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Abstract

The objective of this research to determine a maximum stress and the area might

be occur concentration stress on a reformed element. The result will illustrate the

appropriateness of the prototype's reformed element and its life time by using the

combination of finite element method combine and experiment. The experiment

procedure was divided 3 stages. First stage, an original reformed element of 15 mm

radius was compared experiment's stress with the analysis's stress that was analyzed by

using finite element method under using pressure 380 bar. The result shown that the

stress from experiment and simulation is differs of 8.1% and the life time is 1,345,467

cycle. Second stage, the same radius of formed element was tested under using

pressure of 230, 270, 300 and 350 bars to determine S-N curve. Third stage is a

simulation life time of the preformed element and position of fracture by using

CosmosWorks software that was entered S-N curve experiment. Finally, the life times of

each pressure are 12,915,057 8,663,807, 3,968,805 and 2,118,677 cycle. Furthermore,

the simulation by using the increasing radius of reformed element of 15, 25 and 30 mm

are effect extremely decrease concentration stress. Once, trend to increase life time

longer than the original preformed element.

(Research 61 pages)
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I iI I I

m1:I-J~1 (F atig ue) U'W~'il~'W~'J'WI?1-.1n ~1'J"'l::: l~tlVl1t1 l~'il ~l'WmJ' 1~-.11'W1u1'WJ':::tI:::l'J'C11V1u'-.1V11'il
~ , ,

91'W'J'Wflf-.11'WmJ'uu'1l !?IYl91'W'J'WVlu'-.191 n~'il:I-J'C1mJ'l~-.11'W'Y1U~11'WJ':::tI:::l'J'Cl1UJ'::::I-J1 ru 1 tJ ~'J1~

~ ,~
nl J'1?l-.1J':::uu1mJ~-.1~'Cl~'il m:::u'J'WmJ'~~ ~Yl~'il-.1V1t1!?I'l!:::-5'n'hl I?1-.1U'W9:::~'il-.1Vi1nlJ'~ lfln:::,xVl1

q

, ~
~ 1 lVl!?JU'C1:::~finlJ' lln1'lll ii~1:I-J1 rn 1~-.11'W~'J1~'ilf:I-J1~1'WJ':::tI:::l'J 'C11Yltl1'J'W1'W~'WIum J'~ lfl n:::,x

ll'Cl:::lln1'lltf blJVl1"'l:::~'il-.1HVl ~~11 ll'C1:::nl J''il'il n UUU nl J'Vl!?l'C1'il-.1Vl1-.1~1'W~ V'l'J n J'J':I-Jl~ 1 :l-J1'll'J tI

l!?ltl l'i),'Y11:::'iltJ1-.1~-.1Vl1-.1~l'WVl~~l1 ~'il-.11~m1:I-JJ1 urnraen uuu usrrn J'~ lflJ1:::,x~'JtI fl'il:I-J~'Jl~'il f

mJ'91'C1'il-.1Ml1'Y1mJ'1~-.11'W~'Jtlfl'il:I-J~'J l~'ilf~9:::Vi11ii:I-J'il-.1 l~'W~[)1'Y1m1:I-J l~tlVl1t11~'ll!?l 19'W~n
~ ,

vl-.18-.1iJfl'J1:I-JJ'J!?Il~'J ll'C1:::1ii~'C1mJ'~ lflJ'l:::,xYl mJ'W~l ll~nlJ'~ lflJ1:::,xVl1-.1~l'WVl~~l1 l~tI-.1'iltJ1-.1
I I iI iI

l~tI'J8-.1 hJ l~ tI-.1'Y1'ilYl9:::1~1 'WnlJ'~'il-.1tf blJVl1YlIn !?I~'WHi'iltJ1-.1iJ1l1V1un 91 lU'W~'il-.11~VI~n n 1 J'

'il'iln uuumm !?I'C1'il-.1Vl1-.1~V'l'JnJ'J':I-Jfl'Juri1u ~'JtI~



, "-atJVi 1-1 L~!l L'Y'l~liU'\.,,~'1LL~:::LW!l,.:rvhtJ••
http://www.landroversonly.com/forums/attachments/f7/11885d1170335371-what-do-i-

painting-differential-housing-000_0123.jpg (11 January 2009)

, , "
-atJVi 1-2 d:::tJ:::oJl!l'l~l'1'lJ!l'l~!l'l'Wth LLtJ~UYlL~!lL'Y'l~liU'VI~'1•

http://home.off-road.com/-kemanuel/elocker/lots-o-room1.jpg (11 January 2009)

2
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Q..I •• I ~ I::Q

1.2 1(P1t1"U'i~'6!I.:lFl"lJ'el,m1'ipfm~1•
1.2.1 l~ 1l~ nl11 n11m~1OJ1t1'l11l'lfl 'J1l-Jlfl U~ In!7l~ulu1X'J1~1lfl-Jl!7lt11'h~ lU t1u";)fi

l~lU~l1l~ ll-JU~~UnlOjlU'l!1l~ ll'Jf~1l11OJ1tl. ~
I I" I

1.2.2 lY11llmtlU lVltlUfl'J1mflUll~~fl'J1mfl1t1!7lVlln!7l~ulu1X'J1~1lfl-JVll~1Oj1nn11'V1!7l~1l'l

nu llUU91~1l'l'V11'1~1ul~1U~l1l~ ll-JU~l~1ll?l1'J1Oj~1lUfl'J1l-Jnn~1l'lll'6'l~'\.!I1~1ll'\.!l'W'l'll1l'ln1nn!7l~

1.2.3 l~1l~mn91u'Jw1lun111~'11U'lI1l'l1X'J1~1lfl-Jll~~~m11ml-J1rufl'J1l-Jl~l-J'lI1l'lfl'J1l-J

lflU~ In!7l~ulu~1ll'\.!l1l'll'l1'11

1.3 'll'i~1!1"l!idv11~~'U~1nm'i~m~n

1.3.1 1~ lluU'~1~1l'l'll1l'l1X'J1~1lfl-J~~1l-J11nl~";)lfln~~~'Jm~lutlu";)fil~lU~l1l~ll-JU~ ~'1
, ~

~1l-J11m111tltl1~t1n l?l1~nu n11";)lfl n~'\.!I1uin'l1ru~Vl fl ru~l-Ju1i'll1l'l1'~!7lll'6'l~'lIU1!7ll'l1'11tlIOJ1nu
, q,

, "
1~'lIU1!7l'll1l'l1X'J1~1lfl-JVl~fl'J1l-Jl'\.!ll-J1~~l-JnUM11Ym111~'11Ul-J1n~u

1.3.2 l~ltJ llUU'll1l'l1X'J1~1lfl-J~~fl'J1l-Jl'\.!ll-J1~~l-JnU'M11'V'ln111.jj'l1ul-J1n~~u

1.3.3 ~1l-J11mln1'lluru'\.!l11~nuIl1fl1ll?l~1'\.!1nnl-Jl~~ ,

1.4 "lJ'el'Ub"lJ(P1m'i~m~1
, ~

1.4.1 n11~mn ll~~";)lfln~~fl'J1l-J lflUVlln !7l~Ul!7ltlH1~lUtlu";)fil~1 U~l1l~ ll-JUl?l1!7ltl

lmtlulVltlu~~num1'V1!7l~1l'l1Oj1'1

1.4.2 dJun11~n'l111X'J1~1lfl-J~Hlum1'6'l!7l'1i1l'l~1'1'l11l'l'\.!lU1lltl~wi1ll'V'l~1iu'\.!li'll!7lt11~

'lIU1!7ll?l1l-Jlluu'll1l'lu1~'V11'V1t1-nl-J~'V1Y1lfllfl UI'IU1 91n!7l
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1.4.3 ~'fl'1LLUU~'H~'tl'l'Vl1'1fl'tlJ-j~'JLI?l'tlf 3 i1~~'JtI'Jj'tlyjLL'Jf SolidWorks LL~~';jLfln~~vl1

fl'J1J-jL~'WnUfl'J1J-jLfl1t1~LLUU3 i1~t~tll~'Jj'tlyj LL'Jf~1L~9nJ'Vl1'1~1'W1yj1'W~L'tl~LJ-j'W~Cosmos
'IJ

, ~
1.4.4 nlV1'W~IlI:r~Yll~dJ'WLL:r'l91nnl'W~U']J'tl,:m:r~u'tln~u1f1~:r'tl~mvht1'W

'IJ 'IJ



q
'IJ'Vl'Vl 2

2.1 'V1'1'HD~:;bij!l'U1fi1yJ1 'l.I~b'el~ b3-J'l.I~

'V1~MDJ'~LUtJU';j'fi1yj1UI?lVfl~ LJ-JUl?ldJUJ'~LUtJU';j'fiL::6'l[I]'JLtl'll ~ LLU'JmlJ-J fi Vl~~lr) 171q~~llHl'l
~ ~ ~

"li'uJE'flU1Vl1 9~~1J-JlnHLU'l'fl'fln dJu::6uL~n11~ LVltJLLl'ltl~::6uL~n1 LVI~liXU~13-J1J'ClYl91J'rul

LLtJn n U'fl t.ll'l ~ ~ J'~ LLtl~~ 1 J-J1 J'm.lJ'~n'flU L~ 1 nu LUUr) 171mu L~J-J1~ J'~LUtJu';j'fi1 yj1uI?l L'fl~ LJ-JUI?l
'"

~'fl LLU'lLLUU91tl'fl'l'fl'fln LUW'fl~ LJ-JUI?lL~n11i1~mlJ-J LV1m~~J-Jnulu LLUU'll'fl'l LLUU91tl'fl'l LLl'ltl~L'fl

~ LJ-JUI?ll'l'flL~'flJ-JnU~9Vl l'l'fl (Node) ~'l LUU~l LLml'l~9~~lU'Jru[l]'J LLUJ'hJmlu ~1 LVltJmJ'~~l'l,

v.f'l nfum J'UJ'~J-J1 rum tJ1UL'fl~ LJ-JUI711i1~ fl'Jl J-J~'flVlfl ~'fl'l nu~ J-JmJ'fl'JU flJ-J ~ 11 i11~~ J-Jm J'1yj,
~ ,

1UI?lL'fl~ LJ-JUI?l~ lV1 1U L'fl~ LJ-JUl?liXu1 L~'fl1..Jl~ J-Jm J'1yj1UI?lL'fl~ LJ-JUI?lJ-J-nl J'~n'flU L~1 ~'J tJnU9 ~1~

~J-Jmjj'JJ-J (Global equation) 91mrULLntrfI.JVll~'JtJj~LUtJU';j'fi L::6'l[l]'JLtl'll L~'flV11[1]'JLLUJ'hJmlu

~1~9 Vll'l'fl JlltJ1~~Jll'J~~J-JVltl'll'fl'lJllJ'~JlltJU'fln LLtl~~'flu1 'lI'l1'flU'll'fl'l LLUU91tl'fl'l, ,

I
surface constraint

single point
constraint ~-~

·1 /

volume. V ,
surface constraint

~t1.v12-1 mJ'LLU'l LLUU91tl'fl'l'fl'fln LUUL'fl~LJ-JUI?lL~n1LVltJj~LUt.JU';j'fi1yj1UI?lL'fl~LJ-JUI?l

~m : ilreneu ']jl~llnl?l (2006)

I I 11 I 11

Yl91J'rulJ'U~ 2-1 LUUr)I71Cl~~LU'fll'l'flLU'fl'llU 3 n~~mmI71J'L'Vhnu V LLtl~~Y1U~'JtJVl s" ,
~'flJ-JJ''flUmml71J' 1UJllJ'~m~~lLLUUl'l1'l1~'fl JllJ'~m~~lLUU~Vl (P) JllJ'~LLUUm~91t.Jm~~1

I I 11 I I 11

~~'J (<1» LLtl~LLJ''lLU'fl'l91 ninVliXn'll'fl'lr) I71Cl(F) LVlt.J~~'flU1 'll'll'flU~'l~U'flt.l nu m J'9UV Vlr)I71Cl~'flmJ', ",

9U V VlLLUU LlIU9 Vl m J'9U V VlLLUU m~91 t.J~iU ~ 'J Ln'fl LLUU91 tl 'fl'l Cln LLU'l'fl 'fl mllu L'fl~ LJ-JUI?l, "
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," ,
Lfin1 Jll1~LLUULiJu"'l~ Jll1~ LLUUm~"'lltJLL1~Ln!l~"'llm11V1trn'lJlWrt?ltln11'lJ9~LL'i'l~L~!lul'lJ'lJ!lu

q q

senn LLU'i'l~LUUA1'i'l~1uLL~'i'l~"'l~~!l1un11~~I~~l..Jnl11~lU!?lL!l~Ll-IU!?l~IV1futfruVl13 n~"'l~1~
'" q ~

"" "'"
l-I 3 unune x, y, z "~~tru~U1l-1n11'lJ9~"l~u1~n!lulu~'JtJ u, v,

"" '" ,l-In11'lJ"l~3 m

2.1.1 n11~~I~~l-In111~lU!?lL!l~Ll-IU!?l~IV1fun11';)Lfln~tX'lJ!l~LL~~3 n~

n11~'fl~~l-In111~lU!?lL!l~ Ll-IU!?l~IV1fUn11';)Lfln~tX'lJ!l~LL~~3 n~"l~HVlinn11'lJ!l~~IU

L~n!lU L!l~ Ll-IU!?l~Yl"l1nu 1"l ~ LUUL!l~ Ll-IU!?l~~ ~Ull-1JlltJ1 ULUU~U Il-1'lJ!l~n 11'lJ9 ~

(Displacement based element) L~tJ~fI'Jll-1t[l-Ivrufi'lJ!l~fI')ll-1L~ULL'i'l~fI')ll-1Lfl1tJ~~!l

{s} = [a]{u}

{er} = [E]{c}
(2.1 )

(2.2)

d
{u}

"'"
L'Jmt?l!lf'lJ!l~~Ull-1n11'lJr.r~mtJ1uL!l~Ll-IU!?lU1~n!lU~'JtJu, v, wLl-I!l fI!l

{a} "'"
Derivative operator matrixfI!l

[E] "'"
Ll-It?l1niLL~~~fI')ll-1il-lvrufi'lJ!l~ fI'Jll-1L~ULL'i'l~fI')ll-1Lfl1tJ~1U~Jll'J~U~VltJufI!l

q

{e} "'"
L'JnLt?I!lf'lJ!l~~Ull-1f1')ll-1Lfl1tJ~JlltJ1UL!l~Ll-IU!?lfI!l

{O" } "'"
L'JnLt?I!lf'lJ!l~fI'Jll-1L~UJlltJ1UL!l~Ll-IU!?lfI!l

s-

L~!l'V1nU~Ull-1n11'lJ9~JlltJ1UL!l ~ Ll-IU!?l"'l~vil1 ~~~trU"'lln~l-In11 (2.1) LL'i'l~(2.2)

~lm1tlVll L'JnLt?I!lf'lJ!l~~Ull-1fI'Jll-1Lfl1tJ~JlltJ1UL!l~Ll-IUt?ll~~!l

a
0 0

au
- -ax ax

0
a

0
ay

- -
Ex ay ay
Sy

0 0
a C} aw- -

{s} Sz az (}z
y xy a o au ay- - 0 -+- (2.3)
y yz

ay ax ay ax
y xz 0

a a ay aw
- -+-az ay az ay

()
0

a (}u aw- - -+-az ax az ax
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uszvm LIWflr'll1l'l fl'l1l-J Lfl'W1l1tJl'WL1l~Ll-J'Wl'l~1l

crx I-V V V 0 0 0 Ex

cry V I-V V 0 0 0 Ey

crz E v v I-V 0 0 0 Ez

'txy (1+VXI-2V) 0 0 0 (1-2V) 0 0 Yxy
(2.4)

-2-

'tyz 0 0 0 0 (1-2V) 0 Yyz2

'tzx 0 0 0 0 0 (1-2V)
Yzx2

t~tJlj Ll-Jl'l1n"lf LL~~'1 f1'l 1l-Jll-J~'W€d~t.-IrJ 1'1 f1'l 1l-JLfl 'WLL~~f1'l 1l-JLf11tJ~ 1un dill ~i~~lj

f1ru~l-Jilll m~1l'Wn'W1'Wvln~ PlVln'V11'1~1l• • •

I-V V V 0 0 0

V I-V V 0 0 0

E V V I-V 0 0 0
[El (2.5)

0 0 0
(1--1 V)

0 0(1+V)(1-2V) 2

0 0 0 0 (MV) 02

0 0 0 0 0 (I-1V)
2

~ 'W1l-Jm d'll9 ~ m tJ1'Wt~tJ';Jfi 1 i"J1 'Wl'lL1l~ Ll-J'Wl'lL1J'WA1 ~ 'W1l-Jfl1 tJ1 'WL1l~ Ll-J'Wl'lLL~~ L1J'WA1

Y{'1nf'W'lI1l'lmd'll9~~9~~1l ~1l•

(2.6)

L~1l LN J ~1l Y{'1nf'Wlut1'1 (Shape function) ~'19~';-'W1l~nulut1'1'l11l'lL1l~ Ll-J'Wl'l

{d} ~1l A1md'll9~~'~~1l'lI1l'l L1l~Ll-J'Wl'ldJ'WA1 nn bl'l1l1~ LLtJnl-J191n vin bl'l1l1'l11l,m1d

'lI9~d'll-J {D} ~'1btl'W~~iy.j€'lI1l'lmnbn~l-Jmd

[K]{D} = {r}
{D} = [x]" {F}

(2.7)

