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ABSTRACT

Bolt tightening guidelines HPIS Z 103 TR for flange joint
assemblies have been developed to provide a simple and
effective procedure to tighten flange joint bolts.  This
assembly procedure is applicable to compressed fiber sheet
gaskets and spiral wound gaskets, but is not applicable to
expanded PTFE (ePTFE) sheet gaskets for the reason that the
¢PTFE material has lower modulus of elasticity and higher
creep/relaxation rate.  In this study, expansion of the
application scope of HPIS Z103 TR to ¢PTFE sheet gaskets is
investigated. Tightening tests are conducted using flange joint
specimens of JP1 4 inch and 6 inch, and all bolt forces and
flange gaps are measured at each tightening step to check for
uneven tightening. Uniformity of the bolt forces and flange
gaps are comparable to those obtained by other types of gaskets
or by tightening procedure ASME PCC-1. The influences of
gasket relaxation and elastic interaction on the bolt forces are
also demonstrated. As a result, flange joint assembly
guidelines HPIS Z 103 TR can be considered applicable to the
high-density ePTFE sheet gasket, although a post-tightening
step of 1 or 2 passes is necessary lo compensate for the bolt
force reduction induced by gasket relaxation.

INTRODUCTION

In the assembly of a bolted flange joint with a gasket,
uniform bolt force and precise flange alignment are important
to achieve uniform distributions of gasket stress as well as leak-
free service of the joint. Bolt tightening guidelines HPIS Z
103 TR for the flange joint assemblies have been scientifically
developed to provide a simple and effective procedure to
tighten flange joint bolts [1]. In the HPIS procedure, bolts are
tightened in a clockwise sequence and the tightening torque is
100% of the target torque in all passes or steps subsequent to
the install step, The HPIS procedure also meets the
requircment of practical assembly to reduce the assembly cost
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and avoid human error.  With respect to the uniformity of the
bolt forces and the flange alignment, it has been shown that
HPIS is comparable to ASME PCC-1 [2], whereas the total
number of passes/steps and time required can be reduced when
using the HPIS procedure [3]. Thus, the proposal of JIS
standardization (Japanese Industrial Standard, JIS B 2251) for
the HPIS guidelines is now being discussed.

The HPIS procedure is applicable to compressed fiber
sheet gaskets and spiral wound gaskets, but has not been
considered applicable to expanded PTFE (ePTFE) sheet
gaskets for the reason that the ePTFE material has a higher
compressibility and creep/relaxation rate.

In this study, expansion of the application scope of HPIS
Z103 TR to ePTFE sheet pgaskets is investigated
experimentally. To account for the higher creep/relaxation rate
of the ePTFE gasket material, post-tightening characteristics
are examined by a flange tightening test. As a result, an
improved rule for the post-tightening step is proposed, and
good uniformity of the bolt forces and flange alignment are
achieved.

OVERVIEW OF HPIS Z103 TR GUIDELINES

Table 1 shows the tightening procedure given by the HPIS
Z103 TR guidelines. The bolts are tightened to 100% of the
target torque in all steps to decrease the total number of passes
and to set an upper limit of tightening operation iterations. In
the install step, 4 or 8 bolts are tightened with the aim of
snugging and tentative tightening on a cross-pattern sequence
to prevent flange misalignment. In the tightening step and
post-tightening step, tightening in a clockwise sequence is
employed with the aim of a simple procedure to avoid human
error.  The tightening step requires 4 or 6 passes with a
tightening torque that is 100% of the target torque. Post-
tightening may be conducted to compensate for the reduction in
the bolt force  resulting from the stress relaxation of the
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Table | Tightening method according to HPIS Z 103 TR.

Table 2 Tightemng method according to PCC-1.

Step Loading Step Loading
- Install | Hand tighten, then * " to 15 Nm to 30 N-m (not
Hand tighten all bolts, then tighten 4 or 8 equally o i g e J
! s 2 : 0 ¢ arget Torque) on a cross-pattern
spaced bolts with gradually increased tightening tightening sequence. Check flange gap around
Install torgue to 100% of target torque on a cross-pattern circumference for uniformity.
ol Py . Check fl 9 -
cirnmfnu::;qfwmlfumﬁly. e Round 1 | Tighten to 20% to 30% of Target Torque on a cross-
x S = pattern tightening sequence.
B menmmw;wnﬁmmmm&m; Round 2 | Tighten to 50% to 70% of Target Torque on a cross-
Tightening | o cified iterstions (6 passes for 10 inch and pattern tightening sequence.
greater flange, 4 passes for others). Round 3 | Tighten to 100% of Target Torque on a cross-pattern
tightening sequence.
Post- If mecessary, wait a minimum of 4 hours and Round 4 | Continue tightening the bolts, but on a rotational
Tightening tighten by the previous step , but | or 2 passes. clockwise pattern until no further nut rotation occurs at
the Round 3 Target Torque value.
*Target torque: Target value is increased by 10%. Round 5 | Time permitting, wait a minimum of 4 hr and repeat
Round 4; this will restore the short-term creep relaxation/
gasket. Aging for a minimum of 4 hours is specified before embedment losses.

