type flange specified in the Japan Petroleum Industry (JPI)
standard. The test bolt (stud) has a nominal diameter of M8
with nuts (bolt material: SNB7, nut material: S45C). The outputs
of load cells for the bolt axial force is detected with a strain
amplifier and a digital multimeter controlled by a PC. The
lubricant used in the test is a dry coating spray of MoS,
(molybdenum disulfide).

Table 1 shows the tightening procedure of the flange joint.
The tightening test procedure follows the modified HPIS
procedure [5], which employs a rotational clockwise pattern
tightening sequence, to achieve the assembly efficiency and
joint reliability. The angle control method is used for tightening
instead of the torque control method. The test gasket is a
compressed sheet gasket made of a non-asbestos material (No.
6500, Nippon Valqua Co.). During installation (Install step), the
bolts are hand tightened and are later tightened by a cross-
pattern tightening sequence with a snug torque corresponding
to 7 kN of bolt axial force. The bolts are then tightened in a
rotational clockwise pattern sequence, and the nut rotational
angle is 60° for each pass. Since the tightening force is 49 kN
when the bolt completely reaches the plastic region by the
preliminary test, the target value of the nut rotational angle is
set to 300° , which corresponds to five passes.

Figure 5 shows the results of the tightening test of the
flange joint. The bolt axial force increases in proportion to the
pass number from pass No. 1 to pass No. 2. The rate of the bolt
clongation increment changes when the bolts reach the plastic
region. In pass No. 3, the bolt axial force becomes 25 kN and
reaches the yield point. In pass No. 5, all bolts reach the plastic
region. The average value of the final axial force of all bolts is
28 kN, which is near the target bolt axial force of 30 kN. The
scatter of the axial force is 10% or less after the tightening
process was completed. The uniformity of the bolt axial forces
obtained by the test is equivalent or superior to that of elastic
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—4 111U
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Fig.4 Pipe flanged joint with joint seat gasket
subjected to internal pressure.

region tightening. Compared with the data of the HPIS
procedure for elastic region tightening, a favorable result was
obtained [5].

Figure 6 shows the elastic interaction in the tightening
processes. Figure 6(a) shows the variation of the bolt axial
foree in the pass of the elastic region, and Fig. 6(b) shows the
variation of the bolt axial force in the pass ofthe plastic region.
When two adjoined bolts have been arranged relatively closely,
the influence of the elastic interaction on the scatter of the bolt
axial force is significant. The influence of the elastic interaction
appears in the elastic region under plastic region tightening by
the angle control method. When the bolts reach the plastic
region, the tightening of one bolt does not influence the axial
force of the neighboring bolts. The increase in axial force is
very small in the plastic region, so that the influence of the
elastic interaction is also small, which is advantageous with
respect to the uniformity of the bolt axial force.

Since higher bolt axial force was obtained under plastic
region tightening, as compared with elastic region tightening,
the M8 bolt downsized from the M16 bolt was used in the

—+— Bolt No. | -*— Bolt No.2 -+ Bolt No.3 -+~ Bolt No.4
~== Bolt No.5 —*— Boli No.6 = Bolt No.7 — Bolt No.8

0 1 2 3 4 5
Pass No.

Fig.5 Result of flange tightening test using M8 bolt.

Table 1 Tightening procedure of the flange joint
Step Loading
Hand tighten all bolts, then tighten
4 or 8 equally spaced bolts with
gradually increased tightening
Install torque to 100% of target torque on
a cross-pattern tightening sequence.
Check flange gap around
circumference for uniformity.

Tighten all bolts with tightening
torque to 100% of target torque on
a rotational clockwise pattern for
specified pass number. (6 paasses
for 10 inch and greater flange, 4
passes for others).

Tightening

If necessary, wait a minimum of
four hours and tighten by the
previous step, but 1 or 2 passes.

