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SUS 201 A1100-O OFHC (C1011/C1020) Ti-6A1-4V G-10 CR|
SUS 304 A2024-T86| Beryllium Copper (C17200) Ti (Pure) Polyamide (Nylon)
SUS 304L A5083-0O Brass (C2600) Molybdenum PTFE
SUS 310 A6061-T6| Phosphor Bronze (C5102) Platinum UHMW-PE
SUS 316 A7075-T6 Indium Sapphire
SUS 440C Fused Silica
SUS 630 Polyimide (Kapton)
Nitronic 60 Apiezon N
Invar (UNS K93600)
Invar (IC-DX)
Nickel Steel (Fe-3.5N1)
Nickel Steel (Fe-5.0N1)
Inconel 718
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10000

Copper(OFHC, RRR=500) -+

Platinum
ATC-ED-001 1000
Indium —
Young's modulus |GPa)
Stainless steel Nickel Steel Aluminum Alloy Copper Alloy A1100 —
Temp K SUS20l  SUSIF  SUS3I0  SUS3I6  Niwmic)  FedSNi  FeSONi o [ asmio oaserte  OMIC o Bewee Molybdenum —

03 2.1 1995 1947 1952 2062 1986 1519 719 04 126.1 1200

280 HME 2007 1919 1957 1959 069 1994 1508 78 08 1270 1208

260 059 2024 1934 1973 1969 080 2006 1488 T3 78 1284 1220 100

40 069 041 1948 1083 1979 0.1 019 1467 1 71 1207 1231 E

20 260 2056 1963 2003 1989 no2 2031 1446 750 728 1309 1240 Z AGO61

200 2090 02 1977 W18 1999 n12 043 1428 758 716 1319 ot ARG

180 2100 087 199.1 033 2009 n23 2054 1413 766 2 1329 AR e

160 2110 0.1 200.4 2047 2018 M1l 2064 140.3 774 740 1337 Titandum (Pure) —_

140 2120 218 W17 2060 W27 43 W73 1397 w2 755 1345 Brass

120 2129 228 M9 w072 035 ns2 2081 1395 e 7.1 1352 M

Beryvllium Copper —

100 2137 2137 M0 082 042 260 087 139.7 6 66 1357 L Invar(UNS K93600)

%0 2140 2141 2045 2087 2045 Ne4 2089 1399 798 %69 1360 U201

80 2143 2144 A9 2095 048 net 2091 1401 801 7.1 1362 Nickel Steel (Fe-3.5 Ni)

t4) 2144 2144 050 21091 W49 268 2092 140.2 802 771 1362 Nickel Steel (Fe-5.0Ni)

0 246 2145 253 2093 2050 70 2093 1405 503 713 1364 Wil 807"

o0 2149 2145 w087 095 2082 nrz 094 1408 805 s 136.5 eonel T
SUS316 — ..L

0 281 234 2060 096 084 14 095 14t 07 16 1367 SUS310 80

a0 2153 2117 063 1093 W85 n16 095 1414 08 77 1368 Titanium (6AL4V) —

30 2154 2104 6.5 088 W6 n17 095 L6 509 78 1369

20 2154 201 066 2081 2085 nrr 2094 14L7 509 8 1369

10 2154 2102 206.7 2078 2055 277 203 1417 09 78 137.0 Fused Silica —

4 2154 2101 W84 n1y 2092 1417 509 77 1370 G110 CR (Wenp diection)

& o1 |

Teflon
Polyamide (Nylon)
Polyimide (Kapton)
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ATC-ED-001
5 sExs
SUS 304, SUS 3041, SUS 310, SUS 316

Wi

LNG Maserials and Fluids. Ed. Dowglas Mann, National Bureaw of Standards, Cryogenics Division
First Edition, 1977, Chere 1016
SERE"

Thermal Expansion of Technical Solids at Low Temy 5. A Compilation from the I , NBS
Momagraph 29, Netional Rursan of Standards

LNG Marerialy amd Fivids. Ed. Douglas Marn, Natiomal Sureeu of Standards, Crvogenies Division First
Edition, 1977,

BERE"

LNG Marerialy amd Fivids. Ed. Douglas Mamn, Natiomal Sureeu of Standards, Crvogenies Division First
Editicn, 1977,

Thermaphysical Properties of Selecisd Aeraspace Maserials Part Il: Thermophysical Properties of Sevan
Materials Y.5 Tonloukian and C.¥. He Editors 1976, p 39-46

-2 0

LNG Materile and Fhide Ed Deuglers Marms, Natiora! Burses of Stredards, Cryogenics Divition, First
Editicn, 1977,

Thermophysical Properties of Selecied Aeraspace Mavsrials, Pars If: Thermophysical Propersies of Seven
Muaterials, ¥.8 Foudouwkion and O Y. Ho Editors, 1976, p 39-46

Recommended Values of the Thermophysical Properties of Eight Alloys, Major Constiments and their
Chrides, Y5 Touloukian, February, 1965.

