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\ ABSTRACT

14

The sensitﬁvity and behaviour of both the radial and tangéntia]
stress distributions in hoop-wound fibre compOsife rotors were anal-
yzed. Both physica] and material parameters, representative of the
glass, graph1te anZ\EEV$Q§ fibre families were explored. The con-
trolling parameters were found to be rwng thickness ratio, inter-
facial pressure, material modu1us ratio Ee/Er ) and specific mod-
ulus (or strength).

The three maiﬁ categories of flywheel desig?”éoncepté identi-
ﬂ\ed by the Flywheel Research Team [1], namely, (i) Single Material
Multi-Ring-On-Ring, (ii) Multi -Material Biannular and (111) Multi-
Material Multi-Ring-On-Ring, were studied and evaluated. The five
recommended materials: (i)} E-glass, (ii) S
(iv) Kevlar 49, and (v) AS-Carbon were used for the analysis. In
addition, the recommended SMC hub and manufactuyed aluminum hub
were also included in the study for estimating

lass, (iii) Kevlar 29,

g cost of material,
weight and dimensions of full size flywheel desi

Six desﬁdns were selected as holding considerab]é.promise for a
1 KW-Hr (usable, 2: 1 speed range) anisotropic.material flywheel in-
cluding three b1annu1ar designs, one triannular, one multi-material
multi-ring and one s1ng1e —material multi-ring. Several of these de-
signs can meet all the des1qn obaect1ves/constra1nts 1mposed for the
transportation application even for the 1.0 KW-Hr usable energy
requirement. )

52-glass, AS-Carbon and Kevlar 49 were identified as the most
desirable materials for the advanced data base material tests. (’\

1)
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- CHAPTER 1
INTRODUCTION

1,1 LITERATURE SURVEY

Flywheel technology has become an area of national interest due
to the promise of substantial energy conservation, esﬁeciaT]y in the
urban road transport sector [1,2,3,4].

While the storage of mechanical energy is.not a new idea [5],
the successful égcglopment and manufacture of such a unit, suitable
for mass producfion and implementation into the market plade, is yet
to be accomplished. ‘ ke

The area of current interest of many prominent researchers in the
field is that of fibre composite rotor design. Due to the fibre's high
specific strength, the fibre composite flywheel has the potential of
becoming a high energy density storage system. Further, it greatly re-
duces the hazard of catastrophic failure common to conventional steel
rotors [6,7].

The first composite material flywheels to be constructed were in
the form of flat circumferentially wound thick rings or disks [8].
These rotors developed circumferential cracks at re]ative]y low rota-
tjonal speeds. This is to be expected since, although fibre-reinforcea
composite materials possess very high longitudinal strengths, they‘have
very low transverse strengths. In an attempt to reduce the radial ten-
sile stresses, the axial thickness of the.disk was varied with the
radius [9], however, the radial stresses were not reduced significantly.
Reedy [10] conducted a optimization study after which he constructed a
thick rim carbon/epoxy "Wagon Wheel" flywheel. He noted that, in order
to prevent circumferential cracks, as found in thick ring or solid disk
flywheels, it was necessary to select the proper inner to outer rim
radius ratio.



To overcome this problem, as well as that of poor volumetric
efficiency, several mu]ti—king flywheels have been proposéd. The
simplest design consists of nested individually wound rings. The
radial thickness of each ring is chosen to avoid a radial tensile
failure. There is, however, a radial displacement ihcompatibi]ity
between the rings. As such, bonding is required to prevent separa-
tion at the ring interface. This gives: rise to a. stress pattern
similar to that of a thick single ring. An attempt to alleviate
this problem by separating the composite material rings with thin
-+inter- -rings of soft rubber has been made by Danfelt et. al. [6].
Thus, stress patferns can be redistributed by varying the mater1a1
density and modulus. Apart from manufacturing problems, tension
<ti]l exists at the inner side of the low modulus ring. Kirk (11,
12] suggested the use of interfacial pressure, a physical parameter,
to redistribute the stress pattern. The major disadvantages are
the difficulty of manufacture and the hibh compressive loading at
static or Tow speed operation. However, Huddleston et.al. [13] were
successful in producing a residual pre-stress in a thick ring fly-
wheel by winding individual layers at different winding tensions.
Post [14] suggested the use of an inner ring material with a lower
modulus to density ratio than the ocuter rings. Pardoen [15] dinvesti-
gated the possibility of achieving the desirable stress states by
varying material density with respect to the radial coordinate. In
theory, this permits ring compatibility and a suitable stress distri-
bution, however, in practice, material constraints do not allow for
the range of material properties required.

The above options were explored using a computer analysis of the
radial and tangential stress patterns and the radial displacement. The
program, established in parameter form, can accept single, multi or hy-
brid ring designs with varying thicknesses and materials.

" One of the task objectives of the work was to explore the sensi-
tivity of stress to changes in the physical parameters and material



3 : .
properties. The physical parameters are the diameter ratio, the over- .

all internal and external diameter and the external pressure. The
material properties are the modulus in thg tangential and radial di-
rection, Poisson's ratjo and the density of the composite material.-
In addition, the work included a search for all the feasible designs
of the d%fferent flywheel design concepts that were identified and re-
commended {1]. The computer results estimated the cost, weight, con-
figuration and swept“ﬂb@ﬁme as well as the stress patterns for each of
the different flywheel design concepts.

While part of this work was te explore hoop-wound fibre composite
stress patterns and to establish the controlling physical and material
parameters, it is first necessary, for any practical design concept to
‘emerge, to identify the application and design objective. For the hy-
brid power train road vehicle application, the following design objec-
tives and constraints were established [1].

1. Usable energy storage of 0.75 to 1.0 KW-Hr with a

2:1 speed range.-

2. Maximum design speed of 25,000 rpm.

L o

3. Maximum outsidé diameter of 61 cm (24 inches).

4. Swept volume of about 0.025 cubic meters (1500
cubic inches).

i

5. Flywheel weight of about 30 to 32 Kg (65 to 70 pounds).

1.2 THESIS OVERVIEW

Chapter 1 is a general literature survey of flywheel technology
development and a statement of the thesis objective. In Chapter 2,



flywheel design concepts are reviewed and a more in-depth literature
" survey on existing flywhee]l concepts and flywheel systems was con-
ducted. Then, in order to meet the identified design objectives/con-
straints [1], flywheel technology and materials are assessed and sel-
ected for further study. Before the design analyses were conducted,
design parameters of single and multi-ring rotors were explored in
Chapter 4 to give better insight into the sensitivity of flywheel
‘rotor design with respect to material and physical parameters. 'In
Chapter 5, the thesis proceeds to study and discuss the results of
the computer analysis of the identified flywheel designs that give a
1 KW-Hr usable energy with a 2:1 speed range. Thereafter, final
rotor Qesigns are selected. Final conclusions and R & D recommeﬁl
dations are then presented.



CHAPTER 2 |
REVIEW AND SELECTION OF FLYWHEEL DESIGN COMCEPTS

~—2.1 FLYWHEEL TERMINOLOGY IDENTIFICATION

This chapter 1; mainty an extension of the literature survey of
Chapter 1. Various existing flywheel design concepts are reviewed
and discussed. Thereafter, various feasible existing and non-existing
fiywheel -designs are assessed so as to identify the types of flywheels
that appear most suitable for the road vehicle transportation application.

. For ease of reading and better systematic analysis, the various
existing flywheel design concepts are divided into four groups which -
consist of nine categories as follows:

Group I - 1. Single Material Multiring on Ring
2. Multi-material Multiring on Ring

3. Wound Disk

Group II - 4. Single/Multiring with Overwrap
5. Tape Wrap
6. Thick Rim with Bandwrap

Group III - 7. Laminated Disk
8. Laminated Disk/Rim

Group IV - 9. Bare Filament/Tape

Figures and details of the nine categories are given in Table A-l
{see Appendix A}.



2.2 REVIEW AND_ASSESSMENT OF EXISTING FLYWHEEL DESIGN
CONCEPTS |

While different flywheel design concepts are categorized in
Section 2.1, the actual design details and performance of these sys-
tems are reviewed and discussed in this section.

The first‘group of flywheels is composed of three main design '
categories consisting of a hoop-wound fibre composite rim, namely;
design concept (1) Single Material Multiring on Ring, (2) Multi-
material Multiring on Ring, and (3) Wound Disk. As mentioned earlier,
Morganthaler [8] designed and spin tested the first single material
thick ring rotor and reported circumferential cracks EE‘re1atively Tow
. speeds due to the poor transverse strength of fibre composite material.
In order to reduce the transverse radial étress, Garrett [16, 17] de-
signed a single material multiring on ring rotor using E-glass (for de-
tails refer to Tables A-2 and A-3 in Appendix A}. As expected the
specific energy storage of this design was relatively low because of
the low specific strength of E-glass. On the other hand, a rotor made -
of eight.thin rings of Keviar 49 {i6, 17, 18] had a significantly high-
er energy density because of the high specific strength of Kevlar -49.
However, the non-optimal usage of material and the requirement of high

interfacial pressure to prevent ring separation are still the main dis-
advantages [19] of this category of design. '

In order to obtain a higher energy density in multiring rotors,
one approach is to achieve failure (or working stress) simultaneously
in each individual ring at the same design speed. In this regard, the
multi-material multiring rotor design was judéed promising [20]. Not '
only will this concept allow the designer to achieve a desirable stress”
pattern across the full radial dimension of the ring, but it will also
allow efficient usage of material and provide better radial dilation
compatibility between the rings [20]. The typical multimaterial multi-
ring design is achieved by stacking a material of higher specific



strength or moduli with increasing radial position. The relative
dilation of the inner and outer rings alleviate the radial compati-
biiity problem. Never-the-less, separation between the inner S2-glass
ring and the outer Kevlar 49 ring in Garrett's multimaterial multi-
ring, on ring flywheel [16, 17, 18, 21] is a typical failure mode of

this categdry of design (see Table A.3 in Appendix A). In addition,
Garrett's multiring rotor [21] des%gn consiéts of an oversize star-

hub for hub-rim assembly. Consequentﬁy, the sub-circular shape of the
rim would 1ikely require the use of a thin ring des1gn concept [19].
Unfortunately, such a des1gn approach results in a 1arge swept volume
for the flywheel system and a large number of rings to be wound. - Al-
ternate designs such as tension-balanced spokes for support1ng the

fibre composite rim by Brgbeck [22, 23] permits the use of thicker rings
and rim.. However, the questionab]é rigidity and high manufacturing cost
for the tension-balanced spokes will definitely hold down the ratings of
the design for therfoad transportation application.

Other than designing a multimaterial multiring on ring flywheel to
achieve high energy density and optimal uSage of material, a constant
stress wound disk (ring) made of a contoured filament-wound fibre com-
posite also looks promising. Hercules [24, 25] continuously wound a
contoured AS-carbon disk (ring) as a typical design'of this category.
The major drawbacks of the design were premature radial cirtumferential
failure; high cost and manufacturing technology. ‘

The second flywheel design group consists of a hoop-wound fibre
composite rim that is reinforced radiaily with an overwrap on bandwrap,
namely; design concept (4) Single/multiring with Overwrap, (5) Tape
Wrap, and (6) Thick Rim with Bandwrap (see Table A-1 in Appendix A for
diagrams of wrap). This group of flywheel designs is characterized by
the use of a fibre composite overwrap or bandwrap in attaching the
hoop-wound fibre composite rim to the metallic hub (usually aluminum).
The major flywheel manufacturers for single/multiring with overwrap are
Aerospatiale [26], MAN [27] and Rocketdyne [28, 29]; for tape wrap is
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again Rocketdyne [29, 30, 31]; and.for thick rim with band wrap are
Union Carbide [13, 33, 39] and Sandia Lab's 'Wagon Wheel' and 'pin-
wrapped' flywheels [10, 34, 35] (see Table A-2 for flywheel design
details). On the whale overwrap or bandwrap flywheels have the dis-
advantages of high cost of manufacturing and poor figidity of hub/rim
attachment. This s supported by the fact that failure of flywheels
of this group was caused by creep in the bonding of hub and overwrap
[27]; dynamic instability [29]; bowing of bandwrap [32] and band
failure [13, 25§;3?] (see TabTe A-3 for performance details). Furth-
ermore, bandwrap failure could possibly pierce the containment which
is a major drawback from the safety point of view.

