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Abstract

This thesis investigates the structural and sealing performance of large-diameter, preload-
dominated flange joints used in low-pressure vessel applications. In conventional design,
standardized flange dimensions are often applied even when operating pressures are low.
However, for such applications, the structural response is primarily governed by the bolt
preload required for gasket seating rather than internal pressure. This study aims to evaluate
the feasibility of reducing flange thickness to minimize material consumption and
manufacturing costs while maintaining structural integrity and sealing reliability. The research
was conducted using a parametric finite element study. A baseline configuration, based on an
existing industrial design with a flange thickness of 40 mm, was first analysed. Subsequently,
four additional configurations were evaluated with thickness reductions in 5 mm increments
down to 20 mm. The evaluation criteria were based on allowable von Mises stress in the flange
hub transition region (< 140 MPa) and a target gasket contact pressure range (10—40 MPa)
across the inner and outer gasket diameters. The results show that flange thickness
significantly influences stress distribution and flange rotation. For the baseline case (40 mm),
the evaluation criteria were satisfied within a bolt preload interval of 20—25 kN. As thickness
was reduced, the structural stresses in the hub region increased, and the contact pressure
distribution became increasingly sensitive to flange rotation. Specifically, thinner
configurations reached the allowable stress limit at lower preload levels, narrowing the window
for acceptable operation. The results indicate that the flange thickness could be reduced to 30
mm while still maintaining an operational window, whereas further reduction significantly
compromised the structural integrity. The study concludes that while standardized dimensions
provide a high level of conservatism, significant thickness reductions are limited by the
requirement to maintain uniform gasket compression without exceeding material yield limits.
The findings suggest that acceptable preload intervals can serve as an effective metric for

evaluating the feasibility of slimmer flange designs in preload-dominated applications.



Sammanfattning

Denna uppsats utviarderar den strukturella hallfastheten och tidtningsforméagan hos
flinsforband med stor diameter i ldgtrycksapplikationer. I konventionell konstruktion
anviands ofta standardiserade flainsdimensioner, trots att drifttrycket ar lagt. For dessa
applikationer domineras flinsens mekaniska beteende framst av bultforspanningen, som
kravs for att komprimera packningen, snarare an av det interna trycket. Studien syftar till att
undersoka mojligheten att reducera flanstjockleken for att minska materialatgang och
tillverkningskostnader utan att kompromissa med sédkerhet eller tathet. Metoden baseras pa
en parametrisk finita elementanalys (FEA). Forst analyserades en referenskonfiguration med
en flanstjocklek pd 40 mm. Direfter studerades fyra konfigurationer dar tjockleken
reducerades stegvis med 5 mm ner till 20 mm. Utvarderingen baserades pa tilldten von Mises-
spanning i flinsens oOvergangsregion (< 140 MPa) samt ett specifikt intervall for
packningstryck (10-40 MPa). Resultaten visar att flanstjockleken har en betydande inverkan
pa spanningsfordelningen och flansrotationen. For referensfallet uppfylldes alla kriterier vid
en bultférspanning pa 20—25 kN. Vid tunnare flinsar 6kade spanningarna i hub-regionen
snabbare, vilket begriansade det acceptabla forspanningsintervallet. Ju tunnare flinsen blev,
desto kinsligare blev forbandet for bultforspanningens storlek for att bibehalla en jamn
tatning. Resultaten visar att flinstjockleken kunde reduceras till 30 mm med bibehallen
funktion, men att ytterligare reducering begrinsade det godkidnda forspanningsintervallet
avsevart. Slutsatsen ar att standardiserade flinsmatt ofta ar konservativa for
lagtrycksapplikationer. Det finns dock begransningar for hur mycket tjockleken kan reduceras
innan materialets strackgrans nés eller taitningsformagan forsamras. Arbetet bidrar med ckad
forstdelse for hur forspanningsintervall kan anvidndas for att utvardera tunnare

flanskonstruktioner.
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1 Introduction

1.1 Project Background

CWR Engineering is a Swedish process industry company currently involved in the
development of a process plant containing several large-diameter vessels. The vessels use
bolted flange joints to connect the vessel body and removable lid. The flange dimensions
exceed the range of standard commercially available components and therefore require
custom-designed flange configurations. A simplified sketch of one of the vessels including the

flange connection circled in red can be seen in figure 1.
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Figure 1. Illustration of a vessel with a bolted flange joint circled in red. Vessel has a total height of

approximately 2 m and a diameter of approximately 1.5 m. Image from CWR Engineering.
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In conventional flange design, the governing loads are typically associated with internal
pressure and the resulting hydrostatic forces acting on the joint. However, the flange joints
considered in the present application operate under relatively low internal pressure conditions,
meaning that the structural response is dominated primarily by the bolt preload required to
compress the gasket and maintain sealing. Consequently, the loading conditions differ from
those typically assumed in standard flange design procedures. The current flange geometries
are based largely on standardized dimensions, even though no detailed structural evaluation
has been performed for the specific loading conditions of the application. It is therefore unclear
whether the existing flange thickness (see figure 2) provides an appropriate balance between
structural integrity, sealing performance, and material usage. In figure 2 a sketch of the cross

section of the flange is illustrated.

flange
thickness

Figure 2. Sketch of the flange cross-section. The reference flange thickness is approximately 40 mm.

Image from CWR Engineering.

Since the flanges are custom manufactured and large in diameter, even moderate reductions
in flange thickness could contribute to reduced material consumption and lower
manufacturing costs. The company has therefore expressed interest in flange lightening while

maintaining structural and sealing performance.
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1.2 Theoretical Background

The following section presents the theoretical background relevant to the study. The purpose
is to provide an overview of the fundamental mechanical behaviour of bolted flange joints,
gasket sealing mechanisms, bolt preload behaviour, and relevant design standards associated
with large-diameter flange connections. These theoretical concepts form the basis for the finite

element modelling approach and the evaluation criteria used throughout the study.
1.2.1 Flange Joints

A flange joint is a detachable mechanical connection used to join piping systems, pressure
vessels, covers, and other pressurized components. The joint typically consists of two flanges
connected by bolts, with a gasket positioned between the flange faces to provide sealing, an

example can be seen in figure 3.

Bolt Load

Figure 3. Schematic illustration of a flange joint (author's illustration).
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When the bolts are tightened, a compressive force is transferred through the flanges to the
gasket, creating the contact pressure required to prevent leakage. The flange geometry must
therefore be capable of transferring the bolt loads while maintaining sufficient gasket
compression during operation. Bolted flange joints are widely used in process industries
because they allow repeated assembly and disassembly for inspection, maintenance, and
cleaning. Standardized flange dimensions are commonly used whenever possible, since custom
flange designs are generally more expensive to manufacture and design. According to ASME
recommendations, standard flanges should therefore be preferred unless the application

requires dimensions outside the standard size range. [1]

A typical flange joint is defined by a set of geometric parameters that determine its dimensions
and mechanical behaviour. Rather than determining these dimensions individually for each
design, standardized flanges are commonly selected from engineering standards. A flange
standard is a technical document that contains tables, figures, dimensional drawings, and
design requirements for standardized flanges. For each nominal pipe size and pressure class,
the standard specifies dimensions such as the flange outer and inner diameter, flange
thickness, bolt circle diameter, number and size of bolts, bolt spacing, gasket contact width,
and hub geometry, ensuring that flanges and their mating components are geometrically
compatible and interchangeable. These parameters also influence the structural behaviour of
the joint. For example, the bolt circle diameter defines the position of the bolts relative to the
gasket and therefore influences the bending moment acting on the flange, while the gasket
contact width and gasket reaction diameter govern how the compressive load is transferred
across the gasket. For standard pipe flanges up to 24 inches, ASME B16.5 is commonly applied,
whereas ASME B16.47 covers larger diameter flanges ranging from 26 to 60 inches and is
divided into Series A and Series B. Additional standards exist for specialized applications,
including TEMA flanges, API flanges, and AWWA steel pipe flanges. However, many industrial
flanges are custom-designed for specific applications and therefore fall outside the scope of
these standards, requiring their geometry to be determined through engineering design rather

than direct selection from a standard. [1]

For large-diameter flange joints, flange behaviour is strongly influenced by the relationship
between bolt loads, gasket forces, and flange bending moments. According to flange design
theory, bolted flange joints are designed to balance the gasket reaction force with the applied
bolt load. Since these forces act at different locations within the joint, bending moments
develop in the flange structure. The flange thickness and bolt circle diameter therefore have a
significant influence on the structural response of the joint. The governing loading condition
depends on the operating application. For high-pressure flange joints, the hydrostatic end

force generated by the internal pressure is typically the dominant design condition. In contrast,
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low-pressure flange joints are often governed primarily by the gasket seating force required to
compress the gasket sufficiently for sealing. Design recommendations for low-pressure flange
joints therefore emphasize minimizing gasket width and using many smaller bolts positioned
on a relatively small bolt circle diameter to reduce flange bending moments and flange

thickness requirements. [1]

