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ABSTRACT: Gasketed bolted flange joints are the most critical components in pipelines
for their sealing and strength under operating conditions. Most of the work available in
literature is under static loading, whereas in industry, cyclic loads are applied due to the
vibrating machinery such as motors, pumps, sloshing in offshore applications and in the
ships etc. In this study a three dimensional finite element analysis of a gasketed joint is
carried out using a spiral wound gasket under bolt up and dynamic operating conditions
(internal pressure, axial and bending) singly and in combination. The cyclic axial loads
are concluded relatively more challenging for both the sealing and strength of the joint.
Higher magnitudes of loads and frequencies are also observed more challenging to the
joints performance.

ABSTRAK: Sendi bebibir yang bergasket dan bolt adalah komponen paling kritikal
dalam saluran paip bagi pengedapan dan kekuatan mereka di dalam keadaan operasi.
Kebanyakan kajian yang sedia ada dalam sastera adalah di bawah pembebanan statik,
sedangkan dalam industri, beban kitar digunakan untuk jentera bergetar seperti motor,
pam, sloshing dalam aplikasi luar pesisir dan dalam kapal dan lain-lain. Dalam kajian ini
analisis elemen finite tiga dimensi bagi sendi bergasket dijalankan menggunakan gasket
bergelendong spiral dalam keadaan operasi yang dinamik (tekanan dalaman, bersama
paksi dan lentur) secara tunggal dan dalam kombinasi. Beban paksi kitaran diselesaikan
dalam keadaan lebih mencabar bagi pengedapan dan kekuatan sendi. Magnitud yang
tinggi dari beban dan frekuensi juga didapati lebih mencabar kepada prestasi sendi.
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1. INTRODUCTION

Gasketed pipe flange joints are widely used to connect pipe-to-pipe or pipe-to-other-
equipment in industries including nuclear, petrochemical, processing, pressure vessels, and
piping industries etc. These joints are considered to be the weakest elements (in terms of
sealing and strength) in many industrial applications. Most of the previous work is limited
to bolt up, internal pressure, and static external loading only, but the actual conditions of
the industry are dynamic in nature. These dynamic loads may be applied by various
vibrating machinery like pumps, motors, and gear machinery. Vibrations may also be due
to sloshing effects and offshore applications. These dynamic conditions are the actual risk
to the strength and sealing capability of the pipe joints. A limited amount of work is
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available in literature [1-10] focusing on the dynamic behavior of gasketed bolted pipe
joints but no research has yet been observed to address these issues. In a gasketed pipe
flange joint, problems of strength, bolt scatter, bolt bending, and joint relaxation are
observed even during bolt-up; resulting in the flange rotation and gasket crushing. Under
applied operating conditions, the performance worsens under bolt-up plus harmonic axial
loading.

In the present study, a three dimensional finite element analysis of a gasketed pipe
flange joint is carried out using a Spiral Wound Gasket (SWG) under bolt-up, internal
pressure, and harmonically applied external loads (Axial and Bending); these are given in
Table 1. Variable loading magnitudes applied are selected based on the steady state
analysis given in reference [11]. Frequencies of loads applied are chosen on the basis of
available pumps [12]. A Flange joint of four-inch 900# class is used in the present study.

Table 1: Loading conditions

Sr.#  Loading Type of loading Load
1 Bolt-up ASME bolt up strategy Torque=700 Nm
2 Harmonic Harmonic axial loading only AL=100~650 kN
loadings FRQ=30~60 Hz
Harmonic bending loading only BL=10~25 kNm
FRQ=30~60 Hz
Design pressure plus harmonic axial DP=15.3 MPa
loadings AL=100~650 kN
FRQ=30~60 Hz
Design pressure plus harmonic bending DP=15.3 MPa
loadings BL=10~25 kNm
FRQ=30~60 Hz
Design pressure plus combined harmonic DP=15.3 MPa
axial plus bending loadings AL=525 kN
BL=10~20 kNm
FRQ=30~60 Hz

2. FINITE ELEMENT MODELING, MESHING
2.1 Modeling and Meshing

A complete 360-degree model of the flange joint, developed by [11], is modified and
used as shown in Fig. 1. Due to the symmetry of the geometry and loading conditions, half
the thickness of the gasket is modeled. A pipe of 330 mm length is modeled with the
flange. Keeping in view the symmetry of the joint, only one side of the joint is used.
Commercial FEA software ANSY'S [13] is used during the analysis.

