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A Study on the Stress Analysis and the Sealing Performance Evaluation of
Bolted Box-shaped Flange Connections with Gaskets
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Fig.1-1  Appearance of Chemical Plant
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Fig.1—2 Examples of Box—shaped Flanges used in practice
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Fig.1-3 Acircular pipe flange connection with a gasket

subjected to internal Pressure
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Gasket

Rectangular
flange

Fig.2-1 A bolted box-shaped flange connection with a compressed sheet gasket

subjected to internal pressure

Gasket

Rectangular flange

Fig.2-2 An example of one-fourth mesh divisions employed in the FEM calculations
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(a) Case of initial clamping state

(b) Case where an internal pressure Pis applied

Fig.2-3 Boundary conditions employed in the FEM calculations
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Fig.2-4 Stress-strain curves of the compressed sheet gasket

applied in FEM calculations

|

Fig.2-5 A model of the equivalent circular flange connection

employed in FEM calculations
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Fig.2-6 Dimensions of the specimens used in the experiments
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Fig.2-7 Schematic of the experimental setup of the bolted box-shaped flange

connection used in the experiments
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Fig.2-8 Model for the FEM calculations of the bolted box-shaped flange connection
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o T Flange side (z=—0.75) p
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(a) x-direction (x=35~50, y=75, z=0.75)
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(b) y-direction (x=0, y=80~100, z=0.75)
Fig.2-9 Comparisons of the contact gasket stress distributions in the x and the y directions between

the cover side and the flange side
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(b) y-direction (x=0,28, y=80~100, z=0.75)

Fig.2-10 Comparisons of the contact gasket stress distributions between the x and the y directions
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(a) x-direction (x=35~50, y=75, z=0.75)
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== P=1.0MPa

(b) y-direction (x=0, y=80~100, z=0.75)
Fig.2-11 Effect of the internal pressure on the contact gasket stress distributions

in the box-shape flange connection
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Fig.2-12 Comparisons of the contact gasket stress distributions between the box-shaped
flange connection and the circular flange connection

(Box-shaped(Fig.2-6): x=0, y=80~100, z=0.75, circular(Fig.2-5): =76~92.5, =0, z=0.75)
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Fig.2-13 Results of the leakage test for the bolted box-shaped flange connection

with the compressed sheet gasket

Table2-1 Measured new gasket constants G;, and a

Present test PVRC test
Gasket stress Initial clamping state
Gy, (MPa) 0.45 17.2
a 0.68 0.15

Table 2-2  New gasket constants obtained from the actual gasket stress G,and a

Present test PVRC test
Gasket stress Pressure operating state
Gy (MPa) 1.1 17.2
a 0.75 0.15

37



2.6

RV +EIEARET HDIRFE

AT, 52 ONIZNEERREY A4 bR ANRT 2A—5 T, b BEEAR /L N9k
171 FrOWEEAT 9, Fig.2-14 1TARMIE THWIZ R A ZRRGE IR L MGt IR D
RV SRR I OWRE LA R LT D,

A NE P, fEhAs 7 A > MEfRIST) S (&R LT 5, Fig.2-14(a) CIINE
PERT 2 Z LI K0T R MEMUE ) D3 D4k (FF 1A —>(Fr— Fe )
[A%RLTW5D, Fig.2-14(b) TiX G52 HNT-NEERAREZ A4 R AT A —H Tpmin
ORI T DITZH T AT v MEE(Gy, &) % FW TR RIS B 7
H A MEMIS OB TEZ R LT D, S lZNEMEREEOFEH 2 /7 v
flis 2R L TR Y, Sy TR T RO T A MEEARIS ) 2R LT 2,
Smo KON SpalTHG-Z BT H A NRAINNT A= Tomin A A MEE(Gr 205
KR THZHND,

S, =G, .(Tpmm)a ......................... (1)

Z ZTAS IF Fig.2-8 OLED K OGIZF1T B I 1 Ke & NIEVE IS 0 -2 77
Ay NEMUE A R LTV,

Table2-3 13 HNEMEEZ A F R ANRTG A—2 T, B 27-L &, AW 5
S5 BEEAR IV M RIEIEESTH T ) Fre PVRC 00~z X 2% Fro R v Sk o
NOgE R LTS, NEFZENZH P=0.5, 1.0 X1 2.5MPa O35 % 87E L
W5, T,=30, 60 &N 90(P=0.5MPa)® & &, PVRC F=Uc X 0 R 7=A /L hwIii
[T 7 Frid, ABIFEIC L0 RO BEER LV SHIFEA T /%2 ERl> T 0T,
PVRC & AW =58 b AT EDBEEMREAN - Z L 03bh b,

LL, T/=60, 120 KO 180(2=1.0MPa)®> & =, PVRC FRUZ LV Rz Frix
BiE Frz FEl>TWbH DT, PVRC & HWCIGEITITFTEDEEERE & 727
ZENTETIWAVEFEDRRBET DAREMEND L LRSS, S 51T T,=150, 300
&Y 450(P=2.5MPa) CiZ, PVRC FRUZ L5 3B EERERFFICME & 70 5 BAE Fr
EHARRESTERIL EVIBRERL TS,