1.2.2 Bolt Preload

Bolt preload is the initial tensile force introduced into a bolt during tightening. In bolted flange
joints, the preload generates a compressive clamping force between the flange faces and the
gasket, which is necessary to maintain sealing performance and joint integrity during
operation. The preload force is therefore one of the most important parameters governing the
mechanical behaviour of gasketed flange joints. During tightening, the bolt is elastically
stretched while the connected members are compressed. The bolted joint can therefore be
mechanically represented as a system of elastic springs, where the bolt acts as a relatively
compliant tensile spring and the clamped members act as compressive springs. When external
loads are applied to the joint, the bolt load increases while the compressive force in the joint
members decreases correspondingly. The stiffness relationship between the bolt and the
connected members therefore strongly influences how loads are distributed within the joint.
In practical applications, preload is commonly introduced by applying a tightening torque to
the bolt. The relationship between applied torque and preload can be approximated by

equation 1.
T = KFd (1)

where T is the applied tightening torque, K is the torque coefficient, F is the preload force and
d is the nominal bolt diameter. Since friction conditions in the threads and under the bolt head
influence the torque coefficient, a given tightening torque may produce variations in the

resulting preload force. [2]

In flange design, the bolt loads are selected to balance the forces acting on the gasket and flange
assembly. Since the bolt loads and gasket reaction forces act at different radial locations within
the flange joint, internal bending moments are generated in the flange structure. The flange
geometry must therefore be designed to withstand both the tensile bolt loads and the resulting
bending stresses. For low-pressure flange joints, the gasket seating condition is often the
governing design case. The preload required to compress the gasket sufficiently becomes the
dominant load acting on the flange assembly. The flange response is therefore governed mainly
by bolt preload and gasket contact forces. The bolt preload also generates a bending moment

in the flange cross-section due to the radial separation between the bolt load and the gasket
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reaction force. The moment acts about the circumferential axis of the flange and its magnitude

can be expressed using Equation 2.
MG = WhG (2)

where Mg is the moment generated by the gasket load, W is the bolt load and hg is the radial
distance between the bolt and gasket reaction force. Because the bending moment depends on
the bolt circle diameter and gasket location, the flange thickness and bolt arrangement strongly
influence the structural behaviour of the joint. For large-diameter low-pressure flange joints,
design recommendations therefore emphasize the use of many smaller bolts positioned on a
relatively small bolt circle diameter to reduce flange bending moments and limit the required
flange thickness. Excessive bolt preload may increase the stresses in the flange and bolts
beyond acceptable limits, while insufficient preload may result in inadequate gasket
compression and loss of sealing performance. The preload level must therefore provide a
balance between structural integrity and gasket sealing requirements. In bolted joint design,
preload is commonly related to the proof strength of the bolt material to avoid permanent

deformation while still maintaining sufficient clamping force. [2]
1.2.3 Gaskets

A gasket is a deformable sealing element positioned between two mating flange surfaces to
create and maintain a static seal. In bolted flange joints, the gasket acts as a barrier preventing
leakage through the interface between the flange faces while still allowing the joint to be
disassembled and reassembled when required. The sealing performance of the joint therefore
depends not only on the gasket itself, but also on the interaction between the gasket, the
flanges, and the bolt preload applied during assembly. When a bolted flange joint is assembled,
the bolt preload generates a compressive force acting on the gasket surface. This compressive
load causes the gasket material to deform and conform to surface irregularities, waviness, and
imperfections present on the flange faces. By filling potential leakage paths, the gasket creates
the contact seal required to contain the internal fluid. The sealing capability of the gasket is
therefore strongly dependent on the contact pressure acting across the gasket interface. The

average gasket contact pressure can be expressed with equation 3.
F
g=1 (3)

where q is the gasket contact pressure, F is the compressive force acting on the gasket, and A
is the effective gasket contact area. The contact pressure is generated primarily by the bolt
preload and represents the compressive stress responsible for forcing the gasket material into

flange surface irregularities and potential leakage paths. Insufficient contact pressure may
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result in inadequate sealing performance, while excessively high contact pressure may cause
excessive gasket deformation or damage. To maintain sealing performance throughout
operation, a sufficiently high gasket load must remain after assembly. During operation, the
gasket load may decrease due to effects such as hydrostatic end forces, thermal expansion,
relaxation, flange rotation, and material creep. If the residual gasket load becomes too low,
leakage may occur because the gasket can no longer maintain sufficient contact pressure

against the flange surfaces. [3]

Non-metallic or “soft” gaskets are commonly used in low- and medium-pressure applications
due to their high conformability and relatively low seating stress requirements. Typical
materials include compressed fibre sheets, flexible graphite, PTFE, and elastomer-based
materials. These gasket materials generally exhibit nonlinear deformation behaviour and may
experience creep relaxation under sustained compressive loading, particularly at elevated
temperatures. PTFE-based gaskets are specifically noted for their tendency to exhibit cold flow
and creep relaxation under compression, meaning that the gasket thickness gradually
decreases with time while the material expands laterally. This behaviour results in a reduction
of bolt load and gasket stress within the joint. Flexible graphite gaskets, in contrast, exhibit
lower creep relaxation and maintain sealing performance over a wider range of compressive
loads and temperatures. The gasket behaviour in a bolted flange joint is closely related to the
distribution of contact pressure generated by the bolt preload. Uneven gasket compression
may result in local reductions in contact pressure, increasing the risk of leakage. Factors such
as flange rotation, flange flexibility, bolt spacing, and flange surface conditions therefore
influence the sealing performance of the joint. For low-pressure flange joints, the gasket
seating condition is often the governing design requirement rather than resistance to internal
pressure loads. The preload applied during assembly must therefore be sufficient to establish
and maintain adequate gasket contact pressure without causing excessive stresses in the flange

or excessive compression of the gasket material. [3]

1.2.4 Structural Assessment of Flange Joints

The structural behaviour of bolted flange joints is governed by the interaction between bolt
loads, gasket reaction forces, flange geometry, and external loading conditions. Since the bolt
loads and gasket reaction forces act at different radial locations within the flange assembly,
internal bending moments are generated in the flange structure. The flange geometry must
therefore be proportioned so that the stresses generated by bolt preload and flange bending
remain below the applicable strength limits. In three-dimensional finite element analyses, this
is typically assessed using the equivalent von Mises stress. The flange hub region is of structural
16



importance because it acts as the transition zone between the flange ring and the connected
vessel or pipe section. Due to the combined effects of flange bending and load transfer through
the hub geometry, significant stress concentrations may develop in this region. ASME flange
design procedures therefore evaluate stresses such as longitudinal hub stress, radial flange
stress, and tangential flange stress as part of the structural assessment of flange joints. In
addition to structural stresses, gasket contact pressure represents a critical parameter for
flange joint performance. The sealing capability of the gasket depends on maintaining
sufficient compressive stress across the gasket contact surface during both assembly and
operation. Uneven flange rotation or insufficient flange stiffness may result in non-uniform
gasket contact pressure distributions, increasing the risk of leakage. The flange stiffness
therefore directly influences the sealing behaviour of the joint. Since both structural stresses
and gasket contact pressure are strongly influenced by flange deformation and bending
behaviour, these parameters are commonly used as primary indicators when evaluating the
structural integrity and sealing performance of bolted flange joints. The structural assessment
of a bolted flange joint therefore requires a limited number of key results from the finite
element analysis. These include the maximum equivalent stress in the flange to assess
structural integrity and the contact pressure distribution across the gasket to verify that

sufficient sealing pressure is maintained over the entire contact surface. [1]

1.2.5 Finite Element Method

The finite element method (FEM) is a numerical method used to obtain approximate solutions
to partial differential equations and complex engineering problems. The method is based on
dividing a continuous domain into smaller subdomains, commonly referred to as elements,
over which the solution is approximated using piecewise polynomial functions. Within FEM,
the analysed geometry is represented by a mesh consisting of interconnected elements and
nodes. The approximation of the solution is constructed through basis functions associated
with the nodes of the mesh. For continuous piecewise linear approximations, the solution
within each element is represented by linear interpolation functions, while continuity is
enforced between adjacent elements. An important aspect of FEM is that the approximation
accuracy depends on the mesh density and element formulation. As the mesh size decreases,
the approximation error is reduced, and the numerical solution converges toward the exact
solution. The method therefore enables detailed evaluation of local stress distributions,
deformation behaviour, and pressure distributions in geometrically complex structures. In
structural mechanics applications, FEM is commonly used to evaluate stresses, strains, and
displacements in components subjected to mechanical loading. Since bolted flange joints
involve complex interactions between bolt preload, gasket compression, contact pressure, and

flange deformation, analytical solutions are often insufficient for accurately describing the
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structural behaviour of the assembly. FEM therefore provides an effective approach for

evaluating the local stress states and contact pressure distributions within the flange joint. [4]
1.3 Literature Review

The literature review presents previous research related to bolted flange joints, gasket sealing
behaviour, and finite element analysis of flange assemblies. The purpose of the review is to
provide an overview of existing knowledge within the field and to examine how earlier studies
have investigated the relationship between bolt preload, flange stresses, flange flexibility, and
gasket sealing performance. Attention is given to studies involving structural assessment
methods and preload-related behaviour in gasketed flange joints, since these aspects are

central to the present study.
1.3.1 Previous Flange Joint FEA Studies

Previous finite element analysis (FEA) studies on bolted flange joints have primarily focused
on sealing performance, gasket contact stresses, bolt stresses, flange rotation, and stress
distributions under bolt preload and internal pressure loading conditions. Many studies model
the flange, gasket, and bolts as interacting elastic components to evaluate the structural

response and sealing behaviour of the joint assembly.

