(1) The API 4-inch flange joint was designed for plastic
region tightening. The required tightening force of 32
kN is satisfied by the M8 bolt, rather than the M16
bolt specified in the API standard. As a result, the
flange rigidity was improved by downsizing the flange
joint. In addition, the bolt spacing has no effect on
the flange rigidity, and the flange stresses have a
sufficient margin.

(2) The behavior of the additional axial bolt force of the
compact flange subjected to the internal pressure was
demonstrated. The load factor of the compact flange
was larger than that of the original API flange. In
addition, the load factor varied according to the gasket
type. When the elastic modulus of the gasket was
different, it was possible for the load factor to vary.

The fatigue strength of the bolt was examined. The

stress amplitude of the bolt was approximately 5% of

the fatigue limit. The bolt had a sufficient margin for
the fatigue strength.
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ABSTRACT

When the gasket in a flange joint is used over the long
term at an elevated temperature, the gaskets experience
creep/relaxation. The creep of the gaskets may cause leakage of
the internal fluid. Many gaskets are used at elevated
temperatures, so the clarification of their creep properties at
elevated temperatures is urgently needed. The creep of non-
asbestos gaskets at an elevated temperature was tested using
four-inch flanges and compressed non-asbestos joint sheet
gaskets. The test conditions are 180°C and 500 hours.

A three-dimensional viscoelasticity model that yields more
accurate results compared to the viscoelasticity model, which
uses the conventional single axis, was applied to the clevated
temperature creep properties. Using the three-dimensional
viscoelasticity model, the gasket creep is divided into the
viscoelasticity component that converges on a certain strain and
the volume change component that increases with time. The
gasket strain is evaluated by the three-dimensional
viscoelasticity model that considers the stress reduction. It is
shown that the gasket strain is divided into the pure creep
component of the gasket and the volume change due to the
weight loss and chemical factor.

INTRODUCTION

The axial bolt force decreases when the gasket has
undergone creep/relaxation, and to make matters worse, the
internal fluid may leak as a result. Recently, the creep property
of gaskets was evaluated by the viscoelasticity model of single
axis [1, 2, 3]. Kauer defined the PTFE gasket as a visco-elastic-
plastic model. The gasket stress distribution was calculated by
the FE model when the creep property of the visco-elastic-
plastic model was provided [1]. Bouzid defined the gasket as a
viscoelasticity model and the bolt as a spring, and obtained the
equation relating the bolt creep and the flange creep. Those
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equations agree well with the results of FE analysis [2].
Kobayashi also defined the gasket as a viscoclasticity model,
and estimated the decremental axial bolt force in the gasketed
joint fastened by the bolt. The estimated results well accord
with the experimental results [3]. These references present the
creep property and the relaxation of the gaskets as a function of
time. It is anticipated that the life of the gasket could be
predicted by relating the creep property to the leakage. The
creep property of gaskets occurs markedly at elevated
temperatures. Therefore, there is an urgent need to clarify the
creep properties at an elevated temperature. There have been
reports on the creep property at room temperature, but the
clarification of creep property under elevated temperatures is
insufficient. In this research, the three-dimensional
viscoelasticity model is applied to the creep property of a non-
asbestos gasket at the elevated temperature, and the changes in
the stress and strain occur in the gasket are evaluated. Also, the
result calculated from the three-dimensional viscoelasticity
model is compared with the experimental results at the elevated
temperature. In this way, the creep mechanism of the gasket is
investigated.

NOMENCLATURE

o;— Recommended gasket stress (MPa)
ay—Gasket stress (MPa)

O —Mean normal stress (MPa)

o’y — Stress deviation tensor (MPa)

0y, — Stress in thickness direction (MPa)
o, — Radial stress (MPa)

op — Circumferential stress (MPa)

£, —Creep property of the gasket

£, —Mean normal strain

£%—Strain deviation tensor
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&, — Strain in thickness direction

£.— Radial strain

&p— Circumferential strain

z:,,' — Gasket strain which considers relaxation of thickness
direction

a, b— Coefficient that consists of spring constant and viscosity

4, B, A', B'—Differential operators

s—Laplace variable

t—Time (h)

K—Module of volume elasticity of gasket (MPa)

