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1 Introduction

This paper describes some studies on the stress analysis of pipe
flange connection and a bolt tightening method carried out in the
bolted flanged connection committee (BFC) in Japan Pressure
Vessel Council (JPVRC). Pipe flange connections with gaskels
have been widely used in chemical, nuclear facilities and so on,
and they are usually used under internal pressure as well as other
loadings such as thermal, bending moments and so on. In an op-
timum design of pipe flange connections with gaskets, it is neces-
sary to understand the characteristics of the connections under
internal pressure. Important issues in designing pipe flange con-
nections are the actual contact gasket stress distributions which
govemn the sealing performance, the hub stress from the flange
design standpoint and a variation in the axial bolt force (the load
factor) from bolt and sealing design dpoints when internal

is applied to the ions. Some hes [1-7] on

p:pe flange connections with gaskets have been carried out using
the pipe flange connections with the smaller nominal diameter
such as the sealing performance, the contact gasket stress distri-
bution at the interfaces, hub stress and a variation in the axial bolt
force. In practice, pipe flange connections with the larger nominal
diameter have been often used, too, However, a question remains
whether it is possible to apply the studied results obtained by the
pipe flange connection with the smaller nominal diameter to the
behavior of pipe flange connections with the larger nominal diam-
eter, such as leakage evaluation and a method to determine the
bolt preload.

PVRC [8-13] (Pressure Vessel Research Council) proposed the
new pasket constants (Gy,a,G,) and the tightness parameter T,
and it also proposed to evaluate the sealing performance and to
determine the bolt preload by using the new gasket constants and
the tightness parameter 7, Tn the PVRC test procedure, the gasket
constants and the tightness parameter T, are obtained under uni-
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form gasket stress in the guslﬂ:t tightness tests. However, issues

how to eval the i and the leakage
in actual pipe flange connections unl.h gaskets by using the new
gasket constants proposed by PVRC. In actual pipe flange connec-
tions, it has been well known that the contact gasket stress distri-
bution is not uniform and it is changed when an internal pressure
is applied. In addition, another issue is how to evaluate the effect
of a nonlinearity and a hysteresis in the stress-strain curve of a
gasket on changes in the contact gasket stress distribution. It is
well known that a change in the contact stress depends on the
axial bolt force which changes as the internal pressure is changed.
The contact gasket stress distribution is not taken into consider-
ation in evaluating the tightness parameter T, and the new gasket
constants in the PVRC procedure.

Thus, in this paper, the contact gasket stress distributions in the
pipe flange connections with the different nominal diameters from
2 in. to 20 in. under internal pressure are analyzed by the clasto-
plastic finite element method (EP-FEA) by taking account a non-
linearity and a hysteresis in the stress-strain curves of a spiral
wound gasket, where two pipe flanges including the gasket are
clamped together by bolts and nuts with an initial clamping force
(preload) and an internal pressure is then applied. The effects of
the nominal diameters of the pipe flange connections on the con-
tact gasket stress distributions, the variations in the axial bolt
force (the load factor) and the hub stress are analyzed by the
EP-FEA [7.8].

Furthermore, the leakage tests and the measurements concem-
ing a variation in an axial bolt force [7,8] were performed in the
pipe flange connections with 3 in. and 20 in. nominal diameters
(ASME/ANSI) [14] using helium gas. The EP-FEA results are
compared with the measured results concerning the variation in
axial bolt force and a amount of leakage. A method to determine a
bolt preload is demonstrated for a given tightness parameter T,
The values of the balt preload for the pipe flange connection are
compared with those by the PVRC procedure and discussion is
made. In addition the characteristics of the connection subjected
to a bending moment and internal pressure are also examined.
Finally, a new bolt tigh thod is dem d
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Fig. 1 A pipe flange connection with a spiral wound gasket
subjected to an internal pressure

2 Stress Analysis of Pipe Flange Connections Under
Internal Pressure

2.1 Elasto-Plastic Finite Element Analysis. Figure | shows
a pipe flange connection with a spiral wound gasket, in which two
pipe flanges including the gasket are fastened with N bolts and
nuts with a bolt preload Fy, subjected to internal p P. When
the internal pressure P is applied to the pipe flange connection, a
tensile load W (=7ra,*P) ncts on the end part of the connection in
the axial direction, and an increment in axial bolt force F, occurs
in the bolts and the contact force F. (per bolt) is eliminated from
the gasket contact surfaces, that is, the total axial force W'/N
(=may*P/N) (per bolt) due to the internal pressure P equals to the
sum of F, and F, (W'/N=F,+F.,), where the inner diameter of the
gasket is designated as 2ay and that of the pipe as 2a). Thus the
contact gasket stress decreases as the imternal pressure P in-
creases, The actual gasket stress must be estimated exactly when
the internal pressure P is applicd to the connection for evaluating
the sealing performance. The ratio of F, to W'/N is called as the
load factor [15,16] &, [=F,/(W'/N)]. When the value of the load
factor ¢, is obtained, the force F, is determined by the equation
F=(1=¢,)W'/N and the actual average contact gasket stress is
obtained by the equation (F/~F)/A, where “A” is the gasket
contacl area.

The contact gasket stress distributions, the hub stresses and the
load factor ¢, of the pipe flange connections with the different
nominal diameters from 2 in, to 20 in. (2, 3, 4, B, 12, 16, and
20 in.) are calculated by the elasto-plastic finite element method
(EP-FEA). They are the class 300 in the APT while the 3 in. pipe
flange connections are the class 600 in the API standards (in the
experiments, the connections with the 3 in. of the class 600 and
the connections with the 20 in. of the class 300 were used).

In this study, = nonlinearity and a hysteresis in the stress-strain
relationship of the spiral wound gasket are taken into consider-
ation in the EP-FEA. Figure 2 shows a stress-strain curve of the
spiral wound gasket used in this study. The ordinate is the contact
gasket stress o, and the abscissa is the strain. The dotted lines
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Fig. 2 Stress-strain lines of the spiral wound gasket used for
the EP-FEA

show approximated piecewise linear lines in the FEM analysis
and the solid lines are obtained by the measurement. The slopes of
the approximated lines in the loading are described as the numer-
als (MPa) in the figure. When the contact gasket stress is larger
than 220 MPa, the slope of the stress-strain curve is 1100 MPa.
The slope of the stress-strain in the unloading is held constant as
5.07 GPa.

2.2 Experimental Method. Experiments were carried out to
measure the amount of gas leakage and variations in the axial bolt
force in the pipe flange connections with 3 in. and 20 in. nominal
diameter under internal pressure. The relationship between the
actual contact stress and the tightness parameter T, in the pipe
flange connections is obtained by using the measured amount of
the gas leakage and the calculated contact stress distributions. The
mass leakage was measured from a vaniation in the pressure dur-
ing some time interval.