A SOLIDA45 structural element is used to model the flange, bolt, gasket and pipe;
three-dimensional ‘surface-to-surface’ CONTAL74 contact elements, in combination with
TARGE170 target elements are used between the flange face and gasket, bolt shank and
flange hole, the top of the flange, and the bottom of the bolt in order to simulate contact
distribution for both structural and thermal models. A 3-D interface element INTER195 is
used as a special gasket element for meshing of the spiral wound gasket, which is
compatible with SOLID45 structural elements. The gasket meshing requires two faces i.e.
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source and target faces. The source face which is the top area of the gasket is meshed with
SHELL 63 elements. The FE model used is already validated by [11] under static internal
pressure loading.

Fig. 1: Modeling and meshing of flange, bolt and gasket.

2.2 Material Properties

Allowable stresses and material properties for the flange, pipe, and bolt are given in
Table 2 [14]. Bilinear elastoplastic material is used for the flange and bolts. Non-linear
material behavior of the spiral wound gasket is defined using a simplified approach [15].

Table 2: Material properties

Parts As per code Young’s modulus Poisson’s Allowable stress
P (MPa) ratio (MPa)

Flange/pipe ~ ASTM A350 LF2 173058 0.3 248.2 (2/3" 6y)
Bolt ASTM SA193 B7 168922 0.3 723.9

3. BOUNDARY CONDITIONS

Bolt-up: Bolts are constrained in the radial and tangential directions and are free to
elongate in the axial direction. During bolt tightening, displacement is applied at the
bottom of the bolts to achieve target stress. ASME bolt-up strategy is used to tighten the
bolts [16]. The variable loading magnitudes applied are selected based on the steady state
analysis given in reference [11].

Contact Initiation: The contact is initiated between the flange face and the bottom of
the bolt and between the flange raised face bottom and the gasket top surface by applying a
sufficiently small displacement at the bottom of the bolts (UY=-0.01 mm) such that it must
not produce stress in the joint components.

Pre-stress or bolt-up: Target stress in the bolts is achieved by applying a second value
of displacement in sequence at the bottom of the bolts.
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Harmonic axial loading: After bolt-up, external axial loads (100~650 kN) with different
cyclic frequencies (30~60 Hz i.e. 1800~3600 RPM) are applied to analyze the joint
behavior.

Internal pressure plus harmonic axial loading: After bolt-up, static design pressure is
applied and then harmonic axial loads (100~650 kN) with different cyclic frequencies
(30~60 Hz) are applied.

Harmonic bending loading: After bolt-up, harmonic bending loads (10~25 kNm) with
different cyclic frequencies (30~60 Hz) are applied to analyze the joint behavior.

Internal pressure plus harmonic bending loading: After bolt-up, static design pressure is
applied and then harmonic bending loads (10~25 kNm) with different cyclic frequencies
(30~60 Hz) are applied.

Internal pressure plus combination of harmonic axial loading plus harmonic bending
loading: After bolt-up, static design pressure is applied and then combined harmonic axial
loading (525 kN) plus harmonic bending loads (10~20 kNm) with different cyclic
frequencies (30~60 Hz) are applied.

Applied boundary conditions are shown in Fig. 2(a).
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Fig. 2: (a) Boundary conditions (b) Flange quarter model showing different locations of
stress measurement.
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4. RESULTS AND DISCUSSIONS

Results are taken at different locations in the joint including the pipe, hub center, hub-
flange fillet, bolts and gasket. Some of the locations are tagged in Fig. 2(b).

4.1 Pipe and Hub Center

Stress variation at the pipe and hub center is observed within the yield limit of the
pipe and flange material at all locations under all loadings and frequencies.

4.2 Hub Flange Fillet

The hub flange fillet is a critical location since principal stress and stress intensity
values have exceeded the yield stress limit of the flange material even at bolt-up.

