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Experimental and theoretical studies of
the expansion joints (bellows) in
the piping systems of
nuclear reactors

Summary

In the piping systems of various nuclear power plants, U-shaped expansion joints are employed to

absorb the vibration, expansion and traction which are caused by thermal or mechanical loads.

In this report, the author represents the theoretical and experimental results which are acquired about

2 some expansion joints when a mechanical load is given to them. We can analyze theoretically an U-
shaped expansion joint by separating it three parts, namely a annular plate, inner and outer troidol shell
of circular cross section. So, the basic equations for bending and normal force are used about every
part and the solutions are worked out in the form which satisfies the conditions of compatibility and
continuity in two boundaries.

He compares the theoretical with experimental results about some expansion joints which are generally
employed in the piping systems of nuclear and chemical plants. In the experiment, strains are measured
by the strain gages of 2mm. The results agree with the accuracy less than 109, so he considers that
this theory can be applied to practical problems. The author represents also the results acquired by the
tests of low cycle fatigue of some expansion joints,

Nov. 1966
SHOHACHIRO MivAazoNo

Division of Power Reactor Development
Tokai Research Establishment
Japan Atomic Energy Research Institute
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EERAERI 3 EESTS. b, chboTH
FEBN T 2@ Y s #mihid, HEHEAIEXRR
BAMBMbED, HE5OBERINBBICHEELZE A
THEIEICENHS. EERCFREEZ O
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e Tz EmnTE3. Nu—ZRBEBOZHRESL
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A A HES Ehid B OEN G TR MY, R
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INoDEADHEDIBTRISFEHINTVEDR
UBp~Ro—XThb. No—XOKE4EERNICHTK
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WEHIS I, 5 FETIR SRR EB I -1
BT = Fods, BEICIE-T 2, 3 OMXBRRIN
TVBE2DD, T, — BRIk BELERINT
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2. e OECHE R & ik T OB

2.1 BEROXEERDITIHE

EBROREABHEN TV AEERTE, BEOETICX
> THIENEET 258, TN ODOEREZRAMT 5D
DXHBHEBAOLNTNDY.

2.1.1 Stiff piping systems

Fig. 1 (@) ® & 3¢ hinge & kT bHEAETICTRO
Wi ic AT A Y, BIRYD, ERBLURAMIENICE
ZUOTHICE »TEREAERETRELCLLTNS. TR
CEFRBABLIOREAR A TORENSTEHE
LIk o TEMSEAZTENTES. EXB/NILTH
IEEmick 2 EBORMEACERAEZRD S5 ENT
X B, 294 PROGHRAE LSV, RIEAZ/D
X<FAHEE LT, HBHREOHET P EREIRE
FEOEBEZY BETIC, HE 15 7ORVICEE
DbDERWVAE XL,

2.1.2 Semi-rigid piping systems
C O%I3 stiff piping systems Drc 1~2 20 hinge

EZRVIEBAT Fig. 1 () ItoRdh b, Bk o0&
—BiE stiff & LTHRAIKE-TELLOFAT, E1
—WRBEALOERTRING. COHAZEARTIRE
SR BETEN, COPFI vy FryHLRa—XT
Y= VENTORFRER SR, COBERIEEDRK
BIClEEINEE—2 YV FOEBELIEBLLT, £2K0
BAHEEL TAEACHEVYONGY, ENEREA S
FeDIAFITERRE S > TORGHIEIE 5180,

2.1.3 Non-rigid piping systems

COFRIL Fig.1(c) KRT XK, Ll Ed3 a0
hinge ZHhEE» T HIBRICA LTS, #AFERICE-
TEIRE#H, BLUOEAMBHRAET20HMTRAELE
V. LEMR-T, BRickdE—4 Y MIETIKBAED
B, EHRELEET:S. CORBAEFVERDKE
T, HED4 T4 Vi ERERTOAS.