S5US 4400
BIERE

Thermail Exparsion of Some Engineering Materials from 30 w0 293 K, Arp, V., Witson, JH, Winrick, L and
Stkars, P. Cryogenics fune 1962 p. 230235

U863
SAEIRE

Cryogenic Coefficient of Thermal Expansion M 5 of Type 440 and 630 Stainfess Steel, H. Cease, M.
Ahvares, B Flaugher, J. Montes, Fermi Notional Accelerator Laboratory, Batvia, Minods 60510 US54

Rnvvar (UMS KO3500
WEE"

NG Materaals and Fluds. Ed Douglrs Mavn, Nasional Bureme of Stenderds, Crvogenics Division, First Edifion,
1977 Chare J003

SAERE"

LN Materinls and Fluide. Ed Dougles Moan, Nasiona! e of Standards, Crvogenics Divisian, Firse Ediion,
1977,

SERE"

LNG Materiels and Flwids. £d. Devgias Marn, National Bureau of Standards, Cryagenics Division First
Editian, 1977,

e

LNG Materiels and Flvids. £d. Deuglas Mars, National Bureau of Stondards, Cryogenics Division, First
Editian, 1977,

19
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ATC-ED-001
Mickel Steel (Fe-3.5Ni), SUS 201, Nickel Steel (Fe-£0Mi), Nitronic 60

WEE

LNE Materioly and Fluds. Ed Dougles Marn, Nafiona! Bureae of Stenderds, Cryogenics Division, First Edifion,
1977, Chart 100}

SRR

LNE Materioly and Fluds. Ed Dougles Marn, Nafiona! Bureae of Stenderds, Cryogenics Division, First Edifion,
1977, Chary N0}

SERE

LNG Materials and Finids. Ed. Douglas Mann, National Burear of Standards, Cryogenics Division First
Editicm, 1977,

-4

LNG Materials and Fivids. Ed. Douglas Mann, National Surean of Standaerds, Cryogenics Division, First
Edition, 1977,

SAESII00
BERE

Theraal Exparnsion of Techsnical Salids at Low Temperatures. NS Manograph 29, National Burear of
Stanclards, Beenakker and Swenson 1955, P11

Lovae IC-DX

BREIN G R

T N—ERIC-DX, NREAE, WOFE T/ BT SR DL Vol 38, 2018
AlLN-O

BERE

Thermal Expansion of Some Engineering Materiak from 30 10 293 K, Arp, V., Wikson, JH, Wiarich, L. and
Sikara, P. Cryogenics June 1962 p 330338

e
LNG Materials and Finids. £d. Douglas Mann, National Burea of Standards, Cryogenics Division First
Editicm, 1977,
A2024-ThE
SRR

Thermal Expansion of Some Engineering Marerials from 20 s 293 K, Arp, V', Wilson, J H, Winrich, L and
Sikorer, P, Cryogenics June 1962 p 230-235

ASOER-0
WiEE
LNG Marerialy amd Fluids. Ed. Dovglas Menr, Natione! Bureas of Standerds, Cryvogenies Division, First
Edition, 1977, Chart Ji09
SRR
LNG Matesiate and Fluids. Ed Dewgias Mo, Nationa! Bureaic of Stmdards, Cryogesics Divisian, First
Edition, 1977,
wEaE
NG Matesiale and Fluids. Ed Dougias Mo, Natianal Bureai of Suudards, Cryogenies Division, Firse
Edition, {977,
e

LNG Materials and Fivids. Ed. Douglas Mann, National Surean of Standaerds, Cryogenics Division, First
Edition, 1977,

o]

ATC-ED-001

Abd61-Th

WE

NG Maserials and Fluids. Ed. Dowglas Mann, Natione! Buereas of Standards, Cryogenies Division, First
Edition, 1977, Char 1009

SERE

Thermal Exparsion of Same Engineering Materials from 20 00 293 K, A, V., Witson, JH., Winrick, L and
Stkars, P. Criogenics fime 1962 p. 230235

