Prediction of Time-Correlated
Leakage Rates of Bolted Flanged
Connections by Considering the
Maximum Gasket Contact Stress
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1 Introduction The prediction method of leakage rates by considering the max-
imum gasket contact stress has also not been found up to now.
Several leakage models were presented in the literature, such as
flat circular plate model, triangle groove model, and porous me-
dium model. In the porous medium model, most nonmetallic gas-
kets and compound gaskets of metallic and nonmetallic materials
are assumed to be made of porous media. This model can be used
to describe nonmetallic gasket leakage behavior satisfactorily
[8,9]. A laminar-molecular flow model was used to predict gasket
leakage rates considering the leakage paths as parallel straight
capillaries of uniform length by Marchand et al. [10]. Jolly and
Marchand used the intrinsic permeability &, and a characteristic
Knudsen number K; of the gasket to predict the leakage rates of
different gas mediums through the gaskets considered to be made
of porous medium [11]. The time dependent leakage characteristic
of nonmetallic gaskets was investigated and a leakage model was
proposed by Gu et al. [12]. Most existing leakage models are only
suitable for calculating the leakage rates at room temperature, in
which the effect of the service time, gasket contact stress relaxa-
tion, its nonuniform distribution and the degradation of gasket
materials on the sealing performance of the connections were not
taken into consideration.

In this paper, an analytical model has been developed to deter-
mine the maximum gasket contact stress with material creep of
each element in the connection coupled to the axial deformation
compatibility equation. The analysis was verified against the finite
- element (FE) numerical simulation. A time-correlated leakage
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Bolted flanged connections are commonly used in pressure ves-
sels and piping. The failure of sealing system is mainly caused by
the leakage of the connections. An accurate prediction of the leak-
age rates is the basis of the design and tightness assessment of
bolted flanged connections. Actually, the leakage rate is not only
correlated with working conditions but also with service time.
With the extension of service time, the gasket material degrades,
the connection relaxes, and the sealing performance declines
significantly.

In real bolted flanged connections, the gasket contact stress
declines gradually because of the material creep and stress relaxa-
tion of the connection, which make the tightness of the sealing
system decrease [1]. The gasket contact stress at the outer diame-
ter is usually higher due to flange deflection and this increases the
tightness of the connection to some extent [2,3]. It has been found
that the leakage rate depends not only on gasket effective contact
width but also more on the maximum contact stress of gasket than
on its average value [4]. Some research on the creep relaxation of
bolted flanged connections and its effect on gasket contact stress
change and tightness of the connections has been conducted [1]
and [5-7], but little research work on the influence of the nonuni-
form gasket stress distribution on time-correlated leakage behav-
ior of the connections has been reported.
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consideration. Some long-term sealing performance tests were
performed on two types of gaskets; namely, flexible graphite (FG)
gasket and compressed nonasbestos fiber (CNA) gasket. The leak-
age rate prediction method proposed in this paper was also vali-
dated against the experimental data presented by other
researchers.

2 Analysis of the Maximum Gasket Contact Stress

2.1 Analytical Method to Determine the Maximum Gasket
Contact Stress. The tightness of bolted flanged connection is
largely related to gasket residual contact stress. In a real connec-
tion, the distribution of gasket contact stress in the radial direction
is nonuniform due to the flange deflection, and the leakage rate
depends more on the maximum gasket contact stress than on its
average value.

The bolted flanged connection is a statically indeterminate
structure. The flexibility interaction analysis in the axial direction
is the key to determine the final remaining load in terms of the ini-
tial one. The correct modeling of the gasket is an important factor
to obtaining reliable analytical results. The model for gasket de-
formation analysis is shown in Fig. 1.