2.1.4 Free movement piping systems and runs
ZO%RiT Fig. 1 (d) ICRT & D iclifEkF2 A 95
BAETHD. BERICLBEMIMRINITOS, EE
PN T — X OFEOMOHE H OFF EHFERT 28 U
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(a) Stiff

Hinge
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(¢) Non-rigid

Fig. 1

TRET BT ERFTERY. JEFRNERATOT v 4 —
PERBMOBEICX > T o {LEINE. RO
SR D 2B 2 EAICR, A TRAE—1ED
WEIZFTHL, CNREX>THELULE—X YV M 2EZ
5CEDHD5. ZoLEREEAOHEKETH—ICT
EAPEMBOT—RICARE—RENTES J UEBEES
KRABOHRH 2B 7T v I —BH RTINS
COREBEELTEEOEAICHEAINTINS.

2.2 pim#FOES

221 RYvTR
FKERAINTHBE XY » 7ROMEKT % Fig. 21T
RY COEXNOMMERTR, HENICE—Gov Yy v
F—Z3DRARbOTEBICE L VLN T BHES

Built-in limit stop

N
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Hinge

7
(b) Semi-rigid

AN\

T

/Expansion joints

Yo

(d) Free movement

Classification of piping systems

I LTS, FEORNER S fodics ey £ vps
HEREN, Ty F rAiEDiAL Stuffing box 2H b
I TH->T, DY) ¥ X~ O+l b s
ZRHNBESCRB oI EFohTNE. ik
FRFELUTHETOEN, BXOHORE L oRiErS
ZBLARCEREINTOEN, bTFhroMEMNbIFIN
5. COMTZHERTILEE > EbHHERDIF, oy
FUILE o THARDRNEF S OMB+HRicB cisbhic
WV ETHS. HicEmBRESETTHERT AR, o
RIENEREICLS.

222 ~p—X=¢

o —XRXOWF T, HOT B4 T TOY—n
3, TONa —~XBRHREOHOETH B E S hic
Lo TEBEZFA. No—3F, BELEDY—AT
H 575, “packed joints” T 3 BE XL HED

Packing
Stuffing box

Slip pipe

/Body

L

Lubrication fittings

Fig. 2 Conventional slip type expansion joint
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NS T ERMBEIc LI T, —Ric <o — 3R
BT, ULhrhbBEOTMRLEEMCREINS. £
FARETHEBR LT A KDL 774 TETLED
No—ZMEL A EINED, D& XIIEAPEFIC
+ARETLLERH L. No—-XOFREHARI, F
47 % HENTO B WIADS, AT il Sha 5eicid
3. TOWEAEREIET Aicid, Nv—XOME O
HE, HEEVIHE, HEORAEEL - GETIR
AL L > THF B ENTEDL. TDRUTDNTIH,
2Ny TROBTF IV - EWEIABELETS. N
o — XT3 hinged joints 1B F B hinge DTV ICHE
BTALERROE, BAECMOBHICEERLT, &5
BoREZBCEY, 4 OB EELHEANT T
BB RBDONTOEDEI PEHEIDLCENEEL
V. No—XERITHT A0 EREEEAEONERER
D14 v5FH¥y 30kg 5 150kg DT, =) v 7R
DZEEDT » /NI, BHADEDICK S RIEME
BETIC L > TE S D, EBE LRI —XOELEETO
WEIc L > THEINS. Cofid, —Bicax Yy v IR

Conical

WA

Conical

U- shaped

AAVAVAVA

U- shaped

\VAVAVAY

U- shaped

2. Flix ORE TR & kT ORI 3

DL AELNSE. Nu—XR, #STAoREE PR

DIRBHTERONOL S OfMMEEEHmOELME
HABCENTED DD, packed joint KD &IKHHHIC
FIAT& 5. COLRMMNEL D u—XDRRCHEE
ZARICL, ERLBEHEOAPRRELCIEICEDLT
3.

~n—XOERIZ, FOWEICE > THT 5 LRI
SEENBD, Fig. 3 I 72oRENTLOERT. i,
ZORRIZ, No— XXk EAFIERT2/ED
Bt D MBS & i fo RO L FR R R T C &l
LoTEXNS.