23 Resulls of Elasto-Plastic Finite Element Analysis.

2.3.1 Contact Gasker Stress Distribution. Figure 3 shows the
contact gasket stress distributions in the pipe flange connection
with the 20 in. nominal diameter (under internal pressure) in the @
(circumferential)-direction at the distance r=262.75 mm (the in-
ner radius of the gasket), 275.83 mm (the middle radius of the
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Fig. 3 The contact gasket stress distributions of the pips
flange connection with the 20 in. in the @ direction under inter-
nal pressure (0=0"-7.5")
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Fig. 4 The effects of the nominal diameter of the pipe flange
connections on the contact gasket stress distributions in the r
direction (the case where an internal pressure P=5 MPa is

applied)

gasket) and 288.9 mm (the outer radius of the gasket). The ordi-
nate is the contact stress o, the abscissa is the angle @
{=0"~7.5"). The bolt preload was chosen as F;=200 kN and the
internal pressure of 5 MPa was applied to the connection. It is
observed that the variations in the contact gasket stress distribu-
tions in the ¢ direction are small. In the connections with the other
different nominal dizmeter (from the 2 in. to the 16 in.), the varia-
tions in the contact stress distributions in the & direction were
small. Thus, hercinafter, the contact gasket stress distributions in
the radial direction are shown at #=0" (at the bolt axis).
Figure 4 shows the effects of the nominal diameter in the pipe
flange connections on the contact gasket stress distributions in the
r direction. The ordinate is the contact stress o, and the abscissa
is the ratio of the distance r to the inner radius ay of the gasket.
‘The nominal dinmeters of the pipe flange connections are chosen
as 2, 3, 4, 8, 12, 16 and 20 in. where the average contact gasket
stress is chosen as ,,=100 MPa and the internal pressure P
=5 MPa. It is shown that the variations in the contact gasket stress
distributions of the pipe flange connections with the larger nomi-
nal diameter are larger than those with the smaller nominal diam-
eter. It is assumed that the main reason of this fact is due to the
so-called “flange rotation,” The flange rotation in the connections
with the larger nominal diameter is larger than that with the
it inal di From the comparison of the contact
gasket stress distribution shown in Fig. 4 with that in the initial
clamping state, it is observed that the reduction in the contact
gasket stress of the pipe flange connections with the larger nomi-
nal diameter is larger than that with the smaller nominal diameter
when the i 1 is applied to the connections. This is
because that the total tensile load W' (=ma;?P) per the gasket
contact area which is caused due to the internal pressure in the
pipe flange connections with the larger nominal diameter is larger
than that with the smaller nominal diameter (for example; 3 in.
—+ the reduction is 12.2 MPa, 20 in. —+23.9 MPa). In addition,
another reason is that the value of the load factor ¢, (described in
2.3.3) is different in the different pipe flange connections.

2.3.2 Hub Stress. Figure 5 shows the comparisons of the hub
stress between the von Mises® stress o, obtained from the present
FEA and the normal stress o, due to ASME at the angle §=0°,
where the initial average contact stress is held constant at o,
=100 MPa and the internal pressure as P=5 MPa. The ordinate is
the von Mises’ equivalent stress o, and the normal stress oy,
while the abscissa is the nominal diameter D (in.) of the pipe
flange. The difference in the hub stress between the initial clamp-
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Fig. 5 The eifects of the nominal diameter in the pipe flange
connections on the hub stress (von Mises’ equivalent stress
@) 8l the angle #=0"

ing state and the state where the internal pressure is applied is
small. However, the difference is substantial between the results
from the present FEA and the normal stress obtained from the
ASME code. As the nominal diameter D is increased, the differ-
ence in the hub stress increases. Thus the bolt preload cannot be
increased taking into account the hub stress due to the ASME
code. Actually, the hub stress is smaller than that from the ASME
code, thus, the bolt preload can be in d. Tt is safer for pre-
venting the leakage to increase the bolt preload in pipe flange
connections.

233 Load Factor. Table 1 shows the load factor ¢, of the
pipe flange connections with the different nominal diameters from
2 in. to 20 in. obtained by the FEM analyses. The load factor &,
of the connections with 2 in. nominal diameter is the biggest, and
as the nominal diameter of the pipe flange is increased, the value
of the load factor ¢, of the connections decreases. The force F,
which is eliminated from the contact surface, is obtained by the
equation F.=(1-¢,)W'IN. Thus, the force F, increases as the
value of the load factor ¢, of the connections decreases. This
means that the sealing ance is gelting worse because the
gasket stress decreases. In Table 1, it is observed that the value of
the load factor becomes negative from the nominal diameter 8 in.
This is assumed that the flange rotation occurs in the pipe flange
connection. This result ponds 1o the gaskel stress
distributions shown in Fig. 4. In determining the bolt preload F,
of the pipe flange connections with the larger nominal diameter, it
is necessary to take into account that the value of the load factor
¢, becomes negative.

Table 1 Load factor ¢, of the pipe flange connections

Norminal diameter of the pipe
flange connections Load fecre g,
r 0.251
r 0.161
4" 0.108
B 0.0599
T 0,126
16" 0,197
20" 0226
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Fig. 6 Comparison of an increment in axial bolt force between
the experimental and the FEA results

24 Experimental Results and Comparisons

24,1 Results of Leakage Tests for Pipe Flange Connections.
The leakage tests for the pipe flange connections with the spiral
wound were carried out (Nominal diameter of pipe flanges is 3 in.
and 20 in.). The values of gasket constants “G," and “«" obtained
by the present experiments using the actual reduced contact gasket
stress when the internal pressure is applied are G,=16.5 and a
=0.305 for the 3 in. pipe flange connection, and 19.0 and 0.209
for the 20 in. pipe flange connection while they are 19.1 and 0.273
due to the PVRC data. A difference in the values between the
present study and PVRC is small. However, a difference in the
values G, and a oblained using the initial clamping stress with
those by PVRC is substantial. Thus it can be concluded that the
actual reduced gasket stress in the pipe flange connections under
internal pressure must be employed in estimating an amount of
leakage using the PVRC data.

2.4.2 Comparisons of the Load Factor. Figure 6 shows the
comparisons of a variation in axial bolt force (load factor ¢,). The
ordinate is the axial bolt force Fy+F, and the abscissa is the in-
ternal pressure P. The solid line shows the results by the EP-FEA.
The dotted line shows the experimental results. The initial clamp-
ing force (bolt preload) Fy is determined as 200 kN for the 20 in.
pipe flange connections. Figure 6 shows that the axial bolt force
decreases linearly with increasing of internal pressure. Fairly good
agreements arc observed between the results in the EP-FEA for
the 3 in. and the 20 in. pipe flange connections and the experi-
mental results.