the post-tightening step. Based on finite element analysis
(FEA) simulations of the flange tightening process, the criteria
for setting the upper limits of the tightening iterations is  85%
of the target bolt force [4]). This might cause insufficient bolt
force, so the target value of the tightening torque is increased
by 10% in the HPIS guidelines. The HPIS guidelines are
applicable to compressed fiber sheet gaskets and spiral wound
gaskets, but are not applicable to other types of soft gaskets,
metallic gaskets, or semi-metallic gaskets,

Figure 1 shows an example of a flange joint assembly test
according to the HPIS guidelines. The test flange was an NPS
20, class 300 Ib, raised face slip-on welding type flange
specified in JPI (material: A105). The test bolts (studs) were
1%~8 UNC with nuts (bolt material: A193 Gr. B7, nut material:
Al94 Gr. 2H). The test gasket was a compressed asbestos
fiber sheet gasket (thickness 3mm). The lubricant used in the
test was a dry coating type spray of MoS; (molybdenum
disulfide). The effects of the elastic interaction were reduced
by the clockwise sequence tightening so that the scatter range

-©-: No.l
-@-: No.2
-@-: No3
-@-: Nod
~f-: No.§
-&-: No.6
—d: No.7
~d+: No.8
43 No9
--: No.10
- No.11

Pass number

Table 3 Total number of passes and scatter of bolt force.

Spiral wound gasket C"'“"’“:;‘kft"“”“"
Total sfr‘“ Total Sﬁ:‘r‘“
i bolt force e bolt force
NPS | HPIS 7 +10% 6 +13%
4in. | pcC-1 16 +6% 9 +12%
NPs | HPIS 9 +19% ] +20%
6in. | PCC-1 1 +20% 1 +19%

*Install step corresponds to 1 pass.

of the bolt force was small; therefore, the bolt force became
uniform with a small number of tightening passes. The final

~-:No.13
-%7-: No.14
--: No.l15
-w-:Nol6
“©-:Nol?
«©-: No,18
-4~ No.19
-4-: No.20
8- No.2l
-8 No22
—=:No.23

Fig. 1 Variations of bolt force of 20-inch flange

tightened by HPIS Z103 TR procedure.

scatter range of the bolt force was £20%. The total
number of passes was 8, including the two passes of
post- tightening; however, the post-tightening step
was not needed in this case of compressed fiber sheet
gaskets.

Table 2 shows the tightening procedure given by
ASME PCC-1-2000 [2]. Bolts are tightened by the
cross-pattern  sequence and the tightening torque
increases for several steps (Round 1 to Round 3). In
Round 4 and Round 5, tightening in the clockwise
sequence is applied, and the tightening operations are
repeated until no further nut rotation occurs, Aging
for a minimum of four hours is needed between
Round 4 and Round 5, which compensates for the
decrease of bolt tension by stress relaxation of the
gasket. The above mentioned procedure is needed to
prevent flange misalignment and to achieve uniform
bolt preloads. However, this tightening method has
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Table 4 Properties of gasket materials.

e rcentage of
Gasket Specific | Compressibility ctI::eF rg]ax:l?ol'l
material gravity | (JIS R 3453) (ASTM F38-00)
High-density
ePTFE sheet L7 23 % 66 %
( £=1.5 mm)
Low-density
ePTFEshest | 062 56.8 % 35%
Compressed 99
fiber sheet | 1.98 31.0%
i (34.3 MPa)
Torque wrench
Steel gas pipe Torque attachment

Shell arm
JPI G-inch flange
Sensor interface
Bolt

Gasket

Hexagon nut

Fig. 2 Test equipment of 6-inch flange joint.

several disadvantages, such as the increase in tightening hours,
cost, and the possibility of human error.

Table 3 lists the flange tightening test results for the total
number of passes and the scatter of the bolt force, and thus
provides a comparison of the HPIS and PCC-1 (PCC-1-2000)
procedures.  The HPIS procedure achieves comparable
uniformity in the bolt force; in addition, the total number of
passes required is significantly reduced.

FLANGE TIGHTENING TEST WITH EPTFE SHEET
GASKET

Ti

The test gaskets are high-density expanded PTFE (¢PTFE)
sheet gaskets (i.e., a high-density version of ePTFE at
approximately 1.7 gfcc). Table 4 shows the material
properties for the high-density ePTFE sheet, low-density
ePTFE sheet, and compressed fiber sheet gasket. The test

] JPI 8 inch flange, Class 300
' Expanded PTFE aheet gasket
ASME PCC-1

Axinl bolt force

40
A
- 35 JP1 6 inch flange, Class 300
Expanded PTFE aheet gasket
30 HPIS procedure —
a5
&
5 20
E <+No.l =+ No2
E15 ~+No3 - Nod
3. “Nob -=Noéb
10 -~ No.7 —Nos8
—Na.9 -+No.l0
5 =-No.ll - No.12
(4]
0 1 2 K] 4 ] 6
Pass No.

