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Preface

This master thesis was written the Fall of 2017 and early 2018, and concludes my degree in
Mechanical Engineering at the Norwegian University of Science and Technology. The master
project has been carried out while being a technical student in the engineering department at
CERN, the European Organisation for Nuclear Research.

The thesis is about how computer simulation tools can be combined with VDI 2230, a
calculation guideline for bolted joints, to achieve quality and productivity rewards in design
and verification of bolted joints. The scope was also to lower the threshold and making it easier
to perform such assessments.

It takes basis in a specific engineering case, which demonstrates the need for improved
knowledge and an analysis strategy. A complete framework with a simplified workflow and
support material is presented and demonstrated. In the end, specific recommendations for the
initial engineering case are given.

The reader is expected to have basic knowledge in mechanics, springs, bolted joints and finite
element analysis. ANSYS Workbench V17.2 has been used for FE-analysis, and Mathcad Prime
V4.0 for engineering calculations.

Geneéve, 2018

esrgun Ppcten

Jorgen Apeland



MSc Thesis 2018




Application of FEA in Design and Verification of Bolted Joints According to VDI 2230

Acknowledgements

I would like to thank my CERN supervisors Luca Dassa and Antonio Lafuente for their
guidance, discussions, and thorough feedback during my research. They have been essential for
the initiation and development of the project.

| would also like to thank my supervisor at NTNU, Torgeir Welo, for his contributions and
reviews, and for making this project possible.

The design and analysis office in EN-MME has provided a friendly and international working
environment, and they have provided useful input on user experiences and needs related to
analysis of bolted joints.

Finally, I would like to thank CERN and the Technical Student Programme for establishing a
framework where students can come and take part in cutting edge technology development, and
get practical and valuable experiences in a high competence environment.



MSc Thesis 2018




Application of FEA in Design and Verification of Bolted Joints According to VDI 2230

Abstract

This thesis investigates how finite element analysis (FEA) can be used to simplify and improve
analysis of bolted joints according to the guideline VDI 2230. Some aspects of how FEA can
be applied to aid design and verification of bolted joints are given in the guideline, but not in a
streamlined way that makes it simple and efficient to apply.

The scope of this thesis is to clarify how FEA and VDI 2230 can be combined in analysis of
bolted joints, and to present a streamlined workflow. The goal is to lower the threshold for
carrying out such combined analysis. The resulting benefits are improved analysis validity and
quality, and improved analysis efficiency.

A case from the engineering department at CERN, where FEA has been used in analysis of
bolted joints is used as basis to identify challenges in combining FEA and VDI 2230. This
illustrates the need for a streamlined analysis strategy and well described workflow.

The case in question is the Helium vessel (pressure vessel) for the DQW Crab Cavities, which
is an important part of the High Luminosity upgrade of LHC (HL-LHC).

Investigations are performed into prying, a relevant source of non-linear bolt loads and
unpredictable load development, to understand the phenomenon and influence of preload. A
complete analysis framework is then presented, which consist of a streamlined basic workflow,
associated calculation template, details of more advanced verifications, a detailed guide with
best practices and references, examples where the analysis framework has been applied, and a
seminar to educate relevant personnel.

In the end, suggestions and recommendations are provided for a potential revision of the Helium
vessel analysis.

The hope is that this thesis can be used as a resource in analysis of bolted joints using VDI 2230
and FEA, and that it will benefit the engineering department at CERN and other relevant users.
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Sammendrag

Denne oppgaven tar for seg hvordan datasimuleringer (FEA) kan benyttes til & forenkle og
forbedre analyse av boltede forbindelser i henhold til retningslinjene i VDI 2230. Enkelte
aspekter av hvordan FEA kan benyttes for a assistere design og verifikasjon av boltede
forbindelser er omtalt i retningslinjene, men ikke pa en strgmlinjeformet mate som gjer det
enkelt og effektivt & benytte.

Malet med oppgaven er a redegjere for hvordan FEA og VDI 2230 kan kombineres, og a
presentere en stramlinjeformet arbeidsflyt. Hapet er dermed a senke terskelen for a utfare slike
kombinerte analyser. Fordelene er forbedret validitet og kvalitet i analysen, samt forbedret
effektivitet i prosessen.

Det er tatt utgangspunkt i en analyse fra ingenigravdelingen ved CERN, hvor FEA har blitt
benyttet i verifikasjon av boltede forbindelser. Denne er brukt som basis for & identifisere
utfordringer med a kombinere FEA og VDI 2230, og illustrerer behovet for en stremlinjeformet
analyse strategi og detaljert beskrivelse av arbeidsflyten.

Analysen det er tatt utgangspunkt i er en Helium beholder (trykkbeholder) for DQW Crab
Cavities, som er en viktig del av en kommende oppgradering av LHC kalt High Luminosity
LHC (HL-LHC).

En aktuell kilde for ikke-linezre bolt laster og uforutsigbar last utvikling kalt prying er
undersgkt for a forsta fenomenet bedre, samt innvirkningen av forspenning. Et komplett analyse
rammeverk er presentert, som bestar av en stremlinjeformet arbeidsflyt, tilhgrende beregnings
mal, detaljer om mer avanserte beregninger og verifikasjoner, en detaljert guide med «beste
praksis» og relevante referanser, eksempler hvor den foreslatte arbeidsflyten er benyttet, samt
et seminar for & undervise relevant personell.

Til slutt er spesifikke forslag og anbefalinger for en potensiell revisjon av Helium beholder
analysen gitt.

Hapet er at denne oppgaven kan bli benyttet som en ressurs innen design og verifikasjon av
boltede forbindelser ved bruk av VDI 2230 og FEA, og at den vil veere til nytte for
ingenigravdelingen ved CERN og andre relevante brukere.
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Abbreviations

BJ Bolted joint, general
FE Finite element

FEA  Finite element analysis
FEM  Finite element method
TBJ  Through-bolt joint
TTJ  Tapped thread joint
SBJ  Single-bolt joint

MBJ  Multi-bolted joint
MPC  Multiple point constraint
Pt.1 VDI2230:2014 Part 1
Pt.2 VDI2230:2014 Part 2

Cross Referencing

[#] Literature reference
(#) Equation / calculation

(RX/Y) Formula from VDI 2230 verification procedure
X = calculation step
Y = formula number

[X-Y] Reference to VDI 2230:2014
X=Pt.lorPt. 2
Y=section / figure / table
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Nomenclature

Symbol | Designation

A Stress cross section of the bolt thread according to DIN 13-28

D, Substitutional outside diameter of the basic solid at the interface

d Bolt diameter. Outside diameter of the bolt thread. Nominal diameter.

d, Bolt clearance hole, hole diameter of the clamped parts [ISO 273]

d Diameter at stress cross section A

dy Outside diameter of the bolt head bearing surface

d, Diameter of the relevant smallest cross section of the bolt

d, Pitch diameter of the bolt thread

d, Minor diameter of the bolt thread

E Young's modulus

Ep Young's modulus of the clamped parts

Es Young's modulus of the bolt material

e Dista_nce of the bolt axis from the edge of the interface on the side at risk of

opening

F Force, general

F. Axial load component in the bolt axis direction of the general working load F;
F.o | Axial load at the opening limit during eccentric loading

Fe Working load in any direction

Fe Clamp load
Fcao | Clamp load at the opening limit

Fea Minimum clamp load at the opening limit
Fo. Clamp load required for sealing functions, friction grip and prevention of one-

sided opening at the interface
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Fe Minimum clamp load ensuring a sealing function
Feo Minimum clamp load for transmitting a transverse load by friction grip
F Residual clamp load at the interface
Fu Assembly preload
AF,, | Difference between the assembly preload F,, and the minimum preload F, .,
Fumx | Maximum assembly preload
R, Minimum a.ss.emt?ly prel.oad W!’liCh can occur at FM.maX With. preload losses and
lack of precision in the tightening method and maximum friction.
Fuaul Permissible assembly preload
Fuo2 | Assembly preload at 0,2% proof stress of the bolt
E Additional plate load, proportion of the axial load which changes the loading of
A~ | the clamped parts
F Transverse load, general; acting perpendicularly to the bolt axis
Foui,, | Limiting slip force
F Bolt load
F,» | Axial additional bolt load
K Preload, general
AE Additional thermal load, change in the preload as a result of a temperature
Vir | different from room temperature.
F Loss of preload as a result of embedding during operation
Fo.2 Bolt load at the minimum yield point of 0,2% proof stress (no torsional stress)
f Elastic linear deformation due to the force F
fou Elastic linear deformation of the clamped parts due to F;,
foa Elongation of the bolt due to F,
f, Plastic deformation as a result of embedding
G Limiting value for the dimensions at the interface area in bolted joints
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G' Limiting value for the dimensions at the interface area in tapped thread joints
Height, general
N The smaller plate thickness of two clamped plates
| Areal moment of inertia, general
I Length, general
. Length of the free loaded thread
| Clamping length
M, | Tightening torque during assembly for preloading the bolt to F,,
M, Working moment (bending moment) acting on the bolting point
M Ad_ditional bending moment at the bolting point from the eccentrically applied
axial load F, or the moment M,
Mg Proportion of the tightening torque acting in the thread
Mg, | Maximum additional bending moment, acting on the bolt
M, Torque about the bolt axis
m,, Effective length of thread engagement or nut height. Effective thread contact
length
m, | Total length of thread engagement or nut height.
n Load introduction factor
ng Number of bolts
P Pitch of the thread
Y Surface pressure
Pk Surface pressure under the bolt head
R, Tensile strength of the bolt according to DIN EN SO 898-1
Ryo2 | 0,2% proof stress of the bolt according to DIN EN 1SO 898-1
Roo2p | 0,2% proof stress of the plate
Sa Safety margin against shearing off
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Sp Safety margin against fatigue failure
Se Safety margin against exceeding the yield point
Se Safety margin against slipping
Sp Safety margin against surface pressure
S Distance of the bolt axis from the axis of the imaginary laterally symmetrical
M| deformation body
T Temperature
AT Temperature difference
U Location at which opening starts at the interface
W, Polar moment of resistance of a bolt cross section
W, Moment of resistance of the stress cross section of the bolt thread
w Joint coefficient for the type of bolted joint
a, Tightening factor
ap Coefficient of linear thermal expansion of the plate
Qs Coefficient of linear thermal expansion of the bolt
B Elastic bending resilience, general
y Skewness or angle of inclination of clamped parts as a result of eccentric loading;
bending angle
Vs Bending angle of the bolt
o Elastic resilience, general
Op Elastic resilience of the clamped parts
O Elastic resilience of the bolt
Mg Coefficient of friction in the thread
My Coefficient of friction in the head bearing area
yrs Coefficient of friction in the interface
v Utilisation factor of the bolt proof stress for allowed assembly preload F,, ,,

XVIII
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o, Continuous alternating stress acting on the bolt

o Bending stress

Orqps | Comparative stress in the working state

Oam | Comparative stress in the assembled state

o, Tensile stress in the bolt in the working state

T Torsional stress in the thread as a result of Mg

(0)) Load factor, relative resilience factor

* Load factor with eccentric clamping and eccentric force application via the
en clamped parts

The nomenclature is based on VDI 2230. Since it is a German guideline, some subscripts are
German. Two of the most frequently used subscripts are:

zul - from ““zulassige last”, meaning “allowed loading”
erf — from “erforderlich”, meaning “required”

XIX
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Application of FEA in Design and Verification of Bolted Joints According to VDI 2230

1 INTRODUCTION

1.1 BACKGROUND

CERN is located on the Swiss-French boarder, close to Geneva. At CERN, the European
Organization for Nuclear Research, physicists and engineers are probing the fundamental
structures of the universe. The instruments used are purpose-built particle accelerators and
detectors. Best known is the 27-kilometre Large Hadron Collider (LHC), world’s largest
particle accelerator [1]. Even though particle physics, investigating antimatter and elementary
particles are the main activity, a large amount of technical expertise is required to keep it all
running. There are ten times more engineers and technicians employed at CERN than research
physicists. The technology present are state of the art and includes the world’s largest cryogenic
system, cooling the magnets close to absolute zero, ensuring superconducting performance.

In the Engineering Department at CERN (EN-MME), accelerator components with bolted
joints are frequently developed. As use of FEA-assisted design is becoming more widespread,
questions have been raised about how to best apply FEA in design and verification of bolted
joints. During development of past projects, there has been uncertainties regarding central
aspects in determination of preload for eccentric load conditions, proper bolt representation in
FE-models, and combining simulations and analytic calculations. This sparked an initiative to
develop knowledge about how to combine the guideline VDI 2230 with FE-analysis, which
lead to this MSc project.

By utilizing the strengths of FEA and the analytic approach in VDI 2230, benefits are expected
to be improved quality and validity of the assessment, increased efficiency, and lowered
threshold for applying FEA in assessments of bolted joints. Thus, making it easier and quicker
to perform high quality design and verification of bolted joints.

The author has been a technical student at CERN during the master project, and worked on
various projects. Half of the projects involved activities concerning assessment of bolted joints,
and the most relevant research and experiences has contributed to this MSc thesis.

1.2 PROBLEM DESCRIPTION

The guideline VDI 2230 Pt.2 contains some descriptions of how FEA can be applied to aid
design and verification of bolted joints, but not in a streamlined way that makes it simple and
efficient to apply. Thus, the goal of this thesis is to improve the VDI 2230 guideline in terms of
applicability, and possibilities in modern FEA tools.

1.3 PROJECT SCOPE

1.3.1 Objectives

By taking basis in a specific engineering challenge in EN-MME, the objective is to investigate
various aspects to improve relevant knowledge, to suggest how FEA and VDI 2230 can be
combined in a single workflow, and to present the information in a format it can benefit the
engineering department at CERN. The MSc thesis along with appendices should provide
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sufficient guidance to perform FEA assisted design and verification of bolted joints according
to VDI 2230.

1.3.2 Research Questions

The research questions are:

RQ 1: For a specific case, what were the challenges of combining VDI 2230 and FE-analysis?
RQ 2: How can the identified challenges be met, and avoided in the future?

1.4 STRUCTURE OF REPORT

First, some general and basic theory about bolted joints and use of FEA in analysis of bolted
joints are presented. Then, the specific case of a Helium vessel bolt assessment for the Crab
Cavities is described, illustrating challenges and uncertainties in combining FEA and VDI 2230.

Chapter 4 investigates prying by describing what it is, when it is relevant, and how it can be
encountered. Then a study is performed to investigate the influence of preload on prying, before
the chapter is concluded by a discussion and a summary.

Chapter 5 propose a basic workflow for combining VDI 2230 and FEA, and include a guide,
aspects of more advanced assessments, case examples, calculation support material, and a
seminar prepared to educate about assessment of bolted joints.

In Chapter 6, suggestions and recommendations for a potential revision of the Helium vessel
analysis is presented.

The discussion in Chapter 7 target the MSc project, some larger perspectives of the project, and
possible future research. The thesis is concluded by a summary in Chapter 8.

1.5 LITERATURE

The main literature for this thesis is the VDI 2230:2014 guideline in two parts [2, 3], for
Systematic calculation of highly stressed bolted joints. Part 1 present a 13-step analytic
calculation procedure for design and verification of single bolted joints (SBJ). Part 2 detail how
SBJs can be extracted from multi bolted joints through Rigid Body Mechanics and
Elastomechanic methods. Aspects of how FEA can be used to aid the analysis are also included.

The book Introduction to the Design and Behaviour of Bolted Joints by J. H. Bickford [4] has
served as a useful source of supplementary details to VDI 2230, as it presents and discuss many
relevant aspects of bolted joints. However, the nomenclature is different from VDI 2230, and
Imperial units is often used.

This thesis is based on investigations and studies presented in two reports [5, 6]. One report
was written as a pre-project, and the second report was written as the research activities
progressed and is in the format of a chronologic research log.

Throughout the thesis, other references are included where relevant.
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2 THEORY

This chapter introduce basic concepts and fundamental theory about bolted joints and FEA
representation. First, some central terms are defined. The basics of bolted joints and joint
diagrams are then introduced, along with the analytic VDI 2230 calculation guideline. Last,
FEA model classes and aspects of bolt representation in MBJs are presented.

2.1 TERMS
SBJ (Single bolted joint)  Bolted joint with one bolt.

MBJ (Multi bolted joint) Bolted joint with multiple bolts. More than one bolt are
involved in transmitting a load or in fulfilling the joints
function. The individual bolts may be subjected to markedly
different loads.

Load Quantity of the effect of forces and moments on the structure

Global workload The global load on the structure/component in operation /
working state. Can include pressure, forces, self-weight, ...

Bolt workload The part of the global workload applied to a single bolt

Preload A certain tensional force created in the bolt from tightening and
associated elongation of the bolt in assembled state

Clamped plate / plates Component / components clamped between the bolt head and
nut / tapped threads

Clamping / deformation ~ Volume in the clamped part / parts exposed to elastic strain

solid from bolt preload. Can consist of deformation cone and a sleeve

Contact area Geometrically defined area through which loads are

transmitted from one component to the other by means of the
bolted joint / joints

Clamping interface The contact surface between the components that are bolted
together and is involved in force transmission. Area of
clamping solid in the contact area.