4.2.1 Harmonic axial loading only

Figure 3 shows stress results at the hub flange fillet location under harmonic axial
loading. Axial stress has crossed the yield limit of the flange material at 400 kN and 525
kN axial loads at 30 Hz and 60 Hz frequencies respectively. The value of the stress is
observed to be increasing with increase in harmonic axial loading. The maximum axial
stress at the hub-flange fillet has increased from 228 MPa at bolt-up to 262MPa (15%) and
279 MPa (22%) at maximum axial load of 650 kN acting with a harmonic frequency of 30
Hz and 60 Hz respectively. The maximum value of stress intensity at the hub-flange fillet
has increased from 269 MPa at bolt-up to 310 MPa (15%) and 322 MPa (20%) at
maximum axial load of 650 kN acting with a harmonic frequency of 30 Hz and 60 Hz
respectively. Increase in the value of SY and SINT at 650 kN axial load, is respectively
7% and 5% greater with the cyclic frequency of 60 Hz rather than 30 Hz. The increase in
cyclic frequency has some effects on the stresses value at the hub flange fillet location
while the increase in magnitude of the axial load is causing significant increase in the
stresses.

BUP + AL(kN)

| ——HT-HF ——HSHF ——HS-HF ——HB-HF |

Fig. 3: Stresses (SY and SINT) results at the hub flange fillet under BUP
and harmonic axial loading (100~650 kN) of frequency: (a) 30 Hz, (b) 60 Hz.

4.2.2 Internal Pressure plus Harmonic Axial Loading

Figure 4 shows stress results at the hub flange fillet location under combined design
pressure and harmonic axial loading. Axial stress has crossed the yield limit of the flange
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material at 400 kN at both the frequencies. The value of the stress is observed to be
increasing with the application of design pressure and with the increase in harmonic axial
loading and frequencies. The maximum axial stress at hub-flange fillet has increased from
228 MPa at bolt-up to 272 MPa (19.2%) and 273 MPa (19.7%) at maximum axial load of
650 kN acting with harmonic frequency of 30 Hz and 60 Hz respectively. The maximum
value of the stress intensity at the hub-flange fillet has increased from 269 MPa at bolt-up
to 317 MPa (18%) and 319 MPa (18.5%) at maximum axial load of 650 kN acting with
harmonic frequency of 30 Hz and 60 Hz respectively. The increase in the value of SY and
SINT at 650 kN axial load is 0.5% greater with the cyclic frequency of 60 Hz rather than
30 Hz. The increase in the cyclic frequency has negligible effect on the results in this case
because the static internal pressure provides damping to the structure, whereas the increase
in magnitude of the axial load significantly caused an increase in the stresses.

Stress (MPa)

| ——HT-HF  ——HS-HF —+—HS-HF —o—HB-HF|

Fig. 4: Stresses (SY and SINT) results at the hub flange fillet under BUP, DP and
harmonic axial loading (100~650 kN) of frequency: (a) 30 Hz, (b) 60 Hz.

sy — SINT
290 7= @ ® @ ®
@270 rmmmmmmoomooommooomoomooo oo — e — ]
o
5250 -------------------------------------- e e i PSSP
$ 230 fopmapampm -~ - m g~ m o m o m o oo
& =
210 = S
190 - : : : :
o o M O W o O © O O o O © o O o o © o O
5 = <4 & N 5 6 © © o 5 S 2 9 © 5 S © © o
o o — N M < o — N M < o — N M <
BUP + BL(kN)

| —HTHF ——HSHF ——HS-HF ——HBHF |

Fig. 5: Stresses (SY and SINT) results at the hub flange fillet under BUP and harmonic
bending loading (10~25 kNm) of frequency: (a) 30 Hz, (b) 60 Hz.

4.2.3 Harmonic Bending Loading only

Figure 5 shows the stress results at the hub flange fillet location under harmonic
bending loading. With the application of harmonic bending loading, some layers at the hub
flange fillet location came under compression and others in tension. Values of stress at this
location are already very high at bolt-up, so even after compression, no value of stress is
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negative. At 25 KNm bending load, the axial stress at the top node of the hub-flange fillet
has decreased from 228 MPa at bolt-up to 219 MPa and at the bottom node of the hub-
flange fillet, axial stress has increased from 221 MPa at bolt-up to 229 MPa. Variation in
the values of the resulting stresses due to change in the frequencies of the applied bending
loads is negligibly small. Stress intensity at the top node of the hub-flange fillet decreased
from 270 MPa at bolt-up to 259 MPa and at bottom node of hub-flange fillet, the principal
stress increased from 260 MPa at bolt-up to 271 MPa. Stress intensity at all nodes of the
hub flange fillet is above the yield limit of the flange material. Summarizing, an increase
in the magnitude of bending load has a small effect on the resulting stresses while increase
in the cyclic frequencies of these loads has no prominent effect in this case.

