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Abstract: The paper presents a new design of semimetal
gasket, which has been subjected to the optimization pro-
cess. The main objective function was to achieve the max-
imum elastic recovery of the gasket at imposed functional
and strength limitations. The objective function was de-
scribed indirectly in the form of the required minimum an-
gle of the gasket’s unload curve inclination, which was a
measure of the average value of the elastic modulus at un-
loading. Strength limitations resulted from not exceeding
the ultimate stress of the materials, while functional limita-
tions imposed the achievement of proper contact pressure
that ensures a given level of tightness class. The charac-
teristic dimensions describing the cross-section of the gas-
ket’s core were described by five descriptive parameters.
As aresult of the interrelationship of these parameters, 210
construction models were created that were subjected to
compression simulations. This problem was solved using
the Finite Element Method. The variant of the gasket ful-
filling the imposed limitations and the required minimum
objective function was tested experimentally.

Keywords: gasket, flange-bolted joints, optimization, FEM,
tightness, elastic recovery

1 Introduction

The condition for a proper function of any pressure instal-
lation is that the medium stored in tanks or transported
in pipelines cannot get out of them. Uncontrolled losses
of medium, apart from having negative effects on the en-
vironment [1-3], also lead to huge financial costs caused
by renovations and downtime. Depending on the purpose,
each pressure installation has a defined acceptable level
of leakage or, which is a more precise definition, can oper-
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ate at a permissible tightness class. The tightness class de-
fines the permissible leakage level of the sealed medium,
referred to as the nominal dimension of the gasket. The ba-
sic unit is mg/m-s. In accordance with the EN 13555 stan-
dard, three basic tightness classes have been defined in
pressure installations: L1.0, L0.1 and L0.01. The numerical
designation of a given class corresponds to the permissi-
ble value of leakage emitted by a given sealing node (cal-
culated in grams per second) in relation to the average di-
ameter of the gasket. The higher the class, the lower emis-
sions to the atmosphere. A flange-bolted joint is the most
popular sealing node in many pressure installations. It is
characterized by the fact that by increasing the mounting
load of the bolts, the level of leakage decreases. Neverthe-
less, there is a certain limit, which is determined by the re-
sistance of the weakest elements of such a node [4]. The
weakest element is usually the gasket. Its strength limit
is mainly connected to increased plasticity. Greater plas-
ticity of the gasket causes it to have lower strength, and
vice versa. The analysis of the impact of the gasket’s elas-
ticity on the leakage level from the flange-bolted joint was
presented, among others, in [5-8]. The most popular so-
lutions of the gaskets used in medium and high-pressure
installations are the so-called semimetal gaskets. The best
known include the spiral wound gasket (SWG) and the ser-
rated gasket (SG). Each of them generates different oper-
ational problems. One of the most important problems of
spiral wound gaskets is the inward buckling of metal wind-
ings at an excessive compressing load [9-12]. In the case of
serrated gaskets, an excessive load can lead to cracking of
the metal core [13] and an uneven distribution of the con-
tact sealing surface [7]. This work analyzes the construc-
tion of a new solution for the semimetal gasket. The pur-
pose of this analysis was to determine an optimal shape
of the metal core, which will consequently translate into
maintaining a high level of tightness class.
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2 Research object and scope of
work

The subject of the study was a semimetal gasket, the con-
struction of which is shown in Figure 1. According to the
original concept [14], this gasket consists of a metal core
with a cross-section resembling the letter “X”, and a flexi-
ble material located in grooves cut on the faces of this core.

Cross-section A-A

X - X

Figure 1: The semimetal gasket with an elastic metal core, 1 - metal
core, 2 - flexible material

The elastic material filling the metal core can be ex-
panded graphite, PTFE or expanded mica. In this work,
expanded graphite was adopted as the flexible material,
while steel 1.4301 was used to make the metal core. The
purpose of the numerical analysis conducted in the first
part of this paper was to determine the optimal dimensions
that describe the geometry of the cross-section of the metal
core. The optimal solution was one with high elasticity and
high elastic recovery. As a result, such a solution should
translate into a high tightness class. At the final stage of
the work, an experimental verification of the optimal solu-
tion was carried out. The experiment assumed the determi-
nation of the characteristics describing the elastic-plastic
properties and the characteristics of the tightness.
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3 Formulation of the optimization
problem

The optimal design of the gasket used in flange-bolted
joints is one that should be characterized by:

high tightness at low assembly loads,
high elasticity,

high mechanical strength,

high corrosion resistance,

high resistance to creep and relaxation.