Post

tightening




present study. As a result, the target bolt axial force for the
combination of the test flange and the gasket was obtained.
Assuming that the number of bolts and the strength class of
the bolts are constant, equal tightening force can be achieved
by using M8 bolts (stress area: AS = 36.6 mm?). Application of
plastic region tightening to the flange joint may downsize the
bolts and the flange due to higher tightening forces and their
uniformity.

BEHAVIOR OF AN ADDITIONAL BOLT AXIAL FORCE
ON A FLANGE JOINT SUBJECTED TO INTERNAL
PRESSURE

The integrity of the flange joint subjected to internal
pressure must be ensured when designing the flange joint
under plastic region tightening. Thus, the behavior of the
additional bolt axial force of the flange joint subjected to the
internal pressure is demonstrated, as compared with the
behavior of the additional bolt axial force under elastic region
tightening.
TEST METHOD AND TEST CONDITIONS

The test flange is the 4-inch class 150 Ib (material: SFVC2A),
raised-face slip-on welding neck type flange specified in the
JPI standard. The test gaskets are a non-asbestos compressed
sheet gasket and a spiral wound gasket. The test bolt (stud)
has a nominal diameter of M8 with nuts (bolt material: SNB7,
nut material: $45C). An internal pressure of from | MPa to 5
MPa is applied by a hydraulic pump to the flange joint under
plastic region tightening.

BEHAVIOR OF THE ADDITIONAL BOLT AXIAL FORCE
ON THE F JOINT R ELASTIC RE
TIGHTENING

Figure 7 shows the behavior of the bolt axial force of the
flange joint under elastic region tightening subjected to internal
pressure (using the compressed sheet gasket). The test bolt is
an M16 bolt, and the target bolt axial force is 30 kN. The bolt
axial force decreases slightly with increasing internal pressure
applied to the flange joint. The load factor calculated from the
experimental data is @, = -0.029. The load factor calculated
based on the load factor method proposed by Nagata et al.[6]
is @, _=-0.033. Comparison of the calculated value with the
original experimental data shows good agreement.

Figure 8 shows the behavior of the bolt axial force of the
flange joint under elastic region tightening subjected to internal
pressure (using the spiral wound gasket). The bolt axial force
increases slightly with the internal pressure. The load factor
calculated by the experimental datais 2@ ,=0.019. Even though
the bolts are tightened to equal axial force for the compressed
sheet gasket and the spiral wound gasket, the load factor varies.
Since the elastic modulus of the gasket is different, variation in
the load factor may occur. In addition, it is believed that the
shift of the rotation center position of the gasket causes the
variation of the load factor. However, there is hysteresis of the
bolt axial force between loading and unloading of the internal

Axial force kN

Axial force kN

KN

Axial force

Axial bolt force kN

=+ Bolt 4
—Bolt8

=& Bolt 2
== Boll 6

Bolt 3
= Bolt 7

Bolt No.
() Elastic region.

—

Bolt No.
(b) Plastic region.
Fig.6 Elastic interaction.
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Fig.7 Behavior of bolt axial force in the 4 inch flange
subjected to internal pressure under elastic region.
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Fig.8 Behavior of bolt axial force in the 4 inch flange
subjected to internal pressure under elastic region.
( using spiral wound gasket)



pressure, the bolt axial force returns to original value when the

internal pressure unloads.
BEHAVIOR OF THE ADDITIONAL BOLT AXIAL FORCE

ON THE FLANGE JOINT UNDER PLASTIC REGION
TIGHTENING
Figure 9 shows the behavior of the bolt axial force of the

flange joint under plastic region tightening subjected to internal
pressure (using the compressed sheet gasket). The test bolt is
the M8 bolt, and the target bolt axial force is 30 kN. The bolt
axial force decreases with increasing internal pressure applied
to the flange joint. The load factor calculated by the experimental
datais @ =-0.026. Comparison of the elastic region tightening
by the M16 bolt with the plastic region tightening by the M8
bolt indicates good agreement in the case of the compressed

sheet gasket.

