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OLodovdulot (BoAav) amoBnkelouv KLVNTLKN EVEPYELD. - %Vz Fiywheel el
* OL pkpoi odpovdulot, mou PBplokovtal ota madikad matxvidla, €lvol KATOOKEVAOUEVOL

aro HoAUBL.

* Ol MaALEC aTHOUNXAVEC €xouv 0dOVOUAD amod pavteut. Mpoodata mpotddnke n xpnon
opovOUAwV yla amobnKeuon eveépyelag Kal yla avayevvntikn mednon (regenerative
braking) ota oxnuota.

* Mepwkol €xouv ndén kataokevaotel amd xaAuPa, xutooidnpo, HOAUPBL aAAd KoL aro
oUVBOEeTA VAKA.

* MMola, givat Opwcg n koAutepn mihoyn UAWKoU yia odpovdUAoug, Oswpeiote OTL £vag
atodoTko¢ odpoOvOUAOC TIPETEL va. amoBnkeVeL 600 TO SUVATOV TEPLOCOTEPN EVEPYELA
ava povada palog, xwplc va aoToyel.

* Eniong Bewpeiote o6tL 0 odovdulog eival dlokog pe aktivah R kot maxog t, mou
TEPLOTPEDETOAL HE YWVLAKH TAXUTNTA W.
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Gasoline 20,000 Oxidation of hydrocarbon — mass of oxygen not included

Rocket fuel 5000 Less than hydrocarbons because oxidizing agent forms part of fuel
Flywheels Up to 200 Attractive, but not yet proven

Lithium-ion battery Up to 350 Attractive but expensive and with limited

Nickel-cadmium battery 120—-200 life

Lead-acid battery 50-80 Large weight for acceptable range

Super capacitors 10-20 Capacitors release energy very quickly — so power delivery is high
Springs, rubber bands Upto b Much less efficient method of energy storage than flywheel




I 2Dl 2

A summary of FESS systems.

Table 1 Groups/Manufacturer Rotor type  Energy storage  Power
Comparison of candidate flywheel materials [35-37]. (kwh) capacity(kW)
Material Omax/MPa Density/ Strength Maximum energy Active Power [102] steel 2.83 675
(kg/m?) allowable storage density/ Amber Kinetics [97] steel 32 8
coefficient (Wh/kg) Calnetix/Vycon [99] steel 0.52 125
High strength Levistor Flywheel [103] steel 5 100
aluminum 600 2850 0.9 52.6 Temporal Power [104] steel 50 500
alloy Piller Group [98] steel 2.9 625
?if;f;rlf:ltg ! f;gg ?1;(5)8 82 ;gg London University [105] steel 5 10
Y : ' Texas A&M University [106] steel 100 100
composite 1800 2150 0.6 70.0 Tsinghua University [107] steel 16.7 1000
T700 fiber Qifeng Energy Technology [108]  steel 5 500
composite 2100 1650 0.6 106.0 Honghui International Energy steel 25 250
11000 fiber 4200 1650 0.6 212.0 Technology [109]
composite Huachikinetic Energy [110] steel 125 500
Candela New Energy [111] steel 20 100
Adaptive Balancing Power [112] Composite 12 400
Beacon Power [78] Composite 25 100
Boeing [74] Composite 5 3
Kinetic Traction [113] Composite 3.9 333
GKN Hybrid Power [114] Composite  0.44 120
Helix Power [115] Composite 25 1000
Powerthru [76] Composite 0.53 101
Ricardo TorqStor [116] Composite 0.056 101
Rotonix [117] Composite 12 1100
Stornetic [118] Composite 3.6 80
Railway Tech. Res. Ins,t. [77] Composite 100 300




©

Warp yarn

Fig. 4. Stacked fber-woven rotor. Reprinted from [59].

Fig. 5. Samples of woven composite flywheel [36].
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Fig. 6. Composite flywheel structure [71].
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Fig. 9. 300 kW/100 kWh Flywheel System Design [77].

System tested up to 15,000 RPM Fover
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Motor/Generator

Boaring Rotor
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Aluminum Hub.