E—Young’s module of gasket (MPa)

u—Viscosity coefficient of gasket (GPa+h)

v—Poisson’s ratio

CREEP TEST AT ELEVATED TEMPERATURE
Test device and test gasket

Figure 1 shows a test device for conducting the creep test
at an elevated temperature. The flange is raised face, Class 600,
blind type and four inches. The gasket temperature is measured
by a thermo-couple that is mounted between the flange and the
test gasket, The gasket displacement is measured by a
differential transformer for high-temperatures. Copper pipe for
cooling is installed in the upper part of the flange. The bolt that
tightens the flange is a 7/8-9UNC. The material of the bolt and
flange is SUS304.

The non-asbestos joint sheet gasket No. 6502 that is made
by Nippon Valqua Corporation was used as a test gasket. The
dimensions of the test gasket arc 180 mm outer diameter, 116
mm inside diameter, and 3 mm thickness. The recommended
gasket stress o; of the test gasket is 40 MPa when the internal
fluid is a gas. The usable temperature range of the test gasket is
from -50°C to 214°C. The gasket factor and the minimum
tightening pressure of the test gasket are shown in Table 1.

Test method and test result

The test gasket is placed in the flange of the test device and
then loaded by eight bolts so that the gasket stress becomes 40
MPa. The tightening procedure follows the “Bolt Tightening
Guidelines for Pressure Boundary Flanged Joint Assembly,”
HPIS Z103 TR2004 [4], but the post-tightening isn’t carried
out. After tightening, the test device is put in the furnace, as
shown in Figure 2. The temperature on the inside of the furnace
is heated to 180°C, and the gasket displacement is measured
from the start time of the test to 500 hours.

Figure 3 shows the results of compression creep test of the
gasket under an elevated temperature. The gasket temperature
rises to 165°C in 11 hours from the start time of the test, and
the gasket temperature after 11 hours remains constant. After
the temperature is stabilized, the gasket displacement gradually
increases. In addition, the gasket displacement under the
elevated temperature has reached approximately 0.083 mm in
500 hours.

Figure 4 shows the gasket strain and gasket stress under
the elevated temperature. An each measured initial value is the
time when the temperature of the gasket became 165°C. The
gasket strain increases with the time, but the increment of the
gasket strain decreases with time. The strain in the test end was
approximately 0.028. The gasket stress decreased to 20.7 MPa
by the end of the test.

LVDT [ ]

. .\
Cooling coil :
Indicator for LVDT
Test flange(4inch)
I 3 i i [ I
' : —
I

1 Thermocouple

Test gasket

Fig. 1 Configuration of test device

Table 1 Gasket factors m and y for compressed sheet gaskets No.6502

Thickness of gaskets | Gaskets factor |Minimum tightening pressure
t (mm) m y (MPa)
1.5 2.75 25.50
3.0 2.00 10.98

Fig. 2 Elevated lemperature creep test
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EVALUATION OF CREEP CHARACTERISTIC AND
RADIAL/CIRCUMFERENTIAL STRESSES BY THREE-
DIMENSIONAL VISCOELASTICITY MODEL [5]
Three-dimensional viscoelasticity model

The gasket is bound by the friction between the gasket and
the flange in both the radial direction and the circumferential
direction and is subjected 1o a siress other than that in the
thickness direction. Since the viscoelasticity model shown in
Figure 5 is a single axis model, it can’t evaluate the stress and
strain in directions other than the thickness direction.

In this research, a three-dimensional viscoelasticity model
that is capable of evaluating the triaxial stress state was applied
to the creep property of the test gasket. The three-dimensional
viscoelasticity model divides the triaxial stress state into the
hydrostatic stress component and the deviator stress
component, and the creep property is evaluated. Figure 6 shows
the three-dimensional viscoelasticity model that is used in this
research. The hydrostatic stress component and the deviator
stress component are applied to the elastic model and the
Maxwell model, respectively.

