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Abstract. Gaskets play an important role in the sealing performance of bolted flange joints and especially in its key task to
reduce fugitive emissions which can be detrimental to the environment. Their behaviour is complex due to nonlinear material
properties combined with permanent deformation. Industry experience shows that the achievement of a leak proof joint depends
on many parameters such as gasket/flange contact stress and flange rotation. Several fields of physics are involved in the leakage
performance of a bolted flange joint, namely mechanical displacement, fluid flow and electrolyte potentials.

In this Master Thesis paper, several finite element analysis models (2D axisymmetric and 3D) have been developed and
tested applying the COMSOL Multiphysics software considering DeltaV-Seal, a fully metallic gasket. The model results have
been compared with the results of standard gasket laboratory testing and time to failure of the gasket due to galvanic corrosion
have been simulated in a 1-year simulation. The paper also addresses the demanding task to adequately model the structural
contact between the knife-edge sharp DeltaV-Seal ridges and the flange surface during bolt-up of the flange joint.

The work presented in this Master Thesis paper is Phase 1 of an ongoing R&D project partly funded by the Research Council
of Norway (SkatteFUNN). In subsequent phases of the project the different sub-models will be integrated into a multi-physics
knowledge platform which will be made accessible via dedicated applications distributed to relevant stakeholders.

1. INTRODUCTION PoT’s fully metallic gasket product is called DVS and
provides sealing by several sharp rings or ridges acting as the
barrier to leakage systematically distributed on a core. These
rings are compressed during the bolt pre-tension providing a
tight seal, typically to 4-15% thickness compression.

Gasketed piping and vessel flange joints leak and cause
fugitive and other types of emissions which may be harmful
to the environment.

PoT is a global designer, manufacturer, and supplier of
fully metallic gaskets with a current product library consisting
of over 200 products of different materials and dimensions.
There is an ongoing R&D project to increase product
development and supply efficiency by developing an IT-
based knowledge platform and associated Applications that
can be utilized by PoT’s stakeholders (engineers, sales
personnel, and customers). The project is partly funded by the
Research Council of Norway.

Measured leak rates across the leak path between the
compressed sealing rings and the interfacing flange surfaces
are in the range of 107 to 10 mg/m/s (mass flow) depending
on the conditions.

FIG. 2. DN40 DeltaV-Seal modelled with shape optimization

A gasketed BFJ is a complex system of movable parts
(flange, bolts, nuts, washers, and gasket). This system can be
considered as a system of axial/parallel springs with different
spring constants with at least two contact areas, namely the
DVS/flange (Case A) interface and the flange ring/bolt head
interface (Case B). These system properties make numerical
modelling quite challenging and especially so for Case A due
to the knife-edge type of contact that must be considered in
FIG. 1. Process plant with pointwise emissions the modelling.
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FIG. 3. Part of bolted flange joint with loads

Several FEA-based investigations/publications exist on the
mechanical behaviour of BFJ but none of these considers the
integration of other fields of physics impacting on the leakage
performance of BFJ (5).

Leakage of gasketed BFJ involves several different
physical fields such as mechanical displacement fields, fluid
flow fields and electrolyte potential fields. The uniqueness of
this modelling lies in integration of these fields into a single
model that simulates the leakage for varying flange joint
dimensions and types of fluids by applying a suitable multi-
physics integrating software platform like COMSOL
Multiphysics.
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FIG. 4. Integration of fields of physics in knowledge platform

PoT has performed several laboratory testing programs of
DVS. These programs have provided test data that have been
implemented in the project and that will serve as validation of
the developed model performance.

The objective of this Master Thesis is to develop new
and/or fine-tune PoT’s existing sub-models for the different
applicable fields of physics. Eventually these sub-models will
be integrated in one simulation model in future R&D projects,
see below.
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FIG. 5. Internal and external galvanic corrosion cells in bolted flange
joints with metallic gaskets

The electrolyte potential fields created inside BFJ may
cause degradation of the gasket due to galvanic corrosion if
not properly managed by material selection and may be a
serious threat to the integrity of the BFJ. Internal galvanic
corrosion between gasket and flange (considered in the
models). There are two areas circled in the figure where
galvanic corrosion may occur:

¢ Internal galvanic corrosion between gasket and flange
(considered in the models)

e External galvanic corrosion between bolt/nut/washer
and the flange rings (not considered in the models)

The metal plasticity physics of DVS is especially
challenging due to the extremely small material volume
contributing to the tightness of the BFJ. A standard DVS
DN40 product contains in total approximately 35 mm3 of
material heavily plasticised which must be properly modelled
and simulated to demonstrate leak tightness of the BFJ. The
flow fields of physics applicable to the leakage simulations
will be modelled based on (7) during the next phases of the
project.

2. MATERIALS AND METHODS

2.1. Experimental work

The main types of laboratory testing programs and
obtained test results are:

¢ Electrochemical polarisation curves of DVS cut-outs
providing applied current — electrochemical potential
functions for the secondary/tertiary current distributions

(Type 1).
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o Mechanical compression of round bars providing stress-
strain curves for the DVS material modelling functions
(Type 2).

o Standardized mechanical compression of full DVS
samples between flat and solid platens (EN 13555)
providing applied force — DVS thickness and leakage
functions for validation of the simulation models (Type 3).

e Complete BFJ gasketed with DVS tested and leakage rates
determined as function of applied bolt pre-tension,
pressure medium, temperature, pressures, etc. for
validation of the simulation models (Type 4).

2.2. Electrochemical polarization curves (Type 1)

An extensive testing program has been performed at
QEERI where DVS cut-outs were prepared and polarized in
0.5 M NaCl at ambient temperature in a standard three-
electrode polarization cell.