FHLEOWNo—XREMT, ULhrdEREHNZE
EXVLLBWEAED, 47« 74 VH[Iic s
ThTVaEIIcAHohsd. Lhl, AEMP, HH
HOE % (offset) OH2EHA/R 2 2P Lo —X%H
WTHTINS. TOFEICE >TE LN 5 offset [ 44
PRARo—ZXDQEIMENL T, ZHITE - N
o — ZXO#TI, BHMOEME—RICAHEE, N
D—ZXhoEIABE IS5 nicAminR GdFY v

uru vru

$ b 4 ) 4 3

U- shaped

LAty

Corrugated

RIRRIRHS

Rounded

LS00

Q - shaped

SEBUL

S- shaped

Fig. 3 Various shapes of bellows
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I ll'll'
v

Fully compressed

Fig. 4 Self-equalizing expansion joint

>3 I
VL2 Z 2 2 2] 7 2z &)
% /‘r/l,l/

Two-piece overlapping sleeve

/
i

Removable sleeve
for flanged joint

JUUL

& =
A O W

TR <

Simple welded-in sleeve

2

JUVUL

EEX W W N

Recessed sleeve with bleed
connection

Fig. 5 Internal sleeve arrangements

7 AW F . EREONo— XTI, Fig 4 LD
WOBMIC) Y7 ARELTHRLTOS. 20X
v, 2@TOMRBTHELOE X 2—HICT 570
WICHEAINTWVS. oY v F i, bed EREIC
Fa—TORVSKERADOEA YDy —2RER LK
HIBEAE LT, REOEBICH LT —X&RFRL
TW5A. LkM-T, Tahizfi@ETcchidb &%

MR EL. DY 7R, BYTHELILERRIERE
XNT, LAEIT180° TH > THEN I TILHTH 5.
No—ZXORANCR Y — T2 AND LEEENILT S
LICARII/NEL 7350, ARIKKIERTZRL %
5. Fig. 5 BRIPICR Y —TEBA G AN AILEA
N

3. HFFORERICBI 5w —-XO[EHY

~No—ZXREFFOEERIEEERHIN TV ST
T, AVt s v=THERZS LU TEDhTY
3. Nn—-XAFETHRRICERT 2854813, k0K
HEHRP, 6%ET7 Y PETRLIHEICE~TERR
B, EMES, WHREEE LUEEESICERESEX
EN3DOTZOHRE, ®BIE BRAEBIURFEOWET,
BaeoMBrELTHWE. k%77 Y MEERT 2
&Y, FRTHCBEINTOHROHEBEZ DT, 4
BETFRRCHEAT2HA0ADTHOVIAKENPS
BEFLT, chooMEERRLTOMITNER S
WEEAS. DTTERAIE 2, 3 105

3.1 EE1SJRR3) FICHITHERBE

JRR-313, BHKBHIFETH DM, iz v & BRH
BAERERNAL T S viTRa—IXBFEHEINLTHS.
FAOAOB IV HOD, 4 PRI, MEIRRT
VUZRET, L 2~4 a0 UR Ro—-—XTHb.
o —XOEEDIEX % Fig. 6 ICRT. < O RAHE
BHED CO: ZHLTWARKET, Na—X (Tw3
B BEAINTHE, IhBBiEL:. BEOKE
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Core

e oo AN ST o

? l.__r_
>
Bellows
. ) [C————"
/
D,0 inlet D.O outlet Drain D,O inlet

Fig. 6 Expansion joints in JRR-3
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OV TRIPEIN TV R, WEORE—b ERIRRA
DEHICBbLbh 5.

3.2 JPDR (KB (CHITHERH

JPDR o # 2 v — A ELT, EHRBEOMlIC, B
% 3,500mm O ~a— XA oNTVS. RIERHA R
15FE, 250°C T2 57V V2SS ORE 2.5mm p~No
—ZXTHB. BB, CORETFHFETRE, EERTELON
n—XBERINTNS. Fig. 7 KWENBROBKRRXE
RY.
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3.3 Calder Hall O FEEIFIC
HFBERE

Calder Hall, Bradwell, Hunterson, Hinkly, Berkery %
OXENT ABHF KBV THERAINTHWAE N — X3,
% 5'~6', BEX 1/8”, HRESN 7kg/em?~16 kg/cm?
DERZBEDLDTHSE. ThdDT T ¥ FITBLT
11, B 5 HIRoOKORDE 7 FEB NSRRI,
L bFic T 2R IEEDDTIILBIA TR
BWLBINERORBVDT, WAVAREENELT

Steam outlet

Bellows

5 %/Water inlet

|

v}

Control rods

Fuel assembly

Nozzles

Fig. 7 Expansion joint in JPDR
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® Core @ Pressure vessel Heat exchanger @ Bellows

Fig. 8 Expansion joints in Tokai Reactor

Wa.