The decrease of gasket compressive stress and the degradation
of gasket material at elevated temperature result in the leakage of
bolted flanged connections eventually. The realization of initial
seal of flanged connections depends largely on gasket compres-
sive performance, while good gasket resilient performance and
sealing behavior are particularly expected in order to decrease the
separation of contacting surfaces and to eliminate the leakage of
the bolted flanged connections under operating conditions. The
relationships between gasket contact stress and deformation are
given by Gu and Zhu [13] as follows:

Compressive performance formula is

S' = (Ac — BeT) <D;)NC )

Resilient performance formula is

(Ar+BrT')

& @)
Dg

S
g s +Bs

where S and S/ are the gasket seating stress and average residual
contact stress on the entire gasket area, respectively, D; and D’;
are the corresponding gasket compressive deformations, 7 is the
temperature, and Ac, B¢, N¢, As, Bs, Ar, and By are the regression
coefficients.

The total axial deformation of gasket Dg(r) at different radial
positions r consists of two parts

D,(r) = D}(r) + DS 3)

| / |

Center line of bolt circle
| \
[

0 1€ —Gasket

| enter line of gasket
DS
T
. Flange
r ‘

: 2 ‘ :
a2 ‘

Do/2

Fig.1 Model for gasket deformation analysis
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where Dg(r) is the gasket axial deformation calculated by Eq. (1)
or (2), and Dy, is the creep deformation of gasket that is given
by Zhang et al. [14] as follows:

Dg = Dy (Bg + CrT) In() )

where By and Cy are the regression coefficients and 7 is a service
time.

Equation (3) gives the axial deformation of the gasket at its
outer diameter as follows:

do do .
D, (?> =D (7) + D ®)

where d, is the gasket outside diameter.
The relationship between the deformation D, (r) at any radial posi-
tion r and the average gasket deformation D, can be described as

Dy(r) =D, + (2r — Dg) tan 0 (6)

where Dy is the average gasket deformation, Dg is the diameter
where gasket average contact stress acts, and 0 is the flange
rotation.

The flange rotation under seating condition is given by Feng
et al. [15] as follows:

. — 2 3
g - - 0" @
Ergi\/Dir/gol’

The flange rotation under final operating condition is

(=) (1+p)? CiDgyp
o = %M% /AL ®)
Ergi\/Dis/goL f (t} + C28e)

where p is the Poisson’s ratio, D is the flange inside diameter, Ef
is the elasticity modulus of flange material, g¢ is the thickness of
the small end of cone neck, g is the thickness of the large end of
cone neck, M is the flange moment, p is the pressure of medium,
ty is the thickness of flange, and Cy, C», L', and V; are the dimen-
sionless coefficients that can be obtained according to Ref. [16].

The displacement D’ (‘12—") at gasket outside diameter under seat-
ing condition is obtained from Eq. (6) as follows:

i (d ; i
Di (i’) =D}, + (do — Dg) tan ¢ ©)

Similarly, the displacement D/ (%) at gasket outside diameter
under operating condition is given by

D’:(@> =D, + (do — D) tan 0/ (10)

2

A relationship exists between the gasket residual contact stress
and the initial bolt-up force and this is established by considering
the axial displacement compatibility at any radial position [7,17].
In consideration of the creep of bolts and flanges, and their ther-
mal expansion in axial direction, the deformation compatibility
equation of bolted flanged connection at the bolt circle can be
expressed as follows:

D, (%) - [D'; (%) +D,(Br + CrT') ln(t)]
+(dy — do)(tan 0" — tan Qf) = {q{)Wf — q{)Wi +wi (11)

ol I (17 — T')] + 2(0{ +w = D}) + 24
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where gy, is the elastic coefficient of bolt, W is the bolt load, d,, is
the central circle diameter of bolt, wy and wf are the axial creep
deformations of bolt and flange, respectively, which can be
obtained according to Ref. [6], oc{) is the linear expansion coeffi-
cient of bolt material under operating temperature, /; is the initial
length of bolt, Dy is the flange deformation at bolt circle, and At;
is the axial expansion deformation of flange at bolt circle, which
can be calculated according to Ref. [18].