2.2 BASICS OF BOLTED JOINTS

Bolted Joints (BJs) have the function of clamping separate components together, often
transferring forces, moments or sealing against pressurized fluids. To transfer those loads and
for the joint to behave as a continuous part of the structure while doing it, BJs must have a
certain clamping pressure. To ensure this, bolts are tightened into tension, restricted by their
maximum load capacity. To be able to make a knowledge based design considering all
requirements, a calculation model can be made and used to aid the assessment.

This section provides a brief introduction to some of the most central elements of bolted joint
calculations. VDI 2230 contains comprehensive details on the calculation of BJs, and is
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introduced in next section. The theory below assumes a concentrically clamped bolt, with
concentric and axial loading in tension.

2.2.1 Classification and Characteristics of BJs

Bolted joints can have a variety of designs, resulting in different load characteristics in
distribution and type of loading. Table 1 list different types of SBJs and MBJs, with concentric,
eccentric, symmetric, and asymmetric geometries and loading. Simplified calculation-models
with relevant loads are included, as well as relevant calculation approaches. FEM applies to all
joint types. VDI 2230 apply to 1 and 2, and with limited treatment: 3, 4, 6, 7 and 8. The flange
with sealing gasket, 5, are covered by DIN EN 1591.

Table 1: Outline of BJs [Pt.1 - Table 1]

Single-bolted joints Multi-bolted joints Bolted joints
concentric or eccentric in a plane axial symmetry symmetrical asymmetrical bolt axes
cylinder or beam beam circular plate flange with flange with rectangular multi- [ multi-bolted joint
prismatic sealing gasket |plane bearing face| bolted joint
body
® @ . ©]
E oo i} m joint geometry
AN relevant loads
M 1F, \E F,
5 4 v sy
M, Y M % "
s. * Q/ ﬂ F
SR P S
F, £, M, F, . F, “
axial force axial force axial force axial force axial force axial force axial force forces and
Fa Fa Fa Fa Fa Fa Fa moments
transverse transverse transverse (pipe force) transverse force | transverse force
force force force working torsional Fa Fa
Fa Faq Fa moment moment
working moment in the | moment in the B My torsional moment | torsional moment
moment lane of the plane of the internal internal working M, My
M, eam beam ressure pressure moment working moment | working moment
My M; P p Mg My My
VDI 2230 limited treatment by VDI 2230 DIN EN 1591 limited treatment by VDI 2230
AD 2000 Note B7 - -
hgndmg beam theor_yl plate theory limited treatment using calculation
with additional conditions simplified models procedure
finite element method (FEM)

Two main types of bolted joints are shown in Figure 1. In the tapped thread joint (TTJ), the bolt
runs through a clearance hole in the first plate, and enters tapped threads in the second plate.
The through bolted joint (TBJ) has clearance hole in both plates, and is fastened by a nut. The
two types of joints are often referred to in the standard, and both entail special considerations.

Figure 1: TTJ & TBJ [Pt.2 - Figure 45 & 48]
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The most central bolt parameters are illustrated in Figure 2. The bolt is often referred to by its
nominal bolt diameter (d). The clamping length (Ix) is the part of the bolt that runs through the
clearance hole in the plate / plates. The total thread length or nut height is mg,, and the
effective thread length of engagement is referred to as m. ;. The part of the bolt shaft without

threads are referred to as shank. In the Figure 2, the bolt has a section with reduced shank
diameter.

/ m

'I_-= K - BES -
I é ‘
=]
1

Figure 2: Dimensions associated with a bolt and tapped threads
2.2.2 Spring Model
bolt = tension spring dg
Fa2 Fa2

i Fy
Force — -
= £
E% interface BT
= oc
‘%i , | y s N £s
1 gﬁ Clamping Force on joint =G 2%
— 23 £3
= =g €9
E TE

Fa

Fq2 Fa/2
Tension in Bolt clamped parts = compression spring 8p

Figure 3: Mechanical Spring Model of a Clamped BJ [Pt.1 - Figure 1]

For a single bolt joint (SBJ), as the bolt is tightened, a force stretches the bolt and clamps the
plates together (Figure 3). The bolt and clamped plates behave in an elastic manner. The bolt is
elongated, and the clamped parts are compressed. A mechanical spring model, Eqg. (1), can be
used to describe the relation between forces F and deformations f.

F=k-f 1)
The stiffness k for a cylindrical body is:

_E[MPa]-A [mm?]

kK [N/mm] I [mm]

()
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When a bolt consists of multiple cross-sections, the combined stiffness is calculated according
to Eg. (3).
1 1 1 1

1t t. 1 3
ke Kk kK, kK )

tot 1

In VDI 2230 however, the term resilience is used, calculated according to Eq. (4). This quantity
is the inverse of stiffness and describes the compliance.

I [mm]

o [mm/N] =2 [MPa]- A [mm?]

(4)

Using the resilience, summation of multiple cross-sections in series are simple, as Eg. (5) show.

Ot =01 +0, +6, ®)
With the quantity resilience, the general force expression of forces is given in Eq. (6).
f
F-_— 6
5 (6)
2.2.3 Joint Diagram
a) Initial state b) Assembled state ¢) Working state (n=1)

'y

l\-._.-/'l — - —
bltphms i
¥ "
load load {
4 bD\Ii plate ¥ [Fsa
/ E\F AIFPA
Fr'uﬂ - 'IFH FM T-FKH
o -
>l —m et
fsm  Tem fsa = fea

Figure 4: Distortion triangle [Pt.1 - Figure 2]

A joint diagram is a graphic representation of the forces and displacements of the bolt and the
clamped parts in a bolted joint. Figure 4 show a BJ in a) initial state, in b) assembled state, and
in ¢) working state. In assembled state, only internal forces apply. When the bolt is tightened,
the assembly preload F,, is generated. This give the clamp force Fy at the interface, as seen in
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Figure 3. The corresponding displacement of the bolt fs,, and of the plates fp,, are displayed.
The relation between displacements and forces are linear, as Eg. (1) show. The stiffer the
component is, the more steep the line becomes.

In working state, an external force is applied. Depending on where the force is applied, this
force will increase the load on some parts, and relief others. In Figure 4c, the workload (Fy) is
applied to the bolt in the bolt head area (n=1). Depending on the stiffness ratio, or load factor
() between the bolt and the clamped parts, the workload is distributed between stretching the
bolt, designated as additional bolt load (Fs,4), and relieving the clamped parts, designated as
additional plate load (Fp4). The displacement due to the workload is the same for the bolt and
clamped parts (fs4 = fpa)-

The effect of workload is that the bolt load become higher than in assembled state. This gives
the load the bolt must be designed to withstand, checking against the maximum capacity of the
bolt. The relief of the clamped parts reduces the clamping force in the interface, giving the
residual clamp load Fy. This has to be checked against the defined clamping requirements for
the bolted joint.

Note that in the working state above, the load

introduction factor is: n = 1. For most cases the Kraft Fen
load is introduced somewhere between the ! Y
clamping interface and the surface (n < 1), like in Fp 8
Figure 5. That results in a section of the parts also Fea
hav!n_g to be compressed by thg workload, i_n y WEFKH
addition to stretching the bolt. This reduces their >
combined stiffness. The remaining clamped part 1
get a higher stiffness, increasing the effect of the Figure 5: Distortion triangle for n<1
work load on the residual clamping force. Thus, [Pt.1-Figure 2]

where the load is introduced in the joint is of great
importance. Using analytic methods, this load introduction factor has to be estimated.
2.2.4 Calculation of Forces

The relation between the elastic resilience of the bolt (&) and the clamped parts (5p) gives the

load factor (@), as Eq. (7) show. The load introduction factor n has a value between 0 and 1.
5P

Op + O

d=n-

()

The load factor gives the proportion of the applied workload (F4) that makes up the additional
bolt load (Fs,) as seen in Eq. (8), and the relief in the clamped parts (additional plate load Fp,)
as stated in EQ.(9). The sum of the “additional” loads equals the workload, as Eq. (10) show.

FSA =0- FA (8)
Foa :(l—(D)FA 9)
FA = FPA + FSA (10)
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FSA=¢'FA B
~ i 7
Fea=(1—®P) -Fp \, SA s

Workload
Bolt load )
1 (Preload |
[ Clamping force]
(Bolt elongation]
| Parts compression

Kraft / load F

Langenanderung / change in length f

Figure 6: Joint diagram with associated quantities [Pt.1 - Figure 22]

The “additional” loads are a result of the workload, and the total load in the bolt and in the
clamping interface depends on the preload. Taking the general preload (F;/) into consideration,
the residual clamp load (Fkg) , and the bolt load (Fs) can be calculated according to Eq. (11)
and Eqg. (12). The associated quantities can be identified in Figure 6.

FKR = I:v - FPA (11)
F=F +F, (12)

The bolt stress can be calculated for both assembly and working states, and are calculated for
the bolt stress area (Ag). The assembly stress (o,-.4 ) depend on the required tightening torque
(M,) to achieve the permitted assembly preload (F),; ;). The working stress (o,..4 5) are based
on the maximum bolt load (Fs ,,.4x)- These equations are presented later in the thesis.

2.2.5 Additional Factors to Consider

As section 2.2.4 show, the principles of calculating quantities in BJs are not that complicated,
and most of VDI 2230 are based on that simple theory. However, the above equations are only
valid for concentric joints, both in terms of clamping and loading. In practice, there are many
factors that complicate the calculations, which VDI 2230 presents techniques and strategies to
handle, making VDI 2230 a comprehensive standard.

Just identifying the bolt workload can be a complex task. There may be transverse loads,
moments, and a complex geometry. Both loading and clamping can be eccentric, leading to
bending effects and uneven distribution of pressure in the interface that may result in partial
joint opening. The preload itself may also change due to numerous reasons: tightening of other
bolts in the area, embedding of contact or thread surfaces, self-loosening by rotation, relaxation
of the materials, temperature change, or by overloading the BJ.

There is also uncertainty involved in tightening of the bolts, depending on the accuracy of the
tightening method. This results in a spread between the maximum and minimum probable



Application of FEA in Design and Verification of Bolted Joints According to VDI 2230

preload. The strategy is then to define a tightening torque to achieve the maximum preload,
making sure that the minimum preload is achieved. Verifications then has to be performed for
the preload extremes. The maximum bolt load occur with the maximum preload, and the
minimum clamp load occur with the minimum preload.

From the above, it is clear that a structured approach is required to perform a safe assessment
of bolted joints, taking all the relevant factors into consideration. This is what VDI 2230
provides with defined calculation steps, verification strategies, and assessment criteria. The
analytic procedure is described in further detail in section 2.3.

2.2.6 Deformation Cones and MBJ aspects

As described, when the bolt is elongated, the clamped parts are compressed. The volume in the
clamped parts that is compressed is assumed to form a prismatic solid, and is referred to as
clamping or deformation solid. The shape of the clamping solid depends on if it is a TBJ or
TTJ, as Figure 7 show. The pressure distribution in the clamping interface is different for the
two clamping solids, because the clamping interface cut the clamping solids at different
locations. If the clamping interface is smaller than the diameter of the clamping solid in the
interface cross section, the deformation solid will consist of a cone and a sleeve, as seen in
Figure 8. The clamping pressure is then distributed across the whole interface.

The resilience of the clamped parts depends on the volume of the clamping solid, and can be
estimated by analytic methods.

D.l'-‘c. B I::|-'-".
" dW a dw
I:"l:rr'
=t e
‘ —1J
d
z G I | h .
| — dh
{Va]
dzi-% I K v Ex
h \\ /
r 3 \

S

¥ _ 1l ______Z

Dy

Figure 7: Deformation cones fora TBJand a TTJ [7]

VDI 2230 defines a limiting diameter G in [Pt.1-5.1.2.2], which is calculated according to (13)
. This value defines the diameter where the compressive stresses in the clamping interface is
significant. For the analytic VDI 2230 approach to be valid, the clamping interface must be
smaller than the limiting diameter G. This is controlled in the step RO.
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TBJ: G=h,, +d,

RO/1) & (RO/2
(RO/1) & (RO/2) TTJ: G'~(L5..2)-d,

(13)
When the limit criteria is fulfilled, there is sufficient pressure at the edges of the clamping
interface so that no opening occur, and the analytic equations are valid. If the interface width
exceeds the values in (14), joint opening can occur just by preloading the bolt.

ifD,>G
TBJ: D, ~(L4..16)h,, +d, "
TTJ):. D,~4,2-d,
dy
r-v-v*f
| 0L Tﬁ 1
g 1 V
Vo I %\ é % |
/ { = E__\ Kegel / cone A
: ' L Yo __4\: |
— | = = | |
| . =4l
THE o | 5=
—!H\Hﬂl’ [ 'HH{ Hulse / sleeve ? vy
s il
!
I
| !
T

Figure 8: Deformation cone and sleeve (left) and limit criteria G (right)

For MBJs, the same principle of interface-width applies to bolt spacing. The clamping solids
must interact to provide a sufficient and continuous pressure in the clamping interface (Figure
9). Put simple, the clamping cone has to be cut on all sides to provide proper clamping pressure
in the interface. Conventional bolt spacing e; is: 3d, < e; < 5d,.

Figure 9: Clamping solid interaction in MBJs

10
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2.3 ANALYTIC VDI 2230 PROCEDURE

The calculation procedure defined in VDI 2230 consist of 13 steps, and is outlined in Table 2.
First, input parameters are decided, and the validity is controlled. Then values of the joint

diagram are calculated and the clamping requirement is defined. The last steps include stress

calculations and strength verifications, before the tightening torque is determined. The factors
controlled and accounted for by the procedure are listed in Table 3.

The complete analytic verification procedure is presented in [Pt.1-Ch.4], also containing
relevant cross-references.

Table 2: Outline of the analytic VDI 2230 procedure [Pt.1 —4.1]

Inputs
RO | Nominal diameter and limiting measurement d,G
R1 | Tightening factor a,
R2 | Minimum clamp load Feert
Joint Diagram
R3 | Dividing the workload / load factor Foas Fon, @
R4 | Preload changes F, AF
R5 | Minimum assembly preload Fo i
R6 | Maximum assembly preload Ft max
Stress Cases and Strength Verifications
R7 | Assembly stress Ored m + Pl
R8 | Working stress Ored g+ OF
R9 | Alternating stress 0,090
R10 | Surface pressure Prax: Sy
R11 | Minimum length of engagement Mett min
R12 | Slipping, shearing Ser Tomax
R13 | Tightening torque M,

11



MSc Thesis 2018

Figure 10 displays a joint diagram containing the most relevant quantities used in the analytic
VDI 2230 design and verification procedure. It can be seen from the steps in Table 2 that the
required clamp load (Fg.,s) is calculated early. Then, preload loss due to embedding (F;) and
additional thermal load (AF,,,) are calculated. Together they give the minimum required
assembly preload (Fymin)- Taking the tightening uncertainty (a,) into account, the required
maximum assembly preload (Fymay) 1S Calculated according to Eg. (15).

Fumin = Feen +(1-P@)F,+ F, + AR,
F =a,-F

M min

M min

(15)
M max
The permitted assembly preload (Fy,,;) IS then calculated, and has to be larger than the
required maximum assembly preload (Fymax ). If NOt, the bolt diameter or strength class has to
be modified to achieve a higher allowed assembly preload. If it is larger, the permitted assembly
preload is used to define the tightening torque. The spread between required and allowed
assembly preload provides a safety factor against the clamping requirements.

F = FMzuI + CDFA - AI:Vth (16)

S max

Eq. (16) give the max bolt load in working state (Fs,,qx), and is used to calculate the work
stress.

min

miri

Langenanderung / change in length f

Figure 10: Joint diagram with analytic VDI 2230 quantities [Pt.1 - Figure 5]
The validity of the analytic calculations relies on the following assumptions:

- Liner-elastic material behaviour
- Very small deformations, cross-sections remain flat
- Compliance with the limit distance G or G™ (Step RO0)

12
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Table 3: Factors considered in the calculation procedure

Factors controlled

Factors accounted for

e Minimum clamping pressure, resisting: o
o Transverse slip
o Internal pressure
o Opening of the joint interface o
e Assembly stress in bolt
e Working stress during operation
e Fatigue due to alternating stress
e Surface pressure at bolt head bearing area | o
e Thread engagement length

How applied work load divides between
increasing bolt load and relieving the
clamped parts

Uncertainty in preload from tightening
Embedding and thermal changes of
preload

Friction at interface and in the threads
Residual tightening torque in bolt

2.4 FEA MoDEL CLASSES

VDI 2230 Part 2 divides FE-modelling of BJs into four basic model classes, as shown in Table
4. These classes have different level of details, required modelling efforts, and different
practical considerations related to applicability in FE-analysis. It is the scope of the analysis
that defines which model class most appropriate to use. There are advantages and disadvantages

with all classes.

All the classes and how they can be used to derive analytic calculation quantities, and important
aspects to achieve as realistic representation as possible are described in [Pt.2—Ch. 7].