Fig. 3 HPIS Z103 TR result of tightening test for 6-inch
flange with ePTFE sheet gasket (aging time after
tightening step: 4 hours),

e &
@n o

R B8

-
-a o

Fig. 4 PCC-1 result of tightening test for 6-inch
flange with ePTFE sheet gasket.

gaskets dimensions are a thickness of 3 mm and either NPS 4
or NPS 6, both of which are ASME/ANSI Class 300 Group 1.
Gasket constants used in the flange calculations are m = 2.5 and
v=19.6 MPa.

Test Fi

Test flange joint specimens of NPS 4 and NPS 6 were
prepared. Figure 2 shows the setup of the tightening test for a
6-inch bolted flange joint with gasket. Test flanges are NPS 4
or NPS 6, class 300 Ib (material: A105), raised face slip-on
welding type flanges specified in JPI (Japan Petroleum
Industry). Test bolts (studs) have a nominal diameter of M20
with nuts (bolt material: A193 Gr. B7, nut material: A194 Gr.
2H).
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Fig. 5 Flange gap obtained by tightening test of
6-inch flange with ePTFE sheet gasket.

Fig. 6 Expanded PTFE sheet gasket of NPS 4 after
tightening test according to HPIS procedure,

The bolt force is controlled by a torque control method in
which the tightening torque is controlled by a manual torque
wrench.  The axial bolt force of each bolt is measured using a
strain gauge embedded in a drilled hole of the bolt. The
measurement data are recorded by a PC through a digital multi-
meter. The flange displacement is measured by a vernier
caliper as the flange gaps at 4 points of the outer perimeter of
the flange. To clarify the influence of gasket relaxation, the
bolt force of all bolts is measured every 5 min for 4 hours afier
the tightening step and every 5 min for 4 hours after the post-
tightening step.

Test Conditions

The target bolt forces are 33.2 kN for the 4-inch flange and
35.5 kN for the 6-inch flange; these forces were determined
based on the gasket stress 30 MPa. The lubricant used in the
test is a dry coating type spray of MoS,.

Table 5 Total number of passes and scatter of
bolt force for ePTFE sheet gasket.

ePTFE sheet gasket
Total Scatter
of
i I bolt preload
NPS HPIS T 3~ *18%
4in. PCC-1 13 +3%
NPS HPIS = 7 +5~+ 10%
6 in. PCC-1 10 t15%

*Install step corresponds to 1 pass.

APPLICABILITY OF HPIS GUIDELINES TO EPTFE
GASKET

Figure 3 shows the HPIS Z 103 result of the tightening test
of the 6-inch flange. Pass 0 is the “Install step,” passes | — 4
are the “Tightening step,” and passes 5 and 6 are the “Post-
tightening step.” In pass 1, there is relatively large dispersion
in the bolt force caused by the elastic interaction between
adjacent bolts; this result is generally observed under the cross-
pattern tightening sequence. The influence of the elastic
interaction on the bolt force is reduced by the clockwise
tightening sequence; therefore, the bolt force becomes uniform
in a relatively small number of tightening passes. After pass
6, the average bolt force compared to the target is 92%, and the
dispersion of the bolt force is £5%.

Figure 4 shows the PCC-1 results of the tightening tests of
the 6-inch flange by the tightening methods. In the PCC-1
method, the 12 bolts divide into 3 groups of bolt forces from
Round 1 to Round 3. This phenomenon is caused by the elastic
interaction between adjacent bolts due to the cross-pattern
tightening sequence, In the HPIS method, since the effects of
the elastic interaction on the bolt force is small, a uniform bolt
force may be achieved in a reduced number of tightening
passes in both the 6-inch flange with 12 bolts as well as the 4-
inch flange with 8 bolts.

Figure 5 shows the relationship between the number of
tightening passes and the flange displacement in the 6-inch
flange tightening test. The flange displacement is distributed
in a significantly small range, such as 0.2 mm after pass 4 and
0.1 mm after pass 6. Generally, with uneven tightening of the
flange in the clockwise tightening sequence, there is a concern
that the compression strain of the gasket becomes large around
the starting point of the bolt tightening sequence; this
phenomenon reflects the non-uniformity of the flange
displacement. However, uneven tightening is not observed
here. In addition, the ePTFE sheet gasket shown in Fig. 6
indicates neither uneven tightening nor mechanical failures,
such as wrinkles, flaws, or extrusions.
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Fig. 7 Relaxation of axial bolt force after tightening step of 6-

inch flange with ePTFE sheet gasket (aging time after
tightening step: 4 hours).
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Expanded PTFE sheet gasket - En.; T ﬂu.llio
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Time hour

Fig. 8 Relaxation of axial bolt force after post-tightening step
of 6-inch flange with ePTFE sheect gasket (aging time
after tightening step: 4 hours).