ZOZEMND, P225MPa O L HIZL Y mWANEZER SN D551, PVRC 7

38



(KD AN MRS D T RIE L OTRBES R E S BEMRELZ R TE RN L
DY, FENLETHD,

Fig.2-15 (ZMBE X A R R AT A =& T, EHIIKET T REZ A R ANRTG A =5 Tpy
DOEfRZ R LTS, Table2-3 IZBITHENENDF A MR ANT A =L T,O%H
2B W, AFFRIC L HRFE L PVRC FRUT Ko THIMIRE TR Z A R R A/RT 2
— 4 Tpa DA RD, WEZ L IEEHESE Fig.2-15 MEoh 5,

P=0.5MPa O34 Tk, PVRC FRUZ X D ENAMZEORE L Y K& Wi, PVRC
FHREHR L6 CHOEEMERRAIRFCX 2 LI TX 5, P~1.0MPa 05, ¥
e IND TR 100N F CHIEPVRC FXALEH L THEEMERA R CTE 223,
Tp 73 100 LA EDHA1E PVRC HA TR A WHHAE Z 2 ATREMERA U 5 & TS
W5, P=2.56MPa %4 Tk, PVRC FREZMEHT L L3RV R T D Z L%
RLTEY, AL THEM LA SRR R L MR CIREE T2 Z 13T
ek TTHEEND, £z, PVRCOTWNRED LH AT A7 v MEE(Gy, a)% ATt
TEOEEVERE RS D 12D O FEE R LIZ#EE, PVRC 28 1.5 {584 E & 2 W1
T E NEERB(BE) DX A F R AT A =2 Dbk, Fig.2-15 RT Tk T
DHICELESED Z LICRVFTEDEEMREELHEOND L TPHTE S, L, 20
FET— R TIEe <, BRESNZEETOABEH TE 5728, KELLT CHifEAD
B, BEEIAR, RS R EMERE IS RE TR A R D,

39



Gasket stress S, (MPa)
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Ty
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T :
i pmin
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Pressure P (MPa) Tightness parameter T |
(a) The relationship between the gasket (b)The relationship between the gasket stress
stress and the nternal pressure and the tightness parameter

Fig.2-14 A method for determining the bolt preload in the bolted box-shaped flange

connection in the present study
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Fig.2-15 Comparisons of the initial tightness parameter between the present

study and PVRC procedure

Table 2-3  Determination of bolt preload

Boltpreload F ((kN)
T, Present study PVRC Pressure P (MPa)
30 6.6 13.0 0.5
60 10.7 144 0.5
90 14.3 15.3 0.5
60 114 14.4 1.0
120 18.3 16.0 1.0
180 243 17.0 1.0
150 232 16.5 2.5
300 36.9 184 2.5
450 49.0 19.5 2.5
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Fig.3-1 A bolted box-shaped flange connection with a non-asbestos compressed
sheet gasket subjected to internal pressure
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Fig.3-2 An example of one-fourth division model used in the FEM calculations
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Table3-1 Relationship between initial clamping bolt force and average gasket stress

Average Initial clamping bolt force(kN/bolt)
gasket

stress(MPa) Flat face Raised face

10 4.27 0.56

15 6.40 0.85

20 8.53 1.13

25 10.67 141

30 12.78 1.69

35 14.93 1.98

40 17.06 2.26
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(b) Case where an internal pressure P is applied
Fig.3-3(a) Boundary conditions for flat-faced bolted box-shaped

flange connection
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Fig.3-3(b) Boundary conditions for raised-face bolted box-shaped

flange connection
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Fig.3-4 Measured stress-strain curves of the non-asbestos
compressed sheet gasket used in the FEM calculations
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Fig.3-5 Dimensions of the specimens used in the experiments
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Fig.3-6 Schematic of the experimental setup of the bolted box-shaped flange

connection used in the experiments
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Fig.3-7 Positions in the connection where the gasket stress distributions

are calculated in the FEM
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Fig.3-8 Comparisons of the contact gasket stress distributions in the x and y
directions (Cover material: carbon steel, Average gasket stress: Sg=25MPa)
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Fig.3-9 Comparisons of the contact gasket stress
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25 -~ y=0 Initial clamping(®)
——y=0P=0.5MPa  (®)
--&- y=28 Initial clamping(®)
23 b —=—y=28 P=0.5MPa (@) 77777777
G
=
— 21
3
% 19
e
E
O
17
15
80 85 90 95 100
X

Fig.3-10 Comparisons of the contact gasket stress distributions in the x directions
(Cover material: Aluminum, Average gasket stress:25MPa)
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Fig.3-12 Model for the FEM calculations of the bolted flange connection

,where raised face gasket is used
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Fig.3-13 Comparisons of the contact gasket stress distributions in the y directions
(Cover material: carbon steel, Average gasket stress=25MPa, Facing: Raised face)
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Fig.3-14 Effect of the cover material and cover facing on the contact stress
distributions in the bolted flange connection