2.5 Determinations of Bolt Preload for a Given Tightness
Parameter T,. For a given tightness parameter T, (point “A" in
Fig. 7, this is denoted as T,,,) under the internal pressure P, the
initial clamping force F; (preload) must be determined. Figure 7
shows the method to determine the initial clamping force Fy (pre-
load) for a given tightness parameter. For a given tightness param-
eter Ty, [point “A” in Fig. 7(a)] under the internal pressure, the
contact gasket stress of the connections [point “B” in Fig. 7(a)] is
determined using the results of leakage tests, and the required
initial contact stress [point “C" in Fig. 7(a)] and the initial clamp-
ing force (preload) F are determined using the FEM calculations.
In the PVRC procedure, (1) the tightness parameter T, [point
“A" in Fig. 7(b)] is given from the design condition, (2) the tight-
ness parameter T, [point D in Fig. 7(b)] is determined empirically
such as T,=1.57,,, (3) the required initial contact gasket stress
[point “C™ in Fig. 7()] is obtained from point D through point F
as shown in Fig. 7(b).

The initial clamping force (preload) Fy was obtained as 155 kN
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Fig. 7 A method for determining bolt preload F, (a) The case
where the results of the FEA are used, (b) The case of the PVRC
pracedure,

(T,=100,P=5 MPa) by the PYRC procedure for the 20 in. pipe
flange connection while it was 209 kN by the present study. The
differences in the value of the bolt preload £ between the present
calculations and the PVRC results are substantial. Thus, in design-
ing the initial clamping force (preload) Fy of the pipe flange con-
nections with the larger nominal diameter, the difference must be
taken into consideration. When the internal pressure of 5 MP is
applied to the pipe flange connections with the larger nominal
diameter (20 in.), the ratio of T, in the case of initial clamping
state to that in the case where an internal pressure is applied is
obtained as about 2.5 in the PVRC procedure, while the ratio is
chosen as 1.5 (at room temperature) in the PVRC procedure de-
scribed above. On the other hand, in the pipe flange connections
with the smaller nominal diameter when the internal pressure of
5 MPa is applied to the connections, a fairly good agreement is
found t the p lations and the PVRC results.
However, it is not fully elucidated that the tightness parameter 7,
in the case of initial clamping state at room temperature is l.g
times larger than the T,

In the case where an internal pressure is 5 MPa and the tight-
ness parameter is 7,=1000, the required initial clamping force
(preload) Fy in the connections with the 3 in. is calculated as
60 kN from the present study while it is 58 kN from PVRC. For
the connection with 20 in, nominal diameter, it is 332 kN from the
present study while it is 289 kN from the PYRC procedure. In
addition, in the case of the tightness parameter 7,=1800 and the
internal pressure P=10 MPa, a difference in the initial clamping
force (preload) is about 10% between the present calculations and
the PVRC procedure. Thus, in designing the initial clamping force

t calc
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Fig. 8 Schematic of the pipe flange connection subjecied to a
bending moment and internal pressure

(preload), the difference must be taken into consideration when
higher intemnal pressure (P=10 MPa) is applied to the connec-
tions. When the intemal pressure of 10 MP is applied to the pipe
flange ions with the Jler nominal di the ratio of
T}, in the case of initial clamping state to that in the case where an
internal pressure is applied is obtained as about 2.1 in the PYRC
procedure. For better sealing, the actual reduced contact gasket
stress must be taken into consideration.

3 Stress Analysis of Pipe Flange Connections Under
Bending Moments

Figure 8 shows a pipe flange connection with a gasket under a
bending moment M and an internal pressure, The pipe flange con-
nection was analyzed by FEA calculations concerning the contact
gasket stress distributions and the hub stress, In addition, leakage
test for the pipe flange connection with the nominal diameter of
50 mm in JIS were carried out. The types of gaskets employed
were the spiral wound and the joint sheet gaskets. The new gasket
constants Gy, and a were calculated from the amount of gas leak-
age (helium) and the contact gasket stress distributions obtained
from the FEA calculations. The bending moments M applied were
M=15 and 2.5 kNm. The values of the new baskets constants
(spiral wound gaskets) G, and a were obtained as Gb=3.76
(MPa), and a=0.5245 for M=1.5 kNm, Gb=2.35 (MPa), and a
=0.6883 for M=2.5 kNm, and Gb=16.55 (MPa) and a=0.3077
for M=0 while they were Gb=19.10 (MPa) and a=0.273 from
the PVRC data. It is easily found that an amount of leakage is
increased as the bending moment M increases. When a pure bend-
ing moment is applied to a pipe flange connection, a change in the
integration of the contact gasket stress is zero. However, the leak-
age increases. The leakage increases from the contact gasket sur-
faces at the side of « ion under the bending moment.
The leakage is sensitive to the reduction of the contact gasket
stress in the connection. In addition, the initial clamping force F,
was determined under the condition of 7,=1202 and P
=6.67 MPa. The gasket used was the joint t. The initial
clamping force F; was calculated as 53.65 kN for M=1.5 kNm,
82.14 kN for M=2.5 kNm and 21.41 kN for M =0 (internal pres-
sure only) while 18.97 kN from the PVRC procedure. Thus, it is
important to take into account the effect of bending moment.
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Table 2 MNewly developed tightening procedure by JPVRC

Step Loading
Hand tighten ail bolts, then tighten & or B equally spaced bolts
Install with gradually increased lightening torque to 100% of target
S lorque on a cross-patiern lightening sequence. Check flange
gap around circumference for uniformity.
Tgmqmmwmummm!dmm
Tightening|on @ rotational clockwise pattar for specified Berations
six passes for 10 inch and greater flange, 4 passes for others)
Post- I necessary, walt a minimum of four hours and tightan by the
fightening | *us tep, bul 1 or 2 passes.

4 New Tightening Procedure Proposed by Japanese
Committee (BFC) in JPVRC

For reducing tightening turns and increasing the tightening ac-
curacy, a new tightening procedure has just proposed by BFC in
JPVRC [17]. Table 2 shows the new proced for tightening
while the star sequence bolt tightening procedure in ASME PCC-1
[18] have been already published. In the new procedure, bolts are
tightened in one way (clockwise or anti-clockwise) after 4 or 8
bolts are tightened by hands. The new procedure [specified in
Japan Industrial Standards (JIS) in near future] is excellent in
tightening time and very simple when a lot of bolts must be tight-
ened.