Table 5 shows the total number of passes and the scatter of
the bolt force obtained by the flange tightening test with the
ePTFE sheet gasket. The total number of passes, including
the install step and the post-tightening step, and the scatter of
the bolt force, are measured after the post-tightening step. In
comparison with the PCC-1 procedure, the HPIS procedure
achieves comparable uniformity in the bolt force, and the total
passes required are significantly reduced. These characteristics
are the same for other types of gaskets, such as the compressed
fiber sheet and the spiral wound gasket.

The results with the two sizes of flanges demonstrate that
an accurate and uniform bolt force is achieved and uneven
tightening does not occur; therefore, the HPIS guidelines can
be considered applicable to the ePTFE sheet gasket.

cw 56 8K B & &

b ~—No.l - No.2
B --No.3 —~ No.4
. «-No.5 - No.6
3 IP1 6 inch flangs T No7 —ﬁz.a
Expanded PTFE gasket - No9 —-No.10
HPIS ~No.11 - No.12

0 4 8 12 16 20 24

Time hour
Fig. 9 Relaxation of axial bolt force after Tightening
step of 6-inch flange with ePTFE sheet gasket
(aging time afier tightening step: 24 hours),

After Post-Tightening

5355::‘22__‘?:‘_.:.’ —_— —

&
20 F <No.l = No.2
¥ 15 <+ No.3 - Nod
E = Nos -~ No.6
10 | JP16 mch Mange ~—No.7 —No.B
& Expanded PTFE gasket No% —No.10
HPIS = No.11 - No.12
0t . " 1 LR
0 4 B 12 16 20 24
Time hour

Fig. 10 Relaxation of axial bolt force after post-tightening
step of 6-inch flange with ePTFE sheet gasket
(aging time after tightening step: 24 hours).

CONSIDERATION OF POST-TIGHTENING

Time-dependent Behavior of the Bolt Force

The HPIS procedure specifies a post-tightening step of | or
2 passes to compensate for the reduction in the bolt force
resulting from stress relaxation of the gasket. The aging time
between the tightening step and the post-tightening step is 4
hours or more.

Figure 7 shows the relaxation behavior of the bolt force
during the 4 hours after the tightening step, and Fig. 8 shows
the relaxation behavior during the 4 hours afler the post-
tightening step. The reduction of bolt force over 4 hours is
12% after the tightening step (Fig. 7), and 7% afier the post-
tightening step (Fig. 8). By applying the post-tightening step,
the influence of gasket relaxation on the bolt force is decreased.
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Fig. 12 Relaxation of axial bolt force after post-tightening
siep of 6-inch flange with ePTFE gasket (aging
time after tightening step: 24 hours).

The post-tightening step is necessary to apply the HPIS
guidelines to the ePTFE sheet gasket due to its higher
creep/relaxation rate, The number of passes needed for post-
tightening is 1, because the bolt force of pass 6 is equivalent to
that of pass 7, as shown in Figs. 4 and 5.

Influence of Aging Time before Post-tightening Step

on Re

By increasing the aging time from 4 hours to 24 hours, the
influence of aging time on relaxation behavior of the bolt force
is examined. Figure 9 shows the time-dependent behavior of
the bolt force over 24 hours after the tightening step, and Fig.
10 shows the behavior after the post-tightening step. These
figures represent the HPIS procedure. The Scatter of the bolt
force shown in Figs. 9 and 10 are greater than that shown in
Figs. of 7 and 8 obtained by the same tightening conditions;

however, this difference is considered a normal variation
resulting from the variation of friction coefficients of contact
surfaces of the bolt and nut.

The relaxation rate of the bolt force is relatively high over
4 hours after the tightening step, as shown in Fig. 9.  Afier 12
hours, the relaxation rate is significantly lowered so that the
bolt force reduction is negligible. The reduction of the bolt
force over 24 hours is 20% after the tightening step (Fig. 9),
and 8% after the post-tightening step (Fig. 10). By increasing
the aging time to 24 hours, the influence of gasket relaxation on
the bolt force is reduced. Consequently, it is recommended
that post-tightening is conducted after a minimum aging time of
12 hours.

Figure 11 shows the semi-log plot for the time-dependent
behavior of the average bolt force over 24 hours after the
tightening step, and Fig. 12 shows the behavior after the post-
tightening step. Since the semi-log plot yields straight lines,
the bolt force reduction is expressed by an exponential
function. The straight line after the post-tightening step has a
smaller slope than that after the tightening step; therefore, the
post-tightening step is effective against gasket relaxation and
the subsequent reduction of bolt force.