FIG. 6. A connecting cable insulated in red to the DVS sample, moulded
in Bakelite and the capillary tip of the reference electrode (SCE) applied
in the glass cells.

The figure below shows a typical example of the current
density response to polarization of a DVS sample compared
with a sample made of a standard flange material. Decisive
for the risk of galvanic corrosion is the position of the
corrosion potential of the two components with respect to
each other. The shown case is the preferred one since the
gasket is cathodic to the flange surface and would be
galvanically protected by the flange which (in theory) would
be subjected to some galvanic attack close to the connection
points with the DVS. However, due to the Ilarge
anode/cathode area ratio, the local corrosion rate of the flange
will be less critical. Furthermore, referring to the rule-of-
thumb in the corrosion industry of a maximum recommended
corrosion potential difference of 200 mV, the case shown in
Figure 7 would be an acceptable flange/gasket (DVS)
configuration.
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DeltaV-Seal 316L (spec A5)
e 3161 flange material, 3% NaCl, cathode, grit 600
e 3161 flange material, 3% NaCl, anode, grit 600

Polarisation curves in fully aerated 0.5 M NaCl at
ambient conditions of non-deformed DeltaV-Seal
316L gasket with Ra=0.55 and 316L flange material

with Ra=0.2/grit 600, ref. conference paper 2009
1200
1000
800
600
400
200

-200
-400
-600
-800
-1000
-1200
-1400
-1600

1E-8

Potential (mV vs. SCE)

1E-4 1E+0

Current Density (A/m2)

FIG. 7. Polarisation curves in fully aerated 0.5 M NaCl at ambient
conditions of non-deformed DeltaV-Seal 316L gasket with Ra=0.55 and
316L flange material with Ra=0.2/grit 600, ref. conference paper 2009

2.3. Mechanical compression of round bars (Type 2)
The objective of this testing was:

e Determination of the compression yield stress
(Rp0.2) of the 800HT gasket material at ambient and
elevated temperature.

e Determination of the compression ultimate stress
(Rc) of the 800HT gasket material at ambient and
elevated temperature.

e Determination of the engineering stress-strain as
well as true stress-strain relationship of the 800HT
gasket material at ambient and elevated temperature.

a) b)

FIG. 8. a) samples shape for determination yield stress Rp0.2 with
diameter 12 mm and height 36 mm (h=3xD). b) samples shape for
determination ultimate compression stress were diameter 10 mm and
height 15 mm (h=1.5D)
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FIG. 9. Typical stress-strain curves obtained for evaluation of the yield
properties are shown here.

The barrelling effect during compression and the sample
diameter as a function of strain level is shown here. The true
stress-strain function implemented in the models considers
the significant barrelling which would otherwise invalidate
the data due to unknown stress state at the boundaries of the
barrelled samples.
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FIG. 10. Test cylinder barreling during compression testing (sample
diameter as a function of strain level)

Typical stress-strain curves obtained in the compression
testing are shown here. The stress-strain curve for test sample
Bl has been implemented as the hardening function
(interpolation function) in the DVS plasticity node in the solid
mechanics physics interfaces applied in the models.
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FIG. 11. Typical stress-strain curves obtained during compression
testing (black: engineering; blue: true)

2.4. Mechanical compression testing to EN 13555 (Type
3)

The test sample (DVS) was placed on the lower (fixed)
platen of the hydraulic press and the upper (movable) platen
compressed the sample at the compression load. The two
platens were equipped with transducers to measure the actual
gasket thickness. Additional equipment of the test rig (among
others) are: helium leakage spectrometer, pressure gauges
enabling measurement of the leakage by differential pressure,
the unit for platens temperature control, computer for
registration, and collection of measured data. This testing is
performed fully in accordance with the international gasket
testing standard EN 13555.

Figure 12 below (upper graph) shows a typical gasket
thickness — applied force test result. In this case, the alloy
800HT curve (brown) has been used for tentative validation
of the 2D axisymmetric model, see below. In addition to the
mechanical response of the gasket, the EN 13555 testing
program includes determination of the leakage properties of
the gasket under internal pressure, normally consisting of 40
bar helium.

Also in Figure 12 below (lower graph), the figure shows a
typical leak rate — applied gasket stress plot under 40 bar
internal pressure with loading curve in blue and the unloading
curves shown in colours. These curves will be used as the
initial benchmark for the next stage of the simulation model
development where the mathematical leakage model will be
codified and implemented in the full model.

In the final stage of the project, the full BFJ model leakage
performance will be benchmarked against Type 4 laboratory
testing, see below.
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FIG. 12. EN 13555 testing (compression curves, upper graph; leakage curves, lower graph)
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2.5. BFJ with DVS testing (Type 4)

PoT has also performed full-scale leakage testing of bolted
flange joints gasketed with DeltaV-Seal, in this case at
cryogenic conditions (liquid nitrogen at -196°C). The test set-
up is shown in Figure 13. below.
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FIG. 13. Schematic of test rig for full-scale leak rate testing of bolted
flange joint gasketed with DVS. PoT has performed such testing at
cryogenic conditions (-196C).

The obtained results are shown in Figure 14 below.
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FIG. 14. Mass flow leakage as a function of internal helium pressure

Typical leak rate (mass flow) — applied pressure function
for a DN40 PN40 BFJ gasketed with DVS and bolted up with
a total clamping force of roughly 250 kN spread over the 4
bolts, meaning 62.5 kN per bolt.

These data will be used for validation of the integrated
model.