. The third flywheel design group consists of a disk made of a quasi-
isotropic laminate.lay\p.~ This includes design cohcepts (7) Laminated
Disk,'and (8) Laminated Disk with Rim. Generally the laminated disk is
manufactured by stacking layers of composite laminate at prescribed
angles of orjentation. The manufacturing and design analysis of a lam-
inated disk.are complicated by the fact that thick-laminate technd]ogy
is in its infancy [37]. Quasi-isotropic laminates are not isotropic in
strength {373 and interlaminar,stresses cannot be accurately predicted
due to the empirical nature jof Yaminate strength theories {37, 381. . In
addition, the reported cataStrophitfailures [37, 39] of laminated d{sks
nment and safety problem, (see Table A-3 in
Appendix A). On the other hand, a taminated disk reinforced by a hoop-
wound fibre composite rim [40] seems to be promising M providing both
higher energy density and better failure modes. However, the infancy of
laminate technology [37] and the uriidentified failure modes [1], com-
bined with the relatively low rigidity of hub/disk attachment by elas-
tomeric_bbnding [41], will still hold down the rating of this design.

presents a critica

The last flywheel design group is the Bare Filament/Tape design
where bare'fibre filament is continuously wound and attached to hub with
radial wraps. The principle feature of this flywheel configuration,
other than being a filament wound structure, is that the wound filaments
are held together by a minimum amount of resin or, in most applications,

f D
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only by a radial wrap without the use of resin [42]. In addition,
.the design has demonstrated the feasibility of providing a low cost
flywheel system [43] by using low-cost materials such as vinyl.im-
pregnated glass, steel wire and 'Methas‘_Amorphous Metal Ribbon.
These designs hold considerable promise as a low-cost home energy-
storage system (basement flywheel) to eliminate the daytime load
peaks or as a backuﬁ for home solar photovoltaic or wind energy
systems over cyclic non-operating-periods. Cohbining the disad-
vantages of relatively poor swept volume, weight and rotor stabil-
ity [1] of the bare filament f]yWhee] of f-sets the cost advantage
and }t can be seen that the design is not too suitable for the road
vehicle transportation application (see Table B-3 in Appendix B):

2.5 FLYWHEEL DESIGM CONCEPTION: IDENTIFICATION AND SELECTION

© After reviewing the flywheel technology in Section 2.2, the main
objective of this section is to identify and select the most promising
flywheel design concepts that will satisfy the desigh objectives/con-
straints outlined in Chapter 1.

Generally speaking, anisotropic material flywheel design is a new
high technology field wfth many unanswered questions and s yet in its
embryonic stages. Both the maturity of thought and the manufacturing
technology required for absolute assessment and R & D program definition
remain fragmented and controversial. It seems that there are many gen-
eration's of design maturity yet to come. Also, there is no clear de-
sign direction, at this stage of development, which has been identified
as the across the board leader. Therefore, decision‘ana1ysis techniques
are used to evaluate ail existing and non-existing flywheel design con-
cepts for further study.

- For the decision analysis rating, a series of twenty existing and
non-existing flywheel design concepts were identified and assessed (13,
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re1at{§e to each other, against a set of fourteen 'Impact Parameters'
(see Table B-1} which cover the areas of safety, geometry, cost and
technology. The twenty 'flywheel design concepts' are as follows

(see Table B-3:-in Appendix B):- : ' )

A (i) Single Material, Thin Ring
}ﬁﬁﬂ Single Material, Thick Ring

B Single Material Ring with Qverwrap or Bandwrap

C Single Material Mu]tiéRing with Overwrap or Bandwrap

D Single Material Multi-Ring with Low-Modulus Inter-Ring Wrap
E Single Material Multi-Ring-On-Ring '

F Muiti-Material Multi~Ring with Overwrap or Bandwrap '

G Multi-Material Multi-Ring with Low Modulus Inter-Ring Wrap
H Multi-Material Multi-Ring-on-Ring

I Shaped Central Core with Tape-wrap 3

J Bare Fi]aqent/Tapes

K Wound Disc

L Laminated Disc

M Shaped Laminated Disc

N Laminated Disc with Ring

0 Shaped Laminated Disc/Ring

P SMC Disc '

) Shaped SMC Disc

R SMC Disc with Ring

S Shaped SMC Disc/Ring

Désign concepts'A' to '0' are similar to the nine categories of
existing flywheel designs discussed earlier in the previous section.
Exceptions being designs 'D’' and 'G' which have thin, Tow modulus
(elastomeric material) inter-ring wraps that separate the composite
. rings'[4]. These two designs were judged to be difficult for manufac-
turing and potentially unstable [20]. Further, the ratings are Tow for
designs 'P' to 'S' that are made of an SMC (Sheet Moulding Compound) disc.
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This can be’expeqted because of the low specific strength of. the ‘SMC
material (see Table B-3).

From the decision analysis rating (see Table B-3 and B-4), on
the basis of either a restriction violation or a below average score,
all but three were eliminated fromthe transportation app11cat1on The
three judged ‘meritorious were

1. Design 'E' Single-Material Multi-Ring-On-Ring

2. Design 'F' Multi-Material Multi-Ring with Over-
, wrap or Bandwrap

3. Design''H' Multi-Material Multi-Ring-On-Ring.
(n-ring or bianular)

For the ring type F]yﬁhee]s selected, nine hub designs were iden-
tified. As with the flywheel design concepts, decision apalysis rat-
ings were used to identify the most promising hub designs. Tables B-5
and B-6 in Appendix B provide the technical summary and numerical rat-
ings for each hub.

From the ratings, the manufactured metallic (aluminum} hub with
integral shaft appears to be the most desirable design approach. How-
ever, SMC hubs appear very attractive especially in the 1ight that the -
ratings assigned to 'integrity', ‘ease of containment', 'quality con-
trol/inspection' and ‘technical risk' are held down due to the lack of
appropriate data. A moderate R & D program in SMC hub design could
well result in substantially higher ratings.

2.4 FIBRE ASSESSMENT AND SELECTION

Detailed data analysis and assessment of fibre composite material
is beyond the”scope of this thesis. However, for consistency and ease
of reading, a summary of fibre assessment and selection is inciuded in
this section.

L



The candfdate fibres selected for assessment were E-glass, S2-
glass, high modulus carbon, high strength carbon, intermediate pro-
perties carbon, Kevlar 29 and Kevlar 49.

The above mentioned candidate fibres were assessed'tlj in a very
similar manner to that of the flywheel design concept reviewed in
Section 2.3. Material cost, tensile fatigue, transverse tensile
strength and resistance to creep were identified as the four key im-
pack parameters for rating the candidate fibres.

A1l candidate fibres were rated against the impact parameters
(Table B-7) according to the values reported in the appropriate data
bases by the Flywheel Research Team [1]. According to the rating and
the present status of the R & D program the following materials were
recommended for evaluation:

(i) E-glass {(Type 3709, Fibreglas Canada)
(i1) . S2-giass ‘
(i1i)  Kevlar 29

(iv)  Kevlar 49

(v) Carbon (Grafil Typé E/AS)-
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CHAPTER 3
STRESS EQUATIONS DEVELOPMENT

“

3.1 INTRODUCTION

In studying the stress developed in a high-speed fibre composite
rotor, other than the stress induced by the centrifugal loading at
high-speed fofatipn, pre-stress due to winding tension and residual
stress due tpo cﬁehica1 setting and thermal curing are also important.
However, to develop a theory (or model) to account for all these stres-
ses will be comBlicated by the fact that the pre-stress and residual
stress are functions of many parameters {13] duriﬁg the manufacturing
process. Pre-stress due to winding tension, for example is a function
of resin flow, tension relaxation, winding speed, mandrel stiffness,
etc. Residual stress due to chemical setting is also complicated by

- the Toca] irregularity [61] during the bonding between resin and fibre,
interface material properties, etc.

In view of the ‘complex range of parameters that could influence t;?
stresé developed in a high-speed fibre composite rotor, and also the
fact that stress due to spinning is the most important for the first
generation rotor design analysis, only centrifugal stresses will be
studied in detail in the next chapter.

However, the following section will discuss the development of
stress equations for anisotropic material rotors. Pre-stress due to
winding tension, residual stress due to anisotropic chemical setting;',
thermal residual stress due to curing or elevated temperatures due to
aerodynamic drag [72] will be introduced. Finally, the most important
stress in a high-speed rotor, centrifugal stress, will be présented.



- 14 -

3,2 PRE-STRESS DUE TO WINDIMG TENSION

Although fibre composite materials possess very high longitudinal
strengths, the relatively low transverse strength will not allow a
rotor of high outside to inside diameter ratio (thick ring) to be
utilized without premature delamination failure. From the safety
viewpoint, transverse ﬁremature delamination could be desirable com-
pared with the longitudinal catastropic failure. But, on the other,
hand, energy density of the whole flywheel system will be dramatically:
decreased begause of the transverse failure a} low speed.

One of the practical manufacturing methods to solve the premature
-deTamination in a thick ring design is' to pre-stress the rim by con-
stant or variable windind tension. The compressive pre-stress by
winding tension will balance the rotational tensile radial stress
(transverse direction) at a desirable rotational speed. Theoretically,
the pre-stressed ring could be manufactured by winding tension control
so that it will fail both transvérsly and longitudinally at the same
time. In addition, the ring could also be pfestressed so that delam-
ination would occur just before longitudinal failure at design speed to
- give a more desirable failure mode.

Liu and Chammis [51] developed a theory to calculate the pre-stress
due to winding tension in the filament-wound composite ring. But this
theory assumed that the residual stresses were directly a result of wind-
ing tension alone and did not take into consideration other variables in
the filament-winding process. In the actual process, rather than wind-

" ing tension alone, the problem could be complicated by tension relaxa-
tion, resin flow, resin shrinkage and orthotropic thermal stresses dur-
ing curing.

The stress.equations due to w1nd1nq tension [61] were developed in-

Appendix C-1. 'Equation (3.2.1) and (3.2. ZC(g1ve the radial and tan-
gential residual stress of a filament-wound composite ring after, removal

from the mandrel due to winding tension.
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¢ = outside radius of filament-wound composite ring
p = radial position

Although the theory looks straight forward, it remains to be
‘proven experimentally. As mentioned earlier, residual stress due to
f{]ament-winding is a result of many variables, such as: resin flow,
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resin strinkage and orthotropic thermal stress. Also, a significant
"amount of tension relaxation at the winding surface affects the ac-
curacy of the theary by Liu and Chamis. | -

Huddlestion and Knight [13, 33] f%ok into consideration tension
relaxation and conducted experiments to determine the residual stres-
ses in filament-wound composite rings. Because of the scattered and
small amount of experimental data, it is still difficult to correlate
experimental and theoretical results.

2.3 RESIDUAL 'STRESS DUE TO ANISOTROPIC SHRINKAGE

It is very common to find cracks occuring somewhere near the
middle of a relatively thick filament-wound composite ring. Shira-
tori [62, 63] reported that these cracks occur almost at the same
place in the same size of rings, and concluded that the cracks were
‘developed by residual stress due to anisotropic-shrinkage.