ESTIMATION OF RELAXATION BEHAVIOR OF BOLT
FORCE BY VISCOELASTICITY MODEL OF THE
FLANGE JOINT

A viscoelasticity model is applied to the flange joint
consisting of the gasket, bolts and flanges. The three-
parameter solid [5] shown in Fig. 13 is a simplified model for
describing the time-dependent behavior of the flange joint,
such as the reduction of axial bolt force after the tightening step
or after the post-tightening step. Spring K; and damper C;
represent the viscoelastic behavior of the gasket, and spring K,
represents the elastic behavior of the flanges, bolts, and gasket.
Parameters X, C, and K; are determined as X, = 4.07 kN/L and
Cy= 2.04 kN-hr/L for K; = 1.0kN/L, by fitting the experimental
data for the axial bolt force reduction afier the tightening step
(0-24 hours) shown in Fig. 14. The axial bolt force reduction
curve is formulated as follows:

F=260+64¢"" [kN] m

where £ (kN) is the axial bolt force and 1 (hour) is the elapsed
time. Figure 14 shows the bolt force reduction curve over 24
hours after the tightening step. The axial bolt force decreases
to 80% of the initial level over 24 hours.

The axial bolt force increases again to the initial level at
the post-tightening step at 24 hours. Assuming that the same
parameters K, €', and K, are also applicable to the 24 hours
after the post-tightening step, the bolt force reduction curve
after the post-tightening step is cstimated (2448 hours). The
axial bolt force reduction curve is calculated successively as
follows:

F=311413e™""  [kN] (2)

The curve of Eq. (2) is also plotted in Fig. 14. The axial bolt
force decreases to 96% of the initial level over 24 hours after
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the post-tightening step. The axial bolt force reduction and
relaxation rate are lowered by applying the post-tightening
step, in agreement with the experimental results.

This simple three-parameter solid model satisfactorily
describes the time-dependent behavior of the axial bolt force
reduction and helps to explain the benefit of the post-tightening
step.

CONCLUSIONS
Expansion of the application scope of flange joint
assembly guidelines HPIS Z103 TR to ePTFE sheet gaskets is
investigated to account for the higher creep/relaxation rate of
the ePTFE gasket material. The results obtained are
summarized as follows:
(1) Practical applicability of the HPIS guidelines to the high-
density ¢PTFE sheet gasket in a flange joint assembly is
demonstrated because accurate and uniform bolt force
without uneven tightening is achieved.
Guidelines HPIS Z 103 TR are applicable to the high-
density ePTFE sheet gasket in a flange joint assembly
provided that a post-tightening step of | or 2 passes is
carried out to compensate for the bolt force reduction
induced by gasket relaxation.
(3) It is recommended that the post-tightening is conducted
after a minimum of 12 hours.
(4) The bolt force reduction and relaxation rate are lowered by
applying the post-tightening step.

(2

—
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ABSTRACT

The present paper describes the behavior of plastic region
tightening of a bolt in a downsized flange joint subjected to
internal pressure. An API 4-inch flange joint is downsized for
plastic region tightening. The bolt is reduced from M16 to M8,
and the bolt pitch circle diameter and the outer diameter of the
flange are decreased by 11%. The flange rigidity and the
stresses of the compact flange joint are calculated and are
superior to the original API flange joint. The bolt spacing is
also examined, and the correction factor for bolt spacing is
acceptable. Internal pressure is applied to a compact flange
joint, and the behavior of additional bolt force is demonstrated.
Load factor depends on the type of gasket, such that the load
factor is positive for a flexible graphite sheet gasket. The load
factor is in agreement with the value calculated by the Load
Factor Method (LFM). When the external force is applied to
the bolted joint under plastic region tightening, the allowable
limit of the additional bolt force is approximately 10% of the
bolt yield force. In the present experiment, the additional bolt
force is as small as 1% of the bolt yield force. Therefore, the
additional bolt force has sufficient margin for the allowable
limit.

INTRODUCTION

Flange joints with gaskets are widely used for the joints of
piping and pressure vessels in various plants. The pressurized
fluids contained in such piping and vessels are often under

Hirokazu TSUJI
Department of Mechanical Engineering,
Tokyo Denki University
Ishizaka, Hatoyama, Hikigun, Saitama, Japan
E-mail: tsuji@n.dendai.ac.jp

high temperature and are harmful. A number of studies have
been carried out to establish a design method and an assembly
procedure for the completely leak-free flange joint [1]-[3]. Itis
difficult to completely prevent leakage, which may cause an
accident.

Plastic region tightening of the bolt is attractive as a practical
tightening method in which the target of the tightening force is
the yield point or the plastic region of the bolt [4]. Plastic region
tightening has the advantages of a higher axial force and
reduced scattering of the tightening force. The bolt yield force
is determined by the mechanical properties of the bolt material
and the effect of the friction coefficient of the threads is small.
Plastic region tightening prevents fatigue fracture and relaxation
of the joint, which increases the reliability of the joint. Provided
that equivalent joint performance is obtained, the diameter of
the bolt can be reduced, the number of bolts can be decreased,
or the strength class of the bolt can be lowered. Therefore, for
critical applications, high performance and reduced cost are
achieved.