61



3. 5 HEHERERRER

Fig. 3-15 [ZME 0. 5[MPa] B DI 2\ F2BRfE B A2 =,
Table.3-2 ¥, AIREHRFHE CHOLNIZH A v MG 2 AW CEE LB 7 A
iy MEER G, & a OIED SRR 2 7R T,

RIEEDOGE, BEMENEEMERICKTT RTINS L, 1ZFRE L OFR
DO, —JF, HASTy NEmOBEWIL D72, FEED a DN EEED a
DIELERT, KO RENZ LD, FHEEOHTNNEERIC X 58 EMEREOMK R
RENZEZRLTND, 5T, RO L IICH AT v NEAERT) Sg ZFl—&
L7oWpICIE, R & SPHEE O NEZBRREREROBE RN S DR LD, 2
W2t LT, AV MR DA R — & 55 L FmPBEO T A FMEMIS T8 E DR
EL RO T, FHEOH BEEMRENBENRD Z L LD,

WIT, ARIEZEREAR ARSIV TR AWV ESLMED RV MRS 1 R E T 27”7,
Fig.3-16 i% JIS B 2490) (Z¥EHL L 7= 3R L TR O NIRRT 2 7 v F Oz
WERBRRE R 2R

REENI T R > DEEEEMIG T) o, MEMITE &R WVWEEZRT, Fig. 3-16 LV NE
TERREDIR Z W& LI

L=a ¢ “*~(3.2)

EITE D, 228, @ [ IPIREHTRED T A MEME I Ko TIRE SN D,
BlE U, ZMERFEM, PR Tp=50 FEO IR hikE HikzErd, 44 b*x
ARG A= piFX (3. 1) TEFRS D,

*
P kw™ (5 1)

e

7750 RF DB &l 2 W& L1, 220, 5[MPa] D & &, (3. 1) £V £=9. 36 X107 [mg/s/mm]
L72%, Fig.3-16 1V, Z D LITKT D0 A7 v MRS T 01X 9. 0[MPa]l & 72
%o Fig. 3-14 72> DAVMIRET S BE DT A MEMIST) 013 9. 6[MPa] LIRE SN D,
Table3— 1 (RS WIIEE T R o B MRS T & AV SRR D OBR S, R
v b OPIREEHT % FA4 1 [KN] EIRE S D, Table3-3 1352 bz TICk7 5

62



Rati A VW& L (Estimation) & ERRO GBI KV IRE LAV SIHIKE S Do T
TORNEZAM L TRAWEZHIE LR (Experiment) & Ol 2 ~3, MIER R
FRFHR A VR L VIS, BeV A F~ORETA LN D, #EHE & HEEOEE
IZ 100% LN Td 2, I 2 WV EOFHE T EBEIER A W THEL T2 2 L 2 BET S
ERREHE & IEMEORRZE 100%1E 0720 B —&KT 5B 615,

63



100

@ Carbon steel
(Raised face)

‘< 5
o
=
S 10
g
o OCarbon steel(flat face)
A Aluminum(flat face)
1 ! !
10 100 1000 10000

Tightness parameter Tp

Fig.3-15 Results of leakage test in the bolted box-shaped flange connection

with the compressed sheet gasket

Table3-2 Obtained new gasket constants obtained using
the actual reduced gasket stress

Carbon steel Aluminum Carbon steel

(Flat face) (Flat face) (Raised face)
Gy’ [MPa] 1.64 1.25 1.64
a 0.399 0.438 0.563
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Fig.3-16 Results of leakage test in the bolted circular flange connection
with the compressed sheet gasket

Table3-3 Comparison of the mass flow leak rate
between present study and experimental results

L (mg/s/mm]
Error (%)
To Estimation Experiment
50 9.36X10° 7.74%10° -17
100 2.34%10° 6.48x10° -72
200 5.85x10° 1.41x10° -76
500 9.36 X107 3.40x107 -64
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Fig.4-1 A bolted box-shaped flange connection with a non-asbestos compressed sheet
gasket subjected to internal pressure at elevated temperature
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a) An example of mesh divisions b) A contact condition between bolt and flange

Fig.4-2 FEM model of box-shaped flange connection under internal and elevated
temperature
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Table 4-1 Liner thermal expansion coefficients of components

Component

a[x10° /K]

Carbon steel

10.7

Aluminum alloy

23.8

Gasket

606.7

Table 4-2 Thermal conductivities and heat-transfer coefficients

Components Ay[W/mK] Al W/mK] h[W/m?K]
Carbon steel 50 50 6.5
Gasket 0.4 0.15 6.5

A

[
L]

a) Case of bolt initial clamping state

T
zT clamping state

I L L/ |
rvlpny_;. ]

i

(b) Case where an internal pressure P
is applied at an elevated temperature

Fig.4-3 Boundary conditions used in the FEM calculations
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Fig.4-4 Measured stress-displacement curves of the compressed sheet gasket
used in the FEM calculations