BHFICAN SN TS e — X3 hinge BT, In-
dustrie Werke Karlsruhe #1506 0T, £DEE?% Fig.
8 LY. MERARKET, ~v—XR1HZELDRR
M3 2, EEMZ2 3T, A48 20 aBFERINATVS
B ORI EIR N 425°C, 230 psi, {ERMI 230°C
THD, Nuo—xiF 400°C, 16 KIE, BEL +1° D&
HEWTHs. HRAMER DIN #Hig 16Cr-4Mo TK

OHIRERLTWVS.
C Si Mn P
0. 13~0. 20 0.15~0. 35 0. 50~0. 80 0. 040
S Cr M v
Fig. 9 Bar type bellows
0. 040 0.90~1.2 0.20~0.30 | 0.09~0.11

~ao—ZXhHb. Fg. 9 WRTEIKCRTFI A VERT S
#EED Trawfynydd FEFHRBHROL K, BES t2 51T bar system %V, BRAMETHE (DSH)IRK
5y MCHNSHICBHE N bDIC bar system @ DL » THAIKZEH TS THIC K> THEERT
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12, ARk EREES D ity b, Trawsfynydd 7°
5 v b TR, CO: N 18,5 KUE, £ MEE 420°C,
fii b2 5 % b 450ton THB.

3.4 BEREHARSHFICHITSERE

Oakrige EYHEFRICET 3, A REHFOEETH
% GCR-II i&BUT Fig. 10 DX DN —XMRFEH X
N3 ECE T3, il hinge WO ~Nn—XTh
2, CORBRE, FHCX2BFOMBAY, &
BAE—Rcomay, FhMFohkmicd LTRALE
ZA5EEZLTHA.

WM OECD o5 EBAE 4 2 BHFE TH 5 Dra-
gon Project TR FEEB R B OV, EFFOARH
iz 20 |JED He ¢, MOBEIR 750°C TH B0
B2 2 ERBICE - TV A, KR Fig. 11 ([TRT
WO THBHN, ATHWBTRo—XLHEHT BRI
o-o>TW5.

3.5 ZOHODBRFFICHITDERBE

NPD i3 20MW(E) oA+ X 0B HRABRKETH D,
H/KH D T0kglem?®, FoHOHRE 272°C, #EXid 28 &

Stainless steel bellows
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E, 232°C TH%. COFRTEHKBHOFLENE &
B OMIC o — IBEH I TN 3.

B2 3 a2 en{MEd %5 LMFR &
%4 (Liquid Metal Fueled Reactor) O#f& 2R icBUTi,
ME OB, bt XOMAORAMOBRESD I DICES
HIEPRICIZ, No—X2HA LRV, BiEER
@ Na F7i3 NaK BfifFics i3, &tk E2E
EFAPP (Enrico Fermi Atomic Power Plant) T—k4H
ROEEICR e —XEEALTNE. 77 Y 2OEER
RAPSODY T2, ~w—x% Na[lighicEbdic, #
Z InEhEEs (Na [l o M) iICHABER LT 3.
Na BEIFICBNTR, SSRER T ZOY— v
HRao—XEROTED, #1Z1F SCRE (Sodium Cooled
Reactor Experiment) T34 FHO Ne H R ZE v — g 3
T ZEIERIN TV 3.

3.6 AISMIL e =T (CEFBERBI

BRI L OB OFAIRBIC A 5 4 v oed
W=7 D3L, PRICEBEINEZDODEHIF,
0—ZX%RANTHW5S. & Zid, Oakridge » GCR-ORR
Loop TIZJEHAER FHD Pool water DIic 3 5 ¥ H1 %
W T 3. EGCR (Qakrige ¢ Experimental Gas-
Cooled Reactor) O BE[EERRF A 4w « —F T

Pressure support ring

Gas temperature=>538C
Gas pressure=21kg/cm?