Plastic region tightening has been applied successfully in
various fields. In the automotive industry, plastic region
tightening is applied to the cylinder head bolt and the connecting
rod bolt in the engine assembly. In the architectural field, plastic
region tightening is applied to friction grip bolts.

In a previous study [5], plastic region tightening was applied
to an API 4-inch flange joint using a bolt downsized from M16
to M8. An internal pressure was then loaded on the flange joint
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and an additional axial bolt force was demonstrated. A
compressed sheet gasket was used in the flange joint, and the
additional axial bolt force decreased with the increase of the
internal pressure.

It is possible for both the bolt and the flange joint to be
downsized by applying plastic region tightening. In the present
paper, a compact flange joint for plastic region tightening is
designed and the flange rigidity and flange stresses are
confirmed. The load factor between the API flange joint and
the compact flange joint is then compared, and the fatigue
strength of the bolt is investigated.

NOMENCLATURE
A, : Contact area of the gasket
A, : Cross sectional area of the root diameter
C : Boltcircle diameter
CF: Correction factor
d : Bolt diameter
dy : Pitch diameter of the bolt
d : Diameter of net cross sectional area
Eyy: Elastic modulus of the flange joint
Fpp : Additional axial bolt force
!:}3, : Bolt yield force
£p : Thickness of the hub at the small end
hy : Hub length parameter
J: Flangerigidity index
L : Flange stress factor
m : Factor for the gasket operating condition
M,, : Flange design moment for the operating condition
N : Number of bolts
P : Pitch of the bolt
p . Internal pressure
Spy : Flange hub stress
Sg : Flange radial stress
Sp: Flange tangential stress
t : Flange thickness
V': Flange stress factor
W : Thrust force
a4 : Fatigue limit of the bolt
a, - Stress amplitude of the bolt
Oygt Tensile yield stress
fﬁg : Load factor
g : Friction coefficient of the thread

INVESTIGATION OF DOWNSIZING OF THE BOLT

Figure 1 shows the relation between axial bolt force and
bolt elongation in tightening. Beyond the yield point of the
bolt, the minimum tightening bolt force obtained by plastic
region tightening as evaluated by the bolt yield ) is expressed
as follows [6], [7]:

d:
Fy= e 0]

1
3d,( P
41430l ——+1 155
J {2 d, [er, ‘”’)}

where d is the pitch diameter, d is the diameter of the net
cross-sectional area, P is the pitch, Tys is the yield stress, and
Jig is the friction coefficient of the thread. Using the value of
Oys= 993 MPa, as obtained by a uniaxial tension test, in Eq. (1),
F, W is obtained. For example, the M8 bolt with Oy = 993 MPa
and y;=0.056, f*b,iscﬁtims[cd from Eq. (1) to be 32 kN, and the
target axial force requirement is satisfied [5]. It is possible for
the flange joint to be downsized in accordance with the
downsizing of the bolt. The API 4-inch flange joint, the original
bolt of which is M8, is actually downsized to correspond to the
M8 bolt. The, compact flange joint is therefore tightened by
the plastic region tightening method, and the internal pressure
is applied.

Yield clamping force
[UIl'.imm chmping force
g Yield point \
3

§ Ruptmt/
=

z

Elagtic region Plagic region
0
Elongation

Fig.1 Relation between axial bolt force and bolt
clongation in tightening.
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Fig.2 Geometry and dimensions of flange joints.

DESIGN AND FABRICATION OF THE COMPACT
FLANGE JOINT
Geometry and Dimensions

Figure 2 shows the geometry and dimensions of the flange
joint. Figure 2(a) shows the API 4-inch flange joint, and Fig.
2(b) shows the compact flange joint. The bolthole diameter is
downsized from ¢ 19 to ¢ 9 for the M8 bolt, The bolt pitch
circle diameter of the bolt and the outer diameter of the flange
joint are downsized as much as possible. It is possible to reduce
the flange rotation due to the downsizing of the bolt pitch
diameter. The flange thickness is not modified in order to
maintain the flange rigidity.
c . (El Rigidi

The flange rigidity is confirmed according to ASME Section
VIII-Div.1 App.2 [8], flange rigidity index J, which is expressed
as follows:

J= 52.14 VM,

LE,.-goxho
where V' and L are the flange stress factors, M, is the flange
design moment for the operating condition, g is the thickness
of the hub at the small end, A, is the hub length parameter and
E, ., is the elastic modulus of the flange joint. The flange rigidity

index of the original API flange joint calculated by Eq. (2) isJ=
0.156. The rigidity of the compact flange joint is J= 0.127.