It can be seen from Eq. (11) that the deformation of gasket is
correlated with the material of each element and working condi-
tions of bolted flanged connection. The maximum gasket contact
stress at different service time Syax(f) can be obtained by solving
the transcendental equations.

2.2 FE Numerical Simulation. Because the gasket contact
stress cannot be measured accurately by testing, a three-
dimensional (3D) FE model of bolted flanged connection consid-
ering the nonlinear behavior of gasket and material creep was
constructed to verify the maximum time-correlated gasket contact
stress obtained by analytical method.

A bolted flanged connection, which is made of a pair of ANSI
B16.47 CLASS300, NPS30 welding neck flanges and tightened
with 28 bolts of NPS1-3/4, operates under the pressure of 3 MPa
and at the temperature of 813 K. The materials of flange and bolt
are 10CrMo0910 and 25Cr2MoVA, respectively. FG gasket is used
as the sealing element. The connection was simplified to a cyclic
symmetric model, and a part of the connection containing a bolt
was selected for the study and the 3D FE model was established
using the software ANsYs, as shown in Fig. 2.

A 3D 20-node solid element was used to model the materials of
flange and bolt. A gasket interface element was used to model gas-
ket material and the nonlinear behavior of FG gasket was
described by Ref. [13] as follows:

1.912

§'=36.18(D') (12)

-\, 8.028

S
- = —0.208 + (D,)

R (13)

At the temperature of 813 K, the creep of flange and bolt materials
was simulated according to the time hardening creep constitutive
equations provided by Xuan et al. [19] and Zheng et al. [20] as
follows:

10CrMo910 : é = 5.85E — 106> x 00!
25Cr2MoVA : é = 4.03E — 1127 x 17033

(14)
15)

where & is the creep rate and o is the stress.

According to Ref. [13], the regression coefficients in Eq. (4) are
Br=2.84x 1072 and Cr = 1.93 x 10™°. The creep function of gas-
ket has been modified into a creep equation suitable for the ansys 6.1
[21] according to the creep experimental data of FG gasket presented
in Ref. [13]. In addition, since the gasket interface element of ANSYS
does not have the creep option, a plane plate of half the thickness of
the gasket modeled with a volume element is placed in the middle of
the gasket to handle the creep effect of gasket [4]. Because of the de-
formation compatibility of the bolted flanged connection, the gasket
stress will change when the creep of the plate takes place.

3 Establishment of Time-Correlated Leakage Model
of Nonmetallic Gasket by Considering the Gasket
Contact Stress Relaxation Process

3.1 Establishment of Time-Correlated Leakage Model of
Nonmetallic Gasket. The leakage rate of nonmetallic gasket
depends not only on the maximum gasket contact stress but also
on the properties of gasket material.

Journal of Pressure Vessel Technology

Fig.2 3D FE model of bolted flanged connection

The degradation of nonmetallic gasket materials is a physico-
chemical process under the condition of both heat and oxygen.
The reaction rate is related to the temperature, and it can be
expressed by Arrhenius equation

K = Aexp(—U/RT) = Aexp(—B/T) (16)

where U is the reaction activation energy, R is the gas constant, A
is a constant, and B = U/R.

For gaskets used at elevated temperatures, their creep relaxation
increases; gasket contact stress and resilience performance
decrease, and the number and size of leakage paths increase with
service time. According to Maxwellian attenuation model, the
degradation of gasket performances can be described by the fol-
lowing empirical formula:

P, = Cexp(—Kr*)Py a7

where P, and P, are gasket performances at time =0 and ¢,
respectively, and o and C are constants.