Alarnous investigated ASME B16.5 Class 900 welding neck flange joints using ANSYS
simulations combined with analytical modelling. The study evaluated parameters including
gasket contact stress, flange rotation, radial displacement, and longitudinal and tangential
stresses for several flange sizes subjected to bolt-up and internal pressure loading. The
reviewed literature highlighted that flange rotation and gasket contact stress are strongly
influenced by bolt preload, flange flexibility, and gasket behaviour. Leakage-related
phenomena such as preload relaxation, gasket creep, bolt creep, vibration, and thermal
expansion effects were also identified as important aspects in flange joint analysis.
Furthermore, the study noted that traditional ASME flange design methods remain widely
used and generally effective for standard industrial applications. However, it was also
emphasized that the Taylor Forge m—y method does not always accurately represent real
operating conditions and leakage behaviour, which contributed to the development of the
PVRC tightness-based approach. Despite the extensive focus on flange stresses and sealing
performance, the reviewed literature contained limited discussion regarding geometry
optimization or systematic flange thickness reduction. Most previous investigations instead
evaluated standardized ASME flange geometries rather than assessing slimmer flange

configurations or the possibility of overly conservative flange dimensions. [5]
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Previous research has also demonstrated that bolted flange joints exhibit nonlinear structural
behaviour due to flange flexibility and changing contact conditions between flange surfaces.
Meisami et al. developed an analytical and finite element-based model for single-bolted flange
joints in which the joint stiffness was represented using bilinear spring behaviour. The study
combined analytical modelling, finite element analysis, and experimental validation to
investigate flange stiffness and dynamic response. In the FEM model, the flange and bolt were
modelled separately and assembled using surface-to-surface contact with frictional
interaction, while the material behaviour was assumed linear elastic and isotropic. The results
showed that flange stiffness differs between opening and closing moments due to nonlinear
contact behaviour within the joint. Good agreement between analytical, numerical, and
experimental results demonstrated that equivalent stiffness models can accurately represent
flange joint behaviour. The study further highlighted that bolted flange joints are often
incorrectly assumed rigid in practical applications, which may lead to overestimation of joint
stiffness and structural response. In addition, the literature review presented in the study
noted that many previous investigations simplify bolted flange joints using equivalent spring

models or by dividing multi-bolted joints into separate single-bolt sections. [6]

Comparatively fewer studies have specifically investigated large-diameter bolted flange
connections. Mehmanparast et al. reviewed large-diameter flange joints used in offshore wind
turbine monopile foundations and identified several challenges related to preload retention,
preload relaxation, fatigue, corrosion, and flange opening behaviour under cyclic loading
conditions. The study also highlighted the increasing importance of bolted flange connections
following failures observed in earlier grouted monopile-transition piece connections. Although
the work primarily focused on offshore structural applications and cyclic loading behaviour, it
demonstrated that large-diameter flange joints may exhibit additional structural challenges

compared to smaller standardized flange assemblies. [7]

Industry guidelines for bolted flange joint assemblies further emphasize that sealing
performance is strongly governed by the relationship between bolt preload, gasket seating
stress, and flange deformation. The reviewed guidance note stated that excessive bolt preload
may lead to flange rotation, permanent flange deformation, gasket over-compression, and
uneven load distribution, whereas insufficient preload may result in inadequate gasket seating
and leakage. The source also highlighted that low-pressure large-diameter flange joints are
often governed primarily by the initial gasket seating load rather than the operational pressure
load. In the presented DN800 example, the required gasket seating force exceeded the force
necessary to counteract the internal pressure, illustrating the preload-dominated behaviour of

such flange assemblies. In addition, the guidance note discussed the importance of preload
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control, bolt utilization limits, flange alignment, and gasket contact pressure in maintaining

long-term sealing performance. [8]
1.3.2 Bolt Modelling in FEA

Previous studies have shown that bolt preload modelling significantly increases the complexity
of finite element analysis, since preload simulations generally require nonlinear analysis
together with contact interactions between connected components. Bolt preload is commonly
applied in flange assembly simulations to represent the clamping force between structural
members and to evaluate bolt axial forces, contact pressure distributions, and load transfer

behaviour within the joint. [9]

Several modelling strategies for bolted connections have been presented in the literature,
where the selected method typically depends on the balance between computational efficiency
and modelling accuracy. A commonly used and computationally efficient approach is to
represent bolts using beam elements connected to the surrounding flange structure through
rigid links or multi-point constraints (MPCs). This modelling strategy is widely applied for
flange geometries subjected to bolt preload and is considered effective for capturing the global
structural behaviour of the joint while maintaining relatively low computational cost. More
detailed modelling approaches instead utilize three-dimensional solid elements together with
contact definitions, washers, and frictional interactions to better represent local stresses, bolt-
hole interaction behaviour, and load transfer mechanisms. However, these methods
significantly increase both model complexity and computational time. The reviewed literature
further emphasizes the importance of contact definitions between connected flange surfaces
for preload simulations to function correctly. Studies also show that bolt preload should
generally be applied prior to external loading in nonlinear analysis to accurately represent the
clamping behaviour of the joint assembly. In addition, preload has been shown to influence
local stress distributions around the bolt region, flange contact behaviour, friction transfer,

and the overall stiffness of the joint. [9][10]

Previous research has also compared preload behaviour obtained using plate element models
and three-dimensional solid models. Plate element models were shown to underestimate bolt
loads because the elements lack through-thickness stiffness, resulting in non-conservative bolt
force predictions. In contrast, solid models were found to capture the stiffness interaction
between the bolt and the connected members more accurately, producing bolt force behaviour
that follows classical preload theory more closely. According to the preload theory presented
in the reviewed source, the final bolt force depends both on the initial preload and on a fraction

of the externally applied load, governed by the relative stiffness of the bolt and the connected
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structure. Maintaining sufficient preload was further identified as important for preventing

joint separation and reducing alternating bolt stresses associated with fatigue loading. [9]
1.3.3 Gasket Modelling in FEA

Previous studies show that gasket modelling is a critical aspect of finite element analysis of
bolted flange joints, since gasket behaviour strongly influences sealing performance, contact
stress distribution, and the overall structural response of the joint assembly. The literature
highlights that gasket deformation behaviour is highly nonlinear and that accurate gasket
representation is therefore important when evaluating leakage behaviour and preload-
dependent flange response. Murali Krishna et al. modelled spiral-wound gaskets in ANSYS
using nonlinear interface elements, where the gasket behaviour was defined through
experimentally obtained pressure—versus—closure relationships. In the study, the gasket
material was assumed nonlinear with hysteresis and permanent through-thickness
deformation, while membrane and transverse shear effects were neglected. The results
demonstrated that flange rotation produced non-uniform gasket contact stress distributions,
with higher contact stresses occurring at the outer radius of the gasket. Internal pressure was
shown to reduce gasket contact stress while simultaneously increasing flange rotation, which
could eventually result in leakage if the residual gasket stress became insufficient. The study
further showed that leakage may occur even when flange rotation remains below the ASME
rotation limit of 0.31°, indicating that gasket contact stress distribution is more important for
sealing performance than flange rotation alone. In addition, gasket stiffness was identified as
a significant factor influencing joint behaviour, axial bolt force variation, and sealing
performance. Softer gasket materials produced larger increases in bolt force and different

contact stress distributions compared to stiffer gasket materials. [11]

Previous research has also emphasized the complexity associated with accurately modelling
gasket material behaviour in finite element analysis. Cartraud and Wielgosz proposed
elastoplastic gasket material models incorporating nonlinear elasticity, isotropic hardening,
and yielding mechanisms to represent the compressive response of gasket materials during
bolt clamping. The study demonstrated that gasket materials exhibit nonlinear, transversely
isotropic, and hysteretic behaviour together with permanent deformation after unloading,
indicating that simplified linear elastic assumptions may not accurately represent real gasket
response. The results further showed that gasket deformation behaviour shares similarities
with geomaterials due to the combination of large compressive strains, hardening effects, and
irreversible deformation. The authors concluded that simplified elastoplastic models could
provide reasonable agreement with experimentally observed compression behaviour, although
additional experimental validation is required to accurately capture gasket plasticity and

unloading characteristics. [12]
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1.3.4 Structural Evaluation of Flange Joints

Previous studies show that the structural evaluation of flange joints primarily focuses on flange
stresses, rigidity, sealing performance, and flange rotation. Jinescu et al. state that flange joints
must maintain sufficient stiffness to prevent deformation that may reduce gasket tightness and
compromise structural integrity. The literature identifies flange rotation, circumferential
flange deformation, bolt load, gasket contact pressure, and bending moments as important
parameters governing the structural behaviour of flange assemblies. According to the reviewed
source, insufficient circumferential rigidity may lead to local flange deflection between bolts,
while insufficient axial rigidity may result in flange rotation and reduced sealing performance.
The study further highlights that flange stresses are commonly evaluated through longitudinal,
radial, and tangential stress components when assessing flange joint behaviour and structural
integrity. Several studies reviewed by Jinescu et al. also emphasize the relationship between
flange rigidity and flange thickness. Increased flange thickness improves joint stiffness and
reduces flange deformation and rotation, whereas insufficient rigidity may require flange
thickening, hub reinforcement, or the introduction of stiffening ribs to maintain acceptable
structural performance. The reviewed literature therefore indicates that flange geometry has a
significant influence on both stress development and sealing behaviour within bolted flange
joints. The source further notes that standardized flange designs are generally developed based
on relatively high stiffness assumptions intended to ensure safe operation under a broad range
of loading conditions and industrial applications. As a result, such standardized flange
configurations may become comparatively heavy, particularly in applications where loading
conditions are dominated primarily by bolt preload rather than high internal pressure.
However, the reviewed literature contains limited discussion regarding whether standardized
flange dimensions may be overly conservative for low-pressure large-diameter flange joints or
to what extent flange thickness may be reduced while maintaining acceptable structural and

sealing performance. [13]