Table 4: Overview of the model classes [Pt.2—Table 1]

Class |

Class 11

Class 111 Class IV

Characteristic

Bolt and interface
are not taken into
consideration.
Preload is not
included in
representation

Bolt is

represented by | represented by | modelled and
a beam. Preload | a volume body. | include threads,

and interface

contact can be interface contact on all

included

Bolt is Bolt is fully

Preload and preload, and

contact can be surfaces
included

13
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Internal forces in Internal forces | Internal forces | Internal forces

the clamping in the bolt in the bolt in the bolt,

interface as local stress in
Obijective of | determination of bolt threads and
calculation | workload, or clamping area

determination of
analytic calculation
quantities

2.4.1 Class |

The components are modelled as a continuous solid, without any bolt. This allows for extraction
of internal loads in the relevant cross-section, when exposed to working loads. The cross-
section forces and moment then serve as input parameters for the calculation procedure, giving
the bolt workload that the bolt has to withstand. The arm "a" to the application point of eccentric
loading can be determined according to Figure 11 and Eq. (17).

If the components are modelled as two bodies, they can be connected using a “bonded” contact
formulation. This approach simplifies extraction of the loads in the relevant cross-section. For
MBJs, the solids may be connected by spot welds where the bolts are located, for simple
extraction of the bolt workload.

The exact influence of the bolt resilience and preload is not considered, and it is not possible to
assess the clamping conditions. Therefore, this class has some limitations, and is primarily used
for determination of workload (F,).

a=— a7

G

Figure 11: Intersection forces Class I [Pt.2 - Figure 60]
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2.4.2 Class Il

The bolt is represented by a line-element with the same properties as the bolt in question. The
line-element may be a tension-member, beam element or a spring. This element is connected to
the components via multiple point constraints (MPC), or kinematic joint definitions. The
connections should be applied in the actual bolt head bearing area and tapped tread length only,
to have a more realistic compliance. However, using MPC joints to attach the line-element,
artificial stiffness is often introduced. If the bolt properties are defined from the analytic axial
and bending resilience, this can be partially avoided. Also note the effect of MPC connection
for TTJs on the pressure distribution in the clamping interface, demonstrated in Figure 12. It
can be seen that artificial high pressures are present close to where the MPCs are connected.

Preload can be applied and clamping pressure in the interface and joint opening can be assessed.
Internal bolt forces is easily be extracted, and can serve as input parameter for analytical
calculations. Joint slip due to low clamping pressure is challenging to identify, as both ends of
the beam are fixed to the components. Some techniques to assess slipping include monitoring
of shear force and bending moment in the beam. Sudden changes, or high values, can indicate
that slipping would happen. Analytic verification calculations can be used to assess the safety
factor against slipping.

Figure 12: Effect of rigid MPCs on mesh stiffness and the resulting pressure distribution with
Class 11 model

2.4.3 Class Il

In this class, the bolt is represented by a solid volume body. Through the bolt material
properties, the bolt compliance is represented in the FE-model by the relevant constitutive
equations. Contact in the bolt head bearing area is well represented, and no artificial stiffness
are introduced. Assessment of joint slip and tendency to self-loosening can be carried out.

The resilience of the bolt depends on the bolt diameter. A simple approximation is to use a
uniform diameter based on the thread minor diameter (d3). If there is a shank, it can be modelled
with the bolt nominal diameter. Further details on this topic are described in 2.4.6.

Preparing a Class 11 model requires some more effort than with Class 11, especially for MBJs
with a large number of bolts. However, in some cases it still may be beneficial to use a Class
[l model.
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2.4.4 Class IV

For this class, the bolt is modelled in detail down to the correct radius in the bottom of the
threads, and contact conditions are applied to all thread surfaces. The strength of this class is
assessment of micro behaviour and stress concentrations, and will not be practical to use with
VDI 2230 verifications or in a large scale load analysis. The required simulation and modelling

efforts are very high.

2.4.5 Comparison of Model Classes

Table 5 compares the different model classes, and how central model parameters are

represented.

Table 5: Comparison of FE-model classes [Pt.2 — Table 2]

Model class: I Il and Il v
Modelling of the BJ
Effort low medium high
Idealisation of the bolt not modelled simplified modelled in detail
g}c;r}tnat(;tn?;cr;dltlons n not modelled modelled modelled
Preload without with with

Required parameters from VDI 2230 Part 1 — relevant section number is indicated

Compliance of the

5.1.1/included in

included in the

embedment f;

bolt &4 511 the model model
Compliance of the 512 included in the included in the
plates &p o model model
Load application 599 included in the included in the
factor n o model model
Tightening factor o, 5.4.3 5.4.3 543
Amount of 5.4.2.1 5.4.2.1 5.4.2.1
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2.4.6 Bolt Diameter

There are three natural bolt diameters to use when modelling the bolt: nominal diameter (d),
thread minor diameter (d5), and diameter based on the analytic bolt resilience (ds).

A diameter based on the thread minor diameter is the most simple option, and provides a fairly
realistic bolt resilience.

The diameter based on analytic bolt resilience can be calculated according to Eq.(18), and
require that the analytic resilience is known. Calculation of this is described in [Pt.1-5.1.1].

| Vd
Pt.2 - EQ.79 A =—* , dy=.=-A 18
[Pt2 - Eq.79] B =g A (18)
— Ik
g Es 'ﬂs
For Class Il beams, there is a possibility to define a “user integrated” cross section for the beam
with separate definition of cross section area and areal moment of inertia. Those properties can
be calculated according to (18) and (19) from the analytic axial and bending resilience. With

this option, it is ensured that both axial and bending properties of the beam correspond to the
analytic resiliencies.

(19)

2.4.7 Validity in Resilience Representation

The resilience representation in the joint is of importance and affect the “load factor” in the FE-
model. How the workload is distributed between relieving the clamped plates and increasing
the load in the bolt.

The mesh has to be refined in the clamping solid volume to have an accurate representation of
the clamping solid and the clamped parts resilience. The representation of clamping solid also
affect the clamping pressure distribution in the interface in the model.

Both the bending and axial resilience of the bolt in the FE-model can be inaccurate. With respect
to the bolt loads, the most conservative is that the FE-bolt is too stiff. The bolt will then absorb
higher axial load and bending moment than what might be realistic. Note that this also can
affect the load limit for joint opening. The uncertainty can be quantified by performing a
sensitivity study, or by comparing with analytic values.

For traditional joints with high preload, and where the bolt is much more resilient than the
clamped plates, the additional bolt loads are often small. In such cases, the effect of inaccurate
bolt resilience representation can be less critical.
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3 DQW CRAB CAVITIES HELIUM VESSEL ANALYSIS

The scope of this chapter is to investigate how VDI 2230 has been combined with FEA for a
practical case. It will introduce the Crab Cavities Helium vessel, and its role in the context of
LHC (Large Hadron Collider) and the High Luminosity upgrade. Then, the analysis of the
bolted joints will be presented and used as basis to identify challenges, and how those
challenges could be countered.

3.1 INTRODUCTION TO THE CRAB CAVITIES

3.1.1 LHC

At CERN, particles are accelerated to 99.9999991% the speed of light and to a kinetic energy
of 7 TeV* [8]. The acceleration happens through 5 accelerator steps, as illustrated in Figure 13.
For acceleration of protons, a small bunch of Hydrogen atoms are ionized, and accelerated in
LINAC 2 to 30% the speed of light. Then the BOOSTER, PS, SPS, and LHC accelerate the
particle bunches to the maximum energy levels.

LHC

NorthﬂArea

LHCb

SPS

-

TT10
ATLAS AWAKE
HiRadMat
. TT60
| |
AD
m

East Area

PS

LINAC 2

LEIR

v, ;
LINAC3

lons

Figure 13: The CERN accelerator complex © CERN

The Large Hadron Collider (LHC) is one of the largest scientific instruments ever built. It has
a circumference of about 27 km, and is located 100m underground in average. Magnetic fields
from superconducting dipole magnets curve the particle trajectories, and electromagnetic
resonators (RF-cavities) accelerate the particles. There are two proton beams circulating in
opposite directions, and the design capacity is 2808 bunches per proton beam. Each bunch
contain 1.2 - 101! protons, and circulate 11 245 rotations per second. One bunch is 30 cm long
(1 ns), and has a diameter of one millimetre when far from the collision point. Before collision,
they are squeezed to about 20 micro-meters in diameter. There are about 7.5m between the
bunches (25 ns), and the beam is kept within +/- 7mm traveling through LHC. The particles

11eV=1.6-10"1 Joule. Thus 14 TeV = 22.4- 10~7 Joule. 1 TeV equals the energy of a flying mosquito.
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travel in UHV (Ultra-high Vacuum, 10e-10 mbar), and the beam pipe is cooled to 1.9K (-
271.3°C) by superfluid Helium.

3.1.2 Collisions and Luminosity

At four locations around LHC, the two particle beams are crossed to collide particles. These
collisions are probed by the detectors ATLAS, CMS, ALICE and LHCDb, as seen in Figure 14.
Since the particle beams travel in opposite directions, the collision energy is 14 TeV.

“',!-v —— . - -—?---
- 3

e ~ WO

Figure 14: Location of detectors around LHC © CERN

The detectors track secondary particles from the collisions, and study processes that vary with
collision energy and are often rare. Therefore, the goal is to have high collision energy, and a
large number of collisions.

There are about 100 billion particles in each bunch, but there is a very low probability of
collisions. The average number of collisions for each bunch crossing is 40, resulting in a total
of 1 billion collisions per second. The amount of collisions per time unit (rate) can be expressed
as luminosity. The integrated luminosity will then be the total number of collisions. To make
statistically significant discoveries, the integrated luminosity must be as high as possible. Some
parameters that influence the number of collisions are: number of particles in each bunch,
number of bunches, frequency of bunch rotations, and beam cross section.
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3.1.3 HL-LHC and Crab Cavities

Figure 15: Cryomodule with two DQW Crab Cavities ©CERN

To increase the luminosity of LHC, a large upgrade of the performance is planned. The new
configuration is known as High Luminosity LHC (HL-LHC), and will rely on a number of key
innovations to push the accelerator technology beyond its present limits. HL-LHC will increase
the luminosity by a factor of five beyond the original design value, and the integrated luminosity
by a factor of ten [9]. One of those key innovations are RF-deflectors, compact superconducting
cavities for beam rotation, often referred to as Crab Cavities (Figure 15 and Figure 16).

Figure 16: DQW Crab Cavity, bare (left) and in He-vessel (right) ©CERN
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At the collision point, bunches cross as shown in Figure 17, having a certain crossing angle. A
significant increase in the probability for collisions and gain in luminosity can be obtained from
achieving a more head-on crossing, like seen in centre of Figure 17. To achieve that, Crab
Cavities are to be placed on both sides of the collision points. A time-dependent transverse kick
from the Crab Cavities is used to rotate the bunches to impose head-on collisions at the impact
point. After the collision point, a second cavity reverses the rotation before the bunches continue
the path in LHC.

Crab cavity Crab cavity

\ Collision /
= P

with

‘ Crab cavities ‘

~ B AW

Collision
without
Crab cavities

Figure 17: Visualisation of how Crab Cavities rotate bunches before and after collision point
©CERN

There are two crab cavity concepts: DQW (Double Quarter Wave, vertical) and RFD (RF
Dipole, horizontal). The most relevant cavity for this report is the DQW Crab Cavity. December
2017, one prototype cryomodule with two DQW cavities were assembled (Figure 18), and are
supposed to be tested in SPS in 2018. The long-term plan is that 8 cryomodules shall be installed
in LHC during LS3 (Long Shutdown 3) in 2024-2026.

Figure 18: Two Helium vessels for DQW Crab Cavities during assembly in 2017 ©CERN
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3.2 HELIUM VESSEL FOR DQW CRAB CAVITIES

The DQW Crab Cavity is made of Niobium, which has superconducting properties when its
temperature is < 9.25K. To achieve such temperatures, it must be submerged into superfluid
Helium at 2K. To minimize the required volume of Helium and to maximize heat extraction
from the cavity, a Helium vessel was designed to enclose the cavity and contain the Helium.

The development of prototype cavities is detailed in several papers [10-12], and the design
evolution of the vessel is detailed in a report by N. Kuder [13]. The strength assessment for the
DQW Crab Cavity and Helium vessel is presented in another report [14].

The He-vessel has the outer dimensions 573x488x390, weighs 120kg or 180 kg with the cavity
included. It contains 307 of Helium and is designed for an internal operating pressure (PS) of
1.8 bar (abs). The test pressure? is 2.6 bar (abs), which is 1.43xPS. This is the maximum
pressure the vessel must be able to withstand [10].

The Helium tank has a structural role and is rigidly connected to the Stainless-Steel cavity ports.
Thus, one goal of the design has been to minimize the loads acting on the cavity from the vessel.
To minimize the loads on the Niobium cavity during cool-down from room temperature (293K)
to cold (2K), it was decided that the He-Vessel plates should be made of Titanium Grade 2,
which is in the same thermal contraction range as Niobium. The integrated thermal contraction
is about 1.5 mm/m when cooled from 300K to 2K.

——
. J z = 24 bolts
x = 27 bolts )

D :

y = 18 bolts .

Figure 19: Helium vessel and bolted joints [14]

In the initial design, the six plates of the Helium vessel were joined together by welds. This
design was discarded due to high deformations resulting from the welding process, and the high
requirements for precision in the connections to the cavity. The final design concept was that
the vessel should be joined together by bolted joints (Figure 19), and that additional fillet welds
should ensure leak-tightness. This is an unconventional concept, and there was no experience
at CERN or other available sources with this concept. No known standards or guidelines
provide specific rules or recommendations for such pressure vessels. Therefore, the design and
verification of the He-vessel were innovative work, and efforts was made to perform a thorough
and conservative analysis. It was decided to use the calculation guideline VDI 2230 to aid the
analysis.

2 According to EN 13445 — Unfired Pressure Vessels
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3.2.1 Joint Design

The three joint designs that are present on the He-vessel are displayed in Figure 20. The joint
rows are numbered, showing the location of the joints on the vessel. All the joints are tapped
thread joints (TTJ). Two of the joints has an overlap edge. Fillet welds are applied to ensure
leak tightness in the joints. As seen in Figure 22, the bolt heads are countersunk into a groove
in the plate. This grove is covered by a cover that is welded and serves as an additional barrier
to prevent leakage of Helium.

The bolt size is M6x20, and there are 276 bolts in total. The bolt material is Titanium Grade 5
because of its high proof stress, and to have a similar thermal contraction to the Titanium Grade
2 plates. This reduce preload losses from differential thermal contraction. The bolts have a
outgassing hole in the centre with diameter @1.75, to allow potential trapped Helium to
evacuate.

The clamping length is 13mm. For the prototype vessel, SCHNORR preload washers (10-6.4-
1) made of Bronze are applied under the bolt head.

overlap

AN N
7 |
% 1357 % 0,101, 12

Figure 20: The three joint concepts on the He-vessel, with fillet welds for leak-tightness [14]
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3.3 HELIUM VESSEL BOLT ANALYSIS

In this section the bolt analysis of the He-vessel [14] is presented, and challenges in the
assessment and in combining VDI 2230 and FEA are identified and discussed (RQ1). This is
used as basis in answering how the challenges can be met and avoided in the future (RQ2).

3.3.1 Boundary and Load Conditions

The analysis is carried out for the boundary and load conditions shown in Figure 21, and listed
in Table 6. The loads on the model is: self-weight under normal gravity, internal Helium
pressure, and a load on the helium vessel plates from a 0.12mm pre-tuning deformation of the
cavity.

The He-vessel is attached to a support structure, which give realistic support response for the
vessel. The Niobium cavity stiffness is represented in the model. Room temperature has been
assumed for the analysis, since the material properties are weakest at this temperature.

The bolts are preloaded to 4.5 kN, which were selected to provide an acceptable level of work
stress during maximum loading. It is stated in the report [10] that it was not clear from relevant
codes how the preload should be defined.

Frictionless contact is applied in the clamping interfaces, as it was assumed that this would
provide a conservative approach, where the bolt would have to withstand axial, shear, and
bending loads.

Simulations has been performed with and without the fillet welds. The simulation results
relevant for the bolt analysis is when the welds are not present, as the bolted joints alone must
ensure the complete structural integrity of the vessel.

Fixed support

Pretuning 0.1 mm

Pressure 0.18 MPa

= el b

Gravitv 9806.6 mm/s

Table 6: Boundary and Load Conditions

Type Unit Value
Temperature K 300
Bolt preload N 4500

Figure 21: BCs of He-vessel FE-model [14]
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3.3.2 Bolt Representation in FE-analysis

Beam

Threaded hole

1

o
s JAS
|

Frictionless contact

Bolt line

Figure 22: Bolt representation in the FE-model according to VDI 2230 Class 11 [14]

The bolts are represented by beams, according to VDI 2230 Class 11. They are connected with
Multi-Point Constraints (MPCs) in the bolt bearing face area and in the threaded hole, as
illustrated in Figure 22. The beam properties used are listed in Table 7, and has been calculated
according to Eqg. (18) from the analytically calculated axial resilience (&5) and bending
resilience (Bs). The analytic resiliensies consideres the outgassing hole in the center of the bolt,
and the resilience contribution from the bolt head and thread engagement. The bolt material is
defined to be Titanium, with an elastic modulus of E = 110 GPa.