3. MODEL DEVELOPMENT
3.1. Status/Summary

As stated in Section 1, the strategy has been to develop sub-
models and then to integrate these sub-models into a full and
final model which will form the basis for development of
Applications. The planned sub-models with their current
development status are as follows:

e Corrosion model: a 2D axisymmetric draft COMSOL
model is available for simulation of time to leak due to
galvanic corrosion.

e Mechanical model (1): a 2D axisymmetric draft
COMSOL model is available for simulation of the DVS
compression response under solid platens.
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e Mechanical model (2): a 3D draft COMSOL model is
available for simulation of a BFJ gasketed with DVS
after bolt pre-tension and subsequent service loads
(internal inert gas pressure and external piping loads).

e Leakage model: a mathematical leakage model has been
developed for metal-to-metal contact surfaces
representing the interface sealing surface between the
gasket and flange surface. The first part of this work has
provided the basic information about how to model the
roughness profile using fractal theory. The second part
was focused on modeling the radial flow through the
porous structure in the form of cylinder proposed by
Darcy. The Darcy model connected with the fractal
roughness model has been successfully used to predict
the leakage through the intermediate micro porous
surface, that occurs at the gasket-flange contact. This
model has not yet been codified into a COMSOL model.

e The final stage of this development project will be
integration of the sub-models into one single model and
verification using experimental testing.

3.2. The gasket

As mentioned above, the key component of a bolted flange
joint is the gasket which provides the sealing ability of the
joint supplying the key performance factor of the joint in
terms of leak rate.

Figure 15 shows the model of 1/8 part of a full DVS DN40
product with (in this case) three sealing rings distributed
across the gasket core. The standard thickness of DVS is 3.8
mm across the ridges from one side to the other. In the as-
machined condition the knife-edge sharp ridges consist of 60
degrees top angled triangles with a standard height of 0.5 mm
(current DVS design).

FIG. 15. Model of 1/8 part of a DVS DN40 product

After standard DVS design compression normally to a
thickness reduction of 4-15%, the width in radial direction of
the flattened contact areas is approximately 50-150 microns
depending on the local conditions (flange surface finish,
materials, etc.), refer to macro photo to the left. The rounded
boundaries are due to the tooling tip with radius 0.4 mm
normally applied during the turning manufacturing of these
products.
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The first process (contact) turned out to be the most
challenging part of the project where the task was to find an
acceptable model of the contact problem between the initial
knife-edge geometry of the as-machined DVS interfacing
with the flange surface. This interfacing transforms the ridge
tops into a flattened configuration providing the tight sealing
after the bolt pre-tension step. The selection of the final
forming type in the Geometry sequence (Assembly or Union)
turned out to have a large impact on the modelling/simulation
results.

The performance of the contact modelling has been bench-
marked against the numerous experimental studies of the
impact on flange surfaces that PoT has conducted, refer to
Figure 17 and 18 below.
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FIG. 16. Macro photo of cross section of a compressed DVS DN40
(etched in V2A)

3.3. Geometric and material properties

The modelled flange joint is a standard EN 1092-1 WN RF
flange in pressure class PN40 and size DN40 with standard
M16X2 bolting (3D mechanical modelling). The modelled
gasket is a standard PoT DVS DN40 product. (‘

The flange and the bolt .mate“al propertles arg assumed to FIG. 17. Raised face part of flange surface with machined concentric
be homogeneous, isotropic, and linearly elastic based on serrations and 3-ridge DVS interactions
Young’s modulus and Poisson’s ratio. Materials selected for
the bolt and the flange are normally the same material as the
gasket to avoid dissimilar material issues like differential
thermal expansion and galvanic corrosion which may cause
leakage of the BFJ. The flange and the bolt material have been
modelled with typical elastic properties of the UNS N08811
Fe-Cr-Ni alloy (3D modelling). Thus, the DVS material is
also modelled in UNS N08811 Fe-Cr-Ni alloy but in this case
with a non-linear hardening function based on laboratory
compression testing of round bars, refer to Section 2.4.

3.4. Modelling features
3.4.1. Mechanical models

At the outset of the modelling work, it became clear that
the choice of chamfer versus fillet versus having a sharp edge
on top of the ridge was going to have a large impact on the
outcome of the modelling including the penetration into the
flange domain and thereby the convergence. It also became ;o
clear that this decision needed to be made on the background -
of selected simulation process. Furthermore, modelling of the
BFJ/DVS combination with several nonlinear processes

i
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involved (contact and plasticity in this case) had to be FIG. 18. The results of fractal investigations show that the ring

managed in an efficient way. impressions have a depth of 30-150 microns depending on numerous
parameters like installation torque and materials
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For solving this problem, the contact pairing method has
been applied and the contact surface boundary included both
the sides and the top chamfer/fillet radius of the 60 degrees
ridge top triangle depending on the selected space dimension
(2D axisymmetric or 3D).

The penalty contact method was selected and the penalty
factor tweaked by adjustment of the penalty factor multiplier.
Furthermore, in the 3D models, a friction and a stabilization
node were added separately to both the gasket/flange and the
bolt head/flange contacts thereby allowing application of
different friction and stabilization properties to the two
contacts. By this method, acceptable penetration into the
flange modelling domain has been obtained in addition to
healthy computation/convergence times.

It was also observed in some cases that the mesh got
damaged during early stages of compression and hence a
solution was needed to reach convergence, see Figure 19
lower plot for mesh damage on the DVS single domain case.

FI1G.19. The upper plot shows an example of the obtained penetration in
one of the 2D axisymmetric models from the early-stage modelling (in
this case penetration but no mesh damage).