The reviewed literature further indicates that structural evaluation of flange joints is commonly
focused on regions that are most critical for sealing performance and overall structural
integrity. Emphasis is often placed on the gasket contact area and the flange hub region, since
these areas largely govern gasket seating behaviour, flange rotation, load transfer, and stress
development within the joint assembly. Gasket contact pressure distribution is frequently used
to evaluate sealing capability, while stresses in the flange hub are commonly assessed to
determine the structural response of the flange under preload and operational loading
conditions. The literature also notes that bolt and bolt-hole regions may be investigated when
evaluating local peak stresses or stress concentrations, particularly in studies related to fatigue

or local yielding behaviour. However, these regions are generally not used to assess the overall
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structural stress state of the flange assembly, since the stresses are often highly localized and
strongly influenced by geometric discontinuities and contact effects. Instead, the global
structural behaviour of flange joints is more commonly evaluated through stress distributions

in the flange body and hub region together with gasket contact behaviour.
1.3.5 Literature Review Summary

The reviewed literature shows that finite element analysis is widely used to evaluate the
structural and sealing behaviour of bolted flange joints, with primary focus placed on flange
stresses, gasket contact pressure, flange rotation, preload effects, and nonlinear contact
behaviour. Previous studies emphasize that flange flexibility, bolt preload, and gasket
behaviour strongly influence the structural response and sealing performance of flange
assemblies. The literature further identifies the gasket contact area and the flange hub region
as the most important areas for structural evaluation, since these regions govern gasket seating
behaviour, flange deformation, load transfer, and stress development within the joint. In
contrast, bolt and bolt-hole regions are mainly evaluated for local stress concentrations rather
than for assessment of the overall structural stress state. Previous research also demonstrates
that flange thickness and stiffness significantly affect flange deformation and gasket contact
pressure distribution. While standardized flange designs are generally developed for broad
operating conditions and high structural reliability, comparatively fewer studies investigate
large-diameter low-pressure flange joints operating primarily under preload-dominated

loading conditions or evaluate the feasibility of reduced-thickness flange configurations.

1.4 Research Gap

Previous research on bolted flange joints has primarily focused on sealing performance, gasket
behaviour, leakage prediction, and the nonlinear response of flange assemblies subjected to
internal pressure and operational loading conditions. In addition, standardized flange design
methods are generally developed to ensure safe operation under a broad range of loading
scenarios and industrial applications. However, comparatively limited attention has been
given to large-diameter flange joints operating under low-pressure conditions where the
structural response is dominated mainly by bolt preload rather than internal pressure. There
is a lack of studies investigating whether standardized flange dimensions may be overly
conservative for such applications and whether reduced-thickness flange configurations could
provide acceptable structural integrity and sealing performance. Furthermore, while previous
studies have examined the influence of bolt preload and flange flexibility separately, fewer
studies have evaluated the combined relationship between flange thickness, preload intervals,

structural stresses, and gasket contact pressure in large-diameter flange joints. There is
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therefore limited understanding of how preload-dependent evaluation methods can be used to
assess the feasibility and operational limits of slimmer flange configurations in preload-

dominated applications.
1.5 Research Questions

Based on the identified research gap, the present study investigates how flange thickness
reduction influences the structural and sealing behaviour of large-diameter, low-pressure
flange joints subjected primarily to bolt preload. Focus is placed on the relationship between
bolt preload, flange stresses, and gasket contact pressure, as well as the feasibility of reduced-
thickness flange configurations within acceptable preload intervals. To address this, the

following research questions were formulated:

RQ1: How do different bolt preload levels affect the structural integrity and gasket contact

pressure of reduced-thickness large-diameter, low-pressure flange joints?

RQ2: What is the minimum flange thickness that satisfies the defined acceptance criteria for

structural stress, deformation, and gasket contact pressure?

RQ3: Do standardized flange dimensions provide greater structural capacity than required for

preload-dominated, low-pressure operating conditions?
1.6 Problem Statement

Large-diameter flange joints used in low-pressure applications are commonly designed
according to standardized dimensions and established flange design methods. The geometry,
material properties, and loading conditions are generally known, and finite element analysis
has been widely demonstrated as a reliable method for evaluating structural stresses, flange
deformation, and gasket contact pressure in bolted flange joints. However, it remains unclear
whether standardized flange dimensions are overly conservative for large-diameter flange
joints operating primarily under bolt-preload-dominated loading. In particular, the minimum
flange thickness that satisfies predefined acceptance criteria for structural integrity and sealing
performance has not been established. Furthermore, the influence of bolt preload on the
feasibility of reduced-thickness flange configurations under these operating conditions has
received limited attention. Therefore, the present study investigates the relationship between
flange thickness, bolt preload, structural stress, deformation, and gasket contact pressure
using finite element analysis. Based on predefined structural and sealing criteria, the study
evaluates the feasibility of reduced-thickness flange configurations and assesses whether

standardized flange dimensions provide unnecessary structural margin for this application.
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1.7 Limitations and Scope

The study is limited to large-diameter, low-pressure gasketed flange joints subjected primarily
to bolt preload dominated loading conditions. Low-pressure conditions refer to applications
where the internal pressure is sufficiently low that the structural response of the flange joint is
governed primarily by the bolt preload rather than by pressure-induced loading. The
investigation focuses on how reduced flange thickness influences the structural behaviour of
the flange and the contact pressure distribution in the gasket interface. To limit the scope of
the study, only the flange thickness is varied parametrically, while other design parameters
such as bolt geometry, bolt spacing, flange diameter, gasket geometry, and material selection
remain unchanged. The study is further limited to static loading conditions, where bolt preload
represents the primary applied load. Internal pressure, thermal effects, fatigue, vibration, and
external piping loads are therefore not considered. The finite element model is based on several
simplifying assumptions. The materials are assumed to behave as linear elastic and isotropic.
Furthermore, the finite element model assumes ideal component geometry. Manufacturing
and geometric imperfections, including deviations in flange flatness, bolt-hole positioning, and
dimensional tolerances, are therefore not considered. These imperfections may influence the

local stress distribution and gasket contact pressure in practical applications.
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2 Methodology

The methodology used in the study is described in this chapter. The study was conducted using
finite element analysis (FEA) to evaluate the structural and sealing behaviour of a large
diameter gasketed flange joint subjected primarily to bolt preload. A baseline configuration
based on the existing company design was first analysed, followed by a parametric study in
which the flange thickness was progressively reduced. The chapter describes the investigated
geometry, modelling assumptions, material properties, boundary conditions, contact
definitions, loading procedure, finite element modelling approach, and the evaluation criteria

used to assess the different flange configurations.

2.1 Geometry

The geometry investigated in the study consists of a gasketed flange joint used in a large-
diameter, low-pressure vessel application. The flange joint assembly includes two bolted
flanges and a gasket positioned between the flange faces to provide sealing. Figure 4 presents
a simplified sketch of the flange joint assembly investigated in this study. The sketch illustrates

the principal components of the actual flange joint used throughout the study.

Figure 4. Simplified sketch of the flange joint assembly investigated in this study. Illustration created

by the author.
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2.1.1 Geometric Parameters

The investigated flange geometry was based on existing company drawings representing the
current flange design used for the considered application. In figure 5, a drawing of one of the
flanges is illustrated. In the image, the flange thickness is marked with red, and the gasket

contact area, also known as the raised face width, is marked with blue.
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Figure 5. Image of flange drawing. The flange thickness is marked in red and gasket contact area in

blue. Drawing was provided by the cooperating company.

Relevant geometric parameters for the flange, gasket and bolt configuration used in the

simulations are summarized in Table 1.
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Table 1. Main geometric parameters used in the finite element model.

Parameter Symbol Value Unit
Flange outer diameter D, 1586 mm
Flange inner diameter D; 1488 mm

Bolt circle diameter Dy, 1554 mm
Bolt hole diameter Dpn 14 mm
Raised face width bs 20 mm
Flange thickness ty 40 mm
Hub width H, 6 mm
Hub thickness th 25 mm
Number of bolts n 52 -
Bolt Tensile stress A, 150 mm?2
area
Gasket outer diameter Dy, 1528 mm
Gasket inner diameter Dy; 1488 mm
Gasket Thickness tg 1.5 mm

2.1.2 Geometrical Simplifications

To reduce the computational cost while maintaining the overall structural behaviour of the
flange joint, several geometric simplifications were introduced in the finite element model. The
simplifications were implemented with the objective of preserving the global stiffness and load
transfer behaviour relevant to the present study. The final simplified geometry used for the

baseline configuration is illustrated in Figure 6.
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Figure 6. Simplified finite element geometry used for the baseline configuration.