Table 7: Beam properties for M6 bolt

Length [mm] Area [mm?] Ix[mm?] Iy [mm?] J [mm?]

13 9.86 16.92 16.92 33.84

3.3.3 Analysis of Results and Verifications

Bolt loads

Table 8 list the extracted loads, calculated stress, and safety factors. In the original table, there
are two separate columns for simulations with and without fillet welds. As stated above, only
the results from the simulation without welds are relevant for the bolt analysis.

The maximum bolt load is 4.65 kN, and the additional bolt load resulting from the applied
workload is Fsa = 150N. The equivalent stress is calculated to be 620 MPa, and is calculated
from the axial and shear load, bending moment, and residual tightening torque. Thus, a modified
version of the VDI 2230 working stress equation has been used. According to the standard VDI
2230 working stress calculation, shear and bending stress is not included. The resulting safety
factor against yield in the bolt has been calculated to be Sr = 1.34.
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Table 8: Loads extracted from FEA and calculated bolt stress, adapted from [14]

Name Symbol Unit Value
Preload Fu [N] 4500

Max axial bolt load Fs max [N] 4650
Max bending moment Mgy, [Nmm] 3430
Max shear force Fo max [N] 525
Equivalent stress Ored B [MPa] 620
Proof stress Ti gr.5 Roo. [MPa] 830
Safety factor Se - 1.34

Figure 23 show the axial bolt load distribution in Row 1 of the Helium vessel. It is clear that
there is an uneven workload distribution, and that the most highly loaded bolts are in the middle.
This illustrate that for this case, assuming uniform load distribution would be inaccurate.
However, the force difference is only about 30N and would not have any significant impact in
this case.

Axial Bolt Load - Row 1

4530

4520

4510

4500
4490
4480

4470

1234567 8 9101112131415161718192021222324252627

Figure 23: Axial bolt load distribution in Row 1

As there is no friction in the contact area, sliding is allowed and the shear force in the bolt is a
result of the relative displacement between the clamped plates. This gives rise to the bending
moment in the beam, which is analytically calculated in (20). Comparing this analytic bending
moment to the moment extracted in Table 8, it is clear that the shear load is the source of the
bending moment. This bending moment gives rise to the bolt bending stress, which is 270 MPa
and 39% of the equivalent stress.

My, :(FQ -%):(525N -@J:sm.wmm (20)
The torsional stress from residual tightening torque is 155 MPa and 22.6% of the work stress.

It is according to VDI 2230 practice to include this in the calculation of working stress, but it
should be noted that there is significant uncertainty related to this value.
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The report concludes: “The stress for the bolts considering the worst loading condition is
acceptable. They will operate within the elastic limit. ”

Clamping pressure

A verification of the clamping conditions has been performed by analysing the pressure
distribution for all the 12 clamping areas. Two of them are shown in Figure 24. Blue colour
indicates very low to zero pressure, and red indicate maximum pressures.

Figure 24: Resulting pressure distribution in bolt Row 1 (top) and Row 10 (lower)

Continuity of clamping pressure in the interfaces is required to prevent leakage, and normally
joint opening should not occur. In this case, care should be made that superfluid Helium, which
has zero viscosity and can penetrate the smallest glitches, does not reach the tapped threads.

There is continuity in pressure between the bolts. In Row 10, the pressure distribution is
relatively uniform, and there are only small signs of joint opening in the corners. In Row 1,
there is joint opening towards the middle bolts. This can be related to the bolt load distribution
in Figure 23.

The report concludes: “...the pressure contacts are evaluated and examined to find the
probable openings and overall behaviour of the plates. The helium vessel will secure the leak-
tightness.

3.3.4 Discussion of Bolt Assessment

In this section, the bolt analysis is discussed, and challenges related to combining VDI 2230
with FE-analysis are outlined.

Friction in the Clamping Interface

In principle, bolts should not experience shear or bending, and slipping in the joint is considered
a failure. The bolt should provide preload, so that the joint through clamping pressure and
friction achieve a friction grip and is able to transfer the workloads and behave as a continuous
solid. Thus, the joint should be designed to avoid slipping, and the main stress acting in the bolt
is normal stress (tension).

In the analysis, an approach that assumes a “worst case scenario” has been used. This scenario
includes having no friction in the clamping interfaces, which gives rise to slipping and
associated shear and bending loads. All the load components in the bolt are included in the
calculation of combined stress. This verifies that the bolt is able to withstand all the loads that
can act on the bolt and resembles a “failure scenario”.

One challenge with this approach is that it can encourage a low preload, to reduce the combined
stress and increase the bolt stress safety factor. However, having a low preload reduce the
friction grip of the joint and increase the chance of joint slipping and “failure” to occur.
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By following a standard VDI 2230 approach, emphasis is put on having a high preload and
verifying that no slipping occurs. In this case, only axial load and residual tightening torque is
included in the calculation of bolt stress. VDI 2230 also propose to calculate a shear safety
factor for a scenario where slipping is present.

In terms of bolt stress, the “worst case” approach is conservative since it includes shear and
bending stress. However, since it favours low preload, taking a more standard VDI 2230
approach can in many cases be more beneficial. This will encourage a high preload and give a
higher friction grip capacity in the joint. Friction should then also be included in the FE-
analysis, and it should be verified that slipping is not occurring.

It can be noted that joint slip also is of importance when identifying the loads on the fillet welds,
as slipping can increase the loads significantly.

Joint Opening

According to the standard VDI 2230 approach, joint opening should be avoided and is a
prerequisite for the validity of the analytic calculations. However, FEA expands that validity
range with allowing for more detailed analysis of the bolt loads and clamping pressure
distribution.

In the He-vessel analysis the clamping pressure has been assessed and it is concluded that the
sealing function of the joint is fulfilled. Partial joint opening is present in some locations, and
it is pointed out that this is related to the uneven bolt load distribution. It is not known if, or to
which degree non-linear bolt load development (prying) is present. The validity of the pressure
distribution and bolt loads depends on the mesh size in the clamping solid and interface surface
mesh refinement, and is not known.

Uncertainty in preload

In the analysis, one preload level has been applied in the simulation that verifies both bolt stress
and clamping pressure. According to VDI 2230, there will be tightening uncertainty and preload
losses, which results in a minimum and maximum preload. The verification of bolt stresses
should then be carried out with the maximum preload, and verification of clamping
requirements with the minimum preload.

Operating Pressure

The analysis has been carried out for a nominal operating pressure (PS) of 1.8 bar (abs). The
bolted joints should be designed and verified for the maximum workload to ensure the structural
integrity in the extreme loading case. VDI 2230 does not treat how the maximum workload
should be defined, but according to one standard [15] the vessel should be designed for the test
pressure of 2.6 bar (abs). Which pressure to use depend on considerations about which safety
factor that is required from the design, and the probability of operating pressures above nominal
values.
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3.3.5 Selection of Preload

One of the challenges in design and verification of the bolted joints of the He-vessel was
selecting the bolt preload. The first guess of preload were based on the assumption that the bolt
would have to be preloaded with the same load as the bolt workload. However, when the preload
were selected to match the bolt workload, the bolt load became even higher in the next
simulation. This new bolt load were then applied as preload, and it resulted in a iterative process
where the preload were defined by the bolt load of the previous simulation.

This behaviour has been recreated in a simulation, and the loads are presented in Figure 25. It
can be seen that in the first simulation, the workload is 4.3 kN. In simulation 2, the preload is
set to be 4.3 kN, but the bolt load becomes 5.3 kN. For simulation 2, the additional bolt load is
893 N. In the next simulation, the preload is set to be 5.3kN. What can be seen is that as the
preload increase (>6 kN), the additional bolt load decrease and approaches 160-200 N. The
preload level where this happen is higher than the initial estimate of 4.3 kKN which were based
on the workload.

Development in Total Bolt Load with Increasing Preloads

Preload Additional Bolt-load

7500
7000
6500
6000
5500
5000
4500
4000
3500
3000

Bolt Load [N]

1 2 3 4 5 6 7 8 9 10

Simulation number

Figure 25: Development in Total Bolt Load with Increasing Preloads

This behavior led to some confusion and uncertainty about how to best identify an appropriate
level of preload. It was expected that prying had a role in the described behavior, but not exactly
to which extent the preload influenced the presence of prying.

3.4 RQ1: CHALLENGES IN ANALYSIS OF BOLTED JOINTS

Based on the discussion of the analysis (3.3.4) and the description of preload selection (3.3.5),
this section summarises some central challenges in combining VDI 2230 and FE-analysis for
the case of the Crab Cavities Helium vessel.

Some challenges related to the “worst case scenario” approach by assuming no friction in the
clamping interface and including all load components in calculation of the combined stress are
discussed. It is pointed out that taking a more standard VDI 2230 approach with friction in the
interface and emphasis on avoiding joint slip will encourage a higher preload, and can in some
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cases be more beneficial. Verifications must then be performed in the analysis that no slipping
will occur.

Partial joint opening is present in some locations, but the sealing function is fulfilled. To
improve the use of FEA in such assessments, methods to identify if prying is present could be
clarified, along with aspects of validity.

In the analysis, one preload level has been applied in the verification of clamping pressure and
bolt stress. According to VDI 2230 there is uncertainty in the preload, and verifications of bolt
stress and clamping pressure should be verified for the max and min preload level respectively.

There was some challenges in the selection of preload, as demonstrated by the preload
iterations. Prying were expected to have some role, but it was not known to which extent the
level of preload influenced the presence of prying.

Altogether, the above identify challenges in how FEA and VDI 2230 has been combined in the
Helium vessel bolt analysis and answers the first research question. It also serves as constructive
feedback on the analysis and outline relevant learning points. These findings are used as basis
for the suggestions and recommendations for a potential revision of the analysis given in Ch. 6,
and in answering RQ2.

3.5 RQ2: HoOw CAN THE CHALLENGES BE MET?

With the challenges outlined above in mind, the next question is how they can be met and
avoided in the future?

The guideline VDI 2230 contains answers to many of the challenges, but not in a straight
forward and clear way. It is a detailed and thorough guideline, and it can be challenging to catch
the fundamental principles and verification concepts. The second part of the guideline cover
FEA aspects in general, but it does not provide a simple and easy to use workflow defining how
a combined analysis should be performed. For a user with little experience with VDI 2230 to
reach the required level of knowledge to perform such an assessment would be time consuming
and require high efforts.

To lower the threshold for combining VDI 2230 with FE-analysis, making it simple to apply
and to achieve high quality in the analysis, the following support material is suggested:

Analysis Approach - The typical difference in traditional analytic VDI 2230 approach and
FEA based analysis should be emphasized and made clear.

Simplified Workflow - This should provide a structured approach to bolt analysis, and include
all the basic elements like selection of preload, setup of FEA and BCs, how analytic calculations
and FEA results should be combined, and descriptions of verification strategies. To simplify
the calculations, a Mathcad template that matches the workflow steps should be prepared.

Guide - This should be related to the suggested workflow steps, and provide detail descriptions,
know how, best practices, discuss aspects of validity, and provide relevant references.

Examples of Application - For some cases, the simplified workflow and calculations should
be demonstrated so they can serve as examples of how FEA can be used in analysis of bolted
joints.
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Seminar - A seminar could be prepared to educate relevant personnel about use of FEA in
analysis of bolted joints. It should provide a thorough introduction to VDI 2230 and the
simplified workflow.

Studies of Prying - Studies should be performed to understand how it is related to additional
bolt loads and joint opening, and how it affected by the preload level. How it can be identified
and avoided should also be made clear.

The combination of the above suggested support material are believed to help the readers to
avoid the challenges in the He-vessel bolt analysis, and that the wish for having the material
presented in a format so can benefit the engineering department at CERN is achieved in a
good way.

The prying studies are presented in Ch. 4, and the workflow and associated support material
are presented in Ch. 5.
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4 INVESTIGATIONS INTO PRYING

The scope of this chapter is to investigate “Prying”. To describe what it is, why and when it is
relevant, how it can be encountered, and aspects related to FE-analysis. This includes a brief
investigation to assess the impact of preload on prying. The focus is not to dive too much into
equations, but to describe the basics and draw some practical conclusions.

The main source of information about prying is the chapter: Behavior of the Joint Loaded in
Tension from a book by John H. Bickford [16].

4.1 WHAT IS PRYING?
Pying is from the verb “pry”, and is defined (Oxford Advanced American Dictionary):
“to use force to separate something from something else”

Prying is a non-linear effect on the bolt load that is important to understand to perform proper
design and verification of BJs. It is an effect that comes into play when the workload is applied
eccentric from the bolt center axis, and not concentric. Then, a moment is introduced in the
joint, and under the right conditions an additional reaction force is generated in the clamping
interface. To maintain moment equilibrium in the joint, the bolt has to withstand the additional
prying load, as seen in Figure 26 (A). It can also be seen that a deformation angle is imposed
on the bolt head. In Figure 26 (B), the clamped plate is very stiff and can be assumed to be
rigid. This nearly removes the prying load, and the eccentric workload is in practice applied as
a concentric load on the bolt.

Prying affect the bolt stress in two significant ways:
1) By an additional axial prying load due to the lever arm principle and moment

equilibrium.
2) By imposing an angle deformation on the bolt head, introducing bending moment in the
bolt.
Lx
Lx
]
[‘.
e .
Vs
B\
(A) (B)

Figure 26: Prying action in a flexible and a rigid joint [16]
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Factors that affect prying is the stiffness of the clamped plates from both material and geometry,
the distance of eccentricity for the applied workload, and magnitude of the preload relative to

the workload.

Description

For a standard joint with concentric work load, the
additional bolt load is defined by Eq. (8). This is a linear
equation, and the additional bolt load increase linearly with
the applied workload. This graph can be recognized in
Figure 28 as curve a). This curve continue until the
compressed clamping solid is relieved, joint opening
occur, and the residual clamping force in the interface
(Fxr) becomes zero. For such joints, that will happen at a
critical workload. When that happens, the bolt has to carry
all the workload and bolt failure is likely to occur.

For a joint where the load is applied as an eccentric

workload, the development is slightly different. At a Figure 27: Pressure distribution in
critical workload, partial joint opening will start to occur the clamping interface

at one side of the clamping interface, as seen in Figure 27. When that happens, the compressed
clamping solid is partially relieved, and the bolt has to carry an increasing amount of the bolt
workload. This development in additional bolt load versus working load can be recognized in
Figure 28, from point b) to point e). The curve c) is the bolt load when the clamping solid is

completely relieved, and the full prying load is effective.
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Figure 28: Additional bolt load development for an opening joint [Pt.1 - Figure D1]
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There is limited treatment of prying in VDI 2230 [17]. The effect on the clamped parts resilience
from eccentric load-application and clamping are to some degree considered by modified
resilience and load factors, like: ®3,,. In [Pt.1-Annex D], analytic methods are suggested for
how the additional prying load due to joint opening can be estimated. These methods are not
practical to apply and rely on analytic assumptions and calculation quantities with large
uncertainties. For the analytic VDI 2230 approach to be valid, it has to be assumed that the joint
IS not going to open.

Prying and FEA

Some of the advantages with FE-analysis is that the actual geometry and compliance, preload,
and clamping pressure are represented. This makes it possible to avoid the analytic limitations
and assess the presence and effect of prying in the joint with good accuracy.

There are two main stages: before and after joint opening. With FEA, the bolt load can be
plotted as the workload increase. In Figure 29, the bolt load in a joint is plotted for five different
levels of preload. The dotted line is the bolt workload as a function of the global workload. In
Stage 1, before joint opening, the load development is linear and predictable. In Stage 2, partial
joint opening is occurring, and the bolt load increases rapidly. When designing a bolted joint,
the goal is to stay in Stage 1. Graphs like the ones below can be used to identify the required
level of preload to stay in Stage 1 for a given workload.

@
140 Stage 1 Stage 2
Before Joint opening Joint partially open
120 \ J
100
Z
= 80 =
o] _,—’
© -
o) -
— -
=260 0 g _L--T
o Lol o eLe—0 _ e | W _.--"
o0 -
40 g—o—o—o<—% __---7
20
0
0 10 20 30 40 50 60 70 80 90
Pressure (Workload) [MPa]
—@— 142.4 kN 116 kN 89 kN —@— 70 kN 50 kN —@—39.7kN ===== 0 kN

Figure 29: Bolt load before and after joint opening for five levels of preload
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4.2 WHY AND WHEN IS IT RELEVANT?

In a large organization like CERN where there is a lot of custom design, soft materials like
Titanium are used, many of the BJs are exposed complex loads, vacuum and temperatures as
low as 2K, and proper function is critical - it is important to have control of the joint
performance and bolt loading to provide a safe design.