BERE"
Thermal Properties Database for Materials ot Crvogenic Temperanres. Ed. Holly M. Veres. Volume §

Recommended values of the Thernopiysical Praperties af eight Alloys, Meajor Constituents and their Cteides,
Y8 Towoukian { Purdue University) Feb, 19635

e

LNG Mareriale amd Finids. Ed. Douglas Marn, National Sureeu of Standards, Crvogenics Division, Firs
Edition, 1977,

AB063-TS

sERE

LNG Materiels and Fhids. £d. Deuglas Mars, National Bureau of Standards, Cryogenics Division, First
Editian, 1977,

ATOT5-Té

ERE

Theriia! Expantioit of Same Exgincoring Materials from 20 8 293 K, Asp, V., Wikios: JH,, Winrick, L and
Sikara, P Crvogenics Jime {962 p 230233

OFHC (C101 1T 1020}

WHE

Properties of Capper and Copper Allays ar Cryogenic Temperature. NIST Morogragh 177, N.J Simen,
ES Drexler, and R P Reed February 1992, p. 61, Eq. 6-1.

SARRE"

Properties of Capper and Copper Allays af Cryogenic Temperature. NIST Moragraph [77. N.J Simon,
ES Drexler, and & F.Rewd. February 092, p. =33,

MERE"

Properties of Capper and Copper Allays ar Crvogenic Temperonmre. NIST Morograph [77, NLJ Simen,
EX Drexler, and B P Reed. Februany 1982, p 7223

=4

Properties of Capper and Copper Allays ar Crvogenic Temperonmre. NIST Morograph [77, NI Simen,

EX Drexler, and B P Reed. Fetruary 1992, p. 721,

A compendium of the Properties of Materials o Lene Temperaures (phase i), Wadd Fechrical Report 6i-33.
iPart i), Victor J. Soboson p.d 112-1

Thermal Properties Database for Materials ot Crvogenic Temperanres, edived by Holly M. Veres

Bervllium Copper {C1720

WHE

Properties of Capper and Copper Allays ar Cryogenic Temperature. N.J Simon, £.8 Drexer, and R P Reed
NIST Mosogragh 177 February 1992, p 13-4,

SRR
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c MBENDEHITE

VDI 2230 (2014) & V) e

Single-bolted joint Multi-bolted joint Bolted joint
Concentric or eccentric In a plane Axial symmetry Symmetrical Asymmetrical Bolt axes
Cylinder Beam Beam Flangewith  |Flange with plane| Rectangular Multi-bolted
or prismatic sealing gasket | bearingface | multi-bolted joint joint
body
o) @ | @ ® Joint
F\'
Relevant
loads
7 4
M, Y
F, B
Axial force Axial force Axial force Axial force
Fa Fa Fa Fa
Transverse Transverse (Pipe force) Tragsrgrse
force force . . s Forces
5 E Bending Torsional o &
+] a moment moment Torsional moments
Moment in the Moment in the Internal Mg My moment
plane of the plane of the pressure Internal M,
beam beam p pressure Moment Moment
M, M, p Mg Mg
VDI 2230 Limited treatment by VDI 2230 DIN 2505 Limited treaiment by VDI 2230
Beam bending theory (VDI 2230) . Plate AEE:‘:?EBS%? Limited treatment using Calm;;tjon
Finite Element Method (FEM)
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¢ &Y |:|-|_$EH j]

55 EXEtEhAHLERRER
DN I ES NI DT DTN SEH/N—T 2=DDHEZRIZ, . BLURLYEICLDETT
DIRHENIENN—F DO DRI Z. F-BEICHLTRERFSERL-ELT 5.

Fp =2 F, X Zy, X Zy (X FoS) (5-5)

T RILODREICIKXCDEHREHNZEERATHL.
BT S EFRBEMTRADIZEEZRS1ITY.

&5.1 HARMDIZEE

FrEEH FrEERH IO RER
BE—AmMm 1.25 .
BEEAM 1.5 '

2024/1/23 11
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c BEXNDENOELELUOEAEVLWES

5.6 ﬁEEﬁ:‘tﬂ?U&B;UﬂEéL\EE‘
EHEL ) FICBVTRET HRLHOR N0, & LD EMIHERE A OB% (X 5-6) AL\, 0,/ LEOE
RIS N0, 12 L TR R OMES N DREE BT £5(20,. 4, DEYBRERH EFVRERTTHEL.