After extensive tweaking of the model parameters an
acceptable flattening performance has been achieved for the
2D axisymmetric modelling whereas it has been more
difficult to achieve the same for the 3D modelling, see Figure
20 below showing the deformed mesh after flattening of the
ridge top and nicely replicating the physical behaviour seen in
the laboratory, refer to the macro photo in Figure 16.

FIG.20. Mesh deformation during 2D axisymmetric modelling

The exact reason for this is not clear and needs further
investigation. However, it is likely that the fundamental
differences between a displacement-controlled loading with
an even load line and a bolt force-controlled lever arm
configuration has an impact on this issue

An extensive contact parameter investigation has been
performed on the 3D model to find a solution to the poor
convergence performance where the following contact
parameters have been systematically varied:

e  Number/type of contact boundaries.

e  Touch/no-touch of contact surfaces (flange/DVS).

e Contact method.

e  Penalty multiplier factor (fp).

e  Friction.

e Stabilization/stiffness multiplier factor (fsw) (new sub-
node in Structural Mechanics Module version 6.2).

e Union/Assembly flange/DVS.

e  Gasket plasticity.

An extensive meshing investigation was performed for the
DVS.

FIG. 21. Mesh penetration during 3D simulations
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By modifying the DVS build and dividing the geometry
into smaller domains it was possible to achieve better meshing
at the ridge tops and the solution converged with an
undamaged mesh, ref. Figure 21, however, still with some
penetration.

For the mechanical models, both 2D-axisymmetric
modelling and 3D modelling have been applied, applying the
Solid Mechanics physics interface coupled with application
of non-linear material modelling of the DVS.

FIG. 22. 3D model of 1/8 part of bolted flange joint gasketed with DVS
with M16 hex bolt

The 3D mechanical models simulate the conditions of a
BFJ gasketed with DVS whereas the platens testing cases
were modelled by 2D axisymmetric components. The 3D
models (Figure 22) take advantage of several symmetries
thereby reducing the model sizes and computation time for
solving the models by limiting the size of the model to 1/8 of
the full 4-bolt DN40 PN40 standard flange.

The COMSOL Part Library was investigated for the round
bolt head modelling. However, it was decided not to apply the
available models due to the lack of radius between the shank
and the bolt head. This is not in accordance with international
bolting standards (ASME) and large stress concentrations
were also observed at this location during the early stages of
the model development. Hence, the bolt was modelled from
scratch and a radius of the fillet of 0.51 mm was introduced,
see Figure 27 below.

=

FIG. 23. 2D axisymmetric model of test set-up for EN 13555 testing of
DeltaV-Seal
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Figure 23 shows the principal parts the 2D axisymmetric
model simulating the standard EN 13555 gasket testing
equipment whereby the test sample (DVS), is placed on the
lower (fixed) platen of the hydraulic press and the upper
(movable) platen compresses the sample at the
required/specified compression force (no internal pressure
during these tests).

The two platens were equipped with transducers to
measure the actual gasket thickness during the load ramping
process and the test rig is required to have a defined total
stiffness of 500 kN/mm when simulating EN-flanges and
1500 kN/mm when simulating ASME flanges.

This model also served as an initial “work horse” to
develop a better understanding of the potential issues with
non-linear small material volume FEA modelling of the 60
degrees DVS triangles to be used for the subsequent 3D
modelling.

For the 2D axisymmetric models the segregated solver has
been applied whereas for the 3D models the fully coupled
solver has been applied with the non-linear iteration method
changed from the standard double dogleg method to the
constant Newton method with an increase of the maximum
number of iterations from 25 to 50 to improve convergence.

3.4.2. Corrosion model

For the corrosion model 2D axisymmetric modelling has
been applied.

N
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FIG. 24. 2D axisymmetric model of flange + DVS with electrolyte
domains

The secondary current distribution physics interface was
selected coupled with the Level Set (LS) physics interface
which was applied to track the moving interfaces between the
electrode domains (DVS ridges and the flange) and the
electrolyte domain as the corrosion progresses by solving a
transport equation for the level set function.

The LS physics interface was selected due to the
challenging geometrical features at the DVS ridge top/flange
surface interface as described above. Early attempts to apply
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the Deformed Geometry/Moving Mesh interfaces were not
successful. Furthermore, the highly conducted porous
electrode interfaces were introduced for both the DVS and the
flange (no bolts were included in the corrosion model).

FIG. 25. Part of 2D axisymmetric model with the Level Set function
located for break-through of ridge barrier (vertical line in grey).

The principals of the Level Set modelling approach are
indicated in Figure 25 with the level set to an arbitrary
penetration distance of 70% of the compressed ridge width
considered to constitute a corrosion/material loss failure of the
barrier, refer to the position of the line in ‘grey’. At time zero
the electrolyte model domain was set at an
electrolyte/electrode ratio equal to one whereas the flange +
DVS model domains were set an electrolyte/electrode ratio
equal to almost zero (1e-6).

For the porous electrode reaction kinetics, a number of
current density — electrochemical potential functions were
developed based on the polarization curves that were obtained
during the QEERI investigations as described above, see
sections below. Such curves have been developed for several
different materials and conditions relevant for the application
of DVS in the energy industry. In the future, more such
investigations are required both for validation of the models
and for more realistic environments than the current 0.5 M
NaCl solution.

For the electrolyte domain definition, the DVS/flange
configuration was divided into several separate electrolyte
domains which were activated individually as the galvanic
corrosion process proceeds and eventually leading to
breakdown of the ridge barriers or the flange surface
depending on the conditions resulting in a corrosion/leakage
failure.