4.2.4 Internal Pressure plus Bending Loading

Figure 6 shows the stress results at the hub flange fillet location under design pressure
plus harmonic bending loading. Initially, with the application of internal pressure, the hub
flange fillet came under tension but after the harmonic bending loading some of the layers
at the hub flange fillet location came under compression. At 25kNm bending load, the
axial stress has increased from 221MPa at bolt-up to 233MPa. Variation in the values of
the resulting stresses due to change in the frequencies of the applied bending loads is
negligibly small. Stress intensity at hub-flange fillet has increased from 260MPa at bolt-up
to 283MPa. Stress intensity at all nodes of hub flange fillet is above yield limit of the
flange material. Summarizing, an increase in the magnitude of harmonic bending load
after internal pressure has a small effect on the resulting stresses while increase in the
cyclic frequencies of these loads has no prominent effect in this case.
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Fig. 6: Stresses (SY and SINT) results at the hub flange fillet under BUP, DP and
harmonic bending loading (10~25 kNm) of frequency: (a) 30 Hz, (b) 60 Hz.

4.2.5 Internal Pressure plus Combined Harmonic Axial Loading plus Harmonic Bending
Loading

Figure 7 shows the stress results at the hub flange fillet location under combined
internal pressure plus harmonic axial (525 kN) plus harmonic bending loading (10~20
kNm). Axial stress has crossed the yield limit of the flange material at DP + 525 kN
external load. The value of the stress further increased with the application of internal
pressure and harmonic axial loading. Further application of the combined internal pressure
with harmonic axial and bending loadings has a very small effect on the resulting stress
values. The maximum axial stress at the hub-flange fillet has increased from 263 MPa and
265 MPa at DP+525 kN to 267 MPa (1%) and 268 MPa (1%) at the maximum external
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load of DP + 525 kN + 20 kNm acting with a harmonic frequency of 30 Hz and 60 Hz
respectively. The maximum value of the stress intensity at hub-flange fillet has increased
from 311 MPa and 312 MPa at bolt-up to 312 MPa and 313 MPa at maximum external
load of DP + 525 kN + 20 kNm acting with a harmonic frequency of 30 Hz and 60 Hz
respectively. Under combined external loadings, an increase in the values of the resulting
stress is hardly 1% of those of DP + 525 kN. The increase in cyclic frequency has almost
no effects on the stress values under all combined loadings.
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Fig. 7: Stresses (SY and SINT) results at the hub flange fillet under BUP, DP, harmonic
axial loading (100~650 kN) and harmonic bending loading (10~25 kNm) of frequency: (a)
30 Hz, (b) 60 Hz.

4.3 Bolt Stress Variation
4.3.1 Harmonic Axial Loading only

Figure 8 shows the average axial stress results at the mid node gauge of each bolt
under BUP and axial loads (100~650 kN) acting harmonically with two different
frequencies 30 Hz and 60 Hz. The values of axial stress in bolts increase linearly with the
increase in magnitude of axial load and cyclic frequency of the loads. However all
resulting stresses are under the yield limit of the bolt material. At an axial load of 650 kN
acting harmonically with frequency 30 Hz and 60 Hz, the average increase in axial stress
at each bolt of the joint is almost 45% and 65% more than the BUP respectively.

4.3.2 Internal Pressure plus Harmonic Axial Loading

Figure 9 shows the average axial stress results at the mid node gauge of each bolt
under BUP, DP and axial loads (100~650 kN) acting harmonically with two different
frequencies of 30 Hz and 60 Hz. At an axial load of 650 kN acting harmonically with
frequencies of 30 Hz and 60 Hz, the average increase in axial stress at each bolt of the
joint is almost 59% and 60% more than the BUP respectively.