-
' 371.8K

373K

Fig.4-5 Temperature distribution of the gasket in the box-shaped flange connection
under elevated temperature (temperature of inner fluid : 373K)
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Fig.4-7 Relationship between the gasket stress and the
leak rate according to the leak tests (JIS B 2490) at
elevated temperature (293, 353, 373K)
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Fig.4-8 Divided area of gasket in the
connection for estimating amount of leakage
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Fig.4-9 Schematic of the experimental setup for measuring leakage in
the bolted box-shaped flange connection under thermal condition
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(a) Box-shaped flange with 30 mm bolt (b) Cover with 30 mm bolt pitch

Fig.4-10 Dimensions of the box-shaped flange and the cover used in the
experiments
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(a) In initial clamping state (b) In state of thermal conduction (© In state of internal
condition (373K) pressure
A B C D E F G H
42 -34 26 -18 10
-38 -30 22 -14 -6 (MPa)

Fig.4-11 Contours of the contact gasket stress distributions using the flange
with the cover made of carbon steel
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0 825 97.5

Fig.4-12 Positions in the connection where the contact gasket
stress distribution are compared
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Fig. 4-13 Comparison of the contact gasket stress
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Fig.4-14 Comparison of the contact gasket stress distributions in
the y direction at elevated temperature
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(a) Bolt pitch p=80mm

Leak rate [Pa*m3ls]
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(b) Bolt pitch p=60mm

Fig.4-15 Observation of gas leakage in the experiment
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Fig.4-16 Comparisons of leak rate between the results of estimation and

experiment at the room temperature
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Fig.4-17 Comparison of the leak rate(the effect of the flange cover
material) at the room temperature
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Fig.4-18 Comparison of leak rate between the estimated and
the experiments at the elevated temperatures
in the case where the initial average gasket stress is 30MPa
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Fig.4-19 Experimental results for carbon steel and aluminum
alloy materials at the elevated temperature
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Fig.4-20 Method for obtaining the required initial gasket stress
using allowable leak rate of inner fluid
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Fig.4-21 Comparison of gasket characteristics
between asbestos gasket and non-asbestos gasket
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EDNBEMERICKIETERBICOWTHA L, MEICXD2EREREDEZRIT/NSL,
JAE TG PRV A Tl B\ 2ok LB A 0 —0 0 e 2 1w R C I B RE Y AR
WK LTS TE(LT A EEHLMNI L, BT 7 v UkfbiRiconTix, o
PTHNCHEE Y — T MR W )RR RSB AR e T
WHTETTHD, LrL, IV BB HEO A A L7 BITITIERE I O
FRRBBHANSN TS, /RO 7 Z o UkikERIc st U CEEEREN M L35
EEINTNWDE 7T U VOINEAEHERBZIM T LB O A L X2 E < VD
N DHERGATEAR (Fig. 5-1) BSEEBRINTHEH S T\ D, Tl Z 0 K 9 2RIk D~
TV VBB IR N EERE & 10 B S B 72 DI A B D oW T ORMER N LIZ A
BT S TUVRLY,

RETIE, (RO T T v VhikERIcxt L, BEEO A A o8 7 BIZHN
BINDT T VONEE A WRANTIN T U A A VR T T o PR AT S
FEROBEEERIZOWTH AT v NEMUS &2 ET L, EROBE 7 T v PRk
DEEMERE L OHBRIZ LY, Z O X 2 ERIA A VAR UIBIR T T v DRk R O Rtk
ZRAOLNITHZEZAME LTS, F7o, (FERRARITXEOSGEZEEL, H
Ay bOE AT Y U A% B E Lic ZIRTA BREFRIS AT (FEM) (2 & 0 RE/E I
DI Ay MEMIG ) 2R, ZOT Ay NMEMIS 15 E D TORZVWEE
#eET 5,

EDLICHEBEDOAA NN L LTOMAEZBEL T, 1FEREDIRIEDOSG AR L
THRAT 2, (EEREDIRIKOSE, NEERKEO T R 7 > M EflS ) 3ZIEE
LD ERMAVDIAET D720, FEMIZR Y ATy MEMISMFIEFITRD L&
DYIIGEAT T RE DI H A 4 o MEEfRT) ENEDOBIRZA &MY 5, EEROK
FREZ AW TRAWERZITY, RAWVEHEHROZAMELBRETL, 20X 9K
UG A NS IERFETL T T o PREREROREEZ A O T 5 Z L B E LT 5,
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5.2 ARy FEMEHAREREN

Fig. 5-1 XA/ b « F v M X070k ) F,CRifE S T-FEamy a1
v k=R H A5 v b (Compressed Sheet Gasket, LA CSG &4 M) f+ & e i 4
A NSTGIRD 7 T PHRERSRICHIE P AMERA L TV S REEZ R, BiIROF 7
7 DR IR ORE & DL D T2 Z DfiitiE D~k EZE L L, Fig.b—1 (IR T
FANSBGEIN T 5 o DREREROSTIEE Uiz, FEERICNIE P MERT 5 & 58
I NI Oy FISFAE L, Ay NEMTE D HIXEME ) £, RV b 1A%
D)DBFKDIL, BN VARG OB A7y NMEMIS TN F, ) A (F,-F) / A
~NEAET D AITARV R LAY T2 0 OH Ay NERER) . &0 BRI B EMEREZ T
i3~ D IIENEAER R OWRAD LT2 TRy NERUS T 2RO D MER DD, TR
v MIZOEMETHMEICE ATV U ARE L D0, HAT v bES O E
ik, THhEBELTWD, Fig 5-213 0 A7 v G50 & R Ml D2 % ff
W3 27 OFMRERISHIENTET VETRT, FbEROIHEELZEL 1/4 €TV
TOFHEEZITI, 77 VT 6 mik 8 Him ¥ (SOLID 185), H A7 v MIEED
BRITHIARZ ERT D LRV T ATy NORTE#Z L EMICET VLT 5 2
ENETREAR AT A NEEFR (INTER195) 2 VN5, fiff#T = — R U ANSYS ver. 11. 0 & {#
M4 %,