Three study steps have been included in the corrosion
model, namely:

1. Phase initialization
2. Current distribution initialization
3. Time dependent

10
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3.4.3. Meshing

Several meshing investigations were conducted for the
mechanical models.

The final 3D mesh was decided as three separate meshes,
one for the bolt, one for the flange and one for the DVS. Due
to the shape of the DVS triangles a separate swept meshing
procedure was introduced for this component.

/NN

FIG. 26. Inner DVS ridge top triangle modelled with a 0.05 mm radius
of the fillet and free triangular elements swept with extremely fine
element size.

FIG. 27. Bolt meshed with extremely fine free tetrahedral elements and
flange meshed with finer free tetrahedral elements with physics-
controlled element sizes at the introduced shank/bolt head interface fillet
with a radius of 0.51 mm.



FIG. 28. For the porous electrode corrosion model, several sub-sets of
the mesh were required to obtain a realistic/physical simulation of the
solid flange/DV'S components as highly conductive porous electrodes
and discretization of the different electrolyte domains.

Element Quality Histogram

Statistics

Mesh with unmeshed domains

Mesh vertices: 23556

Element type: Al elements -

Tetrahedra: 102102
Prisms: 5575
Triangles: 10604
Quads: 2700

Edge elements: 1621
Vertex elements: 93

Domain element statistics
Number of elements: 107677
Minimum element quality: 0.175
Average element quality:  0.6624
Element volume ratio; 6.055E-6

Mesh volume: 37840.0 mm?

FIG. 29. Upper plot: the 3D mesh statistics showed an average element
quality of 0.66 for the 107677 domain elements with a minimum quality
of 0.175. Lower figure: A summary of the mesh quality statistics for the
3D BFJ model is shown in the table above. These statistics were deemed
acceptable for the simulations.

11
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FIG. 30. Meshing of 1/8 part of 3D model of bolted flange joint
gasketed with DVS and round M16X2 bolt.

4. Theory
4.1. Equations — Solid mechanics (3D model)

In accordance with (17), applicable PDE equation for the
solid mechanics physics interface for Step 1 Bolt Pretension
applied in the 3D model is as follows:

0=V-(FS)' +Fy, F=1+Vu2 )

where
- U2 is the dependent variable (displacement field)
- | is the identity matrix
- F is the deformation gradient tensor
- S is the second PK stress tensor

- Fy are the volume forces in the system, e.g., body loads,
rotating frames, etc.

The PDE is the equation of motion with the acceleration set
to zero. The bolt pretension study step is a special case of
a stationary study step, where the special degrees of freedoms
used for modelling prestressed bolts are solved for.

Three different stress measures are used in COMSOL

Multiphysics:

e Cauchy stress o defined as force/deformed area in fixed
spatial directions not following the body. This is a
symmetric tensor.

e First PK stress P. The forces in the spatial directions are
related to the area in the original (material) frame. This
iS an unsymmetric two-point tensor.

e Second PK stress S. Both force and area are represented
in the material configuration. For small strains the
values are the same as Cauchy stress tensor, but the
directions are rotating with the body. This is a
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symmetric tensor. In geometrically nonlinear analysis,
the stress should in general be interpreted as second PK
stress, refer to the DVS stresses.

The PK stresses relate to each other as:
FS =P 2

In a geometrically linear analysis, the distinction between
the stress measures disappears, and they all converge to the
same values. This is the case considered for the bolt/flange
(3D), and the platens (2D axisymmetric) in this Thesis.

4.1.1. Equations — Linear Elastic Material

In accordance with the theory of elasticity, for the linear
elastic material model, Hooke’s law relates the stress tensor
to the elastic strain tensor:

g=0,+C e, =0, +C:(E-g ) 3)

where C is the 4th order elasticity tensor, “:” stands for the
double-dot tensor product (or double contraction). The elastic
strain g is the difference between the total strain € and all
inelastic strains ginel. There may also be an extra stress
contribution cex with contributions from initial stresses and
viscoelastic stresses. In case of geometric nonlinearity, the
second PK stress tensor and the Green-Lagrange strain tensor
are used.

For the flange and the bolt in the 3D model as well as the
solid platens in the 2D axisymmetric model, an isotropic
material and elastic moduli have been considered for which
the = tensor reduces to:

1-v v v 0 0 0
E 0 0 0

:11+\.'}|1 2v) 2

Hence, the only required input values are the Poisson’s
ratio and the Young’s modulus. Tabulated values for the
flange and the bolt (alloy 800HT) and structural steel (platens)
have been considered.

4.2. Equations — Secondary current distribution (2D
axisymmetric)

The applicable PDE equations for the secondary current
distribution physics interface are as follows:
V-i=0Q, i=-0Vg (4)
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V- is=Qs, Is=-0Vgs (5)

¢ =phil, @<= phis (6)

The applicable PDE equations for the level set physics
interface are as follows:

VGI-VGI + 0,GIV-VGI=(1+20,)Gl; = _kpg ()

oo , Vo
B —J B > —_ —_ Cememanan
T +u- Vo = 9V -flﬁ 0-0(1 U}I"F l] (8)

4.2.1. Electrochemical corrosion

In accordance with (16), the current density in a dilute
electrolyte system can be expressed as

I = —FZZiDiVCi - FZVQZZLZ U;C; + FUZZiCi (9)
i i

1

Where

e 1stterm is diffusion.
e 2"term is migration.
e 3"term is convection.

e ¢; is the concentration of species i

e D, is the diffusivity of species i

e z; isthe charge number of species i

o Fis Faraday’s constant

e @ is the electrical potential

e u; is the electrochemical potential of species i
e v isthe fluid velocity

In this Thesis work, it is assumed electroneutrality in the
corrosion system and hence
¥, z;c; = 0 (the 3" term vanishes).