4.3.3 Harmonic Bending Loading only

Figure 10 shows the average axial stress results at the mid node gauge of each bolt
under BUP and bending loads (10~25 kNm) acting harmonically with two different
frequencies 30 Hz and 60 Hz. Overall four bolts (Bolt 1, 2, 3 and 8) came under tension
while remaining four bolts (Bolt 4, 5, 6 and 7) came under compression. The value of axial
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stress in the bolts either increased or decreased linearly with the increase in magnitude of
the harmonic bending load. At bending load of 25 kNm acting harmonically with any
frequency, the variation in axial stress at bolts is 0 to 5% of BUP values.
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Fig. 8: Average bolt stress variation under bolt-up and harmonic axial loading
(100~650 kN) at frequency of: (a) 30 Hz, (b) 60 Hz.
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Fig. 9: Bolt average stress variation under BUP, DP and harmonic axial loading
(100~650 kN) at frequency of: (a) 30 Hz, (b) 60 Hz.
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Fig. 10: Bolt average stress variation under bolt-up and harmonic bending loading
(10~25 kNm) at frequency of: (a) 30 Hz, (b) 60 Hz.

4.3.4 Internal Pressure plus Harmonic Bending Loading

Figure 11 shows the average axial stress results at mid node gauge of each bolt under
BUP, internal pressure and bending loads (10~25 kNm) acting harmonically with two
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different frequencies of 30 Hz and 60 Hz. After the application of internal pressure all
bolts came in tension but the after the application of harmonic bending loading, overall
four bolts (Bolt 1, 2, 3 and 8) come under tension while remaining four bolts (Bolt 4, 5, 6
and 7) come under compression. At a bending load of 25 kNm acting harmonically with
any frequency, the variation in axial stress at the bolts is almost 1 to 12% of that of BUP
values.
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Fig. 11: Bolt average stress variation under BUP, DP and harmonic bending loading
(10~25 kNm) of frequency: (a) 30 Hz, (b) 60 Hz.

4.3.5 Internal Pressure plus Combined Harmonic Axial Loading plus Harmonic Bending
Loading

Figure 12 shows the average axial stress results at the mid node gauge of each bolt
under internal pressure plus combined harmonic axial (525 kN) loading plus harmonic
bending loading (10~20 kNm). Initially, values of axial stress in bolts increase linearly
with the increase in magnitude of axial load and cyclic frequency of the loads. But after
applying bending loads in combination to the harmonic axial loads, the increase in axial
stress has become calmer. At combined loads of DP + 525 kN + 20 kNm acting
harmonically with any frequency; the average increase in axial stress at any bolt of the
joint is up to 2% of DP + 525 kN.
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Fig. 12: Bolt average stress variation under BUP, DP, harmonic axial loading (100~650
kN) and harmonic bending loading (10~25 kNm) at frequency of: (a) 30 Hz, (b) 60 Hz.
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4.4 Gasket Stress Variation

Nodes on the gasket (outer and inner) sealing ring corresponding to the bolt location
are selected to study the contact stress variation with the tightening of each bolt and
observe the effect of bolt scatter on the sealing performance.

4.4.1 Harmonic Axial Loading only

Figures 13 and 14 show gasket stress variation at inside and outside sealing ring
diameter respectively, under BUP and axial loading (100~650 kN) acting harmonically at
two different frequencies of 30 Hz and 60 Hz. At both the locations, under BUP and
almost all axial loads and frequencies, the minimum gasket stress is observed at G6
(location of gasket near bolt number 6). An interesting behavior is seen in the gasket
under harmonic axial loads. Initially, with the increase in axial harmonic loads, the
compressive stress in the gasket decreased, but after increasing the load beyond 300 kN
with 30 Hz and 200 kN with 60 Hz the compressive stresses in gasket started to increase.
This is because the yielding started at the hub flange fillet location at 200 kN load, and
then the reverse loadings produced residual stresses in the gasket. It crushed the gasket,
which was more dangerous for the sealing capability of the joint. The minimum
compressive stress in the gasket at the inner sealing ring and outer sealing ring was -94
MPa and -117 MPa respectively. The seating stress recommended by the supplier was -68
MPa [17], which apparently shows the joint was safe against leakage, but actually the
gasket might have been crushed and too weak to oppose leakage. Due to the increase in
the cyclic frequency, the stress variation was about 0 to 15 MPa from bolt-up.
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Fig. 13: Gasket contact stress variation at Fig. 14: Gasket contact stress variation at
inner sealing ring under bolt-up and harmonic outer sealing ring under bolt-up and
axial loading (100~650 kN) at a frequency of: harmonic axial loading (100~650 kN) at
(a) 30 Hz, (b) 60 Hz. a frequency of: (a) 30 Hz, (b) 60 Hz.