SIIILIIEIIIIIIY A

A 7

Gttt P 3 2

zZ AV =/
.“\é\\\\\\\\x\é&(‘ \\\\\\\'((4..'\32{(6" s
ANAANRANARANARARNNRNR RN o

Fig. 10 Expansion joint in GCR-II (ORNL-2500)
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| . —Heat exchanger

4—in SCHED—40 pipe

\‘\ 7 Double vessel

L Bellows .3
=

Z C

=
——
—

High temp, gas inlet

3\

Fig. 11 Expansion joint in DRAGON l

N

12—in SCHED—80 pipe

| 10— in SCHED—80 pipe

-
L

%.ws

Fig. 12 Expansion joint in the inpile loop of EGCR
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Fig. 12 DX ICHHBICHOTVAS. 7, NASACK
EMZEFEED) OREEEN 2 v—7IKd o — X
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RENTHY, HEMEME, EJ) 230psi, RE S510°F,

ZNL 3/47 THA.

4, ~u—XOIEMERAE

MAETIE, AMAMO~No—XFTETHCEEL
TIMT Lz donL0h, & - &AM b OIR/NES%E
WENMLUboEBMIcERE L TEEINTHS.
MEFE DI E 2R BRI AR REVIENERT B
OTHEEHENE LTRA L &, MEo®EE, BffLoT
Xh, BLUBMAEI |- DEBELEIOILRENDS.

~o—XORBEEH S HEE LT, SMICET BN
ZRVERELITIC 5 (REICIMESIRTHER SN S
BAMBILALETHAD) LHIEEHT 5 &b, 1AHER
BRATBXUOAmES SN WIS 74 V- EFLT
WHERATERL20MI A LHOKTEREDEREER

ShRITME SR, bR CRFLTEELL
THEEN RS BF LML RO hidE 5o,

IR —XDOELWEEFREL, TEHREIBHET
L OH A RS B fo DI B IR ABRk X,
EUEHEETIRRFAF 2 v 7B L>THIRET S
VERHD. CCTRXGREBIUVSAv—271c& B
BRAESRERT.

4.1 XBlCkBFEWRERE

Fig. 13 ICRTIER - T D<o — Zic 21 135
K. V.P. XiRgiE (RydEii) 2 ot X B
BT -7

BRI

<t F 80K.V.P.
=5 P 4mA
B Yy IRs Y 1 min

270.-
} 145(51ls

Fig. 13 Expansion joint for non-destructive inspection

jiiz) B 120 cm
i i 1.5x1. Omm

T 4 VA <S5 %M RR
e G 2 0.03 mm
BigHE  20°C

» W5 6min

L osEhc > T AR BT, BFH
W@féf&fi’iiﬁlc EV*”""%@KF]’E}?’J?Z’D % & OpsEH X
.

4.2 HAT—PICLBREHRE

# 4 = — 2 (Dye-Mark- i5ift8) (3 Il & O—F T
P FERGEIEE VDN TE D, Bfilk (Penctrant) %
WA A D ETNC IS S &1k, Wik (Remover) Th4
BB THEL, 0 (Developer) TBIBRABSE
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Fig. 18 Photograph measuring the strains in a
bellows by stress coating
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Fig. 20 Notation in the U-shaped bellows
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Fig. 36 Experimental and theoretical values of strains in the surface
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Fig. 37 Maximum of &, and its place in the outer surface of the bellows
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9.1 HEBORERE
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EUT, MEFoIBREROMIR D IERRE A BN
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Fig. 39 Block diagram of the apparatus of test
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Bl EEWENIIEARLTH 5. KEFR, KE
RBVTDEEERGEM ORI ->TS.
AEREAE ORI TROBO TH 5.

) BARWE +20t
HEERVYY +20, +10, =5t
D 3 Bk
TeIRRE TR —vD 3%
2) Atrm~—7 +100 mm
3) HEEE Zz buo—2 +=60mm
< 20c¢/m
Z bm—% *6mm
< 20c¢/m
4) RERFWHEHKE max 20 kg/cm?®
5) HER IR 1, 200~1, 800 mm
A AT 5 & 200~800 mm
6) kR W 1,100 mm
| M AC 200V 15kVA

AC 100V 500VA

9.2 REHEHBREIURBRER
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Fig. 40 Relation of the load and displacement
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Fig. 41 Relation of the load and strain (@)
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Fig. 42 Numbers of cycle to failure versus the half amplitude of displacement(47)
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TasLe 4 Experimental results of fatigue test

