flywheel for subsequent testing.
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Initial and final tie-off procedures as recommended in Lawreice Livermore
Laboratory report UCRL-15437 should be adhered to wherever appropriate.

The }uge and post cure cycles should be designed to optimize the
properties of the resin and to minimize residual-'stresses. Usually, a heat-up
cycle at a controlled rate to cure temperature followed by a cool down cycle
also at a controlled rate can achieve both of these goals. Report UCRL-15437
page 11 thoroughly discusses this. 7

Fiber volume fraction (nominally 60-65%) should be controlled to within a
+2% tolerance. The void content should be maintained at less than 3%. These
quantities should be checked at the inside, middle and the outside of each
ring. The surface finish should be free of bubbles, pock marks, resin rich
areas or exposed fibers.

2, Assembly

All composite rings should be tested both ultrasonically and
radiographically before assembly. Only high quality rings'should be included
in a multiring configuration. Subsequent flaw detection should also be
administered in order to assure no fracturing occurred during assembly.

Assembly procedures as specified on the assembly drawing must be strictly
followed. Each ring pair should be static balanced for mating assembly and
overall static balance will be obtained by removing material from the inner
ring only.

C. Drawings

The drawing package is found in Appendix 7 and contains drawings for two

different ID/OD ratios. The sponsor will include the appropriate package for

the design selected to be built.
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D. Candidate Fabricators

The demise of the Department of Energy program in Mechanical Energy
Storage feghnology (MEST) has reduced the number of possible candidate flywheel
fabricators to only two. They are: : oo

Lord Corporation (A.J. Hannibal)

1635 West 12th Street

P. 0. Box 10039

Erie, PA 16514~0039
and

Hercules Corporation (P. Ward Hill)

Aerospace Division

P.0. Box 98

Magna, Utah 84044

At present, the strongest candidate from the standpoints of technical
capability, interest and corporate commitment is the Lord Corporation.
E. Testing |

Over the past several years two experimental facilities have been active
in testing composite material flywheels. These are:

1. The Oak Ridge Flywheel Evaluation Laboratory, located at the Oak Ridge

Y-12 plant near Knoxville, Tennessee.
2. The Applied Physics Laboratory of Johns Hopkins University in Laurel,
Maryland.

Both facilities have been funded by the Department of Energy and both have been
significahtly dismantled as a result of DOE no lgnger funding a flywheel
effort. In addition, both facilities were built with the sole intention of

testing shaft driven flywheels. Therefore, a major portion of their
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experimental equipment consisted of a high speed air turbine and air supply
source, neither of which is required for the GSFC design.

Our current assessment of GSFC spin testing requirements would indicate

that the following experimental equipment would bé’ required to evaluate a GSFC
magnetically suspended flywheel design:
l. An air tight enclosure having a volume of at least 7 ft3 (3 feet in
diameter by 1 foot high).
2. A contaimment ring to surround the flywheel systems
3. One or more optical viewing ports to permit cameras to view the
enclosure interior.
4. Instrumentation to measure pressure, temperature, yheel runout, wheel
- wobble, etc.
. 5. An air flushing system to exhaust epoxy and composite material fumes
% from the enclosure.

6. A capture device which will restrain the spinning rotor so it does not

|- Svmas S 4

destroy the suspension or motor/generator electronics if the rotor

= decouples.
J“ 7. Vacuum equipment to pump the enclosure to 10—2 TORR or better.
B 8. Remote viewing and data collection capabilities.

9. Controllers for the motor/generator electronics to either run at a
constant speed or cycle between two reference speeds for fatigue
testing.

Our bést estimate is that while some of the facilities of the two laboratories

may still be available and applicable to GSFC requirements, it is not cost

effective to adapt them for GSFC testing.
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IV. SPECIFICATION FOR COMPOSITE FLYWHEEL RING-ROTOR
Introduction .

The objective of this task is to fabricate, assemble and static test a
multiring rotor for the NASA/GSFC "Spacecraft Flywheel Power System" program.
Previous studies by NASA/GSFC showed the merits of considering Inertial Energy
Storage as a possible viable alternative to electrochemical or fuel cell power
storage devices for long life, high cycle rate, extended use, space
applications. These studies showed that .a magnetically suspended ring rotor,
made of filament wound construction, containing an integral ironless armature
motor-generator rotor, operating in an evacuated hermetically sealed enclosure
should be an efficient means for space energy storage use. This effort
addresses the first systems element, the "Filament Wound" rotor.

Scope

The scope of this phase of the program includes fabrication, assembly and
static testing of the filament wound multiring rotor. Analysis has established
the best fiber/epoxy materials and the method of prestressing of multiring
elements to maximize energy storage capacity.

Requirements
A. Size
1. Assembly
0D ~ 20.000" +0.010"
ID ; 8.000" +0.010"
or 10.000" +0.010"
W - 2.700" +0.005"
or 2,400" +0.005"
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2. Components

Rings No. 1; 1A

'Seé drawings No. 7-1 & 7-1A in Appendix 7
Rings No. 2, 2A .

See drawings No. 7-2 & 7-2A " "
Ringe No. 3, 3A

See drawings No. 7-3 & 7-3A " "
Rings No. 4, 4A

See drawings No. 7-4 & 7-4A " "
Rings No. 5, 5A

See drawings No. 7-5 & 7-5A " "

Rings No. 6, 6a

See drawings No. 7-6 & 7-6A " "

Note:

Mandrel cylindricity control is critical. Each mandrel will have the
taper stated on the appropriate drawing with a 152 tolerance allowable. This
must be strictly adhered to in order to weet the ass;mbly load requirements.

B. Material Selection

Fiber

Celanese Celion 6000 graphite fiber will be used.