Furthermore, it is assumed that the contribution from
diffusion as a result of concentration gradients is much
smaller than the effect of migration and therefore equation (7)
reduces to the common concept of electrolyte conductance,
namely

i=—-kvVQ (10)

Where the conductivity
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k = FZZZ,:Z uicii = —k‘7® (ll)

1

And by applying charge conservation (Vi = 0) the Laplace
can be obtained which is the governing equation for the
secondary current distribution adopted for the corrosion
model:

V29 =0 (12)

As mentioned in this Thesis, the galvanic corrosion model
is assumed to be conservative since the full Nernst-Planck
mass transport physics interface (tertiary current distribution)
has not been adopted and only charge transfer has been
assumed. The use of the Laplace approach relies instead on
the availability of laboratory test data (e.g. polarisation
curves) for the electrodes and knowledge about the electrolyte
characteristics (primarily the conductivity).

4.3. The Level set method

The level set (LS) method in COMSOL is a technique to
represent moving interfaces or boundaries using a fixed mesh,
it is available in the Corrosion module. It is useful for
problems where the computational domain can be divided into
two domains separated by an interface which is the case in the
DVS/flange configuration.

o4

02

0z

Q8 046 04 D2 a b2 04 06 08 1
FIG. 31. The Level Set method principle (from Comsol Help).

Each of the two domains can consist of several parts, refer
to the figure to the left which shows an example where one of
the domains consists of two separated parts. The interface is
represented by a certain level set or iso-contour of a globally
defined function, the level set function ¢.
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FIG. 32. Electrolyte domain and “empty” electrolyte domains connected
via the LS function which is activated after the 1% barrier breakdown.

In COMSOL Multiphysics, ¢ is a smooth step function
that equals zero (0) in one domain and one (1) in the other.
Across the interface, there is a smooth transition from zero to
one. The interface is defined by the 0.5 iso-contour, or level
set, of ¢. The figure below shows the level set representation
of the interface in the figure above.

FIG. 33. Surface plot of the Level Set function corresponding to Figure
30 (from Comsol Help).

The physics interface solves equation (7) to move the
interface with the velocity field u.

The terms on the left-hand side give the correct motion of
the interface, while those on the right-hand side are necessary
for numerical stability. The parameter, €., determines the
thickness of the region where ¢ varies smoothly from zero to
one and is typically of the same order as the size of the
elements of the mesh.

By default, .is constant within each domain and
proportional to the largest value of the mesh size, h, within the
domain. The parameter y determines the amount of
reinitialization or stabilization of the level set function. It
needs to be tuned for each specific problem. If y is too small,
the thickness of the interface might not remain constant and
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oscillations in¢ can appear because of numerical
instabilities. On the other hand, if y is too large the interface
moves incorrectly. A suitable value for y is the maximum
magnitude of the velocity field u.

All these parameters were tweaked in the corrosion model
to achieve a realistic corrosion/weight loss front progression
from the flange inside to the outside with a reasonable
convergence/computation time. The current model is set at an
arbitrary point of barrier break-through at 70% of the ridge
top flattened radial distance counting from inside.

5. Results and discussion
5.1. 2D axisymmetric modelling (mechanical)

The purpose of this modelling was to simulate the
mechanical testing in accordance with (11). The DVS
thickness reduction resulting from the compression (ref. to
Section 2.4) is the DVS response to the applied compression
force and is a fundamental property of all gaskets required for
the design of BFJ in accordance with the pressure vessel codes

((13), (15)).

The simulation was performed by adding a defined target
compression as a prescribed displacement boundary condition
and applying an auxiliary sweep from zero to approximately
0.5 mm displacement corresponding to a relatively high bolt-
up compression for DVS and plotting the model output in the
form of reaction force for comparison with the experimental
applied force — thickness reduction function.

FIG. 34. 3D plot of von Mises stresses at maximum compression for an
early-stage model of the platens configuration (later modified).

An application was developed on this model to streamline
investigation and result presentation of systematic variation
of the target compression and the resulting total reaction
forces. The purpose of this investigation was to benchmark
the model and the simulation results against the measured
reaction forces during the EN 13555 laboratory testing.

The results show that the simulated total reaction force for
the maximum set gasket compression (0.25 mm x 2 = 0.50
mm) of 100 kN (see plot below) whereas the testing showed
a compression force of nearly 240 kN, refer to purple curve in

14

umaes i School

Figure 35. More simulations are required to explain this
difference which will be performed during the subsequent
phases of the project.

FIG. 35. Application plot of the resulting ramping load vs. reaction force
for five different target compression levels.

However, the geometrical performance of this model is
satisfactory in regards of the simulated plastic deformation of
the ridges, hereunder the flattening, see plot below.

\

FIG. 36. Stress distribution plot showing the flattening behaviour at
large equivalent plastic strains.

In the next phases of the project optimization algorithms
will be developed to simulate the effect of varying the
number, distribution, and geometry of the ridges across the
DVS core to achieve the lowest possible reaction force for a
minimum level of compression for the bolt-up stage of the
BFJ, see below.

5.2. 3D modelling (mechanical)

Several boundary, edge and point probes were defined for
monitoring important aspects of the 3D simulations and bench
marking and model validation against the results of the
laboratory investigations:
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- Type A: The width of the ridges (ref. metallurgical
investigations)

- Type B: The area of the ridge triangle base areas (ref.
gasket stress calculations)

- Type C: The rotation of the flange (ref. BFJ design code
requirements)

Standard industry LC’s were defined and simulated,
namely:

- LC 1: Assembly and bolt-up (bolt pretension)

- LC 2: Pressure testing

- LC 3: In-service conditions (external force and moment
loads from adjoining piping)

For all LC simulations, different loading ramping factors
were tested in parametric sweeps to facilitate convergence and
control and monitoring of the solver log during the
computations.