FEATFIEIE, (1) ARV s SR T Y T 2 E R a2 52, (W
JEPEAERMEE D, WA X7 MEMRG ) % 10MPa 725 40MPa % TZA L S,
B RATKRET D (D) RGO, () WIEEAERBFO T A 7w MERS 1040 % R 25,
Fig. 5-3 134 fl9" % I #0 CSC D& IEM: (293K) DS N-ZARX Z2Rwd, HAZ v b
DEIETI08 20MPa il 78 o 7o & ZITFRMF L, FONEEIIR 1A% 40MPa (272 % & TAfTT
Do HWERICHRMT2ZLICRY, EHREIOENER N TOH AT v N ORRMEE) %
KV EMIZBELZ ENTE D,

Fig. 5-4 IIAMETHW\D 7 7 o URifE RO EZ R T, 7707, R o
VA 3 PR (S45C, LT RFEID L L, HAZ >y FOESIEL 5mmE T 5,
AV ROEORRIIMS L35, AEHEOF A NN REICROND T T P OINEHE
M Td D Z & DR IR O EMEREIZ R TR A D720, Fig. 5-4(a) ITRT
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FRWTUTOAR 7 Z o DRERG AR OMENT 24T 50 FEOME M8 DRV MEEERD AN ATE DSz
MEADK 16mm T D729, 88 R=7. 5mm O L% U 7= R R & g b kf 5 & 3
%, Tableb—1 I, ARMHTIZHITDH AT Mg w ANV NE YT p LRV MRS N
Rt AN REOH ATy ME v ORI By F p BNEEMEREIC KT A T
RAEPZD, w kO p BB SERRICOWT B BET 5, Fig. 5-4(b) 1% Fig. 5-4(a)
DPRITAR 7 7 o DR IR & O D72 DI, FEAUN T2 i S 2 W ek O 7 Z
v UREREIROSHEZ AT, Fig. 54 IR T 7 T U UM IRICI W T, IR DN KR
ThoHGEEMBEL, WE P 2WPa & LIERAOMITZITH5., S HIC Fig. 5-4(a)
D typeA & F Fig.5-4(b) D7 7 VTRIRIZIBWNT, HEVEO A A /372 ETIEW
IR DIIE TH D720, WEKDOITRZWBAEL D & SNDH A v NEflIEL 03 5%
2725 & EDONE P LY A FMERS T OBIRZ KD 5,

Table5-2 IXHIIREAT T RF DI H R 4 o MRS ) & AV M) OBk & 77T,
T VR OERIC L DT Ay MERREEOBEVIZ LY, [T A7y gk
JEINTEE L SD AV MR T s e b, WA A NIRRT T 2 Tk
TR OGN 7 5 o DPRERE IR 25 LRV M RIIREH T ) CRRE L7238, A
A NISTEIR T T v DHRERER ORI T A MERUE NI 7 T v DRk K
DENDKI 1. 45 &5,
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Fig.5-1 A bolted wavy oil-pan shaped flange connection with a
non-asbestos compressed sheet gasket subjected to internal pressure
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e in

Gasket

Flange
a) 1/4 model for FEA b) A contact condition between bolt and

Fig.5-2 FEM model of oil-pan shaped flange connection
under internal pressure
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Fig.5-3 Measured stress-displacement curves of the
compressed sheet gasket used in the FEM calculations
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(a) Wavy oil-pan shaped flange (b) Box-shaped flange with 30 mm bolt pitch

Fig.5-4 Dimensions of flange connections
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Table.5-1 Dimensions of gasket width and bolt pitch

used in FEM calculations

Gasket width w | Bolt pitch p Number of
[mm] [mm] bolts N
Box-shape 15 30 18
Wavy shape type A 7.5 30 18
Wavy shape type B 3 30 18
Wavy shape type C 7.5 45 14
Wavy shape type D 7.5 60 12

Table.5-2 The relationship between contact gasket stress

and bolt preload in the connections

Contact gasket

stress [MPal

Bolt preload [kN]

Wavy Oil-pan shaped

flange (Fig.5-4(a)type A)

Box-shaped

flange(Fig.5-4(b))

10 2.9 3.9
20 5.7 7.7
30 8.6 11.6
40 11.4 15.5
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5.3 MAWEHESE