Epoxy

Shell EPON 826 with Jeffamine Chemical Company D230 curative will be used.

Mixing will be as prescribed by the manufacturer.




=

Bl

NAZE

F

C. Processing
' Wrap iag-ﬂg
1. Tenaioning v

Fiber tensioning should be controlled to minimize residual transverse

and/or c¢ircumferential stresses. It is desirable to strive for a zero residual l

stress winding technique.

2. Temperature

Winding will take place in a clean "dust-free" area with room temperature
controlled to 75°F +10°F. Relative humidity will be controlled to be less than
50%.

3. Resin

Resin will be stored carefully according to the manufacturer's
recommendations and shelf life strictly adhered to. To verify resin, a pad
should be cast with each mix for subsequent testihg.

4. Fiber Tie-Off

Initial and final tie-off procedures as recommended in UC&L-15437 will be
adhered to.
D. Cure Method

The cure method and post cure cycle shall Pe designed to optimize the
properties of the resin and to minimize residual stresses. A heat-up cycle at
a controlled rate to 230°F followed by a cool down cycle also at & controlled
rate can achieve both of these goals. See page 1l of UCRL-15437 for control
rates. An oven with a good commercial temperature controller will be adequate

for this operation.
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E. Finishing

The fiber volume fraction shall be controlled to within a tolerance of
*2%. Voi& content shall be maintained at less than 3%. The surface finish
shall be free of bubbles, pock marks, resin rich ‘areas or'exposed fibers. The
machined outside diameter of each ring shall be smooth and free of loose fibéer
ends.
F. Assembly

Drawing Nos. 7-7 and 7-7A (Appendix 7) cover assembly of the ring~rotor.
Assembly procedure stated must be followed implicitly. Only composite rings
that passed both ultrasonic and radiographic inspection will be used. Ring
alignment must be controlled during the "nesting" process. Press anvil and ram
faces must be parallel and smooth to prevent surface damage of the rings.
After eath ring is assembied, the sub-assembly will be tested ultrasonically
and radiographically and certified before moving on to the next assembly
procedure. The completed assembly will be tested and certified (see Section
4).
G. Testing

1. Fiber

A certificate of physical and mechanical properties shall be included with
each spool of graphite fiber. Only materials that exceed the minimum
manufacterer's requirements will be ﬁsed.

2. Epoxy

Pads taken from each batch mixed (see Section III - Resin) will be tested
in accordance with the manufacturer's recommendations to insure that

conformance to specifications has been met.
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3. Rings
Fiber volume fraction and void content shall be checked at the inside,
middle nd outside of each ring.

4. Ring Assembly ; -

All composite rings shall be teﬁted both ultrasonically and
radiographically before assembly. Only high quality rings shall be included '
for multiring assembly., Subsequent flaw detection chall be administered during
the subassembly build-up to assure that no fracturing occurred during the
assembly process. . '

H. Balancing

Prior to assembly of rings each ring should be static balanced and
oriented so, upon assembly; any imblaance compensates that which exists in
other rings. After complete assembly final static balance will be achieved by

removal of material from the inside of the inner ring. Final static balance

will be 300 micro grams or less.
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V. SUMMARY

The design definition of a composite fiber ring rotor has been completed.
Two specific designs have been included with this‘report, both capable of
storing a maximum energy of 1600 Wh, Both designs account for the presence of
a iron inner ring and both utilize Celion 6000/FEPOXY as the composite material
for the fiber composite rings.

The first design is identified as NASA-12 and consists of a total of 6
rings with the flywheel having an ID/OD ratio of 0.5. The first ring is iron
and the remaining 5 rings are interference assembled Celion 6000/EPOXY. The
projected maximum Specific Energy Density (SED), for the interference assembled
flywheel, is 41 Wh/1lb (90.2 Wh/kg) and 25 Wh/1b (55.0 Wh/kg) for the identical
design assembled without interference. The air gap growth, from zero to full
speed, will not exceed .060 inches.

The second design is identified as NAéA-ZO and also consists of a total of
6 rings, with the flywheel having an ID/OD ratio of 0.4. The first ring is
iron and the remaining 5 rings are interference assembled Celion 6000/EPOXY.
The projected maximum SED is 42 Wh/1b (92.4 Wh/kg), for the interference
assembled flywheel, and 19 Wh/1b (41.8 Wh/kg) for the identical geometry
assembled without interference. The air gap growth, from zero to full speed,
will not exceed .040 inches.

The major differences between NASA-12 and NASA~20 are in the leﬁel of
interference which is built into the ring. NASA-12 is designed for 0.3%
maximum ring to ring interference while NASA~20 has 0.5%. NASA-20 has a
smaller ID/OD ratio and thus a smaller maximum air gap growth. Both designs

appear equally viable but before either is built it is recommended that two of

&
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the Celion 6000/EPOXY rings, from the NASA-~20 design, be fabricated, strain
gaged, aAnd pressed together. Details of this recommendation may be found in
Section V£. .

In addigion to producing 2 specific denignnf‘thio project has also
demonstrated the usefulness of two computer codes, FLYANS (FLYﬁheel ANalySis)
and FLYSIZE (FLYwheel SIZE), for efficiently carrying out multiring rotor
design - including the presence of an iron inner ring. Since the rotor design
may have to be modified as the motor/generator and magnetic suspension evolves,
the computer codes will allow this to be done as easily as possible. In
addition, both codes are available for use in projecting the types of future
composite material properties which will most benefit the GSFC magnetically
suspended flywheel.