Anisotropic shrinkage was considered to be composed of two com-
ponents [62]. First, the chemical shrinkage due to the chemical set-
ting of resin, and second, the thermal shrinkage due to the drop of
temperature following the curing process. ‘In the beginning of gelation
of resin, because of the liquidity of resin, no stress will be developed
due to the shrinkage of resin. However, as soon as some elasticity des
veloped between the resin and fibre, shrinkage would induce a residual
stress in the ring. Similarly, after the chemical setting, a thermal
stress would debelob in the ring when cooled from elevated temperature

to room temperature in the curing process. ~

Shiratori [62] studied theoretically and experimeﬁta11y the residudl
stress in a filament-wound composite fing due to anisotropic shrinkage.-
The experimental results of the study approximated the theory proposed
by Shiratofi [62]. The radial and circumferential residual stresses,

Oq AN Ogp are given by equation (3.3.1) and (3.3.2). Both equations

are derived in Appendix C-2.
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In equétion (3.3.1) and (3.3.2), €po aNd €, are the radial and
tangential free shrinkage of an infinitestinal element of the filament-
wound composite ring,. Furthermore, the free shrinkage strains are com-
posed of strains due to chemical setting and thermal shrinkage. The
difference of free shrinkage strain, (Ero - 586)’ were determined ex-

perimentally by substituting the measured residual strain €rR and €ap

of the composite ring into equation (3.3.3) and (3.3.4). Then, the
residual stresses, %R and Ggp Were obtained by substituting the values’

of _. and €50 into equation (3.3.7) and (3.3.2) respectively.
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(Eqﬁation continued)....
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Even though the experimental results of Shiratori's work [62]
quite agree with the results of equations (3.3.1) to-(3.3.4), the
agreement between theoretical and exper%ménta] results needs to be
proven further since the stresses and strains due to winding tension
and curing should be treated individually., This could be supported
by the fact that the free shrinkages in equations (3.3.}) to (3.3.4),
€ro and €ag° should be varying with respect to differgnt winding
tension and curing temperatures since, in an actual winding process,
winding tension and temperature may not be held constant for.aTi cases.
The assumption that constant € and €50 for all rinés is not generally
valid. In other words, the assumption of constant €ro and €50 May not
be valid in predicting residual stress where winding tension and thermal
shrinkage may be studied and controlled individually.

3.4 THERMAL STRESS

As mentioned eariier, thermal stresses could be induced in a fila-
ment-wound composite ring when cooled from its curing temperature or
from aerodynamic heating [64]. Even in the case of a uniform tempera-
ture change, as different from that of an anisotropic*material, re-

sidual stresses will be developed in the cylindrical orthotropic
material.
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Literature pertaining to thermal stresses in anisotropic thick
wall cylinders under various temperature distributions [65,66,67,68,
69] is so vast that an in-depth review would far exceed the scope of - \\\
this section. However, the special case of a uniform temperature
change in a cylﬁndrica1 orthrotropic .composite ring [70, 71] will be
discussed in more detail. Further, a uniform temperature change in
plane stress cylindrical orthotropic composite ring is a more appro-
priate model for a composite ring flywheel,

The thermal radial stress, tangential stress and radial displace- °
ment due to a uniform temperature change and hydrostatic external load-
ing are derived in Appendix C-3. They are presented here as equatio
(3.4.1), (3.4.2) and (3.4.3) respectively.
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The terms Pa and Pb are the internal and external pressures
exerted on the inner and outer radial position of the ring. From
the above equations, it can be easily seen thaf stresses are pro-
portiona} to (aeuar), K and Er' Furthermore, for the same kind of
material, stresses are only dependent on the diameter ratio. Pre-
liminary inhouse analysis [19] showed that the inside radius.of a

Kevlar 49 ring will expand after cooling which agrees with the above

equation and with the observed results from fabr1cat1on of composite
rings. However, the validity and accuracy of the theory must be
proven experimentally by measuring the thermal residual stress.
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3,5 CENTRIFUGAL_STRESS

Bésicai]y, the stresses in a hoop-wound fibre composite ring
due to centrifugal loading are analyzed by using the following
assumptions: (1) stress distribution is symmetrical with respect
to the axis of rotation; (2) the axial thickness of the disc or
ring is constant; (3) a plane stress analysis is representative;
(4) radial stress is equal to zero at a free surface and (5) in a
multi-ring rotor, radial displacement and radial stress are con-
"tinuous at the inter-ring boundaries. The solution of the problem
is well-established in the literature, [6,8,9,11,12,72,73]. De-
tails of stresses and displacement equation due to centrifugal
Toading were derived in Appendix c-4. Equations (3.5.1) to (3.
5.3) show fespectively the radial displacement, radial stress and
tangential stress due to centrifugal 1oadiqg.
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(Equation continued)....
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In order to meet the design objectives/constraints of the 1.0
KW-Hr rotor (mentioned in chapter 1), in-house analytical studies
[31] has identified that the physical size and weight of the rotor
are critical. Thus, aside from manufacturing problems, a rotor of
contoured axial thickness will v1o1ate the swept volume and diame-
ter design objectives/constraints for ‘the road vehicle application.
Logically, inspite of the potentially better stress distribution of
a contoured rotor, only constant thickness rotors are considered.
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CHAPTER 4
FLYWHEEL DESIGN BY PARAMETRIC_SENSITIVITY ANALYSIS

4,1 INTRODUCTION

The main purpose of this chapter is to evaluate the éffect and
sensitivity of the design parameters, both physical and material, on
the stress patterns of the hoop-wound fibre composite high speed
rotors.

The sensitivity and behaviour of both the radial and tangential
stress patterns 1n hoop-wound fibre composite rotors were analyzed
by varying sens1t1ve parameters, such as: thickness rat1o, inter-
‘fac1a1 pressure, and the material modulus ratio (Ee/Er)' Further,
in an actual rotor design, specific swept volume and specific energy
stérage must be maximized by using practical manufacture techniques
.and availabie fibre materials. Several feasible rotor design con-
cepts are explored in this chapter, 1nc1ud1ng Multimaterial Multi-
ring and Single-Material Multiring with 1ow moduTus interfacial wraps;
Single Material and Multimaterial Ring-On-Ring with manufacture con-
troiled interfacial pressure; and the Multimaterial Bi-annular Ring-
On-Ring Flywheel Rotor, |

The sensitivity results obtained in this chapter provide a val-
ued insight into the design analysis of the full size rotor discussed
in the following chapter. The sensitivity of both material and phys-
ical parameters together with the manufacturing feasibility, give in-
sight into the ‘advantages and disadvantages of each flywheel design
concept. |
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4,2 PARAMETER SENSITIVITY ANALYSIS
4,2.1 GEOMEfRIC CONF IGURAT 10N

Nh11e the primary interest of this section is to exp1ore
hoop-wound fibre composite ring stress patterns and to establish the
controlling physical and material parameters, it is first necessary,
before any detail study can be made, to identify the geometric con-
figuration of the flywheel rotor. 'Figures 4.1 and 4.2 éhqw a typical
geometrwc requirement, at different speeds, for a diSc type rotor with
" a ten inch diameter manufactured aluminum hub and solid SMC hub re-
spectively. For the design objectives stated earlier, the working
speed and physiﬁal sizes can be readily identified from these figures.
It is clear that rotors with an outer diameter larger than 11.0 inches
and speeds in excess of 22,000 rpm will be required. |

4.,2.2 SINGLE-RING SENSITIVITY ANALYSIS

One of the primary objectives of the single-ring analysis is to
explore the sensitivity of the ring with respect to material and phys-
ical parameters. Then, this knowledge and controlling techniques are
applied to multiring rotor designs. Figure 4.3 shows the non-dimen-
sionalized radial and tangential. stress patterris in a hoop-wound fibre
composite ring as a function of diameter ratio. As is well established,
the radial stress maximizes somewhat inside of the ring center and is
highly dependent on the diameter ratio. Since the longitudinal to tra-
verse working stress ratios of hoop-wound fibre composite are usually
in the order of 50 to 100, a thick ring will encounter premature de-
Tamination (radial failure) at low speed while the tahgentia1 stress
Tevel is still far below failure. This will not allow optimal utili-
zation of material and will result inlundesirab1y low specific energy.
While it is clear that a thin ring can approach the desired stress
level, it cannot meet the geometric requirement of most applications.



-

. [~]
[=] (=]
2 ?
. o
[ L - Iy
o~ T T T Y T T 2
. ® Rotor Speed = 17500 RPH '
a A Rotor Speed = 20000 RPM o
2 -
. ~+ Rotor Speed = 22500 RPH
o X Rotar Speed = 25000 XPM ™ e
9 —=—== Lines of Constant Swept Volume a
2 {Cubic Inches) -z
E=
- (=]
o
=2
L o
Q
o
=X
o = B
—~ ol
i [ €
e =]
Cf
o :: o *
] ".L‘cn
= =
L E.EE
] ==
R a u
D
| WY (=g
— | 5 Y - ]
N aj o
Sla
e [--]
- |8
L
L -]
Ciun
o4
[=]
a
Lo
[=]
bt
—_— Fe
Rim Type - 10.0 inch 0ia. Hanufactured Hub
1.0 Xw-Kr. Usable Energy - 2:1 Speed Range. 3
a a
S e
“g. 50 3.00 3.50 10.00_ _10.50 11.00  11.56  12.00 12750

QUTSIDE RADIUS (IN.)

Fig..4.1: Projected Geometry of a Rim Type Rotor vs.
Rotor Outside Diameter for a Range of Design
Speeds up to 25,000 RPM.



N

22.00

- 27 -

I#-DO IF-OD IP.OO 2P-00

12.00

WIDTH (IN.)
IP.DG

.00 4.00

00

Y Y T

Rotor Speed = 17500 *pM
Rator Spead = 20000 3Pt

Rotor-Speed = 25000 RPM

Lines af Constant Swept Volume
(Cubic _ Inches}

U]
A
* Rotor Speed = 22500 RPM
X

RGTOR

DiscType - 10.0 Iﬁgb/ﬂTBT\Solid Composite Hub

1.0 Kw-Hr Usdble Energy - 2:1 Speed Range

20

lllllllii

25

Energy Density {W-llr/LbL)

150.00  1B0.00  2B0.00  220.00

140.00

.00

0. 00 sb.o0 80.00 120
{LB.)

2h.o0

.00

.50

5.00

Fig. 4.2:

9.50 19.00 10. 50 11 .00 19,30
OUTSIDE RADIUS (IN.)

Projected Geometry of 2 9sc Type Rator vs. Rotor
Outside ‘Diameter for a Qange of Design Speeds up
to 25000 RPH.

12.00

1bo.co
WEIGHT

Dogg |



- 728 -

30

30 L T b ] L 1
® C¢D/ID =1.2
28 A OD-/ID = 2 480 .
+ QD/ID =3 :
X 0D/ID = 4
26 & 0D/1D =5 170
| 2 0D/ID =10
24
2 N 5
? < \'\; ?
W : . L
S v | / L
\\
\\ '\
18 N\ \\ 130.a
3 3
Q. Q.
S~ ~
16 208
14 10
12 & } 0
e -0
9 Y
8 yd e BQPIAL STRESS 4-20
\ //’ ------ TANQEE}%%C STRESS |

20

L}
40

1
60

80

100

PERCENT OF QUTSIDE RADIUS

Fig. 4.3: Non-dimensional Tangential and Radial

Stress Distribution in an Anisotropic
Disc with Various Diameter Ratios, K=1.8.



- 29 -

To control the stress pattern, the material and phy3ical
parameters were explored. Ring interfacial pressure, ring dia-
meter, diameter ratio, material density and material modulus ratio
'K' were found to-be the controlling parameters. The stress dis-
tribution of five thin riﬁgs, with varying diameter ratio, are shown
in Figure 4.4. As expected, radial stress is extremely sensitive to
the diameter ratio (ring thickness). The relative effect of inter-
facial pressdre (2,000 psi) on these five rings {é shown in Figure
4.5, From the figures, not only can radial stress patterns be al-
tered, but also more desirable tangbntial stress patterns can be ab-
tained by such ring interfacial pressure control.