(2.8)

b~1l [K] ~1l Global stiffness matrix btl'Wbl-Jl'l1n"lfd'll-J~Ud~n1lU91n Stiffness matrix, [k]

'lI1l'lVln L1l~Ll-J'Wl'l.
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,
{F} fl'il Global force vector dJ'WL'dnLl'1'ilfJ'd3-JY11h~n'il1J91n Element force vector

n1d~~l'h'l3-Jn1dl~l'W~L'il~L3-J'W~nfl'iln1d~l~l [k] LL~~{r} 'll'il'l L'il~L3-J'W~~~luil'11~1

L~tJ~~3-Jn1d~3-J~~ l'WL'il~L3-J'W~fl'il
q

(2.9)

n1d~~l'1~3-Jn1dl~l'W~L'il~L3-J'W~~l~¥1Jn1d';)Lf1n~~'ll'il'lLL~'1 3 i:l~9~1~~inn1d'll'il'l'l1'W

L~n'il'W ~~inn1d~~lf1rufl'il L~'ilLfld'l~~l'1L~~J'Yr'd 'lilnn LLd'lm~Yi191n1l1tJ'W'iln U~~Lf1d'1~~l'1'iltJ
~ 'lJ 'lJ

l'W~Jll'V'l~3-J~~ LL~'d~3-J~~~l~n1d'll~~L~n'il'W (Virtual displacements) Ln~~'W 9~~'11'WL~n'il'W
, ,

QI ..::S ..:::jl IIV IV ..::::J.:::!I

(Virtual work) L'W'il'l91nLLd'lJlltJ'W'iln'1!'19~3-Jf11 L<Y11n1J'V'l~'1'11'Wml3-JLf1dtJ~ L~3-J'il'W(Virtual strain
, ~ ~

energy) Ln'il'l91nml3-JL~'Wl'WLn'il~~~ 91n~inn1dih~1~ml3-J'if3-Jrl''W€ fl'il

(2.10)

odI od

WE f1'il '11'WL'W'il'l91nUd'l1l1tJ'W'iln

n1d~l 6uE 9~~3-J91nn1dLL'VI'W~1 {u} 91n~3-Jn1d (2.6) ~'11'W~3-Jn1d (2.1) 9~1~

f1'd13-JLf11tJ~JlltJl'WL'il~ L3-J'W~LVhn1J

{8} = [8]LNJ{d}
{s} = [B]{d}

(2.11 )

(2.12)

,
Ln'il [B] fl'il m~rl''W€'ll'il'l LNJ ~3-Jn1d (2.12) LL~~'1n'lf1'dl3-J'if3-Jrl''W€d~~~l'1n1d'll~(9l U~~

'"ml3-JLfldtJ(9l

l'h~3-J~~~l~n1d'll~~L~n'il'W {8d} 9~1~f1'l13-J Lf11tJ~L~n'il'WLvhn1J {&} 91n'V'li'l'l1'W
I it I !I

f1'd13-JLf11tJ~~'1~ ~1 Lvhn1J'rl'WY11~ml~'ll'il'l f1'd13-JL~'WLL~~f1'dl3-JLf11tJ~ ~'1,r'W,h~ f1'l13-JLf11tJ(9l

L~n'il'W {&} rntJl~~Jll'd~f1'dl3-J L~'W {O"} 9 ~1~'V'l i'l'l1'Wf1'l13-JLf11tJ ~ L~n'il'Wl 'WL'il~L3-J'W~~~

m3-Jll'1d Vfl'il

(2.13)

v
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llV11..Wl1{be r ~'"JtJ{bdr [BY ll~~llV1'W~~md (2.12) ~'11'W~~md (2.2) 1~ {O"}
"lVl1nU [E][B]{d} vl'ltr'W~~md (2.13) '"l~1~~1

f { bd} T [BY [E] [B ] {d}dV (2.14 )

v

(2.15)

(2.16)

v

" "~'Wnumm(?ld'll'El'll'El~l~'WLYlvl'ltr'W

[k]{d} = {r}

[k]'= f[BY [E][B]dV

(2.17)

(2.18)

v

, "4dI ..:::=r. r..::.l .dJ. d I"'" _ tr
~~md (2.18) fl'El Stiffness matrix 'lI'El'll'El~l~'W(?l~'lI'W11'l30 x 30 'l!'19~'lI'W'El~nU'Ell.f'V'l'Wfi

'lI'El'l LNJ 'Ll'ltJ~ [E] ~'Ell~(?l1mrf'lru~~u1i'll'El'l1'~~9~ll~I'l'lfl'"Jl~l~~'Wfi'll'El'lfl'"Jl~lA'Wll~~

fl'"Jlmfl1tJl'l~'lI'Wll'l 6x6 vl'lll~I'l'll'W~~md (2.5) ~1~ful~(?l1ni [Bb~~'lI'W11'l 6x30 ~191n

'Ell.f~'Wfi'll'El'lYf'ln-ft''WltJil'1Ni ~'1l~'Ell~'Elm'El~l~'WLYl'llUI'lTen nodes tetrahedral '"l~.yhl'~~

Yf'ln-ft''WdtJil'110 Yf'ln-ft''Wl'Wmd~1 N. 9~~~91nmd~~~~~~mdmd'll91'l~'"JtJ~~md'V'l~'Wl~
qJ I q q

lll~19~~fl'"Jl~~'1tJ1n Ium dlo]~~md'V'l'l1'W1~~~ 19l'"JlltJJU'W-wnl'l'uln (x.y.z ) vl'li'Wl~'El fl'"Jl~

~~I'l'"Jn~'1H-w n I'lfin~'ll1 ~ (r;,IJ,C:;) ~1-rl'"JtJl'Wn1d~I~~n1 d'll'El'll'El~l~'WLYl~ l~fu l'El~l~'WLYl

Ten nodes tetrahedral 9~~~'Wl~md'll91'l ~'El
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u = at +a2~ +a311+a4s +a5~2 +a6~1l+a7112 +asllS +a9s
2

+alO~S (2.19)

v = all +a12~+aI311+aI4S +aI5~2 +aI6~1l+aI7112 +a1s11S+a19s
2

+a20~S (2.20)

w = a2l +a22~+a2311+a24S +a25~2 +a26~1l+a27112 +a2s11S +a29s
2

+a30~S (2.21)

la
u= LN.u. (2.22)

I I

i=1
la

v - LN.v. (2.23)
I I

i=l
la

w LN.w (2.24)
I I

i=1

10
x - LN.x.

I I

i=1
10

Y LN.y.
I I

i=l
la

z= LNizi
i=1

(2.25)

(2.26)

(2.27)

C?i',nrU'iU.Jn1d(2.18) 1u~nCil'U1n (x.y.z ) ~1~1dflLtl~tJudJu~~n1d1u~nCilfidd~..n1~

(C;,'l, s) u~~1~md~u~Lnd1911CiltJfJfiGauss Quadrature "'l~1~ Element stiffness matrix ~'f)

1 1 1
[k] = f f f [Br[E][B](det[J])d~dlldS (2.28)

-1-1-1

" ,
1UmdLLU'llfld'l~~1'l'f)'f)n dJUL'f)~L~U(9]L'~n11!u~'f)'l L~'f)n..nuCil'll'f)'lL'f)~L~U(9]Yl"'l~1111tl

fJLfln~Vl1 ~ LVI~1~~~ mdL~'f) n..nUCil'll'f)'lL'f)~L~U(9]"'l~~TW'lrl'l f1ru~~u1i'll'f)'l1'191f1V11'f)lflN ~~1'l, ,
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I I ,., I

'llU~~'1bb~(91'Ilmtllil2-2 bti'tl'l91n~'d1yj'tlf~~~'dut~'1mn~'1\hJb'tl~b~Ui?l3 il~lilu'I~11~lumT
'lJ

~bml~~flf'ld'A'tl Ten nodes tetrahedral (3D solid element) ~'19~1~~II?l'tl1J~tJn~'tl'lmnnrh

b'tl~b~Ui?l'llU~Four nodes tetrahedral ~~'lI'tl1J~I'1m'lbbI?l9~1~m'l11umT~IU'drumnn~1

"~
~

Four nodes tetrahedral Six Nodes wedge Five nodes I>yramici Eight nodes brick

,~<J1'
Ten nodes tetrahedral Fifteen nodes wedge Thirteen nodes pyramid Twenty nodes brick

iUv\ 2-2 Ttlh.j'll'tl'lb'tl~b~Ui?l3 il~bb1J1Jl'l1'11
••• 'lJ

d
Vlm : Oary L, Logan, (2001)

2.2 vr-srnmi1 bl"1i1~~~'d~i~ bU~'I.J1fi1Yl1'W~b'el~b3-J'W~bl?l~i.muibbni3-J~1 b~~iU...
"'11U~~tJuHttlnmT~~lb'f"'lnJ Solid Works lumT~'fl'1bb1J1J~I'C1'tl'lVl1'1fl'tl~~'dbl?l'tlf3 il~

'lJ

~~'lIUl ~~ Il?ln~'dUbviI91n'll'tl'l91'1 b~'tlHlumT~ bfln~~Vll'1 ~lu1 yj1Ui?lb'tl~b~ui?lt~tJH

ttlTbbm~~1 b'f9ltl~'tl CosmosWorks ~'1~lmTblu'lm HlumT~ bfln~~fl'dl~ bb~'1bbT'I~'d1yj'tlf~

~~1l1 T~dJUbbNbti'tl'l91nfl'dl~ ~U91nn T~1J'tln1e:J~T'tl~n t~tJ~lm Tbl~U~U~'C1mT~ bflTl~~'lI'tl'l

~'d1yj'tlf~91n bb1J1JmI?lTlij'IWl1J~fimTVl~~'tl1J~'d1yj'tlf~91nbb1J1J~II?lTlij'IUlumj~ bml~~~'dtJ~ ~
"

ttlnmj~~1 b'f9jtl~lmjbl mJ'Imj~ bml~~'tl'tln b1JU3 m~1J'dumj~'1U
'lJ

2,2,1 rns Pre-Processing dJUmj~'fl'1 bb1J1J~I'C1'tl'lVl1'1fl'tl~~'dbl?l'tlfbb'C1~nlV1U~~'tl~'C1
, "

Vll'1mtJlll'V'\l~n1J bb1J1J~I'C1'tl'lVll'1fl'tl~~'dbl?l'tlhYl'tlmjtlj~~'d'C1 ~'C11um~1J'dumjU~ ~~1dJU

m~1J'dUmj~~1 Aru~~ ~lumj~ bfln~~~'dtJfl'tl~~'d bl?l'tlftlj~n'tl1J~'dtJ~'tl~'C1V1'C11tJ~'dUA'tl
~ , 'lJ

2.2.1.1 mT~'fl'1bb1J1J~I'C1'tl'lVll'1fl'tl~~'dbl?l'tlf3 il~ b~'tlnl~ttljbbm~ SolidWorks ~

iJ';jj~fl'dl~~lmjbllumT'tl'tlnbb1J1J~I'C1'tl'l~iJ~n~rudJu Parasolid

2,2,1.2 mjnlV1u~tlT~bllVl bb'C1~'llU~'lI'tl'lr)~~~9~~bfln~~~'19~nlV1U~r)~~btlUr)~~, , ,
, " "

liliJbti'tlb~tJ'dnU(Homogeneous) 1uVln1 ~1 bbVl'll'l'll'tl'lbti'tlr)~~ bb'C1~btlUr)~~~ ~VltlW~'1b~U~
q q q q

flru~~1J1hVl~'tlUnulu'VlnYlf1'VlnVll'1(Linear elastic and isotropic material)
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2.2.1.3 mj'fhl-'1'W(91rllflru~~u1i'lltl'lrJ~i?l (Properties of material) ~'1LU'Wrll9l L'Vn~

'lltl'lrJ~ i?lJ'W11.h~ntlu~'JtJt~ ~i~fl'Jl~~ (91V1~'W!l(;]n~'J'Wih6J!tl'l L~~i~fl'Jl~ LLoii'lLLni'l fl'Jl~
,

I i/ ~ a .r::S a cv

VI'WlLL'W'W'Vll'l~'J 'Clfl 'Jl~ Lfl'W'Vl9(91fl n n fl'Jl~ LL'll'lLLN'Vll'l LLN(91'1fl'Jl~ LL'll'lLLj''1'Vll'lLLNtl (91
q..

l~1.h~~'Vlfinlj''lltJltJ lK'JL:n'lfl'Jl~~tl'W rllnl j'Ul fl'Jl~~tl'W LL'Cl~rllfl'Jl~~tl'W9l LY-Il~ 1urrir
~ ,

nlVl'W(91rll!?ll'l1 LVI~lULj'l9~nlVl'W(91rll (;]l~im~ru~'lltl'lUCl.!Vll:Yh~~ Lfln~'If

2.2.1.4 mnLU'ILLUU9l'Cltl'l (Mesh) L(91tJLunLm~9~~~l'lLtl~L~'WrtlLL'Cl~nlVl'W(91'(91

!?ltl (Node) Y-I~tlWlumj'nlVl'W(91V1mtJL'Cl'llLtl~L~'WrtlLL'Cl~VI~ltJL'Cl'll9(91!?ltl1'Wmj'L~tln'1lU(91Ltl~L~'Wrtl
q

UUrJliJ fl'Jl~~l ~ru~ln~tl'l L~tln'1lU(91Ltl~L~'W(;]1~LVlm~~~ nu nl il 'I'lltl'l LLUU9l'Cltl'l'IX'J1~tlf~iJ
~ 'IJ

luil'l~uj'~ntlU ~'JtJ~'J'WL~'1L~ln'l ~tl'l L~tlnHLtl~L~'Wrtl'1lU(91Ten nodes tetrahed ral
, , ~

2.2.1.5 mj'nlVl'W(91L1tl'W1'll'lltlU~'1~'WtltJnuin'jj'ru~mj'r.lU~(91'V1l'lmtJJllY-l
'IJ

2.2.1.6 mj'nlVl'W(91Jllj'~~m~~lnu LLUU9l'Cltl'lt(91tJiJVI'ClltJin'jj'ru~L'll'WLLNm~~l

LU'W,(91LLNm~"'lltJ~Jl L~~tl LLj''1m~'''lltJhj~Jl L~~tl LL'Cl~~'W1

2.2.2 rns Solve-Processing

LU'W~'J'Wnlj'~Lml~'If~'JtJLunLm~fltl~~'J L(;]tlf ~'1un~ LL~'JLnhJ~l~lj'n LLn1'llm~u'J'W
~ ~

~'J'Wu1~ LL!?l~l~ l j'nnlVl'W(911uLLUULL'Cl~nlj'~ Lflj'l~Vl1 ~iJ fl'Jl~ LVI~l ~~~ nuu Cl.!Vllu'W1L!?ltJ
s- ~

~l~lj'n LL~(91'1~lI?1Umj'~Lml~'lftltln LU'W'1l'W(;]tl'WI?1'1U

2.2.2.1 LunLm~vhmj'~~l'l Local stiffness matrix LL'Cl~~'fl'lElement force

vector 'lltl'l LL!?l'Cl~Ltl~L~'Wrtl

2.2.2.2 ilrmeu Local stiffness matrix LL'Cl~Element force vector 'lltl'l'Vlmtl~
q

L~'WrtlL~lLU'WGlobal stiffness matrix LL'Cl~Global force vector (;]l~~lI?1U m~tJVlmm'Cl'lllK'J

LLUj'~' !?l!?ltlLU'W~lLLVlll'l'lltl 'Im nlrznnu

2.2.2.3 LunLm~9~lK!?l~~ mj'~ (;]j''1nu ~tl'W1'll'lltlU~rll LVhnUPI'W~tltln
'IJ

2.2.3 mr Post-Processing

LU'WmnL~(91'1e.J'Clmj'~Lfln~'If~1~tltlnm 1'Win'jj'ru~'lltl'lJllY-lnn~n L(91tJ~lmj'n LL~(91'1mj'

L~tJIU (Deformation) ~'JtJrll (D) L(91tJ(;]Nj''J~n'l~lmj'n LL~(91'1rllfl'Jl~L~'WLL'Cl~fl'Jl~Lfl1tJ(911'WLtl

~L~'Wrtl!?ll'l1t(91tJ1iD~~mj'(2.3) LL'Cl~(2.4) (;]l~~lI?1U

L(91tJntJ'Cl~L~tJ(91'lltl'lmj'~lLU'Wmj'~Lfln~'If~n~l'Jmi'lVl~!?l~lmj'n LL~!?l'lLU'WLLe.J'WJllY-l

1?1'1j'u~2-3
'IJ
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Appl~' boundary conditions to constrain model
(i.e., remove certain degrees of freedom).

Represent continuous structure as a collection
of grid points connected by discrete elements.

Apply load to modcl (force, moment, pressure,
ctc.).

Apply boundary conditions 10 constrain model
(i,e .• remove certain degrees of freedom).

Solve matrix equation {F} = [K]{D}
fur displacemeuts,

Assemble all element stiffncss matrices into a
globlll stiffness matrix.

Calculate clement forces and stresses from
displacement results.