4.4.2 Internal Pressure plus Harmonic Axial Loading

Figures 15 and 16 show gasket stress variation at the inside and outside sealing ring
diameter respectively, at BUP, DP and axial loading (100~650 kN) acting harmonically at
two different frequencies of 30 Hz and 60 Hz. At both locations, the minimum gasket
stress was observed at G6 (location of gasket near bolt number 6). With the increase in
axial harmonic loads the compressive stress in the gasket was decreasing but at some loads
(e.g. 300 kN and 400 kN with 30 Hz and 60 Hz frequencies respectively) the compressive
stress was increasing at some gasket locations because the residual stresses induced
reverse loading. It may have crushed the gasket, which was more dangerous for the sealing
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capability of the joint. The minimum compressive stress in the gasket at the inner sealing
ring and outer sealing ring was -92 MPa and -122 MPa respectively. Variation of stress by
varying cyclic frequency was between 0 MPa to 12 MPa.
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Fig. 15: Gasket contact stress variation at
inner sealing ring under bolt-up and harmonic
axial loading (100~650 kN) at a frequency of:

() 30 Hz, (b) 60 Hz.

Fig. 16: Gasket contact stress variation at
outer sealing ring under bolt-up and
harmonic axial loading (100~650 kN) at a

frequency of: (a) 30 Hz, (b) 60 Hz.

4.4.3 Harmonic Bending Loading only

Figures 17 and 18 show gasket stress variation at the inside and outside sealing ring
diameter respectively, at BUP and bending loading (10~25 kNm) acting harmonically at
two different frequencies of 30 Hz and 60 Hz. At the inner sealing ring diameter, the
minimum gasket stress was observed at G2 and G6 (gasket locations near bolts number 2
& 6). At the outer sealing ring, the minimum gasket stress was observed at G6 and G8
(gasket locations near bolts number 6 & 8). Variation of gasket contact stress was small
with increase in bending loads and their frequencies. The minimum compressive stress in
the gasket at the inner and outer sealing rings was -105 MPa and -133 MPa respectively.
Hence the joint was almost safe against leakage.
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Fig. 17: Gasket contact stress variation at
inner sealing ring under BUP and harmonic
bending loading (10~25 kNm) at a
frequency of: (a) 30 Hz, (b) 60 Hz.

Fig. 18: Gasket contact stress variation at
outer sealing ring under BUP and harmonic
bending loading (10~25 kNm) at a
frequency of: (a) 30 Hz, (b) 60 Hz.
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4.4.4 Internal Pressure plus Harmonic Bending Loading

Figures 19 and 20 show gasket stress variation at the inside and outside sealing ring
diameters respectively, at BUP, DP and harmonic bending loading (10~25 kNm) with
frequencies 30~60 Hz. At the inner sealing ring diameter, the minimum gasket stress was
observed at G6 (gasket location near bolt number 6). At the outer sealing ring, the
minimum gasket stress was observed at G8 (gasket location near bolt number 8). In
contrast to the results of previous case (only harmonic bending loading), the gasket stress
values in this case were sufficiently below BUP and the main reason for this was the
application of internal pressure. Variation of the gasket stress under different harmonic
bending loads was again very small. The minimum compressive stress in the gasket at the
inner and outer sealing rings was -102 MPa and -130 MPa respectively. Hence the joint

was almost safe against leakage.
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Fig. 19: Gasket contact stress variation at
inner sealing ring under BUP, DP and
harmonic bending loading (10~25 kNm) at
a frequency of: (a) 30 Hz, (b) 60 Hz.
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Fig. 21: Gasket contact stress variation at
inner sealing ring under BUP, DP,
harmonic axial loading (100~650 kN) and
harmonic bending loading (10~25 kNm) at
a frequency of: (a) 30 Hz, (b) 60 Hz.
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Fig. 20: Gasket contact stress variation at
outer sealing ring under BUP, DP and
harmonic bending loading (10~25 kNm) at a
frequency of: (a) 30 Hz, (b) 60 Hz.
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Fig. 22: Gasket contact stress variation at
outer sealing ring under BUP, DP, harmonic
axial loading (100~650 kN) and harmonic
bending loading (10~25 kNm) at a
frequency of: (a) 30 Hz, (b) 60 Hz.