Most nonmetallic gaskets can be assumed to be made of porous
media material. The flow of gas through porous media includes
molecular transfer and convection transfer. The total flow rate L
of gases through porous media is the sum of the laminar flow rate
and the molecular flow rate. The formula was given by Gu et al.
[22] as follows:
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L—zk: T p-p)  (8)
= 2\ Byely "™ " 3ely, n
where p and p, are the pressures at the entrance and exit of leakage
paths, respectively, p,, is the average pressure, pm = (p + p1)/2, In
is the average length of leakage paths, ¢ is a bending coefficient of
leakage paths, 7 is the dynamic viscosity of gas, r; is the radius of
any leakage path, £ is the total number of leakage paths, and M’ is
the gas molecular weight.

The radius r and number of leakage path k are characterized by
¢ as follows:

e=f(k,r) (19)

There exists the following relationship among the number £, ra-
dius r; of leakage paths, and the maximum gasket contact stress

k= fl( max() ); f2( max() az) (20)
where @ and a, are the constants.
Then, ¢ can be expressed as
& = Cexp(K)f (Smax () ™") 21)

According to Egs. (18)—(20), the total leakage rate of gas through
gaskets L can be calculated by the following formula:

L= {AL —exp [BL exp ( ) z“} <S%X,(I))%pm
o255

X (p—p1)

1
+ Ap 7
(22)

where / is the effective sealing width of gasket, A, Am, BL, Bms,
CL, C\, o, P, ny, and nyg are the regression coefficients, which can
be obtained from experimental data.

When the gasket contact stress is smaller and the medium pres-
sure is higher, the leakage is predominantly laminar flow and, in
this case, the influence of molecular flow can be ignored. Thus,

Eq. (22) is simplified to
CL Smax ([) \ -
- m(p — 2
S| (50) oo @9

which expresses the relationship among the leakage rate L, the
maximum gasket contact stress Smax, medium pressure p, operat-
ing temperature 7, and service time 7.

1
L=AL l—exp {BL exp (

3.2 Experimental Verification. In order to validate the
established leakage model and obtain the coefficients in the leak-
age model, some long-term sealing performance tests were per-
formed on FG and CNA gaskets. These two kinds of gaskets can
be considered to be made of porous media.

3.2.1 Test Apparatus. Tests were performed on a testing
machine for gasket comprehensive performances at elevated tem-
peratures, as shown in Fig. 3.

The machine consists of a rack, two test rigid flanges, a loading
system, a heating system, a medium supplying system, a leakage
rate measuring system, a controlling system, and a data acquisi-
tion system. There exists a low pressure chamber between the gas-
ket and flanges. According to the state equation of ideal gas, the
leakage rate can be obtained by measuring the change of the pres-
sure and temperature of test medium in the chamber over time and
the volume of the chamber. All test parameters are measured with
high precision sensors, such as gasket compressive stress, gasket
deformation, test temperature, test medium pressure, and pressure

011211-4 / Vol. 134, FEBRUARY 2012
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1. Rack 2. Force sensor 3. Thermal insulation board 4. Displacement sensor

5. Upper flange 6. Tested gasket 7. Lower flange 8. Platen 9. Electric furnace

10. Leak detection chamber 11. Temperature sensor 12. Low pressure sensor
A. data acquisition system  B. medium supplying system

Fig. 3 Schematic diagram of test apparatus

and temperature of the leakage fluid accumulated in the leak
detection chamber. The measurement range of the leakage rate is
107°-0.1 Pa~m3-s7', and the minimal measurable leakage rate is
107% Pa-m’-s™".

3.2.2 Test Procedure. The test parameters are listed in
Table 1. Two groups of samples for each kind of gasket were
selected for testing. For each kind of gasket, three different com-
binations of test pressure, temperature, and gasket seating stress
were determined according to uniform design method with three
levels for each parameter. At each stress level, the test medium
was conducted at certain time. At each test point, the leakage rate
was monitored until a stable value was obtained.

4 Leakage Rate Prediction

According to Eq. (23) and the regression coefficients obtained
by regression of experimental data for each type of gasket, the
leakage rates of gas leaking through FG and CNA gaskets of dif-
ferent sizes can be predicted under various working conditions.