Composite Rotor.—~

Touchdown Bearing

Fig. 7. Boeing 100 kW / 5 kWh UPS Flywheel System Design [74].
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Materials for small springs. High-strength (‘spring’) steel, glass, CFRP and GFRP all, make good
springs. Elastomers excel
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Materials for light springs. Metals are disadvantaged by their high densities. Composites and
elastomers are excellent



Ti-alloys 4—-12
CFRP 6—-10
Spring steel 3—7
Nylon 1.5-25
Rubber 20-50

Table 5.12 (a] Materials for Efficient Small Springs

Expensive, corrosion resistant.

Comparable in performance with steel; expensive.
The traditional choice: easily formed and heat treated.
Cheap and easily shaped, but high loss factor.

Better than spring steel; but high loss factor.

Ti-alloys 0.9-2.6
CFRP 3.9-6.5
GFRP 1.0-1.8
Spring steel 0.4-0.9
Wood 0.3-0.7
Nylon 1.3-2.1
Rubber 18—45

Better than steel; corrosion resistant; expensive.

Better than steel; expensive.

Better than spring steel; less expensive than CFRP.

Poor, because of high density.

On a weight basis, wood makes good springs.

As good as steel, but with a high loss factor.

Outstanding; 20 times better than spring steel; but with high loss factor.
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When a ligament of thickness t is bent elastically to a radius R, the surface strain is:

L
E= — the hinge is elastic-the maximum stress is:
2R
E E ‘
O— L& — L—— o<ao
2R !

the minimum radius to which the ligament can be bent without damage is

t | E
R= 5 [U_f] AVTIKEIPJEVIKN ZUuvapTnon
o
S€ikTNC anodoonc: M= 79
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Polyethylene 32 Widely used for cheap hinged bottle caps, etc.

Polypropylene 30 Stiffer than polyethylene. Easily moulded

Nylon 30 Stiffer than polyethylene. Easily moulded

PTFE 35 Very durable; more expensive than PE, PP, etc.

Elastomers 100—-1000 Qutstanding, but low modulus

High-strength copper alloys 4 M not as good as polymers. Use when high tensile stiffness is required
Spring steel 6
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O SaktUALOC oteyovotnTag £ival €val KUALVOPLKO oTtolxeio mou cuprmieletal petaéy dvo
ETUMES WV ETLPAVELWV.
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TOTOXPOVO TIPETEL Vo SLatnpel TNV tdon emadnc o€ xapnAd enimeda, £€ToL WOTE va Unv
QOTOXNOEL O L6LoG 1) oL emimebeq emuPAvVELEG (E0TW OTL AUTEG EXouv o, =100 MPa).

Tavtoxpova o0 OOKTUALOC TIPETEL VO TIOPOUEVEL EAQOTLKOC WOTE VO MUMOPEL va
xpnotporiolnBei moAAeC popéc. Na eTtheyel UALKO yla Ttnv edappoyn auth.
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Elastomeric EVA 0.7-1 The natural choice; poor resistance to heat and to some solvents.
Polyurethanes 2—5 Widely used for seals.

Silicone rubbers 0.2-0.5 Higher temperature capability than carbon-chain elastomers, chemically inert.
PTFE 0.05-0.1 Expensive but chemically stable and with high-temperature capability.
Polyethylenes 0.02—-0.05 Cheap but liable to take a permanent set.

Polypropylenes 0.2-0.04 Cheap but liable to take a permanent set.

Nylons 0.02—-0.03 Near upper limit on contact pressure.

Cork 0.03—-0.06 Low contact stress, chemically stable.

Polymer foams up to 0.03 Very low contact pressure; delicate seals.
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and to omaciyo (yield-before-break
210%0G criterion)

2. Meyiotomoinon g acpdielo,
YPNOLOTOLOVTOS TO KPLTPLO O10PPOTC
ptv and 1o ondouo (leak-before-break
criterion)
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PR
a — — o <0

21

X-ray methods to establish that it contains no crack or flaw of diameter greater than 2a*_;
then the stress required to make the crack propagate is

CKE{:

Ta.

(}':

_ 2t K.

R JTax

.

p

But this design is not fail-safe.

M 1 — Kl{: If the inspection is faulty, or if, for some other
reason a crack of length greater than a. appears,
catastrophe follows.



Case Studies-EniAoyn YAIkoU yia Aoxeia Migong

Greater security is obtained by requiring that the crack will not propagate even if the stress
reaches the general yield stress for then the vessel will deform stably in a way that can be
detected.