4.4.5 Internal Pressure plus Combined Harmonic Axial Loading plus Harmonic Bending

Loading

Figures 21 and 22 show the gasket stress variation at the inside and outside sealing
ring diameter respectively, at BUP, DP and combined harmonic axial (525 kN) and
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bending loading (10~20 kNm) acting at two different frequencies of 30Hz and 60Hz. At
the inside sealing ring diameter, under all loadings and frequencies, the minimum gasket
stress was observed at G6 (gasket location near bolt number 6), while at the outside
diameter, the minimum stress was observed at G8 (gasket location near bolt number 8).
More contact stress was found under higher combined loads. The reason for this was that
the plasticity started at the flange. This stress was dangerous for the gasket and crushed it.
The minimum compressive stress in the gasket at the inside and outside sealing ring
diameter was -102 MPa and -131 MPa respectively. Outwardly, it looked safe for the seal
on the basis of seat stress, but actually, the gasket was crushed, increasing the chances of
leakage. The variation of the stress by varying cyclic frequency was very small.

4.5 Displacement versus Time at Flange

The graph is plotted for a time of 5 seconds when the joint was under external
vibration loads only. The plots are typical sinusoidal curves showing the vibration
behavior of the flange. Higher axial loads and higher cyclic frequencies have resulted in
maximum amplitudes.

4.5.1 Harmonic Axial Loading only

Figure 23 shows the displacement history of the flange innermost location during
vibrating axial loads (100~650 kN) with two different cyclic frequencies (30~60Hz). The
flange joint was under continuous tension and compression loads, but the tension was
dominant. The amplitude of the curve was changing in every other cycle and the reason
was that the plasticity started at the flange. Maximum amplitude in case of 30 Hz cyclic
frequency was -0.25516 mm (at time step 4.5) and in case of 60 Hz cyclic frequency was
-0.24764 mm (at time step 2.5), which was initially -0.4 mm at BUP. The behavior of the
flange displacement under harmonic loads was the fatigue phenomenon which may cause
failure at any time step later on. Generally, the maximum values found under harmonic
axial loads had little difference to those found under equivalent static loads but the actual
problem was the fluctuation of stresses and displacements with time under harmonic loads
which is called fatigue and therein lies the real challenge.
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Fig. 23: Flange raised face displacement versus time under harmonic axial loading
(100~650 kN) at a frequency of: (a) 30 Hz, (b) 60 Hz.
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4.5.2 Internal Pressure plus Harmonic Axial Loading

Figure 24 shows the displacement history of the flange innermost location at DP and
during the vibrating axial loads (100~650 kN) with two different cyclic frequencies
(30~60 Hz). Higher axial loads and higher cyclic frequencies resulted in maximum
amplitudes. Maximum amplitude in the case of 30 Hz cyclic frequency was -0.26494 mm
(at time step of 3.5 seconds) and in case of 60 Hz cyclic frequency it was -0.26274 mm (at
time step of 1.5 seconds), which was initially -0.4 mm at BUP plus DP. Again, tension
was dominant over compression and the maximum amplitude was in the form of tension.
Plasticity produced in the flange was the reason for the difference in the amplitude of
different cycles.
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Fig. 24: Flange raised face displacement versus time under DP and harmonic axial loading
(100~650 kN) at a frequency of: (a) 30 Hz, (b) 60 Hz.

4.5.3 Harmonic Bending Loading only

Figure 25 shows the displacement history of the flange innermost location during the
vibrating bending loads (10~25 kNm) with two different cyclic frequencies (30~60 Hz).
Maximum amplitude under both frequencies was almost same but the trend during the
time of vibration was different, which showed the effect of frequency change during the
fatigue period. The overall amplitude of the displacement was too low in this case in
comparison to the previous two cases of axial loading. The maximum amplitude in case of
30 Hz cyclic frequency was -0.39978 mm (at time step of 4.5 sec) and in case of 60 Hz
cyclic frequency was -0.39913 mm (at time step of 0.4 sec), which was initially -0.403
mm at BUP. The behavior of the flange displacement under harmonic loads was the
fatigue phenomenon, which may cause failure of at any time step later on.