Jb:A_ (5—6)
S

BHERS HDEEE
—MIRIBEIT:  Opnom < 50% of o,
EZIIRBEIT:  opmax < 70% of oy
KRIRERIT: 57353

F+REORLAELXERT 5-OHICHELGHEENREIDIZEBEEXRS2ITTRT. TEEDMHEIICIIZDORD
BExERTLHIE,
#*5.2 MEVWRSDZEE
HFhlophyg HhlLoHE BELRS
E1E 0.84LL E

% ATULR T7ILZ, £ 1.5dL\ E
2024/1/23 12
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BT b LT DETEITIE
B AD DTS IL O~ DEFIIJIIS B 10832 DK,
T=F {2% +0.577ud; + 0.5,d, | (5—7)
_dy t+dy
n — 2 (5 - 8)
T:-#fTR LD [Nm] wRLENERZRE (R5.2)
F:8hA [N] pn: BEER R R AN (&5.2)
d»: BEh#E [m] p:EvF [m]
d,: FEEREEIRE [m] IRE AIBVIN 3 [m]
dw - FEm % [m]
53 RLDEEFRHDIEZEE
B /)N F 1 &K
u 0.1 0.17 0.24
SHiE g
ur 0.1 0.17 0.24
— u 0.1 0.25 0.4
20zn/1/es w015 035  0.55 1
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+&5.7 — IR R I EERTRLY
shFE
Al, A2, A3, A4, A5
X 53
[7; 3
50 70 80
X5
= L1 )] i & 1= B
x [N] % [N] 4 [N]
B o® i@ %
o ft ff
. B2 = B 5, # = =5 3 B = =
¢y | & N X Y £ b~ X 5 # b x
[Nm] [Nm] [Nm]

ML.6| 0.05 | 133 99 | 206 | 0.11 | 286 @ 211 = 441 | 0.15 | 381 | 282 588
M2 | 0.10 | 217 160 | 338 | 022 | 466 = 343 = 724 | 030 | 621 | 458 @ 965
M25| 021 | 356 @ 262 | 557 | 044 | 763 J 560 | 1194 | 059 | 1017 | 747 = 1591
M3 | 037 | 530 387 | 831 | 078 | 1132 829 | 1781 | 1.05 | 1509 | 1106 2374
M4 | 085 | 922 B 677 f§ 1445 | 182 | 1976 1451 3096 | 242 | 2634 | 1934 4128
M5 | 1.7 | 1491 1092 | 2350 | 3.6 | 3195 2340 @ 5035 | 4.8 | 4260 | 3120 6714
M6 | 2.9 | 2111 1548 | 3315 | 6.1 | 4523 3317 7104 | 82 | 6030 | 4423 9472
M8 | 6.9 | 3843 2814 | 6060 | 14.7 | 8235 6029 12986 | 19.6 | 10980 | 8039 = 17315
M10 | 14 | 6090 4453 | 9628 | 29 | 13050 9543 20632 | 39 | 17400 | 12724 27510
MI12 | 23 | 8852 6470 | 14008 | 50 | 18968 13864 30018 | 66 | 25290 | 18485 40023
M16 | 55 | 16485 12011 | 26271 | 118 | 35325 25738 56295 | 157 | 47100 | 34317 75060
2024/1/23 14

M20 | 105 | 25725 18756 | 40935 | 225 | 55125 40191 87718 | 300 | 73500 | 53588 116958
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RRIRBERIITOREGT7A—  (ow)
! REOHIR. frE
PB4
e B
- AF Ok
Al LU RO E
s FOEE
NO YES
SRETREEL SEETRESY
y Y
RE ARG RESARERE —
VB E B AR E
SERZLC S B st e BitahE R
LEtnE R BERD WUR
- LR
BERS FUE
B L ERE
REHETEEEE
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BEZICL BEHDEAL

, REZAVICK DEEAEDELEILIF AR IC X
I B LD EEHANZIICELBDEHEDODELEDE.
dP, dL
.ab @ Cb- L l _ EDE{:
“““““““““ - i ﬁLf dPy, = (a; — ap )Ly Cy + C.
o. Cc . k
|| P
5 Co: LM e [N/mm] (3 5-16) «
C.: HEFFFS 1300 (LT 5EFT [N/mm] (T4 5-17. 5-18) <

Li'-:': 'f? I_)I t-"'j EET
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25

REDIERES Cp i R-FILDE V&Y

0.6d L+ 0.7d\*
» = Ep ( )

yRR— (5 — 16)

E,: AL D3R [Pa] Ay RLOBUEZEZETIHOER  [m?]
d:RCOFVUE  [m] Ag: RCERD B HEETR [m?]