This condition is expressed by setting o equal to the yield stress o, giving

CK,
o= — _
Tar 0 =0y
2
K. K,
ra. < C? |—= M, = —



Large pressure vessels cannot always be X-rayed or sonically tested; and proof testing
them may be impractical. Further, cracks can grow slowly because of corrosion or cyclic
loading, so that a single examination at the beginning of service life is not sufficient. Then
safety can be ensured by arranged that a crack just large enough to penetrate both the
inner and the outer surface of the vessel is still stable, because the leak caused by the
crack can be detected.

This is achieved by setting a. =t/2. Safety is ensured if the stress is always less than or
equal to

CK;, X
< at=t/2
. 0O = O K2

()‘:
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Stainless steels 0.35 Nuclear pressure vessels are made of grade 316 stainless steel.
Low alloys steels 0.2 800 These are standard in this application.

Copper 0.5 200 Hard drawn copper is used for small boilers and pressure vessels.
Aluminium alloys 0.15 200 Pressure tanks of rockets are aluminium.

Titanium alloys 0.13 800 Good for light pressure vessels, but expensive.




MeBodoAoyia EniAoyng YAIKOU Kal ZXNHATOG
.

B XTLC TIEPLTTWOELC TTOU £(6QUE HEXPL TWPA, TO OXAUO TOU €aPTHATOC TToU BEAapE
va oxedlaooupe dev emnpeale TNV Aoy ToU UALKOU.

B YTIAPXOUV OUWC TIEPUTTWOELG, OTIOU TA UALKA armod ta omoia Ba yivel n emihoyn
SlatiBevtal 0 CUYKEKPLUEVO OXNMATO KOl O OXEOLOOMOC €lval TETOLOC, WOTE: TO
oxApa va mailel onpavTiko poAo otn, anodoon Tou e€apTriaTOC.

B 1TwC¢ yivetal n emloyn Tou KATAAANAOU cUVOUACHOU UALKOU KOl OXMOATOC OE Lo
TETOLO TIEPLMTWON, £TOL WOTE: VAL EXOUME HEYLOTOTIOINO NG amodoongc;

m Yrapyet pia peBodoloyia, mou ovolaotikd Baoiletal otn pebodoloyia pe toug
deiktec amodoong mou avamtuéape HEXPL Twpa, HE TNV MPooOnkn Opwc upiog
TTOOOTNTOC TTOU OVOMUALETAL TTAPAYOVTAC OXIUATOC.

m O mapdyovtac oXAUAToC eival piot adldotatn moootnta, T] omola e€aptrdtal ano
TO oxL'lpa Tue 6 atoptic kot oxL oo t!!
UL yeBo¢ Tou €apTilpatoc.



MeBodoAoyia EniAoyng YAIKOU Kal ZXNHATOG
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W Hopadeiypote 6mov kar to opijpa g Sratopng, ektog amd To vAKG, Tailer podo otV amidH0o):

@) Zrov povoaloviko eperkvopd dev wailer poro To epijpa TG Srwtopiic, uAMi To epPadov g empaveras e,
P) Avtibera, oty kapyn 1) kedbtep amédoon emToyydveton pe Sraropic oyfiparog 1.

Y) X otpiyn, 1) Sraropi) mov cvpmeprpépeTar KaddTepa eivar COAVOEIONG.

) Xn Ohiym (avroyn oc Aoyiopd) ) kehitepn anddoon fxer n “kovgra’’ TETPAYWOVIKI] S10TO.



NMapAyovTeG ZXNHATOG
|

MNapayovTag oXNHAToG o€ EAACTIKN KAHYN @2
MapayovTac oxXnHaToc o€ EAACTIKN OTPEYN @Te

MNapdayovrag oXNHATOG yia avroxn O€ nAAoTIKn napapoppwon (n
Opauon ) kara TRV Kapyn @é

Mapayovrag oXnHAToG yia avroxn O€ NAAoTIKn napapoppwon (n
Opauon ) KaTa Tnv oTPEYN @f
T
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° MapayovTag oXNHATOG O EAACTIKN KAUWYN @;