A review of the spin test requirements for the GSFC gystem indicates
existing exerimental facilities will not be applicable. Two of the most active
facilities, Oak Ridge and Johns Hopkins University Applied Physics Laboratory, i
have been éffectively dismanteled due to their loss of DOE funding. Even if i
these facilities were fully functional, the unique capabilities of the GSFC
system (i.e. to spin its own rotor) effectively eliminate the need for a major
item in these facilities, namely the high speed air turbine. It would thus ;
appear that a new spin test facility, which takes advantage of the exerience

gained from the DOE program, would be most cost effective for NASA/GSFC.
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VI, RECOMMENDATIONS

The ;enuits presented in this report show that interference assembly of
rotor rings will be required to achieve competitf@e energy densities with shaft
driven flyvhegl designs. It is suggested that 2 rings (Number 5 and Number 6)
of the NASA-20 design be Huilt, instrumented with strain gages, and then
pressed together. The experimental results can be compared to the theoretical
predictions in order to enhance our understanding of pressing assembly
performance. After these 2 rings have been assembled, they can be
disassembled, and ring No. 5 machined to generate .37 interference (making it
identical to ring Number 5 in the NASA-12 design). The rings can then be
instrumented and pressed together again, and results can be compared to
theoretical predictions. Finally, the rings can be disassembled and then
radially cut in order to determine the residual stresses present in each ring. ;
This test sequence requires only 2 rings and will provide the greatest %
information return for the cost invested.

In characterizing the composite ring-rotor, the iron ring was treated as a
uniform profile mass load. Before a practical rotating assembly can be built,
the iron ring must be defined in detail to identify the magnetic suspension
portion of the assembly. In addition, the inner composite ring must be further
defined 0 accommodate the ironless armature portion of the motor/generator.
This also includes provisions for the magnet assembly.

Both of these refinements will necessitate recalculating the stress
patterns and analytically determining the true operating characteristics of
this design. While it is felt that the new calculations will not seriously
de-rate the ring-rotori defined in this study, one must know what the actual

Ghgrating capacity of this design is before test hardware is built.




Completion of this follow-on effort will result in a detailed definition
of the rotating assembly. This approach is a necessary and logical sequence in

pursuit of s total energy storage system design.
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APPENDIX 2

FAILURE ANALYSIS

from

Huntington, R. A., M. S. Thesis, "Stress
Analysis and Maximization of Performance
for a Multiring Flywheel," University of
Maryland, Mechanical Engineering
Department, Jan. 1978. Thesis advisor:

Dr. J. A. Kirk.
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To determine the performance of the multiring flywheel, it has been stated
that a»suitabie failure criterion must be applied to the stress distributionm.
This appendix will present several failure criteria, including the maximum
stress, maximum strain, Tsai-Hill, and Tsai-Wu failure theories [1, 2-5]%,
Their development, appiications, and limitations will also be presented along
with their specific application to the multiring flywheel.

A simple test for the determination of a failure stress is a uniaxial
tensile test in which a specimen is continuously loaded until rupture. The
results of this test may be applied directly to a design situation in which
uniaxial laods along a known direction are found. However, virtually all real
situations involve stress states which are biaxial or triaxial with both normal
and shear stress components. Since it would be very impractical, if not
impossible, to perform a failure test for every combination of stress which may
be foreseen, it beccmes necessary to develop a tailure criterion, based on a
limited number of experiments, to predict if any arbitrary stress state will
cause material failure. This prediction of failure stress has been studied in
isotropic materials since the ninteenth century. Two widely used criteria, the
Treska and von Mises, have emerged from these studies. Both assume that
failure is induced solely by the action of shear stresses. The von Mises
criterion further defines the distortional energy - the strain emergy not
associated with dilatation - as a parameter which reaches a critical value at
failure. Modifications of both of these criteria (for isotropic materials)

have been proposed to eliminate original restrictions [6-8]. Also, a

* Denotes references at back of this Appendix.
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generalization of the von Mises criterion has been proposed by 8111'[3] for
slightly inipotropic metals. However, the materials considered for the
multiring flywheel consist of both isotropic metals and orthotropic metals and
orthotropic composites. Therefore, either one very general or several
individual failure criteria are necessary to meet the requirements of the
multiring flywheel. Two of the failure theories to be discussed, the Tsai-Hill
and Tsai-Wu criteria, meet this requirement of generality since they both
reduce to the von Mises failure theory for isotropic materials. The other
failure criteria to be discussed should not be applied to isotropic materials,
although it may be applied to pseudo-isotropic composite laminates.

The complexities of failure prediction for a composite material is easily
portrayed by a brief discussion of the stress states in an isotropic versus an
orthotropic materials under an arbitrary loading. For an isotropic material,
the state of stress may be transformed at will to any convenient reference
plane (usually the principle stress or maximum shear directions) without change
in material properties. However, if the stress state of the composite is
transformed, both the elastic properties and material strengths vary. While
the variations of elastic properties follow the transformtion of a fourth rank
tensor, the transformation of strength is not well known. Therefore, a failure
c:iterion for a composite material must relate all components of stress to a
plane of symmetry in which strength properties are well known. This adds to
the number of parameters necessary to characterize a failure surface. A
failure theory for composites is further complicated by the variety of modes of
failure which exist. The three major modes are fiber fracture, matrix cracking

and delamination [9]. Therefore, it is necessary that the criterion predict
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stress limits for several failure modes. However, it is not necessary to
actually predict the mode of failure which will occur under a given loading.
% Maximum Stress Criterion
The maximum stress failure criterion assumes that failure will occur in a
composite material when any one of the stress components exceeds a critical
i; value [2]. Each component of stress is considered independently from the
t others and all of the critical stress values are independent. This failure
criterion is given by the following equation set:
c T
- <
: 9 o, < or
c T
. - < <
; % <% <% (2.1)
a 8 8

~ Tre < Tro < Trp

. c T ¢ T 5
3“ where: Opr Ops OgrOgr Trg
£

Q; tensile and shear strengths.