Obviously, the leakage rate calculated by Eq. (23) is correlated
with the material and size of gaskets. It can be assumed that the
leakage paths in nonmetallic gaskets are distributed uniformly in
the circumferential direction. The larger the gasket perimeter, the
more the leakage paths are. Therefore, when the leakage rate is
calculated for the gaskets with different sizes, a correction of Eq.
(23) is necessary; the leakage rate L becomes

CLy o (Smax ()™ D
e (5 O) o - 2
(24)

1
L =A;—exp {BL exp(—
In

where D, and D, are the outer diameters of the tested gasket and
the gasket of which the leakage rate will be predicted,
respectively.

Table 1 Test parameters
Medium .
Test  pressure N
Test sample medium p (MPa) T(K) (MPa) t(h)
FG gasket 99.9% 3 813 40 1,20, 35,50, 65,
(@91 x @61 x 1.5 mm) nitrogen 4 373 60 80,100, 120, 140,
6 273 20 160, 180, 200
CNA gasket 3 473 40
(9109 x @61 X 2 mm) 4 298 60
6 373 20
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Fig. 4 Radial distribution of gasket contact stress for FG
gasket

5 Results and Discussion

In order to verify the analytical method for determining the
maximum gasket contact stress, the gasket contact stress at differ-
ent radial positions, and the maximum and average gasket contact
stresses at different service time were calculated by both analyti-
cal method and finite element method (FEM) under the same con-
ditions as those described in the FE model.

When different radial positions, r, are chosen, the gasket con-
tact stress at these position can be calculated by solving the corre-
sponding deformation compatibility equation. So, the gasket
contact stress at any radial position can be obtained. Figure 4
illustrates the radial distribution of gasket contact stress. The con-
tact stress increases from inside to outside in radial direction. At
the outer diameter of gasket, the contact stress is higher due to
flange deflection and this can be beneficial for some kinds of gas-
ket provided the crush limit is not reached. The results obtained
by the analytical method compares well with those calculated by
the finite element method.

Figure 5 shows the relationship between the average and the
maximum gasket contact stresses and operating time obtained by
analytical and FE methods under two different bolt loads. The
gasket contact stress decreases with the operating time. In the first
50 h, the stress decreases noticeably because of the higher rate of
creep and relaxation of the connection. After that, the stress
decreases slowly. It can be seen that the difference between s
and Sy« (?) is bigger with a higher pretightening load of bolt. The
results obtained by the proposed analytical method compare well

45
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Fig.5 Comparison between S'(#) and S.,(1) for FG gasket
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Fig.6 Relationship between L and t under different experimen-
tal conditions for FG gaskets

with those obtained by FEM. Therefore, the results of the maxi-
mum gasket contact stress from analytical method could be used
to predict the leakage rates of bolted flanged connections.

Some long-term sealing performance tests were performed on
FG and CNA gaskets on the test apparatus shown in Fig. 3. The
relationships between leakage rate L and service time ¢ for these
two types of gaskets are shown in Figs. 6 and 7. The leakage rates
obtained under the experimental conditions are indicated by filled
and unfilled markers. It can be seen that, at the early stage of the
tests, the leakage rates increase noticeably with testing time
because of the higher degradation rate of gasket material and nota-
ble decrease of the gasket contact stress. After that, the leakage
rates increase slowly. At lower test temperatures, the leakage rates
increase slowly with time, while they change very noticeably at
higher test temperatures, which indicate that the test temperature
has a significant effect on gasket sealing performance, the gasket
material becomes stiff, brittle, and more porous. It can be seen
that the sealing performance of FG gasket is better than that of
CNA gasket at elevated temperature.