All these properties are associated with the selection
of appropriate materials. In a typical semimetal gasket,
the metal element usually provides elasticity and strength,
whereas the flexible material (due to its high plasticity)
provides leakage proofness. In the case where a sealing
node is subjected to an alternating load (temperature, pres-
sure, mechanical vibrations), the level of tightness is de-
termined by another gasket parameter, i.e. elastic recovery.
The elastic recovery (in relation to the function of the seal-
ing in the flange-bolted joint) can be characterized as the
ability to maintain the highest possible contact pressure
with a decreasing load on the bolts. An impact of the gas-
ket’s elasticity on the load distribution and elastic recovery
in the joint’s components is shown in Figure 2.

Assuming that bolts deform elastically throughout the
entire load range and that the stiffness of the compressed
elements (flanges, nuts, washers and gaskets) can be rep-
resented by one of the non-linear gasket’s characteristics,
then the assembly state of the joint can be represented
by means of the chart stiffness shown in Figure 2a). The
common point of the bolt’s characteristics and gasket’s
characteristics is determined by assembly force (F,). In
the case of an operating load, the pressure of the sealed
medium acting on the blind ends (covers, bends) causes
hydrostatic force (Fy) — see Figure 2b). As a result, this
force causes the increase of the bolt’s load (Fg), whereas
the gasket’s load (deformation) decreases to the residual
clamping force (Fg). The smaller the residual clamping
force, the smaller the tightness of the joint. A proportion of
the hydrostatic force, which increases the bolt’s load (Fj;)
and decreases the residual clamping force (F};), mainly de-
pends on the stiffness characteristics of the bolt and gas-
ket. The best solution, from the point of view of the joint’s
operation and the maintaining of a high residual clamp-
ing force, is one where bolts are very stiff and the gasket
is resilient. Nonetheless, the chart presented in Figure 2b)
does not include the gasket’s plastic deformation. The ex-
ample where the gasket was deformed plastically is pre-
sented in Figure 2c). In such a case, the hydrostatic force
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Figure 2: The influence of the stiffness of the joint’s elements on the residual force

spreads between the bolt’s stiffness line and the gasket’s
BC curve. The BC curve is inclined at a larger angle to the
abscissa than the AB curve. The most advantageous, from
the point of view of maintaining a high residual clamping
force, would be the case where the BC curve is inclined
at the smallest possible angle to the abscissa, and where
its deviation from the AB curve is as small as possible. A
gasket fulfilling these requirements should have high elas-
ticity and high elastic recovery. Based on the above analy-
sis, it was found that a basic objective function of the op-
timal gasket design is one which has low flexibility for the
unloading process. This parameter can be indirectly de-
termined by the angle of inclination of the unloading BC

curve relative to the abscissa of the coordinate system. In
the analyzed solution, the parameters that limit the sought
area of the optimal gasket’s structure were the geometri-
cal dimensions of the core’s cross-section, the strength of
the used materials, as well as the ensuring of a minimum
pressure exerted on the sealing surface. A similar optimiza-
tion model was presented in [15]. The limitations of the gas-
ket’s dimensions were the maximum outer diameter d, =
90mm, the minimum inner diameter d,, = 49mm, and the
maximum height h = 10 mm. Characteristic dimensions de-
scribing the shape of the gasket’s cross-section (adopted
as decision parameters of the optimization apparatus) are
presented in Figure 3. The set of decision parameters was
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described as:
s{R1; Ry; a; t; b} 6]
Ri1 €{2; 3; 4; 5; 6}; R, € {0.5; 1; 25 3; 4; 6};
ac{65; 75}; t € {0.7; 1};
b € {8; 10; 12; 14; 16; 18}
where R; (mm) was the rounding radius of the bottom in
the front groove, R, (mm) was the rounding radius of the
bottom in the lateral grooves, a (°) was the angle of the lat-
eral grooves, t (mm) was the thickness of the segment, and

b (mm) was the width of the gasket. The enforcing param-
eter was the gasket’s deformation Uz = 3 mm.