Figure 10 shows the behavior of the bolt axial force in the
flange joint under plastic region tightening subjected to internal
pressure (using the spiral wound gasket). When internal
pressure is applied to the flange joint, the bolt axial force
decreases slightly. The load factor calculated by the
experimental data is ¢ =-0.005.

LOAD FACTOR COMPARISON

Table 2 shows the comparison of the load factor for all test
conditions. Since the compliance of the M8 bolt is greater than
the quadruple compliance of the M16 bolt, the load factor (in
the case of the M8 bolt) is smaller, which is advantageous with
respect to the downsizing and the strength of the bolt. In
addition, the compliance of the load cell and the sleeve attached
to the bolt decreases the load factor.

Experimental values correspond with calculated values for
the compressed sheet gasket; however, they differ for the spiral
wound gasket. Since the elastic modulus of unloading of the
spiral wound gasket changes rapidly, it is difficult to estimate
the effect of the elastic modulus accurately.

ALLOWABLE LIMIT OF THE ADDITIONAL BOLT AXIAL

FORCE
When the external force is applied to the bolted joint under

plastic region tightening, the allowable limit of the additional
bolt axial force is approximately 10% of the yield axial force, In
the present experiment, the additional bolt axial force is negative
and has a sufficient margin for the allowable limit of the bolt
tightened to the plastic region. Unloading of the internal
pressure, the bolt axial force returns to original value before
the internal pressure loading. Additional plastic elongation is
not generated by the internal pressure.

CONCLUSIONS
Plastic region tightening was applied to the flange joint
assembly using a downsized bolt and internal pressure applied
to the flange joint. The following results were obtained.
(1) The required bolt diameter was calculated by the
equation used to estimate the yield tightening force

Axial force kN

Axial force kN

of the bolt. The required tightening force of 32 kN is
satisfied by applying the M8 bolt to a JPI 4-inch flange
joint for which the M16 bolt is specified in the JPI
standard.

(2) When plastic region tightening was applied to the 4-
inch flange joint, sufficient bolt axial force and good
uniformity were obtained. Downsizing ofthe bolt can
be achieved by plastic region tightening.

(3) The behavior of the additional bolt axial force of the
flange joint under plastic region tightening subjected
to internal pressure was demonstrated. The load factor
were @, = -0.026 with the compressed sheet gasket
and &, = -0.005 with the spiral wound gasket. Both
of the load factors are very small.

(4) Thereis sufficient margin for the allowable limit of the
additional axial force of the bolt tightened to the plastic
region. Additional plastic elongation of the bolt caused
by the internal pressure was not observed.

29
28.
28.
28.
28.

2 @ ,=0.026
-7}

27.6
0 1 3 3 4 5
Internal pressure MPa
Fig.9 Behavior of bolt axial force in the 4 inch flange
subjected to internal pressure under plastic region.
( using compressed sheet gasket)
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—=— [Inloading

28.8
28.6
28.4
28.2 {
28.
27.8
27.6
274
0

—+— Loading
—&— Unloading

@, =-0.005

1 2 3 4 5
Internal pressure MPa

Fig.10 Behavior of bolt axial force in the 4 inch flange
subjected to internal pressure under plastic region.
( using spiral wound gasket)

Table 2 Comparison of load factor between experiment
and load factor method (LFM).

Bolt size | Tightening Load factor
. LFM | Experiment
Elastic
Mi16 region -0.06 -0.03
Plastic
Mo Plastic | o025 | -0026
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Table 1 Torque inc proposed by HPIS Z103 TR
Step Loading
Hand tighten all bolts, then tighten 4 or 8 equally spaced
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of targel torque on a cross-patiern lightening s:qum
Check flange gap around circumf for y
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Tightening | by the previous step , but I or 2 passes.
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Evaluation of Leakage of Gasket for Flanged Joint
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