are the uniaxial czompressive,

If any of the inequalities given by Eqn. 2.l are violated, failure is

%f postulated to occur. This is a very simple criteria to use and mainly because
of this, it is often used to predict failure of compuaite materials. There

!.‘ are, however, several major restrictions on the general application of this

method. The first of these requires that the components of stress be

transformed to the material symmetry axes. But for the multiring flywheel, the

stress distributions are given in the r-6 plane while this is also the assumed

plane of material symmetry. Therefore, ths'réstriction does not limit

application for the multiring. The most important restriction on the
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npplication of this criterion is siuply is accuracy. This is demonstrated by
Figure 2.1, which is a plot of predicted and experimentally determined failure
ltrespel.vqrnus the angle between the line of action of a uniaxial load and the
fiber orientation of the composite material. It should be noted that the
loading axis uses a logarithmic scale so that the apparently small deviations
represent large errors in the criterion. It should also be noted that this
failure criterion predicts discontinuities in the failure strength, associated
vith changing failure modes, while the experimental data shows smooth

variations.

Maximum Strain Criterion
The maximum strain failure criterion is very similar to the maximum stress
¢riterion in application. The only major difference between these criteria is
the assumption that a critical value of strain limits material strength rather
than a critical value of stress (as with the maximum stress criterion). These
strain values may be transformed to stress terms by application of Hooke's Law
yielding the following equation set which describes this failure criterion in

the case of plane stress:

v
c _ b T
=0 <O0p~gxz % <%
c . T

Og < Og = Vg% < O (2.2)
s s
Tre < Tre < T:e

where: qi? etc. have been previously defined.

Comparison of Eqns. 2.1 and 2.2 shows that the only difference between
these failure criteria is the poisson effects between the normal stress

components. Along with their similarities, these criteria share identical
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Figure 2,1

Figure 2.2
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teitrictions (i.e.: stress components must be transformed to material symmetry
axes and inaccurate predictions of failure stress). The latter of these is
ahovn,by'Figure 2.2 which is a plot of predicted and experimentally determined
failure stress similar to Figure 2.1. Again large errors are seen in the

predicted failure stress over a wide range of loading orientation.

Tsai~Wu Criterion
-The preceding failure criteria each have several inadequacies which 1mpiir
their agreement with experimental data and their application. An obvious
method of improving data fit is to increase the number of independent
parameters in the criterion. The next failure criterion to be discussed, the
Teai-Wu theory [5, 10, 11], achieves this with a tensorial failure theory which
relates linear and quadratic stress components. The basic postulate is that

there exists a failure surface with an equation of the form:

Fiai + Fijﬁiﬂj = 1 i,] = 1’2"' '6 (2,3)

where: Fi = 2nd rank tensor of strength parameters

Fij = 4th rank tensor of strength parameters
These strength tensors will obey known tensor transformations for

coordinate changes and are asusmed to be symmetric. The former demonstrates
that it is now possible to determine the strength properties of an amisotropic
material in an Arbitrary plane once the terms of the strength tensor are
established. This is a major advantage of this failure theory although this

feature is not needed to analyze multiring flywheel failure. It may be noted
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that the linear stress terms allow for variations in the tensile and
compressive strengths while the quadratic terms define a closed ellipsoidal
flilurelluxface which intersects each stress axis provided that the following
stability relations [5] are satisfied "
2 (2.4)
< F
Fiy < Fusfy

where: repeated indices are NOT summations

The failure theory, as represented thus far, is applicable to genmeral
anisotropic materials with triaxial loading; however, the multiring flywheel
deals with specially orthntropic materials under plane stress loadings. For
this case, Eqn. 2.3 may be expanded, yielding:

" 2 2 ! .
F1O + Fy0p * FgTrg * F10 + 2F150,0p + Fpp0p + Fggfrg =1 (2.5)
 Using Eqn. 2.5, the F's may now be evaluated with experimental data. All

but Fj, may be found by uniaxial tensile and compressive testing and assuming

that the positive and negative pure shear strengths are equal, the F's become:

11 T ¢© F., & ——————
0.0 1l T cC
rE : Or Or
! 6.0 T
’FZZVVO,TGC E‘zn eT S (2°6)
6 0 G
1 .2
F.. = (=) F. =0
66 Tres 6

The stress interaction term, F12, must be determined with a combined
stress loading arrangement. A great deal of work has been carried out to

determine optimal tests for this parameter [5, 10, 11]; however, conclusive
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results have not been presented in these references. This identifies a
significant disadvantage of this failure theory since information which may
deterpiné F12 is not generally available for the composite materials being
considered for the multiring flywheel. To examine the effect of variations of
rlz on the predicted performance of a flywheel rotor, Fl2 is defined using

Eqns. 2.4 and 2.6 as:

T 1 L
Fn'ﬂs/aToc P g (2.7)
rr 0 "o

where: -1 < C <1 for stability conditions

Figure 2.3 shows the effect of variations of F12' within these stability
limits, on the predicted SED of a single ring flywheel (ao = ,75). Since the
maximum prediction is three times greater than the minimum, it is obvious that
the SED, and other performance parameters, is very sensitive to change in F12°

Despite this disadvantage, the Tsai-Wu failure, the Tsai-Wu failure theory
has good agreement with experimental data if F12 is properly selected. This is
demonstrated by Figure 2.4 which shows predicted and experimental data for
of f-axis strength tests on a boron-epoxy composite. Despite this improvement
in accuracy over the previously discussed failure theories, the lack of
information needed to determine Fl2 prevents the further use of this failure.

However, an additional failure criterion, the Tsai-Hill theory [1l, 2~4], which

is similar to the Tsai-Wu theory, will be discussed next.