5 Conclusions

This paper has described the characteristics of the pipe flange
connections with gaskets under internal pressure and a bending
moment studied in BFC of JPVRC. In addition, the new bolt
tightening method developed by the BFC in JPVRC was also
demonstrated. The following results were oblained.

(1) The variations in the contact gasket stress distributions in
the pipe flange connections with the larger nominal diameter sub-
jected to internal pressure were found to be larger than those with
the smaller nominal diameter. It was observed that the reductions
in the contact gasket stress in the pipe Alange connections with the
larger nominal diameter were larger than those with the smaller
nominal diameter.

(2) A variation in von Mises' hub stress obtained from the
present FEA calculations was small while the hub stress o, ob-
1ained from the ASME code increased as the nominal diameter
increased. Tt can be assumed that the hub stress is actually smaller
than expected and thus the bolt preload can be increased for a
much safer design.

(3) The values of the load factor ¢, of the pipe flange connec-
tions with the larger nominal diameter were negative. Thus, it was
found that the reduction in the contact gasket stress increased as
the nominal diameter of pipe flange connections increased, that is,
a leaknge easily occurs for pipe flange connections with larger
nominal diameter. A fairly good agreement was observed between
the results of the EP-FEA and the experimental results in the
connections with 3 in. and 20 in. nominal diameters.

(4) In estimating the new gasket constants, it was demonstrated
that the actual reduced gasket stress had to be used taking into
account the value of the load factor. In addition, it was necessary
to take into account the flange rotation in determining the bolt

(5) 1t was shown that the effect of external bending moment on
the leakage was sub ial in designing pipe flange connection.

(6) A new bolt tightening procedure developed by the BFC in
JPVRC was demonstrated.

Nomenclature
a = new gasket constant; the slope of the gasket-
loading line in “PART A"
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2a; = inner diameter of pipe
2ay = inner diameter of gasket
A = gasket contact area in the analysis
2b, = outer diameter of pipe
2by = outer diameter of gasket
F, = force eliminated from the contact surfaces [=(1
= ¢ JW'IN]
Fy = initial clamping force (preload)
F, = increment in axial bolt force
G, = new gaskel constant; contact gaskel stress al
T,=1 in “PART A"
N = balt numbers
P = internal pressure
T, = tightness parameter
T,, = assembly tightness parameter
W = axial force due to internal pressure (=ma,*P)

W' = total axial force due to internal pressure
(=mayP)
¢, = load factor (=FJ/W')
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ABSTRACT

This paper discusses the gasket testing procedure HPIS
Z104 to obtain fundamental sealing behavior of gasket
established in Japan. The testing procedure consists of 11
combinations of gasket stresses and a constant internal
pressure. It takes about 3 hours to complete one test, which is
acceptable for gasket manufacturers. In order to demonstrate
the validity of the testing procedure, measurements of leak
rates of compressed fiber sheet gaskets were carried out. It
has shown that the fundamental sealing behavior can be well
characterized using the proposed testing procedure with
reasonable time and cost.

Keywords: Gasket testing, Joint sheet gasket, Leak rate,
Leakage

INTRODUCTION

With the recent increase of a safety and environmental
concern, the tightness of gasketed flanged connections
becomes an important issue[1]. In order to estimate the
tightness of gasketed flanged connections, the sealing
behaviors of gaskets must be available. Currently, two
methods to test the sealing behaviors have been established in
the North America and Europe independently[2]. One of the
problems of these methods is that gasket tests take a long time
to perform and are costly. This is mainly due to the facts that
the targeted leak rates in both the methods are very small
compared with those considered in the design of flanged
connections and that they are only measurable using a mass

spectrometry.
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A method to test the tightness of gaskets, HPIS Z104
2005, was published in Japan[3]. The testing procedures to
obtain a fundamental sealing behavior of gasket are discussed
in this paper.  The targeted minimum leak rate is about 1.69
X10* ~1.69% 107 Pasm’/s (0.1~10 atm cc/min), which is
measurable using a burette. The testing procedure includes
11 steps of gasket stresses. It takes about 3 hours to complete
one test, which is reasonable and acceptable for gasket
manufacturers. In order to clarify the validity of the testing
procedure, measurements of leak rates of compressed fiber
sheet gaskets were carried out. The sealing behavior of the
gasket is discussed based on the test results. It was shown
that the fundamental sealing behavior can be well
characterized using the proposed testing procedure with
reasonable time and cost.

NOMENCLATURE
Dimensions
d, : ID of contact surface of gasket (mm)
d, : OD of contact surface of gasket (mm)
Area
Ay : Contact area of gasket (mm?)
Gasket stress and thickness change of gasket
d, : Arithmetic mean value of thickness changes of gasket
(mm)
o : Gasket stress (mem’)
o : Effective gasket stress (N/mm?)
G pax - Maximum gasket stress (40 and 100 N/mm? for non-
metallic gasket and spiral wound gasket, respectively)
Intemal pressure

1 Copyright © 2006 by ASME



P : Test pressure (MPa)
Leak rate
L : Measured leak rate of gasket (Pa'mj.l's}
L, : Fundamental leak rate (Pa-m’/s)
Load
W : Compressive load (N)
W : Preload (N)
Others
k : Shape factor of gasket

EQUATION REPRESENTING LEAK RATE OF
GASKET

The gasket testing procedure HPIS Z104 to obtain
fundamental sealing behavior of gasket is explained below.

An equation representing a leak rate of gasket is defined
under the following assumption: A leak rate is proportional to
the inner radius of gasket d; and is inversely proportional to
the width (d, — d; )/2 of gasket (see Fig. 1).

La:—d"—— (1)
(d, -d,)/2

On the basis of the assumption, the leak rate of a gasket L
can be expressed by the following equation:

L=—L =kL (2)

where, L, is the fundamental leak rate whose physical meaning
is a leak rate of a gasket where the outer diameter d, is twice
as large as the inner diameter d;. The value k is the shape
factor which is expressed as

B 1
d /d, -1
As understood from Eq.(2), the leak rate L stays constant when

the ratio d, / d; is kept constant even if the gaskel size is
changed. The shape factor is 1.0 when the outer diameter d,

k (3

Fig. 1 Dimensions of gasket

is twice as large as the inner diameter d; as shown in Fig. 1.
Thus, measured leak rates are converted to the
fundamental leak rate by the following equation:
L
L=2 (4)
k

TEST METHOD
Test rig and gaskets
An example of test rig used in the leak rate measurements
is shown in Photo 1. A gasket is compressed between the
upper and lower platens. Test conditions are as follows:
- The test gasket: 20K50A(JIS B2404)
- Pretreatment of gasket: 23:2°C and 50 5% environment
for 48 hours
- Platens: with raised face of 96 mm OD
- Surface roughness of the platens: 1.6~3.2 pymRa
- Test medium: Helium gas

Procedure to test sealing behavior

A preload W, caleulated from the following equation is
applied to a gasket before a test.