The coefficients Ay, By, Ci, n, and o in time-correlated leak-
age model can be obtained by regression analysis of the experi-
mental data, and they are listed in Table 2. )

By substituting working parameters such as p, T, S, and §(1)
into Eq. (23) after obtaining the regression coefficients in the
time-correlated leakage model, the leakage rates of FG and CNA
gaskets under the given working conditions were predicted, as
indicated by solid lines in Figs. 6 and 7. It can be seen from Figs.
6 and 7 that the variation of leakage rate with testing time follows
well the curves expressed by Eq. (23), as indicated by the high

0.09
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m  p=4 MPa, T=298 K, $'=60 MPa
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o 003f
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4 002
3
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Fig.7 Relationship between L and t under different experimen-
tal conditions for CNA gaskets

FEBRUARY 2012, Vol. 134 / 011211-5

Downloaded From: https://pressurevesseltech.asmedigitalcollection.asme.org on 06/29/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



Table 2 Regression coefficients in Eq. (23)

Correlation
Gasket Ay By, Cp ny, o coefficient R
FG 4724 x107% 19.54 2128 —220.7 0.02500 0.9540
CNA  6.440x 10° —37.76 —54.05 —11.31 —0.008046 0.9770

value of the correlation coefficient R. Therefore, it can be con-
cluded that the proposed Eq. (23) well models the time-correlated
leakage behavior of the tested gaskets, and the errors between the
prediction values and the experimental results are within 17%.

In order to validate the leakage rate prediction method proposed
in this paper, some predictions were made according to Eq. (24).
The outer diameter D, of the gasket in this connection is 124 mm.
Figure 8 presents the comparison between experimental leakage
rates on a PN10, DN300 welding neck flange presented in Ref.
[23] and calculated leakage rates using the established model for
FG gaskets under the working condition that p=2.5 MPa,
T=673 K, and ' =30 MPa. It can be found from Fig. 8 that the
leakage rates predicted based on the maximum gasket contact
stress Spmax() are closer to the results presented in Ref. [23] than
those calculated based on the average gasket contact stress. The
maximum error between the predicted values based on S,.x(#) and
the experimental results is about 18%. The essential reason for the
error of prediction is largely due to the different leak detection
methods used in Ref. [23]; they had larger error than in the present
work.

Figure 9 illustrates the comparison between experimental leak-
age rates on a rigid dummy flange presented in Ref. [24] and cal-
culated leakage rates using the established model for CNA
gaskets under the working condition that p =3.5 MPa, T=473 K,
and S’ =35 MPa. The outer diameter D, of the gasket in this case
is 109 mm. It can be seen that the predicted results based on
Smax(?) and s (t) are both closer to the experimental results for the
short term. But with the extension of service time, the leakage
rates increases due to the combined effect of gasket material deg-
radation and contact stress relaxation. The maximum error
between the predicted values based on Sy,.«(#) and the experimen-
tal results is about 12%. It is more reasonable to predict the leak-
age rates of bolted flanged connections in long-term service
according to the maximum gasket contact stress than the average
gasket contact stress.
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0.009 H — prediction values based on S

(®

max
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p=2.5 MPa, T=673 K

U =
0.004 §=30 MPa, D,=124 mm
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0 20 40 60 80

Operating time 7 (hr)

Fig. 8 Comparison between experimental results presented in
Ref. [23] and calculated leakage rates using the established
model for FG gaskets
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Fig. 9 Comparison between experimental results presented in
Ref. [24] and calculated leakage rates using the established
model for CNA gaskets

6 Conclusion

An analytical model has been developed to determine the maxi-
mum contact stress at gasket outer diameter in which the material
creep of each element in the connection was coupled to the axial
deformation compatibility equation. The analysis was verified
against the finite element numerical simulation considering the
nonlinear behavior of gasket and material creep. The difference
between S7(r) and Spa.(f) is bigger with a higher pretightening
load of bolt than that with a lower load. The results from FEM
agree well with those obtained by the analytical method. There-
fore, the results of the maximum gasket contact stress from analyt-
ical method can be used to predict the leakage rates of bolted
flanged connections.