"2.3 FI'd1~~1 (Fatigue)
, , ,

b~'e:I'f~r?lQnm~'I'11~'dmbN~'1~ln~rlfhfl'dl:I-Jbb~'1bbN~'1~t?l (Ultimate strength) :w1m~'I'11
jI iI I I iI

niu11Jniu:w1~11 ri\Jfl'El199~bnt?lmnb(;1mXn~u1~ b11'El'l91mnt?lfl'dl:I-J~1 f1'dl:I-J~IVhnt?llu1'~r?l\J
" , ,

dJU~1 bVI(;j1'VI~'1I'El'lm n~tJ'VIl tJ'1I'El'l:nu~'dubfl1'El'l9 n 'j'!?l1'11 b~d1~(;1~'Elt?l'ElltJ'I1U'1I'El'lbfl1'El'l9 m

b'1iUbfli'El'ltJur;l ~~(;16111b~tJ'1~'1 9~~'El'lbnt?lfl'dl:\-Jbf1u~iu1u~iu:w1bUU~IU1 f1f'l 'I'111ihnt?lm'j'
iI iI iI,

~1~ulu:nu~'dU!?lI'11 iU(;1'ElUVl'l'111il bnt?lmn~tJ'VIltJ uuu m'j'~I'11'El'l1'~ r?l9~u'j'~n'Elu ~'dtJ

2.3.1 m~U'dum'j'ri'Elr;l'd'1l'El'l'j''EltJ~I'd (Crack formation) tt?ltJi'd hh'EltJ~I'd9~ri'Elr;l'd~~'d'1l'El'l
" , ,.::::. .t:::!I.t:::!l I !.I !.I v .:;\I .::::,I0 .o;::".::Y

'1lU'I1 U'Vl:I-Jf11fI 'd1:I-Jb'1l:I-J'1I'El'lf1'dl:I-JbflU~'1 (Stress concentration) 'El1.JbU'El'l:w191n:I-J(;11'VIU'VI 'j''El

"'1t?lun~i'El'lUu:nU'I1U ('j''EltJ~I'd 'j''EltJ~t?l,hu dJU~u)

"IV iI' I .<::::iI .c::::. i,I

2.3.2 m~U'dum'j''1ImtJ(;1'd'1l'El'l'j''Elml'd (Crack growth) '1l'd'lU9~bnt?lm'j''1ImtJ'1I'El'l'j''Elml'd

mh'l.1jjl1 i'El'l'j''EltJm'j''1ImtJr;l'd9~~im~ru~buu Beach mark
iI I iI I

2.3.3 mnb(;1mXn'Elth'l'ilu~iU'1I'El'l:nU'I1U (Final fracture) b~m'EltJ~I'db~IUnfl~:I-J~UVl
q

11 I I it I iI 11

bVitJ'I~'El tt?ltJ~UVlVl b'VI~'El'1l'El'l:nu'IluhJ ~1:w1 rn ~IU'VllUUNm~'I'11Vl bnt?l~u1~ :nU'I1Wl9 ~'1I1t?l

91nnU'Eltll'1'ilu~ iu
9 ~ b~U~ l'Ell tJ'1I'El'I m 'j'~ 19 ~U 'j'~n'ElU 11J~ 'dtJb'd~ 1'V11'El~lU'dU 'j''ElU'1I'El'lf1'd1:I-Jbf1U1'!J9 m~

" " ,rinl il bnt?lm~U'dUn1'j'~I'1 ~U C9l'l'l!Ubd19'1~'El'l~n1 'j''VI1~11l1tJ'11'El'lm 'j'~I'11'El'l:nU'I1U b~'Elmh'dn'l
q

m 'j'~I'11'El'l1'~ r?l~'1~~'El'l'Vld1U ~'EllU UUU'1I'El'lf1'dl:I-Jbf1u1'!J 9 m~ m nJ'uuunuu'Elth'l h bb~~~ ~1
'iI I I it iI ,

bUUl'vh 1'VIi nJVl 2-4 \JbUUr;l'd'Eltll'1'V1il'l'1l'El'lml:I-J bf1u1'n9 mVl bnt?l~Unu:nU'I1UVl'EltlJlltJ 1~ n1 'j'~ 4J ~
I I 91 I iI

'VI:I-JUC9lt?l ~ '19 ~ b~U ~1 Vl~ 'd'1l'El'l:nU'I1U9 ~~ ~ 1 fI 'd1:I-Jbf1UC9lt?ldJUU'd n b~'El9 t?lUU~ 'd'1l'El'1:nU'I 1 umJ
q q -u

~IUUU u~ ~9~~ ~1 dJU~U b~'El'Eltl~IU'Cil'l C9l'lJUb'j'19~b~tJunnvjmnJ'ubbu'j''1I'El'lml:I-J bf1UC9lt?l1~~
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~'1dU~ 2-4 l'Wl7l'J!lth'ld'bd19:::b~'i.dl'11'Wl(7l'1l!l'lf'l'J1J.H~'W~(7l~'1Mlrl1J~l~ (7l9:::~~1 b'Vhrl'Wbbl?1~
qJ qJ q q

I I iI iI I

bf'l1!l'lt-ll-ntJl?11'1rl'Wt(7ltJvl'Jluu~'JlY'Whj!l199:::bu'WluI?11~i1 ~'1tr'Wt(7ltJvl'Jlumlyjn1nr'WUUd'1l!l'l

f'l'J1W~'W 9:::~~m~ru:::~'11U~ 2-5 Utl:::2-6 91nmlyj9:::~17l'JbbUd~1r1t1!~!l

+

0;,; = 0

o o;nin = 0

o Time

r.
0;.

t

r
0;

t
Time
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() max + ()min

2

()max - () min

() max - () min

2

R =
()max

lhfh\.~'W(?]91'W'l'WJ''El1J''ll'El'lbbd'l~m:::~1l11Ul-J1 bb~'lb(?]tJun~9:::1~~fl1 106 J''El1J fl1fl'l1l-J

b~'W~9:::~11 ~i~(?jbbl9lmXn1~~91'W'l'WJ''El1J''ll'El'lfl'l1l-J b~'WJ''El1JJ'W1~tJn~1 Fatigue strength

~1V1¥1JbrlVl:::b(?]tJb'U'Vn:::~'ln bVl~n 9:::i:Jfl1fl'l1l-J b~'W'Eltlfl1V1d'l ~'1rh 1~fl'l1l-J b~'W~1n~1cl'bb~'l hl~1
'lJ

"91'W'l'WJ''El1J''ll'El'lLbJ''1m:::~19:::dJ'Wbyhl(?] i~(?]9:::hl bbl9ln'El'Elnfl1fl'l1l-J b~'Wn~tJn~1 Endurance,

limit n1J'Y1(?]~'El1Jfl'l1l-J~ 1i:J'EltlVlrl1tJ';')fi bbl91b(?]uVIinn1J'9::: bVI~'El'Wn'W~'El9:::1~ LbJ''1m:::~1 bU'WJ''EltJ
'lJ

" ,
n1J~'WY1(?]~'El1Jb(?]tJl~bn(?]fl'l1w~'Wfl11911'11 bb~'lu'WVin91'W'l'WJ''El1J(Cycles) Yli~(?j9:::Y1'Wl~1~

" ,
91nu'Wu1l-J1~'f1'Hu'Wm1~1~vl'lJ'uYl2-7 ~tJn~1 S-N Curve ~1V1¥1JbrlVl:::l'Wn~l-JbVI~mn'El1J

'lJ ,

" , ,
l1'1V1l-J(?]bb~:::b~VI:::Ylhn'llbVl~n1J1'1'llil(?]9:::i:J Endurance limit ~'l'W~'lnb~~bl-J'Elfbbrl:::brlVl:::Ylhn'll

, "
bVI~nVl~1tJ'llil(?]9:::hJi:J Endurance limit ~1V1¥1JbrlVl:::Yli:JEndurance limit U'W fl1 Endurance

limit 9:::i:Jfl'l1l-Jll-Jrl''Wlrn1Jfl1fl'l1Wb<]'1bbJ''1~'1~(?] bVI~nn~1~i'WJULb~'l 9:::i:Jfl1 Endurance limit
'lJ , 'lJ

~fli'lVld'l"ll'El'lfl1 fl'l1Wb<]'1 bbd'l~'1~(?]~'l'Wb~VI:::e.J~l-JY1'El'lbb(?]'19:::'EltluJ':::mru 25-50% "ll'El'lfl'l1l-J
'lJ , 'lJ

", ,w 0 cv .0:::. I I c:.lii v v Q; !.J o.od d .::!!I

Lb"ll'lLbd'l~'l~ (?]~1V1J1Jn1J''El'Elmb1J1J'll'W~'l'Wl9l1'l1Y119l'El'lJ1Jbbd'l~~1J n fl'l 19l'El'lfl1'W'l tl'l bJ''El'l''ll'El'lfl'l1l-J

~1~'ltJ Lbrl:::~mml-J'El'Elmb1J1Jl~¥1Jfl'l1l-Jb~'W~1n~1 Endurance limit Vl1'ElFatigue strength
, ""enuuanrru
b(?]tJv1''llu Lb~'lflru~ l-J1J11"ll'El'ln1J'~1"ll'El'li~(?]9:::VI11~91nn1J'Y1 (?]~'El'lb(?]tJ9:::Vl11~91nn1J' 1~, ,

" "
Jl1J'::: bbri~'W'I1'Wbb~:::i (?](?]91'W'l'WJ''El1J''ll'El'liIl~n J'fl'l1l-J b~'WYl~11~i~~bn~ m Jb~ tJVl1tJYlJl1 J':::fl1

" dJ ,
I I iI I

Vlll'lrl9::: 1~91'W'l'WJ''El1Jfl 1V111'lvl'lU'W~1 bJ'1Lbunu~tJ'Wfl1Jl1J'::: 9:::~11 ~ bJ11~n J1~ fl'l1l-Jll-Jrl''Wfl
'I I '11 I

"ll'El'lfl'l1l-J b~'Wn1J91'W'l'WJ'El1J~'lb(?]tJl1'llufl1fl'l1l-J b~'WYl9:::u1m~~'Ell9lu'W9:::bU'W o a Lbl91b~tJl1'llu

9:::b;tJ'WLbY1'W~'ltJS bb~:::91'W'l'WJ'El1JbLY1'W~'ltJN m1~~iltJl-J~~'Ell9ln'W9:::1~ S LUWLn'W Y bL~:::

Log(N) bU'WLbn'WX m1~cl'iltJl-J~tJmu'W S-N curve vl'lf?l'l'Eltl1'l1'WJu~ 2.7 91nm1~bJ'19:::b~'W
"

~1~1 Stress amplitude (S) ~~~'ln'lfl1V1d'lmtJ"ll'El'lmJ'~19:::i:Jfl1bU'W Infinity life (N ~ (0) fl1
, iI !I I

"ll'El'l S Ylfl1lh:::~tJn~1 Fatigue limit or endurance limit 'Eltl1'lhrlml-Jm~VI:::1J1'l'llil(?]byhu'WYl
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"'l:;~ fmJ~ml'ru:;'flth-.1rl' ~'d'fltJ1-.1b'1lul'C1V1:;'Y1'dmVl~mb'C1:;Titanium alloy 1'C1V1:;U1-.1'Y1'dm'1lu
q

Aluminum alloy, Copper, Magnesium "'l:;hJ~fh Fatigue limit nj'1'vh:;dJuvl-.11U~ 2-7 (6)

"" "vl-.1uun 1 'd~1"'l:; bn(?)~Ub~J-J'fl~1V11U1'C1V1:;'Y1'dnu

A

(f)

.f
"to

~
~ s ----------
E e Endurance Limit

~ [Curve A)
Ine•..
(f) B

Fatigue Strength at N, Cycles
[Curve B)

I

107 N, 108 109103 104 105 106

Cycles to Failure, N

, ,. I.... '" "I "" ~ "" "" '" ••1'a1.J'Vl 2-7 S-N Curve b~unnn (A) f)'fl'd~(?)VlJ-JEndurance limit bb'C1:;b~unnV~
•• q

(6) ~'fli~~~l3J~ Endurance limit

2.4 'Vl'l~ijm'ab~~'VI1~"l.I'el.:J:r~1?l
"1un1'd'fl'fln UUU~u~'duVl1'fl lm-.1'i'111-.1Vl1-.1~fl'dnd'dJ-J1711-.11"'l:;~'fl-.1~1i1-.1n-.1f)'d1J-JU'C1'fl(?)r1tJblJU

"~1 f1blJ ~u~'duVl1'fl lm-.1'i'111-.11(?)tJJ-J1n"'l:;1UJl1'd:;VI'C11tJ'fltJ1-.1'Y11'flW1Uvh1~ bn(?)f)'d1J-Jb~U~-.1 f)'d1J-J
, ""

bb'C1:;f)'d1J-Jb~Ub;U'flU ~-.1rftJn~1f)'d1J-J b~mJ'i'1J-J U1-.1f)1-.1'dui1-.1'Jl'fl-.1~U~'dU~'JlU1(?)13J
'"

, " "
'i'1J-J1b'i'1J-J'fl'fl1"'l~'d'fltJ1J1nVl1'fl ~lV1U 9-.1~~'Y1tJ1tJ1J-J~-.1Vl~1j'D~UJ-J11~'flflu1tJn-.1f)'d1J-J b~tJVl1tJ'Jl'fl-.1
" , ,

~U-.11U 1(?)tJn1nYltJunU~-.1Yl~1J-J1'drJ(y]'d'd"'l'i'1'flU~'dtJn1'dVl(?)~'fl-.11~b'1luYield tensile strength,
, " "

Ultimate tensile strength Vl1'fl Strain ~-.1ri1'1'1-.1V1J-J(?)1~"'llnn1'dVl(?)'C1'fl-.1~-.1~UVl(?)'i'1'flu1UbbU'dbbnU
" ,

vl-.1UUVl~1j'D Yl1~ 'flflU 1tJ n-.1f)'d1 J-Jb~tJVl1tJ9 -.1rftJ n~ 1 Vl~1j'D f) 'd1 J-Jb~tJVl1tJ
, " ,.dl ~ I .:::012.1 Q...I'.dl I Q/.e-. <V ...::::;y

(Failure criterion theorem) ']j-.1J-J'flr.JVI'C11tJVl~1j'!J(?)'dtJnu'JlU'flr.Jn1J'11U(?)'Jl'fl-.1'd'i'1~bb~:;bU'fl-.1"'lln
21 21 , 21 I I

n1'd~n1j'11uf)1-.1U i'i'1(?)YlU1J-J11~vhtr'd1~'flfJ-J'I'1-.11U~'duYlH1 Un1'dVl(?)~'fl-.1bb'C1:;1U~'dUYlH'i'111-.1tr'd
q

1~'flfJ-J'JlU1(?)"'l1-.1~(?)~1l1Jui'i'1 (?)bVlUtJ'd~-.1"'l:;bn(?)f)'d1J-Jb~tJVl1tJ b~'flri1f)'d1J-J b~U~ bn(?)~u1ui'i'1 (?)n-.1
q q

I I I I iJ

'1(?)Ann (Yield point) ~-.1dJu~-.1Yl b'd113J~'fl-.1n1'd b'Y1'd1:;b~'flA'd1J-Jb~ubnuri1mu U~'di'i'1~"'l:;l3J

'i'11J-J1'drJ~U'dUn~U~'i'1Jl1'Y1~J-J~ul~ vl-.1JUb~'fln~1'dn-.1f)'d1J-J b~tJVl1tJ'Jl'fl-.1i'i'1(?)bVlutJ'dfh:;~'fl-.1'Y1(?)
ClJ qJ q 'IJ

n-.1f)'d1J-Jb~um1n (Yield stress) ~-.1~'fl ri1f)'d1J-Jb~U ru "'l(?)f)nn ~'dui'i'1(?)bun:;"'l:;l3J~"'l(?)f)nn
q q q
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e- , 'V it I
.c:::l .:::.. .0:;9; cO, ~ Q.." Q.." 11.:::.. .<:!:I .<:!:I CV' __ .<:!:I

ml~ L~tJV!ltJ9~mVl'll'WnI?l'elL~'el'J~ Vl'IU f1'Jl~ Lf1'W9'WLnVln1'J'LLI?lnV!'I'elLLtJn'll'el'lL'W'el'J~ Vl Vl'l'W'WL~'el
q q

n~l'J?i'lf1'Jl~ L~tJV!ltJ'll'el'lrJ~VlLU'I1~n9~~'el'l~Vl?i'lf)'Jl~ L~'W~9Vl1.h~~tJ(Ultimate stress) ~'lA'el
q '" q, ~

~1 ml~ L~'WYlvhl~rJ~ '1LnVln1'J'LLl?lmXn~'l,r'WVl~~Dml~ L~tJV!ltJ~lv!¥UrJ~ '1LV!utJ'J~'lL~'elnl-il

Vl~~D~~'l'l1'Wn1'J'L~tJ1U~'l~Vl (Maximum distortion energy theory) Vl~~D~~'l'll'Wn1n~tJlu

~'l~Vl1~t;Jn~I?J-J'WltVltJR.Von Mises (1913) LL~~H.Hencky (1925) ~'l~V!~nn1'I('h "rJ~'19~
~~ LLl?lmXnL~'el~~'l'll'Wn1'J'L~mUJl1tJ l'WrJ~VlJlltJl~Jl1'I~~'J 'lil LVhnu~~'l'll'Wn1 n~tJ 'IU91 nrnr

'" q '"

VlVl~'elULLN~'lUn~'ll'el'lrJ~'1'llu'VlL~mn'W" L~'elL'J'1~'el'l~n~'l1u~ Total elastic energy n1'IL~tJ1U

9~~lm'ImLtJn~91'Irul'el'elmU'W~'el'l'('h'WA'el (1) ~'J'W~vhH1LnVln1'J'LU~tJ'WLLU~'lm~l1Y1'ILL~~
, 'V , I