<10 (2)

Compared to the original API flange joint, the value of J of the
compact flange joint is decreased by 18%. The flange rigidity
is improved by the downsizing of the flange joint. Since J =
1.0 corresponds to an inclination angle of the flange of 0.3
degrees or less, the flange rotation is also sufficiently small.
Consideration of Bolt Spacing

The bolt spacing is calculated according to TEMA [9]. The
correction factor CF is expressed as follows:

xCIN
CF= |——————
J 2d +6t/(m+0.5)

where Cis the bolt pitch diameter, N is the number of bolts, dis
the bolt diameter, ¢ is the flange thickness, and m is the factor
for the gasket operating condition. The denominator of Eq. (3)
is the maximum bolt spacing, and the numerator is the bolt
spacing. Generally speaking, given CF' = 1.0, itis not necessary
to correct the stress. The values of CF with respect to the
original API flange and the compact flange are calculated by
Eq. (3). The CF ofthe original API flange is 0.91, and that of the
compact flange is 0.97. The CF of the compact flange is 7%
larger than that of the original API flange. Although the CFof
the compact flange is high, the ratio to the maximum bolt spacing
is 1.0 or less, which appears not to be a problem.

3)
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Table 1 Flange stresses calculated according to ASME
Section VITI-Div.1 App.2 [8].

Flange dresses MPa

Type of flange .
Sy S Sy
Original API 4-inch flmge 112 121 56
Compact flange 91 98 44

4

e e e S . . S . . S -

9

Fig.3 Compact flange joint subjected to internal pressure.

Flange Stresses

Table | shows the flange stress calculated according to ASME
Section VIII-Div.1 App.2. Here, Sgyis the flange hub stress, Sp
is the flange radial stress, and Sy-is the flange tangential stress.
The stresses are smaller in the compact flange, as compared
with the original flange. The bending moment can be reduced
by downsizing the flange, and flange stresses have a sufficient
margin. In other words, the design is conservative.

PLASTIC REGION TIGHTENING TEST OFA COMPACT
FLANGE JOINT USING A DOWNSIZED BOLT

Figure 3 shows the compact flange joint subjected to internal
pressure. The test flange is the downsized 4-inch class 150 Ib
(material: A-105), raised face, slip-on welding neck type flange.
The test bolt (stud) has a nominal diameter of M8 with nuts

—+—Bolt No.|—&—Bolt No 2—a—Bolt No.3—=—Bolt No 4
=&~ Bolt No.5--®--Bolt No.6--a-~ Bolt No.7-®-~ Bolt No 8

40

("%
=]
T

CSG (t=3.0mm)
M8 Bok (SNB7)

Axial bok force kN
= 8

=
o
o F
w F
= F
w

Pass No,
Fig.4 Relation between Pass No. and axial bolt force.

(boltmaterial: A 193 Gr.B7, nut material: A194 Gr.2H). Theoutputs
of the load cells used to measure the bolt axial force are detected
with astrain amplifier and a digital multimeter controlled by a
PC. The lubricant used in the test is a dry coating spray of
MoS9 (molybdenum disulfide).

The tightening test procedure follows the modified HPIS
procedure [ 10], which employs a rotational clockwise pattern
tightening sequence, to achieve the assembly efficiency and
joint reliability. The angle control method is used for tightening
rather than the torque control method. The test gasket is a
compressed sheet gasket constructed of a non-asbestos
material (No. 6500, Nippon Valqua Co.).

Figure 4 shows the results of the tightening test of the
flange joint. The axial bolt force increases in proportion to the
pass number from pass No. I to pass No. 2. The rate of the bolt
clongation increment changes when the bolts enter the plastic
region. In pass No. 3, the axial bolt force becomes 25 kN and
reaches the yield point. In pass No. 5, all of the bolts enter the
plastic region. The average value of the final axial force of all
bolts is 28 kN, which is near the target axial bolt force of 30 kN.
The scatter of the axial bolt force is 10% or less after the
tightening process was completed. This value is somewhat
small compared to 13% in the HPIS procedure for elastic region
tightening [10). The uniformity of the axial bolt forces obtained
by the test is equivalent or superior to that of elastic region
tightening [10].

Since a higher axial bolt 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
present study. The target axial bolt force for the combination of
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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: Ag = 36.6 mm?). Application of plastic region
tightening to the flange joint can downsize the bolts and the
flange due to higher tightening forces and uniformity.

BEHAVIOR OF AN ADDITIONAL AXIAL BOLT 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 axial bolt force of the flange joint subjected to the
internal pressure is demonstrated, as compared with the
behavior of the additional axial bolt force under elastic region
tightening,.
Test Method and Test Conditions
The test flange is the downsized 4-inch class 150 Ib (material:

A105), raised-face slip-on welding neck type flange. The test
gaskets are a non-asbestos compressed sheet gasket and a
flexible graphite sheet gasket. The test bolt (stud) has a nominal
diameter of M8 with nuts (bolt material: A193 Gr. B7, nut material:
A194 Gr.2H). An internal pressure of from 1 MPa to 5 MPa is
applied by a hydraulic pump to the flange joint under plastic
raglon ughtemng