4.5.4 Internal Pressure plus Harmonic Bending Loading only

Figure 26 shows the displacement history of the flange innermost location at DP
during the vibrating bending loads (10~25 kNm) with two different cyclic frequencies
(30~60 Hz). Maximum amplitude under both frequencies was almost same but the trend
during the time of vibration was different, which showed the effect of frequency change
during the fatigue period. The overall amplitude of displacement was too low in this case
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Fig. 25: Flange raised face displacement versus time under harmonic bending loading

(10~25 kNm) at a frequency of: (a) 30 Hz, (b) 60 Hz.
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Fig. 26: Flange raised face displacement versus time under DP and harmonic bending

loading (100~650 kN) at a frequency of: (a) 30 Hz, (b) 60 Hz.

in comparison to the axial loading cases. Maximum amplitude in the case of 30 Hz cyclic
frequency was -0.38558 mm (at time step of 1.5 sec) and in case of 60 Hz cyclic frequency

was -0.38586 mm (at time step of 2.5 sec) which was initially -0.389mm after the
application of internal pressure. The behavior of the flange displacement under harmonic

loads was the fatigue phenomenon, which may cause failure of at any time step later on.

4.5.5 Internal Pressure plus Combined Harmonic Axial Loading plus Harmonic Bending

Loading

Figure 27 shows the displacement history of the flange innermost location under DP
and combined DP and harmonic axial (525 kN) and bending loadings (10~20 kNm) with

two different cyclic frequencies (30~60 Hz). Combined DP plus harmonic axial and

bending loadings had almost the same resulting displacement values as those of DP plus
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harmonic axial loading. It showed that the combined internal pressure plus harmonic axial
and bending loadings have no more effect than the combined DP plus axial loading.
Maximum amplitude in the case of 30 Hz cyclic frequency was -0.29132 mm (at time step
3.5 sec) and in case of 60 Hz cyclic frequency was -0.28736 mm (at time step 1.5 sec)
which was initially -0.38 mm at DP. The behavior of the flange displacement under
harmonic loads was the fatigue phenomenon which may cause failure at any time step
later on.
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Fig. 27: Flange raised face displacement versus time under harmonic axial loading

(100~650 kN) at a frequency of: (a) 30 Hz, (b) 60 Hz.

5. CONCLUSION

In harmonic analysis, axial loadings are concluded to be more critical over bending
loadings in addition to internal pressure. At the hub flange fillet location, stress
values have exceeded the yield limit (250 MPa) of flange material, which is a risk
to the mechanical strength of the joint. Reverse loadings after the yield limit are
producing residual stress in the gasket, which crushes the gasket and increases the
chances of leakage.

In the case of harmonic axial loads plus internal pressure, the stress values increase
about 19% at the hub flange fillet location, and 60% at the bolts, which is a sign of
risk to the joint strength.

Combinations of harmonic loads and internal pressure produce lesser stresses and
displacements in comparison to single harmonic loads. This is because combined
loads damp out each other’s effects.

Higher amplitudes of harmonic loads and higher frequencies result in more stresses
and displacements, hence a greater risk to the joint strength and sealing capability.
On the other hand, lower frequencies cause a greater number of fatigue cycles in
the same vibration time interval, which is also a risk for sealing.

In all cases, the gasket stresses were above the recommended seating stress of -68
MPa, which showed that the gasket was crushed and this would affect the sealing
capability of the joint.

153



IIUM Engineering Journal, Vol. 17, No. 2, 2016 Abid et al.

e In the case of harmonic axial loads plus internal pressure, an average maximum
displacement of -0.26 mm was produced at the flange raised face, which was
initially -0.4 mm at BUP plus internal pressure. This change in displacement
showed flange rotation, which is responsible for producing a gap between the two
flanges at the contact faces. Hence, there was a chance of leakage.
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NOMENCLATURE

HF Hub flange

HB Hub bottom

HS Hub side
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HT
BUP
sy
SINT
DP
AL
BL
FRQ

Hub top

Bolt up
Bending stress
Stress intensity
Design pressure
Axial loading
Bending loading

Frequency
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