(2) ~'J'WYlvh1~ LnVln1 'I L~tJlu 11VlLUtJ'JL.w'el'l91n f)'Jl ~ L~'WL~'el'W~'lrJ ~ '19 ~ LnVlm 'If) n nV!1'el
, ~

L~tJV!1tJlYll~L1'el'W1'll~'lu

1 { 2 2 2} >- (<JI -<J2) +(<J2 -<J3) +(<J3 -<JI) -

12G

{(<JI -<J2)2 +(<J2 -<J3)2 +(<J3 - <JI)2} ~

2(<J
yp

)2

12G

2(<J
yp

)2 (2.29)

'll'el'la~Jl~'Jm~LutJu~fi1vJ1'W!?lL'el~ L~'W!?lLL~~Lf1i'el'l'VlVl~'elUtVltJvhn1'I'VlVl~'elUt~~ L~'elf 2 'llU,Vl

A'el VERTON RF-700-10-EM HS LL~~VERTON MFX-700-10 HS LmtJULYltJunUrJ~VlL~~ A'el
q

t~v!~u'I'el'Wi L~'elU'I~ttJ'll'W1'Wn1'I~Vl~'W'Vl'Wn1'I~~lYlLL~~L~~~ntJJll~1'Wn1'ILL~'li'W'Vll'ln1'I~11'W
q

~ ~ ~
n1'I'VlVl~'el'l,r'WLL1J'lLU'W3 i'Wl?lll'W All 1.l1~'W'l1'W'VlVl~llU~11Y1'I~1'W'll1l'lrJ~Vl3 'lltlVl mvhn1'I

•••• q

'VlVl~'elUf)'Jl~~l rK'JnULf)ill'lVlVl~llU fatigue ~'l LU'Wn1'IVlVl~'elULLUUU¥U~1 LLNm~vh (vary

load) 9~1~~lLL'I'lm~vhLL~~mtJn1'I1-il'l1'W1l'elnm 1~mlvJL~'Wt~'lml~i~~'WlrV!'h'lLL'el~~~9Vl
q '"

f)'Jl~L~'Wnu91'W'J'W'J'llun1'I1-il'l1'W (S-N curve) LL~'J1.l1~~91n S-N curve 1uvhn1'I~Lf1'J'1~,x
~ ~ ,

~'Jm~ LutJu~fi1vJ1'W!?lLll~L~'W!?l9 ~1~~11l1tJn1'I l-il'll'W'llll'lvl'l~'W~ 'J'Wllllnm LL~~~ ~Yl1~91nn1'I
q

'VlVl~ll'l'llll'lrJ~Vli'l 3 'llu,Vlm LmtJU LYltJul'W~l'Wf)ruJll~ LL~~~l'W'J'1f11'V'lU~lrJ~Vl VERTON RF-
q q q

700-10-EM HS ~ml~LV!m~~~~9~1.l1m~~I?lL~'el'VlVlLL'Vl'Wt~V!~ Bronze l'Wn1'I~~I?lLu'Wlu~Vl

LL~~~lf1'J''elulu~Vlmn~~Vl
q

'l.J~fi 'l.pJ~b'1!~ (2009) 1~vhn1'I'el'elmLUU~'J'WLL~mU~tJ'Wf)'Jl~~1l'W~1V!¥ULf1ill'lu5mru

u''JLf)~tJf Fast Breeder 'elfiUltJ?i'l~fin1'I1-11'WltJU'J'1nDn1'IruLnVl'IlltJ LLl?ln~lV!¥ULL~'W'll'W~~
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lb''ll::: lWn1~Vl~MllJfl'dlJ-J~l~~ruV1.1J~ 550 'El--1f'llL'Jj~L;tJ~ ~--1LtJufh~~lf1tlJ~l~lUn1~

'El'ElnLLlJlJ'i'i'dULL~nLU~tJUmlJ-J~'ElU~lV1flJ Lfli'El--1uBmnHl'd Lfl~tJf Fast Breeder (FBR) l~tJ

:BU--1lu~1~v'hn1~~m1l LtJULw~n W~i),J-J (J IS :SUS304) ~m1ru:::~uil--1'll'El'l:BU'I1UVl~~'EllJ~n1~
'"

LU~tJULLU~'1'll'El'l'llUl ~ L~U~lUf'lU8n~1'1 l~tJ'y'hn1dL"l1:::1uVif'lVl1--1fl'dlJ-Jn~1'1~~'llUl~ 2, 4, 6
'"

LL~:::8 ~~1!\LJ-Jm Al"llnn1~V1191U'dU~'EllJ8J-J~U'll'El--1n1~Ul1n!J~'ElmLl?ln (NJ LL~:::91U'dm'EllJ
, ~

mlJ-J L~tJV1ltJ (Nf) V1V1l1~"l1nmm ~ ~'EllJfl'dlJ-J~l tJnul1u LmtJlJ LV1tJlJnlJ';)fin1~v'llU1tJ'Vl--1 ~ ~'El

';)fin1~'ll'El--1 Neuber's law (Lnl) LL~:::';)fin1~'ll'El--1Stress Redistribution Locus: SRL (1mJ) ~--1

~'El'l~~1'1 L~unl1yJn1~v'llU1tJ'El1tJfl'dlJ-J~h n1~V11Al fl'l~'ll'El'lfl'dlJ-J L~ui'dJ-J f'lU8 n1~V11 Al fl'dlJ-J
q '"

L~ULL~:::mlJ-J Lfl1tJ ~ U~:::n1~V11Al fl'dlJ-J Lfl1tJwri'd'lhJu~V1tJU l~tJ1~';)fi Neuber's law (Lnl) LL~:::
q

';)fi SRL (1V1lJ) LV1tJlJnlJL~Un1~v'llUltJ Best Fit Fatigue Curve (BFF) ~1J-Jl~n~1u~~1~~'El

';)fin1~v'llUltJ'll'El--1 The SRL ~ UU'dliJJ-Jn1~v'llU1m'EllJ~~ 8J-J~U'll'El--1u~ln!Jn1~ruLn(?1~'EltJ LLl?ln'll'El--1
~ ,

:nU'I1UVl(?1~'EllJ~dL"l1:::1~~ LLlJu~ln~l';)fin1~'ll'El--1 The Neuber's law AlmlJ-Ju~'El(?1IltJV11~"lln
'"

LL~:::~~1--11~

'fl1tu'1l 'VI1'V1~~~1 bb~~3-J~~~ 3-J~~~'J~~b'a'"ltJ (2004) v'l1n1~~m1l~~'ll'El--1~'EltJlJln~~
~ ,

!?l'El'El1tJ'll'El--1:nu'i'i'dUflJLLd'll?llJ-JUU'dLLnUV1v'll"llnrJ~(?1L'El1'ElL'El~1'El4140 'El~~ LUtJJ-J7075 LL~:::l'V'l1!\L'El
q q '", ~

1J-JC?1 6 Ul L~U'Eln1 ~~ m1l LmtJlJ LV1tJlJ~ ~ m:::Vl lJ'll 'El'I ~'EltJlJ1 nV1~ !?l'El'El1tJ'll'El'l:nu'i'i 'dU flJ LL~'1l?llJ-J
q

LLU'dUnu~v'll"llnrJ~(?1 3 nfiJ-J~'1l L'1l1'1lL'1l~1'El4140 'El~~LUtJJ-J 7075 LL~:::l'V'l1!\L'El1J-JC?16l~tJv'lln1~
q q '"~

Vl(?1~'El'lLl?l1tJJ-J:nUVl(?1~'EllJ"llnrJ~~~--1nfil'd 1i1~Al LyJflLl?l'ElfmlJ-J L~U~:::~J-J !?ll'1nU~'El 1.2, 1.6,

2.0, 4.0 LL~::: 6.0 l(?1tJ1~~:::L1JtJlJ';)fi1yJ1ui?lL'El1!\LJ-JUl?l1Un1~'El'ElnLLlJlJJlJil--1'll'El--1:BUVl~~'EllJLL~'d
'"

LmtJlJ LV1tJlJ~~n1~~lU'dru'ElltJn1~flJ LLd'll?llJ-JLLU'dLLnUl(?1tJ~J-Jn1~ "'ElltJf1'dlJ-J Lf11tJ(?1"LL~:::~J-Jn1~
q q

"lJl~f1';)U" nlJ'ElltJ~1~"llnn1~Vl(?1MllJn1~flJ LLd'I"l1'1 "llnn1~~m~ndv'l11i1VldllJ~1 (1 )n1~
11 I iJ I

~lU'd ru'ElltJ'll'El'l:nU'i'i'dUV1flJ LL~--1LLlJlJ~11 l(?1tJH~J-Jm ~lJl~ f1';)U"l:::1i1 Al'El1 tJV1U~'El(?1IltJm n LL!?l

1unnn'll'El--1rJ~~ AISI 4140 ~Alf1'dlJ-J L~U~:::~J-J~11 'El1"l1i1Al'ElltJ~1lJu~'El(?1IltJ (2)n1~~lU'dru

'El1tJl(?1tJ1~ ~J-Jn1 ~'El1tJmlJ-J Lf11tJ(?1"l:::1ilAl~ln~ LAtJ'InlJ'ElltJ"l1--1mn LL~:::A'ElU~l'1U~'El(?1IltJ usilu
q q q

nnn~~Al LyJf1Ll?l'Elff1'dlJ-JL~U~:::~J-J~11 n1~~lU'dru'ElltJl(?1tJ1~~J-Jn1~'El1tJfl'dlJ-J Lf11tJ(?1"l:::1i1~~~

U~'El(?1IltJmn~~(?1 (3)~Al LyJf1Ll?l'ElfmlJ-J L~U~:::~J-J~11 n1~l~Al f1'dlJ-JL~U~:::~J-JVl1--1Vl1j'DV11'El

Al LyJflLl?l'Elf~~fl'dlJ-J LL~--1LLd'I!?l'ElmlJ-J~l "l:::1i1~~ 1lJ !?ll'1nUmmrn (4 )~Al LyJf1Ll?l'Elffl'dlJ-JL~U
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~~~~~11 n1j'1.jj~1 fl'd1~ b~'W~~1byjflbl?l'flffI'J1~b~'W~~~~~\l1 n1j'H~1 byjflbl?l'flff1(;)fl'J1~

U~\lUN~'flfI'J1~~1 9~1i:i~f1~ln~b~hNnumt.J91\lmn~~(;) (5)i~(;)t~~b'fll~~ 6 9~~ Stiffness, , ,

f1(;)f1\l~'fl'W~1\lmnl'W'li'd\lbbm1"ll'fl\ln1j'rUbbNbb~'d9~bn'flufl\l~'j,\i\l91n1000 - 3000 j''flU"ll'fl\ln1j'

rUbbNI?l1~bb'W'dbbn'WbbUU~"11t(;)t.J~~1b'il~t.J"ll'fl\ln1j'f1(;)Stiffness bVllnu 0.04854 (N/mm) ~'fl

rau bbf1~~'WVl(;)~'flU~~~1byjflbl?l'flffI'J1W~'W~~~~~19~~£m1n1j'f1(;) Stiffness ~\ln~1~'W
'!J



.co
u 'VI 'VI 3

ll-JuVld'IOj~n ~l'Jn~ m d~l btJl-J~ll-Jb~'ell ilu dd'i'll'I?lrl1.h~~~ r1 b!?ltJ1~ nl~I-J!?l';)fimd~l btJl-Jmd
q q

~ mill iI~'el!?l rl ~'el~ rlu1' 1?lb11Jd~~~ r1~1~Ul b~I-J'el1~ll-JuVl~ 1b!?ltJndltJ 'i'l~b~tJ WlJ'el~bblYl'i'l~.ffI-JI?l'el1-J
q

3.1 1fiIP11bUl-Jm'a~n'H1
, , ,

d <C:lIoovc::.l.<:::il 1; IV .::. ~ ~ cv.od.! !.IQ...'

3.1 .1 fl mil~ll-J'JlOj tJVlbntJ'J'lJ'el~nu m d'J brldl ~~mn~tJm tJ'lJ'el~'J~ C?)bl-J'el~lOjln rl'Jl :W'i'l1'el1-J
s-

dJW.J'i'l:WllOjlnnldfurl1d~bbuund~Vil~l

3.1.2 ~n'lil~'el~mrl''el~ ~l-Jbb'i'l~d1tJ'i'l~b~tJ!?llYll~1 'lJ'el~tr'J~vi'elf:WlOjlnu1~Vl1VltJ-n:wi'1Vl ~ brl

brl Ul~l-Jl "hrl!?l

3.1.3 ~~l~ bbU1J'~l'i'l'el~Vll~ rl'ell..J'~'Jbl?l'elf'lJ'el~tr'J~vi'elf:W~'JtJhJnbnd:W SolidWorks b!?ltJ~md

';) brl d1 ~~ rl 'J 1:Wbb~~ uN 'lJ'el~l'~!?l1Oj~ b~ 'eln H d~ b1:J tJu';)fi1 vi11-Jl?lb'eli'l b:WI-Jl?lb!?ltJHhh un d:W
q

m~lOjltJ r;l'J'lJ'el~rl'Jl:W b~I-JU'i'l~ml:W~l ~~~l:Wldfl bb~!?l~e.J'i'l1~'elt.h~nUd~~VlfiJl1l"1

3.1.4 ~~l ~ uuU Vl!?l~ nu 1Oj1~'lJ'el~ tr 'J~vi 'elf:w ~ n 'lJI-J1 !?l1?l1:WuuU:W11?ldj ll-J 'lJ'el~ U1~Vl

1VltJ-n:wi'1Vl~brlbrlUl~m r.hrl!?l ~'JtJ:hJ1ml~'J1-J 1:1 bb'i'l~Ul:hJ1l~1I-JmdVl!?l~'elubLll-JmduI-J51-J

~11?l'elu~1~lOjlnm d';)brldl~~~'Jm~butJu';)fi1 vi11-Jl?lb'eli'lb:Wl-Jl?l

3.1.5 ';)brld1~~UUU9l'i'l'el~Vl1~ rl'el:W~'J bl?l'elf~'JtJbUnbnd:W Cosmosworks e.J'i'l«l"Ifi~1~lOjln

md';) brld1~~IOj~bLll-Jml:W b~1-Jrl'Jl:hJbrl~tJ!?l 911-J'Jl-Jd'elUrnr l~~ll-Jbb'i'l ~d~tJ~ bb't1I-Jr;l'J

3.1.6 VilmdVl!?l~'elU bbUUVl!?l~'elUIOj1~tr'J~vi'elf:wb!?ltJ~IOj~Vilmd~l~lml:wl:W~l-Jfid~~~l~

UN bb'i'l~mn~tJ1U~~~1:Wldfl1'!?l ~11~~'JtJ Strain Gages b~'el bLll-JmduI-J51-J~11?l'elUlOjlnn1 d

';)brldl~~~'Jm~ butJu';)fi1 vi11-Jl?lb'eli'lb:W1-J1?l1!?ltJ~e.J'i'ln1dVl!?l~'elUIOj~f1nul1u bmtJU b~tJUrlU e.J'i'ln1d•.