Simulation of LC 1 required solving for 492436 DOF’s
plus 811137 internal DOF’s with a computation time of 34
minutes applying the modified fully coupled solver.

FIG. 37. von Mises stress distribution in the BFJ, due to the pivoting
effect of the DVS, the stress distribution in the bolt shows the highest
stresses closet to the DVS.

The presented LC 1 involves a bolt pretension load of
62545 N which is the highest pretension load normally
applied for this BFJ gasketed with DVS. Since this BFJ design
includes 4 bolts, the total pretension force is 4 x 62545 =
250180 N during assembly of the BFJ, ref. also to Figure 12.
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FIG. 38. a) The upper plot shows that the outer ridge closest to the bolt
has the highest stresses underpinning the location of the pivoting effect
of the outer ridge. This is also in line with the results presented in (5) for
flat rectangular cross sections of non-metallic gaskets. b) The middle
plot shows that the maximum equivalent plastic strain is almost 12% at
the outer ridge. c) The lower plot shows the complex and non-uniform
contact pressure distribution at the ridges after bolt pretension and an
added 40 bar internal pressure.



FIG. 39. Stress distribution in the bolt during LC 1 and scaled-up view
of the flange rotation.

-

FIG. 40. Contact pressure distribution at the bolt head/flange surface
interface with the highest contact pressure closest to the DVS.

FIG. 41. Z-component displacement field distribution for the DVS
indicating that the core of the DVS is not subjected to any loads but is
acting as a support for the sealing ridges with the largest displacement
occurring on the outer ridge closest to the bolt.
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FIG. 42. Flange rotation distribution with a maximum at the outer edge
of the flange of 0.275 mm.

FIG. 43. Summary of flange rotation development during load ramping
steps along the lower side of the flange.

The displacement distribution shown in Figure 42 has been
transformed to flange rotation given in degrees. The above
plot (Figure 43) shows the flange rotation as a function of the
position from the bore of the flange to the outer edge using
the probe data located at the lower edge boundary of the

flange on the non-bolt side of the flange — one curve for each
load ramp.

The results show a maximum rotation of approximately
0.19 degrees well below the ASME/EN design code
requirements for BFJ.

During the 3D simulations some penetrations have been
noted (refer to Figure 44) despite the extensive efforts to
eliminate/reduce this behavior as stated above. However, it
was deemed acceptable for the current assessments due to the
overall as expected general behavior of the simulations.
However, this will be further elaborated on in the next phases
of the project in addition to further fine tuning of the model
parameters to clearly define acceptable parameter windows
for LC 3 (lateral, axial, and bending loads).
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FIG. 44. 3D simulation — typical mesh penetration.
5.3. 2D axisymmetric modelling (galvanic corrosion)

For the galvanic corrosion simulations, several different
polarization functions have been developed for the secondary
current distribution physics interfaces. These functions had to
be based on developing a smoothing function to be applied on
the polarization data received from the testing laboratory
(Excel data, ref. to Section 2.2), otherwise the models did not
converge with reasonable computation times.

The following flange/DVS materials in different
combinations have been simulated for galvanic corrosion at
the flange/DVS contact points and time for breakthrough of
the sealing ridges:

316L_DVS-undef_QEERI_0.5M_NaCl_sample_A4.1
B4 316L

F2-F3

UNS S30400 (stainless steel) in 5 M HNO3

A105 flange

S235-E3 sample (no zinc)

ok~ wnE

EN 10025-2, S235JR
—200

—400 1
—600 1
—800 1
—1000 A

—1200 1

Potential (mV vs. SCE)

—1400

—-1600 T T T r T :
1073 1072 107! 10° 10! 102 103 104
Current Density (A/m?)

FIG. 45. Polarization curve obtained for the gasket material (sample E3)
with a corrosion potential of -486 mV SCE.

The polarization curve shown in Figure 45 was subjected to
smoothening and applied as the local current density
interpolation function for the DVS electrode in the galvanic
corrosion model.
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For the flange electrode the polarization curves shown in
Figure 46 below were averaged and subjected to the
smoothening function and applied in the galvanic corrosion
model as the local current density interpolation function for
the flange electrode. Note that the average corrosion potential
for the flange material is -520 mV SCE.

0.00 Potentiodynamic Scan

-200.00 A105 in 0.5 M NaCl Solution

-400.00 / -
7 -600.00 =
g’ —aG1
¢ -800.00 =
>
£1000.00 G3
£1200.00
C
9
51400.00 ~

-1600.00

1E-3  1E-2 1E-1 1E+0 1E+1 1E+2 1E+3 1E+4
Current Density (A/m2)

FIG. 46. Polarization curves obtained for the flange material with an
average corrosion potential of -520 mV SCE.

During these simulations, both the flange and DVS were
modelled with the highly conductive porous electrode domain
features with a tortuosity conductivity correction.

For the presented case and based on the laboratory
polarization curves, the local current density expressions were
limited to 3 and 1.3 A/m? for the DVS and flange respectively
which are normal values for 0.5 M NaCl solutions, refer to the
polarization curves above. As mentioned before, the current
model predictions are conservative due to the not-included
formation of protective corrosion products and in the case of
stainless steels the formation of protective passive films and
hence the considered kinetic reactions are only the charge-
transfer (active corrosion) part of the polarization curves, ref.
plots above.