WEEHE A D IS FEH C. (L. Lori D VLY
5.4(a) D FHRIZxFL

Co =

1 1 { (dw + dp)(dw + 2Ly tany — dh)}r (5-17)

wE.tany . d, . (dy —dp)(dy, + 2L, tany + dp)

& 5.40b)DAMEIZxL

C. =

11 (dw+d)(Dy = d) dy + 2L tany — D,
T":Ec tany dh (dw - dh)(Dn + dh) Drzz - dlzz

(5 — 18)

ZRWTEET 5. ==L,
Ly D,
tany—0326+00321n(d )+01531n(d ) (5-19)

E.: it ADEMEE  [Pa) d, : FEmEmE [m]
d: RCDFEUE [m] D, REMEDERE [m]
D, :RaLiE [m] D.- @k EHHEEDNE  [m]

17
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£5.11_ERENE LRI Y BEREEL
~—_ &t
HWAFEEE FILE 364 18— Fa € (TicAI4V)
B [ il iR [ il B [ T2 }pa] iR [T )
# [N] #E [N] #E [N] #E [N]
muax | P % & % &
D fE TE' fE TE'
ﬁ L | ® | & | B | L ®R | B | R | )L | B | B R | L ® | B OB
y | & | K| X |% | & | K| X|% | ®2|K| x| 5| &2 |K|X
[Nm] [Nm] [Nm)] [Nm]
214 457 214 | 140 | 457 137 | 89 | 202 176 | 115 | 375
Mi6 | 014 5 395 | 0140 505 | 130 | 448 | %9 | 297 | 250 | as2 | 11| 253 | 103 | as2
346 745 346 | 225 | 745 221 | 144 | 476 284 | 185 | 611
2 2 2
M2 0.28 | 545 644 | 928 330 | 210 | 720 | O | 481 | 404 | 736 | OB | a0 | 311 | 737
562 1220 562 | 365 | 1220 359 | 233 | 780 461 | 299 | 1000
173K M25 | 056 | 405 1060 | 956 | 537 | 340 | 1195 | 936 | 776 | 650 | 1196 | O | 663 | so1 | 1202
832 1818 832 | 539 | 1818 | . . | 531 | 345 | 1162 682 | 442 | 1490
M3 0.99 | 595 1581 | 997 757 | s02 | 1781 | %O | 1147 | 960 | 1777 | OBV | 980 | 740 | 1788
1453 =011 3161 1453 | 944 | 3161 920 | 603 | 2019 1191 | 773 | 2590
sl 228 | qoas | 535 | 2752 | 228 | 1389 | 879 | 3096 | 1*® | 1997 | 1671 | 3087 | 87 | 1708 | 1290 | 3107
214 | 140 | 457 214 | 140 | 457 01 | 66 | 216 61 | 105 | 343
M1.6 0140 Y97 | 42 | 360 | ™| 195 | 121 | 438 | %97 | 341 | 305 | ass | %10 277 | 222 | 460
346 | 225 | 745 346 | 225 | 745 163 | 106 | 352 260 | 169 | 559
M2 028 | 187 | 66 | 586 | 28 | 315 | 194 | 714 | O13 | 552 | 495 | 741 | O21 | 4490 | 3590 | 749
562 | 365 | 1220 562 | 365 | 1220 25 | 172 | 576 422 | 274 | 915
TTKELF M2.5 0.56 | 319 968 | 90| 512 | 315 | 1170 | %20 | g8 | 795 | 1199 | %42 | 725 | 577 | 1218
832 1818 832 | 539 | 1818 393 255 859 624 404 1364
s 099 | 450 Qa6 N 1445 | ®2? | 757 | 465 | 1744 | %47 | 1312 | 1174 | 1778 | @7 | 1011 | 852 | 1811
1453 | 044" | 3161 1453 | 944 | 3161 686 | 446 | 1493 1090 | 708 | 2371
2
2024/1/23 M4 228 | eir | o301 | 2519 | 228 | 1325 | s15 | 3032 | “U® | 2282 | 2041 | 3088 | 7V | 1865 | 1483 | 3146 18

(FERIXERFFOEAN)
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mERIE

D FEAFEA SR CIEOBICEBM R Z A
dy L2 ETEEREZHY EHES.
| | apl, = a. L, + a;L;
T Li = Lo+ L,
L¢ L
1 ' . ap — dp

Le=Lo(—2°)

ﬁJ L. fEsss 1 |22 [m]<
55 B EHEEEOEE- L. ;B EEEED]ES [m]«
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