,
o • F.' "" • I "" """1'"' """"""3.1.7 Vll mnusuu muu bb'i'l~Ud~:W'J'i'le.J'i'ln1d'J brld1~~Vl !?llOjln~'el~'JDrl'el e.J'i'lmdVl!?l~'elU

bbUU9l 'i'l'el~1Oj1~bb'i'l~e.J'i'lm d';)brldl ~~~'Jm~ butJu';)fi1 vi11-Jl?lb'eli'l b:Wl-Jl?lb~'elUI-J5I-Jrl'J1:Wn n ~'el~'lJ'el~•.
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3.1.8 'tl'tln LLUU,x'J1Yl'tlfl-JLL~~'Yilm'i'~Lml~'\.rl"nJ t(1ltJ~'tl'lnm'i'1.J¥u LU~m.J'llm(1lLL~~tf~1?j

~1~'Yil,x'J1Yl'tlfl-J

3.1 .9 A1U'Jru.m fllfl'Jll-JU~'tl (1l.nm~'tlI?l'i''J9~'tlU fl'Jll-J ml-Jl~~l-J'll'tl'l'llUl (1l'll'tl'l,x'J1Yl'tlfl-J

3.1.1 0 U'i'~l-J'J~t:-J~m'i'~Lfl'i'I~~'Vl1'1fl'tll-J~'J LI?l'tlfLL~~t:-J~~Lfl'i'1~~t:-J~~1~r.nnLLUU'Vl(1l~'tlU
, , "

91'1L~'tlVll fllmm'i'~"'lltJ !?l'J'll'tl'lfl'Jll-J L~UVlLfl(1l~umtJl u,x'J1Yl'tlfl-J 'Yi~'tll-JVllfll fl'Jll-JU ~'tl(1l.ntJ

~lu'Ju'i''tlum'i'1~'11ULL~~fllm'i'LL'1lU!?l'J
iI I I I

3.1.11 'i''JU'i''Jl-J~'tll-J~'V1'1V1l-J(1lVlLntJ'J~'tl'lL~'tl~'i'Ut:-J~~ ,

l'l'h'l LLUU91~'1l~YI1'll'ltll.Jl1'lLliltlflJtl~

'iX'l1'Yl'1l1l.J~'ltihJnLntl.JSolidWorks

l'lrNLLUU'VII1Il'ltlU'I1'l'lltl'l'iX'lmtl1l.J

1il1l.JLLUU'lltl~U~ l'V1tJ-Dl.Ji4'V1YiLI'lLI'l

U1'l'W1'hrii1l mliln~'l'W 1:1

No

~i1li'lLI'l~'l~tlLL~:;"ll.ln~run1~il1lfi1

Strian gages LL~:;~:;tJ:;LL'fi'W~'iX'l1'Yl'1l1l.J

1Ll'ln:;~LLUlJ'<\1~tl'lYl1~I'l'1ll.Jl1'lLliltl1

~'ltJLl.lmntl.J CosmosWorks

1LI'l~1:;~1'l'l1l.Jih~'ltJLl.l~LLn:tl.J

CosmosWorks

1.l~:;l.J'l~~~n1fjLl'ln:;~'VI1'l1'l'1ll.Jl1'lLliltlfLL~:;~~1Ll'ln:;~~~~1~'11nLLUU'VIi1ll'ltlU

'11~L~m'l1I'l'l1l.JLFi'W~'lqi1lLL~:;91'W'l'W1tlUn1~tii'l1'W

"~tl~3-1 iUI?l!lUm'i'~ILUU'I1U~m~n••
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3.2 m'a~~I.:! bb'lJ'lJ~I%l'el':!~~':!"lJl.!I!P11: 1 ~1'V!:r'lJm'aVl!PI~'el'lJ

lWnld~~I-.l bblJlJ91~'fl-.l91-.l'll'fl-.l'iY'J1yj'flhJ nrri?lmJd:::~-.lr1b~'flr11n1dVl (9)~'fllJl-11~1 fl'Jll-J b~l.!
q

bb~:::fl'Jll-J bfl1t1(9)~bn(9)~'W~'iY'J1yj'flfl-Jb~'fl{h e.J~91nnldVl (9)~'fllJhJ bmtllJ bVltllJnlJ e.J~nld';j bml:::~

~ 'J t1';jfil yjl 'W!?lb'fl~ bl-J'W!?lr111 ~ ~ 1l-J1 dtl~ 'W6''Wl~~ 1 m d';j bfl n :::~~'J t1';jfil yjl 'W!?lb'fl~ bl-J'W!?ll(9)tI
~, ~

hhbbndl-J CosmosWorks n~(9)fl'Jll-J~lmdtl1'Wnld';jbfldl:::l-1--:n'W'~'J'Wbfl1-'fl-.l9ndn~1'W~n'jj'ru:::m~
,~ ~

bb~:::l~e.J~~'Y'l€'fl'flnmtln~'fl-.l bb~:::b~'fln'fll~ ~-.l11'W9-.lr11n1d~~I'1 bblJlJ91~'fl-.l91-.l~'Wm ~'Jtlmml
'"

'Cl'J'W1:1 1(9)t18(9)bblJlJl-Jli?1d~I'W'll'fl-.llJ1~VllVltlil-JiJVl ~bflbfllJl-.l'Wl 91n(9) ~-.lbb~(9)-.ll'WdtJ~ 3-21'W
~ '"

nldb~'fln1.]rr~(9)b~'fl1l1m~~1'11~b~'fln1'] AISI1 045
q

Isometric view Front view

3.3 msn !PI~'el'lJbb'lJ'lJ~I%l'el':!~~':!"lJl.!I!P11: 1 ~lmb'lJ'lJ3-Jll?1'a~Il.!....
, , ~

l'WnldVl(9)~'fllJ bblJlJ91~'fl-.l91'1nrri?l'ltJd:::~-.lr1b~'fll-11 ~1 fl'Jll-J b~'Wbb~:::fl'Jll-J bfl1t1(9)Vlbn (9)~'W1'W

'iY'J1yj'flfl-J u~:::1l11tJ bmtllJ bVltllJnlJnld';j bfln:::~~'Jm:::dJtllJ';jfi1yjl'W!?lb'fl~ bl-J'W!?l~-.l~lfl'Jll-J b~'W
, ~ ,

bb~:::fl'Jll-J bfl1t1 (9)Vll~91n mm (9)~'fl-.lih::: bLl'W~'fll-J~Vl~'W6''Wl~~1 nld';j bfln:::~m m rn d:::91 t1'll'fl-.l
'" ~ ,

fl'Jll-J b~'Wbb~:::fl'Jll-J bfl1t1(9)~'Jm::: dJtllJ';jfil yj1'W!?lb'fl~bl-J'W!?ll1'Wnfl'Jll-J bl-1l-Jl:::~l-JVl9:::1l1m';j bfln:::~
~

nlJ'iY'J1yj'flfl-J bb~:::l'WnldVl (9)~'fl-.lii9 :::~'fl-.ll-11fl'Jll-J il-J~'W€d:::l-1~I-.l fl'Jll-J b~'Wbb~:::91'W'J'Wd'fllJnld 1,]
~ ~

-.l1'W(S-N curve) 1(9)t1ni'Wi?I'fl'WnldVl(9)~'fllJ~I-.l1 ~-.lii
1 if iJ 11 I

3.3.1 r11n1dnll-1'W(9)'1(9)Vl9:::~(9)[1]'1Strain gages d'Jl-J'I'1-.l~'W10 '1(9)~-.lltJVl 3-3
11 "iJ iI

3.3.2 l']nd:::m'jj'Vlntl~ll-1flJi(9) l~l-1:::blJ'flf 400 i(9)~'WVlVl9:::~(9)[1]-.lStrain gages 'I'1-.l10



Left view
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7

6 2

3

5

8

Front view Right view

, "-atlVi 3-3 ~1LL"vIll'lV1~~~'1Strain gages l'W~'),xr,lt~'ilfl-J••

" ,
3.3.3 ~~~'1 Strain gages 'iN1tlV1~'),x')1~'ilfl-J~htJm,)~1~1U~~ Strain gages l~tJ~'il'l