This case simulates the galvanic corrosion effect between
a flange in a standard carbon steel material (A105) and a DVS
in the standard carbon steel material S235.



FIG. 47. Simulated electrolyte potential distribution at time zero
indicating that the DVS will be nobler than the flange in this galvanic
couple. The plots show a potential difference of 48 mV to be compared
with the measured corrosion potential difference of 34 mV.

FIG. 48. Direction of the electrolyte current density vectors from the
flange to the DVS underpins that the flange material would be anodic to
the DVS in this galvanic cell thereby causing an increased local
corrosion damage of the flange surfaces at the interface with the DVS
ridges.

FIG. 49. Plot show a 1-year simulation of the electrolyte potential
distribution where the electrolyte potential drop goes from the flange to
the DVS as discussed above with a material loss indicated in the flange
surfaces which would (in theory) cause a leakage of the BFJ. In the
model the local current densities have been transformed to material loss
via Faraday’s law.
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It should be noted that a potential difference between the
electrodes in the range of 25 to 50 mV should be acceptable,
ref. to discussion above, but the current model is conservative
since the formation of protective corrosion products is not
included.

FIG. 50. Electrolyte ratio of the porous flange and DVS domains after a
1-year simulation indicating the anodic behavior and material loss of the
flange due to galvanic corrosion (blue regions indicating
electrode/electrolyte ratio equal to zero). This configuration would then
constitute a complete corrosion failure of the BFJ and associated
leakage.

[
f
|

FIG. 51. Summary of 1-year simulation; electrolyte volume fraction
related variables called U1/U2/U3/L1/L2/L3 as a function of simulation
time

For illustration of the usefulness of this model, namely
prediction of time to leakage, Figure 51 shows the 1-year
simulation by plotting some electrolyte volume fraction
related variables called U1/U2/U3/L1/L2/L3 as a function of
simulation time. Note that the variables U1/U2/U3/L1/L2/L3
correspond to the six electrolyte domains and a variable value
= 0 corresponds to ‘tight’ and a parameter value = 1
corresponds to ‘open/hole’, refer also to the LS method
description in Section 4.3.

The plot indicates that the 1% barrier would be corroded
through after (0.2-0.3)*12 year, the 2" barrier corroded
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through after 0.4*12 year and final breakthrough of the 3"
barrier after 0.5*12 years at which point there would be
leakage of the BFJ.

5.4. Future modelling

During the next phases of the project, the mathematical
theory for fluid flow leakage calculations (7) will be codified
in COMSOL and implemented in the sub-models as
mentioned in this Thesis. Furthermore, it is intended to add a
tertiary current distribution feature to the corrosion model to
reduce the conservatism of the simulation by the formation of
corrosion products well known to reduce the corrosion rates
of carbon steels by resistance polarization. It will also be
required to develop an interface model for the interaction
between large plastic deformation and corrosion behavior.

The completed sub-models will then be integrated into a
single knowledge platform for simulation of time to leakage
of BFJ gasketed with DVS under assembly, testing and
service conditions thereby predicting the required level of
ridge compression during assembly to obtain the optimum
leakage performance during service.

In the final phase of the project, several laboratory testing
programs will be executed for validation and calibration of the
models. These testing programs will have to be designed
efficiently based on e.g. the Box-Behnken optimization
theory due to the large number of factors/parameters
impacting on the leakage performance of BFJ’s as described
in this Thesis including temperature and material selection.

Based on the completed and validated knowledge platform,
several Applications will be developed and distributed to
PoT’s internal and external stakeholders underpinning PoT’s
business development strategy. These applications may then
also be utilized for optimization of the number, distribution,
and geometry of the sealing ridges across the DVS core
depending on each specific customer requirement.

6. CONCLUSIONS

The fully metallic DVS gasket has been modelled for finite
element analysis applying the COMSOL Multiphysics
software. Both 2D axisymmetric and 3D space dimensions
have been considered when simulating standard laboratory
gasket compression testing as well as during assembly of
bolted flange joints containing DVS.

The modelling and simulation work performed during the
MT have been focused on achieving models that — as far as
possible — simulates the available laboratory and other types
of testing results. After model improvements, they can then
be built on for optimization and application building in the
next phases of the project.

Some main conclusions can be drawn from the work as
follows:
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e The distribution of the contact conditions is
observed to be non-uniform across the gasket width
with higher contact stresses and strains at the outer
ridge compared to the inner ridge.

e The studied DVS configuration (number, positions,
and geometry of the sealing ridges) is not optimized
in the current product version. This will be further
explored in subsequent phases of the project.

e The Level Set (LS) method gives a reasonable
representation of the corrosion front progression
throughout the flange joint, but the LS model
parameter settings is a challenging task and needs
further optimization for other materials and
environmental conditions.

e  The mechanical models are considered to behave
reasonably well in replicating laboratory testing
results but need further improvements in the next
phases of the project, especially on the 3D model
mesh penetration into the flange domain which
must be mirrored correctly against practical
experience of DVS installations in BFJ as well as
the ridge flattening predictions.

e The galvanic corrosion model simulates well the
expected corrosion potential difference between the
flange and the DVS at the point of contact at
initialization.
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800HT - UNS N08811 Fe-Cr-Ni alloy
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PDE - Partial differential equation 14. EN 1092-1: 2018; Flanges and their joints, Circular

PK - Piola-Kirchoff flanges for pipes, valves, fittings and accessories, PN

WN - Weld neck designated, Part 1: Steel flanges

RF - Raised face 15. EN 13445-3:2021 Unfired pressure vessels - Part 3:

LC - Load case Design
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Distribution for Atmospheric Corrosion of Galvanic
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