(a) Kelvin chain and a spning  (b) Kelvin chain and a damper
Fig. 5 Viscoelasticity model of single axis

E
K
Z LI,I
(a) Hydrostatic stress comp (b) Deviator stress component

Fig. 6 Three-dimensional viscoelasticity model

Three-dimensional viscoelastic ro|

As shown in Figure 5, the viscoelasticity model is usually
defined as the combination of the Kelvin and Maxwell model
or in the multi-model. Regardless of series or parallel, the
relation between the strain and stress is calculated using the
following differential equation for any kind of combination
using the single axis model.

L] ‘ " k
I, ) A 0

a am——
=t = Yt

Equation (1) may also be written in terms of the hydrostatic
stress component and deviator stress component as follows:

Ao, =Be, (2)
A'a,=Be, @)

where 4 and B are differential operators as follows:
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A=Y a,— (4)

= la'
n &

B=Yb, i ()
k=0

Figure 7 shows the directions of the stress and strain
components. Replacing the gasket stress o, by the stress in the
thickness direction g,,, the mean normal stress and the stress
deviation o”,, are calculated as follows:

o (6)

g =

ad | —

(M

q

]
W

9

The gasket strain has the compression strain &, and lateral
contractions &,=&w. Therefore, &, and &, are written as follows:

£, = % (e.+2¢,) (8)
2
=7 (a-s,) ©)

Equations (6) and (7) and Eqs. (8) and (9) are applied to Eq. (2)
and Eq. (3) respectively. Equations (2) and (3) can be rewritten
as follows:

Ao, =Be_+2B¢, (10)
Ao, =B's, -Bs, (1)
Equations (10) and (11) are applied to the differential operator
B' and 28 respectively, and are added. Since the differential

operators are commutative, &, cancels. The following equation
is applied:

(4B'+2BA')o, =3BB's,, (12)

Similarly, Eqs. (10) and (11) are applied to the differential
operators B' and B respectively, and are subtracted second
equation from first. Since &, cancels out, the following
equation is applied:

AB'—BA' =3BR'e (13)
( Yo 1

Fig. 7 Definition of stress components and strain components

Thus, the relation between oy, and &, and the relation between
o and &, are obtained.

The differential equation that considers the triaxial stress
state is obtained by applying each strain component as a
superposition of @, the radial stress o, and the circumferential
stress opg. Therefore, the equation that considers the triaxial
stress state can be calculated by Eqgs. (12) and (13) as follows:

(4B +2BA) o, +2AAB~BA) o, =3BBe,  (14)
Similarly, &, is calculated by the following equation:
(4B +2BA) &, +(AB'~ BA')(o, +0,,)=3BB's, (15)

The gasket is subjected to radial stress and circumferential
stress by the friction between the gasket and the flange. The
gasket is subjected to stresses oy and =0, Also, the relation
between the radial strain and the circumferential strain is
&=&3=0 by the boundary condition. Equation (15) can be
rewritten as follows:

(24B'+ BA')a,, = (BA'- AB')o, (16)

The creep property of the gasket is obtained by calculating
Egs. (14) and (16) with respect to &,. Strain in thickness
direction &, is calculated using the following equation by the
Laplace transform:

344’
= ﬁ“ |7}
« = 2AB+BA " (

The function of o, and the differential operators must be
defined to obtain #_. The step load, defined as o, can be

wrilten as follows:

g,=a,/s (18)
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The models of the hydrostatic stress component and the
deviator stress component that are defined in Figure 6 are
shown in the relation between stress and strain, respectively.
Stress components o, and o’ are calculated as the following
equation by the Laplace transform:

0.03

e
o
=

o E:_cpcrimmlnl value

———

a S‘(min by volume chang

Gasket strain
o
=

0 ; i
0 100 p0 300 400 500
me h

Fig. 11 Behavior of & and the volume change as functions of time

G, =K-3, (19)

[1+E-- }7; gl (20)

By comparing Eqs. (19) and (20) with Egs. (2) and (3), the
differential operators are obtained as follows:

=

=1 B=3-K

]» (21)
. B !
E

E

[}

ral+L.g B'=p-s

Substituting Eqs. (18) and (21) into Eq. (17), and applying the
inverse Laplace transform to Eq. (17), the creep property of the
gasket that is applied to three-dimensional viscoelasticity
property, which is calculated as follows:

o, 2 =3K @2
= |_1 3K E+2§l{3K{p E)+2p']] )

