- di
k

A=) a,— (4)
2
n di
B=2) b — (5)
‘Z.o id‘l’

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

o, =—0 (6)

(N

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

g = -'3-(;:,, +2¢,) ®)

£l = %(gu -£,) 9

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, =Bs_+2Bs, (10)
A'o_=RB¢&_-Bs, (11)
Equations (10) and (11) are applied to the differential operator
B' and 2B respectively, and are added. Since the differential

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

(4B'+2BA')s,. =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:

(4B'=BA')o,. =3BB's,, (13)

Fig. 7 Definition of stress components and strain components

Thus, the relation between o, and &, and the relation between

o, and &, are obtained.

The differential equation that considers the triaxial stress
stale is obtained by applying each strain component as a
superposition of gy, 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) 0, =3BBe,  (14)
Similarly, &, is calculated by the following equation:
(4B'+2BA) o, +(AB'~BA ), +04)=3BB'E,, (19)

The gasket is subjected to radial stress and circumferential
stress by the friction between the gasket and the flange. The
gasket is subjected 1o stresses o, and o =0opy. Also, the relation
between the radial strain and the circumferential strain is
£~&5=0 by the boundary condition. Equation (15) can be
rewritten as follows:

(24B'+ BA')o,, = (BA'— AB")o, (16)

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

344
e — s 4°4 (l?
fa =AB+BA * )

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

written as follows:

T =o"/s (18)

m
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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 oy, and o’ are calculated as the following
equation by the Laplace transform:

0.03

=
=

© Experimental value

L

O Strain by volume chan,

S
=

Gasket strain

0 100 1260 300 400 500
ime h
Fig. 11 Behavior of s;ami the volume change as functions of time

&, =K-35, (19)

(n%-s]a;,ﬁy-s-e; (20)

By comparing Eqgs. (19) and (20) with Egs. (2) and (3), the
differential operators are obtained as follows:
} (21

Substituting Egs. (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 viscoclasticity
property, which is calculated as follows:

-0, 2 _3K
s | T (22)
K" [' 3x5+2"’{3x(p E)+z,u']]

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 viscoelasticity model. o,
and o, are calculated as follows:

A=1 B=3-K

3'=l+%As B'=pu-s

= BA'-AB' _
O =04 =—m———— 23
"= =B +BA " =)

A Young’s module of the gasket E after the clevated
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 E was 2940 MPa.
The module of volume elasticity of the gasket K was obtained

Copyright © 2008 by ASME



as a Poisson’s ratio +=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 4 was 98.9 GPa*
h. Figure 8 shows the creep property of the gaskel g. 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 oy in defining o, as
a step load. o, and oyg increases with the time, and eventually
converges on the value that is equivalent to 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:

_ 20784 7.810
o=

4 24
= s s+1.831x107 9

Figure 10 shows the o;, and oy, that considered the stress
reduction in the thickness direction. The convergence of &;; and
owg 15 briefly compared with those stresses that the step load
defined as o, All stresses converge on 20,7 MPa in
approximately 200 hours. It is possible to evaluate &, and s
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 § 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 gy, but it was confirmed that the expansion
of the gasket isn't caused experimentally.

CONCLUSIONS

The creep properties of non-asbestos gaskels 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 10
the weight loss and chemical factor.
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Fig.2 Test Flange joint.

Fig. 1 Test specimen.
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Application of Plastic Region Tightening Bolt to Flange Joint Assembly
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Fig.3 Relationship between axial bolt force and bolt
elongation in uniaxial tensile test and bolt tightening test.
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Extension of Scope Application of Flange Joint Assembly Guidelines
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Fig.1 Test equipment of 6 inch flange

Table 1 Bolt tighting for p 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 Larget

Install torque on patt q Check flange
gap around cucumfs for uniformity.
Tighten all bolts with tightening torque to 100% target torque
Tightenng | on a ional clockwise pattem for specified ierations (6

passes for 10 inch and greater flange, 4 passes for others)

Post- If necessary, wait & 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
S gravity (JIS R 3453) relaxation
: hy Pt L7 % BE Y%
(=15 mm)
Low-density 'TFE sheet 0.62 568% 5%
Compressed fiber sheet %
Cret Swen) 1% | s 0%




Table 3 Result of flange tightening test
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Fiasge Sapisement (ma) 1] al
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Fig.3 Relaxation of axial bolt force after tightening pass
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Fig.4 Relaxation of axial bolt force after Post-tightening pass
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Application of Plastic Region Tightening Bolt to Flange Joint Assembly
— Case of Large Nominal Diameter Flange —
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Fig.3 Behavior of axial bokt free subjected to nternal pressure.
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