W, =0.05 A 0, (5)

The gasket contact area A; is defined by the following
equation:

A, =§-(df -d.). ©)

The gasket stresses and test pressures are summarized in
Tables 1 and 2. Different gasket stresses are used depending
on gasket type. The maximum gasket stresses are 40 and 100

Photo 1 Test rig
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Table 1  Test sequence I (For non-metallic gaskets)

Step st $2 | S3 S4 S5 | S6 s7 | s8 | s9 | sto | s11
o N/mm’ 5 10 20 10 20 30 | 40 | 20 10 5
P MPa 2

Table 2 Test sequence Il (For spiral wound gasket)

Step S1 52 S3 S4 S5 S6 s7 S8 S9 | S10 | St
¢ N/mm’ 12.5 25 50 25 12.5 50 75 100 50 25 12.5
P MPa 4

MPa for sheet gaskets and spiral wound gaskets, respectively.
Compressive load of gasket is calculated by

W=Ao0. (7

The testing procedure is also shown in Fig. 2. In the testing
procedure, the gasket is loaded to half of the maximum gasket
stress, then, unloaded until one eighth of the maximum gasket
stress, The gasket is loaded again to the maximum stress,
then, unloaded again. This testing procedure simulates the
assembly process and the working condition of gaskets.

The internal pressures are 2 and 4 MPa for sheet gaskets
and spiral wound gaskets, respectively. The gasket is left for
5 minutes when the gasket stress is changed. Then, the leak
rate is measured using a burette. It takes about 15 minutes
for each measurement, Leak rate measurements for the 11
steps can be completed approximately within 3 hours.

= s4 s10
025 5 B s

0 ) ) P N i
0 05 1 15 - < 25 3
Elapsed time hour

Figure 2 Testing sequence of gaskel

Data processing and graphical representations of
test data

Effective gasket stress is calculated using the following
equation:

W-zd’P/4
g,=—"":
A
where, the load W and the internal pressure P are measured
values.
The test results are summarized in the following graphs:
- Effective gasket stresso,— deformation of gasket &,

- Fundamental leak rate L, —Effective gasket stresso,
- Fundamental leak rate L, —deformation of gasket &

(8)

TEST RESULTS

Figure 3 shows the fundamental leak rate L, as a function of
the gasket stress obtained using the loading-unloading
sequence shown in Fig. 2. The tested gasket is compressed
non-asbestos fiber sheet gasket #1995(Nichias Corporation), of
which thickness is 1.5 mm. The inner and outer diameters of
contact surface of gasket, d; and d,, are 61 and 96 mm
respectively.

The leak rate is expressed by the unit Pa - m’/sec
throughout this paper.  The leak rate decreases with
increasing the gasket stress in the assembly process. When
the gasket is unloaded at about 20 MPa, which corresponds to
a working condition, the leak rate stays less than that in the
assembly condition. Leak rates for S5 through S10 could not
be measured because the leak rates were well under the
measurable limit of a burette. It can be seen that the leak
rates for loading and unloading cycles are different each other.
As shown in this result, the sealing behavior is complex and is
difficult to formulate.
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Fundamental leak rate Ls Pa m®/s
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Gasket stress Te N/mm

Figure3 Sealing behavior as a function of gasket stress
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Figure 4 Stress-deflection curve of gasket
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Figure 5 Sealing behavior as a function of gasket deflection

Figure 4 shows the stress-deflection diagram of the tested
gasket during the seal test. As shown in the figure, the
inclination increases as the gasket is compressed. This means
that the gasket becomes stiffer. When the gasket is unloaded
at about 20 MPa, a large plastic strain is observed compared
with the recovery of the elastic strain. The reason for this is
thought that the compressed fiber sheet gaskets are porous in
nature. Once they are compressed, the material cannot be
recovered due to its porous structure.

It has reported that the leak rate has a close relation with
the gasket strain or deflection [4, 5]. The leak rate is
arranged by the deflection of the gasket and the relation
between them is shown in Fig. 5. The leak rate is indicated
using a log scale. The solid line is an approximated result
mentioned later.  As shown in the figure, experimental results
in the assembly process and those in the working condition
almost coincide each other and fall onto one straight line on a
semi-log graph.  This fact strongly suggests that the leak rate
of gasket is directly related to the gasket deflection. The
reason for this is thought to be as follows: many micro leak
paths through the section of gasket exist because the gaskets
used in this study are porous. It is thought that the cross
sectional areas of the micro leak paths govern the leak rate and
the strain or deflection of gaskets is a direct measure of the
cross sectional area of the micro leak paths. Thus, the leak
rate has a good correlation with the gasket strain or deflection.
As the relation between the leak rate and the gasket deflection
is linear on a semi-log plot, the leak rate can be expressed by
the following equation:

L, =0.1675-¢ %%  [Parm’sl.  (9)
The calculated result by Eq. (9) is also plotted in Fig. 5. The
experimental data are well approximated by Eq. (9).

CONCLUSIONS

This paper discusses the gasket testing procedure HPIS
7104 to obtain fundamental sealing behavior of gasket
established in Japan. It is shown that the fundamental
sealing behavior can be well characterized using the proposed
testing procedure. t

The future project is to develop experimental formulas to
indicate the sealing behavior of gasket for various kind of
gaskets based on measured data obtained using the testing
procedure HPIS Z104.
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ABSTRACT

Elastic region tightening based on torque control method
is conventional method of tightening a bolt. Axial force of the
bolt is controlled by a torque wrench, however, it is not easy to
achieve uniform bolt tightening force. When torque method is
applied to flange joint assembly, the scatter of the bolt tightening
foeces are large. They might cause the leakage of the internal
fluid from a flange joint. Recently, plastic region tightening is
remarked for critical applications, which provides good
uniformity in bolt preloads and high preloads compared with
the elastic region tightening.

In this research, the plastic region tightening is applied to
flange joint assembly and its superiority in uniformity of the
bolt tightening force is demonstrated. For the tightening tests,
JPI-4inch flange, spiral wound gaskets and M16 bolts were
used. Axial force and elongation ofall bolts in the flange were
measured. Bolts were tightened by modified HPIS flange
tightening procedure which incorporates the angle control
method into the clockwise tightening sequence.