Figure 3: The characteristic dimensions of the gasket

The independent variables were the parameters de-
scribing the strength of materials, which determined some
limitations of the searched area of the optimal design. The
first limitation was the allowable contact pressure of the
expanded graphite equal to 180 MPa. This limitation was
written as:

a(s; uz) < 180 MPa 2

The second limitation involved not exceeding the value of
the ultimate stress of the metal core equal to 550 MPa:

b(s;uz) < 550 MPa 3)

The third limitation was obtaining the minimum graphite
contact pressure p,,i, = 10 MPa, which ensures the tight-
ness at the level of 0.1 mg/ sm. This limitation can be writ-
ten as:

c(s; uz) = 10 MPa (4)

A graphic description of the optimization process is shown
in Figure 4. Based on the above objective function and the
imposed limitations, the objective functions can be pre-
sented as follows:
E;(s; uz) = min
a(s;uz) < 180 MPa
lim < b(s, u;) < 550 MPa
c(s;uz) = 10MPa

)
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Figure 4: Model of the gasket’s optimization

Based on the assumed range of the parameters that de-
scribe the geometries of the core’s cross-section, 210 mod-
els of the gasket’s design were generated. Examples of the
solutions are presented in Figure 5.

No 180

N~
A

Figure 5: The exemplary variants of the gasket’s cross-section

4 Numerical calculations

The Finite Element Method was used as a tool to optimize
the structure.

Numerical models of the 210 considered variants were
prepared as axisymmetric. Each of the numerical models
consisted of a gasket located between two plates represent-
ing the compression surfaces of a hydraulic press. Higher-
order structural finite elements were selected to discretize
areas of individual parts. Depending on the gasket’s de-
sign, the number of finite elements ranged from 3200 to
7300. The mesh density in the expanded graphite was 0.1
mm, whereas in the metal core it was 0.2 mm. The mesh
density of the metal plates ranged from 0.1 mm to 1 mm.
The discretization of the exemplary model is shown in Fig-
ure 6a). Each contacting surface was set as frictional. The
friction coefficient on the contact area between the metal-
graphite was 0.4, while the metal-metal one was 0.2. The
boundary conditions of the model were: the fixing of the
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Figure 7: Characteristics of the materials: a) isotropic bilinear model of steel, b) isotropic multilinear model of expanded graphite
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lower plate - preventing its displacement in the axial di-
rection, and the displacement of the upper plate by Uy =
3 mm - realizing the compression process of the gasket -
Figure 6b).

The model representing metal parts was an isotropic,
bilinear elasto-plastic one in which the value of elasticity
modulus was E = 206000 MPa, Poisson’s ratio v = 0.3, and
the material strengthening module in the plastic zone Ey
= 8000 MPa - see Figure 7a). To reflect the properties of
the expanded graphite, an isotropic, multi-linear material
model was adopted. Its characteristics (being the result
of experimental measurements) are shown in Figure 7h).
This, of course, was a simplification of the graphite’s prop-
erties, since this material exhibits high anisotropy at a
high compression level.
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4.1 Numerical results

Figure 8 shows the visualization of the compression pro-
cess of gasket model No. 180. This variant met only two lim-
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Figure 10: Compression characteristics of gasket variant No. 110

Figure 8: Equivalent stress distribution in MPa of gasket model No. 180: a) compression 0.3 mm, b) compression 0.5 mm, ¢) compression

1.5 mm, d) compression 3 mm, e) decompression 1.5 mm
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Figure 9: Equivalent stress distribution in MPa of gasket model No. 110: a) compression 0.3 mm, b) compression 0.5 mm, ¢) compression 1.5

mm, d) compression 3 mm, e) decompression 1.5 mm
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Figure 11: The stiffness characteristics of the selected gasket’s varian

itations concerning the strength of the materials. At a com-
pression of U; = 3 mm, the value of the maximum stress
in the metal core was Smax = 420.7 MPa, and the maximum
stress in the graphite was Smax = 18.8 MPa. However, this
variant did not meet the limitation resulting from the min-
imum contact pressure. The contact pressure on the gas-
ket’s surface at a maximum compression Uz = 3 mm was
4.3 MPa. Based on the numerical calculations, only 7 out
of 210 gasket variants met all the imposed limitations.
Figure 9 presents the compression process of variant
No. 110. The stress in the metal core at a compression of 3
mm was Smax = 507.8 MPa, the stress in the graphite was
Smax = 48.2 MPa, and the contact pressure was 21.3 MPa.

ts that met all the limitations

Figure 10 presents the deformation characteristics of this
variant. The maximum force necessary to deform the gas-
ket by 3 mm was about 35 kN.