MEH A hORANEIZIT A7y NRIZHBFIL, ATy Mg B
%o JIS B 2490 THE SN TWDIIRREL &k LA > SO 2B L HEDR
RinG, —MHERIROFEL Y T o PRiEREIR DT A7 v R b O AWVEZHEET
HILEBAETH D, FMT T URiEIROIR AW EHEE GIETIE, fiik RO b
MNOHT ATy NETOEBEZMET A7y NONEREFREOEE LTHY, B
WRE k # HHOWTIRAWEZHEET D, Fig. 55 1FHEAN 2V E&HIEER (JIS B
2490) OB & 773, JIS B 2490 TE®D LN CSCOME2 A4 »F) &7 T T
NCE Y AREN AT D, WEIEe— REVICX0EIET S, 20k, ~
VLT AZEVENEMZ, FWE FTORAZWELZRET 5, Fig.5-6 1L JISB
2490 SN IS W THIE LI AFFFE TR L7z CSG OH A » Mg ) &l 20 &
(Leak rate) DEfRA/RT, Fig. 5-TITMAWVEEZHETE T D72 DICKERIZoEI LA
2y bOZ YT, KO Ry MERIS T MM VR A2 Rm"d, F=
U T TOEH A MEMIG L Fig. 5-6 DRMR, MOTEPIRE k 2xhs &8, R
ZAWREHTET L, FEHH ATy MEEMIG 038 < 7R D AEG D O A BT
Fig. 57T D= Y 7O~@NHDIFAVED 500 53D L LLFTHY, fho=y 7ick
ARD TN WD IR 5,
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Fig.5-5 Experimental setup for leakage test specified in JIS B 2490
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Fig.5-6 Relationship between the gasket stress and the leak rate
according to the leak tests specified in JIS B 2490
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Fig.5-7 Divided areas for estimating the amount of leakage
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5.4 RWAWERMERERTGE

FEM fEHTIZ & > TRO BN DT AT MEMIS T 55407 B IR A O BEHEE RS R 0D 2%
PEEZRFIT 2720, EREORELAETR 7 7 o DR & TR 2O HE £ &
179, Fig 5-8 1TIMAVEREFEROBIMK X 2774, 18 KD M8 AR/ MT &V AE
DY T T) F, TRk SN TR 7 7 o UREFREIRIC AU 7 AT AT LY
NEZER S5, WK T 03V RNEEENZ ¢ 2mm DR & &1F, HOIALXOT
= DAL M 0GR L, A M E2IET S, NEOKE ST
BFRENBEREHNTHEL, Z2OEET X VA v R a—T 58T 5,
T2 OVEIE (. DISRTERE FEEZHWT, EREAMGEE T P L TIRET) P,
BT BEERONTEEN SR D B,

L=MV(P,—P) /(RT,t) [mg/sec] +=ceveeee: (5. 1)

ZZT

M ~NYTAHAZADOENERE [ng/mol]

ko REEE [m’-MPa/ (K-mol) ]

Voo AR [om’]
P FEBRBAARIEET) [MPal
Py FEBRRETHERES)  [MPa]
7, ¢ ARBRRE (K]

t - WERM [sec]

N

NEBTARDRIK DG, FEIR L T2 HWT T 7 o PR IRNIZKIZ L Y NE
AEMSE D, BT Xy FEMS T A 10,20 R TOY 30MPa L 725 K5I
Fig.5-4(a) D type A LN Fig. 5-4(b) IT/RT 7 T o UkifbRZKifE L, WELZIEH S
Hh, WAWEBRIZ XD HERLECRIZFFORNE PORE S ZH~5,
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Fig.5-8 Schematic of the experimental setup for measuring leakage in the
box-shaped flange connection under thermal condition
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5.5 HAMRERE FEN It hEHTER

Fig.5-9 XU Fig. 5-10 (X Fig. 5-7 PO EEE T KON 1T TOH A4 Ngih
SN E RS, R A o RIS J)1E 30MPa, PEBIRIASIZER (U T A
HA)ZRFEL, WNHE P 2MPa LT 5,

Fig.5-9 TR/ MY F p A 30mm OO H 247 > Mg w OE2 (Table5-1 H
Box-shape, type A, type B) Z/~x9, Fig. 5-9(a) iZ#R# I, Fig. 5-9(b) TR 11 D
WIS T R R ORI O T A o NS N1 3% 7T, IRA VIR 1125
WC, HATy Mg wid Ay MEMUG AR BT RIS <, NESMER
THZEILED ATy MEMIS N LV /IEL o TND, IAWERE 11 T,
NIENERT S Z L2k, WRETIEA A7 v MEMIS IR/ NE L hoTWN 5,
#=15mm (Box—shape) & T8 #w=7. 5mm (type A) OIIRTIL, WIHIKET K X 0 A 8m T
ATy MERUSI AR E L Ig>TWD, ZHIZXY, AV FE YT p4 30mm & L
Toffs R CIEE 2R 2 WRAEEITIER A VR I, $72bbR LV MR THDL T Enb
Mmb, 12720, A7y Mg w B/NSWEFIZIEA L FE y TS DORANHAED
LEHREND,