Tsai-Hill Criterion
The Tsai-Hill criterion is a generalization of the von Mises yield

criterion for isotropic materials. It was first proposed by Hill in 1948 [3]
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for slightly anisotropic metals and latter adspted (1965) to composite
materials by Tsai [4). As described in these references, the criterion
contginl only quadratic stress terms. However, linear terms have been added to
allow for variations in the tensile and compressive strengths. The resulting
criterion, which will be termed the modified Tsai-Hill criterion, is iéenticnl
to Eqn. 2.5 with the F's defined by Eqn. 2.6, However, this criterion
contrasts the Tsai-Wu in that the interaction term F12 is not independent of
the other strength parameters. For the materials considered in this project,

2F12 - -Flz. Therefore, the parameter C from Eqn. 2.7 becomes:

T ¢C
1l ,°r ;gr,

C=
T ¢C
% %

(2.8)
For filamentary wound composite or isotropic materiale, it is obvious that
C is within the stability requirements given by Eqn. 2.7. The agreement of the
modified Tsai-Hill failure criterion with experimental data is shown in Figure
2.4. Also, the value of C given by Eqn. 2.8 for the previously cited single
ring flywheel has been indicated on Figure 2.3. It is easily seen that the
agreement with experiment is not as good as is seen for the Tsai-Wu theory.
However, this sacrifice of some accuracy is necessary to eliminate the problem
of determining F12 for the Tsai-Wu theory. Therefore, the modified Teai-Hill
criterion will be used instead of the Tsai~Wu theory for the multiring
flywheel. However, the development of the remaining theory will be general
enough to allow a simple transition back to the Tsai~Wu criterion if F12 values

become available in the future for the materials considered in this study.

o)
A,



Referencas (for Appendix 2)

1.

2.
3.

be

5.

6.

7.

8.

10.

11.

»

-

Ashton, J.E., Halpin, J.C., Petit, P.H., Primer on Composite Materials:

Anal sis, Technomic, Stanford, Conn., 1969.

Jones, R.M., Mechanics of Composite Materials, McGraw-Hill, New York, 1975

Hill, R., " A Theory of the Yielding and Plastic Flow of Anistropic
Metals," Proc. Royal Society (London) A, Vol. 193 (1948).

Tsai, S.W., "Strength Characteristics of Composite Materials,' NASA CR-224,
1965,

Tsai, S.W. and Wu, E.M., "A General Theory of Strength for Anisotropic
Materials," J. Composite Materials, Vol. 5 (1971), p. 58.

Hoffman, O., "The Brittle Strength of Orthotropic Materials," J. of
Composite Materials, Vol. 1 (1967), p. 200.

Mohr, 0., "Welche Umstande bedingen die Elastizitiatsgrenze und den Bruch
eines Materials," Z.V.D. Ingenieure, 1900, p. 1524,

von Mises, R., "Mechanik der pléstischen Formanderung von Kristallep." z.
Angew, Math. Mech., Vol. & (1928), p. 1l61.

Mehan, R.L. and Mullin, J.V., "Analysis of Composite Failure Mechanisms
Using Acoustic Emissions," J. Composite Materials, Vol. 5, (1971), p. 266.
Wu, E.M., "Optimal Experimental Measurements of Anisotropic Failure
Tensors," J. Composite Materials, Vol. 6 (1972), p. 472,

Pipes, R.B. and Cole, B.W., "On the Off-Axis Strength Test for Anisotropic

Materials,”" J. Composite Materials, Vol. 7 (1973), p. 246.

s

5



APPENDIX 3

FLYSIZE LISTING

(This program is written for an IBM PC using BASIC.)
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A0 FOR T = TO Ned

HAGE LOCATE Tad, 20

SATO FRINT USING "FFORING #H ADDED TO ALL FRIOR RINGS (S vy T
ATE LOCATE ITwd, &3

- GAE0 TF FLEEYS L THEN INFUT FFOD ELSE TNPUT Ly PR

EAEE LF FLAGYeL THEN WRITE A2 PR

WA MEXT T

' P e ENEUT CTHE . FRENG WETGHT DENSLTTIES TR LB/ TS st e

R .

o LCGATE 5, B0 s FRINT DENTER THE WETGHT DENSTITY OF EAQH RINGY

ITY ENMTER &

WSS FOR Is=1 TO N

0 LOCATE T8, 5 ‘ :

FEINT USING "ENTER DENSITY FOR FING bty (LB Z T30 e T
TFOFLAGYZEL THEN ITNFUT GAMMAS (1) ELSE ITNFUT 1, BAMMAS (1)
L FLaGA=] THEMN WRITE #2, GAMMAS (1)

CETAR s 3

IF GAMMAS (L) = "G" OF BAMMAS (T) w0 g THEM - B8&5H

_— £ et - B i ot e e

LOGATE 4,8 sFRIMT YIF PRESENT RING % ALL FOLLOWING RINGS HAVE THE SAME DENS
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. B ) . ORIGINAL PAGE (€
O GAMMACT)Y = VAL {(GAMMA% (L))
etk oA OF POOR QUALITY
5560 GOTO 5505

e twYer ’“**“ﬁ“SETS’QLL SUBSENUENT RINGS TO SAME DENSITY IF 8 ENTERIEDmemmm e
EE7OOFOR I=ISTAR TO N A

G775 GAMMA (T) =VAL (GAMMAY (I8TAR—1)) : v

5580 MEXT I

5985 LOCATE IT4+6,10 :FRINT "REXOCORREXXKEKEND OQF USER INFUTRKRREXRKEKERRERY
R0 CLOSBE H#1 ,
gERE IR FLAGY=)L THEN CLOBE #2

E&0 RETURN

TOO0 7 e O TRUT SLIBFCUT TR e e s e e e o s v e s e e

7O0S LARELS (1L)="RIMG THICKNESS (IMCHES) Y

TOLO LABELS (2)="RPEMAROT/MIN) Y

7OLS LABELS (5) ="8ED (WH/LED

TORO LARELS (4) =VED (WH/FTmH) ¢
C7ORT LARELSG (5)="TOTAL. STORED ENERGY (WH) "

TR0 LABELS (&) ="TOTAL FLYWHEEL WEIGHT (.RBS) ¢
DTOERE LARBELS L7y =0MAY . TNMER RAD. DISF. (INMCHES)
S7040 Gl

7o4E LOCATE 8,14

Y7050 FRINT "ENTER THE FIRST LETTER FOR ONE OF THE FOLLOWING OHOICESY
?7&35 LOCATE 18,25

TOEHD FRIMNT "G rlREEN . v 0w e e SDUTRFUT TO SOREREN?