The average angle of the unload curve was 62 degrees,
and it was the minimum of the objective function. In ad-
dition, a small hysteresis can be observed, i.e. the area lo-
cated between the load and unload curves. A compilation
of the stiffness characteristics of the variants that met the
imposed limitations is shown in Figure 11. Table 1 contains
the values of the inclination angles of the unload curve, pa-
rameters j2 that determine the relative value of the hystere-
sis area, and the dimensions of the gasket’s cross-section.
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Table 1: Compilation of the average values of the inclination angles of the unload curve, the relative hysteresis surface area, and the

characteristic dimensions of the gaskets that met all the limitations

Variant Area B Ry R, a b t
No j? deg mm mm ° mm mm
6 0.964 64 2 2 75 8 0.7
7 0.891 63 2 2 75 10 0.7
93 0.968 65 2 3 75 10 0.7
96 0.85 67 2 1 75 8 0.7
107 0.86 63 2 3 75 10 0.7
110 0.731 62 3 0.5 75 10 0.7
202 1.906 73 6 2 65 16 1

5 Experimental research

In order to verify the numerical calculations of the opti-
mal gasket’s structure, experimental tests were carried out.
In the first part of the experiment, the elastic behavior of
the gasket was determined. In the second part, the leak-
age characteristic of the optimal gasket variant was deter-
mined.

5.1 Elasticity and elastic recovery

5.1.1 Testrig

Figure 12 presents the test stand.

Hydraulic press

Computer

Caliper

Figure 12: Test rig for the determination of the gasket’s elastic
properties

The main element was a computer-controlled hy-
draulic press. The other elements of the test rig included
a hydraulic press control system and a computer that

records the course of the test. The parameters of the hy-
draulic press were: the maximum compressive force of 1
MN, the maximum size of the tested gasket (outer diame-
ter) of 170 mm, the maximum operating temperature of 300
C degrees.

5.1.2 The test procedure

The procedure was as follows: the gasket was placed in a
concentric way on the lower plate of the hydraulic press.
The upper plate of the press was set to touch the top of
the gasket’s surface. Once a contact between the gasket
and the upper plate was reached, the maximum compres-
sion value Uy = 3mm was set. Due to displacement sensors
mounted between the upper and lower plates, as well as an
extensometer in the lower plate, the dependence between
the compressing force and the gasket’s displacement was
recorded.

5.1.3 Test results

Figure 13 presents the experimentally determined defor-
mation characteristics of the tested gasket together with
the characteristics obtained by means of numerical cal-
culations. It can be stated that despite simplifications
adopted in the numerical model of the graphite, the ob-
tained characteristics did not differ significantly from the
experimental characteristics. The angle of inclination of
the unloading curve was 65 degrees, while the force caus-
ing the compression of 3 mm was 38 kN. The sample of the
gasket after the compression test is shown in Figure 14.
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Figure 13: Characteristics of the gasket’s stiffness

Figure 14: Gasket after the compression test
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5.2 Leakage level

In order to confirm the optimal gasket solution, a leakage
test was performed. To reflect the real operating conditions
of the gasket, the test was carried out on a flange-bolted
joint.

5.2.1 Testrig

The test stand presented in Figure 15 consisted of two
flanges with dimensions DN40 and PN40, four M16 bolts
with strength class 8.8, a glass cover constituting a collec-
tive collector, a helium detector, a helium reservoir, and a
vacuum pump connected to the detector.

Each bolt was equipped with a micrometer measure-
ment system, which is shown in Figure 16.

This solution was based on the guidelines included in
the EN 28091-2 standard. The idea of such a solution was to
measure the length of a metal rod (9). When tightening the
nuts (3), the micrometer gauges (1) mounted on the ends
of the bolts indicated the current value of the rod protrud-
ing above the end of the bolt. Based on such measurement,
the elongation of a given bolt can be directly assessed, and
after determining the characteristics describing the rela-
tionship between the bolt’s tensile force and its elongation,
the value of its tension can be determined. Exemplary bolt
characteristics are shown in Figure 17.