The effect of material modulus ratio 'K' is shown in Figure 4.6.
The values of 'K' used in the figure are representative of those
found i the glass, graphite and kevlar fibre families. Apparently,
ho}ding all the other hateria] properties consfant, the higher values
of 'K' provide the more desirable radial and tangential stress
patterns.

Not only will the single-ring analysis provide necessary re-
ference for multiring rotor design, but it is also valuable in es-
timating the stress patterns and maximum stresses in rings for the
in-house study [1]. Figure 4.7 shows the projected stress patterns
in POC (Proof of Concept) rings due to hydrostatic loading. It can
be seen that very thin rings (0.1 inch thick) shduld be used to
achieve the desirable logitudinal failure [1]. By the same method, .
the geometric configuration of composite rings for spin-tests can be
projected. Figure 4.8 to Figure 4.10 shows the projected maximum
tangential stress in a 0.1 inch thick POC specimen rings, with var-
ious inside diameters, for S2-glass, Kevlar 49 and Grafil-AS re-
spectively. Clearly, it can also be seen from the figures that S2-
glass has the highest stress Tevel. Logically, because of its rela-
tively low strength, S2-glass will be restricted to inside rings for’

the 0.75 or 1.0 KW-Hr multi-ring flywheel rotor [1]. On the other
A

-
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hand, the relatively low stress levels and high strength of Kevlar
49 and AS-Carbon alTow them to be utilized as exteripr rings.

4.2.3 MULTI-RING ROTOR SENSITIVITY ANALYSIS

~ From the previous section, it is clear that material and phys-
ical parameters can effectively control the stress distribution in a
multiring flywheel rotor.

For high enerqgy density flywheel rotors, an in-house analytical
study [20] has identified that the prihary objective for hoop-wound
fibre composite flywheel design 1s to achieve a relatively constant
tangential stress distribution across the radial dimensidn of the
flywheel while maintaining a suitably low radial stress and radial
compatibility. Obviously, this could be achieved by stacking a cer-
tain number of rings by several techniques mentioned earlier. How-
ever, manufacture and material availability must be carefully '
considered. ‘

A rotor consistﬁng of ten nested fibre compoéite rings with thin
inter-rings designed to prevent-high tensile forces across the ring
boundaries is shown in Figure 4.11. .The sensitivity of stress patterns
with respect to 1nter-rin§ modulus is studied. In order to achieve
the desirable radial stress pattern, a very low modulus bonded inter-
ring material is required. Further, the undesirable tangential stress
pattern (as projected from Figure 4.11) would resuit in low system
shape factors or Tow specific energy. By decreasing the material den-
sity across the radial pasition, an optimal pattern can readily be
achieved as shown in Figure 4.12., However, there is no practical way
to achieve such a design. 0On the othef‘hand, the appropriate choice
of fibre material can provide a reasonable design with tensile stres-.
ses approximately matched to the design working stress of the material
as shown in Figure 4.13. Here five E-glass inner rings with fibre
Kevlar 49 outer rings are used.

-
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" In general, rotor designs with low modulus thin inter rings
werg’judged to be impractical because of dynamic instability and

_manufacture difficulty. On the other-hand, hoop-wound ring-on-ring

designs would apEear to lend themselves to easier manufacture and
greater rotor stability. Through winding tension control or shrink
fitting, 'interfacial pressure could be achieved across the boundaries

of multi-ring rotors. Figure 4.14 examines the stress profile at op-

érating speed of such a design. It could be noted that maximum com-
pressive loads will occur at 'static cond%tions and, if carefully
chosen, will all approach zero at maximum design speed, after which’
(in principle) ring separation or dynamic instability will occur as
in the design shown in Figure 4.15 when the rotational speed exceeds
23,000 rpm. However, the static compressive loads cah become pro-
hibitively high leading to difficult manufacturing, or compkeséive
material failure.

Rather than applying static loading between ring boundaries,
interfacial compressive loading can also be achieved by centrifugal

. loading between rings (dynamic loading). This design concept could

be achieved through the selection of higher modulus to density ratio

(specific modulus) materials with increasing radial position. Figure

4.16 gives an example of such a design. In this case, the outer high

specific modulus Grafil A-S ring dilates less than the lower specific _

modulus SZ2-gliass ring. Therefore, compressive loading was induced
across the boundary of these rings by centrifugal loading. Figure
4.17 shows the effect of outer ring thickness on the stress profile
of a biannuiar rotor, It can be seen from the figure that an optimal
stress profile occurs when the outside ring thickness, t, is equal to
1.3 inches. This shows that an optimum ring thickness ratio does
exist wherein both radial and tangential stress can-be minimized for a
a given design condition. '

o
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Even though some of the design concepts exp]orgd above are
hard to be achieved in manufacturing, the above éensitiyity
analysis provides valuable insight into different design concepts
for multiring flywheel rotors.
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CHAPTER 5
DESIGN ANALYSIS

.5il INTRODYCTION \/

After reviewing and assessing the flywheel design concepts in
Chapter 2, three types of flywheel designs?ﬁfth manufactured alumi-
num hub or SMC hub were considered to be the most promising of the
twenty design concepts evaluated. It was also recommended that the
five materials: (1) E-glass, (2) S2-glass, (3) Kevlar 29, (4) Kevlar
49, and (5) AS-Carbon be used in the present stage of the ana]ysis.

The task objective of the f1ywhee] design ana1ys1s is to set
up a pre11m1nary full size rotor data base to serve as (i).a guide-
line for choosing full size rotor designs and (ii) a reference for
" future iterations. As a result, some of the fifty-six rotor designs
listed in this chapter have similar dimensions and material arrange-
ments._'The similarities are de]iberateTy recorded to indicate. the
sensitivities of different flywheel designs with respect to geometry,
material, interference pressure, etc., such thaf stress patterns,_
costs and other factors could be projected from the data base.

This chapter mainly focuses on the two designs previously re-
commended. They are design 'E': Single Material Multi-Ring-On-Ring
and design 'H': Multimaterial Multi-Ring-On-Ring. However, design
'‘H' is divided into two groups: the muiti-ring and the biannular ring.
The recommended design 'F': Multi-Material Multi-Ring-On-Ring with
Overwrap or Bandwrap is not included in this study because of the
following reasons: : N ”

i) This design is a particular case of design 'H': Multi-

Material Multi-Ring-On-Ring. Therefore, it should be
studied only after the preliminary search is finished.

ii) Also, referring to the task objectives mentioned before,
- exploration of this design 1s not valued at this stage
of the analysis.
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.

5,2 ROTOR DESIGN ANALYSIS

During the search for feasible designs by computer analysis,
the design objectives/constraints specified in Chapter. 1 were im-
‘posed. Generally, all designs that could not meet the design ob-
jectives/constraints wére eliminated. However, in some cases weight
and swept volume constraints were relaxed to a reasonable extent so
as toinclude more feasible designs for a final selection.

‘Chart I gives the properties used in this analysis for the
selected materials. Material cost, density, moduli, specific moduli
and poisson's.ratio are listed in the chart for the materials at dif-
ferent fibre volume fractions. A1l the appropriate material proper-
ties and costs are calculated from the rule of miktures [Ref. 19].
(Appendix D and ‘E}.

In addition to the constraints specified above, all stress
_1eve1s (tangentiatl and radial) in each ring of a particular flywheel
design must fall below or within a reasonable range of the working
strengths (both compressive and tensile) of that particular material.
The working strengths listed in Chart II provide a reasonable data
test programs in the flywheel research project providéd that material
is selected for the Advanced Data Base. For these reasons, stress-
levels of some flywheel designs that are above the working strengths
in Chart II will also be considered to be feasible provided the level
falls within a reasonable range.

In the following sections, the three identified designs are
studied. Charts III, IV and V give the data bases for Single Material
Multi-Ring-On-Ring, Multi-Material Biannular Ring-On-Ring and Multi-
Material Multi-Ring-On-Ring flywheel designs respectively. In all,
fifty-six possible designs are listed which provide a 1 KW-Hr usable
energy storage from a 2:1 speed range, operate within 25,000 rpm and
a 24 inch diameter and in general meet the stress patterns, radial
compatibilities and working strengths of the materials.  However, as
stated, some flexibility in weight, swept volume and ultimate stress
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CHART IT [Ref.

19]

Notes:

TTW
* %221u
1w
“22cu

~ o W
L I ] a

u

1l

working tensile stress in fibre direction,

working tensile stress in transverse direction.
working compressive stress in fibre direction.
working compressive stress in transverse direcpion.

T11mw ‘T22mw S110w 220w
. COMPOSITE2 ' . —_—
' (Note 3,4) (Note 3,5) | (Note 3,6) | (Note 3,7)
E-GLASS 300 3 100 20
. (43,5) (0.435) (14.5) (2.9) -
S2-GLASS 400 20 150 30
(58) (2.9) - (21.75), (4.35)
KEVLAR-2S 1000 5 100 25
' (145) (0.725) (14.5) | (3.625)
KEVLAR-49 1000 5 100y 25
| (14s) (0.725) {(14.5) (3.625)
AS-CARBON 800 30 350 150
_ (116) (4.35) (50.75) (21.75)

. Estimated from current literature (10° cycles).[19]
. Volume fraction of composite approximately 60%.
Stress in MPA (KSI).

]

i
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.may be allowed. A final charf provides a first cut of all those -
designs that were selected and are recommended on the basis that
they are a good representative of each category investigated. A
final sé]ection'of designs will be taken from the chart or new
design approaches recommended for further study.

5.2.1 SINGLE MATERIAL MULTI-RING-ON-RING

L

This category of flywheel design consists of a number of rings
gf the same material nested together by interference fit.

5ccording to the in-house report [1], Garrett AiResearch (in-
housg), t16,17] had designed and spin tested a single material multi-
ring flywheel made of four thin E-glass rings that gave a Tow energy ;
storage of only 0.2 KW-Hr at a maximum speed of 17,000 rpm. Further, |
" Garrett's single material multiring flywheel had a relatively large
outside diameter of twenty-six inches.

‘Comparing with our design. constraints, it could be judged in-
tuitively that two of the selected materials, E-glass and $2-glass,

cannot meet the identified design objectivesépdﬁ§t(i;nts; The re- ;

sults of the design analysis proved this to’ be the Case. Neither of
the materials could even come close to reach1ng ;pe.dgglgn objectives/
constraints even though refaxations on the obgect1ves\‘constra1nts and

working strengths were allowed. . k\

In Chart III, nine single material multiring designs are pre-
sented. Only Kevlar 49 and AS-Carbon were found to qualify as feasible
design materials because of their high- specific strengths. Kevlar 29
was also found to be 1nfer1or in this ana1y51s because of its Tow
specific modulus and h1gher cost compared with that of Kev1ar 49.

The SMC S2-Giass hub diameter is Timited to.about twelve inches
[1] at the working speeds being considered. Thus, in order to estab-
1ish a design using the SMC hub/single material ring concept, very

r
— e ——
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high 1ntermr1ng interfacial pressures are requ1red in order to

: .maintain radial compat1b111ty
3

In spite of the high tangential working strEngthqof Kevlar 49

its low work1ng compress1ve and tensile strengths in the radial
direction eliminate the possibility of using SMC hubs. In Chart III
designs one to seven give some of the feasible designs of Kev]ar 49
with manufactured aluminum hubs. On the other hand AS-Carbon has the = -
advantages of having high compressive and tens11e wor51ng radial
strengths as well as having reasonably high work1ng poop strengths
A1l these advantages allow the poss1b1]1ty of using/either an SMC hub

. or a manufactured Aluminum hub for the AS-Carbon single material multi-
king flywheel. Designs eight and nine in Chért I11 ine the flywheel

. configurations for'ASJCarbon with a manufactured aluminum hub and an
SMC hub respective}ygf | ‘

Generally sbéak{ng,'for'the aluminum hub; Kevlar 49 is the most
desirable material td use {designs 1 to 7) while carbon is the only gL‘
mater1a1 siitable for single material SMC hub de51gns (No. 9).