Experimental results show that variations of the axial force
in the plastic region was smaller than those in the elastic region.
The influence of the elastic interaction on the axial force in the
plastic region is also small. It is concluded that the application
of plastic region tightening to flange joint assembly is effective
for the leak-free joint and that the nominal diameter of the bolt
can be reduced.

INTRODUCTION

A flange joint with a gasket is widely used for the joint of
the piping and the pressure vessel in various plants. The
pressurized fluid contained are often under high temperatures
and harmful. It is difficult to prevent the leakage completely,
therefore there is a risk that the leakage causes an accident.
Many researches have been carried out to establish a method

Hirokazu TSUJI
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of design and assembly procedure of the leak-free flange joint,
though it has not been reached.

Conventional tightening method of the flange joint
tightened with multi-bolts is elastic region tightening by the
torque control method with torque wrench. In the elastic region
tightening method, variation of the friction coefficient under
tightening affect the uniformity of the tightening force.
Additionally, flange joint assembly brings some problems and
difficulties; the tightening force variation due to elastic
interaction, uneven flange gaps and the relaxation of the gasket.
They may cause ununiformity in the gasket stress and result in
the leakage of an internal fluid from the flange joint.

In the automotive industry, the plastic region tightening is
in attracted as practical tightening method in which the target
of tightening force is yield point or plastic region. The plastic
region tightening has advantages as follows; higher tightening
force, less variation of the tightening force. The yield tightening
force is determined by the mechanical properties of the material
and the effect of the friction coeflicient of the bolt is small.
The plastic region tightening prevents advantageously the
fatigue fracture and the relaxation of the joint and may increase
the reliability of the joint. The diameter of the bolt is reduced,
the number of the bolt is decreased or the strength class of the
bolt is lowered. For the critical application, therefore, high
performance and cost reduction are achieved compatibly.

The plastic region tightening has been applied to various
fields. In the automotive industry, it is applied to the parts where
frequent disassembly and reassembly are not required such as
the cylinder head bolt and the connecting rod bolt in the engine
assembly, and its superiority is demonstrated. In an architectural
field, it is applied to friction grip bolts. Many researches have
been done to clarify the superiority of the plastic region
tightening and to establish a strength design of the joint.

Copyright © 2006 by ASME



Yield clamping force
Table 1 HPIS tightening procedure [2). / Uttimate clamping force
Step Loading / \
Hand tighten all balis, then tighten 4 or § equally spaced 2 Yield point
Instal bolts with gradunlly increased tightening torque to 100% =
of target torque on a cross-pattem tightening sequence. | Rupture
Check flange gap around circumference for uniformity. i)
Tighten all bolts with tightening torque to 100% of "
target torque on & rotational clockwise patter for \ \
Tightening | specified zerstions ; . . .
(6 passes for 10 inch and greater flange, 4 passes Ehstic region Phstic region
for others).
.| ifnecessary, waita minimum of four hours and tighten o .
Posttightening by the previous step, but 1 0r 2 passes Ebongation
Fig.1 Relation between axal force and
bolt elongation under tightening.
Table 2 Tightening control method.
Tightening control method Index Tightening Tighiening
area coefficient Q
Torgque control method Tightening torque elastic region 1.43
lastic regh 1.5-3
Angle control method Tightening angle z 3 reg‘mn
plastic region 12
Torque gradient Tightening torque gradient e
I method for tightening angle elastic limit 12

Today, the advantages of the plastic region tightening has
been noticed. However, the characteristics of joints with multi-
bolts tightened to the plastic region such as the flange joint is
not yet shown.

In this research, the plastic region tightening is applied to
flange joint assembly. Tightening procedure for the multi-bolt
joint according to the plastic region tightening method is
proposed and the superiority in the uniformity of the bolt
tightening force is demonstrated. The uniformity of the bolt
tightening force contributes to the leak-free service of the flange
joint. Since the plastic region tightening obtains higher
tightening force compared with the elastic region tightening, it
enables the bolt and the flange joint to be downsized.

OVERVIEW OF THE BOLT TIGHTENING PROCEDURE
FOR FLANGE JOINT ASSEMBLY
Although the importance of bolt tightening force control is
recognized and the torque control method is applied widely, it
is difficult to achieve accurate tightening force. The friction
coefficient may varies even if the torque wrench is carefully
used, and it follows that the scatter in tightening force becomes
at least £17% [1].
JPVRC BFC committee has proposed a new tightening
method (HPIS procedure, namely clockwise pattern tightening
method[2]), with the aim of a simple and effective procedure

which achieves uniform bolt preloads and accurate flange
alignment [2].

Table 1 shows the steps of the HPIS tightening procedure.
The bolts are tightened to 100% of the target torque in all steps
to decrease the number of tightening steps, except for the install
step to prevent the flange misalignment by snugigng and
tentative tightening. In all steps, the clockwise-pattern bolt
tightening sequence is employed with the aim of a simple
procedure to prevent human errors.

HPIS tightening procedure (Clockwise-patiern tightening
method) achieves a comparable uniformity of the bolt tightening
force, while the total tightening steps/rounds required for the
joint assembly is decreased, compared with ASME method
which employes the torque increment steps and a cross-pattern
bolt tightening sequence[3]. HPIS procedure reduces both the
cost and the human errors to avoid the complicated specification
on the torque increment rounds and the tightening sequence,
so that the method is practical with effectiveness and simplicity

(21,41

THE CONCEPT OF PLASTIC REGION TIGHTENING
Table 2 shows various tightening control methods. The
torque control method is applied to the elastic region tightening.
The angle control method and the torque gradient method are
applied to the plastic region tightening. The tightening factor
Copyright © 2006 by ASME



Q=F,_/F, . shown in Table 2 means a scalter in the
tightening force. The value of Q for the plastic region tightening
including the yield point tightening is smaller than that for the
clastic region tightening.

Figure | shows the relation between axial force and
elongation of bolt under tightening to rupture.

Plastic region tightening is a method of tightening to the
plastic region where the tightening force is greater than the
yielding load (yield clamping force in Fig. 1) of the bolt. The
tightening force of the bolt, which depends on its mechanical
properties and the friction coefficient, is 80-90% or more of
the tensile strength of the bolt. Since the control of strength of
the bolt is easier than the control of friction coefficient, the
scatter of tightening force by the plastic region tightening is
smaller than the elastic region tightening. The plastic region
tightening method has higher efficiency of the strength
utilization of the bolt.

For the plastic region tightening, the tightening force is
not controlled by the torque control method, therefore, an angle
control method, i.e. the control of the rotational angle of the
nut, is employed. Since the slope of curve at plastic region
shown in Fig.1 is small, effect of the error of the rotational
angle on the scatter of the tightening force is small.