By using analytic calculation approaches, the bolt loads can easily be underestimated due to the
limitations of these methods. Distributed pressures and strains are challenging to account for
by analytic methods. Thus, prying might not be identified and properly accounted for. This is
especially the case for complex geometries, complex pressure states, and large clamping
interfaces. In such cases, joint opening and prying loads can be difficult to predict.

If prying loads are present in the design, small changes in global workload can result in large
changes in the bolt load. So, if there is uncertainty in the global workload, that can have large
consequences for the bolt load. With dynamic loads, this can give large stress amplitudes and
related fatigue challenges.

4.3 HOW SHOULD IT BE ENCOUNTERED?

In general, prying should be avoided. That can be done by
verifying that prying is not present in the joint. Methods to
assess if joint opening and prying are present, are presented
in 5.4.11. If prying is present, two things can be done. The a ™
first is to account for it in the stress verifications, making

sure the joint will handle the additional loads. The second 5
is to modify the joint design or preload level to avoid 4

prying.
To account for prying loads, a FEA based assessment of the

joint must be performed. Prying loads are then included in
the bolt load, and the verification can be performed based

on realistic loads. L%J
To avoid prying and joint opening by design, the stiffness |
in the joint should be high enough that it will behave in a
LX

rigid manner. That can be achieved by using design

guidelines, or design by analysis methods using FEA. _
. . . Figure 30: Important parameters
With reference to Figure 30, the effect of prying can be for joint stiffness [16]

minimized by increasing the thickness t and distance a, and

reducing distance b. The elastic modulus of the clamped parts also affect the resilience of the
joint as seen in Eq.(4), and the load on the bolt through the load factor as Eq.(7) show. Thus,
clamped plates of soft materials such as Titanium or Aluminum require stiffer geometry to
behave in a rigid manner.
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4.4 FEA-STUDY OF PRELOAD INFLUENCE ON PRYING

4.4.1 Scope

By performing some experimental FE-simulations, the scope is to exemplify and investigate
the influence of preload on prying. To goal is to acquire information about how prying can be
identified, and how to assess if the level of preload is sufficient to avoid prying.

4.4.2 Setup and Boundary Conditions

The simulation geometry, FEA model, and analytic calculations

. . . [l Pressure: 100. MPa
according to VDI 2230 are presented in Appendix C. The most oy
relevant details for this investigation is repeated here. B cnron

The single bolted joint in Figure 31 is extracted from a MBJ Blind
Flange, and has a Class Il representation of a M16 bolt. The bolt
diameter is uniform and based on the thread minor diameter
(d3=13.55mm). The bolt and clamped parts material are Steel.

Frictionless contacts are applied to the side surfaces to represent
symmetric boundary conditions. Friction has been applied in the
clamping interface, with a friction coefficient of u; = 0.15.

The internal pressure is applied on the Top Cap internal surfaces,

and are in the range of 0-100 MPa. This results in a maximum Figure 31: Geometry used
axial work load (Famax) 0N each bolt of 88.5kN. The load is applied in Prying analysis

in 20 sub-steps of 5 MPa (4.42kN), which gives a good resolution

on the graphs.

4.4.3 Results and Analysis

Below, different diagrams display results that illustrate the impact of preload on the bolt load
as the global workload increase. The “OkN” graphs are when no preload is applied and is the
workload acting on the bolt. Since there is contact in the clamping interface, prying loads are
represented.

The preload levels used in the simulations are based on analytic calculation quantities.
According to the VDI 2230 calculations for this case (Appendix C-2), the resulting allowed
assembly preload for the internal pressure of 22MPa is Fy;,,,; = 142.4kN. This is included in
the diagrams as a red cross. Taking the tightening uncertainty into consideration, the minimum
applied preload is 89kN. Considering all preload losses, the preload will be a bit lower than
this, Fymin = 63kN. The required preload to avoid joint opening is calculated to be Fy,,r =
39,7 kN, again for the internal pressure of 22MPa.

Maximum Bolt Load

The first plot (Figure 32) show the development in maximum bolt load as the global workload
increase. The global workload (pressure) translates into the bolt workload, given by the blue
dotted line. The initial preload levels are easy to identify from the starting points of the curves.
For low workloads, all curves rise with a low and constant slope. At about 20-25 MPa, the
lowest preloaded bolt experiences an increase in the bolt load. As the workload continue to
increase, this happen to all bolts. Towards the maximum global workload, the load curves
appear to become parallel with the bolt workload.
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Preload Influence on Prying: Bolt load
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Figure 32: Maximum bolt loads for various preload levels

Additional Bolt Load

To better compare the load developments, Figure 33 plot the additional bolt loads as the global
workload increase. The additional bolt load is obtained by subtracting the preload from the
maximum bolt load (Fs4 = Fsmax — Fv)-

Preteload Influence on Prying: Additional Bolt Load
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Figure 33: Additional bolt load for various preload levels
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Comparing the additional bolt loads, they all coincide and increase in a linear manner up to a
global workload of about 20 MPa. Then, the lowest preloaded bolt experiences a rapid increase
in the bolt load. This increase is the effect of prying. As the global workload increase, prying
becomes present in all the bolts. The trend is clear: for low preloads, prying occurs at lower
workloads than for more highly preloaded bolts. The higher preload, the more workload can be
applied before prying occur.

For the joint preloaded to the required clamp load (39,7kN) to prevent opening at a global
workload of 22 MPa, opening appear to occur with about 20 MPa internal pressure. Thus, the
analytic estimate is quite close to the FEA results.

One interesting observation is that the radius of curvature on the graphs, before they straighten
out, increase as the preload increase. One explanation can be, based on the theory of Figure 28,
that the curved part of the graph is when the clamping solid is partially relieved. When the
preload is low, not much workload is required to relieve the clamping solid, and the radius of
curvature is small. When the preload is higher, it takes much more workload to fully relieve the
clamping solid, and the radius of curvature become large. Hence, the workload range for fully
relieving a clamping solid, and associated radius of curvature increase as the preload the joint
increase.

Joint Opening

In Figure 34, the relative displacement of the edges in the clamping interface are plotted
(described in 5.4.11), and show the joint opening as edge separation in millimeters. The joint
complies with the limit criteria G, so the clamping solid reaches the edge of the clamping
interface. Thus, edge separation is expected to be related to partial relief of the clamping solid
and the presence of prying loads.

Preload Influence on Prying: Joint Opening
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Figure 34: Joint opening for various preload levels
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Comparing the joint opening and additional bolt load graphs, the resemblance is striking. The
joints with low preload open at lower global workloads than the more highly preloaded joints.

There is also a good correlation between the global workload where joint opening is occurring,
and where prying load becomes present. Before joint opening, the bolt loads are low and behave
in a linear manner. When the joint opens, prying loads significantly increase the bolt load.

For the lowest preload simulation (39,7kN), prying occurs at about 20 MPa global workload.
This corresponds well with when joint opening start to become significant. It also corresponds
well with the analytic calculations that predicted this level of preload as the required clamp load
to prevent joint opening at an internal pressure of 22 MPa.

One outcome of the correlation between joint opening and prying, is that joint opening can be
used to predict prying. If the limit criteria G is fulfilled and there is joint opening, there is
probably prying. On the other hand, if there is no opening, there is no prying. This knowledge
can be useful when performing verifications of joint performance, assessing if prying is present.

4.5 DISCUSSION

4.5.1 Validity of Simulations

The validity of the joint opening data depends on the mesh refinement in the bolt, clamping
interface, and clamping solid volume. The refinement is believed to be sufficient in this case,
but no sensitivity studies are performed. However, the refinement is the same for all
simulations, so the data should be qualitatively valid.

The interface edge separation displacements are an average of the total curve length, which can
introduce some inaccuracies. A more detailed assessment of the clamping pressure in the
interface could support the joint opening estimate and give a better understanding of the degree
of opening in the clamping interface.

The global workload (pressure) used in the preload simulations are higher than what is realistic.
The thread capacity and clamped parts stress level for the different materials would be limiting
factors. For tapped Aluminum threads, the thread-strip limit is 87.6kN. However, using this
large global workload, the trends and prying mechanisms are demonstrated in a good way.

The correlation between joint opening and prying are expected to be related to the limit criteria
G. If a joint does not comply with this limit criteria, joint opening does not have to imply that
prying is present. Further assessments would then have to be made to identify if prying is
present. However, it can be stated that if joint opening does not occur, prying is not present.

45.2 Preload lterations

Looking back at the preload iterations in 3.3.5 and Figure 25 with the knowledge of prying from
this chapter in mind, it is clear that for the lowest levels of preload, prying was present and were
the reason for the high additional workloads. For the higher preloads, the additional workload
was relatively small and did not change much as the preload changed. For these preloads, it can
be assumed that no prying was present. Thus, prying is the source of the behavior described for
the preload iterations.

The preload iterations illustrate in a good way that the preload level can affect the presence of
prying.
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4.5.3 Appropriate Level of Preload

To assess if the level of preload in a joint is sufficient to avoid prying, the bolt load curve for
the minimum probable preload level can be analyzed. The minimum preload is when preload
losses and tightening uncertainty are subtracted from the allowed assembly preload, as Eq. (28)
show. The bolt load curve should demonstrate linear behavior within the relevant global
workload range.

In Figure 35 for a global workload of 40 MPa, the green the area shows acceptable preload
levels where the bolt load is linear. For lower preloads, in the red area, non-linear behavior can
be observed within the relevant workload range, which is not desirable.
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Figure 35: Strategy to assess preload level and presence of prying

4.5.4 VDI 2230 Approach

The VDI 2230 strategy is to avoid joint opening, and to apply a preload that utilize most of the
bolt capacity. What has been presented in this chapter supports this to be a reasonable strategy.
By avoiding joint opening, prying challenges are avoided. By utilizing most of the bolt capacity
(90%) with the allowed assembly preload, the resulting minimum preload will be as high as
possible for that joint. That gives a higher acceptance for unforeseen preload losses, and a larger
safety against joint opening and prying if the joint is exposed to higher workloads than expected.

However, it is not economic to oversize the bolts if there is a large number of bolts. So, if the
safety against opening is much larger than what it has to be, a smaller bolt size can be tested. It
is possible to identify the minimum clamp load at the joint opening limit (Fx4) for a given
workload with FEA. This can serve as a reference to establish a safety factor against joint
opening, or to guide selection of a suitable bolt diameter. This does however require some
additional efforts and well planned FEA setup, because prying loads can easily corrupt the
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identification of preload level in the simulation. In-stead of identifying the exact clamp load at
the joint opening limit, it might be simpler and more time efficient to just test a smaller bolt
size and perform a verification simulation with it.

But it must be remembered that bolt assessment is no exact science, and there are many
uncertainties and sources of error that are challenging to fully account for. Thus, in some cases
it might be better to oversize slightly, than trying to be precise and have the risk of too small
margins.

4.6 SUMMARY

In this chapter, important knowledge about prying and the influence of preload are presented.
What prying is, why and when it is relevant, and how it can be encountered are answered, before
a brief study show how preload affect joint opening and prying loads.

Prying introduces higher loads on the bolt that what might be expected from analytic
calculations. This can have unfortunate consequences, and in general prying should be avoided.
The possibility to represent joint opening and prying loads has come forth as a large advantage
of using FEA over analytic methods.

The main findings of the study are:

e When joint opening occurs (within limit G), the clamping solid is relived, and prying
loads become present in the bolt.

e Joint opening and prying are highly dependent on the level of preload. If the preload is
high, the joint will accept a high workload before the joint open and prying loads arise.

e If there is no joint opening, there is no prying. This can be used in FEA verification of
joint performance.

Based on the findings, verification that no prying is present for the minimum preload should be
included in the FEA workflow. A good first approach is to check if the joint remains closed, as
it can rule out any prying loads. If joint opening in present, it must be verified that no non-
linearities are present for the relevant workload range.

If prying is present, actions can be made to avoid it by increasing the preload or making the
joint geometry more stiff. Alternatively, the prying loads can be accounted for in the stress
calculations.
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5 FEA AIDED ASSESSMENT OF BOLTED JOINTS

This chapter provides a complete analysis framework for bolted joints, and detail how FEA and
the analytic guideline VDI 2230 can be combined in a simple way to perform high quality
assessment of bolted joints. That is done through first comparing analytic and FEA based
approaches, and presenting a basic workflow in 13 steps which describe the interaction between
analytic calculations, CAD modelling, and FEA analysis. A calculation template to aid the
analysis is introduced, and how to handle non-critical joints are described. A Guide then provide
further details that are relevant for each of the steps. Some further verifications are presented,
before two case examples demonstrates the basic workflow. In the end, a seminar that is
prepared to educate about assessment of bolted joints and the simplified workflow are included.

5.1 ANALYSIS APPROACH

The analytic VDI 2230 approach are described in Ch. 2.3. Two approaches for combining FEA
and VDI 2230 are listed in Table 9. Strategies to identify parameters for the Analytic FEA
approach are described in VDI 2230 Pt. 2.

To best utilize the strengths of FEA and the possibilities in the FEA software, a Semi Analytic
FEA approach is most beneficial. It is by using this approach that the limitations of the analytic
approach can be omitted, and the efficiency and quality reward of using FEA can be fully
achieved.

Table 9: Two approaches for combining FEA and VDI 2230

Analytic FEA The analytic procedure is used, and FEA assist identification of
calculation parameters. E.g., Distance of load eccentricity,

(A-FEA) resilience, load introduction factor,...

The analysis structure is altered to optimize the workflow. Some
Semi Analytic FEA simulation input parameters defined by analytic calculations. FEA
is performed with representative geometry and bolts. Verifications
(SA-FEA) are performed in FEA software or by analytic calculations using
extracted loads.

Figure 36 compares the analytic and SA-FEA approaches. It can be seen that the major
differences are in step 4 to 6. In the analytic procedure, Step 4 includes many time-consuming
calculations. The outcome is a minimum required assembly preload, that ensure that the
clamping requirements are fulfilled. Then, in Step 5 the min/max required preloads are
calculated. The allowed assembly preload must be higher than the max required preload. In this
way, the clamping requirements are verified. In Step 6, further verifications are performed
before tightening torque is calculated and the joint is approved or not. If the calculations at any
time shows that the safety margins are too small, the bolt diameter or strength has to be
increased. This may affect some of the calculations in Step 4-6, which then will have to be re-
done. This can be quite time consuming.

In the SE-FEA approach, the max/min assembly preloads are calculated based on the estimated
bolt diameter and are used as input for the FE-analysis. Resilience, load introduction factor and
other analytic quantities are represented in the FE-model. For the max preload simulation, the
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Figure 36: Comparison of Analytic and Semi Analytic FEA workflows
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bolt working stress is verified. For the minimum preload simulation, the clamping requirements
are verified. If any changes are required, the simulations must be updated and re-run.

5.1.1 Advantages of Semi Analytic FEA approach

By optimizing and streamlining the interaction between FEA and VDI 2230, an efficiency
reward can be gained. It also gives confidence that the analysis is performed correctly, avoiding
making simple mistakes. By keeping the workflow basic and simple, the threshold for using it
is also lowered.

In general, by using FEA many of the limitations of the analytic procedure is avoided.
Representation of the bolt and clamped parts resilience and load introduction factor is included.
Eccentricity in load application, and the compliance of the geometry is also represented. Load
distribution in MBJs are better than what can be obtained with analytic methods. Thus, the
quality of the analysis is increased.

5.2 Basic FEA WORKFLOW

In Table 10, a basic workflow that has been developed for combining FE-analysis and VDI
2230 are presented. It contains has the main categories: Pre-calculations and Dimensioning,
FE-analysis, and Analysis of Results. The goal has been to keep it general and easy to use, so
users with little experience in a simple way can perform high quality assessments of bolted
joints according to the VDI 2230 methodology. After the workflow is presented, the analysis
concept and calculation template are introduced.

Use of this workflow assumes good knowledge of the relevant FEA software. ANSYS
Workbench 17.2 has been used for this project, which includes some practical functionality such
as bolt preload definition and contact status control.

The assumed initial state for applying the workflow in Table 10 is specified in step SO.

Table 10: Basic FEA Workflow for analysis of bolded joints according to VDI 2230

Description

S0 | Initial state

A CAD-model of the relevant geometry is available, and according to design rules
and experience, a guess has been made about the bolt size, nhumber, and
distribution of bolts.

The analysis case and relevant details like geometry and workloads should be
described in the report.