For all the-aluminum hub des1gns, very 1arge swept vo]umes (podr
'geometr1cﬁcompat1b111ty), all well in excess of the 1500 cu. inch ob-
jective, were found. However, several des1gns are quite attractive

~ from.a rotor weight/material cost point of view. The SMC_hub/carben-
.r1ng des1gn can meet the geometr1c requirements but does exceed the
weight objective. |

_ Designs five and ﬁine were selected as representative of this
design concept for further consideration (see Chart VI).  Design five,
-a]though exceed1ng the swept volume constraint, does offer the best

'geometr1c compat1b111ty .of all the aluminum hub rotors together with
-desirable weight/material. cost properties. . Design n1ne meets all the
design objectives except the weight constraint. Further, it is the
only rotor of this design concept which uses an SMC hub.

A e e s R e e T T
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5.2.2 MULTIMATERIAL MULTI-RING- oN =RING

~ This category of des1gn includes a11 the nywhee]s that
consist of numbers of rings of different materials nested together
with or without. an interference-fit. In this thesis, this cate-
gory of design is also sub-divided 1nto two contepts, (1) Multi-
material Biannular Ring-0On- R1ng and (2) Multimaterial Multi-Ring-
On-Ring.

~

5.2.2.1 MULTIMATERIAL RIANNULAR RING-ON-RING

-

This type of flywheel design, cons1sts of two distinct rings of
different material. The inner and outer ring materials are chosen
in such a manner that the inner ring dilates concurrent with the
outer ring. Because of the compatib®e dilation, the inner rihg will
grow fith the outer r1ng w1th increasing rotor speed. Consequently,
radial compat1b111ty is ma1nta1ned and even dynamic induced compres-
sion can be built up at the interface of the two rings. This com-
pression wiIﬁ reduce the hoop stress of the inner ring and conse-
quent]y will reduce the radial tensile stress in both the inner and

~outer rings, In des1gn1ng the multimaterial biannular ring- on- ring

flywheel, the rule of thu b is to use a material of high specific
modulus for the outer r1ng -

Chart IV Tists th1rty three possible designs of the Multi-
material Ring-On-Ring. In the first thirty designs, S2-glass was
used as the inner ring material with Kevlar 49 and AS-Carbon as outer
ring materials. Designs 40-42 use Keviar 29 and Kevlar 49 as inner
and outer ring materials respectively. These three combinations were
found to be the most compatible among the. five materials being in-
vestigated since the difference of specific moduli between the inﬁer
and outer ring materials is large enough to induce dynamic compression
across the boundary. Consequently, radial stresses can be reduced by
careful parameter selection,tosatisfactory levels. Further, depending
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on the materials and rotor geometfy, static interference pressure
between the rings may or may not be required for radial compati-
bility throughout the operating range of the rotor.

Designs ten through seventeen list the most promising rogg}
configurations found for the S2-Glass/Kevlar 49 material combina-

. tions. This can be subdivided into those suited for an SMC hub

(Nos. 10-15) and those ‘Using an altuminum hub (Nos. 16-17).

<

In general, this design concept will yield maximum material
stress states (in either ring material for even under static con-
ditions) at an operating speed of 22,500 RPM for the 22-24 inch

" diameter rotors being evaluated. '

For S2-Glass/Kevlar 49/SMC hub designs, no rotor configuration
was found that could meet all the design objectives. A1l exceed the
design weight and aI]Hexgged the §2-Glass working stress in the fibre
direction. Further, it should be 'noted that all these designs require
a static interference pressure at the limit of the transverse com-
pressive stress of Kevlar 49, and hub diameters are at the upper Timit
for SMC. However, these rotors offer attractive geometric parametefs
and the lowest potential material costs of all rotor designs of all
ghe design concepts) evaluated. As such, this'design concept will not
be eliminated at this stage of the analysis and design eleven is
recommended,

Similarly, for the S2-Glass/Kevlar 49/aTuminum hdb“designs, né\~*
rotor configuration was found that could meet all the design criteria.
While the larger hub diameters permit desirable stress levels/rotor
weight/interference pressures; rotor geometry, in particular swept
volume, becomes unacceptably large. Further, this design is not amén-
dable to the sgbcircu]ar hub attachment due to the very thick rings
involved. Of the two, design seventeen is recommended because of its
.‘more favourable stress pattgrns.
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Designs eighteen through thirty-nine represent the most
promising biannular ring-on-ring rotor configurations found
using S2-glass and AS-Carbon as the inner and outer ring material
respectively. In general, AS-carbon is better than Kevlar 49 as
‘an outer ring material due to its high compressive and tensile
radial working stresses. This permits the use of thicker outside
rings and consequently the size of the inner S2-glass ring and/or
SMC hub could be reduced, which is favourable in reducing the stress
in the inner S2-glass ring and SMC hub. ‘

A1l designs from eighteen through thirty-eight can be used with.
an SMC hub with %nside radius ranging from 5.0 inches to 6.5 inches.
Again, noné of these rotors can meet all the design objectiVés."How— '
ever, a number of these designs violate only the wéight constraint
(about 85 pounds vs. the desired 65-70 pounds). This is principally
due to the use of the SMC hub-and is not considered to be a serious
prob1em especially, in view of the very favourable stress.patterns and
'géometric pérameters; Material costs tend to be highlcompared with
the S2-Glass/Kevlar 49/SMC counterparts but it must be recognized that
the Tatter rotors do not meet the d§sired-stress patterns at this stage
of development. Of those rotors.in the 85 pound class, design twenty
is preferred because of its relative Tow projected costs, .desirable
stress pdtterns and geometric parameters. Further, it has the advan-
tage of a small*SMC hub.

It is desirable, from a manufacturing point of view, to have a
design that does not require interfacial pressures between the rings.
The S2-Glass/AS-Carbon biannular configukatﬁon is the only design
concept found to date which meets this objective and permits the use
of SMC hubs. Further, no evidence of this design approach has been
found in the literature. Of those listed, design number thirty-four
is selected because it offers the-best stress patterns together with
a desirable geometry. - |

Designs 39-41 are biannular rotors, using aluminum hubs, which
do not require static interfacial pressures. The limiting factor in
these designs is swept volume, all are large but are the best such
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configurations generated by the study. Further, since these
refatively thick rings are not amendable to a sub-circular hub
mount, hub-ring attachment could be a major problem. Design
forty is recommended for this design class. Further, no SMC/
Keviar 29/Kevlar 49 rotor configuration could be found. Design
forty-two represents the smallest inside radius (RO = 7.6 inches)
which could be generated.

5,2.2.2 MULTI~MATERIAL MULTI-RING-ON-RING

This type of design consists of any number of rings of dif-
ferent materials nested together and generally require an inter-
ference fit. Optimum usage of material can be achieved in this
design by appropriately arranging the rings of different materials
with respect to radial position. The rule of thumb to achieve ar
optimal result is to arrange the fibre composite material with in-
creasing specific strength (or specific modulus). In so doing, all
materials in the multi-ring rotor can achieve their'design stress
at the same rotor design speed. '

Chart V 1lists fourteen feasible designs of the multimaterial
multi-ring-on-ring flywheel. In general, this design concept holds
considerable promise to meet all the design objectives including
rotor weight even with a relatively heavy SMC hub.

Designs forty-three and forty-four are similar to the single
material (AS-Carbon) multi-ring rotors but use one or more outer
reinforcing rings of Kevlar 49. Such reinf3¥cement allows higher
rotational speeds and consequently more desirable physical and geo-
metric parameters while maintaining the stress within the material.

design limits. Design forty-three uses an aluminum hub which char-

actgristicaI]y results in a Tight weight but large swept volume
gegmetry. This parameter relationship is reversed in design forty-
four which uses an SMC hub. However, the high material costs and

D
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and very high interriné-interfacial pressures render this design
(No. 44) undesirable. ‘

=4
Destgn forty-five through fifty-one are all triannular con--

figurations using S2-Glass/AS Carbon/Kevlar 49 rings and, with

" the exception of design forty-five, all use SMC hub§. The concept
is similar to the biannular design with a Kevlar 49 reinforcing
ring. This concept was explored using E-Glass as tﬁe inner ring
material, no suitable deéigns were found principally due to the
low working strengths being used.

In general the triannular designs provide very attractive
physical and geometric parameters, reasonable mater1a1 cost§ but
stightly higher working stresses in the SZ- Glass/AS Carbon rings
than projected in Chart II. However, depending on the design
failure mode, this stress pattern may be desired. Design forty-
six was selected for further study.

Theé stress patterns, in particular the radial stress in the
52-Glass/AS Carbon rings, can be contfolled by using two thinner
rings for each material. These are represented by designs fifty-
two through fifty-six. These five rings, three material rotors
again offer very attractive parameters and best meet all design ob-
jectives'at reasonable material costs. Design fifty-five was sel-
ected for further study. '

~ . I3

5.3 DESIGN ANALYSIS SUMMARY

= {

The three flywheel design conéepts togefher with the five
candidate materials as recommended by the in-house study [1] were
numerically analyzed. Fifty-six possible design% were presented
together with their geometric and physical properties, stress
pattekns and material costs. A1l designs were for a 1.0 KW-Hr
usable energy (2:1 speed range). Rotor configurations, for each
of the three design concepts, can generally meet the overall design
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objectives/constraints for the vehicular application (see
Section 1.1), the principal exception being swépt volume for
‘designs using aluminum hubs- and. rotor weight for those using
SMC hubs. '

Chart VI sumﬁarizes the results of the analysis. Eleven
designs that appear to be the most promising for-each rotor
class. (design concept/ring material/hub-type), as identified in
the previous section, are shown. .The chart shows the range of
values of ring cost, rotor weight and swept volume for each class
as weTl as the specific value (in brg?kets) of the actual rotor
recommended. Further, Figures 5.1 through 5.11 give the detailed
stress patterns for the eleven recommended rotor confidurations.
As discussed earlier, both E-glass and S2-glass did not qualify as
candidate materials for the single material multi-ring-on-ring fly-
wheel begause of their low working tensile stress in the fibre di-
rection. Further, Kevlar 49 waQ.preferred over Keviar 29 for this
design class due to its lower cost and more amenable properties.

One of the common characteristics of the Single Material
MuTti-Ring-On-Ring design is the non-optimal usage of material due
to the increasing stress distribution with radial position. How-
ever, this will give rise to a sequential failure mode (outside
ring) which has proven desirable from a containment point of view.
However, if the total ring thickness remains small, fairly efficient
usage of material can still be achieved as is apparent from the
weight/ring-material-cost of design five. However,, large swept
volumes and the need for metallic hubs naturally result. On the
other hand, if a thicker ring structure is used, (or smaller hubs
as is required for SMC) then very high ring interfacial pressures
are required to achieve radial compatibility under operating con-
di;ioné. Under such conditions, only AS-Carbon had sufficient
radial compressive strength to qualify for such a désign. However,
the non-optimal use of material results in high cost/heavy rotors.
Further, achieving the high interfacial pressures in manufacture
may prove difficult. | '

ol
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v Jo. \‘The second cqtegory of f1ywhee1 design is:thedBiannu1ar

R1ng -On- R1ng This design class is built up of two distinct
annular r1ngs of different materials. The difference in spec-
ific. strength and moduTus of the inner r1ng material and the

outer ring material, together with an appropr1ate geometry, per-
m1ts not only an opt1ma1 stress dwstr1but1on but also the use of
thick rings with controlled rad1a1 stress.  As such, they are well
suited to small SMC hubs and offer the lowest cost (ring mater1a1)
designs'found in this analysis (see rotor number e]even) Such
des1gns would aDPear to offer distinct manufactur1ng advantages,
espec1a11y‘those des1gns not' requiring, any static 1nterfac1a1
pressures (which must be built- in at the time of manufacture) eg. =
'design number thirty-foyr. Further, most rotors in®this design
category offer the possibi]ityiof Tower speed operation: Several
disadvantages can be cited however, the first being that these _
rotors tend to run 15-18 pounds over the guide weight of 70 pounds.
This results, in part, from the choice of reduéing operatihg speed
“as opposed to rotor d1ameter for the design.: Second1y, there is-a
tendency for. stresses in the inner S2-glass ring:to be high. From
the- S2- Glass stress point of v1ew, AS-Carbon is a better candidate
for. the outer ring material tfan Kevlar 49, however, firm Conc1us—

" jons on these matters requires second generation des1gn ana1y51s

stydies. Further, $2-Glass/AS-Carbon is the, only material combina-
tion found to date that offers designs without stqtic-interfacia]'ﬂ
bressure-requirements and can’ use  SMC hubs. The Keviar 29/Kevlar ‘
49 biannular rotors were designed to operate_at-ZS,bOO-rpm and all

reqoire aluminum hubs. . In these designs,,hob/rim attachment can be
a major prob1em and swept vo]umes are undes1rab1y targe.