ESTIMATION OF YIELD TIGHTENING FORCE BASED
ON RIGID-PLASTIC MODEL

Estimation method of yield tightening force of bolts based
on rigid-plastic model was proposed by Tsuji etal. [5], [6]. It
is possible to estimate the yield tightening force in the plastic
region tightening by the use of the material constant obtained
by uniaxial tension of the bolt. The yield tightening force , of
the bolt is expressed as

N xds’ o,
- 2
3d,( 2 (1
4Jl +){2 2 [:ﬂd, +I.I55p,)}

where d, is pitch diameter, d; is diameter of net cross-sectional
area, Pis pitch, o s is yield stressand x _ is friction coefficient
of thread.

Bolts with reduced shank of hollow cylinder were used
for the tightening test in order to adjust the yield tightening
force. The yield tightening force of the bolt with reduced shank
is also calculated based on the solution extended to a hollow
cylinder.

For the rigid-plastic hollow cylinder, the yield criterion
under the combined loads of axial tension and torque is
expressed as follows :

Y (.Y
HRGk @

Weld

where F is axial tension and 7 is torque. The value of , and
T, are yield point loads when the hollow cylinder is subjected
to axial tension only and torque only, and expressed as follows

E, = %d,’(l -ko,, 3)

% =-l{;d5’(l -, (4)

where o is the yield stress (under uniaxial tension), d, is
outer diameter of reduced shank body and k = d/d, is diameter
ratio of hollow cylinder. Shearing yield stress ¢ =¢ /v 3
is derived from von Mises yield criterion,

Since thread torque 7 is proportional to the axial force of the
bolt £, the relation between yield tightening force F and yield
thread torque T is expressed as

1P
n:FbE(;H.ISSp,d,] (5)
Knowing # , F;y is obtained from Eqgs. (2)-(5) as follows :

xd, (1-k)o,,

3d, 0-B))( P i 6
4\%»{3{2;:“_&,)}[“?:+1.|55p‘] (6)

Fy=

When o = 900MPa obtained from uniaxial tension test
is substituted for Eq.(6), P})=42.3kN. Calculated yield
tightening force is decreased by 8% compared with the yielding
load 45.1kN obtained by the uniaxial tension.

PRELIMINARY TIGHTENING TEST OF BOLT
INDI E OF BOLT
Characteristic of plastic region tightening of the bolt used
is examined before the tightening test of the flange joint.
Figure 2 shows the indicator type of bolt for the measure-
ment of the bolt elongation. Nominal diameter of the bolt is
M16. The material of the bolt is SNB7, and of the nut is S45C.
The middle part of the bolt was machined to a reduced shank
body. A through hole of the diameter 6mm is drilled and a indi-
cator rod of diameter 4mm is passed through the bolt to mea-

=TI TTTITTEITITITI TS

Fig.2 Indicator-type of bolt.
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sure the bolt elongation. An edge of the rod is fixed by weld-
ing, and a flat gage head is sct on the other edge.

TIGHTENING NDITIONS

Figure 3 shows a assembly of a bolt and a elongation
detector and Fig. 4 shows a setup for the plastic region
tightening test of the bolt. Voltage change of a potentiometer
by the displacement of the indicator rod is measured with a
digital multimeter and recorded by a PC. A load cell which
measures the tightening force is placed between nuts. The
lubricant used in the test is a dry coating spray of MoS,
(molybdenum disulfide) used in many plants.

Firstly, the bolt is tightened by hand lightly. After that, the
bolt is tightened untill the bolt breaks by the angle control
method using a torque wrench with a ten times torque
amplifying device.

CHARACTERISTIC OF BOLT UNDER THE PLASTIC
REGION TIGHTENING

Figure 5 shows the test result of the plastic region tightening
of a set of the SNB7 bolt and the nut. Figure 5 (a) shows the
relation between the nut rotational angle and the bolt tightening
force and (b) shows the relation between the bolt elongation
and the bolt tightening force. The bolt yiclded when its
elongation reached to 0.3 mm, and ruptured at 2.1 mm in
clongation. The yield tightening force is 47.9kN, determined
by 0.2% permanent set of the reduced shank body length. These
behaviors are similar to those of general high-strength bolt
tightened to the plastic region.

To obtain the relation between the nut rotational angle and
the bolt clongation, the compression compliance of the joint
should be taken into account, besides the pitch of the bolt. Since
the compression compliance of the flange joint is large duc to
the gasket and the flange rotation in the case of the following
flange tightening test, the target value of the tightening angle
should be chosen to make sure that bolt is settled into the plastic
region.

TARGET VALUE OF NUT ROTATIONAL ANGLE
Figure 6 shows the method to determine the target value

of the nut rotational angle . In order to minimize the influ-

ence of the variation of the nut rotation angle on the tightening

Fig.3 Assembly of bolt and elongation detector.

(@) Ten times torque amplifying device
@ Potentiometer () Strain amplifier

(D Torque wrench
3 Load cell
® Digital multi-meter (D) Personal computer

Fig.4 Selup for plastic region tightening test.
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(a) Relation between axal force and bolt elongation.

60
50 /, —
40
30 /
20 /
10 /
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Nut rotational angle deg
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(b) Relation between axal force and nut
rotational angle.

Fig.5 Result of plastic region tightening test.
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force, 6,shown in Fig.6 seems to be suitable for the target
value. Necking of the bolt starts just after the maximum point
@, so that the weakening cffect of the reduction in the cross-
sectional area is dominant and the tightening force decreases
until the bolt ruptures. It might be undesirable to generate neck-
ing immediately after tightening. Considering the assembly
efficiency in the site and the reuse of the bolt, nut rotational
angle should be as small as possible. Then, the mean value of
@,and 8, is considered as the optimum target value of the nut
rotational angle 8, ,

0, =6, +6,) @

The value of 4, is set to 420 degrees by the preliminary
flange tightening test, taking into account of the compliance of
the actual flange joint.

PLASTIC REGION TIGHTENING TEST OF THE
FLANGE JOINT
SETUP FOR TIGHTENING TEST

Figure 7 shows a setup for the plastic region tightening test
of the flange joint. Bolt tension is controlled by the angle con-
trol method where a torque wrench and a ten times torque am-
plifying device are used for tightening operation. Tightening
force of each bolt is measured using a load-cell with strain
gages and the flange gaps are measured by a vernier caliper.
Elongation of the bolt is measured using the potentiometer.
Measured data are recorded by a personal computer through a
digital multimeter. The test flange is the 4 inch class 150 Ib
(material: SFVC2A), raised face slip-on welding type flange
specified in JPI (Japan Petroleum Industry). The test bolt (stud)
is nominal diameter of M16 with nuts (bolt material: SNB7,
nut material: S45C). Figure 8 shows a test gasket, spiral wound
gasket (SWG) made of non-asbestos filler with an outer ring
(No.591, Nippon Valqua Co.).