The flange hub was slightly simplified by removing the small angular feature to obtain a
smoother and more computationally efficient geometry. Due to the cyclic symmetry of the
flange joint and bolt pattern, only a sector corresponding to one bolt sector of the assembly
was modelled. The analysed sector therefore represents 1/52 of the complete flange joint
geometry. The bolt geometry was also simplified in the finite element model. Instead of
modelling the full threaded bolt geometry, the bolt was represented using a simplified
cylindrical shaft with integrated bolt heads at both ends. The threaded regions were therefore

omitted from the model.
2.1.3 Parametric Study

Following the development of the baseline configuration, a parametric study was conducted in
which the flange thickness was progressively reduced while all other geometric parameters
remained unchanged. Five flange configurations were analysed in total, including the baseline
configuration. The flange thickness was reduced in increments of 5 mm to provide a systematic
and sufficiently detailed assessment of the influence of flange flexibility on the structural
response of the joint. The selected range, from 40 mm to 20 mm, represents a reduction of
50% relative to the baseline configuration, which was considered adequate to capture the
overall trend while maintaining geometrically realistic flange designs. The investigated

configurations and corresponding flange thicknesses are summarized in Table 2.
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Table 2. All different configurations in the parametric study

Case Flange Thickness (mm)
Case 1: Baseline 40

Case 2 35

Case 3 30

Case 4 25

Case 5 20

2.2 Materials

The flange joint assembly analysed in the study consists of three primary components: the
flange, the bolts, and the gasket. The material properties assigned to these components are
presented in the following section together with the assumptions used in the finite element

model. All material data is provided by CWR Engineering.
2.2.1 Flange Material

The flange material used in the study is SA240-316L stainless steel, based on the material
specification provided by the collaborating company. The material properties applied in the

finite element model are presented in Table 3 below.

Table 3. Material properties for SA240-316L stainless steel.

Property Symbol Value Unit
Young's Modulus E 200 GPa
Poisson's Ratio v 0.3 -

Yield Strength oy 205 MPa
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2.2.2 Bolt Material

The bolt material used in the study is SA-193 B8M Class 1 stainless steel, based on the bolt
specification provided in the company drawings. The material properties applied in the finite

element model are presented in Table 4 below.

Table 4. Material properties for SA-193 B8M Class 1 stainless steel.

Property Symbol Value Unit
Young's Modulus E 200 GPa
Poisson's Ratio v 0.3 -

Yield Strength oy 205 MPa

2.2.3 Gasket Material

The gasket material used in the study is a Garlock GYLON Style 3545 gasket. The material

properties applied in the finite element model are presented in Table 5 below.

Table 5. Material properties for Garlock GYLON Style 3545 gasket.

Property Symbol Value Unit
Young's Modulus E 100 MPa
Poisson's Ratio v 0.35 -

2.2.4 Material Modelling Assumptions

In the study, all materials were assumed to behave as linear elastic and isotropic throughout
the analysis. The material models were therefore defined using constant elastic material
properties without inclusion of plasticity, creep, or other nonlinear material effects. In
addition, temperature-dependent material behaviour and thermal loading were not considered

in the simulations.

2.3 Boundary Conditions

Boundary conditions were applied in Abaqus to represent the structural constraints and

assembly behaviour of the flange joint. The boundary conditions were defined to reproduce the
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mechanical behaviour of the investigated flange segment while maintaining the simplified

sector representation of the model.
2.3.1 Top and Bottom Sections

The upper and lower hub surfaces of the flange assembly were connected to individual
reference points using kinematic coupling constraints in Abaqus. These reference points were
used to apply the boundary conditions representing the structural support conditions of the
connected vessel components. The lower reference point, representing the flange connection
to the vessel structure, was constrained in all translational degrees of freedom. This boundary
condition represents an idealized rigid support and therefore neglects the compliance of the
connected vessel structure. While this simplification increases the stiffness of the model
compared with the real assembly, it was adopted to provide a stable and conservative
representation of the structural support during the comparative parametric study. The upper
reference point, representing the connected vessel cover structure, was constrained similarly,
with the exception that translation in the axial direction of the flange assembly was left
unconstrained. All rotational degrees of freedom at both reference points were left free,
allowing the assembly to rotate and deform naturally under the applied loading conditions
without introducing artificial rotational constraints. This boundary condition setup allowed
axial deformation of the assembly during bolt preload application while preventing rigid body

motion of the model.
2.3.2 Side Sections

Cyclic symmetry boundary conditions were applied to the two radial side surfaces of the sector
model to represent the rotational symmetry of the complete flange joint assembly. The applied
symmetry conditions constrain the deformation of the sector surfaces such that the behaviour

of the analysed segment corresponds to that of the full 360° flange geometry.
2.3.3 Connection Between Bolt and Flanges

The bolt was connected to the flange assembly using contact interaction between the underside
surfaces of the bolt heads and the corresponding contact surfaces on the flanges. The contact
was applied to represent the mechanical connection between the bolt heads and the flange

surfaces during preload application.
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2.4 Contact Definition

Surface-to-surface contact interactions were defined between the gasket surfaces and the
corresponding flange contact surfaces in Abaqus. The contact definition was used to represent
the transfer of compressive loads between the flanges and the gasket. The normal contact
behaviour was defined using hard contact, preventing penetration between the contacting
surfaces while allowing separation when no compressive pressure was present. Tangential

contact behaviour was defined using a penalty friction formulation with a friction coefficient

of 0.2. The defined gasket contact interfaces used in the simulations are illustrated in Figure 7.

Figure 7. Contact Zones between flanges and gasket, from Abaqus model.
2.5 Loads

The loading of the flange joint considered in the study is dominated primarily by bolt preload.
The structural response and gasket contact pressure distribution therefore depend mainly on
the applied bolt clamp force. For this reason, the analysis focused on evaluating how different

preload levels influence the behaviour of the investigated flange configurations.
2.5.1 Bolt Preload

Bolt preload was applied in the finite element model to represent the clamping force generated
during bolt tightening of the flange joint assembly. Since the study focuses on preload-

dominated loading conditions, the applied bolt preload constitutes the primary external load
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acting on the model. The preload was applied at the mid-section of the simplified bolt shaft
and introduced as an axial bolt preload force acting through the bolt axis. An initial step with

zero preload was first defined, followed by a preload step. In figure 8, the applied preload is in

the Abaqus model is shown.

Figure 8. Applied bolt preload force on Abaqus Model.

The investigated preload levels were selected based on commonly used preload
recommendations for bolted joints, where the applied preload is typically defined as a fraction
of the bolt yield capacity. In the present study, the preload estimation was based on ASME

guidelines and determined using equation 4. [14]
Fy=k-o,-As (4)

where o is the yield strength, A; is the tensile stress area of the bolt and k is a preload factor

ranging between 0.6 and 0.8 for preloaded bolted joints.

Using the selected bolt geometry and material properties, recommended preload levels were
calculated using equation 4 for the investigated bolt configuration. The resulting preload
values used as reference for defining the investigated preload interval are summarized in Table
6.
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Table 6. Recommended preload values for the selected bolt

Preload Factor k Recommended Bolt Preload (kN)
0.60 19.0
0.65 20.5
0.70 22.0
0.75 23.5
0.80 25.0

The preload range investigated in the study was extended up to 30 kN to include preload levels
both within and above the recommended interval. This approach enabled evaluation of the

flange joint response over a broader preload range for the investigated flange configurations.
2.6 Finite Element Analysis

The finite element analyses were performed in Abaqus/Standard using the Static, General
analysis procedure with geometric nonlinearity disabled (NLGEOM = OFF). A geometrically

linear analysis was considered sufficient for the investigated loading conditions.
2.6.1 Mesh

The finite element mesh was generated using three-dimensional solid elements throughout the
model geometry. The mesh was developed to provide sufficient accuracy in the structurally
relevant regions of the flange joint while maintaining a reasonable computational cost. Eight-
node linear brick elements with reduced integration (C3D8R) were used throughout the
simulations. The selected element type is commonly used in structural finite element analyses
involving contact interactions and nonlinear geometry due to its computational efficiency and
robustness. A generally uniform element size in the range of approximately 2—5 mm was used
for most regions of the model. Local mesh refinement was applied in areas where higher stress
gradients and contact effects were expected, particularly around the gasket contact surfaces
and the bolt-hole region. Additional refinement was applied at the gasket contact interfaces to
improve the resolution of the contact pressure distribution between the flange and gasket

surfaces. The final mesh configuration used in the simulations was established through
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iterative mesh adjustments to obtain stable and consistent results for the investigated preload
levels. The finite element mesh used for the baseline configuration is illustrated in figure 9 and

the mesh settings is presented in table 7.
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Figure 9. Image of the meshed model in Abaqus.

Table 7. Summary of mesh configuration settings

Part Element type Mesh Size (mm)
Flanges C3D8R 2-5 (Finer near contact surfaces)
Bolt C3D8R 2-3 (Finer near contact surfaces)
1-2 (With 3 elements through
Gasket C3D8R thickness)

2.6.2 Model Verification

The finite element model was verified through continuous evaluation during the model
development process. The model was developed iteratively, where modifications to the
geometry simplifications, mesh configuration, contact definitions, and boundary conditions
were introduced stepwise and subsequently evaluated based on their influence on the obtained
results. After each modification, the resulting deformation behaviour, stress distributions, and

contact pressure distributions were examined to determine whether the implemented changes
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introduced significant differences in the structural response of the model. This procedure was
used to evaluate the sensitivity of the model to the selected modelling assumptions and
simulation settings. Attention was given to the structurally relevant regions of the model,
including the flange hub transition region and the gasket contact interfaces. The mesh density
and contact definitions were adjusted iteratively until stable and consistent results were

obtained for the investigated preload levels.
2.7 Evaluation Criteria

The flange configurations investigated in the study were evaluated using predefined structural
and sealing criteria. The purpose of the evaluation criteria was to establish consistent limits for
assessing whether a given flange configuration and preload level could be considered
acceptable within the scope of the analysis. The evaluation criteria were defined based on

relevant flange joint behaviour, material limitations, and gasket sealing requirements.
2.7.1 von Mises Stress