Displacement Load F(2) Strain (@) (x107%)
4l Specimen - Cycles
(mm) Limit  [Total Amp|  Limit |Total Amp.
+10 C-2-6 +1.2 0.5 1.7 500+ 600 1,100 >10, 000
C-2-5 +1.3 L0 2.3 1, 05041, 400 2,500 7,800
+20 —
C-2-9 +1.6 0.9 2.5 530-+1, 580 2,110 7,500
C-2-3 +1.7 1.2 2.9 1,700+2, 100 3, 800 4,600
+30
C-2-8 +2.2 1.1 3.3 85042, 550 3, 400 3, 500
C-24 +1.9 1.4 3.3 1, 20043, 000 4, 200 1,300
+40
C-2-10 +2.4 1.3 3.7 2, 600+3, 300 5, 900 896
C-2-7 +2.2 1.6 3.8 3, 00046, 000 9,000 500
+50 ,
Cc-2-11 +2.4 1.5 3.9 500
+60 C-2-13 +2.4 1.8 4.2 70
Load F (t)
+2.2¢
2.0t Specimen C—2—7
L Al=£50mm
X
1.0 ' \ﬁceﬁ\e“ Displacement]
DS Al(mm) 1
10 10
r—1.0 Loag \f
0 L6t 0 123 49 +50mm
’ Time(sec)

Fig. 43 Load-displacement

BiIE +10mm 0Dl 10° HOEER LT, TALD
BUEABDEMN 70T, RBEEPELELODTHS.

SRR, RIS AN ORI OBRRTRD S
RiBICk > CTRL DG 3~ ERETH . WEHETE
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MR REORERPEDRVEDOLEELOND.

SRES - DEZEIL Fig. 4 OXHKLKEDT, 77 v 7
RRO®OABICETBEONEL 1D, ENERERE
BAERUL LT, hREOLOHAOMAICETIHALL
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READEE, >R~ XOFEFHFMEHELTEREL [ ; L ; P
MmhEnboLEbS.
GRREBNOIchA A EHEF EOFYRT 750
— D3 Fig. 43 T, BBEA/IKDVWT F~Al oy 4 7 v%
i & Fig. 45 o XS iIcies. LIhbRBRDHEICD
72 > TEMM L7zAs, REBOHEKHTRERUS A 70
EOTED, BFOTAHRIBORBRTH 51, RKICE

HERIROESE L &1 - T 5. WERERARTRA L—é———ﬁL%J—_——L—J
BEEDI 5y I BRELEDOLHIBEALELITL.

75w 7 MAKMAHI 10em PIESHELTRIUDT, Fig. 44 Setting of specimen
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Displacement Al(mm)

Fig. 45 Relation of the load and various amplitudes
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\\
\\\
\\
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Fig. 46 Numbers of cycle to failure versus the total amplitude of strain &, (@)
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ReEpgboiEd e tdTERL. UL, EHZz0bo0
KOV TOEHRRRICK T, BIEAEO S~N X,
F 73 e~N Bk D S TE N, Fig. 46 DX S i,
BRIENERERDLDN S A0V TARERLINT, <
0 — XL DONTOHERBRELCIEHIEL TS, HHE
BEECHICEMEHET A ERARTH A H EE8bh
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3 AR R R R EGHLTA B L,
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Fig. 47 Fatigue diagram of Cr-Mo steel and bellows
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RFFICBF 2ERAPICR LK S, BEFHORE
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BFFLUAOCBERLED 77 v F OBERTD, No—
ZIHELHFERINDDH B, No—XORIEREN S
ELUT BETRHZOEHFERLEL L -TWVE. 4%
TETEZOHABEREABIEELZONDN, Nu—
ROEBEOHERREICB T 28>0 T, T4
KERRBIEbhTHRL. BAERT, a—xX0
BEIC OO THERNE D CICERIEEIT s 3 hoo
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HTBZH-bOD—HTHY, 2T}, "o—X
OMkL, ERBIOTHEEZONEHEDGPHREIE LT
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ALT, PLESEHOERIC DN TOREIIEEDFIN
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o—XZBEL, TORNHREREEECL, OT4
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