TEST CONDITIONS
Tightening test procedure follows the slightly modified

HPIS procedure which employs a rotational clockwise pattern
tightening sequence, to achieve an assembly efficiency and the
joint reliability. The angle control method is used for tighten-
ing instead of the torque control method. As an install step,
bolts are hand tightened, and are tightened by a cross-pattern
tightening sequence with a snug torque corresponding to 10kN
of the bolt axial force. As a main step, bolts are tightened in a
rotational clockwise pattern sequence and the nut rotational
angle is 60 degrees. Since the tightening force is 49kN when
the bolt completely reaches the plastic region by the prelimi-
nary test, target value of the nut rotational angle is set to 420
degrees, corresponding to 7 passes. Lubricant used in the test
is a dry coating type spray of MoS, (molybdenum disulfide)
applied to many plants.

RESULTS AND DISCUSSIONS

Figure 8 shows the result of the tightening test of the flange
joint: Figure 8 (a) shows the relation between the pass number
and the bolt elongation and (b) shows the relation between the
pass number and the axial force. The axial forces of all bolts
are measured during the tightening process. The bolt elongation
increases in proportion to the pass number from pass No.l to

pass No.4. The rate of the bolt elongation increment changes
when the bolts reaches the plastic region (Fig. 8 (a)). In pass
No.5, the bolt axial force becomes 40kN and reaches the yield

Y, N \

Axial force F,
*

0 gy I 8y
Nut rotational angle &

Fig.6 Determination of target of nut
rotational angle.

o

—i |

rn_I; |

(1) Ten times torque amplifying device @ Clamp lock

(@ Flange joint @ Hexagonnut (5 Load-cell

® Bolt (@ Potentiometer (® Strain amplifier
(@ Digital multimeter (0 Personal Computer

Fig.7 Setup for flange tightening test.
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point. In pass No.6, all bolts reach the plastic region. Their
final axial force, namely tightening force are about 45 kN at
4 . Scatter of axial force is 10% or less when tightening was
completed. The uniformity of bolt tightening forces obtained
by the test is equivalent or superior to that of the elastic region
tightening. A favorable result is obtained compared with the
data of HPIS procedure for the elastic region tightening. In the
case of the bolted joint tightened by many bolts such as the
flange joint, the scatter of the bolt axial force is small by the
plastic region tightening.

Figure 9 shows the elastic interaction in the tightening
processes: Fig. 9 (a) shows variation of the bolt axial force in
the pass of the elastic region and (b) shows variation of the
bolt axial force in the pass of the plastic region.

When two adjoined bolts have been arranged relatively
closely, the influence of the elastic interaction on the variation
of the bolt axial force is significant under the elastic region
tightening (torque control method). The influence of the elastic
interaction appears in the elastic region under the plastic region
tightening by the angle control method as well as the elastic

region tightening by the torque control method. When bolts-

reach the plastic region, tightening of a bolt does not influence

—+—Bolt No.1 -8~ Bolt No.2 —&—Bolt No.3 ~®- Bolt No4
—6—Bolt No.5 -5~ Bolt No.6 —#— Bolt No.7 -©- Bolt No 8

elngation mm
SO0 ==
S oo O L

0 1 2 3 4 5 6 7
Pass number
(a) Relation between pass number and bolt
elongation.

-4~ Bolt No.| " Bolt No2 —& Bolt No.3 ~®~ Bolt No.4
-0~ Bolt No.5 -5 Bolt No.6 —&~ Bolt No.7 ~©~ Bolt No &

50
40
% 3
E 20
2 10
é 0
0 1 2 3 4 5 6 1
Pass number
(b) Relation between pass number and bolt
elongation.

Fig.8 Resultof tightening test of flange joint.

the axial force of the neighboring bolts. An increase in the axial
force is very small in the plastic region, so that the influence of
the elastic interaction is also small. It is effective in the
uniformity of the bolt tightening force.

The flange gaps are measured at four points of the flange
circumference in order to check the uneven clamping.
Ununiformity of flange gaps measured are from 0 mm to 0.4
mm.

These data are the comparable to the data of the elastic
region tightening by HPIS procedure. Uneven clamping does
not appear in the plastic region tightening.

In this research, bolts with the reduced shank of cross-
sectional area A, = 50.3 mm?* are used to adjust the tightening
force and their yield clamping forces are 50 kN. Standard
tightening force for the combination of the test flange and the
gasket is 35kN. Assuming that the number of bolts and the
strength class of bolts are constant, equal tightening force can
be achieved by using M8 bolts (stress area A, = 36.6 mm’).
Application of plastic region tightening to the flange joint is
able to downsize the bolts and the flange due to higher
tightening forces and their uniformity.

—*— Bolt No.| ~®~ Bolt No.2 —* Bolt No.3 —*- Bolt No4
=4 Bolt No.5 ~5~ Bolt No.6 ~* Bolt No.7 ~©~ Bolt No.8

Bolt No.
(a) Pass at elastic region.(Pass No.2)

“*Rolt No.1 ™ Bolt No2 ~& Bolt No.3 ~® Bolt No4
~©=Polt No.5 “5~ Bolt No6 ~£~ Bolt No.7 ~©~ Bolt No.8

1 2 3 4 5 6 7 8
Bolt No.
(b) Pass at plastic region. (Pass No.6)

Fig.9 Variation of axial force during one pass.
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CONCLUSIONS

This paper described the application of plastic tightening

bolt to the flange assembly. The following results were obtained.

(1) The behavior of the plastic region tightening of the
bolt made of SNB7 was examined. There was no
difference between the SNB7 bolt and the high
strength bolt for the automotive application.

(2) The estimation method of the yield clamping force of
the bolt with reduced shank of hollow cylinder was
proposed.

(3) The flange joint was tightened to the plastic region of
the bolt by the modified HPIS tightening procedure
with the angle control method.

(4) Under the plastic region tightening, the influence of
the elastic interaction appeared in the elastic region
as well as the elastic region tightening by the torque
method. When bolts reached the plastic region,
tightening the bolt does not influence the axial force
of the neighboring bolts. Uniform tightening force is
achieved, so that scatter of final tightening force was
10% and less.

(5) When the plastic region tightening is applied to the 4
inches standard flange joint, equivalent tightening
force can be achieved by using M8 bolts in place of
MI16 bolts.
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