Pre-calculations and Dimensioning

S1 | Workload

The workload can be determined by analytic calculations, or FE-analysis.
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S2 | Estimation of Nominal Bolt Diameter
The nominal bolt diameter is based on the bolt workload, and can be estimated
from VDI 2230 Pt.1 Table A7. If other bolt materials than Steel is used, a bolt with
equivalent load capacity can be used:
R
d2 > RpO.Z.BOIt_l . (dl)Z
p0.2.Bolt _2
S3 | Tightening Factor
The tightening factor is linked to the precision of the tightening method and tool
used for assembly, and can be estimated via VDI 2230 Pt. 1 Table A8.
S4 | Maximum Assembly Preload
The allowed assembly preload can be calculated from the formula below using the
proof strength of the bolt and a utilization factor. For Steel bolts, assuming a
utilization factor v =0.9 (90%), VDI 2230 Pt.1 Tables A1-A4 can be used to
quickly identify the allowed assembly preload.
Coefficients of friction can be obtained from [Pt.1-Table A5-A6] or [18, 19].
O-red.MzuI =V I:\)p0.2min
o
I:M max I:Mzul = AS ’ L >
3d p
\/1+3[2d§(ﬂ_d2 +1.155,quin)}
S5 | Minimum Assembly Preload
The minimum preload is determined from the max preload and the tightening
factor. Estimated preload losses can be included to obtain a more realistic minimum
preload.
FMzuI
Fumin = —== — (preload losses)
)
FE-Analysis
S6 | Simplify and Prepare CAD Geometry
Simplify and prepare a CAD-model that corresponds to Class II or III. The minor
thread diameter ds can be used as bolt diameter. Other diameters can be used to
manipulate the bolt resilience. For Class III, the bolt and tapped threads must have
a corresponding diameter.
S7 | Prepare and Run FE-analysis
» Create two static structural simulations for max/min assembly preloads, with
shared Engineering Data, Geometry, and FE-Model.
» Define correct material properties for the bolt and clamped parts.
» Apply BCs, Loads, Contacts, and Create Mesh
o Apply maximum workload in both simulations to get max bolt load, and
min clamping pressure.
o Apply bonded contact (Class III), or MPC connection (Class II) in the
tapped thread area. Friction should be applied in the clamping interface.
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o Mesh the bolt with HEX elements.

Note: The mesh in the clamping interface and clamping solid volume should be
refined to achieve a realistic pressure distribution and clamped parts resilience.

S8 | Extract Values from the FE-analysis

The values below can be extracted from the FE-analysis.

FMmin - Minimum Assembly Preload | FMmax- Maximum Assembly Preload

Fummin — Actual preload Fmmax — Actual preload
(Fkr — Residual clamping force) Fsmax — Maximum bolt load

Msbo — Maximum bolt moment

Analysis of Results

S9 | Verification of Work Stress (R8)
Calculate the bolt work stress based on the extracted loads and identify the safety factor.

» s, - Safety factor for exceeding yield limit

S10 | Verification of Clamping Requirements (R12)

Verify the joint clamping requirements by controlling joint opening, clamping
pressure, residual clamp load, slipping, and/or prying. FEA software specific
functionality and tools may be used. Check the guide (Ch.5.4) for further
descriptions.

S11 | Calculation of Tightening Torque (R13)

Calculate the tightening torque required to reach the allowed assembly preload
FMzul'

I\/IA = I:M.zul (OilGP + 0,58d2 Mg min T DK2.min Hg min]

S12 | Approve or Iterate

If the clamping requirements and bolt work stress has sufficient margins, the BJ is
approved.

If not, possible actions are described in the guide (Ch.5.4). Redo the procedure
from S3.

NB! In this Basic Workflow, verification aspects like: preload losses (R4), fatigue (R9),
pressure under the bolt head (R10), thread length of engagement (R11), and stress level in the
clamped parts are not treated.
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5.2.1 Analysis Concept

A graphical representation of the analysis and verification concept of the basic workflow is
provided in Figure 37. The minimum (Fy;min) @nd maximum (Fmax) assembly preloads are
displayed in the joint diagram, with associated forces and deformations. The source of two
different assembly preload levels are tightening uncertainty and preload losses. The maximum
workload (Famax) 1S applied for both preloads.

For the maximum preload, the maximum bolt load Fs,,,,,, must stay below the minimum bolt
proof load Fy »min. The gap between them determines the bolt safety margin.

For the minimum preload, the minimum residual clamping load Fyzmin must remain higher
than the clamping requirement Fy.,.r. This gap determines the clamping safety margin.

In short, the extreme cases with the worst combination of possible assembly preload and applied
workload are analyzed. When the bolted joint provides sufficient safety margin for the extreme
cases, the bolted joint will according to the analysis and associated assumptions be considered
to be approved.

4 Bolt load [N]

FMmax

FMmin

3
>

Displacement [mm]

Figure 37: Joint diagram with the analysis concept of the basic workflow analysis.

5.2.2 Calculation Template

In Appendix A, a calculation template that matches the Basic Workflow is attached. The file
has been prepared in PTC Mathcad Prime V4.0, a common software for engineering
calculations, and is attached in digital and printed format. The intension is that the template can
be used as a basis, and adapted to the calculation case in question by the user. Use of the
template can improve the efficiency of the analysis, and give significant time savings.

The template matches the steps in the Basic Workflow. Input parameters are highlighted in blue
(Figure 38), and are used to calculate required calculation quantities and outputs according to
VDI 2230. Some of these are used in setup of the FE-analysis, and in verification of bolt stress
and clamping. The template allows for simple modification of the basic parameters, like if the
bolt size or strength is changed, automatically updating all calculation quantities and output
parameters.
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Bolt data parameters

Nominal diameter: d ::ﬂ mm Friction coefficient in the threads: Hcmm’:ﬂ Notel

1t is the minimum coefficients of

Pitch: P::U mm Friction in head bearing area: Eikmin ::[] friction that should be applied.

Effective bolt head diameter: dyy =[] mm Yield strength of the bolt: Ry omin=|] MPa

Diameter of clearence hole: dy ez =[] MM Thread length: l:=[| mm

Diameter of outgassing hole: d, ::[] mm

H=10.86603F h=061343F H=054127P R=H¢
Calculated parameters i #‘\ s
313 3 Hiz Nut o
Pitch diameter: d, ::@7_8\'5 P=?mm H=$-P a ¥ H, \ 6}/ b,
HP X A
- Bolt
Minor diameter of the bolt: d, ;:@7}3 ( ! '_)4\‘/5,} =?mm 1 ( 4 4 A%?E/ [
- DD, D, 13 4 dd

Figure 38: Extract of step S2 from the Basic Workflow calculation template in Appendix A

An advantage of using Mathcad templates is the possibility to have simple programming loops,
as displayed in Figure 39. The left is used to calculate a parameter that is determined differently
for different values of the input parameter. The right one is a verification loop that simplifies
criteria checking in the calculations.

03;:" if Rg<0.43 g p=627.73 MPa < Ry 3min =820 MPa
| o1
| if 0.43<Rs<1 Cuz1 Work_Stress=||if o4 5 ‘:Rw.zn-&a Work_Stress=*0k"
HC3 «—0.728+1.769 Rs—2.896 R,* +1.296 R’ ||mmm “Ok”
i Ro> 1 S “Not OK” B )
. Ttp0dmin
I HC}HO.BQ? I B — =1.31

Ored B

Figure 39: Two examples of programming in bolt assessment calculations

5.3 NON-CRITICAL JOINTS

Joints under static conditions, with no working loads and no need for a specific preload may be
defined as non-critical joints. The only requirements might be that they should not come loose,
and not break during tightening. Such joints may be used to fix components, covers,
thermalisation points, sensors, or similar.

There is no need for detailed analysis of such joints. However, there are some factors that can
affect the tightening torque, like bolt strength and coefficients of friction. To aid the calculation
of tightening torque for specific non-critical bolts, a Mathcad calculation template has been
prepared in Appendix B.

The input parameters are the proof stress of the bolt, and the coefficient of friction in the threads
and under the bolt head. The output values are listed in a table, as seen in Figure 40, with
tightening torques and associated preloads for bolt range M3-M12. These values are provided
for 30%, 50%, 75%, 90% and 100% utilisation of the bolt proof stress.

Two standards provide data about the minimum breaking torque for Steel [20] and Stainless
Steel [21] bolts. These values can be used as reference values for the maximum tightening
torques.
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Tightening Torques M3-M12 Bolts

Basic parameters

Friction in threads: 0,2

Friction in head bearing: 0,2

0.2% proof stress: 640 MPa

Tightening Torques & Corresponding Assembly Preloads - Standard Bolts

Utilization of Bolt Capacity
Stress section 100 % 90 % 75% 50 % 30%

Bolt mmA2 Nm kN Nm kN Nm kN Nm kN Nm kN
M3 5,0 2,0 2,5 1,8 2,3 15 19 1,0 1,3 0,6 0,8
M4 8,8 4,5 44 4,1 3,9 3.4 3,3 2,3 2,2 14 13
M5 14,2 9,0 7,1 8,1 6,4 6,7 53 4,5 3,6 2,7 2,1
M6 20,1 15,6 10,1 14,0 9,1 11,7 7.6 7.8 50 4,7 3,0
M3 36,6 37,9 18,4 34,2 16,6 28,5 13,8 19,0 9,2 114 5,5
M10 58,0 75,1 29,3 67,6 26,4 56,3 22,0 37,6 14,7 22,5 8,8
M12 84,3 129,9 42,7 116,9 38,5 97,4 32,1 64,9 21,4 39,0 12,8

Figure 40: Table with tightening torques and associated preloads for M3-M12 bolts

In case of a TTJ joints, it is important to verify that the tapped threads length of engagement is
sufficient. Check 5.5.4 for further details.

Coefficients of Friction

Typical coefficients of friction can be found in [Pt.1-Table A5]. The CERN MME Mechanical
Lab has test facilities for identifying coefficients of friction for specific combinations of bolt,
clamped parts, and lubrications. For Steel bolts and a range of standard coefficients of friction,
tightening torques and associated preloads can be found in [Pt.1-Table A1-A4] for 90%
utilisation of the bolt capacity.

Note that there is a risk associated with using wrong coefficients of friction. Factors such as
oxidation and flattening of involved surfaces can influence the friction coefficient, so it deviates
from the expected value. If the coefficient of friction is large, small changes can have large
effects on the achieved preload. If the friction is higher than assumed, the resulting preload will
be lower than expected. If the friction is lower than assumed, the preload will be higher than
expected. If the last happens, the bolt might break due to the increased axial load.

Thus, if there is uncertainty associated with the friction, it is better to use the minimum
coefficients of friction in the threads and under the bolt head when calculating the tightening
torque.

One strategy can be to use lubrication to ensure low friction, which also give minimal
consequences if there is uncertainty in the friction. That is not a possible at CERN, since
lubrication is not acceptable in many cryogenic applications. One possibility however is to use
silver coating, and perform mechanical measurements of the resulting coefficient of friction.

Bolt Loosening

Preload losses can occur from surface flattening in the threads and under the bolt head. This
can lead to significant preload losses if the clamping length is small (stiff bolt). According to
VDI 2230, the clamping length is recommended to be according to (21) for the joint to provide
proper safety against bolt loosening. In the case of vibrations, retraining elements [Pt.1-Table
Al4] can be used to reduce the risk of loosening.

 /d>(3..5) (1)

50



Application of FEA in Design and Verification of Bolted Joints According to VDI 2230

5.4 GUIDE FOR BAsic FEA WORKFLOW

This Guide contains supplementary details for the Basic FEA Workflow in Ch. 5.2, and is
intended to assist in performing FEA analysis of bolted joints. It provides descriptions of
calculations, verifications, and useful references. However, it is not an all-inclusive self-
standing guide and it is assumed that VDI 2230 is available to the user, and that the user has
good knowledge about the relevant FEA software.

It is important to be aware that even though analytic limitations are avoided by using FEA, there
are some aspects of validity with FE-analysis that is important to aware of. Therefore, aspects
of validity are discussed where relevant. In the end of the section, the importance of testing is
underlined.

[Pt.1-Table A9] provides useful information about properties for common materials, and useful
dimensions for Hexagon Head Bolts [22], Hexagon Socked Head Cap Screws [23], and
clearance holes [24] can be found in relevant references.

5.4.1 SO0: Initial State

It is assumed that there is a CAD-model of the relevant geometry available, designed according
to basic rules and experience. A preliminary guess of the bolt size, number of bolts, and
distribution of bolts must be made. Two approaches are:

1) Unknown bolt size - To perform an initial guess about bolt size, spacing and number
of bolts, iterations of the steps S1 and S2 can be performed.

2) Bolt size is known - Step S1 and S2 can be skipped. However, it might still be
interesting to carry out the steps S1 and S2 to compare the estimated bolt diameter to
the actual bolt diameter. This can serve as a first indication of the suitability of the bolt
selected.

The analysis case and relevant details like geometry and workloads should be described in the
report.
5.4.2 S1: Workload

To estimate the nominal bolt diameter, the maximum workload on the bolt must be known. For
MBJs, there are different strategies for load determination. Table 11 list four strategies that can
be used to identify bolt workloads. The analytic methods of Rigid Body Mechanics and
Elastomechanics for determination of workload in MBJs are described in [Pt. 2-Ch.6].

Table 11: Strategies for determination of bolt workloads

Strategy Description +/-
Assuming rigid bodies and Can in some cases
uniform distribution, or that the | underestimate the bolt
transverse load is proportional workload

WL 1 | Analytic to the distance from the centre,

May not be applicable for

the workload can be identified .
complex geometries and loads

by simple analytic force and

moment equilibrium calculations

51



MSc Thesis 2018

Using bonded contact in the The assumption of uniform
interface, the reaction forces in distribution may not be
the interface can be extracted completely valid, but with
WL 2 | Class I i ] )
and by assuming uniform complex loads and geometries
distribution, divided on the it can give a good first
relevant bolts estimate
By applying spot-welds in the The actual load distribution
bolt locations, relative load may not be perfectly accurate,
distribution is represented, and but more accurate than
WL 3 | Spot-welds | the most highly loaded bolt can | assuming uniform distribution.
be identified . .
Asymmetric geometric
conditions and prying can be
represented with this approach
By performing a Class II Same as for WL 3
simulation using beams without . -
Since slipping can occur, and
preload and with frictionless .
Class II. no the beams have a certain
WL 4 ’ contact, similar to WL 3, the s T
preload _ resilience, the load distribution
most highly loaded bolt can be can be affected
identified
Rigid beams may be used

Maximum Workload

A joint is designed to withstand axial (F,) and/or transverse (F,) loads. If both are present, VDI
2230 suggests to use the dominant load according to Eqg. (22) when estimating the nominal
diameter. The maximum global workload, and most unfortunate combination of loads must be
applied to the structure to obtain the maximum bolt workload. A safety factor can be applied to
the global workload to account for uncertainties. This can be determined by codes and
standards, or company practice and experience.

I:Qmax j

/uTmin

Famax IS the maximum axial bolt workload, Fomax is the maximum transverse load, and pitmin IS
the minimum friction in the interface.

(22)

Amax?

max[F

As a result of designing the joint for the dominant load, it will also have a certain resistance for
the other load component. Thus, if designed for an axial load, the clamping will provide a
certain friction grip to resist transverse loads, and opposite. Verifications are made in step S10
to ensure that sufficient clamping pressure is present for the worst combination of loads.

Concentric or Eccentric Workload

If it is known that prying loads are included in the bolt workload, the joint can be said to be
concentric instead of eccentric in step B2 when estimating bolt diameter. In this way, the
eccentric or prying conditions will not be accounted for twice and result in overestimating the
bolt size.
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Unit Load Approach

The standard way to identify the bolt workload is to apply the full global workload, and obtain
the working loads according to the strategies listed in Table 11. In some cases however, for
simple MBJs without prying effects, a unit load can be applied as global workload. Then the
percentage distribution of the unit load to the bolts becomes clear in a simple way, and can be
used to estimate bolt loads for other global workloads.

However, this assumes a linear relation between global load and bolt load development. As
seen with prying, that might not always be the case, and this approach does not capture non-
linear bolt load development.

Validity of Workload

When identifying the workload, no preload is present and friction grip in the clamping interface
is not represented. If the bolt representation is not rigid, the bolts have a certain resilience. These
two factors affect the global compliance of the assembly, and can affect the load distribution.

Because of this, it can be expected that the bolt workloads and global load distribution will be
different when preload, and friction in the clamping interface is present. This illustrates the
importance of the verification steps S9 and S10.

5.4.3 S2: Estimation of Nominal Bolt Diameter [Pt.1 — RO]

[Pt.1-Table A7] provides a practical guide to perform a qualified guess to estimate the nominal
bolt diameter, based on the bolt workload. The workload is scaled in discrete steps based on
many different factors, such as loading mode, eccentric or concentric conditions for loading or
clamping, and tightening method. Then a nominal diameter is suggested for different strength
grades of Steel bolts.

Using this table, there is a higher chance of choosing the correct nominal diameter the first time.
However, there are large uncertainties in the estimate, so it is important to verify the bolt
performance.

Note that if the bolt workload already includes prying loads, concentric can be chosen instead
of eccentric in step B2,

Non-Steel bolts

For different reasons, bolts of other materials than Steel may be used. That might be to have
improved corrosion properties, match thermal contraction properties of the clamped plates, or
to improve the joint by having a more resilient (soft) bolt.

The most simple approach is to convert the nominal diameter for the Steel bolt resulting from
the above selection guide, to a bolt size of the new material having an equivalent proof load
capacity. The diameter of the non-steel bolt is calculated according to Eq. (26).

The bolt proof load is defined in (23). It can then be stated that the proof strength of the two
bolts should be the same, as (24) show.