40
=

Dy

]xx : Ponn adpaveiag

A gMPBaAdOV dIATouNG



NMapayovrag oXNHATOG OE
€EAAOTIKN KAHWYN

® E&aptartal yovo and 1o oxAMa tnc d1aTounc kai Ol ano To PEyeBoC




NMapdayovrag oXNHATOC O EAACTIKN OTPEWYN

° MapayovTacg oXNHATOG O EAAOTIKN OTPEWYN @;

., 2-m-K
@D, = r

K : Nohikn ponn adpaveiac

A gMPBadov dIaTouNG



NMapayovTag oXNHATOG Yid avroXhn O€ NAACTIKN NAPAHOPP®WON

° MapayovTag oXNHATOG Yia avroxn O€ NAACTIKN NAPAHOPP WO
KaTa TV Kapyn @g

I / YV, i akapwia TnG dIaTOWAG

A gMPBadoOv dIaTouNG



NMapayovTag oXNHATOG Yid avroXhn O€ NAACTIKN NAPAHOPP®WON
. :

° MapayovTag oXNHATOG Yia avroxn O€ NAACTIKN NAPAHOPP WO
KaTa TNV oTPEWYN @f

4.7Z'.Q2
Dp =—

() : oTpenTikA akauyia TNG BIATOMAG

A gMPBadoOv dIaTouNG

® [a avroxn o Auylopo (kata Tn ¢popTion o BAipn) 0 napayovrac oxnuaTog
nou 1xvel eivai o @, dnAadr oa va £xoups EAACTIKY KAPYn.



NMapAyovTeG ZXNHATOG

® [a avroxn og Auyiopo (kata Tn ¢popTion o BAipn) 0 napayovrac oxnuaTog
rnou 1oxvel ival 0 @, , dnAadr 0a va £XoupE ENACTIKRA Kauyn.

® 3TNV NEPINTWON TOU HOVOa&ovikoU EQPEAKUCHOU, ONwE exel Ndn avagepOei,
dev nailel pOAo0 TO oXNUa TNG dIaToUNG, aAM\a n em@aveid TG OIaTONNG.
AnAadn duo diaTopECc Pe OlIaPOpPETIKO oxnMUa, aAAa idlo epBadov enmipavelag
OIaTONNCG CUKNEPIPEPOVTAI TO idlO.



NMapayovTeC ZXNHATOC

Section shape Area A Moment | Moment K Moment Z Moment Q Moment Z,
(m) (m*) (m*) (m*) (m*) (m*)
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MapAyovTeG ZXNHATOG

sy 5/2
A m(a+b)t T 3 3b 47(ab)” "t T 5 3b 30172 a
= i = e s e 2 =
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2b
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NMapAyovTeg ZXNHATOG

SECTION e | e | £ * .
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DuUOCIKO VONHa TOU NapayovTa OXAHATOC
-

B Kat’ apyijy, £ opiopod, o1 mupdyovreg sxipatog yia whipy kukhuci dwatopn) wodvran pe T povada. Anradi, yra whpy

KVKAMK1] Swatopn], woyver 6t

D, =D, =D, =D =1

B Eav tdpo, Yo nepaderypo, pia Sratopn Grliov oxijpetog éxer mapayovra syijpatog

D,=9

oVt onpeiver 6,71 1) Sretopii wvTii avréxer oe ehasTi Kapyn 9 Qopic TEPLOOTEPO, 06 6TL pi AMPS KVKMKY SraTop).

B AvrioToye, eav pia Sratopij et mapayovra oxiparog

®; =055

onpaivel 6T avréyer mepimov 2 gopég Mydtepo oe mhaoTuai napapdpewon (1 Opaden) kata ™ stpéyn, and éT1 pia TpC

KUKAKY] Swetop).



Napadeiypa 1 : EAaoTiKn KGuyn Sokwv
I —

® Otehoupe va enmiAeEoupe To KaTaGAANAo UAIKO yia pia dokO Pe akapwyia SB Kal
KNKoG L, Tn¢ onoiag 6eAoupe va ehaxioTonoinNcoupe Tn palda m.