Many of the Mu1t1-mater1a] Mu1t1 R1ng -On-Ring -designs .are ap .

‘ extens1on of the’ First two: des1gn categor1es In general this de-

sign concept résults in a better stress distribution and.a more opt-
1m§1 usage of material. For example designs forty 5ix and fifty- .
f1ve offer the best geometr1c properties of a]l rotors presented and
yet achieve weightg, even w1th SMC hubs, within the design limit. '

L]
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CHART VI
SUMMARY OF FLYWHEEL DESIGNS
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5.4 FINAL DESIGN SELECTION

It would be an error to try to make a final rotor selection
at this stage of the analysis. Many quéstions must be carefully
answered before such a decision should be attempted; namely: thick
ring manufacture, precise material working strengths, SMC hub per-
- formance, interfacial pressure control, hub/rlgjéktachment fa11ure
analysis and residual stress/w1nd1ng tension control.

However, some insight can be ga1ned from an assessment of the
"defined rotor quantities (rlng material cost, rotor weight and geo-
metry) using a basic decision analys1s For this purpose, the
rotor with the best specific property (eg #11 for ring cost) was
assigned a value of 10, that with the worst ‘specific property (eg.
49 for ring cost) was ass1gned a value of 1,-all other rotors re-
ceived a yalue by direct 1inear interpolation. Tab;e;_.1 lists
rotor ratings vs. various rating criteria. 4

Surpr1s1ngly, the SMC hub rotors dominate the top rated groups
under the various criteria. This is 1nterest1ng s1nce these rotors
have an inherent we1ght d1sadvantage 'on the other hand, however,
they do have an 1nhereq} geometric advdntage. It can be argued that

‘weight' is the least important parameter (a11 rotor weights are
reasohab]e) and provided that the rotor can be edy in the vehicle,
cost is the uTttmate measure. ¢ Hence, the 1ast‘iif::§T§Xﬁay\Ee\the
most mean1ngfu1 of the Timited set of parameters being used.

By all measures however, des1gns 11, 46 and 55 with SMC hubs
and 5 and ]7’w1th aluminum hubs must be further. considered. In ad-

- dition, from the sécond rated group (Nos. 20, 34, 40 and 43), it is
recommended that design 34 be carrie&‘further in the analysis be-

cause of 1ts inherent attractiveness regard1ng manufacture as dis-
cussed in the previous section.
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In summary, the following designs are recommended for second

generation design analysis studies. ///”-"
1es 1 )

[

TABLE 5-2
FINAL RECOMMENDED FLYWHEEL DESIGNS

DESIGN NO. DESIGN CONCEPT HUB . MATERIALS
X ‘
11 Biannu]if ﬁ) SMC- S2-Glass; Kevlar 49
46 MHr SMC $2-Glass; AS-Carbon:
_ Kevlar 49
<
55 Multi-Ring SMC S2-Glass; AS-Carbon
Keviar 49
| —
/ 5 Single Material ALY Keviar 49
. [
17 A Biannular ALU S2-Glass; Kevlar 49
34 - Biannular (P=0) SMC SZ-GTéss; AS-Carbon
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' CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS ™

"

6.1 CONCLUSIONS

© After reviewing the detailed studies of the previous
chapters, the conclusions from the design analysis of 1 Kw-
Hr flywheels (usable energy with 2:1 speed range) are summar-
ized as below. '

1. Ring interfacial pressure, ring diameter, diameter ratio,
density, specific tangential moduli and material moduli ratio
'K' were found to be the controlling parametefs for hoop-
wound fibre composite flywheel rotor design.

2. Only Kevlar 49 and AS-Carbon were found to be suitable fibre
‘ caneigates for Single Material Multi-Ring-On-Ring designs be-
cause of their high tangential working strength. However,
Kevlar 49 required the use of manufactured aluminum hubs
whereas AS-Carbon could be designed for either aluminum or
SMC hubs.

3. Despite its low cost, E-glass was eiiminated as a feasible

fibre candidate/or substitdEE“?B%\§grg1ass. Because E-glass's
5 low specific strengths cannot meet the stress levels of high
speed composite flywheels.

4. From the computer analysis, multi-ring flywheel design concepts
can meet all the design objectives (1 KW-Hr usable energy) with
tfpn operational speed of 25,000 rpm (maximum speed) and an out-

side diameter of 24" (maximum dimension). This result agrees
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with the predicted result in the in-house analysis [1].
Fﬁrther, from Chart VI, only the Multimaterial Multi--
Ring-0On-Ring designs made of S2-glass, AS-Carbon, and
Kevlar 49, with an SMC hub could meet the above mentioned

&desjgn objectives/constraints. Relaxing the weight con-
straint (80 to 90 1bs) allows for lower speed operation
at 22,500 rpm where most of thé Multimaterial Biannular
ring designs become feasible. The use of aluminum hubs

; has the advantage of light weight but conversely, the

swept volume will be ]akger (about 1,700 - 2,000 cu.in)
than that of SMC hubs,

5. No final decision on f1ywhee1 design can or should be made
at this stage of analysis. However the most prom1s1ng de—
signs wh1ch warrant further ana]ys1s are

(1) SMC/SZ G]ass/Kev]ar 49 B1annu]ar des1gn eleven.

{i1) "SMC/SZ Glass/AS-Carbon/Kevlar 49 Triannular design
forty-six. -

(iii) sMc/s2 Glass/AS-Carbon/Kevlar 49 Multiring design
fifty-five.

(iy)  Alu/Kevlar 49 Single Material Multiring design five.

(v) , Alu/S2 Glass/Kevlar 49 Biannular design seventeen.
(vi)  SMC/S2 Glass/AS-Carbon Biannular (P=0) design thirty-
'four.
6. For the advanced materials data base, S2-Glass, AS-Carbon (or

equivalent) and Kevlar 49 should be analyzed.
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| -(E;.Z RECOMMENDAT [ONS

[}
1

In view of the technical uncertainties involved in attempfﬁng‘
to make a final selection on full-size flywheels, recommendations

for future research and development are summarized as follows:

]

1. Thick ring winding techniques including residual stress.

2. SMC hub performance/production (stress Tevel,.quality control’,
etc.). ‘ S '
2
3. Control of interfacial pressures for Multi-Ring-On-Ring
designs, |

!

4. - Establish a data base for the cost of production (hub, wind-
ing of rings). ~ :

5. Hub/rim attachment (shrink- fitting, direct winding, etc.).

6. kai?ure analysis, especially benign failure modes.

T~
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APPENDIX ‘A’
FLYWHEEL DESIGN CONCEPTS
IDENTIFICATION

[REF. 1]
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TABLE A-1: FLYWHEEL TERMINOLOGY IDENTIFICATION (Ref.&l/, |

FLYWHEEL
MANUFACTURER g
(Flywheel Name)

FLYWHEEL TYPE

2

FLYWHEEL NO.

(See Table A-2&3)

Garrett

AiResearch

{In-house}
*

S

INGLE MATERIAL MULTIRING ON RING

COMPORLTY Seel). “1° GLASE, .

(Ref. 16)

-

Garrett
AiResearch
(Meradcom)

MULTIMATERIAL MULTIRING ON RING

A7

Garrett

AiResearch

{High Energy
Density)

(Ref. 44 )
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FLYWHEEL o | :
MANUFACTURER  FLYWHEEL TYPE FLYWHEEL NO.
(Flywheel Name) . (See Table A-28&3)

_;_.z’f“""“\a

IV

Gar%ett
AiResearch
(ESU)

Garrett
AiResearch
(UMTA Bus)

Brobeck

(Ref. 44 )
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FLYWHEEL
MANUFACTURER

(Flywheel Name)

FLYWHEEL TYPE

FLYWHEEL NO.
(See Table A-2&3)

WOUND DISK

Hercules 8
-~
L
Carbonfibre
Epoxy Rim
£
- 3 N:‘:‘;;Z:' éucl FiR(omqnt .
YARE poxy Ring
i
:Sspocsm Corbon/Epoxy
i b Ovarwrop
AN ; 10
y A Steel Hub
!
! W .
i i
%1 4 \ Stesl Shait
i l
)
\"Q L“
AN ) i
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FLYWHEEL
MANUFACTURER
(Flywheel Name)

FLYWHEEL TYPE

FLYWHEEL NO.
(See Table A-2&3)

N

fIh-house design)

AUBBER LAYER

CIACUMFERENTIALLY WOUND
COMPOSITE CORE IN
ELASTOMER MATRIX

ISOTAOPIC SHAFT

Rocketdyne 11
(RPE-10)
TAPE WRAP
L 4
. . AADIAL KEVLAR/EPOXY
Rocketdyne S ' 12

P
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FLYWHEEL
MANUFACTURER. -
(Flywheel Name)

FLYWHEEL TYPE

P

. FLYWHEEL NO.

(See Table A-2&3)

Union Carbide

" THICK RIM WITH BANDWRAP.

(Pinwrapped’)

14-18
/
Sandia Labs 19
(Wagon wheel)
B |
Sandia Labs 20
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FLYWHEEL
MANUFACTURER
(Flywheel Name)

FLYWHEEL TYPE

FLYWHEEL NO. -
(See Table A-28&3)

" LAMINATED DISK

thickness,
bolted hub)

LLL 21
(Tapered disk)
PRECISELY LAYERED
GRAPHITE PLIES
General ‘
Electric #
(Constant

LLL{GE)

(Constant
thickness,
bonded hub)

23-31
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- FLYWHEEL
MANUFACTURER
(F1ywheel Name)

FLYWHEEL TYPE

FLYWHEEL NO .-
(See Table A-2&3)

AVCO
(Bidirectionally 32
reinforced disk)
w——
=
S
\\\\“
' )
/
P
(Ref. 48)
‘ _—
LAMINATED DISK/RIM
| e ——— e T
General _
E]ectric 33-35
N
LA

-5
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FLYWHEEL
ANUFACTURER
Fiywheel Name)

FLYWHEEL TYPE

FLYWHEEL NO.
(See Table A-283)|

1 v

BARE FILAMENT/TAPE

APL '\
(Steel wire)

36

APL
(Vinyl-glass)

(Ref. 42)

37
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FLYWHEEL |
MANUFACTURER FLYNHEEL TYPE FLYWHEEL NO.
(Flywheel Name) (See Table A-223)
AP 39
(Metglas)
APL “
'(Kevlar) |
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APPENDIX ‘B’

FLYWHEEL TECHNOLOGY ASSESSMENT

[ REF. 11
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TABLE B-1: MAJOR IMPACT PARAMETERS