S70EE LACATE L4, 2%

TOTO FPRINT YO 2MD o v o e enw e BND THE FPROGRAMY

STO7E CLACATE 17,27

TORO PRINT "YOUR CHOXCE"™
TANEE A% = IMEEYS

STORDTF Am=tET O AssNgt GBOTO 7108

TOQE T Mgt R Sdis et CTHERN BN

STEO0 TR Ads ' BOTE 7085

FIoE OFEN - MTSORNME T FOR QUTFUT a8 #1 160TO 7110

7110 CL.S

JTALE LOCATE L, A0-LEN (RUNTITLES) /2

STLEG PRINT O RUNTITLES
STLEE LOCATE 2,87 v

7IE0 PRINT #1, "RUN ON "yDATE®S; " AT "3 TIMES,

TTLEE LACATE o
‘2714Q FE TN %lp”WINE“ TAECDY UIN. Ry O TARCIEY YTINSTIDEY TARIR7) "OUTSIDEY TAR (40)
PEOGDTALY O TOE (SEéAY A TARCE4)  PERINGY . TABEC7ES) "MIN, T
T AE LODATE Ay H : : :

ZLEO FRINT kL, UNDL Y TARCLOY  "RATIO TABCLE)  “RADIUSY TAR(E7) YRADIUS" THERCE9) 1M
FEMATOH TARCES) YIMTY  TARISE) "WEIGHTY TAR(74)Y "TaRpR
7155 LUCATE 5,3

T L&A FEENT #15"(”“)” TARCLOY W {me)  TARCLSY YOI TORGREY PLINDY TARCELY "IN Y
CTMELERY WL e=T0" CTAR (A4 P LRBRSY Y TARITYY Y DEGY Y

7168 LOCATE &,1

TR0 PRINT #1, STRIMGS (80,45)

TITE K o= & “
TR0 FORT = L TOON ;
ﬂ7195 LOLATE I*H”ﬂ PFEINT #1, USBING Mot e T

FLP LOCATE LT, 10 s FRINT $#1, USBING "4k, 8" s RROT )

PP L OOETE Tty VEeFRINT. #1, USING ”%#?.#%%“yﬁ(lf

L
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LOCATE I+k,27:PRINT #1, USING A R A TR ARMM (T

IF I=1 THEN GOTO 72320

LOCATE I+K,29:IF I4N THEN PRINT H1y USING . Y s RMMCT)
LOCATE. I+, 45: IF T4N THEN FRINT H1ly USING "4 =~ 3 Iy I41

LOCATE T+kK,52: IF I4N THEN PRINT #1y USING "#.4"3 INF(I)

LOCATE YAk, %56: IF T4N THEN FPRINT H1, LISING ™4 ~#4#" 5 I, I+1

LOCATE T4k, 75: JF IxN THEN PRINT #1, USBING "#.#";PHIDI(I)

LOCATE I+k, &3

FRINT #1, USING "4, $73 WT (1)

MEXT I

o = & ;
LOCATE T4+l 14:K=1: GDSUE 10000 ' OR‘QENA&‘ P

LOCATE I+l 45: FRINT #1,USING Tl T OF POOR 4]

LOCATE T4l41, 14 k=2 GOSUE 10000

LOCATE TAlkl, 455 FRINT 1, LSIMG " bbb, o "5 RIFM

LOCATE  T4Lo2y 140 =5 GOSUE 10000

LOCATE I4L+2, 45 PRINT #1,USING TR HY 3 SED

LOCATE T4loB3, L4 k=4 GOSUR 10000

LOCATE T4l 45: FRINT #1, USTNG MR Y 5 VED

LOCATE Talotd, 140 =By GOSUE 10000

LOCATE T4l+4, 45: FRINT #1, USING VAR, L 0 ME

LOCATE L4lot8, 14z k=4 BOSUE 10000

LOCATE T+L+8, 4% s FRINT #1, USING ML Y WTOTAL

LOCATE T4lotdy 14 1 k=7: B08UB 10000

LAOCATE T4L46, 45 s PRINT #1,USTNG WA AR DTSR
GOSUE 1000

CLg

LOCATE 1,15

FEINT  "PARTIAL ASSEMELY FRESESLRES FORCES" 4

S

FOR Te=2 70 N-

LLCATE T+M, 4

CAFTIONS ="RING #4#H# ADDED TO FREVIOUS RINGG"
FERINT USIMNG CARTIONS ) T4

FRINT QTMIMGm(4QMMRN(mAWTIDN$)54b)2

LOCATE I4My 4% s FRINT USING Ui B T
LACATE T4My 495 FRINT "pg1y

LOCATE T4M, 53 s FRINT USING " oy B, # Lo LES"sF (D)
MEXT I

18T AR M

COL Y v ROWAsD

BT IO et FRING WEETGHT DENSITY™®

CAFTIONE g (o) CLEZ TNy b
LOCATE IS8TAR+L, COLY :