The structural evaluation of the flange configurations was based on the von Mises stress in the
flange hub transition region. The hub transition region was selected as the primary evaluation
location since it represents the global bending response of the flange during bolt preload
application. Local stress concentrations may occur near bolt holes, contact interfaces, and
constrained regions due to geometric discontinuities, contact conditions, and load
introduction effects. Such regions were therefore not used as the primary basis for structural
evaluation. The allowable von Mises stress used in the analysis was defined based on the yield
strength of the flange material together with an applied safety factor according to standard

engineering design practice. The allowable von Mises stress criterion is defined using equation

5.

o
Oallow = Tx (5)
1.5

where 04, 1s the allowed von Mises stress, oy, is the yield strength of the material and 1.5 is

the ASME-based safety factor. [14]

For the study an allowable von Mises stress limit of 140 MPa. Flange configurations exceeding
this stress limit in the hub transition region were classified as non-acceptable according to the

defined structural criterion.
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2.7.2 Contact Pressure

The sealing performance of the flange joint was evaluated using the gasket contact pressure at
the flange—gasket interface. The contact pressure was evaluated in two regions of the gasket
surface: the inner gasket region and the outer gasket region. The outer gasket region is located
closer to the bolt load introduction area and is therefore subjected to higher compressive
loading during bolt preload application. The contact pressure criteria used in the present study

were defined as:
Pmax = Pallow = Pmin

Configurations where the gasket contact pressure fell below the minimum allowable level or
where it exceeded the maximum allowable level were classified as non-acceptable according to
the defined sealing criteria. The minimum allowable gasket contact pressure was defined based
on manufacturer recommendations for the selected gasket material. According to the gasket
manufacturer, a minimum compressive stress of approximately 10 MPa is recommended for
flat face flange applications. An upper contact pressure limit was included to avoid excessive
compression of the gasket material. Contact pressures above the recommended limit may
result in permanent deformation, loss of recovery capability, and deterioration of the sealing
performance. Based on the gasket manufacturer's recommendations, the maximum allowable

gasket contact pressure was therefore defined as 40 MPa. [15]
2.7.3 Summary of Evaluation Criteria

All three evaluation criteria defined were used to assess the structural integrity and sealing
performance of the investigated flange configurations under bolt preload. For a flange
configuration to be considered acceptable, all defined criteria were required to be satisfied
simultaneously. The complete evaluation criteria used throughout the analysis are summarized
in Table 8.

Table 8. Summary of evaluation criteria

Evaluated Quantity Region Criterion (MPa)
von Mises Stress Flange hub region 0<140
Contact Pressure Inner gasket region 10<p=<40
Contact Pressure Outer gasket region 10<p<40
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3 Results and Discussion

In this section, the results of the study are presented alongside relevant discussion and
interpretation. The section begins with the baseline case, followed by the parametric study and
an overview of the combined results considered most relevant to the study. Finally, a broader
discussion is provided in relation to the research questions, as well as the limitations of the

study and other relevant considerations.

3.1 Baseline Case

The baseline case represents the current flange joint configuration, using the flange thickness
specified in the existing company drawings. The analysed model was developed iteratively with
the aim of achieving sufficiently realistic results while limiting unnecessary complexity and
simulation time. In this section, the behaviour of the baseline case is presented and discussed

in relation to relevant literature and reference results.

3.1.1 Von Mises Stress

Figure 10 illustrates the von Mises stress distribution in the flange for the baseline case model.
The contour plot illustrates the stress state at a bolt preload of approximately 20 kN, which lies

near the midpoint of the recommended preload range for the selected bolt.
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Figure 10. von Mises stress contour plot of the flange in the baseline case
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As shown in the contour plot, the highest local von Mises stresses occur around the bolt hole
and near the constrained boundary at the top of the model. Such local stress concentrations
are common in finite element analyses at geometric discontinuities and constrained regions,
where the stress field is strongly influenced by local load introduction and boundary condition
effects. In accordance with the evaluation criteria defined previously, these local peak stresses
are not used for the primary structural assessment. Instead, the assessment is focused on the
flange hub transition region, i.e., the curved fillet area connecting the flange plate to the hub
section. This region is considered structurally relevant since it governs the global bending
behaviour and rotational deformation of the flange joint under bolt preload. From the contour
plot, the von Mises stress in the hub transition region is approximately 120-140 MPa. The
stress distribution in this area appears smooth and continuous compared to the more localized
stress concentrations near the bolt hole, indicating that the response is governed primarily by
the overall structural deformation of the flange rather than local effects. Furthermore, the
location and shape of the stress field are consistent with the general flange behaviour described
in the literature, where bending-induced stresses are typically concentrated in the hub fillet

region.

3.1.2 Contact Pressure

Figure 11 illustrates the contact pressure distribution at the gasket interface between the two
flanges. The evaluated contact region corresponds to the upper surface of the gasket, as
indicated in the figure. Like the previously presented von Mises stress contour plot, the results

shown correspond to a bolt preload of approximately 20 kN, representing an intermediate

stage of the preload application.

Figure 11. Contact pressure contour plot for the gasket baseline case
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As expected, the contact pressure is highest at the outer section of the gasket interface and
decreases towards the inner section. These regions correspond to the locations selected for
evaluation according to the criteria defined previously. The observed pressure distribution is
consistent with classical flange joint behaviour, where flange rotation under bolt preload tends
to increase compression at the outer gasket diameter while reducing it towards the inner
diameter. From the contour plot, the contact pressure is approximately 10 MPa at the inner
section and 12 MPa at the outer section. The magnitude and distribution are considered very

reasonable for the preload level applied in this load step.
3.1.3 Baseline Case Results

Simulations of the baseline case were conducted by progressively increasing the bolt preload
to evaluate how the model response develops with increasing clamp force and to determine the
preload range within which the evaluation criteria are satisfied. Focus was placed on the
structurally relevant regions defined previously, namely the flange hub transition region for
the von Mises stress evaluation and the inner and outer gasket contact regions for the contact
pressure evaluation. In Figures 12 and 13, the resulting von Mises stress and gasket contact
pressures are presented as functions of the applied bolt preload. The results also provide an
indication of whether the overall response of the model follows the expected physical behaviour

as the preload level increases.
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Figure 12. Maximum von Mises stress in the flange hub area plotted against applied bolt preload. The

red line indicates maximum von Mises stress criteria
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Figure 13. Both inside and outside section contact pressure plotted against applied bolt preload. Red

limit line indicates minimum contact pressure criteria.

As shown in both plots, the von Mises stress and the gasket contact pressure increase
approximately linearly with the applied bolt preload. This behaviour is primarily attributed to
the nearly constant contact area between the gasket and the flange faces throughout the
investigated preload range. Since the contact surfaces remain in full contact, increasing the
bolt preload results in an approximately proportional increase in both the transmitted contact
pressure and the structural stresses within the flange. Minor nonlinear effects may still arise
from the frictional contact formulation, but these are negligible within the investigated preload
range. The obtained stress and contact pressure levels are consistent with the expected
behaviour of bolted flange joints reported in the literature. For the baseline flange
configuration, the gasket contact pressure remains well above the minimum required sealing
pressure throughout the investigated preload range, whereas the specified upper gasket
pressure limit is more than twice the maximum contact pressure obtained. This indicates that
the minimum required gasket contact pressure is the governing design criterion for the

investigated preload interval.
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In the contact pressure plot, it can further be observed that the contact pressure at the outer
gasket region increases at a slightly higher rate than at the inner region as the preload
increases. This behaviour is consistent with classical flange rotation theory, where increasing
bolt preload causes flange rotation that redistributes a larger portion of the compressive load

towards the outer sections of the gasket located closer to the bolts.

Table 9 presents a complete overview of the baseline case results. For a preload level to be
considered acceptable, all evaluation criteria must be satisfied simultaneously. The table
entries meeting the defined criteria are highlighted in green, while non-acceptable values are
highlighted in red.

Table 9. Results compared to Evaluation Criteria for the Baseline Case

Applied Inner Gasket Outer Gasket
Bolt Preload | von Mises Stress Contact Contact Criteria
(kN) (MPa) Pressure (MPa) Pressure (MPa) | Satisfied

0 0.0
5 25.7
10 47.4
15 72.2
20 99.8 10.1 121 YES
25 123.1 124 14.7 YES
30 14.9 17.7

As shown in the table, the baseline model satisfies all evaluation criteria within a bolt preload
interval of approximately 20—25 kN. At lower preload levels, the gasket contact pressure does
not reach the target range defined for acceptable sealing performance. At preload levels above
approximately 25 kN, the von Mises stress in the flange hub region approaches the defined

stress limit, indicating an increased risk of local yielding in the hub transition region.

3.1.4 Baseline Case Discussion

Overall, the baseline case results indicate that the model captures the general mechanical

behaviour expected for a gasketed flange joint subjected to bolt preload. The stress

distributions and contact pressure trends are consistent with classical flange and gasket theory,

particularly regarding flange rotation and the resulting redistribution of contact pressure

towards the outer gasket region as the preload increases. The approximately linear relationship
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between bolt preload, von Mises stress, and contact pressure is also consistent with the linear
elastic assumptions used in the model. While local stress concentrations occur near geometric
discontinuities and constrained regions, the structurally relevant regions exhibit smooth and
consistent stress distributions. Based on these observations, the baseline case suggests that the
model provides a physically reasonable representation of the global flange joint behaviour and

is suitable for the subsequent parametric study.