Figure 5 shows the behavior of the axial bolt force of the flange
joint under plastic region tightening subjected to internal
pressure. The test gasket is the compressed sheet gasket.
Figure 5(a) shows the result of the original flange, and Fig. 5(b)
shows that of the compact flange. Load factor ¢, is expressed
as follows:

b= )

where F,, is the additional axial bolt force. The thrust force
generated by applying the internal pressure calculated as W =
Ag 'p/N, where Ag is the contact area of the gasket, P is the
internal pressure, and N is the number of bolts. Figure 5(a)
shows that the value of F; of the original flangeis approximately
0.22 kN and the load factor ¢, calculated from the experimental
data is 0.039. In addition, as shown in Fig. 5(b), the value of F;

of the compact flange is 0.42 kN, and the load factor ¢ is0.072.
The load factor of the compact flange is higher than that of the
original flange. As the bolt pitch circle diameter shifts inside
the flange as the flange is downsized, the moment arm decreases.
Although less stress variation on the gasket is desirable, the
bolt is subjected to a severe condition. This problem is examined
in the subsection “Investigation of Bolt Fatigue Strength™ later
herein.

Figure 6 shows the behavior of |hc axial bolt force of the
flange joint by using the compressed sheet gasket subjected
to internal pressure. The test flange is the compact flange joint.
As shown in Fig. 6, the axial bolt force decreases slightly with
increasing internal pressure when the compressed sheet gasket
is used. In addition, as shown in Fig. 5(b), the axial bolt force
increases slightly with the internal pressure when the flexible
graphite sheet gasket is used. Table 2 shows the load factors

28.0
—&— Loading of intemal pressure

% 278 + —— Unloaling of internal pressure
g ;
£ 276 |
=
£ 274 "’ﬁgﬁ:ﬁb’——‘
= E
22721 Og =009

27.0 i < .

0 1 2 3 4 5
Internal pressure MPa
(a) Case of the original AP flange joint
313

—®— Loading of intemal pressure
F —&— Unloading of internal pressure

Axial bolt force kN
1=
=]
-1

i
=1
w

Pg =0.072

30.3 L L A
0 1 2 3 4 -

Intemal pressure MPa
(b) Case of the compact flange joint.

Fig.5 Behavior of the axial bolt force of the flange joint
subjected to internal pressure.
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Fig.6 Behavior of the axial bolt force of the flange joint by
using the compressed sheet gasket subjected to
internal pressure.

Table 2 Comparison of the load factor for all test conditions.

Typeofflange Type ofgasket Load Bctor w'
Original AP e v
4-inch flange FGSG 0.024
Comp CSG -0028
flange FGSG 0.072
*Refeer 1o [5].

for all of the test conditions. Even though the bolts are tightened
with equal axial force for the compressed sheet gasket and the
flexible graphite sheet gasket, the load factor varies, When the
clastic modulus of the gasket is different, variation in the load
factor may occur.

When the external force is applied to the bolted joint under
plastic region tightening, the allowable limit of the additional
axial bolt force is approximately 10% of the bolt yield force. In
the present experiment, the additional axial bolt force is positive.
However, the additional axial bolt force is approximately 1% of
the bolt yield force at maximum and has a sufficient margin for
the allowable limit of the bolt tightened to the plastic region.
Upon unloading the internal pressure, the bolt force returns to
original value before internal pressure loading. Additional
plastic elongation is not generated by the internal pressure.

-

A=ifieiid

nvestigation of Bolt Fatigue St
Nest, the fatigue of the bolt is examined. Figure 7
shows relation between bolt force and thrust force generated
by the internal pressure. The fatigue strength of the bolt, o 4, is

Axial bolt force F

I " Thrus force WN

Intemal pressure P

Fig.7 Relation between the axial bolt force and thrust force.

expressed as follows [4]:

o, uﬂ.?S(% + 52) )

where g 4 is the stress amplitude of the bolt (nominal stress
amplitude), and d is the diameter of the bolt. If the value of o is
less than or equal to the value calculated from Eq. (5), the
fatigue strength of a bolt is sufficient, When the internal
pressure is applied to a flange joint under plastic region
tightening, the additional bolt force F,, of ¢ -W/N is generated,
where N is the number of bolts. The stress amplitude of the
bolt is calculated as o, = Fj,/2/4,, where A, is the cross-
sectional area of core diameter. Therefore, determination of the
fatigue strength of the bolt is expressed as follows:

¢ W
B Ll
24, <o, (6)

In the case of Fig. 5(b), the additional bolt force £, is 0.42 kN,
and the stress amplitude of the bolt o 4 is 3 MPa. Since the
value of the fatigue limit of the bolt calculated by Eq. (5) is 56
MPa. The bolt has a sufficient margin for fatigue strength.

CONCLUSIONS

Plastic region tightening was applied to the compact flange
Jjoint assembly using a downsized bolt, and internal pressure
was applied to the flange joint. The following results were
obtained:
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