FEINT OAFTIOMLS

LOCATE ISTARE, COLY

FREINT CAFTION2S

LOCATE TSTARSE, OOLAL s PRINT STRINGS (25, 45) 4

TFECONXE THEN LOCATE TSTAR+ L, 408 FRINT CAPTIONI %
LEONED THEN LOCATE TSTAR2, 408 PRINT CARFTIOND S
TFNEG THEM LOCATE I%TMH+3nQQxPWINT,9THIN@$(E5ﬁ45)3
FOR - Is=d 0 TO N

PELWE THENM COLY=40 5 ROWY,=S

L.OCATE TETARAT L~ FOW , COLY
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PRINT USING " ##"; 1

LOCATE ISTAR+I+I-ROWA, COLY +15
PRINT USING "#. 4 5 BAMMA (1)
NEXT I

TF N»5 THEN

ORIGINAL PAGE IS

' OF POO
ENDREF%=1HTAR+ 10 R QUALITY

7800 IF MG THEN ENDREFZ=I18TAR + N + & "
7605 LOCATE ENDREFZ, 13
7810 PRINT "DATA FOR THIS RUN I8 IN FILE ";FILENAME®
p7ELS BOSUR 11000
SO 7EEQ CLOSE 41
7H2G GOTO 7000
¢ 10000 e OUTFUT FORMATTING  SUBROUT TINE e mme e st st st o s
COL0020 PRINT LABELS(E) 3 STRINGS (30-LEN(LABELS (1)), 44) 3
10050 RETURN

1000
¢ 11010
P LIOE

11040
© 11080
11040
o070

L1080

5 s [ (B
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B = TNMEYS

TF Bt THEN 110460
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4-1 Calculation of Taper Ansle

Shéén in Figure 4.1 is a schematic diagram showing the cross section of
two rings, Ring (I) and Ring (I+l), which are t¢'be assembled using pressing
force F(I). In order to permit these 2 rings to be press assembled, it is
necessary that point A lie inside (i.e. towards the center line) of point B.
To calculate the minimum value of ¢ which will permit this, assume that point A
and point B are directly above each other, and further assume that the
following information is known for these 2 rings:

T = ring axial thickness, (inches)
INF(I) = X interference between ring (I) and (I+l), (dimensionless)
A(I) = nominal radius of the interface between ring (I) and (I+l),
(inches).

It then follows from the definition of % interference that:

RMM(I) = INF(I) * A(I)
vhere:

RMM(I) = radial mismatch between Ring (I) and (I+l).
Then, it can be seen that ¢(I), the taper angle, should be selected so that:

(1) > TAN"T (RMM(1)/T) (4-1)
FLYSIZE calculates the taper angle for each interfering ring pair using the

equality in equation (4-1) and provides the results in a printed design report

~for the subject flywheel. In general the angle g(I) is less than 1.5 degrees

for up to 0.5% interference.

i
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e
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Figure 4.1

Schematic diagram of 2 rotor rings. These
rings are to be assembled using pressing
force F(I)
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4-2 Cglculation Assembly F
,Sh6vn,in Figure 4.2 is a schematic diagram of the pressing forces (F(I))
vhich acts on Ring (I). Since the Rings (I) and (I+l) are tapered the pressing
force will be a maximum at the point where the two rings are flush with each
other. Assume that at this point the following information is known:
P(I) = partial assembly pressure between Ring (I) and (I+l), (psi)
p=0.1, coefficient of friction between the two rings. This value is
taken as a constant for FLYSIZE and assumes the rings are put
togéther using epoxy as an effective lubricant.
v(I) = p * P(I), interfacial shear stress between the two rings, (psi).
Since the forces are in equilibrium it is known that:
I Forces = 0
Thereiore:
F(I) = ¢(I) * AREA(I) cos ¢ + P(I) AREA(I) sin ¢
= AREA(I) (<(I) cos ¢ + P(I) sin @) (4 -2)
vhere: “
AREA(I) = surface area of the interface between the two rings, (inz)
@ = 1.5°, assumed to be constant for all rings, (degrees)
The expression for AREA(I) is obtained assuming that the line segment T - A is
revolved about the center line of the ring. Therefore:
AREA(I) = 2 * g * (T/cos g¢) * (A(I) + RMM(I)/2), (in?) (4-3)
In practice RMM(I) is at least 2 orders of magnitude less than A(I), so
equation (4-3) simplifies to:
ACI) = 2% n % (T/cos ¢) * A(T), (in®) (4m)

If equation (4 -4) is substituted into equation ( 4-2), then:

e A

LT A

a
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Figure 4.2

Schematic diagram of the pressing force
and interface stresses acting on Ring (I)
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F(I) = 2 % g *'(T/con #) * ACX) * (p*P(I) cos ¢ + P(I)*sin ¢)

F(I) = 2% n%w AC(X) * T % P(I) % (u+ tan ¢), (1lbs) (4-5)
FLYSIZE calculates the assembly force between Rings (I) and (I+1) using
equation (4-5), The actual pressures (P(I)) used by FLYSIZE are the partial
assembly pressures required to add Ring (I+1) to all previously assembled
rings. This means that the force calculated using equation (4-5) will be the
partial assembly force required to add Ring (I+l) to all the previously
assembled rings. Note that multiring assembly always ltarés from the inside
ring outward, and that the first 2 rings which are press assembled are rings 2 :

and 3. Ring ! is always segmented iron and requires no interference assembly.

i e

Practically this means that it is added last and simply bonded into place.