Figure 15: Test rig for the leakage test: 1- helium reservoir, 2-glass cover, 3 - helium detector, 4- flange bolted joint with gasket, 5 micromet-

ric measuring system
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Figure 16: Micrometric system to measure the elongation of bolts
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Figure 17: Characteristics describing the dependence of the bolt’s
elongation in the function of tensile force

5.2.2 Test procedure

After placing the gasket on the lower flange, the upper
flange was mounted and the nuts were tightened with a
small torque. Afterwards, the micrometer sensors were in-
stalled. The test consisted of a gradual increase of the
bolt’s load and then a gradual decrease. Ultimately, four
bolt tension values were determined for the loading of 10,
20, 30 and 40 kN, and three values for the reduction of the
load, i.e. 30, 20 and 10 kN. In each load point, 10 bar of he-
lium pressure was applied on the joint, a glass cover was
put on the joint and the level of leakage was measured.
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5.2.3 Results

Figure 18 presents the tightness characteristics of the opti-
mal gasket solution. At the maximum gasket load, i.e. 40
kN, the measured leakage value was 0.0037 mg/s-m. Very
optimistic results of the leakage level were obtained when
the load on the bolts was reduced. The slope of the unload-
ing leakage curve was inclined at a small angle to the ab-
scissa. The leakage level during unloading of the gasket’s
compression at 10 KN was approximately 0.1 mg/s-m. This
effect was due to the high elastic recovery of the metal core
and the good plastic properties of the flexible material.

# Load

A @ Unload

01 H"--.._H_ \0‘90’
‘Ir-\‘h \
'\:l‘w\

U”foad “

Leakage, mg/s'm

0.001

0 10 20 30 40 50
Gasket load, kN

Figure 18: Tightness characteristic of the optimal gasket solution

6 Conclusions

Based on the numerical calculations and experimental
tests, the results can be concluded in the following way:

¢ The proper shaping of the metal gasket’s core has
a major influence on its elasticity, as well as on the
amount of absorbed and dissipated energy. The mea-
sure of dissipated energy was the area of the hystere-
sis loop formed between the load and unload gasket
curves.

¢ A greater hysteresis loop causes the unload gasket
curve to deviate from the load curve.

e Greater deviations of the unload gasket curve from
the load curve cause the elastic recovery to be
smaller.

¢ An excessive increase of the gasket’s elasticity leads
to an excessive increase of the stress in the metal
core.

¢ Astheload on the bolts gradually decreases, the gas-
ket with an increased elastic recovery maintains a
high level of tightness of the flange-bolt joint.
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o After the optimization process, only 7 out of 210 gas-
ket solutions were revealed. These solutions met all
the imposed limitations. Nonetheless, only gasket
design No. 210 exhibited the minimum of the objec-
tive function, and therefore this solution has been
recognized as the optimal design.

¢ The optimal gasket design provides a moderate and
reduced stress in the expanded graphite (48.2MPa)
and in the metal core (507.8 MPa), but what is more
important, the pressure when compressing the gas-
ket to 3 mm was equal to 21.3 MPa.

e The optimal gasket design was experimentally
tested. The experimental results showed that the
compression characteristics slightly differ from the
numerical results. These small deviations can be
caused by the adapted isotropic material model of
the expanded graphite.

¢ The leakage test of the optimal gasket showed that
under a compression load of 40 kN, the gasket pro-
vides a leakage level of 0.0037mg/s-m. Moreover,
during the unloading, the gasket keeps a very low
leakage level of approximately 0.1 mg/s-m.

7 Summary

The paper presents a new design of a semimetal gasket,
which was subjected to the optimization process. The main
objective function was to achieve the maximum elastic re-
covery of a gasket at imposed functional and strength limi-
tations. The objective function was described indirectly in
the form of the required minimum angle of the gasket’s
unload curve inclination, which was a measure of the av-
erage value of the elastic modulus at unloading. Strength
limitations resulted from not exceeding the ultimate stress
of the materials, while functional limitations imposed the
achievement of a proper contact pressure that ensures a
given level of tightness class. The geometry of the cross-
section of the metal core was determined by five descrip-
tive parameters. As a result of the interrelationship of these
parameters, 210 construction models were created and
subjected to compression simulations. This problem was
solved by means of the Finite Element Method. The gasket
variant fulfilling the imposed limitations and the required
minimum of objective function was tested experimentally.
In the first stage, a compression test was carried out, which
allowed the gasket’s elasticity and elastic recovery to be de-
termined. In the second stage, a leak test was carried out.
At the maximum gasket load of 40 kN, the tightness level
was higher than 0.01 mg/s-m.
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