Also, the radial stress o, and circumferential stress oy are
obtained by the stress in thickness direction when the creep is
evaluated in the three-dimensional viscoclasticity model. o,
and oy are calculated as follows:

. _BA'-4AB' _

" TR 24P +BA ¢ L
A Young's module of the gasket £ after the elevated
temperature test was measured in order to decide the type of
element that constitutes the three-dimensional viscoelasticity
model. The Young's module of the gasket £ was 2940 MPa.
The module of volume elasticity of the gasket K was obtained
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as a Poisson’s ratio 1=0.33. The module of volume elasticity of
the gasket K was 2888 MPa. The coefficient of viscosity u was
adjusted to the time at which the strain of the experimental
result converged. The coefficient of viscosity u was 98.9 GPa-
h. Figure 8 shows the creep property of the gasket &, The creep
property of the gasket & is smaller than the experimental value.
For this reason, it is considered that the gasket strain at elevated
temperatures includes the strain except for viscoelasticity
component.

Figure 9 shows the change of o;, and o in defining o, as
a step load. oy, and gy increases with the time, and eventually
converges on the value that is equivalent 0 o,.

Consideration of the stress reduction of thickness
direction

The gasket stress decreases with the time, as shown Figure
4, Thus, the gasket creep contains not only the pure creep
component but also the combined condition of the
creep/relaxation. Therefore, the gasket strain that considers the
stress reduction in the thickness direction is evaluated by the
three-dimensional viscoelasticity property. The stress reduction
in the thickness direction is calculated by the least squares
approximation, and then by the Laplace transform. The
equation is written as follows:

20.784 7.810
= +

24
= s s+1.831x107° @

Figure 10 shows the o, and oy, that considered the stress
reduction in the thickness direction. The convergence of a;; and
oy is briefly compared with those stresses that the step load
defined a3 o All stresses converge on 20.7 MPa in
approximately 200 hours. It is possible to evaluate o, and oy
in a three-dimensional viscoelasticity model that considers the
stress reduction in the thickness direction,

Equation (24) is substituted into Eq. (17) and the
substituted equation is calculated by the inverse Laplace
transform. Figure 8 shows the strain & that considers the stress
reduction in the thickness direction. & is smaller than &,
because the stress reduction in the thickness direction is
considered. The hydrostatic stress component of the three-
dimensional viscoelasticity model indicates the volume change
due to the elasticity of the gasket. Therefore, the strain due to
the volume change can be obtained when &, is subtracted from
the experimental value. Figure 11 shows the behavior of the
strain due to the volume change. It is estimated that the volume
change is generated by the structural change (e.g. weight loss
[6]) and the chemical factor. Also, it is assumed that the gasket
expands in both the radial and the circumferential direction due
to the gasket stress oy, but it was confirmed that the expansion
of the gasket isn’t caused experimentally.

CONCLUSIONS

The creep properties of non-asbestos gaskets at an elevated
temperature were evaluated by a three-dimensional
viscoelasticity model. The gasket strain that considered the
gasket stress reduction was also evaluated by the three-
dimensional viscoelasticity model. The radial stress and the
circumferential stress increased with the time, and converged to
a value that is equivalent to the stress in the thickness direction
independent of the initial stress state.

When the elevated temperature creep properties of non-
asbestos gaskets are evaluated by the three-dimensional
viscoelasticity model, the gasket strain is divided into the pure
creep component of the gasket and the volume change due to
the weight loss and chemical factor.
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Life Assessment for Non-asbestos Fiber Compressed Joint Sheet Gasket at Elevated Temperature
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Fig. 3 SAT images for contact surface of gasket at
furnace temperature of 180°C.

(b) After 48 hours

(2) After 24 hours
Fig. 4 Emphasized polarity images of voids on
contact surface of gasket.
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Fig. 5 Deuil view of emphasized polarity images
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Table | Results of particle analysis of cluster consisting

of voids.