Fig. 5-10 X4 A4~ Mg w2¥ 7. 5mm ORFDR/L M E > F p DEE(FR 1 1 type A,
type C, type D) &/RT, WA WVERES 1IZBWT, Fig.5-9(a) FEIZHARL ME YT p
IS A NERUS DA BT NSV, LML, AWK TTIZE W T,
RV NE Y F pOEINILE, H Ry NEMR D WIER) 2 > S Befils ) %
REL FES TS, FFIZ p=60mm DA ITIEA/L MYy FEITH AT~ MElS )
S 10MPa FRFE L 720, ZRARMAVBAEL D EHERSRD, R ey T p 238N
TAHZELIZED, ERIWAWVIBEGIDARL BRI ARL MEH~EEL, BEHE
REDMBO CHEAL T2 L HEHI SN D, /DAYy MEMR T34 L Fig. 56 (T
RTWAWVEE T ATy MEMISDOBBEZH N TE RAT UV XA E2FE L2 LT
BORZWEEZHEET 2,

PNEBIRAR DS RAR OK) DG, Ay NNRRE D D AVR I £ TOWR 2 WORRE -
DAy NEMIS NN Z ORI TCHEICR ST ZIT/AVWHELD ESNTND

©  Fig.5-11 |% Fig. 5-4(a) ® type A(p=30mm, #=7.5mm) DKEFERZ U THIH L)
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T Ay MEMIGT) % 30MPa & L TIRAICHNE PERE S LIRA WK T LT A7
v NERUS IR TRIZRDGEONE PORE S EHTNTHERERT, NE PO
RICH, AWK T EOHT Ry MEMUSTIZET L, WE P=4. IMPa DRFIZA
2y MEMISNIZRETEHELERD, €T, WETIAEINERE OK) O5E, HIHEY
AL NERE T % 30MPa & 78 % K O Hlifs L 7o AKERE RIZNIE P=4. IMPa CIRIKR
ZVRHRNL EARNBAELDEEZBND, F7-, Fig 5-4(b) DFFFEERIZONT B [H]
BROMMT 24T - 745 R, WIE P=4. IMPa TIRAWERES T B A7 MRS T332
DEIRTHELRoT,  [AROMRNT 2 502 0 2 7 > b s /) (10, 20, 30 K OY
40MPa) (ZFB\\NTAT 9, Fig. 5-12 (ZFMWINEI T 2 o FEEMUST) &AW Tk
DI ATy MEMIS NI Z ORI TRIZRDEEONE PORE S L ORBKREZRT,
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Fig.5-9 Comparisons of the gasket stress distributions for several initial
clamping forces and internal pressure (The effect of gasket width w)
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Fig.5-10 Comparisons of the gasket stress distributions for several initial
clamping forces and internal pressure (the effect of bolt pitch p)
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Fig.5-11 Reduction in the gasket stress under
the internal pressure on the leak pass |
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Fig.5-12 Relationship between the initial average gasket
stress and internal pressure when the water leak occurs
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5.6 HERR L EREROLBR URE

Fig. 5-13 [ZPERIRAKDS Y T LT X D6 O AW EHEERR &2 W EIIEE
B R O 2R, HEER R L OERFERICBWT, BRA A VTR
(Table5-1 H1 type A) & FHFUELIR (Table5-1 H Box—shape) TIIBHEEMEREIC K & 22 &1L
T\, ETHEE T Ay MEMIS T ORISR WEORD, Thbb
BEPERED [ EOMEIIE 2720 K< LT\ D,  F I HEERE BRI IR R
WAVENL S RS bR TWD, #HEERR & ERFROZROFRIL, ARz
BHEEFIEDNEER TOT Ry MEMIEI N ORIFRVEEZHEEL TWHD Z
LiLhD, REEHTAT Y NTHRLRNRDPLI{AWRAEL D546, AL MNER & 7
Z VUM, oy NERE I S—], HDEVITRCILOBEEIZEY, %0 ONER
Wahd LHESND, ZOREHEFRICKRT 52 B30V NETH 720,
RAVENERERLVHEESEROTNZABLONTWDL EBZ X b5,

Fig. 5-14 1 ZWIWIELIH A - MEEflNG T128 30MPa, WJE P=2MPa |ZB\W\ T, H A
v ME w ORIV FE Y F p OZALIZ L DA WEHEER RO ZbE ~T, typeC
DFFFERTIEAL D E YT p O, ThRbHARNL MO LEYD Rk iH
5ORZ NI T D720, IWAVED type A OFFRERICEX NS 2D, 72
L, type D DFEFEARD X 5 2k TIRWVAR L b By FRIEEEE TIZAR L R TOH A7
v MEMIS NS R, RV N E Y FHINHERRWVRE L D ORIk
DFEEVEREDD TEALT 5,  £72, TAZ v ME wil & DR RO B EEREDZ
LISy,

Fig. 5-15 [&i 2 VW EBR CTHER SNTZNETIK DR A WO 279, T &
DTPHISNIZEY, RV RRPLHTAKROKPTZNT DT 2R KD,
Fig.5-15 (X Fig. 5-12 THEINTZIHAVNAELDH L EDONE PORE SOZYHEE
EBRIC L0 MEE LR A 3, HEERE R & BRI B —&L, RS
v NEMS ) NFI I D & XRIBOK) OI/RA VWAL D Z ENHRTED, £,
Fig. 5-4 (b) Ot ik Z W TRERORR 21T o 7o R, WAV ELD L EDOANE P
WZEBITRO Lo T,