® EewpoupE €niong OTI Ta unown®la UAIKA €ival o€ diapopa oxnuUaTta dlaTopwy,
OMOTE TO OXNMA UNEICEPXETAl oav JETABANTN Tou NPoBANUaATog

m=p-A-L
SB:E R
o _CE-I -
3 - SB_ JE 3\ /2
C-E-I_ T e, 42 B . E.D¢
1 PO S BN C -E-&
A 4.7
475 )"
jm:( - B] . P > Avmkepeviki) Zuvaprnon
¢ (£-@;) ;
(E-2;)

deikTnganodoong: M = p



Napadeiypa 2 : EAAOTIKN OTPEYN S0KWV

® Ac Bewpnooupe Twpa OTI EXOUME evav a&ova diaTounc A kal pnkoug L, o
onoio¢ kaTanoveiTal Ye pia oTpenTikn ponn T. Kata ouvenela, o agovac auTtog
NapapopPwWVETal ENACTIKA O€ OTPEYN KATA Wia ywvia b.

©choupe va eniAe€oupe To KAaTaMnAo UAIKO yia Tov a&ova, €T0I WOTE va

ehaxioTonolgiTal To fApoC TOU, UE TOV NEPIOPICHO OTI N OTPENTIKN akapwia ST
NPENEI VA EXEl Jia GUYKEKPIKEVN TIMN.




Napadeiypa 2 : EAACTIKRA OTPEWYN OOK®WV

m=p-A-L
K-G n
Sp== :
L G4 A_[Z-ﬂ-ST-L
= T__ - e
@6_272-[{ K_CD;-AZ L 27 G-D,
T AZ — 272_ -

o,
G-o;)

>m=2-7-S,)" [V AVTIKEIPEVIKN TUVAPTNON

2

M = (G'CpTe)l/2
Jo,

OsikTNC anodoongc:



Napadeiypa 2 : EAACTIKRA OTPEWYN OOK®WV

m=p-A-L

S _K-G . )

TL o GO A [2-72-ST-L]2
= T:— = P

@6_272-[{ K_CD;-AZ L 27 G-D,

T AZ — 272_ -

o,
G-o;)

>m=2-7-S,)" [V AVTIKEIPEVIKN TUVAPTNON

2

M= G-o) o M = (£-27)
p p

OsikTNC anodoongc:



NMapadsiypa 3 : Aotoxia dokwv o€ NAaoTiIKn napapoppwon (N

6pauon)
|

® Mia OokOC nOou KaTanoveiTal O€ KAPwn, nNpPensl va unootnpifel &va
kaBopioheVo PopTio F, Xwpic va acToxEl.

® >TOYOC €ival n ehaxioTonoinon Tn¢ padacg Tne dokou.



Napadeiypa 3 : AoToxia dokmv o€ NAacTIKn napapoppwon (N
6pauon)

m=p-A-L
F<F,
Fy = (i)ﬂ F=Clo -4V o,
2 1
) L 167 ) L
w6x( 1Y 1 (@& 4"
L = A’ L ] :—:( B j ((F-L V(162"
v, V. 16-7 -

:Azkcz'o'fJ L P, J

|

J AVTIKEIPNEVIKN ZUVAPTNON

= m=(16- 7Z)1/3( J (5/3) — gpf)m

o, (@g )1/3

o,

osikTncanodoong: M =



Napadsiypa 4 : AoToyXia SokwVv o€ NAACTIKN NAPAHOPPWON

KAaTa Tn oTpEYN
|

® Ano &va agova unapxel N anaiTnon va JeETagepel Yia oTpenTikn ponn T, Xwpic
va aoTOXEI 0 NAQCTIKA NApAPOpPwon.

® Echoupe va enmAeEoupge TO KATAMNAO UANIKO £TOI WOTE VA EXOUME
ehaxioTonoinon Tn¢ padac Tou agova.

® H aoToxia Tou a&dva Ba cupBei, 6Tav n oTPENTIKN auTn ponn &nepaoel pia
Kpiolun TIKR, N onoia €ivai ion pe

I, =07, 4.7

O = oTpeNTIKY axauyio

T, =170 OPl0 PONG GE OLATUNON



Napadeiypa 4 : AoToxia SoKwV € NAACTIKN NAPAHOPPWON
KATd TN OTPEWYN

m=p-A-L
T<T,
1/2
@D/ - A’
T,=0-7, - T:( 27[ ] T,
47O of - 4\

@Tf: VE jQ:[Z—) | Tf:ifz y 42/3.T2/3.7Z'1/3

T > A =

o (o] )’

73 o, . .
o (@) SRS

02/3 . @f 1/3
deikTnc anddoong: M = ( T)
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