3.2 Parametric Study

Following the baseline case analysis, a parametric study was conducted in which the flange
thickness was reduced incrementally to evaluate the feasibility of slimmer flange
configurations. The study consists of five configurations, including the baseline case, where the
flange thickness is reduced by 5 mm for each successive configuration while all other model
parameters remain unchanged. The same bolt preload interval and evaluation procedure used
for the baseline case are applied throughout the study. The purpose of the investigation is to
evaluate how reduced flange thickness influences the stress distribution and gasket contact

pressure, and whether the observed trends are consistent with expected flange joint behaviour.
3.2.1 Von Mises Stress Trends

Figures 14—17 present the von Mises stress distributions for the modified flange configurations
included in the parametric study. The contour plots are used to examine how the stress

distribution and stress levels develop as the flange thickness is progressively reduced.
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Figure 14. von Mises stress contour plot of the flange in case 2.
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Figure 16. von Mises stress contour plot of the flange in case 4.
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Figure 17. von Mises stress contour plot of the flange in case 5.

The contour plots indicate that reducing the flange thickness results in a redistribution of the
stress field and an increasingly bending-dominated structural response. As the flange
thickness decreases, the bending stiffness of the flange is reduced, leading to increased
deformation under the applied bolt preload. Consequently, the load transfer becomes more
localized to the hub transition and bolt-hole regions, while a larger portion of the flange
experiences lower relative stress levels. Although elevated von Mises stresses are consistently
observed around the bolt hole, these stresses are strongly influenced by local contact
conditions, load introduction effects, and geometric discontinuities. In addition, the simplified
bolt representation used in the model contributes to localized stress concentrations in this
region. Therefore, the stresses around the bolt hole are considered less suitable as the primary
basis for evaluating the structural effect of flange thickness reduction. Instead, the hub
transition region provides a more representative and consistent basis for comparing the global
structural response between the different flange configurations, as it better reflects the overall

bending behaviour and stiffness reduction of the flange assembly.
3.2.2 Contact Pressure Trends

Figures 18—21 present the contact pressure distributions in the gasket interface for the
modified flange configurations. The contour plots are used to evaluate how the contact

pressure distribution develops as the flange thickness is progressively reduced.
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Figure 19. Contact Pressure contour plot for the gasket in case 3.
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Figure 21. Contact Pressure contour plot for the gasket in case 5.

The contact pressure distributions show trends that are consistent with expected flange joint
behaviour and with observations reported in the literature. As the flange thickness is reduced,
the maximum contact pressure increases, particularly in the outer gasket region closest to the
bolt location. At the same time, the contact pressure in the inner gasket region decreases with
reduced flange thickness. This behaviour indicates increased flange rotation, where a larger
portion of the compressive load is redistributed towards the outer gasket diameter as the flange
becomes less stiff in bending. If this trend continues, sufficiently large flange rotation could
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eventually result in loss of contact in the inner gasket region as the local contact pressure

approaches zero.
3.2.3 Parametric Study Results

Figures 22—24 present the resulting von Mises stress and gasket contact pressures as functions
of the applied bolt preload for all configurations included in the parametric study. The
investigated cases correspond to flange thicknesses of 40 mm (Case 1, baseline), 35 mm (Case
2), 30 mm (Case 3), 25 mm (Case 4), and 20 mm (Case 5). The plots allow for comparison of
how reduced flange thickness influences the structural response and contact pressure

development throughout the investigated preload range.

von Mises Stress vs. Applied Bolt Preload Force

L g
00 00

tavs

von Mises Stress (MPa)
@
o

0 5 10 15 20 25 30
Bolt Preload (kN)

@® Case1:BC @® Case2 @® Case3 ® Case4d Case5 e StressLimit

Figure 22. von Mises stress plotted against bolt preload force for all 5 cases.

The plot shows a clear trend where the von Mises stress increases as the flange thickness is
reduced. For a given bolt preload, each successive reduction in flange thickness results in
higher stress levels than the previous configuration. Since the relationship between bolt
preload and von Mises stress is approximately linear for all flange thicknesses, the stress
difference between the configurations increases proportionally with increasing preload, while

the relative difference remains approximately constant. This behaviour is consistent with the
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reduced bending stiffness of thinner flange configurations. The red line indicates the allowable

von Mises stress in the evaluated flange hub region.
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Figure 23. Gasket outside section contact pressure plotted against bolt preload force for all 5 cases.

The plot shows that the contact pressure in the outer gasket region increases as the flange
thickness is reduced. For a given bolt preload, thinner flange configurations consistently
produce slightly higher contact pressures than thicker configurations. Since the relationship
between bolt preload and contact pressure is approximately linear for all flange thicknesses,
the differences between the configurations increase proportionally with increasing preload,
while the relative differences remain approximately constant. This behaviour is consistent with
increased flange rotation associated with reduced flange bending stiffness, resulting in a
greater transfer of load towards the outer gasket region. To improve the visibility of these
relatively small differences, the axes are intentionally limited to the preload interval and
contact pressure range of interest. The red line represents the minimum required gasket
contact pressure defined by the evaluation criteria. The maximum contact pressures remain
well below the allowable upper limit throughout the investigated preload range, indicating that

the minimum required gasket contact pressure is the governing design criterion.
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Gasket Inside Contact Pressure vs. Applied Bolt Preload
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Figure 24. Gasket inside section contact pressure plotted against bolt preload force for all 5 cases.

The plot shows that the contact pressure in the inner gasket region decreases as the flange
thickness is reduced. For a given bolt preload, thinner flange configurations consistently
produce lower contact pressures than thicker configurations. This trend complements the
results for the outer gasket region, confirming that the increased flange rotation associated
with reduced flange stiffness redistributes the compressive load from the inner towards the
outer part of the gasket. As in the previous figures, the axes are intentionally limited to the
preload interval and contact pressure range of interest to improve the visibility of the relatively
small differences between the configurations. The red line represents the minimum required
gasket contact pressure defined by the evaluation criteria. Since the lowest gasket contact
pressures occur in the inner gasket region, while the contact pressure in the outer region
remains well below the allowable upper limit, the inner gasket region governs the sealing

performance of the investigated flange joint.

All configurations included in the parametric study were evaluated against the previously
defined evaluation criteria. A complete overview of the evaluated preload levels and
corresponding results for all configurations is provided in Appendix A. The preload intervals
and flange configurations satisfying all evaluation criteria simultaneously are summarized in

Table 10 below.
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Table 10. Recommended designs based on Criteria

Flange Recommended
Case Thickness (mm) Preload Range (kN)
Baseline 40 20-25
Case 2 35 20-25
Case 3 30 25
Case 4 25 -
Case 5 20 -

As shown in the table, the baseline configuration and Case 2 satisfy the evaluation criteria
within a preload interval of 20—25 kN, while Case 3 only satisfy all criteria at a preload of
approximately 25 kN. This indicates that the acceptable operating window becomes more
limited as the flange thickness is reduced. Case 4 was found to be close to satisfying all
evaluation criteria simultaneously but was classified as non-acceptable since the results were
consistently located near the defined limits for the evaluated quantities. The configuration can
therefore be regarded as a limiting case within the investigated design space. Case 5 failed to
meet several of the criteria. As could be seen in the von Mises and Contact Pressure plots, most
cases have an allowed preload range slightly larger than the ranges presented in the table

strictly speaking, meaning that the ranges presented in the table should be treated as

recommendations rather than exact limits.
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3.3 Discussion

In this section, the results of the study are discussed in relation to the research questions,
relevant literature, and the limitations of the modelling approach. The purpose is to interpret

the obtained results and evaluate their implications within the scope of the present study.
3.3.1 Preload Intervals (RQ1)

The results of the study indicate that acceptable preload intervals can be used to evaluate the
feasibility of reduced-thickness flange configurations for large-diameter, low-pressure flange
joints. By assessing the relationship between bolt preload, flange stresses, and gasket contact
pressures, it was possible to identify flange thicknesses that satisfied the defined evaluation
criteria within specific preload ranges. The results further show that reduced flange thickness
does not necessarily lead to unacceptable structural behaviour, provided that the preload level
remains within a suitable interval for the given configuration. This suggests that preload-
dependent evaluation methods may provide a useful complement to traditional standard-
based flange design approaches, particularly for applications where reduced weight or material
usage is of interest. At the same time, the results also indicate that the acceptable preload range
becomes more limited as the flange thickness decreases, highlighting the increasing sensitivity
of thinner flange configurations to preload selection. Although the present study is limited to
a specific flange geometry and loading condition, the observed trends suggest that further
investigation of preload-based and geometry-dependent design approaches may be of interest

for future work involving large-diameter flange joints.
3.3.2 Feasibility of Thickness Reduction (RQ2)

The results indicate that the flange thickness can be reduced significantly compared to the
baseline configuration while still satisfying the defined evaluation criteria for sealing
performance and structural integrity. Within the scope of the present study, the configurations
with flange thicknesses of 35 mm and 30 mm demonstrated acceptable behaviour within at
least part of the investigated preload range. The 35 mm configuration showed behaviour like
the baseline case and satisfied the evaluation criteria over the same preload interval, indicating
that this reduction can likely be achieved without substantial changes to the operational
preload requirements. The 30 mm configuration also satisfied the criteria, although within a
narrower preload range, suggesting increased sensitivity to preload selection as the flange
stiffness decreases. The 25 mm configuration was found to be close to satisfying all evaluation
criteria simultaneously and may therefore represent a practical lower limit for the investigated

geometry and loading conditions. The results suggest that thinner flange configurations
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generally require a trade-off between sealing performance and structural stresses. Higher
preload levels improve gasket contact pressure but also increase the von Mises stresses in the
flange hub region, while lower preload levels reduce structural stresses at the expense of
sealing performance. The results further indicate that the achievable thickness reduction is
dependent not only on flange geometry, but also on factors such as gasket properties, material
selection, and allowable preload levels. Consequently, alternative gasket materials, flange
materials, or preload strategies could potentially enable additional thickness reduction beyond

the configurations investigated in the present study.
3.3.3 Conservatism of Standard-Based Design (RQ3)