TTAEPANE IR @ EIRT IR WA, & R B ORI NI ¥ o B e ARG W S B LRt L A AR mh R TARE W ERF . 2 K s 3 B 7 T -

4-3 Calcustion of Ring Thickness

To éalgullte the ring thickness (T), assume that the following information
is known: "

KE = the required total stored energy in the flywheel, (Wh)

VED = the volumetric energy dens‘ty of the subject flywheel, (Wh/fts)

b = flywheel outer radius, (inches)
Since VED = KE/(nb2T) by definition then:

T = 1728 * KE/(n * b2 * VED), (inches) (4 -6)
where the constant 1728 converts ft3 to in3.

FLYSIZE calculates the ring thickness using equation (4-6).

e e
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4-4 Calculation of Maximum Wheel RPM

To ctlcglnte the maximum wheel rpm assume that the following information
is known: o
p,e3b3 = g known value from the FLYANS code, (psi); call this K
p, = mass density of the ring (1);equal to weight density (Y(1)) of
ring (1) divided by g (386 in/secz) '
b = outer radius of the flywheel (inches)
Since @ is the angular rotational speed (radians/sec), it is equal to the rpm
(N) as:
© ..SZ%%ﬂl (N) (4-7)

If equation (4-7) is applied to p,w3b3 = K then:
- —ti60) _ _
N = Dmim /X (4-8)
simplifying

(4-9)

___(60)
N = D) Y386 UKD

187.61 [E_
N =5 /3D » (xm) (4-10)

FLYSIZE calculates the flywheel rpm using equation (4-10),
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4-5 Calculation of Miscellaneous Vglues
To calculate the nominal ring radius (A(I)) values, assume the following
information is known: .
RR(I) = Inside radius ratios for Ring (I), (dimensionless)
b = outside radius of flywheel, (inches)
Then:

A(I) = RR(I) * b (4-11)
FLYSIZE romputes the inside radius of each ring using equation (4-11). If
there is no interference between rings the outside radius of Ring (I) is equal
to the inside radius of Ring (I+l), namely A(X+l1). If there is interference
then the outside radius of Ring (I) is equal-to the nominal inside radius of

the next Ring (A(I+1)) plus the radial mismatch (RMM(I)) between Ring (I) and

(I+l1). Recall that RMM(I) has previously been discussed in section - 4-1l.

To calculate the weight of each ring assume that the following information

is known:
A(I) = nowinal inside radius of ring (I), (inches)
A(I+l) = nominal outside radius of ring (I), (inches)

v(I) =~ weight density for ring (I), (lb/ins)

‘l‘hgn:
| WI(I) = RINGVOL * y(I) (4-12)
where: ' |
RINGVOL = volume of ring (I), RING AREA * T, (in3)
RINGAREA = n * (A(I+1)% - aA(D)?)
T = ring thickness, (inches)

IS A AN AL, -1
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FLYSIZE calculates the weight of each ring using equation (4~12), and then
adds up all the ring weights to obtain the total weight of the rotor.

To'calcq}ate the maximum inner radius displacement (i.e. gap growth) of
the flywheel, assume that the following information is known:

b = fiywheel outer radius, (inches)

IRDR = inner radius displacement ratio, (dimensionless)
Since:

IRDR = gg

b

Then:

gg = (IRDR)*b (4-13)
where:

gg = air gap growth or displacement of inner flywheel radius from 0 speed

to maximum speed, (inches)

FLYSIZE calculates the maximum air gap growth using equation (4-13).
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As an example of the procedure used to select ring dimensions and
tolerances, .consider the design NASA-12, rings 3 and 4, as previously shown in

Table IL 10. The dimenlio@s of the two rings are mamarizedfbelow:

Ring Inside Outside Radial
Radius Radius Mismatch .
(-=) (inches) (inches) (inches)
3 6.000 7.018
> 0.018
4 7.000 8,021

First the radius of each ring is converted to a diameter and a tolevance
of +,001 inches is assigned to the diameter. Thus:

0.D. (ring 3) = 14.036 +.001 inches

I.D. (ring 4) = 14.000 +.001 inches
Using these specifications the maximum and minimum radial interference at the
3-4 interface can be obtained and is:

max. radial interference = 0.019 inches

min. radial interference = 0.017 inches
This variafiyn ip interference in considered acceptable and will not degrade
performissn, Ii is now necessary to choose a tolerance on the ring taper
angles so that the design inte;ference will be acceptable after assembly is
completed.

Consider the drawing shown in Figure 5.1, showing the interface between
rings 3 and 4. The nominal taper angle, ¢(nom), must be selected so that point
B on ring 3 lies to the inside of point A' on ring 4. A valve of ¢g(nom) = 1°
will accomplish this for all rings in the NASA-12 design so it will be used.

It is mandatory that the tolerances on the interface taper angle, @, be

selected so that the interference between the top of ring 3 (point A) and the

T

%)
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top of ring 4 (point A') be "close to" the interference between the bottom of
ring 3 (point B) and the bottom of ring 4 (point B'), This means that the
nowvinal ialpe of dimension Y must not vary by more than +.0005 inches between
ring 3 and ring 4, Assuming the g(nom) is 1 degree, then:

Y(nom) = 2,7 * tan(1°) = 0.0471 inches
Thus:

Y(max) = 0.0471 + .0005 = ,0476

- Y(min) = 0,0471 - .0005 = ,0466
and:

Tan g(max) = Y(max)/2.7

¢(max) = 1.01
Tan ¢(min) = Y(min)/2.7
g(min) = 0.99
The tolerance on ¢ is therefore +0.01 degrees.
Practically, this means that the interface between rings 3 and 4 must be
measured and then machined to assure that the diameter of the top of ring 3 is

within #0.0005 of the diameter of the top of ring 4. And, the diameter of the

bottom of ring 3 is within 30;0005 of the bottom of ring 4.
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APPENDIX 6

Plots of Stress vs. Radius Ratio for

NASA-12 and NASA-20 Rotor Designs
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