_— After 24 Afler 48
hours hours
linage aies for snalysi 750%750 = 562500 pixels
mag s 14.0625 mm’
Physical size of a pixel (mm’) 2.5¢10° mm®
Size of maximum Ot - s
cluster (pinel) | Middle - L
Inside 4 56
. Outside 2x10” 11.4x10°
= )
‘:1‘ “m;:::',';’“ Middle | 05x10° | 6.9x10°
Inside 0.1x10” 1.4x10”
Outside 336 4159
Nurrﬂ;:ri ::. cl:mm T 64 2803
¢ Inside ¥ 1804
Total number of | Outsid 1820 28284
pixels of clusters in | Middle 296 17913
image Inside 44 9908
o Outside 0.324 5.03
s “m”in : :;;) Middle 0.0526 3.18
® Inside 0.00782 1.76
3. EEOMEER

E3-SATTHEBLOhEDaA v Fo— FHAY Y FOR
MOERETRT. E3 (0) EHET 24 BIMEAL RS,
() R FHMEBEAL-BETES. BEOERICHLTH
RG22V, #ICHEBNARLNS.

Had (@) BEU (b) (X, FhEh 24 MBARLE 48
HMEARORRBRAIZOVLT, ENEOLEEENMRNES
HRAMERELTRYT. RUMIRIEEORLV BN (WiR)
HHEVLVDR (ZER) ~BFENRETIREaOMNIC
EH5EHEEYT. B4TREADIRVMAME, Ra K,
THOEREDHRIZLDLDERIShD. Ha0ER
MoEEICHRA FAKREL, BMEXITHES FAMMLT
VWS ENHETED. F1-E4 b)) o, Hs FOER
STWFATIE, HA5y FORESNLNBEHEICHE >
TS FOBENBOLTING.

Bs5m@ LU () IX, B40 (a) BEU (b) I=H
LTHR Y Y tOABEHEOBREORXERTHS. Hoa
FRLTHERLISASERBRTIBRFIMAD.

4. REONE

4.1 M—ar—<avEROER

UMY ICEEEAIDERRICEASASL /A0 L—
L3 ERYENZS Y FORABLOFE EBTS.
REOERRICEHIEABETRI BIZpc~042L &
hTWE. Thbs, HASXy FOBRERAEERRD A
—ab—2aVERGETE, BAFRSoHLIZELDSS
gl, RS FOFETIEMONESN a2%I128T 5 Lfla
FARBIZKZLZI75A4%#BRAL, RRlAsBRZHh
b, EBIC, CORBEHAT Y FORMEBIE LM
TED.

4.2 BEORS FORFHM

B BLU 0) SETECEANERERCELT,
BEELESAIHLTIATL, HAFy FOREME
8, HAry FOABENBODRE, HAYY FOSIE
fHEMET S Chom I HiicHLT, s ML EDE
REHRELT, REOES FORFHMET 212,

O = N W A W O

Area fraction of voids (%)

=

24 48 72
Time (hr)

Fig. 6 Variation of area fraction of voids on gasket
surface with heating time.
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Evaluation of Leakage of Gasket for Flanged Joint

under Room Temperature and Elevated Temperature
(J-EHOT Test of Non-asbestos fiber compressed Sheet Gaskets)
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Evaluation of visco-elastic properties of gasket for flange joint at elevated temperature
(Consideration of axial bolt force reduction at room temperature)
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Application of Plastic Region Tightening Bolt to Flange Joint Assembly
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Table | Relation of bolt di and yield tightening axial
force
Bolt diameter Yield tightening axial force
Mlé6 129 kN
Mi2 69.1 kN
MIi0 47.5 kN
M8 29.9kN
I
—F‘\—ff.\_—l'\ Hexa Nut
i Loadcell
: M16 bolt
Bk
$ i Washer plate
! Gasket
247k JPI 20-inch

Fig.1  Flange joint with spiral wound gasket. (20-inch flange)
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Fig.2 Relation between axial bolt force and pass number under
elastic region tightening.
140 ——
120 SWG(t=3.0mm)

5 M16 Bol: (SNB7)
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(1]
5 50
L]
= 6o | 41 W2 --3 =g |
*; *?U +;l _—gl‘
R —11 —14 815 —1I6
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| 2] 22 %23 924 |
0 e U——S — —d
0 180 360 540
Nut angle deg
Fig.3 Relation between axial bolt force and nut angle under plastic
region tightening.
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20
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o