For the road vehicle transportation abp1icat10n, in the process
of flywheel assessment and identification, the major impact para-
meters were estab]ished.FIJ as foliows:

i) Safety . . . . . . . . % . . . Failure mode
Ease of Containment
Prefailure Indicators

ii)  Geometry . . . . . . . . . . .. Geometric Compatibility
' Weight Compatibility
Fiywheel Stability
Effective Shape Factor

ii1) CCOSt e e e e e e e e e Material Cost

' Manufacture Cost
Industrial Implementation
Quality Control/Inspection

iv) Technology - . . . v « v « « . . State-of-the-Art
Technology Level Required
Technical Risk
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" TABLE B-2'
RATING CRITERION (Ref.1) T

2

. Each 'Flywheel Design Concept' is numerically rated on a relative basis

from '0-10' for each 'Impact Parameter' according to the follewing quide:

PARAMETER \\\ VALUE 0-2 3-4 5-6 7-8 9-10 _
Failure Mode V.Poor Poor | Average | Good V.Good
Ease of Containment V.Hard Hard | Average | Easy V.Easy
Pre-failure Indicators No - Possible[ =« Yes
Geometric Compatibility V.Poor Poor | Average | Good V.Good
Weight Compatibility V.Poor Poor | Average | Good V.Good
F1ywhée1'§tabf11ty_ V.Poor Poor | Average | Good V.Good
Effective Shape Factor V.Poor Poor |Average | Good V.Good
Material Cost V.High | High |Average | Low V.Low
Manufacture Cost V.High High |Average | Low V.Low
Industrial Implementation V.Hard Hard {Average | Easy ¥.Easy
Q.C./Inspection V.Hard Hard Avérage Easy V.Easy
State of the Art V.Low Low |Average | High |V.High
Technology Required V.High { High |Average | Low V.Low
Technical Risk V.High High |Average | Low V.Low

-

»

Fach 'Impact Parameter' is assigned a weight between '0-120* dependendent
on its' perceived importance relative to the road vehicle application.
The impact parameter ‘score’ equals the numerical rating received times
the weight factor. ' '

. Any flywheel design concept receiving a '0O' rating in any category is

judged unsatisfactory for the application and will be a basis for elimination.

. Each of the four major rating criteria viz; safety, geometry, cost and

technology carry equal total Mgight (200 points) in the assessment. Thus:

(a)-Maximum possible score is 8000 points. : _
.(b) Average score is 4000-4800 points. ’
{c) Design concepts scoring less than 4000 will be eliminated.
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TABLE B-4 S
FLYWHEEL PERSPECTIVE RATING - ROAD VEWICLE APPLICATION (Ref.1)
IMPACT SAFETY GEQMETRY COST FACTORS TECHNOLOGY RATINGS
PARAMETER .
L Y —_—
ol 2| > o |-E[7 | WE
[~ v U - Iy L) 3 — o e ] 5 hc- " gr-— :
b s (251 |les|c2l 28] = {3 [T= 83 <|28|3 g c
=y e (33| §2158 25| 82 Tal8R |28 (S [se(Be|Ex) = 52
il S‘S‘ .'.§ 3"’ $38| >3l -8 ;.!‘ 2 B= 2213 8 | 8% S -
FLYWHEEL |EE|3F|TF|Sa 52 i |=F|3° =3|=° | 8|23
- DESIGN ] b =2 3 s 52
CONCEPT = w
CODE 40 1120 4o | sn |50 |50 |s0 |so BO | 30 | 40 A 50 {50 | 100

Destgn 'A-1' | 5 | 5 1 0 |9 5 |9 |8 2N N R O - N A 4850 | Yes
Design 'A-11'] 8 7 5 3 3 5 3 3 7 7 3 3 1 2 3500 | Yes
Design ‘B 6 5 5 3 ] 5 4 3 4 4 3 4 2 3 3150 | Yes
Design 'C' 6 6 1 7 7 5 5 4 2 ] 3 2 2 5 3500 | Yes

Design 'D* 7 7 1 5 5 2 | 4 3 2 4 3

1 i 2 2 2860 Yes

's."_'-"_a."c_ 8§ Juo| w

z4 z.ls Jamo! w

3 1 2 2 3380 Yes

peston'1* {7417 | s |6 (s |5 |5 |3 2 | 4 atz [ |2 fazzo| ve
Design '3 s s 113 (3] ¢ta “'-4‘_ B |83 a |5 |2 | 3260 ves
beston x> | 7 [ s | s |s |2 |5 |2 |2 6 ts 5|2 |1 1 [ 3320 | ves
Design 'L’ 1 {1 Vl7 s e | s |s 3 3| z2)a 13 |3 )ase! ves
.Design ‘N’ 1 1+ 1 2 g 8 ] 4 1 2 " 2 8 |2 2 2520 | Yes
De;1gn ' 3t v 7 e s | s |s 2 |3 | 23 |2 |3 {20 ve
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APPENDIX 'C¥‘\__,>

DERIVATION OF EQUATIONS
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' C.1 PRE-STRESS DUE TO WINDING TENSION

The equilibrium equation in the radial direction is simply
[72,73]. :
dUr O =0y

— = =0 L (C.1.1}

From Figure C.1, the boundary conditions at r = p are.

o.le) =0
o, (b) = -P(p)
..... (C.1.2)
08(0) = T(p)
u(p) =0 ‘
Where:
e = radial position of the outermost filament during
winding at a particular instant
bm = outside radius of mandrel
P(p} = the pressure exerted on the mandrel surface due
to filament winding when r = ¢
T(s) = Tension at p
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" Figure C.1: Schematic Diamgram of Compésite Ring During Winding

The stress and displacement of the isotropic mandrel for
a, £rc< by will be

b ZP( ) 3 2
o (r) =" A
rm b 2.4 2 v
m °m r
2 2
D - -b P(p) - a \
om zg;zj;;zy ':}f" .....
bmzP(p) am2
Um(r) = b 7 2) [(1+vm)r (1+vm) - ]
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Where amri*/}psfagﬁradius of mandrel.

vm = Poisson ratio of mandrel.

‘ Now, if a thin filament of thickness aAp with tension T{(p) is
wound on the top of the outermost filament at p , a compressive force
of T(p) &p/p is exerted at p. Consequently, the interfacial pressure
between the mandrel and the filament-wound ring will be increased to

Plp) = P(p) + AP(p)

Similarly, for the new displace
the filament-wound &lement become:-

¥

esses and strains for

Q
4>
——
=
o
n
qQ
@
o
-
St
+
=3
Q
far]
——
3
S
iy
o
—
~
S

Therefore, the equilibrium equation C.1.1 becomes

dE} o.-0,
dr + r = 0 . . . .-. . .(C.1.5)
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Substituting equation C.1.4 into equation C.1.5 and combining
with equation C.1.1 we have
dAg AU -Ag
o=t 2 =0 L. (C.1.6)

By assuming a linear orthotropic material property, similar to
the stress-strain and strain-displacement relation in Appendix C.4,
we have:

d Au(r)
St

pe(r) = -

A u(r)

1]

.".\.Ue(r') ‘('1__\)—\)8)— (AEE+ \J}"AET‘)

¢ Substituting equation(C..7) into equation (C.1.6) and sim-

plify, yields: :

dau(r) , 1 dsulr) 2 aulr) _,
dr2 r dr rz
Solving, we have:
du(r) = ¢y K gyr ... (a8
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Substituting equation C.1.8 }nto equation C.1.7 and applying
the following new boundaries conditions:

. = 5 - _ -T(p)ap
at r = onlp) = Aér(o) =
at r = by do (b} = - AP(p)
We have, . .
1-vgV,. me+1 BP(p) - 0" T(o) A K
dulr) = ——g——¢> [ r
E.(p7 by ) g-8 -
K Kok aP(p) - T(oIB, 89) g
+ O [P (C.1.9)
a+ B
Where:
a = K- vg- B
B .= K+ Vg + B
B = [ (b 2+ (vl ]
2 2 oom-m mom
Em(bm " % )

Equation C.1.9 gives the incremental radial displacement at r

when an incremental layer Apwas wound on p . AP(p) could be solved
| by considering the continuity of interface between the filament and
the mandrel.

Hence, b B
m

Au(bm) = bu (bm) = Ee_ AP(RY - .. (€C.1.10)

“(From £q. C.1.3)
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Solving equation C.1.9 and C.1.10, we have: a

20 1 K 1era0 .
AP(p) = ‘ _ R (A M

2K + 2K
Bp abm

ubstituting equation C.1.11 into C.1.9.

. b * o"T(p) 80 L | 1K)
Au(r) = {al(B-8)(— - B la+8
c, (825 a0, 7] v b
..... (C.1.12)
Substi%uting equation C.1.12 into equation C.1.7, we have,
KA1 K
- -b T(p) Ap b
K+1 r K-1
Ao (r) = 02 [ =D+ ()]
r 8o 2K+abm?K r | Fm
. .{C.1.13)
b o fT(oie b K na
boglr) = —gp——g— lalF)  -8) |
Rp -+abm m

Integrating equations €.1.11, C.1.12 and C.1.13, the; total
interfacial pressure, radial displacement and stresses are as follows:

Cc c .
P(p) = | apP(p) = 2kb KT o"T(o)dp 2k K1 ¢ (b))
P - P m ZR ZR m m
, Rp +abm
b b_

Equation continued...
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qm)k K b
(B-BUAT) - B(atB) () £ (r)
[a a E; ] ‘Eab r

u(r) = -
b Kl -r K-1 " K-l |
op(r) 5 -lal)  +Blg) 1 by CF () L(C1.14)
. m :
b_ K+1 " K-1 K-1
o (r) = T(r} +[a () -B(EE) ] Kb f(r)
C.
‘ (p)
Where: f(r) = o Tle) 4 A
e r f BDEK b ' %
. m
-
o -

outside radius of the filament-wound ring

Also it should be noted that the term ‘T(r)' in o (r) is the

. 6
initial condition given by equation C.1.2.

Equation C.1.14 gives the residual stresses of the filament-
wound composité ring after completion of winding. The total residual
stress after the ring was taken away from mandrel could be obtained
by super-imposing a negative p(p) on the inside radius of the ring.

Therefore, after super-imposing -p(p) on the inside radius of
the composite ring, we have:

ZKBZKCK 1 (bm) . K+1 . K-1
o) ez (2O
) . (€.1.15)
b
_ me-]f(r)[a(Tﬂ'l)K'*'.l +B(%)K"] ]
m

(Equation contined)....



. - . ) b
5g(r) = Tle) + k0 KT £ () Lo (T -8 (g—m)""l
: ' . L {CL0)
2K2b 2K K-1 (b_) K+1 K-1 ( !
R L L R I
CZK - b ZK r c

. .2 RESIDUAL STRESS DUE TO ANISOTROPIC SHRINKAGE

The  anisotropic shrinkage of filament-wound composite consists of
two components, namely: (1) chemical shrinkage when the resin sets, and
(2) thermal shrinkage when cooled fremgfuring temperature to room

-

temperature.