T
Fp0.2 = RpO.Z A& Rp0.2 ’Zdz (23)
FpO.Z.BoIt_l = FpO.Z.BoIt_Z (24)
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Based on (23) and (24), the following relation can be made:

T T
RpO.Z.BoII_l ’ Z ’ (dl)z = RpO.Z.BoIt_Z Z

(dy)’ (25)

Thus, the diameter of an equivalent bolt diameter can be calculated:

R
d2 Z\/ p0.2.Bolt _1 '(d1)2 (26)

RpO.Z.BoIt_Z

Elongation Before Fracture

When selecting bolt strength, it is important to be aware of the ductility and elongation before
fracture properties of the bolt. The stronger and harder the bolt is, the less elongation is accepted
before the bolt fracture, as Figure 41 show.

For a high strength bolt where a lot of the strength is utilized, little yielding is allowed and
overloading can easily lead to fracture of the bolt and joint failure. Because of this, high grade
bolts should be used with care.

w
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ﬁ S Low Ductility,
/ )
Low Toughness
f
."I —
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\
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High Ductility,

Hi_gh Toughness

TR e e
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T Low Toughness
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Figure 41: Typical stress-strain curves for various material strengths

5.4.4 S3: Tightening Factor [Pt.1 — R1]

The tightening factor is based on the tightening uncertainty associated with different tightening
methods. Factors affecting the uncertainty is friction, accuracy in measurement and reading,
and the resilience of the joint.

A thorough guide to tightening methods and uncertainties are provided in [Pt.1-Table AS8].
Some typical values are listed in Table 12.
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Table 12: Typical tightening factor ranges for typical tightening methods

ay Method
1.0 Yield controlled tightening

1.1 -1.2 | Elongation control or ultrasound monitoring

Rotation angle controlled tightening

12-14 Hydraulic frictionless tightening

1.4—-2.5 | Torque controlled tightening

2.5-4 Impact wrench, impulse driver, by hand

To reduce the tightening uncertainty and achieve a higher minimum assembly preload for a
given bolt, a more precise tightening method should be used. By using tightening angle, the
effect of friction is neglected, which is a large source of uncertainty. The uncertainty can also
be reduced by having a more resilient bolt by material selection, cross section, or larger
clamping length

Another source of tightening uncertainty to be aware of that is not treated in VDI 2230, is the
impact of tightening sequence for MBJs. If tightening is not performed according to
recommendations [25], single bolts can experience large preload losses that is challenging to
predict.

5.4.5 S4: Maximum Assembly Preload [Pt.1 — R7]
The allowed assembly preload (Fy,,,;) for a given bolt is calculated according to Eq. (27). The
maximum axial and torsional stress during assembly are used in the equation to identify the

allowed preload. The allowed bolt stress (6yeq mzui) 1S based on the minimum bolt proof
strength (Rp0.2min), and a utilization factor (v). It can be noted that the proof strength of the

bolt may be typically 85-95% of the yield strength.

Gred.MzuI =v: Rp0.2min

A, - O red.Maul (27)
\/1+ 3[%(% +1.15545,,. )T

For Steel bolts and a utilisation factor of 0.9 (90%), the tables [Pt.1-Table A1-A4] has listed
allowed assembly preloads for a range of bolts and standard coefficients of friction. Coefficients
of friction can be obtained from [Pt.1-Table A5-A6] or [18, 19].

Note the remarks about coefficient of friction provided on page 50.

(R7/2) FM max = I:Mzul =

Utilization Factor

For critical joints, a high utilisation factor is generally recommended. VDI 2230 suggest using
v = 0.9. That is because a high utilisation and high preload gives a higher acceptance of preload
losses, better resistance against bolt loosening, and reduces the risk of joint opening and
unpredictable prying loads.

Having a high utilisation factor may be counter intuitive, as it is based on having a high stress
level in the bolt, giving a lower bolt stress safety factor. However, due to the reasons above, the
overall safety is higher with high utilisation.
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Table 13: Bolt properties according for Steel and Stainless-Steel bolts [21, 26]

Steel Group Steel Stainless Steel (Austenitic)
Steel grade Al, A2 | A3, A4 A5
Property class 8.8 10.9 12.9 50 70 80

Tensile strength R., [MPa] 800 1000 1200 500 700 800

Stress at 0,2%
permanent strain

Rpo., [MPa] 640 940 1080 210 450 600

E'Onga“on at A 2% | 9% | 8% | 06d | 04d | 03d
racture
Shear ratio /R, 065 | 062 | 060 | 080 | 072 | o068

5.4.6 S5: Minimum Assembly Preload

The minimum assembly preload is the lowest probable preload, and is determined from the
maximum assembly preload as Eq.(28) show. The two preload levels are illustrated in Figure
37. If preload losses are estimated (5.5.2), they can be included to obtain a more realistic and
conservative minimum preload.

SR — (preload losses) (28)

M min
29

5.4.7 S6: Simplify and Prepare CAD Geometry

The CAD geometry must be simplified and prepared for the FE-analysis. Which model class
(bolt representation) to use must be decided. The different classes are presented in Ch. 2.4.

Class I and IV are not suitable for simulations with preload, and for verification of joint
performance. Class Il with beam representation and Class I11 with volume body representation
of the bolt (Figure 42) have different advantages and disadvantages.

Setting up a Class 1l model is more simple than a Class I1l model, but it can give a more stiff
bolt representation than Class I11. That is because of the MPC joints connecting the beam to the
clamped parts. For TTJs, this can also affect the validity of the pressure distribution in the
clamping interface. Class Il requires modelling of a volume body representing the bolt, and
can give a more accurate representation of the joint compliance. The bolt resilience for both
classes can be manipulated with the bolt diameter used in the the model.
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Figure 42: Class 11 and Class 111 bolt representation

Bolt Diameter

The most simple is to use a uniform diameter, based on thread minor diameter d5. However, as
described in 2.4.6., a more accurate representation can be achieved by basing the diameter on
the analytic resilience.

For Class Il bolts with a shank, the threads can be represented with the thread minor diameter
and the shank by the nominal diameter d, as seen in Figure 43. For TTJs if using Class Ill, the
tapped thread diameter must have the same diameter as the bolt. The bolt head diameter dy,, can
be identified in the relevant standards.

nominal diameter d

minor diameter d,

Figure 43: Class 111 representation of bolt

Extracting a SBJ

If the model and loading is symmetric, it is possible to extract a SBJ from the MBJ to simplify
the analysis, as Figure 44 show. This might give sufficient representation to verify the joint
performance.

Figure 44: Extraction of SBJ from a MBJ
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5.4.8 S7: Prepare and Run FE-analysis

- A - B - c
2 @ Engineering Data " y——@ 2 @ Engineering Data «" ,——M 2 @ Engineering Data +"
3 |0} Geometry W g8 3 i) Geometry v g—— W3 [} Geometry v 4
4§ Model W g——W 4 G Model S g——H 4 §P Model v 4
meshed model 3 @. Setup v 4 3 Iﬁ Setup v 4
6 | Solution v 4 6 |fF Solution v 4
7 @ Results v 4 7 @ Results v 4

FMmax FMmin

Figure 45: Simulation setup in ANSYS with Max and Min preload

Two simulations must be performed, one for each preload state. Model geometry, material data
and mesh can be shared, as Figure 45 show.

Material data

Define correct material properties and apply correct materials to all parts of the assembly. Note
that some properties can be temperature dependent. [Pt.1-Table A9] provides a good overview
of common materials and their properties at room temperature.

Mesh

If the bolt has a Class 111 representation, the bolt must be meshed with HEX elements, e.g. using
“Multizone Meshing”. A poor mesh can give inaccurate results.

Normal mesh considerations should be used on the complete model to ensure correct
component or assembly compliance. The mesh in the clamping solid volume should be refined
to have the complete deformation cone represented. This is important to achieve the correct
resilience of the clamped parts in the model, and to get a realistic representation of the pressure
in the clamping interface.

Note that in [Pt.2-p.71], it is stated that the clamping pressure is represented with sufficient
realism only for large clamping lengths, and with TBJs. That is related to proper formation of
deformation cones, and stiffness introduced from the threads close to the clamping interface in
TTJs.

Boundary Conditions and Contact

The model should have realistic boundary conditions and supports. Realistic friction should be
applied in the clamping interface, so friction grip and its effect of the compliance is represented
and assessment if slipping occur can be performed.

Load

The maximum global workload, and most unfortunate combination of loads must be applied so
the bolted joint can be designed and verified for the maximum bolt workload.

As stated in Table 15, strategy “2” can be used, and a higher workload than the design workload
can be applied. In this way, the joint performance can be demonstrated and verified with a
workload safety factor. Codes and standards can define required safety factors on the workload.
According to one code, EN 13445 Unfired Pressure Vessels [15], the test pressure for pressure
vessels is 1.43x the nominal operating pressure.
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Sub-steps

Normally, the solver automatically detects the need for sub-steps that is required for the
simulation to converge. Sometimes however, a higher resolution of the data points might be
beneficial to track the load development, like when verifying prying behaviour. Then, sub-steps
can be defined to achieve the desired resolution.

5.4.9 S8: Extract Values from the FE-analysis

The forces and moments in Table 14 can be extracted from the simulations. The actual preloads
should be extracted to verify that the correct preload level is acheived. The residual clamping
force can be extracted and compared against joint or gasket requirements. The maximum bolt
load and moment is used in verification of the bolt work stress.

Note that when extracting forces and moments from surfaces, the nodal forces for that surface
are summarized. This is a potential source of error, and should be done with care.

Table 14: Values to be extracted from the simulations

Fmmin - Minimum Assembly Preload Fmmax - Maximum Assembly Preload
Fmmin — Achieved preload Fmmax — Achieved preload
(Fkr— Residual clamping force) Fsmax — Maximum bolt load

Msho— Maximum bolt moment

5.4.10 S9: Verification of Work Stress [Pt.1 — R8]

Analytic calculation of the work stress is considered to be more accurate than analysing the
stress in the FEA model. From the maximum bolt loads extracted, the work stress can be
calculated according Eq. (29). This is a modified version of the working stress equation where
the bending stress is included. The criteria in (30) must be fulfilled, and the safety factor can be
calculated according to Eq. (31).

2
(R8/4) Creap = \/[Flﬂ + %j + 3(kt T )2 (29)
s
(R8/5-1) Orea 8 < Roo2min (30)
Rp0,2min
(R8/5-2) S =—"—210 (31)
O-red,B

The bolt proof load can be obtained from Table 13, experimental testing, or other sources. If
the bolt is exposed to different operating temperatures, the lowest proof load should be used.
The safety factor is in many cases expected to be in the range of 1.05 to 1.2.
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Torsional Stress

According to VDI 2230, it assumed that there will be residual torsional stress in the bolt from
the tightening torque applied during assembly. VDI 2230 recommends to include 50% of the
torsional stress (k; = 0.5). Note that there is high uncertainty related to this value.

Bending Stress

The bending stress contribution to work stress should be analysed, and not be significant. That
is because stress concentrations in the threads and under the bolt head can magnify the peak
bending stress 3 to 5 times [27]. This can lead to low cycle fatigue challenges, or static bolt
failure. High bending stress might also indicate that slipping or prying is present.

The bending stress is not included in the original equation because VDI 2230 assumes that in
most cases for highly preloaded bolts where the bolt and clamped parts are made of Steel, the
bolt is much more resilient (softer) than the clamped parts (55 > 6p) and will not be experience
to high bending moments. For custom designs however, where the clamped parts can be made
of Titanium which has half the E-modulus of Steel, bending moments might be present.

5.4.11 S10: Verification of Clamping Requirements [Pt.1 - R12]

There are many approaches to verifying the clamping requirements. What to verify, and which
approach to use depends on the case in question. In general, no joint opening is a good indication
and rule out prying challenges. If joint opening is present, or for specific clamping
requirements, further verifications should be performed.

Two strategies to identify safety factors by the aid of FE-analysis are listed in Table 15. Below,
aspects concerning verification of clamping pressure, slipping and prying is described.
Clamping requirements are always verified for the minimum preload that is likely to be present.

For all methods, the validity depends on the numerical representation of friction, mesh size in
the bolt and deformation solid, and mesh refinement in the clamping interface. Also note that
preload losses like embedding and differential thermal contraction is not included in the basic
workflow, which could further lower the minimum preload.

Table 15 : Safety factor strategies for FE-analysis of bolted joints

# | Name Description

1 Preload Safety Factor | The workload and minimum preload is applied. Then
the preload is reduced until joint opening, slipping,
or the wanted sealing pressure occurs. The resulting
preload ratio give a safety factor.

2 Workload Safety Factor | The minimum preload is applied. Then the workload
is applied, and increased above nominal workload
until joint opening, slipping, or the wanted sealing
pressure occurs. The resulting workload ratio give a
safety factor.

An alternative to identifying the exact safety factor is to define a minimum safety factor and
verify the joint performance at this safety factor.
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Clamping Pressure and Joint Opening

The clamping pressure can be investigated to assess the
continuity in pressure between the bolts and pressure
distribution across the clamping interface. As stated in
2.2.6, the clamping solids should interact with each other
in MBJs, and cover the whole clamping interface width
(comply with limit criteria G).

A stress plot of the joint cross-section along the bolt axis A |

(Figure 46) can also be useful to assess the range of the ‘—V~LJ |
clamping solid, both in terms of opening and pressure ‘Fs Fa
continuity in MBJs, depending on the orientation of the

cross-section.

Joint opening can indicate that the clamping solid is Figure 46: Pressure distribution in
relieved, and that prying might be present. That will be the the interface, and joint opening.
case if the limit criteria G is fulfilled, Eq. (13), and the pressure at the edge of the interface
drops to zero, as Figure 46 illustrate.

If joint opening is not present, there is little chance of prying loads. Therefore, checking joint
opening can be a simple first approach to controlling the clamping requirements.

One technique to assess joint opening is to plot the relative deformation of the two interface
edges, as illustrated in Figure 47. From the graph, it is clear when the edges separate and partial
joint opening is initiated.
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Figure 47: Plot of relative deformation for two edges on the clamping interface

ANSYS has a built-in functionality where the “contact status” can be probed, as shown left in
Figure 48. This will let the user know if the faces are sticking, are near, or are sliding.

As shown right in Figure 48, the pressure magnitude and distribution can be analyzed. Blue
areas are where there is zero pressure, and the joint is opened. For such an assessment, it can
be useful to have a reference pressure distribution with only the preload applied.

A: Steel

A: Steel Pressure

Type: Pressure
Status Unit: Pa
Type: Status Time: 1.4
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Figure 48: Assessment of joint opening with “status” and surface pressure plots
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Slipping

There are multiple techniques to analyse if slipping occur in a joint. One is to have friction in
the clamping area, and use the integrated ANSYS functionality and check the “status” in the
clamping interface or “slipping distance”, as shown in Figure 49. Another approach is to probe
and plot the shear loads of the bolts. If there are any sudden load developments, it might indicate
that slipping is initiated.

"Status” analysis Slipping distance

0.022
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0.017111
0.014667
0.012222
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0.0073333
0.0048889
0.0024444
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Figure 49: ANSYSS plots for assessment of slipping

Analytic approaches can be made according to [Pt.1-R12] and [Pt.2—R12 p.99] to identify a
safety factor against slipping (S;). The transverse loads can be identified from having a bonded
interface and probing the reaction loads, or from performing a Class Il or Il simulation with
frictionless conditions and probe the bolt loads. The shear loads on the most highly loaded bolt
can be extracted, and used in the analytic verification calculations. Note that the validity aspects
of load distribution mentioned in “Validity of Workload” applies in this case.

Prying

What prying is, how it can be encountered, and the influence of preload is treated in Ch.4. In
most cases, the goal is to verify that prying is not present in the joint. A typical development in
additional bolt load for a certain preload level, as the workload is applied, is demonstrated in
Figure 50. This characteristic development applies to both axial loads and bending moments if
prying is present in the joint.

In the example case demonstrated in Figure 50, the joint is verified for a workload of 40 MPa,
with a workload safety factor of 1.25. In the green area, the load development is linear and
predictable. In the red area, partial joint opening is occurring, and the load is non-linear and
challenging to predict.

When verifying that no prying is present, the workload must be in the green area. For this
preload level, the bolt will experience linear and predictable loads up to the global workload of
50 MPa. Note that this curve will change for other preload levels.

To ensure the validity of the verification, the data points defined through sub-steps should have
a sufficient resolution.
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Additional Bolt Load
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Figure 50: Bolt load development for a joint with prying

5.4.12 S11: Calculation of Tightening torque [Pt.1 — R13]

The tightening torque is calculated according to Eq. (32). It can be noted that the tightening
torque is defined to reach the allowed assembly preload (Fy,.;)-

(R13/1) M,=F,,|016P+0,58d,  u . + DKT"‘ L min (32)

thread
bolt head area

5.4.13 S12: Approve or iterate

If the clamping requirements and bolt work stress is approved by sufficient margin, the basic
analysis is completed, and the BJ is approved. However, further verifications according section
5.5 can be performed to consider fatigue, preload losses, and thread length of engagement.