E 60

= 4 SWO{r=3.0mm) |
5 e MI6 Bolt (SNB7)

012345678 9101112131415161718192021222324
Tightening bolt No. (Pass No.3)
Fig4 Scatter of axial bolt force during one pass
(plsdtic region)

Table2 Scatter of axial bolt force

Scatter of axial bolt force
. elastic region +10%
Ainch i region 9%
y elastic region *19%
20 inch plastic region 7%

FHOH—EABE NI, 20-inch 75~ COBAIE, Wit
BEEOE19%I-HL, DRBBETIZLI%E LY BiFE
BB B5h-. XOBISUSEFNABISUOER
BLTHLIRADIES D&Mtk E MANBE LT
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FORMEEMETS. T4bs, 75080 —-F—S3
ApE Y RABLI-HDTHS.

7. BR
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7¥.

(1) M335 5 MI6~NEE L= b #FLVT 20-inch 7
VIR ERARALEECA, MI6HELET
+aERL bhES— B Lht-. X512, Wit
BEMos ML TRRRB TR I ATASOR
HhBEEMNBOAL. BEREECLY, BHHAR
O ERT.

(2) 20-inch 25 COBENERL FRIDIIL D& (L
MERHEOE19%IH LT, DERBETIELI%E
BYBRREY—EABSAT

M
EMRERGTO-H-YTEREBYELI-ERAS
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() #8 A, i #H—  BXHHBPSHRINK, 74—
742(2008), pp. 909.
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Finite Element Simulation of Bolt Tightening in Plastic Region

on Stud Bolt used for Pipe Flange Connections
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Bak Elongation, mm
Fig.3 Relationship between axial bolt force and bolt
clongation in uniaxial tensile test and bolt tightening test.
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Fig.4 Relationship between torque and bolt
elongation in bolt tightening test.
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Fig.5 Caleulated equivalent plastic strain at A in bolt tightening.
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Fig.6 Calculated equivalent plastic strain at B in bolt tightening.
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Extension of Scope Application of Flange Joint Assembly Guidelines
— Application to Expanded PTFE Gasket—
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v FEHBRT S Z EFRMLTVWS. (EBEEM PTFE YA » b, WEHREM PTFE A »
FERWT 75 » PHEF ORI RBEZT iR, A4 M hoRREE LUS—, 75~
FEY o 7O —tENG, MATELANTCE S, AL, MEEEMPTFE A 24 + M, 12
FEMLL RS & IZ D 2T, V5 2 ¥ —avic ka0 FHET £ 8T 208N H 5.
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MR A RS, 300 MR A PRI I E DA LD
Fayr—rizkofiiah, OTAMNMERETLTPC IR
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MEmvs, BT A2 LoFIcEd FAZERICENITS.

BEVIE ST X BN 24 2 FEE 30 MPa 26 RIH
L., 35kN, #fHiT b2 267 Nm TH5.

PRy A3, | HERTZEIC/FARRLY 4
FIMETD. BBV A v MIMEREMPIFE N X7 v |k,
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HAr o FOEETT.

Torque wranch

Steel gas pipe Torque attachment

JPI Ginch flange Shell arm
Sensor interface

Fig.1 Test equipment of 6 inch flange

Table | Bolt tighting for pressure boundary flanged joint
assembly (JIS B 2251)

Step Loading

Hand tighten all bolts, then tighten 4 or § equally spaced bolts
with gradually increased tightening torque to 100% of target
torgue on 8 patt ightening seq Check flange
gup around e for uniformity.

Tighten all balts with tightening torque to 100% target torque
Ti ; on a ional clockwise pattem for specified iterations (6
passes for 10 inch and greater flange, 4 passes for athers)

Poat- If neceasary, wail a minimum of 4 hours and tighten by the
Tightenng | previous step , but | or 2 passes

*Target torque: Target value is increased by 10%.
Table 2 Properties of gasket materials

Specific | Compressibility | Percentage of creep
Gt material gavity | (NS R 34s3) relaxation
High-density P TFE sheet W % “%
(£ =15 mm)
Low-density ePTFE sheet 062 56.8% A%
fiber sheet 9%
(r=1.5 mm) 1.9 (43 MPy) 0%

A