11 I I!I I

~~~'11'W~Jl1'):;V1,x')1~'ilfl-J hi Ln~f1,)1l-JLJ»'WLL~:;f1,)1l-JLf11tJ~~'19:;~~ ~'11'W~1LL~1l'lV1,x')1~'ilfl-J

1UJll'j':; ll-JLl-J'W(;]~ ~ Lti'il'l91n m1l-J ~'W"lJ'il'lm:;U'iln~u~'1~ ~ Ln'il,x')1~'ilfl-J'iltJl'W~Jl1,):;;'1(;ld'l 'i''Jl-J
'U 'lJ q 'lJ

;: i.I &.' _ d d .dj !.Id' a Q

Y1'1~l-J~10 '1~mtJn'W ~'1LL~~'11'WltlY13-3 l~tJ Strain gages Y1L~'ilnl"1!'WLtl'W"1!'W~KFG-5-120-
, , "

C1-11L3M2R ~'11tlV13-4 iJ Gages length LVl1nU 5 ~~~Ll-Jm L~'il~~~'1LL~'Jlih11m'i'r)~f11

f1'J1l-J~h'WY11'W"lJ'il'lStrain gages 'Vln~'J~'1 Gages resistance ~!ln,m1J~u'i"i'mmfjdJ'W 24°C,

50 % RH 9:;~'il'l'eh'Wf111~1'W'ri'J'I120.0 - 120.8 n

3.3.4 U1Lf11'il'l Data Logger MX100 ~'11tl~ 3-6 ~~;'1L~1nU Strain gages LL~:;"'h,x'J1
!I I 1 ,

~'ilfl-J~~~'1nu Lf11'il'lY1~~'ilU~'1~'J,x'J1~'ilfl-J'iltJl'W~m'J:::hj1uJl1'i':;1~1 ~'1LL~~'11'W'i'tlV13-6 LL~:;~ ~
, "

mUf1l-J'ilru~Jl~u'i''i'mmp\1~'iltJV124 °C, 50 % RH tl1U~'1f11m1l-JLf11tJ~1~Ltl'Wp\'WU
q q 'lJ 'U 'lJ

-- -~
-~7~~.#

~tlVi 3-4 Strain gages "1!U~KFG-5-120-C1-11 L3M2R
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,
-aU~ 3-5 lr111l'l~1l1'!?l~1r1'l1J-J~1'W'Vl1'WStrain gages••

-au~ 3-6 Data Logger MX1 00••

d
-aU'Vl 3-7 Gage select uuu 4 Gauge '1I1l'l Data Logger MX1 00••
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i.t I I I iJ
t.t 0 cv d _.::Y I q -=::,I -=::,I.:;:" ~

l'l'tl'l'V11mm r?\~'tlULL~::::U'W'VmeJ~ 50 A'j''I L'Y'I'tl'l-11fl1 L'il~t]'lJ'tl'l Wl1~ LA'j't] r?\'Vlm r?\'lJ'W

3.3.6 r11m'j''Vlr?\~'tl'lI'i'tlLti'tl'lL~'tl'l-11 S-N curve 1'Wm'j''Vlr?\~'tl'l9::::nJ::::r114 'j''tlU LLI'i~::::'j''tlU

9::::1ojjWl1~(9)'W1'Wm'j''Vlr?\~'tl'lL'Vhnu 230, 300, 350 LL~::::380 bar ~'I~'tl'lu'WVin~1'W':I'W'j''tlU~'I~r?\~
" q

tr':l1-w'tl f~ ~ 1~1 'j'tlr11'11'W1~1 'WLLI'i~::::'j''tlUWl1~ (9)'W~':It]LL~::::U1Wl1~ L~'WLL~::::~1'W':I'W'j''tlu1'WLLI'i~::::

'j''tlUm~~1'1 LiJ'WnJ1-WLL~r?\'IWl1~i~~'Wfi'j'::::'l-1~1'1Wl1~ L~'WLL~::::~1'W':I'W'j''tlum'j'116'11'W

Solenoid Valve

Reformer

Uniaxial DAQ Master

Strain gage

Hydraulic Power Unit

~. ----
~

Personal Computer

o "!UVi 3-9 l.h::::n'tlu~'W~'h'W1'i1'11 L~1nUtr':l1-W'tlf~



"'iUv1 3-10 ~i?1!?l'lStrain gauges l~lnu Data logger••

" , "'iUv1 3-11 n1J~i?1!?l'lGage selects l~lnu Strain gauges Yl1~~i?1!?l'lu'W'lX'd1~'flhJ••

26
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.Q. d' 0 i.I.Q, d'

3.4 m~'dbf1l~1~'V!bb'U'U"'l1'61'el~".l.I'I..!1!P1 1:1 !PI'd~f1I'el:I-J'V'l'db!PI'el~

mJ'~~1'1 LLUU91'i'1'tl'l'll'tl'l1X'd1'V'l'tlfd-JL~'tlH~LflJ1 ~'I-f'Vl1'1~1\JJ'~ dJtlU~fi1 'V'l1'j,.6lilL'tl~Ld-J\J1?l

"9 ~~'tl'l ~~1'1 LLUU91 'i'I'tl'l~ 1 d-JiJ~~\Jd-J1ri'tl\J~'d tI d-J11?lJ1 tl'd\J 1: 1 l(?1t1HhlJ LLnJd-J~ 1 L19JU
I I it iJ

SolidWorks ~'1'llm (?1(9]1'11Vlinm 1~1\Jn1J'~~1'1n9 ~~'tl'lrr (?191n'll\J1(?1~\Jtl'd\J91'1'll'tl'lLLUU91'i'1'tl'l

91'1~~~1'11~~1~¥Un1J''Vl(?1'i'1'tl'l ~fin1J'~~1'1 LLUU91'i'1'tl'l~1d-JiJ~1~LL~(?1'11~1\Jtl'd\J'll'tl'l1l1fl t:.J\J'dn

LL'i'I~l\Jtl'd\J'll'tl'ln1J'~ Lfln~'I-f'Vl1'1~1\JJ~LUtlU~fi1'V'l1\JI?lL'tl~Ld-J\J1?l1~L~'tlnH CosmosWorks ~'1L1J\J
, "

lUJLLnJ'd-J~1L19nl ~'1n1J'~1 LU\J'I1\Jl \Jtl'd\Jn~J'1t1'i'1~L~t1(?11.h~n'tlu~'dtl
'" , " ,

3.4.1 tl1LLUU91'i'1'tl'l~1d-JiJ~Vl~~1'1~\J~'dtllUJLLnJ'd-J~1L19J'USolidWorks vl'lJ'UVl3-13 d-J1
'" '"

~~1Lvhnu 205 GPa tlI?lJ1tl'd\JU'd6Jl'tl'lLVhnu 0.29 fl'J1d-JLL~'1UN'Vl1'1LLN~'1LVhnu 625 GPa

fl'J1d-JL~\J~'1(?1flnmvhnu 530 M Pa LL'i'I~fl'J1d-J~\J1LLll\J'Vl1'1d-J'J'i'ILvhnu 7,850 kg/m3

3.4.2 mJ'fh~\J(?1 L~'tl\J1'll'll'tlU L'lll?lLtl\JmJ'fh~\J(?1 L~'tl\J1'll'll'tl'lmJ'~ Lfln~~1ihtl\JhJI?l1d-J

in'jj"ru~'Vl1'1mtlIl1'V'1'll'tl'l LLUU91'i'1'tl'lm J''Vl(?1~'tlULL'i'I~L~'tllil LLUU91'i'1'tl'lL1J\JhJ1?l1d-J~1l1'V'1fl'd1d-J

3.4.3 mJ'rh~\J(?11l1 J'~'ll'tl'l LLUU91'i'1'tl'l9~~'tl'l n1~\J(?11l1J'~1il~'tl (?1fl ~'tl'lnu mm (?1'i'1'tl'lLL'i'I~

~1l1'V'1fl'd1d-JL1J\J91'1~'1mJ'n1~\J(?11l1J'~1\J~d'~'tl LLN91nn1\J~u1e:r(?1J''tl~n ~'1'll\J1 (?1L~\J~1\J
'"

Pl\J~n'i'l1'1~1\J1X'd'i'ln~U~~1Lvhnu 85 mm LL'i'I~fl'd1d-Jvl\J~1~1\Jmn11'11\JLvhnu 230, 300, 350
'" -u '"

it I iI I

U'i'l~ 380 bar vl'l'l!\JLLJ''1Vll~1\Jn1J'vi1'11\J9'1Lvhnu fl'J1d-Jvl\Jfl runu~\JVlww11K (?1'll'tl'l1X'J'i'Insu vl'l
'" '" '"

nJ~ 3-15-u

/" .

..-

Ij Explode view Collapse view



•

,~.

-a-'lIvi 3-14 nTvl'WVln1d9U8Vl~,x(fh.j!lhJLth..lLLUU8VlLLtl'W (Fixed on cylindrical face)..

iI, it I

-a-'lIvi 3-15 nl~'WVlJl1d::;m::;l11U'W~'W~1?\1J.Ji'WI?\!l'W~ 3.4.3 LLUUNormal to surface..

-Isometric

11 Explode mesh view Collapse mesh view

28
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3.4.4 m nlU'Il'fl ~ l~hli?l"ll'fl'lllUU91~'fl'l dJhlnl'i'llU'IllUU91~'fl'l'fl'fl n dJW'fl~ l~hli?ll~ n1
I , !.t tJ" ,

(?)'1'i'UV13-16 ll~:::llUU91~'fl'lV1~'f1'1~hldJhlllUU91~'fl'l 3 ml (?)'1lIhl'l1U(il"ll'fl'll'fl~l~hli?lV1l~'fln1~~'fl
"

Ten nodes tetrahedral (3D Solid element) ~'1i1f1'l1~lVlm:::~~nUllUU91~'fl'l~i1"ll'flul~'1ll~:::

'i'U11'1iU~'flhl 1-11nl'i'n1V1hl(il"llm(il"ll'fl'll'fl~l~hli?llvhnu 8 il~~l~m ~'1t:,J~1i-l91Wml'fl~l~hli?l~
"

"fjlf1'l'1:::Vl1hlnn11illvhnu 227,821 l'fl~l~hli?lll~:::i191hl'lhl'(ilr;l!ll'vhnu 344,711 ,(ilr;l'fl
11 iJ iJ it •

3.4.5 1-11~lihl(?l'flhllmJ'0''1V1~(il~nf11'11(iltJU1UlU~tJhl"llhl1(il"ll'fl'll'fl~l~hli?ldJhl5,6, 7, 8, 9

use 10 il~~ l~(?l'i'l~'flVl1"llhl1(illl~:::91hl'lhlf1'l1~lVIm:::~~"ll'fl'll'fl~ l~hli?lll~:::l~'fl~r.l1m.l1llhl'l H!~
I I iI' I

m'i'lU~tJhlllU~'1 f1'l1~ l~hlV1ln(il~hl~'1t:,J~m'i'U1UlU~tJhl"llhl1(ilVl1'fl91hl'lhll'fl~ l~hli?l~l~ 1nlll~ (il'l

t:,J~1~lhlU'Vl~4 (?)'11U~4-1

3.4.6 f1'fl~~'ll(?l'flf9:::1-11m'i'fjlf1'l'l:::~ll~:::U'i':::m'C1t:,J~9:::1~t:,J~~Y'lfi~'fl'flnmdJhlfhf1'll~

l~hl f1'llWf11tJ (illl~ :::'i':::tJ:::ll'~hl~'l ~'19:::t:n1ulmtJU lV1tJunut:,J'C1~Y'lfi91nm'i''Vl(il~'fl'l

" , "
3.4.7 wm t:,J~~Y'lfi'0''1~'fl'lfjfili-lt:,J~V1~'fl(ilf1~'fl'lnhlll~'lihl(?l'flhlr;l'fl1u~'flm'i'fj lf1n:::~f1'll~~l

~'1~'fl'l1-11m'i''Vl(il~'flU91'1l~'flVl1S-N curve ll~:::t'h S-N curve ~lll'Vlhl~'11hllunln'i'~ l~'fl
,"

fj lf1n :::~Vl191hl'lhl'i''flUV1:nhl'llhl'i'l1m 'i'tll ~'11hl1~

3.4.8 1-11m 'i'U1UlU~tJhl'i'u11'1"ll'fl'l'lX'l1~'flf~lhlU1'1~'lWl~:::fj If'l'i'1:::Vl1mJ
"

3.5 m'Hlli~'U bVi~'U e.J~"lJ'el-3A'dl3-Jbtl'Wbb~~ml3-J b~'ii~ (Pl~ln1fi(Ph-3 "1
" , "

1hl'lX'l~'flil9 :::1-11mnmtJu lV1tJUt:,J~nl'i'fj lf1n:::~ f1'l1~ l~hlll~:::f1'll ~ lf11tJ(ilV1ln(il~hll hl

" "
1:1 ~'11UJl1'i':::dJhlllN(?)hlli:1'fl'l91nm:::U'fln~u lhlnlnmtJulV1tJuili1

"
9 (ilU'i':::'i'l'lr1l~'fl ~hl£Jhlf1'l1 ~ n n ~'fl'l "ll'fl'lm 'i'~'f1'1llUU91 ~'fl'l'Vl1'1f1'fla-J~'ll(?l'flf~'l tJIil 'i'lln 'i'~

q "

SolidWorks ll~:::fj lf1'l'l:::~~'ltJlu'i'llm~ CosmosWorks l(iltJt'llt:,J~m'i'fj lf1'i'l:::~'Vl1'1f1'fl~~'ll(?l'flf

1u lmtJu lV1tJUf1'll~ l~hlll~:::f1'lla-Jlf11tJ(il~1~91nn1'i''Vl(il~'fl'l l~'flm'i'fj lf1n:::~i'l~'fl'lfjfili-lt:,J~~
" ,

~'fl (ilf1~'fl'lriu (?)'1lIhl9'11-11m'i'U1UlU~tJhl'l1Ui?l'r~(illl~:::U1U"llm (il'lX'l1~'flfa-J1i-l'i'llm'i'tl1UJl1 d:::1~
q

11 '11 !11

~'1~hlVl1'flf1'l1~ l~hlV1ln(il~hl~(il~'1~n'0''1£J'I'i'll~l 'i'tlt'l11ul~lhlm'i'fj lf1n:::~f1'll~~l r;l'fl1~

, "
91n t:,J~m'i'fjlf1n:::~f1'lla-J l~hlV1ln(il~hllhl'lX'l1~'flf~ ~'ltJ"llm(il(?ll~ llUU"ll'fl'lu111'Vl1'VltJi~il'Vl

" , "
~ If'llf1 U1'1hl1 91n(il lIhl Y'lU~1r11f1'llW~hlV1ln(il~hll(iltJH'Vl~11DY'l~'1'11hlmn~tJlu~'1~(illV1tJU

nu r11f1'l1a-Jl~hl~9 (ilf1'l'1ni1£(?ln~'lhl~'i'l'llnhl1uJl1tJ 1~f1'l1~ (?)hll~'11hl~350 bar ll~:::i1r11f'l'l1a-J
q "

U~ 'fl(ilrl tJ~U'fl tJIn u'lil i1f'l'l1a-Jl~a-J"ll'fl'l f'l'l1a-Jl~ hlln (il~ U1l'l ruf'l'fl "ll'fl'l 'lX'l1~'fl f~ ~ ~'1 (?)'1tthl
"
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~1 LU'W~'El~~C'lfO),)1J.Jv1'W1~~1'W~~1'W'i':::v1u~~~~1m'i'rlUU~ C'l'i':::t1:::'ll'El~~1~'lJ'El~~iJ1LL1J~'WL~"'Elm~1

iu~~~1iimj1'WLn 'u"v1~rh~'WC'l~1'El'V11n1'i'ufuLU~t1'W'lJ'W1C'llJ.JLC'lmH1yj'ElfJ.J1'WU1~~,)'WL~'El~C'l
'lI

" ,
f01'"l1J.JL~J.J'lJ'El~f01'"l1J.JLA'W~~~1 n~'"l1'i'ru1 LLUUlm~~~1~tr')1yj'Elfm'ju~1:n'W~')'W lm~ ~~1~~'"l:::~'El~

I 21 I iI I

rh m 'i'ufu LU~t1'Wtr'W'"l:::'EltJ~n1'i'ufu fPlmA~'lJ'El~tr')1yj'ElfJ.J1iin fPln ~,)'WlA~mn~'Wv1~'i'u~ 3-17
'lI 'lI

, "
LiJ'Elnnl'i'ufu fl1 fPln ~,)'WlA~ LL~,)'"l:::~~!:-J~1ii~'El~u fu~'W~')'lJ'El~LL~'W'i''El~n C'l'1lC'l1iifu nu fPln ~,)'W

" "lA~~')t1 1'Wn1'i'rJLm1:::,xt:h:::~'"l1'i'ru1 fO),)1J.JLA'WLL~:::fO),)1J.J~1'lJ'El~tr')1yj'ElfJ.JLvhtr'W

•



.cl
'U'VI'VI 4

, ~
ronmJ'VlYl 3 1~'ilfiultJm~~llU'W'Il'W~1'11 Y1'11'W'Cl'J'W'll'il'lm~'Vl(;1'l'l'ilull'Cl~1'W'Cl'J'W'll'il'lm~

~ , ~
~ lfln~~~'JtJfI'il~J'Vl'J ll?l'ilf 1'WU'VlU9~'I1ll'l'l'W'il~'Clm~~m~nYl~l'Wm ll'Cl~~lfln~~~'il~'ClY1'1vnJ(;1

~
cv 11 I V Cl!

I?l1~VI'J'll'il1?l1'11(;1'1'W
,

~ ~ 0 .:::" ~d cv ~

4.1 ~'Clll'Cl~m~'Jlfln~VI~'Clm~'Vl(;1'Cl'il'l91nllUU91'Cl'il'l9~'1'Vl~'ll'Wl(;1ll'Cl~'J'l'l~l(;1~
,

.<::It, tr 0 oO::It. r..:::l/.r::::,I cv.c:::rr,

4.2 ~'Clll'Cl~m~'Jlml~VlllUU91'Cl'il'l'Vll'1f1'il~'V'l'Jll?l'il~'Vl~'ll'Wl(;1ll'Cl~'J'l'l~l(;1~

4.3 ~ 'ClmnmtJu lYltJ1Jfl'Jl~ lfl'Wll'Cl~fl'Jl~ lfl1tJ(;1~VI11~91n~fi~1'11 91n llUU91'Cl'il'l~iJ

'll'Wl(;1ll'Cl~t)'l'l(;1l~~,

Q. ~ 0 Q dQ Q.J.Q,

4.1 en~ bb~~m'a'J b~'a1~'VIeJ~ msn !PI~'el.:l<Oj1nbb'U'U<Oj1~'el.:l<Oj'a.:l'Vla.J".lJ'lJ1!P1bb~~'J~ !PIb!PIa.J•
I I iI I I

1'Wm~'Vl(;1'Cl'il'll~'ilVl1Alf1'J1Wfl1tJ(;1Ylln(;1~'Wl'Wtr'J1yj'ilf~1?l1~Yll~l'l'l'W'ill~l'Wtr'J~'ilYl3.3 9~
~, ,

vi1m~~(;1l'1'1 Strain gages 'Cl'lYll'1'Jtr'J1yj'ilf~91'W'J'W10 ~lllVlll'l~'JtJn'W ~'19~llU'ldJ'W 5 uuo

I?lNl'W'VlPl'Vll'1lLn'WY iJ Strain gages ~(;1;'1ll'W'J'Cl~2 l'1'JC'l'lZtJ~3-3 t(;1tJl'Wm~'Vl(;1'l'l'ilud'dJ'Wm~

~ ~
'l'lule:!(;1j'il~mvh,r'W ~'JtJ.nl~~'ll'Wl(;1 170,235 N (P=300 bar) ll'Cl~VI~'191nm~'Vl(;1'l'l'ilUY1'1V1~(;1
'IJ

~ "

50 flf'l 'l'llm~rl'l'l1tJ L1J'WAlfI'Jl~ lfl1tJ(;1l'U~tJl~C'l'l1?l1~1'1Yl4-1 ll'Cl~'l'll~l~rl~l'W'JnJlU'WfI'Jl~

lfl'Wl~C'l'll?ll~l'1~ 4-2 91nm~'Vl(;1'l'l'ilU'V'lU~lfl'Jl~lfl1tJ(;1'l'l'l'l'l(;19~ln(;1:t'W~~lllVlll'l 6 ~'1lU'W'" ,, ~ ~
~lll Vlll'lYlln~ nu I?l~'1n'Cll'1'll'il'lu1l'JrufPliJ fl'Jl~ tfl'l ~nY1'1~tJtl'1'll'il'ltr'J1yj'il f~l 'WU1l'J ruutJ'IiJ

'"
~'J'Wl~l ~'1~'Cllihn(;1 Stress concentration ~~'l~'JtJ l'1'JStrain gage ~1-ii'Vl(;1'l'l'ilu9~iJfI'Jl~1'J

~'il m ~ltJ~tJ'WlltJ 'Cl'l'll'il'l'ilruVlll~ ll'Cl~fI'Jl~i'W C'l'lJ'Wlumrn (;1'l'l'ilUl~'ilVll Al fI'Jl ~ lfl'Wll'Cl~, '" ~ , ,
fl'Jl~ lfl1tJ (;191lU'W~'il'lfmjl~ruVl1J~ ll'Cl~fI'Jl~~'Wl'WuntJ1fl1 PlHifl'lYllVh 1~1~ Al ~1'11

~ ~
C'l'ln~l'J'il'ilnm'ilth'lrln~'il'l m~fmn'ilruVlll~ll'Cl~fI'Jl~~'Wm~vi11~tJ1n C'l'l,r'W9'1~'il'l'Vl(;1'Cl'il'l'" , '"~ ,
lU'W91'W'J'W50 flf'l ll~'J'I1lmVllAll'U~tJC'l'ln~l'J
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Strain gage No. 1 2 3 4 5

Average strain value 0.000262 0.000231 0.000435 0.000387 0.000479

Strain gage No. 6 7 8 9 10

Average strain value 0.000558 0.000461 0.000394 0.000224 0.000226

Strain gage No. 1 2 3 4 5

Average stress value (Pa) 53,657,454 47,306,289 89,149,956 79,311,015 98,155,791

Strain gage No. 6 7 8 9 10

Average stress value (Pa) 114,455,621 94,524,283 80,842,953 45,861,058 46,340,591

91 nn1'j'~~1'lllUU91~'il'l'VI1'l ~1hll vHhl~l'il ~ lJ.,jhl~'lJ'il'liXr,i~'yj'ilfJ.,j~'JtJJ.,j117l'j'1~'Jhl1:1 b(?ltJ

hhlLnm SolidWorks ll~::;HhJ'i'lLn'j'J.,j~1l~9'j'U CosmosWorks lhln1'j'~lfl'j'1::;~~'JtJ'j'::;dJtJu~fi
'"

lyjlhl~l'il~ lJ.,jhl~l~'ilt.n~hr1'J1J.,jl~hlll~::;r1'J1J.,jlr11tJ(?l~In(?l~hllhliX'J1yj'ilfJ.,j~'ll~hl'il1hliX'J~'il~3.4