The equilibrium equation in radial direction is sﬁmp]y (plane stress):

Also, the strain-displacement and stress-strain relations are as

. follows:
. ] gg
r dr
o (C.Z.%l
88 r
g V.G
_ g8
and EY‘ = ? - —E'—+ Ero
r . e
. e e (c.2.3)
g v _0O
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Where €ro and éeo are the radial and circumferencial free
shrinkage respectively after the r1ng vas cured and removed from

the mandrel. ’

‘ ‘Substituting equation C.2.2 and C.2.3 into equation C.2.1, and

(/i}§§ss1y1ng the boundary conditions. .

at r = a, 0. = 0 5
. {C.2.4)
r = b, 0. = 0
~Solving, we have: \
, ,
£ - K+1 K-1 K-1
- ro 80 C -1 r
T {72’1_ [ (Kevg) gl ¢ ()
- y - ]
B
N 08y e K 2 .
- ) E T+ (k) 1+ em}r‘ L (c2.8)
2
K= ( : Kl K=1 K-1
e S AN ’%ﬁ] @
K~1 -K-1
1+ ve)(%m];]) e D IR (C.2.6)
- a
-€ K+1 K-1 K-1
£ _ ro 8o ch -1 r
6R _KZT_[(K-\)S) EZ-RT] c (E) (
KTy ke
- (K'*'Ve)(m’-)(a) + (\Je -y (C.2.7)
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<’ ) .
g =;(€rq;éeo)§3 0211_1 A AR .
K= ¢ a CEK_-1 3

.(C.2.8)
A S N

' K&-1 ek _y 2K ‘
) .(€.2.9)

Where: C =

C.3 ' THERMAL STRESS

&

The equilibrium equation in the radial direction is:

d g a
.Gr + =
dr r

. .(C.3.7)

L

. VN .
- For uniform temperature change, the stress-strain relationship is:
» . :

-~

ag AV
_or 6%
- T

db

. .(C.3.2)
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From C.3.2, the tangential and radial stnéss can be written as:

E ("
- r o ‘
o, * ETEN [(e, - o.T) + ve(es.geT)]
. (C.3.3)
+Eg .
99 = Teo v L5 magT) + v, (€p-a, T
re
Also, strain-displacement relations are,
du - uoo. - :
g = = -€ = = - ... W (0308
r dr 6 . r ‘

Substituting equation C.3.3 and C.3.4 into the equilibrium
» equation C.3.1,

2
du+ ., 1 du 2 u _ N 2 T
d.2 v oo - K ;2' [on #v5(0g - o) - Kagl ¢
.(C.3.5)
E. - v
‘ 2 8 8.
_Where K* = = =
?? vy, 1
Solving, we have:
| K - 0‘r*"’e("‘e"’Hr)‘K2°‘e
u = Cir- +Cr  + Tr
1 2 2
1-K
. .(C.3.6)

.
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Where: C1 and C2 (constants)

| App]yiﬁg boundary conditions,

= . ) g = -
at r a, r Pa

. .(C.3.7)
r = b, Ur‘ =-Pb

Therefofe, after substituting equation.C.3.7 into'C.3.6, we have

2
o - (K-vg )(‘ae-ar) T 1-c-K-T
B k) 5T R
Pa ?'(T-\)r\)e) 1 . Pb(’l-\)rue) i
(v *K)E a~ | 1-c2K (kv )Ep ¢y
. r
ind . = (K Vg )(ae ar) T 1_CK-T . Pa(1—vr\)e) 1
2 2 -K-1 2K =K=T 2K
(1-K )(ve—K)a 1-C (ve-K)E a c™"-1
. r
. - 4
Where: c = 5 .

](r)} ) Pa“'vrve)
3 B

r

(Equation continued)....

S
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T K ' -
' 1 r 1 r
af = * - )
(vt (1-C7%) 2k (1-cPK) B
) Pb(l-vrve)b : 1 ) s 1 LE)‘K]
& (Kivg ) (1-CTY 30 (v k) (1-C78K) &
..... (€.3.8)

Now, subsituting the value of 'u' into equation C.3.4 yields €.
and €g - Thereafter, the tangential and radial stress can be obtained
by substituting equation C.3.4 into equation C.3.3, viz:

2 2
L B g Lol KT g o
(T (1KY 1-¢ek a 1-cek @ a
K-1 ~K=1 K-1
©ln O e O ey @
1-C 1-C 1-C
1 " K-1
-‘]__CZK_ (E) 1 e e (C 3 9)
E_(K2-v %) (a )T KT KT K1 -K-1
g = r B 8 r [K 1-C (I") -K 1-C (L)
B (1-vrve)(1-K2) -C_2K a ;tEZK_ a
K-1 : -K-1 K-1
1 r 1 r 1 r
@ '1]' Kpa[]_-c'_Z'R' (E) = EZ'R' (a) ]" KPb[Ez-R' (—)
1 p, K1
- —=g (§) 1T (C.3.10)

———
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C.4 CENTRIFUGAL STRESS

The following equation represents the equilibrium of an infinitestimal
element in radial direction (p]gne stress) [72,73]:

5
,-—l
(=1
1
-
[aie]
<
1
Q
[a2]

Where Fr = body force per unit volume in the.radial direction.

B
In case of rotation: Fr = pwir
dTre
Also, for rotational symmetry: & 0
Therefore, equation C.4.1 becomes
d& g_-C
= + 2+ =0 ... (C.4.2)

Strain-displacement equation is [72,73]:

(]

>4

r dr

1}
=
+
5|
ojo
22
1]
=
——
L ]
[ ]
oo
gl
n
o
St

€4 . . .(C.4.3)



- 140 -

e b e A dane o]

- Stress-strain equations [73]:
o 7, ) Vgl
o E Es
g v O
- 8 rr :
€, = — = ... W(C.4.8)
8 EB Er | .
8 g
also K& = .=
R S &
Rearranging equation C.4.4 yields:
£, o
B Y
E, . . . .(C.4.5)
% T TV (Ee * Ur‘er‘)
r8 :
/

Substﬁtuting equation C.4.3 and C.4.5 into equation C.4.2, after sim-._
plification, yields:

d2U N l AdU ) K2 U ) (.l"'\Jr\)s) ol
I S e
:(C.4.6)
Solving, we have:
| o= crk e g Koo (o) 3 (C.4.7)
1 2 "QE;?EE____ Tt R
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Where Cl and C2 are constants. WNow, applying the boundary conditions
to equation C.4.7:

at r = a, ¢ -P_ (negative for compression)

r a
. .(C.4.8)

r =.b, 0. = —Pb \

C1 and C2 can be determined. Then, radial displacement, radial stress
and tangential stress are obtained by substituting C1 and C2 into
equation C.4.7, C.4.3 and C.4.5. Hence, we have:

2,3 ke3 K k-3
U= T M3hu) [ (Kevg) ot () - (kevg) 18 m K (&K g
e (9K 1-C 1-C
gy
' K+1 o
- P_bC , K K
- (Kz-vez)(gﬁ} S ey (Kevg) () ]
e = .
- Pob ' K
- LK) (D k) (D)
’ Ee(i-C- ) b
(€.4.9)
w?b%(3+v, ) K+3 . K- k-3 K+3 K+l
o = Y 5 1-C (T‘) + 1-C C (p_)
s & & K v
.. KH]
P:C K-1 K+1 P
SR I O 0 Y DR P
1-C 1-C
. K=1 ‘ ‘
r 2K by K+l o
[~ ('5) + (F) ] . ... {C.4.10)

Ve
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. P.X oK1 K+1 ’
T%?.K (@ @ A (R D

FquationsC.4.9 to C.4.11 give the radial displacement, radial and
tangential stress of a single anisotropic ring as in figure C.2. Sim-
ilarly, the radial dispTacement, radial stress and tangential stress in

a particular ring of a multiring rotor (Figure C.3) can be written as
~follows:-

' k
- 2.3 m+3
(my ____Ym¥ %m (m) m, o - r K
u = (3+v } [ (K -v ) (=)
g, 9k HL ° © T

h FKm+ve

K+
G130 -

{m) 2k m 0
Eq (T-Cm m}
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Fig. C.2: Schematic diagram of Single Ring Rotor

T |

Fig. C.3: Schematic diagram of Multi-Ring Rotor

[N LA,
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Now, the unknown pressures Pm are determined from the con-
tinuity of radial displacement of points on the contact surface,

X C(m-1) .
at v o= oa i, ou, Up . ... (C.4.15)

Substituting equation C.4.12 into C.4.15, n-1 equations of un-
known pressures Pm.are obtained,

: _ 2.3
Pt am+] %] + P _am_ B * Pol Yl % T On
(C.4.16)
Where, K 2K
o 143y (m) g4y (M) 1-c Mg Tm
S = 7 T " = K K )
9K, E,. Eq l-c_ M
m
K -3 2K
(m+1) (m+1) m+1 m+1
) P+ (T+3vr . 3+\)8 ) ]-Zcmﬂ el
9.k, EMV e M e e
(C.4.17)
’ .
m
L ZKm o
mo (m) 2K
E m
a 1—cm
2K
T+c
_ {m} m 1 Am+1)
Bm T (m) (“e B Km ZK ) (m+T1) (”e * Km+'|
E8 1-¢ E
m 6
1+c 2Km+1
m+1 .
Y Ll e (C.4.18)
2Km+1
1+Cm+1
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- Therefore, for n-1 unknown pressures,-n-1 equations could be
obtained from equation C.4.16. After saolving for the n-1 unknown
Py (M= 1,2,.00000u00n-T), the values of radial displacement, |
radial and tangential stress in each ring can be obtained by sub--
stituting the values of P into equations C.4.12 to C.4.14.
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. APPENDIX D' .
MATERIAL PROPERTIES

The material properties 1istgd in Chart I were calculated by the
rule of mixtures for a Volume Fraction ranging from 0.55 to 0.70 as
follows:- '

Density (p)': o) v

o Z pes + .
composite ~ Pfibre 'f T Presin

Tensile Modulus (Both Tangential and Transverse):

£ e = :
composite = Ecop o Ve + E iy (1-Ve)d Lo oL (D.2)

five different identified fibres and the resin.

where E1vf, Eppp = tangential and radiaT~modu1us, res
~of fibre.
E1]r,hE22r f ;angent1a1 and ‘radial modul sf respectively,
of resin.

Sample Calculation:

- (i) For E-glass, with Ve = 0.60

From equation D.1,
—

(2.72)(0.6) + (1.20)(1-0.5)

pE-giass

2.112 gm/c.c  (0.0763 1b/cu.in)
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Sample calculations continued:’
(ii) Also, from equation D.2:

E]1, E-g]éss

E11f’ E-glass 'Vf + E]]F,fE-glasg FJ"Vf)

(83)(0.6) + (21)(1-0.6) - /

/

/
1

58.2 GPa (8.439 MSI)

A
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APPENDIX ‘E’

COST OF MATERIALS

.

The costs of the five identified materials and SMC (S2-glass)
used in the analysis are calculated by the rule of mixtures. The
following-table gives the cost and density of each fibre and resin.

TABLE

COST® AND DENSITYZ OF

»

E-1

/'.

'FIBRE AND RESIN

. . . FIBRE RESIN

" FIBRE COST | RESIN COST DENSITY DENSITY
FIBRE (1985 $/Kg) (1985 $/Kg) (gm/c.c.) (gn/c.c.)
E-GLASS 2.0 3.6 2.72 1.20-
sz-GLasé 8.0 3.6 2.49 1.20
KEVLAR 29 50.0 x\ 3.6 1.44 1.20
KEVLAR 49 30.0 3.6 1.44 L 120
AS-CARBON 40.0, 3.6 1.82 1.20
Notes: 1. Data from in-house study [1].

2.

From Table D-1 of Appendix D.
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Sample Calculation:

r

(). Calculate the cost of E-glass, Ve = 0.60

Cost of E-glass (60%) = Fibre cost x Ve x Fibre Density +

Resin cost x (1 - Vf) x Resin Density

. . = (2L $/qm)(0.6)(2.72 gm/c.c.) +
3.6

== S/gmf(]-o.s)(1.2 gm/c.c.)
1000

$4.992 x 10™ /c.c.

From Appendix D:

n

. J
Density of E-glass (60%) 2.112 gm/c.c,

.. Cost of E-glass (60% $4.992 x 1073/c.c. . .

2.112 gm/c.c

$2.3636/Kg ($1.074/1b)

]

wA
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(ii) Calculate the cost of SMC (SZ-gléss, R65)

-

Vf = 48.5%

by weight (fibre) = 65%

Cost of SMC (S2-glass, R65)

Fibre cost x % by weight + cost of resin x (1-% by weight)

($8.0/Kg)(0.65) + ($3.6/Kg)(1 - 0.65)

$6.46/Kg (32.94/1b)