The results of the present study suggest that standardized flange dimensions may result in
conservative designs for large-diameter flange joints subjected primarily to bolt-preload-
dominated loading conditions. The baseline configuration satisfied the defined evaluation
criteria with a relatively large margin, and several thinner flange configurations were also
found to provide acceptable structural and sealing performance within relevant preload
ranges. In particular, the 35 mm configuration exhibited behaviour very similar to the baseline
case despite a substantial reduction in flange thickness. Even the 30 mm and 25 mm
configurations satisfied the evaluation criteria at specific preload levels, indicating that the
standardized flange dimensions may provide higher stiffness and lower stress levels than
necessary for the investigated loading condition. At the same time, the results also show that
reducing the flange thickness increases the sensitivity of the joint response to preload selection.
Thinner configurations exhibited higher stresses and larger changes in gasket contact pressure,
resulting in narrower acceptable preload intervals. This suggests that while the standardized
dimensions may be conservative, they also provide increased robustness with respect to
preload variations and operational uncertainties. Since the present study is limited to a specific
flange geometry and loading condition, the results should not be interpreted as a general
critique of standardized flange design methods. However, the observed trends indicate that
there may be potential for more application-specific flange designs in cases where the loading

is dominated primarily by bolt preload rather than internal pressure or external piping loads.
3.3.4 Comparison with Literature

Overall, the results obtained in the present study are consistent with the findings reported in
previous research on bolted flange joints. The observed increase in von Mises stress with
decreasing flange thickness agrees with the work of Jinescu et al., who identified flange rigidity
as a key parameter governing flange deformation and stress development. Their review showed
that increased flange thickness improves flange stiffness and reduces flange rotation, whereas

insufficient rigidity leads to higher stresses and reduced sealing performance [13].
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The contact pressure distributions obtained in the present study also correspond well with
previous investigations. As the flange thickness was reduced, contact pressure increased at the
outer gasket diameter while decreasing at the inner diameter, indicating increased flange
rotation. A similar redistribution of gasket contact stress was reported by Murali Krishna et al.,
who demonstrated that flange rotation shifts the compressive load towards the outer gasket
radius and identified this behaviour as an important factor influencing sealing performance

[11].

The results further support the observations presented in the industry guidance for preload-
dominated flange joints, which states that bolt preload is the governing load for many low-
pressure flange assemblies and that excessive flange flexibility may lead to flange rotation and

non-uniform gasket compression [8].

The acceptable preload intervals identified in the present study therefore provide a practical
measure of the balance between sufficient gasket seating pressure and acceptable structural
stresses. Finally, the findings address the research gap identified in the literature review. While
previous studies have mainly investigated standardized flange geometries, sealing behaviour,
and preload effects, comparatively few have evaluated the feasibility of systematic flange

thickness reduction for large-diameter, preload-dominated flange joints [5][13].

The study demonstrates that moderate reductions in flange thickness are feasible while
maintaining the defined structural and sealing criteria, although the acceptable preload
interval becomes progressively smaller as the flange stiffness decreases. This supports the
suggestion that standardized flange dimensions may be conservative for certain low-pressure

applications, while also illustrating the practical limits of thickness reduction.
3.3.5 Limitations and Uncertainty

The present study is subject to several modelling assumptions and simplifications that
introduce uncertainty into the obtained results. The finite element model is based on linear
elastic material behaviour, including a simplified representation of the gasket material. Gasket
materials often exhibit nonlinear and preload-dependent behaviour, which means that the
absolute contact pressure levels obtained in the simulations may differ from those observed in
physical flange joints. However, since the primary objective of the study was to evaluate
comparative trends between different flange configurations rather than predict exact sealing
performance, the simplified material representation is considered sufficient for the intended
analysis. Additional uncertainty is associated with the applied boundary conditions and the
simplified bolt representation. Local stress concentrations near constrained regions and bolt

load introduction areas are influenced by these modelling assumptions and should therefore

55



be interpreted primarily as local effects rather than direct indicators of the global flange
response. For this reason, the structural assessment focused mainly on the flange hub
transition region, where the stress response showed more consistent sensitivity to changes in
flange thickness throughout the parametric study. The contact pressure results are likely more
sensitive to modelling assumptions than the global von Mises stress trends, particularly with
respect to gasket behaviour, contact definitions, and flange rotation. Nevertheless, the
observed trends in both stress and contact pressure were consistent across all investigated
configurations and followed expected theoretical behaviour reported in the literature. This
consistency suggests that the model captures the relative influence of flange thickness
reduction with reasonable reliability within the scope of the study. The study is also limited to
a specific flange geometry, preload range, and loading condition dominated primarily by bolt
preload. The results should therefore not be interpreted as universally applicable to all flange
joints or operating conditions. Despite these limitations, the modelling approach provides
useful insight into how flange thickness influences the structural and sealing behaviour of
large-diameter, low-pressure flange joints and establishes a basis for further investigation

using more advanced material models and loading conditions.
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4 Conclusion

The findings of this study demonstrate that flange thickness has a direct influence on both the
structural integrity and sealing performance of large-diameter, preload-dominated flange
joints. Although reducing the flange thickness increases the stresses in the flange hub and
promotes greater flange rotation, these effects do not immediately render the joint unsuitable.
Instead, the results show that the consequences of thickness reduction are primarily reflected
in a progressively narrower preload interval within which both the structural and sealing

requirements are simultaneously satisfied.

Taken together, the findings provide direct answers to the three research questions. Regarding
RQ1, increasing bolt preload improves gasket contact pressure but also increases von Mises
stress in the flange hub, resulting in progressively narrower acceptable preload intervals for
thinner configurations. Regarding RQ2, the flange thickness can be reduced from 40 mm to 35
mm while maintaining a preload interval of 20—25 kN. The 30 mm configuration remains
feasible at approximately 25 kN, while the 25 mm configuration approaches the acceptance
limits and the 20 mm configuration does not satisfy the defined criteria. Regarding RQ3, the
results indicate that the standardized 40 mm flange geometry is conservative for the
investigated application. A 12.5% thickness reduction to 35 mm maintains comparable
structural and sealing performance and the same acceptable preload interval, while a 25%
reduction to 30 mm is feasible only at approximately 25 kN. Thus, the 40 mm design provides
additional structural and sealing margin, as well as greater robustness against preload

variations.

For the investigated flange geometry, the 35 mm configuration exhibited performance
comparable to the original design, while the 30 mm and 25 mm configurations remained
acceptable over more limited preload intervals. The 20 mm configuration approached the
defined acceptance limits and therefore represents the practical limit of flange thickness
reduction for the investigated loading conditions. The results indicate that the governing
design consideration is not simply whether a flange satisfies the structural or sealing criteria
at a single preload level, but whether a sufficiently robust operational preload interval can be

maintained.

The study further indicates that the standardized flange geometry used as the reference design
provides a degree of conservatism for the investigated application. However, the results also
demonstrate that this conservatism is finite. As flange stiffness decreases, the acceptable
preload interval is reduced, increasing the sensitivity of the joint to preload selection.
Consequently, flange thickness optimisation should be based on the combined structural and

sealing response of the joint rather than on geometric considerations alone.
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Finally, the study demonstrates that finite element analysis provides a practical methodology
for evaluating alternative flange geometries in preload-dominated, low-pressure applications.
By combining structural stress and gasket contact pressure as evaluation criteria, the proposed
approach enables systematic assessment of flange thickness reduction while maintaining the
required structural integrity and sealing performance. The methodology may therefore support
future optimisation of custom-designed flange joints where material efficiency and reliable

sealing are equally important.
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5 Future Work

The future work that is suggested after this study is summarized below.

e Implement a viscoelastic gasket material model including creep to improve the
prediction of long-term gasket contact pressure and sealing behaviour.

e Investigate the influence of washers on the stress distribution in the flange and bolt
assembly and evaluate their effect on the acceptable preload interval.

e Perform an imperfection sensitivity study by introducing manufacturing and geometric
imperfections, such as flange flatness deviations, bolt-hole misalignment, and
dimensional tolerances, to evaluate the robustness of the proposed flange designs.

e Extend the parametric study by including additional design variables, such as bolt circle
diameter, flange geometry, gasket dimensions, and bolt configuration, to identify more
material-efficient flange designs.

e Validate the numerical model experimentally or by comparison with analytical flange

design methods to further assess the accuracy of the proposed evaluation methodology.
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Appendix A: Complete parametric study

results

Table A1. Complete overview of evaluated preload levels and criteria assessment.

Flange Applied von Mises Inner Contact | Outer Contact
Thickness | Bolt Preload Stress Pressure Pressure Criteria
(mm) (kN) (MPa) (MPa) (MPa) Satisfied

40 0 0.0

40 5 25.7

40 10 47.4

40 15 72.2

40 20 99.8

40 25 123.1

40 30

35 0

35 5

35 10

35 15

35 20

35 25

35 30

30 0

30 5

30 10

30 15

30 20




30 25
30 30
25 0

25 5

25 10
25 15
25 20
25 25
25 30
20 0

20 5

20 10
20 15
20 20
20 25
20 30
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