Weo T, PERMBIAANSRUIBIRT T 2 DHEERDBFEL T T v DR RIS
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fRS RO BEHERR M BT 2 & SN TEBA & LT, BBICET 580 bk
I DOWEFENRBEZABND, AR OEFEDT T2 « T2y MZET S
B ORFTETIE, AV NI X BAERI A T R o S BERS T 7 & R
THHEERNTWD, oL, RIEBSGETIEIAL ~ ORI 3R ok
RIETID 30%& DT 50%E 725 X HIZHiOT b TRY, ATy MEfRRTED
KNS WFEAE IR TIZE LW ARV MRIIRE T 7 T ORISR 0 R 7 | Hefi
JENWEDREL RDBENAEL D, Thbb, Fig. 5-13 O X 5 ITHIHPEL T A -
v MEMUS I E LW, REOBEEMERZ R IRERRE LT, R P
I HEFELLLTDHEEEMENRERDLENIBIENEL L7720, FRA A LN
IR T 7 v RERE RO BEEREN R VW E SN TE L HEI SN D,

BT EORER A VTRV MR D &2 ET D kA RS, £
HARNZEOEE, WETROTIHIC LV IRE SN D PR A O E &R x O BEHEE
fif R & AV SRS T D2 RET D, FlAE, WERES ERIEARIEEY O]
il : 500ppm) THAUE, FFEIWA WV EIZIB L £ 5.0X10%Pan’/s THDH & INTWVWD,
T Fig. 5-13 HHOFIMIEEI A A 4 b HEMRIS J1A3K) 26MPa ICAHYS T 5, 1> T,
R SND YR T A > NEfS 11X 25MPa LL ETH Y, U H A7 o Ml
HAEZ L, RV MABTHRT D ZEICLV AL N—Kb ) OPKST ) 7,
INIBRFEHEND, Fo, ~U T LD IS EREEBILEY OS5 T IERE WD,
FORZNDECELS 2D, WoT, NV ULTREEREL L THIMIFE T 25
L7256, BRI OMENNERE CTH->Th, 77 o UfifiRIE 50728
HMREEZ RO L S 25,

F - NEBRIE DN OK) DB, Fig. 5-16 J ONEERRE 0 B KINE s & #1145 4
Ay NERUE I E BT 52 LT, REICHEIRTE 5, RANED 3WPa DA,
Fig.5-16 &L VIR K%L 23MPa LA EDWIHINIY A A o MEMISTIZ/2 5 & 5128V b
ZAFOITHZ LI K VKD NWERIIET 52 LR TE 5,
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Fig.5-13 Comparisons of the leak rate between the estimated
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Fig.5-14 Comparisons of the leak rate the effect of
gasket width wand bolt pitch p
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(a) gas leak (b) water leak
Fig.5-15 Observation of Leakage of the inner fluid from the bolt hole

6 T T T T T T T T

—@— Estimation 54
—O6&— Experiment

Maximum pressure [MPa]

10 20 30 40
Gasket stress [MPa]

Fig.5-16 Comparison of the pressure when the water leak occurs
between the estimated result and the experimental result
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5.1 &8

ARETHE, NEEZZITDIFEAMT a Ay hor— MT A MMEEERIA A 1]
VIR T T v AR IR OB EERRICEE U TR BRI L (FEM) & W= A 7 v N2
sl s I FRAT IS RN IS IR AWV EOHEE &I 2 WO EHE FEBR O i i 5> B R LTz,
S HICNERE R E2 KA LR DO ZNZNC OV THRET L, L TFORENE LT,

(1) 587 Z o DREREAR O S E TR 2 W RN G L7 A VR JRIR 7 T o Vi
FEARDIT A MEMRIS 10040 22 AW TEEMERRIC RIS B mat Lz, £
DR, WA A NSRS L DB T/ha <, ORI LT
X & D /INS WAL S PHRFRET T 1S Ko THIHI L Z2 Wik O FRTAR & [R5 0
BEMREEL/L LN THDL I Eam L, WICEFAE, [ ERL I
R D CIIFER 7 7 > DR R OB EMRE L Y Bif & 70D Z L 2R LT,

(2) FEM fIEBTHE R & 0, WA A VR IR T T o PR IR DR h ey FRIO T A
7y Mg w KORNV Ry F p ST ATy MERUS AR RETRELR S
LTz, RV RE Y TFHEOHT AT v Mg wiZ LHEEIT L /s, A b
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Table6-1 Leak rates on longitudinal side

Bolt pitch p [mm]

Leak rate on longitudinal side [Pa-m?3/s]

30 8.42 X104
36 7.87X104
45 8.98 X104

Bolt

Gasket

7.5 10.5

36

Fig.6-3 Dimensions of the components in the case where the bolt pitch is 36mm
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Fig.6-4 The design of Flow chart for Box-Shaped flange
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