~'lihVlhl(?l1l1'j'::;lLlhlll'i"llti'il'l91nn1hl~ule:J(?l'j''il~n ll~::;91nn1'i'llU'lllUU91~'il'l'il'iln lLlhll'il~ lJ.,jhl~
'" , "

~'JtJ'lJhl1(?l(?h'l19::;Yh1~'VI'i'1ufl1m1J.,jl~hlYhn(?l~hl

500000000

450000000
ro2::-
U) 400000000OJ
U)
U)

~
U) 350000000
E
::::l
E
'x 300000000eo
:;;;:

250000000
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r
i

/

o 100000 200000 300000 400000 500000

Amount element
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tJn~'d'ilth'l~llbV!ti'l~!?l~ 61'WlU~ 3-3 1Oj~1~fl1f1'd1J-Jl~'W'fr!?l1'WV1~Vl1'1~lJ,aln'W y ll~~

~ 1 J-J1 'j'tlll~!?l'l f1'd1 J-J~J-J~'W€'lI 'il'l f1'd1 J-Jl~'W~'1l Vluu nu n 1 'j'ul~tJ'Wuil~'191 'W'd'Wl'il ~ lJ-J'W~1~

~'1'j'U~4-1 t!?ltJ'lI'W1!?ll'il~lJ-J'Wr?l~bV!m~~J-J~1'1'\¥WlUU91~'il'l~'il 8 il~~lJ-Jm :l'J91'W'd'Wl'il~lJ-J'Wr?l
'IJ

lvilnu 227,821 l'il~lJ-J'Wr?l ~'1J'W9'1H'lI'W1!?ll'il~lJ-J'Wr?l8 il~~lJ-J~'j'cl'll~!?l'l~~'lI'il'lfl'd1J-Jl~'W~
" ,In!?l~'WVle1'd'W'iln'll'il'l'lX'd1vJ'ilfJ-Jl'WV1~Vl1'1~1J-J unu y ~lm'j'tl~1U ~~ fl1 fl'd1J-J l~'Wll~~fl'd1J-J lfl1tJ!?l

,
1"'.... ."

!?l!?l'l~ld1'1Vl 4-3 U~~ 4-4

Strain gage No. 1 2 3 4 5

Average strain value 0.000253 0.0002161 0.0004199 0.000356 0.0004494

Strain gage No. 6 7 8 9 10

Average strain value 0.0005181 0.0004367 0.0003621 0.0002095 0.0002135

.d I i.I d:: 0 I

(Pl1'a1-:1'Vl 4-4 fllfl'd1J-J lfl'WVu~tJVl'l 10 ~lllV!'W'I

Strain gage No. 1 2 3 4 5

Average stress value (Pa) 52,164,840 44,565,508 86,249,000 72,373,528 93,032,696

Strain gage No. 6 7 8 9 10

Average stress value (Pa) 106,010,064 89,944,968 73,602,024 44,917,352 44,010,700

lion Mises (NIm ....2)

4.763e+OO8

4.366e+008

3.970e+008

. 3.573e+008

. 3.176e+008

2.382e+008

2.77ge+008

1.985e+008

1.588e+008

1.191e+008

17.940e+007

3.971e+007

1.178e+D04



Top view Front view

Left view Back view

34

Bottom view

Right view

, "
~t1V14-3 mJm:::91tJf1(Yll-Jl~tJ~'dtJ'Vl~l1D~i--1--11tJmJL~tJ1U~--1~~Vlln~~tJlw'll-Jl-J'f)--1l'l1--11

l~tJ (Stress concentration) ~--1ll'ill~--11ih~tJ1~i~l9tJltJ1U~ 4-2 ~--1i1~ll~--1rhtJu1l'dru~tJ1 t~tJ
I 11 iI I

l'il~l:::Vli1~Ul (~mrtJfll f1'dll-Jl~tJ9:::i1 fllU'f)tJmn In'f) lVltJunufll f1'dll-Jl~tJltJu1l'dru~ ll~--1-nn
iI iI I I 21 iI

mir:i lf1n:::~[:.J'1'1mh'd 1~ lU'f)--1~tJ~1:ntJ--11tJ9:::r1l-JIn ~mJL~tJvl1tJltJu1l'druVli1~ ll~--1u'~--11XtJ9--1
iJ I I '"' I '"

~'f)--11ilf'l'dll-J~1 ~n.Jnu~tJVl ~--1mh'd l'1ltJ ~'f)--1Vl1n1JU¥u lU~tJtJfll¥f\i1 fl'J'1l-Jt~--11ilnu~tJVl1XtJ

l~l-J~tJl~'f)'1'1~mmruf1'dll-J l~mJ'f)--1f1'dll-Jl~tJ

4.3 l!J'Cln1'abm~'I.J bcVimJ FI'J1a.J b~'Wbb'Cl:l::1Pl'd1a.JbFl~~ 1PlV1'V111~~1n1fi!P\1~ 6) ~1mb'I.J'I.J~1'Cl'fl~V1
.•• cv .•••
a.J"lJ'\.J1 IPlbb'Cl:l::'J'6ll1PlblPla.J•
91n[:.J'1'1mJ'Vl~'1'1'f)--1~--1ll'ill~--11tJmJ1--1~4-1 ll'1'1:::4-2 'iIllmJnUlmlmtJUlVltJunUI?I1Jl--1~ 4-

3 ll'1'1:::4-4 ~1~91n[:.J'1'1mi;')lml:::~~'dm:::dJtJu'fJfi1~1tJ!ill'f)~ll-JtJ!il [:.J'1'1mJLmtJulVltJu9:::ll'ill~--11tJ

lU'lJ'f)--1lU'f)floTItJ!il~ll[?lnl'll--1~--1[?llJ1--1~4-5 ll'1'1:::4-6 91n[:.J'1'1mJLmtJUlVltJu~U~lfllf1'dll-Jl~tJ
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, , "
f"l'tl1(91bf"l~'ilUhJbflU 10 % rl1f1'J14-JU'tl'il(9lJltJVlbfl(9l~Unrl1bvhnu bb~(9I~1ihi-1u~1tU'j'Um4-J~1b~91U

" "CosmosWorks n~(9If1'J14-J~1m'j'rl1um'j'f)bf"l'j'1~IXUfk!~11uiml'n,d11~ t7l~l1um'j''il'ilnbbuu~')tJ
, ",

m'j'UfUbU~tJU'lJU1(91f""nf"l,)14-Jt~~1~mn~u~1'ilmJbu~tJuUU'tl~'J1U(9l'lJ'il~i~(9I1Um'j'f)bm1~1X
q

lY1'il1untl'il4-J1~j;.J'tlm'j'f)bf"l'j'1~1X~'il'ilnm~tl1 b~'iltl'il1~

Strain gage No. 1 2 3 4 5

Experiment 0.000262 0.000231 0.000435 0.000387 0.000479
Strain value

FEA 0.000253 0.0002161 0.0004199 0.000356 0.0004494

Percent error % 3.44 6.45 3.47 8.01 6.18

Strain gage No. 6 7 8 9 10

Experiment 0.000558 0.000461 0.000394 0.000224 0.000226
Strain value

FEA 0.0005181 0.0004367 0.0003621 0.0002095 0.0002135

Percent error % 7.15 5.27 8.10 6.47 5.53

Strain gage No. 1 2 3 4 5

Experiment 53,657,454 47,306,289 89,149,956 79,311,015 98,155,791
Stress value (Pa)

FEA 52,164,840 44,565,508 86,249,000 72,373,528 93,032,696

Percent error % 2.78 5.79 3.25 8.75 5.22

Strain gage No. 6 7 8 9 10

Experiment 114,455,621 94,524,283 80,842,953 45,861,058 46,340,591
Stress value (Pa)

FEA 106,010,064 89,944,968 73,602,024 44,917,352 44,010,700

Percent error % 7.38 4.84 8.96 2.06 5.03

Q. ~ ~ .c:::. I

4.4 e.J~m~~n1'a'J bFl'a1~'VIFl'J13JbFl'\.J'V1Jl1'a~"lJ'\.J1'pHn1~6)

91nm'j'f) bf"l'j'1~lXtr')1~'ilf4-J~')tJ'l!'il~bb')fVl1~f"l'il4-JYi')bl71'ilfVh1~ bnVlnU~1f"l,)14-Jb~Ubfl(9lm'j'

n'j'~"'l1tJ!?l,)'iltl1~1'j'bb'tl~8~VlnU~1U')U'j''ilUn1'j'1~~1U~1'il'il1tJ~1U'lJ'il~tr')1~'ilf4-J1un1'j'UU'tl(9l~il1
q

"bbU'tlUb~'ilb'Y'l'tl1iU~i~ bn~14-J1'j'rl!?l(9I~U19b~'iln1~1l1'j'~m~'V111~mm~~4-JnUf"l,)1l-J~'il~m'j'1~

"~1U f"l,)1l-Jt7lu1~,nu1~Qnn1~u(9I1~1~1um'j'f)bm1~lXl1Unrl1b'Vhnu 230, 250,270, 300, 350,
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,
.dl .:::l I 0 I v

380 bar ']j,nJfl1ll'i'..Jm~'Vm'Vl'lnu 130514, 141863, 153212, 170235, 198608 ll~~ 215631 N

(Yn:J.J~lvlu rJ~!?1~1.jjl'wm'i''l l~'j'l~~ll~!?1..J vl..Jl?ll'j'l..J~ 4-7 tOJlnm'i''l l~'j'l~~v'h 1~1~j;J~vl..J ll~ !?1..J11-.\•
nJ~ 4-4 llfl~ 4-5
'"

Elastic modulus Poisson's ratio Mass density Tensile strength Yield stress
Materials

(GPa) (kg/m') (MPa) (MPa)

AISI 1045 steel 205 0.29 7,850 625.000 530.000

Brass 100 0.33 8,500 478.413 239.689

.d 1.t dOl
1Pl1'i11..:1Vl 4-8 Wll:J.Jl~1-.\Von-Mises 'VlJll'j'~m~'Vll'll1-.\1!?1m..J1

Load (N) 215,631 198,608 170,235 153,212 130,514

Pressure (bar) 380 350 300 270 230

Max.Stress at Curve surface (Pa) 382,120,160 354,486,016 289,019,264 265,514,048 227,087,392

Max.stress (Pa) 476,341,600 458,893,536 380,171,136 347,918,720 272,161,664

van Mises (Nfm"2)

476341600.0

436647456.0

i 396953312.0

. 357259136.0

• 317564992.0

11779.3

277870848.0

238176688.0

198482544.0

158788364.0

119094232.0

79400080.0

39705932.0



von Mises (NImA2)

458893536.0

420653376.0

382413216.0

_ 344173056.0

_ 305932896.0

267692736.0

229452576.0

191212416.0

152972256.0

114732088.0

76491928.0

38251768.0

11609.5

von Mises (Nftn"2)

380171136.0

348491008.0

316810880.0

. 2851307520

_ 253450624.0

221770496.0

190090368.0

158410240.0

126730120.0

95049992.0

63369868.0

31689740.0

9612.2
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347918720.0

318926080.0

289933472.0

· 260940832.0

_ 231948208.0

202955584.0

173962944.0

144970320.0

115977696.0

• 86985064.0

57992440.0

28999812.0

7183.9

van Mises (NItnA2)

272161664.0

249482192.0

, 226802704.0

· 204123232.0

· 181443744.0

158764272.0

136084784 .0

113405312.0

90725832.0

68046352.0

45366876.0

22687398.0

7918.8

38
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91 nmj~ Lfln~~~fl,)ll-J ~'Wl~'11'\.,U;h'l1 ~lJ~l L~!lrl1 fl,)ll-J ~'Wn rl1~ C?lfN fl,)ll-J L~l-J"1J!l'l

fl') 1l-J Lf1'W1'WlJ'1L,)ru'1'l,)'Wlf1'19 ~n rl1 ~ C?l~'1LLUnT'WInN (;11l-Jrl1 fl,)ll-J ~'Wl ~'11'W n'l LLiJ~1 fl ,)1l-J Lf1'W

~'1~C?l9~LnC?l~'11l1~~ 4-4 n'l 4-8 uj;jihiJ'Wfl,)1l-JLf1'WL'il.~1~9C?l~1JJnmmj~91miJ'W,)'1n~1'1
'IJ , ,

I 11 I it

~'1 ~!l'l1~ fl'J1l-J ~1 At1!rllJ~'WVllJ'1L ') ruih'll'Wrl'W LL~~mj'C-l C?lfl'J1l-J ~'Wl~'11'W~'1n'l LLiJ9~'1'l'lt:J~1~ Ln
~ ~

~ 1l-J1 Hll ~'11'W,x') j-yj!l fl-JHi'W1'W~'WLLj;j~!l'l~91 jru1 n'l t:J~91 n m jUlJ'fl C?lVlihuil ~ 'WL~!lL~ 'C-l1'1llJ

V1'5'1~1j~tJ ~'ll!l'l~ 1'1V1~'1m jUlJ'fl C?l!ltJl'WLnru~~tJ!ll-J flJ 1~Vl1!l hJ ~')tJ
'IJ

A tf i.I .d I

4.5 ~~ bb~~m'a'db!Ol'a1~'VIFl'J1~~1'Vl111'a~"l.I'W1Ci)(n1~ ")

l'Wmj~ Lflj1~~fl,)1l-J~1~')m~LUtJlJ~fi1yj1'W~L!l~ Ll-J'W~91LiJ'W~!l'll~ S-N curve ~Vl11~91n

mjVlC?l~!l'l~')tJmjuflJLU~tJ'Wrl1fl'J1l-J~'Wl~'11'Wu~~u'W~n91'W')'Wj!llJ~LnC?ln1ju(;1n,xnl'Wuj;j~~

rl1fl,)1l-J ~'W ~'1njU LLlJlJ~'1jU~ 4-9 91mU~lJ~1 L~!lfl,)ll-J ~'Wl~'11'W~C?l~'1 fl'J1l-J Lf1'Wfi9~n rl1
'IJ 'IJ "

~C?l~'1LL~~'1'l'lt:J~1~91'W')'Wj!llJmjl~'11'Wnrl1 L~l-J:t'W l'l Ln(;11~~1fl'J1l-Ji'W"1J!l'l L~'Wm1yjn LL'W,)lUl-J

~ C?l~'1Ium j~ Lfln~~fl,)1l-J~19~~!l'lYi1mj~ Lflj1~~m mj~91tJ fl'J1l-J Lf1'WLL~~fl'J1l-JLfl1tJC?ln!l'W
11 '" I I

!ltJ1'1 hfi (;11l-Jl'Wmj~ Lflj1~~flf'lil1JJ1~ ~l11'1n'l t:J~m~VllJVl LnC?l91nfl,)1l-J~!l'W ~'1 t:J~mj~ Lflj1~~

fl,)1l-J~1~1~9 ~ U~ C?l'lLiJ'W,x,)~!lj;j1'11 (;11l-JmnU~tJ'WLLU~'1 rl1 fl,)ll-J ~'Wl ~'11'W

14(}+{l8 . . . . . . .I,

e 13(}+{l8... ~~ .:

~ l2(}+{l8 .. ~ . . .:

~ "",:
~ 11(}+{l8·············~· .~ , .

j l(}(}+{l8 ~~ . . . . .. . . . . .

-c 9,{)(}+{l7 , : ~ .

8{)(}+{l7+-----------+----~~-~~
1.Q0+{J6 1.{)(}+{l7

Cycles

~tJ~ 4-9 S-N curve "1J!l'llui1'1 (S-N curve of part) ~1~91nmjVlC?l~!l'l

t.oo-oe

Load (N) 215,631 198,608 170,235 153,212 130,514

Pressure (bar) 380 350 300 270 230

Cycle (time) 1,345,467 2,118,677 3,968,805 8,663,807 12,915,057



Node 171729 (·82,.116,44,5 mm
-1345467 c cle

TmalUfe(cycle)

14076850

12920249

11763648

10607047

40

LLU'l1J1L'lCU'll1tl

Li\Uvn~~"l:;Lni11

n1niiU'II1U

9450446

8293845

7137244

5980643

Tmtll Ufe (cycle)

H076850

12S20249

11763648

• 10607047

_ 9450446

629384S

7137244

· S9S0643

· 4824042

· 3667441

· 2510840

1354239

197638

• 482<10<12

· 3667441

2510840Node 171716 (.64.5,·119,47.3 mm
• 1345467 c cle

1354239Node 221215 (.11.9,.117,45.3 mm
.3361349 c cie

197638

•

476341600.0

436647456.0

_ 396953312.0

· 357259136.0

· 317564992.0

277870848.0

238176686 0

· 158788384 0
1J1L'lCU~"Hhjtlfl.l

"l:;Lni11n1n~U'II1U
1190942320

79400J80.0

39705932.0

11779.3

T0181ure (cycle)

9475341

832 ••••

7174587

\ 6024210

· 4873833

_ 3723456

· 2573078
Node 220126 (-47,-117,<15 mm
::2118677c de 1422701

272324



LL1J'l1J1L'l ru'\i1~

Li\lJ'II1~~~:;Lii(;1

n11Liimn!.l

'ton Mises (Nkn"2)

41

Total ure (cycle)

14076850

12925473

11776096

• 10625716

9415341

8324964

7174587

.6024210

· 4873833

· 3723456

2573078

1422701

272324

Node 221092 (-60,-115,43.9 mm
•• 4767856 cie

Node 221 0Cl9 (-51.7 .-120,47.8 fMl

.4410583 c

l~

458893536.0

• 420653376.0

• 382413216.0

.34417:x>56D

. 305932896.0

267692736.0

229452576.0

191212416.0

~ 152972256.0

1J1L'lru~,r'l1Yl~flJ

~::Lii(;1n1niimn!.l

140768S0

T"'~ LH. (cycle)

12931918

11786986

'" 10642053

9491121

8352189

7207257

Node 220998 (-59.4,-118,45.6 mm
• 3968805 c cle

_ 6062324

_ 4917392

. 3772460

_ 2627528

1462595

337663

LLlJ'l1J1L'lru",1~

Li\1J'YmYi~::Lii(;1

,J

Total ure (cyde)

14076850

12931918

11766986

_ 10642053

_ 9497121

6352189

7Z07257

· 606232<

· 4917392

· 3772460

· 2627528

1482595

337663

•

380171136.0

348491008.0

_ 316810880.0

_ 285130752.0

~ 253450624.0

221170496.0

190090368.0

158410240.0

•. 126730120.0

1J1L'lru~,r'l1Yl~flJ

~::Lii(;1n1nii!.l"'1!.1

950<19992.0

63369666.0

31689740.0

9612..2

,J



Node 219907 (-60.3,-119,46.3 mm
• 9337616 c le

Node 219846 (-57.1 ,.120,482 mm
•• 8663807 c le

Node 219744 (-482,-117,45.2 mm
,. 8654781 c

TdelUfe(cycIe:)

• 10689B20

42

14076850

12947840

11818830

9560810

84318(X)

7302790

6173780

2786749

1657739

528729

LL'W~1.J1L~ru"i1fJ

L~'W'II1~~9::Liii11

,J

•

347918720.0

31892501lO<

_ 2899334n.O

. 260940832.0

_ 231946206.0

1.J1L~ru~\-i~1'11fJfj.J

9::Liii11n11L~mnU

Tciel U1e(eycle)

8431 BOO

7302790

_ 6173780