A time-correlated leakage model of nonmetallic gasket sealing
connections based on the porous medium theory was established,
in which the effect of the material degradation and contact stress
relaxation process of gasket on the sealing performance were
taken into consideration. Some long-term sealing performance
tests were performed on FG and CNA gaskets, and the coefficients
in leakage model for two types of gaskets were obtained by
regression analysis of the experimental data. At the beginning
stage of the tests, the leakage rates are generally small but
increase noticeably with increase in testing time because of the
slight degradation degree but considerable degradation rate of gas-
ket material and significant decrease of gasket contact stress. After
that, the leakage rates increase slowly. At lower test temperatures,
the leakage rates increase slowly with testing time, while they
change very noticeably at higher test temperatures, which indicate
that the test temperature has a significant effect on gasket sealing
performance.

A corresponding leakage rate prediction method for FG and
CNA gaskets with different sizes and used under various working
conditions was put forward. It is more reasonable to predict the
leakage rates of bolted flanged connections in long-term service
according to the maximum gasket contact stress than the average
gasket contact stress. The leakage rate prediction method pro-
posed in this paper was also validated against the experimental
data presented by other researchers and shown to produce rela-
tively accurate predications.

The present work was fulfilled on the welding neck flange con-
nection adopted FG and CNA gaskets as sealing elements. For
other types of flanges, such as slip-on welding flanges and lapped
flanges, further research on both the mechanical and sealing
behavior should be undertaken. The additional tests should also be
conducted before predicting leakage rate of other types of gaskets.
Furthermore, a parameter study is required for a whole range of
sizes of flanges in order to validate the effectiveness of the pro-
posed model.
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Nomenclature
o, f = regression coefficients
0 = flange rotation
1 = Poisson’s ratio
n = dynamic viscosity of gas
¢ = a function of k and r
& = creep rate
G = stress
oc{) = linear expansion coefficient of bolt
At; = axial expansion deformation of flange at
bolt circle
wy, = axial creep deformation of bolt
w{ = axial creep deformation of flange at bolt
circle
ay, a», A = constants
Ac, AL, Am, As, AT = regression coefficients
Bg, Cr = gasket creep coefficients
Bc, By, By, Bs, Bt = regression coefficients
¢ = bending coefficient of leakage paths
C = constant
Cy, C, = sealing performance coefficients
CL, C\ = regression coefficients
dy,, = central circle diameter of bolt
d; = inside diameter of gasket
d, = outside diameter of gasket
Dj = flange inside diameter
D; = flange deformations at bolt circle
D, = gasket compressive deformation
Dg = creep deformation of gasket
Dg(r'cjl = gasket axial deformation at different radial
positions
E; = elasticity modulus of flange material
8o = thickness of small flange cone neck
g1 = thickness of larger flange cone neck
k = total number of leakage paths
K = reaction rate
L = effective gasket width
lop = initial length of bolt
I, = average length of leakage paths
L = leakage rate
L' = coefficient
M = flange moment
M' = gas molecular weight
ny, ny; = regression coefficients
Py = gasket performance at time t=0
P, = gasket performance at time ¢
p1 = pressure at the entrance of leakage paths
p» = pressure at the exit of leakage paths
Pm = average pressure
q,, = elastic coefficients of bolt
r = radius position
R = gas constant
S = gasket contact stress
S = gasket seating stress
S/ = average residual contact stress on the entire
gasket area
Smax = the maximum gasket contact stress on gas-
ket contact width
Sq(r) = gasket contact stress at radius 7 at a given
time
t = service time
1y = flange thickness
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T = temperature
U = reaction activation energy
V| = coefficient

W = bolt load
Superscripts
; = initial seating condition
f = final operating condition
Acronyms

FE = finite element
FEM = finite element method
FG gasket = flexible graphite gasket
CNA gasket = compressed nonasbestos fiber gasket
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