• 5044770

_ 3915759

1657739

528729

86965064.0

51992440.0

1183.9

,J

_ 5044770

_ 3915759

Tottlll ute (eye")

14076850

12917096

11817342

10771588

9677834

8578080

7478327

3079311

1979557

879803

-l" 6378573

• 5278819

_ 4170065



LLU'l1J~,\,lru"i~fl
L~UYl1~~"'l:;L1ij;1

n1n~l'nnrJ

,J

von Mi.se$ (NAn"'2)

272161664.0

• 249482192.0

· 22680210-4.0

2041232320

· 1814437440

158764272.0

136064784.0

_ 113405312.0

_ 90725632.0

· 66046'352.0

45366876.0

22681398.0

7918B

,J
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Total Ufe (cycle)

1~76850

12977096

11817342

""10777566

_ 9677e34

7478327

_ 6378573

.5218819

.4179065

_ 3079311

1919557

879803

von Mises (NIm"2)

4.4190+008

4.051e+008

3.6830+008

. 3.314e+008

2.946e+008

2.578e+008

2.2100+008

1.841e+008

1.4730+008

'"llnlU~ 4-10 n--14-20 LLM1--1n--191'U'"J'Ud'ilumdl~--11'U~mll-J~'U~1--111'U1U~4-10 ~

mll-J~'Umdl~--11'U~--1~rn 380 bar 1X'"J1~'ilfl-J'"l~LnrnmdLLl?ln1Xn~--1dU~4-11 d~tJ~L'"Jr:llmdl~--11'U~ . ~
~ ~

i'U91'U'"J'Ud'iluH--11'UUU'flrnL'Vl1nU1,345,467 ruu ~ml--1'ilUndnrLL1tI~--1~'Unli--1--11'U~'il--1Vil--11'U•
i.f , iI I ,

'vl'wn ~--1,r'UYlmll-J~'Ul~--11'U'Lhr--11JJL1tIl-Jl~~l-JYl'"l~u.lml~1'UmdVil--11'U'"llndUYl4-12 f1'"Jll-J~'U~

1.1050+008

7.3660+007

3.683e+007

O.oOOe+OOO

1~--11'UL'Vl1nu350 bar ~U~ld~tJ~L'"Jr:llmdl~--11'U'Ul'U~'U n91'U'"J'Ud'ilul~--11'UUU'flm L'Vl1nu

2,118,677 d'ilU 'illtJmdl~--11'U"J.J'il--11X'"J1~'ilfl-J'"l~'iltJ~ud~mru'v1ii--1tJ~--1Lnm m dLLI?ln1Xn mnr:lrn. ~
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fl'J1l-J!?l'WH~1'W~,n.mu'W 300 bar 91'W'J'WJ'ilu1~~1'WUUrerVl'"l:::;L~WU'W 3,968,805 'J'ilU 'ilth~hn

1?l1l-J'"l1nm'JfJ Lfln:::;,x~11 ~VlJ1U~1 m 'J~ VIfl'J1l-J !?l'W1~~1'W~~'"l:::;~~~~ 1~'i'11l-J1'Jtl1 ~~1'W'lX'J1yj'ilfl-J

1~1'W'J:::;tJ:::;m'JLL~:::;~fl'J1l-J!?l'WH~1'W 230 bar ~U~1'il1tJm'JH~1'W'"l:::;m'J'W1'Wmn LLi?l~~~~'il~
q

"1~¥u m 'J~'"l1 nu 1 fl'JU y;) nu mnl¥u ~ VIfl'J 1l-J!?l'Wn~'il 'J:::;tJ:::;-rl'il~~1~'J:::;vd'N 'i'1'il~Vlih LLU~'WL~'ilL~~ 1
"

", "
nfI'J1l-J L~l-J'lI'il~fl'J1l-JL~'W'i'1~1'Wu1L'Jrunn¥P1n'll'il~fl'ilfl~Vl~~'ilVlfI'J1l-Jm'Jfl'il Lvii nu 15 mm !?l~'l1'W

"
r.i~~1m'JU¥u LU~tJ'W'lI'W1VI¥P1nfl'J1l-J t~~ LU'WLLuulJ.Jfl~~1'Wu1L'J rufl'fl'll'il~'lX'J1yj'ilfl-J1~n Y;)1mn~"'W

!?l~'JU~ 4-21 tVltJ~~fl~1~'JULLuum'JfJLfl'j'1:::;,xL-rl'WL~l-J ~~'"l1nm'JfJLfl'J1:::;,xLL'i'1V1~!?l~'JU~ 4-20 Y;)1
"" "

I if I I I

fl'J1l-J L~'WVlLnVI~'WVlfl'il'lX'J1yj'ilfl-J~~ Lu'Wu1L'JruVl fl'J1l-J L~'WLnVIm 'J'i'1:::;'i'1l-Jl-J1nnY;)1Lvii nu 288.8

M Pa ~~L~'ilLmtJu LVltJunum'JfJ Lfl'J1:::;,xLLUUL~mn'Wnutl-J LVI~~n¥P1nfl'ilfl~~!?l~'JU~ 4-4 ~U~1n
", "

I 1/ I cv 'I I 11 c::lo::::..dI I cv

fl1f1'J1l-JLfl'WL'VlInU 382.1 MPa ~~~1~'J:::;VI'J1~fl1f1'J1l-JLfl'W'VlLnVl'll'WL'VlInU 93.3 MPa m'J~VI~~
" , ,

'lI'il~ fl'J1l-J L~'Wnn ~~l-J1'"l1nm JL~l-J¥P1n fl'J1l-Jt~~Vl fl'il'lX'J1yj'ilfl-J Lu'Wm'Jm:::;'"l1tJ fl'J1l-J L~l-J'lI'il~

fl'J1l-J L~'W'il'iln'lil L~'il~'"l1'Jru1 Y;)1fl'J1l-JU~'il VI.ntJ~ LnVl:n"'W~u1L'Jrufl'il t~~~U~1'"l:::;nY;)1 L~l-J:n"'W~~

LU'W~~~



....•
'IJ'VI'VI 5

~'3tJ (:J~bb~~.n'flb~'U'flbb'U~
q

concentration b~'f)l.J'1~n11V11'fl1tJn111o]'1TW~.n11~'lI'W1l?l[;)1'11 bb'1'l~'flfiU1tJ r1'J1~bVlm~~~'lI'fl'1, '" ,
nJbbUlJ'IHh~'flf~ ~'fll?lr1~'fl'1nu1'I?ll.l1.h~~'1A'lI'fl'1n11~m11~'flfiu1tJn1m1~91tJ'lI'fl'1m1~bf1'W~
'" ,
bnl?l~'Wl'W1X'J1-~'flf~ll?ltJ1oJi1~dJtJu';)fi1 ~1 'W~b'fl~ b~'W~~un91'W'1!'fl~ bb'Jf~l b~9nl ~l~lm, '"," ,
bmtJu bVltJUr1'J1~ bf1'Wbb'1'l~r1'J1~br11-tJl?lVlbnl?l~'Wl'W1X'J1-~'flf~VlH191nn11'Vll?l'1'l'fl'1nubbUU~l'1'l'fl'1

'Vl1'1~h'W1~1'W~b'fl~b~'W~b~'fl1?l1'J9~'flUm1~l.ln~'fl'1 bb'1'l~Vl1~1 bbVItl'1'l1'fl'1n1nnl?lm1~ bf1'W~'1~l?l
'" '" q

" ,
bnl?l~'W91nn11';)bm1~"fc.J'1'ln11~lli1'W'11'W~m~nVl~1'Wm~lm1l.l~nJc.J'1'ln11~m111~~1'fl'flnl1J'W

q

", ~'"
~'fl'1~'J'Wl?l'1'W

5.1.1 n11bmtJU bVltJUc.J'1'ln11'Vll?l'1'l'fl'1bb'1'l~c.J'1'ln11';)br1n~"f~'Jm~bUtJu';)fi1~1'W~b'fl~b~'W~

" "_ """,~.o::::iiI, 11 o:::l 0:::01 iI cv cv c; I ~ r
(FEA) Vl1n'Vl'1~'fl'1'JD~r11m1~ br1'Wbb'1'l~m1~br11tJl?l'Vl~'fll?lr1'1'l'fl'1n'W'W'Wbb~l?l'1bVl'W'J1n11'Jbr1n~VI

" ,
~'JtJ FEA i:J~C?lm1~~lm1l.l1'Wn11';jbm1~"fUl.lJVl1m~ ~'11'Wn1nmtJlJbVltJU'I"IU~1i:J~lm1~

r1'1'llC?lbr1~'fl'W~'1~C?l8.1 % ~ru1~~lhJnbn1~ CosmosWorks i:J~l?lr1'J1~~lm1l.l1'Wn11';jbr1n~"f

Ul.lJVl1m1~ bf1'Wbb'1'l~m1~~1'l1'fl'11X'J1-~'flf~1~'flth'1bVI~l~~~

"bb[;)n11Ufu'1'lC?l.n11~n1~v11n~'fl'1~91n1J1mU~nU1~tJ~'1l'fl'1~1'11~VI~1'1~'fl'1V1U1bbU'1'l'Wb~'flb'l"l'1'l1
'"

iUVli'1~1i:J1~tJ~vi1'1'fltJl 'Wbnf.'Wl'l~rl1V1'Wl?lVl1'flhI rnnlfu b~~fP1i:Jm1~ lf1'1uuubl r1'1~~r1'fl'll'fl'1
'"

1X'J1-~'flf~~lm1f.'l'1'lC?lm1~ b~~'lI'fl'1r1'J1~bf1'W'1'l'11~'fltJ1'1mnti'W~'fli:Jbb'W'JlU~~~lm1f.'llo]'11'W1~
," ,

1'W~1'W'J'W1'flU 1'flUVl~ 1n~'Wn~ 11X'J1~'flf~Vli:J 1Ut1'1 uuu b~~ bb'1'l~uelu 1'fl'1n1 1UUel C?ln ~'fl'11~ fu
'"

" "
n11ufU'lI'W1 C?l1~~'flC?lr1~'fl'1nUfP1i:Jr1'J1~lf1'1VlbU~tJ'W1ut1~'JtJ

v
5.2 'lJ'flb~'t.I'flbb't.l~

1'Wn11';jbr111~"fbb'1'l~~1Uc.J'1'l~1'1~'WdJ'Wn11';jbm1~"f~1-l'11utT'11X'J1~'flf~ b'VhJ'W~htJn11Ufu
q q

b~~fP1i:Jm1~lf1'1~r1'fl ~'11'~l?l~lo]dJ'W AISI 1045 ~i:Jm1~bf1'W~9C?lm1n 530 MPa bb'1'l~i:J~l
q q
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, , ,
i.I .::9; I Q/ ,0:;:,1 Q/ .c:oI ..::::. .dI:.d,j .c:oI.c:oI I i/ .cd

fl'Jl:I-J~l'W'Vl1'WLLd'l(?l'l625 MPa LL~tJ'I:I-J'J~~'iln'll'W(?lV1'W'IA'ilAISI 4043 Yl:I-JAlfl'Jl:I-JLA'WYl'1r?1AJ1n

~~'1n'l 710 MPa LL~~iJrilA'Jl:I-J~1'WYllWL~'1~'1n'l1,110 MPa ~'1dJ'W~~~~A'J~1~fUn1~

~"'llm.ni:n:I-J1Yl (?l~'ilULL~~V1191'W'J'W~'ilUn1~1.jj'llWmtJU LVltJUflUtJ~~ L~:I-J~'JtJ
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1. nffl~tJ1 m~'W, 'V'ld'Vi'V'l~n'tlLn1jlJ'V'ld'LL'i'l~Min'lfru Uiw.JtJ1'W'Wv1.md''Vl~~'elU'\tl1~1'W'".l'Wd''elU

'el1tJmd'H'I1'W'lI'el'l1U~~ LL'i'l~~1m'elu1u~ ~~'".lm~LutJu';jfi'V11'11vJ1'WI1lL'el~hl-J'W11lLL'i'l~,
, ,

Lfl1vtl'lVl ~ ~tlUfl'l1~~'l ~'1. 11'1 fl~~'l Lfl1'fe)'1iJ!lLV~:;i~Vl flru:;~P1'J:;n'j''j'~P1'l~[111 ~bl1U'W
q

'i' 'i' "'" "",,,L'Vlf1b'Wb'i'ltJ'V'ld'~9'ell-JLn'i'l1fl'W1.Jd.

2. 1J'~fl 1.JU~t'll~. md''el'elmLUU~'".l'WLL'i'lmU~tJ'Wf1'".l1l-J'f'el'W~1'\t1fULf1i'el'lUilmruU'".l Lf1~tJf Fast

Breeder. f1ru~';jPl'".lmd'wJn~ff1f l-Jm';j'VltJ1itJl-Jm~1d'f11l-J.2009.

3. ilrennu '111~llnl1l. md'';j Lf1d'1~~~'i'lm~'VlU'll'el'l'i'll-J~Ln~91n'V'l1'\t1'W~~'elmmd'~91tJf1'".l1l-JL~'W
q

LL'i'l~ f1'".l1l-J~ fld'd'l-J'll1~ 'lI'el'lL~1U 'eln'Vl1'19d'19d't~tJ1Jjj d'~LUtJu';jfi 1vJ1'W11lL'el~ Ll-J'W11l.

uruofiffl';j'VltJ1itJ l-JmitJ';j'VltJ1itJL~tJ'I1mJ, ~'1mf1l-J 2549.

4. 'el'W'll1'V'ld'l-Ji'l'll'".l1.L'eln~1d'Ud'~n'elumd'~'el'W';j'll11yj1'WI1lL'el~Ll-J'WI1l.111f1';j'111';jPI'".lmd'l-JLf1i'el'ln'i'l
q

f1ru~';=jflrJnJJWJ11~ff1fl-J'\tI1';j'VltJ1itJL~tJ'I1mJ,2544.

5. 'el1ru1i '\tI1'Vlf'V'l~LL'i'l~l-J'If1'i'll-J'If1'i'l'".l'lPl1d'9,r.md'~n'lf1~'i'l'll'el'ld''eltJu1n~~~'el'el1tJ'lI'el'l~'W~'".l'W,

, " ,
md'Ud'~'lll-J';j'll1mnf1J'el'll1tJ';jPl'".lmd'l-JLf1J'el'ln'i'lLL1A'IUd'~L'VlPl1'VltJf1f'lV118,18-20 ff1'i'l1f1l-J

q q

2547.

6. Charles E. Knight. The Finite Element Method in Mechanical Design, Boston: PWS-

KENT Publising Company. 1993.

7. Daryl L. Logan. A First Course in the Finite Element Method Using Algor, 2nd.ed.

United State: Books/Cole. 2001.

8. Robert C.Juvinal and Kurt M.Marshek. Fundamentals of Machine Component Design.

3rd.ed. United States: John Wiley & Son. 2000.

9. Y.K. Cheung, S.H.Lo and A.Y.T. Leung. Finite Element Implementation, 1st.ed.

Blackwell Science. 1996.

10. Nirbhay Singh, Ram Khelawan and G Nathur, 1972. Flexural fatigue strength of steel

fiber reinforced concrete beams. ACI Journal, Proceedings, 69(11):673-677.

11. http://home.off-road.com/-kemanuel/elocker/lots-o-room1.jp9 (11 January 2009).

12. http://www.landroversonly.com/forums/attachments/fl (11 January 2009).
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SECTION A-A
SCALE 1 ; 5

D"AW FRAKORB CHARTPUK 7 July 2008 DEPARTMENT OF MECHANICAL ENGINEERING IN FACULTY OF ENGINEERING

DESIGNER FRAKORB CHARTPUK 15 FchnJory 20GB RAJAMANGALA UNIVERSITY OF TECHNOLOGY PHRA-NAKHON

SCALE: 1:1

85

o
'f)

APPROV[D FRAKORB CHARTPUK :m MOICrl 200!l TITLE: I ASSEMBLY;
DIMENSION; mm NAME DA-E Reformer Assembly Reformer Assembly SHEET: . OF 2 CJl.....>.
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SSI ~

Working Pressure
400 bar

V)
eo

DRAW pI<AKOfm CHA~ IPUK 7 July 2008

DESIGNER PRAKOfI!l CHARII'UK 15 Fet>ruary 2008

APPROVED PRAKORB CHARTPUK 30 March 2008

DIMENSIOt, : mm NAME DATC

C
SECTION C-C

SCALE 1 : 3

85

Ln~[n~HI1l~'lh,')

80

TITLE:
Cylindrical and piston

DEPARTMENT OF MECHANICAL ENGINEERING IN FACULTY OF ENGINEERING

RAJAMANGALA UNIVERSITY OF TECHNOLOGY PHRA-NAKHON

ASStMBLY:
Cylindrical and piston

SCALE: 1:1

511[[1 : 2 or 2 U1~
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~~ : U1uu~~n~u ~1~nn~
q

,
:n~-.l1U,;)9U : m~';)lflJ1~,xfl'l1~~1ll~~~~n lluu,x'l1~~f~Lvml~~~liJuu';)fil~lu~l~~ l~U~

,
o , ..:::.. ~ cv ..:::..r::::., .dl

1. (;]1llVlU-.l'l~1m~~1"'l1~tJ~~V'lU5 ~1'111'l~1'lPl'lm~~lflJ~-.ln~

2. l-.lnV'l~VI1';)'Vlmim'VlflLUL~m~1~~-.lfl~~~~Ufl~flru.~';)Mndd~P11~(;]f
, ,

~1'111';)~1';)Pl'lndd~lfl1~-.ln~ 1381 bl.~U~~-.lflJ1~ l'1l(;]U1-.l~~nnu.: 0800
"

L'Vljf"1~vl02-9132424 r;]~ 138 L'Vlj~1~02-9132424 r;]~ 138

E-mail: prakorb@hotmail.com..
3. m~Plm~n

~.Pl.2543 ~1L~9m~~n'tl'1mn.Jn.J1(;]1mn.Jn.J1';)Pl'lm~~Pl1~(;]furu.~(;]~1'111

';)Mndd~ Lfl1~-.ln~~Vl1';)'Vlmim'VlflLUL~mj1~~-.lfl~firuu1
~ q

~. Pl.2549 ~1L~9m~~mnmn.Jn.J1L'Vlmn.Jn.J1';)Pl'lndd~Pl1~(;]f~Vl1Uru.~(;]

~1'111';)Pl'lndd~Lfl1~-.ln~~Vl1';)'VlmiuL~U-.llV1lJ

4. m~~um

4.1 m~'tJn~Ud~ THE ADVANCED MECHATRONICS TRAINING COURSE
d
'VlFesto (Thailand) CO., LTD (~.Pl. 2546)

4.2 m~'tJn~u~~ FLUID POWERS TECHNOLOGY AND MAINTENANCE IN

INDUSTRIAL AUTOMATION
d .
'VlTechnical Training Center

Rajamangala University of Technology Thanyaburi and Festo

CO.,LTD. (~.Pl. 2549)

4.3 m~'tJn~lJ~~ Training
,..•

in Control and Drive Engineering 'VlFesto

Didactic GmbH & CO.KG Germany (~.Pl.2550)

4.4 m~'tJn~u~~ LabVIEW Basic I, II and Intermidiate I,ll ~ ~Vl1';)'Vlmiu

L'VlflLUL~mj1~~-.lfl~fin.J1.J1LV'lUTrinergy Instrument CO.,Ltd. And

National Instruments (Thailand) Co. ,Ltd. (~.Pl. 2551)

4.5 ~'li'lu~mmj'1Lfl~-.ln1~~u¥mh'li-.l-.l1uluL~-.l-.l1uli1~1mmj'1~1'Wn1~
" q

'el'W¥n~~i-.l-.l1U(;]~'l9iV'lll~~';)Lflj1~,xm~1~~i-.l-.l1U th~-.l¥mnu¥uu'j'-.l
q q q

~~UUU¥U'el1mPlL~'elL~~u~~~'Vlfin1~
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~V'1.'Jj'~'mr 'Jj''Wl~'W

: mj'~ Lflj'l~iXfI'J1J.J~1 LL~~'El'ElnLLuu1X'J1~'ElfJ.Jt~tJ l'ih~dJtJu~fi1 ~1 'Wr;lL'El~LJ.J'Wr;l

tmf"l'V'jvl 02-9132424 1?l'El138 tm~lj' 02-9132424 1?l'El138

E-mail: vorawit_nbk@hotmail.com..
3. mj'V'1mn

'V'j.V'1.2540~IL~"'lmj'~mj'Ij'~~lJ1.ITtl.Jtl.Jlj;j1 fI'El.U. ~V'1'JnnJ.JLfli'El'ln~

'V'j.V'1.2552 ~1 L~"'ln1j'~n'jj"lmtl.Jtl.Jl t'Vl mtl.Jtl.Jl~V'1'JnnJ.JV'11~ j;jfJ.JVllUru41j;j

~1'l11~V'1'JnnJ.J'Elj;j~IV1mj' J.JVll~'VlmitJ L'Vlflt'Wt~u'V'jj'~"'l'ElJ.JLn~I'V'jj'~
q
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: 'dP\.~'d.D'IitJ vJ'Cl'l~J.!'VId

: m'd~ bfld1~'lffl'J1l-J~1 bb'Cl~'Cl'Cln bb1J1J,x'J1vJ'Clfl-JL~tJ1~'d~bumJ~fi1vJ11.Jl9lb'Cl~bl-J1.Jl9l
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