If not approved, possible actions are listed below, and the analysis must be revised from S3:

» Increase the maximum assembly preload
o Adjust utilisation factor
o Reduce thread friction
o Increase bolt strength
o Select a larger nominal bolt diameter

» Increase the minimum assembly preload
o Increase the maximum assembly preload
o Reduce preload losses
o Reduce tightening uncertainty
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If prying is present, the minimum preload should be increased. The design can also be modified
to stiffen the geometry, as detailed in section 4.3. Further details of improving joint design is
given in [Pt.1-Figure 37] and detailed in [Pt.1-Ch.6]. A list of measures to increase the service
reliability of BJs is provided in [Pt.1-A13], including how the bolt loading and stress can be
reduced and how the stressability of the bolt can be increased. The actions are described terms
of geometry, material and assembly.

5.4.14 Testing and Verification

There are many questions that can be asked about the accuracy in a FE-analysis: Are the
coefficients of friction correct? Are all non-linear phenomena captured? Are all boundary
conditions represented correctly? Are the contacts correctly represented? Are the numerical
representation of contacts and friction in the FE-analysis correct?

No certainty about the joint performance can reached before physical testing has been carried
out under realistic conditions. After the test, critical bolts should be inspected for plastic
deformations like reduced cross section, or increased length. Significantly reduced loosening
torque is a clear indication of unexpected preload losses.

5.5 FURTHER ASSESSMENTS

Some calculation quantities and verification aspects are left out of the Basic FEA Workflow to
simplify it. This section briefly describes the most relevant aspects that are left out, and how
they can be included in the analysis. Some of the further assessments are demonstrated in
Appendix C-2 and Part 2 of Appendix F.

5.5.1 Analytic Calculation Quantities

For some of the following calculations, it is required that the resilience of the joint is known.
This can be determined with FEA according to the methods described in [Pt.1-7.3.1], or
calculated by the analytic methods described in [Pt.1-R3].

5.5.2 Preload Losses [Pt.1 — R4]

Two sources of preload losses accounted for by the analytic VDI 2230 procedure is embedding
and differential thermal expansion. Identification of these quantities require some efforts, but
increase the accuracy of the bolted joint analysis. When the preload losses is estimated, they
can be included in Eq.(28) to provide a more realistic minimum assembly preload.

Embedding

Embedding or relaxation is local deformations that occur during assembly or loading. The
amount of embedding depends on the number of surfaces that interacts and the surface
roughness. Guide values are provided in [Pt.1-Table 5], and the preload loss is calculated
according to Eq. (33).

fZ

R4/1 F, = 33
(R4/1) s (33)

According to a NASA report, the preload loss due to embedding can be expected to be 5% of
the maximum assembly preload [28]. This can serve as a quick estimate.
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Differential thermal expansion

If the joint is exposed to thermal changes and the thermal expansion properties of the bolt and
clamped parts are different, it can result in increased or reduced bolt loads. If the plate contracts
more than the bolt, the preload will be reduced. If the bolt contracts more than the plate, the
bolt load is increased. The change in preload can be calculated according to Eq. (34).

The change in bolt load from differential thermal expansion should be included in the maximum
bolt load in Eq.(29) if the preload increase, and as a preload loss in Eq.(28) if the bolt load
decrease.

AF IK-(aS-ATS—aP.ATP)

e é‘ ESRT + 5 EPRT
S P
EST EPT

(34)

Changes in bolt load due to thermal changes can also be identified from a separate thermal FE-
analysis, where the thermal material properties are defined.

To reduce the effect of differential thermal expansion, the material of the bolt and the clamped
parts can be selected to have the same coefficient of thermal expansion.

5.5.3 Fatigue [Pt.1 - R9]

If the workload is dynamic, the alternating stresses can be calculated with Eq. (35) using the
extracted axial load and bending moment for maximum and minimum workload. This gives a
stress amplitude that can be compared against fatigue the relevant fatigue limits. VDI 2230
contains relevant reference values for Steel bolts.

F, M
[Pt.1—Eq.93] Ogyy = —2 +—2 (35)
SAl As WS

5.5.4 Tapped Thread Length [Pt.1 — R11]

For TTJ joints, it can be important to verify that the tapped threads length of engagement is
sufficient. A common rule is that the tapped thread length of engagement should be 1.5 times
the nominal bolt diameter (m,rr = 1.5 - d). With longer thread length of engagements, there is
a risk that the thread can become jammed. A quick guide for Steel bolts and different tapped
thread materials are provided in Figure 51.

Detailed calculation of the minimum thread length of engagement can be performed according
to [Pt.1-R11] and [Pt.1-5.5.5].
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Material of components Length of engagement /.2
according 1o property class of screw
3.6/46 48..68 8.8 10.9
Steel with <400 08-d 1.2-d - -
R N/mm2 400...600 08-d 12-d 1.2-d -
> 600...800 08-d 12-d 1.2-d 1.2-d
> 800 08-d 12-d 1.0-d 1.0-d
Cast iron 13-d 15-d 1.5-d -
Copper alloys 13-d 13- - -
Light metals” Cast Al alloys 16-d 2.2-d - -3
Pure aluminium 16-d - - -3
Al alloy, hardened 08-d 12-d 1.6-d =3
not hardened 1.2-d 16-d - -3
Soft metals, plastics 25-d - - -
) For dynamic loads the specified value of I must be increased by approx. 20%. Source: Roloff / Matek
2 Fine pitch threads require approx 25% greater lengths of engagement.
3 For higher strength screws, the shear strength of the internal thread material as calculated in VDI 2230 must be taken into account.

Figure 51: Guide for recommended lengths of tapped thread engagement [29]

5.6 CASE EXAMPLES

Two example cases with bolted joints has been solved using the Basic FEA Workflow. The
cases are different from each other, and demonstrate different techniques and analysis aspects.
The scope is that they can serve as practical examples of the workflow applied, and provide
guidance in how such analysis can be performed.

5.6.1 Blind Flange Analysis Example

Figure 52: Blind Flange Analysis Example

A SBJ is extracted from the Blind Flange MBJ, as seen in Figure 52, and a Class Il
representation of the bolt is used. The bolt is eccentrically loaded from internal pressure in the
cylinder. Verifications of the bolt working stress and clamping pressure is performed.

The analysis rapport is attached in Appendix C-1a, and the Mathcad calculations in Appendix
C-1b.

This same case has also been solved by the analytic VDI 2230 procedure. It can be used as a
reference to compare the approaches, and it demonstrates calculation of analytic quantities. The
report is attached in Appendix C-2a, and the Mathcad calculations in Appendix C-2b.

66



Application of FEA in Design and Verification of Bolted Joints According to VDI 2230

5.6.2 Bolted Tuner Analysis Example
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Figure 53: Bolted HG Cavity Tuner subjected to MBJ slipping analysis

This is an analysis that were performed for the practical case of a bolted tuner (Figure 53) for
the High Gradient (HG) Cavities. The main scope of the analysis was to assess if slipping would
occur in the joint, while subjected to the maximum tuning load.

Different approaches and techniques are used to assess MBJ slipping. The report is attached in
Appendix D-1, and the associated Mathcad calculations are attached in Appendix D-2.

5.7 SEMINAR ABOUT FEA & VDI 2230

To transfer knowledge about how to use FEA in analysis of bolted joints according to VDI 2230
to relevant personnel, a seminar has been prepared and attached in Appendix E. The seminar
format allows interaction and discussion about relevant topics, and is a practical way to
introduce the topic. The presentation has 43 slides, and includes the following main topics:

1. Basic Concepts of Bolted Joints and VDI 2230
Combining FEA and VDI 2230

Further Calculations and Verifications
Improvements of Bolted Joint Design

Support Material and References

6. Summary

gk~ own

Aspects like how to estimate the bolt diameter from workload, calculate preload, and how to
verify bolt stress and clamping conditions are included in the presentation. The scope is also to
emphasize the importance of joint design, and how different factors can influence the joint
performance. After the seminar, the participants should feel confident with the use of VDI 2230
and FEA in design and verification of BJs. Thus:

» Know central terms and principles in VDI 2230

» Know how FEA and VDI 2230 can be combined

» Get introduced to further VDI 2230 calculations and verifications
» Know how to improve the joint design and performance

» Know where to look for more information

The seminar was held for a group of engineers in the engineering department at CERN in
December 2017. The time allocated were 1.5hr, with 1hr for presentation and 30 minutes for
discussion. This was a bit too short time, and for the future it is recommended to have the
presentation in 3x45 minutes, and to include brief discussions after each of the chapters.

The seminar can also be adapted to focus on some of the topics, or to serve as a shorter
introduction by removing some of the topics.
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6 REVISED CRAB CAVITY HE-VESSEL ANALYSIS

After the prototypes are tested and before the series production is initiated, there is a possibility
to review the design and structural analysis of the He-vessel and bolted joints. This chapter
takes basis in the initial He-vessel analysis and provide suggestions and recommendations for
this potential review.

6.1 SUGGESTIONS AND RECOMMENDATIONS

Inspection of Prototype Vessel Bolts

According to the recommendations in 5.4.14, the bolts from the prototype He-vessel should be
inspected. Plastic deformations of the bolts and low loosening torques can indicate unexpected
preload losses. An external inspection of the vessel can identify gaps or cracked sealing welds,
which can indicate joint slipping. If any deviations are identified, this can serve as useful input
for the revised analysis.

Workflow in New Analysis

If a revised analysis is performed, it should follow the Basic FEA Workflow and
recommendations provided in the Guide (Ch.5.4). In addition, preload losses should be
considered and included in the calculations. By doing this, many of the challenges outlined in
section 3.4 would be cared for. It will ensure:

» Two levels of preload from tightening uncertainty and preload losses

» Friction in the clamping interface, giving realistic bolt loads and allowing
verification of slipping

» Analysis of prying loads

» Good validity of the FEA results

Possible Improvements

Some possible improvements of bolted joints in general are referred to in 5.4.13. Relevant
modifications might be to increase the clamping length to increase the bolt resilience and lower
the load factor. That will give lower additional bolt loads, reduce preload losses, and improve
the resistance against loosening. The plate thickness is 23mm, but because of the groove and
sealing cap the clamping length is 13mm. If the design is changed, the plate thickness could in
principle allow for a larger clamping length.

If prying loads and joint opening is problematic, actions can be made to improve the stiffness
of the clamped plate and increase the preload. To increase the minimum assembly preload in
the current design, a more precise tightening method can be used, or the maximum preload can
be increased.

The joint designs could also be studied in detail to understand how they perform, and to identify
potential improvements. The joint concepts are shown in Figure 20, and two joint drawings are
displayed in Figure 54. It could be interesting to investigate the influence of the 7mm large
chamfer in joint B on prying loads and pressure in the interface, and how the 5mm lip interacts
with the plates. In joint C, the bolt is eccentrically positioned in the clamping interface, and
there is only a small edge (1.75mm) between the bolt and the edge of the interface. How this
influences the clamping pressure distribution and bolt loads could be of interest.
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If joint slipping turns out to be a challenge, one solution could be to add shear pins in strategic
positions. That could be a simple way to rule out slipping.
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Figure 54: Detail drawings of joint type B and C

Simplified Simulations

There are some techniques that can be used to simplify the simulations. For the He-vessel
structural analysis, it can be assumed that the bolded joints will manage to provide the complete
structural integrity, and that no slipping will occur. In the simulation, all clamping interfaces
can then be bonded.

For the analysis of the bolted joints, the most critical clamping area in terms of slipping, joint
opening, and bolt workload can be identified. The other clamping areas, which are not
determined to be critical for the assessment can be bonded. This can reduce the computing time,
and still provide an accurate analysis. However, attention must be paid to how this affect the
global compliance, load distribution, and slipping characteristics. E.qg., the boundary conditions
must not prevent the critical joint from slipping.

Another technique that can be used to learn about the qualitative performance of the joints is to
create a SBJ model of the actual joint geometry, as in Figure 55. With this simple model, FE-
simulations require small computational efforts. They will provide information about the joint
characteristics and allow for quick iterations. The initial design can serve as a reference, and
the effect of small design changes and different preload levels on bolt loads, slipping, and joint
opening can be investigated. Such a model might not be representative enough to provide a
final verification of the multi body joint, but it can provide useful qualitative information.

Figure 55: SBJ extracted from He-vessel
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Overall Design Concept

If the bolted He-vessel is qualified from the prototype testing, a brief review of the analysis and
calculations might be sufficient to provide confidence enough to initiate the series production.

However, if any challenges with leak tightness, fractured fillet welds, or loose bolts emerges, a
more comprehensive review might be needed. One option could then be to modify the design
of the bolted joints. Another option in that case, in the authors opinion, would be to revisit the
initial design concept with a welded vessel. That is because there are some fundamental
challenges with the bolted joint concept:

e Bolted joints are not optimal for permanent installations. Over time, unexpected relief
in preload can occur from load cycles and relaxation in the surfaces and material. This
is not easily recreated in short term testing. If the preload degrades, this can lead to
increasing loads on the fillet welds, which they might not be designed to handle, and
can result in leaks.

e Installed bolts should be available for inspection, so their performance can be verified
over time. This is not so easy for the He-vessel bolts, which are covered by welded
covers, packed with MLI3, and assembled in a cryo-vessel. Therefore, potential bolt
failure might not be identified in an initial phase, and the failure can evolve and lead to
larger consequences.

e With a very large number of bolts (276), there is a high statistical chance that some
unexpected conditions during tightening, in friction or tightening method, can cause the
installation preload to deviate more than expected. This can have influence on the bolt
load, and be a source of failure.

It should also be noted that for the He-vessel, the consequence of failure is significant. The
vessel is out of reach, and a failure or leakage could in the worst case jeopardize the LHC
performance. Therefore, the uncertainty regarding the structural integrity of the He-vessel and
bolted joints should be minimized as much as possible.

A welded vessel would be more permanent, and not have the same risk of degradation in
performance over time. In principle, it can be a more permanent and safe concept. There were
some challenges with the welded vessel concept, and reasons why it was discarded in the first
place. But in the case a comprehensive review of the bolted joints is needed, these reasons could
be revisited, and perhaps overcoming these challenges might be easier than improving the
design of the bolted joints.

A compromise could be to have some of the joints completely welded, and some joints bolted.
It could also be investigated if some of the joints could be made self-sealing, where the internal
pressure assists the sealing function.

3 Multilayer Insulation — used as thermal insulation in cryogenic systems to block for heat radiation
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6.2 REVISED CALCULATIONS

The calculations associated with the He-vessel analysis has been reviewed and adapted to the
“Basic FEA Workflow” calculation template in Appendix F. There was no room within the
framework of this project to redo the complete He-vessel simulations, so the same bolt loads
used in the initial analysis has been re-used in the calculations. If new bolt loads are obtained
from future simulations, the calculations can easily be modified in the attached Mathcad file.
Calculations has also been performed to according to “Further Assessments” in 5.5 to identify
preload losses and assessing the strength of the tapped threads. All input parameters must be
checked before the results are used.
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7 DISCUSSION

7.1 GOAL ACHIEVEMENT

The first research question was answered by presenting the He-vessel analysis and the
assessment of the bolted joints. This illustrated the significance of the bolt assessment and
placed it in the larger context of LHC and CERN. Taking basis in this analysis also
demonstrated in a good way which challenges that can arise and proved the need for improved
descriptions of how FEA can aid analysis of bolted joints.

The second research question asked how the challenges could be met and avoided in the future.
It was suggested to study prying, since it is a topic that is important to understand to perform
safe design and verification of bolted joints. It was also suggested to develop support material
that could be used in future analysis of bolted joints, so similar challenges could be avoided.

Next, the study of prying is carried out, and the relevant support material that has been
developed is presented. Aspects of validity are mentioned where relevant throughout the
support material, so it is easy to achieve a high analysis quality. A priority has been that the
findings and material are presented in a format where it easily can be applied and benefit the
engineering department at CERN.

The author considers the thesis in total to answer the research questions and goals of the thesis
in a good way, and think it will serve as a useful resource for applying FEA in design and
verification of bolted joints according to VDI 2230 in the future.

7.2 RESEARCH ACTIVITIES

It has been challenging to pinpoint the most relevant investigations, and to define the aspects
of most interest to present in this thesis. The intension was never to make a self-standing
guideline, since VDI 2230 is very thorough and describe many aspects and concepts about
analysis of bolted joints in a good way. The scope has more been to provide a description of
how the interaction between FEA and VDI 2230 can be streamlined and performed as efficient
as possible. By doing that, the scope was that it should be simple to obtain a certain standard
on the analysis, making it easy to have control of the validity and to achieve a good quality.
Therefore, the idea was that the material should provide a practical introduction, outlining the
major steps, and provide relevant information about them. This has been the central elements
when choosing what to investigate, and what to present in the thesis.

Another challenge has been to balance being generic and being specific. Being generic is
challenging because there is many possible variations and configurations of bolted joints, so it
would be confusing and impossible to try and cover all. Being too specific could reduce the
value of the material, making it impossible to transfer to other cases. It is believed that a suitable
balance has been found, and that the methodology and concepts are described with adequate
detail, also providing examples of application and relevant references for the user to customize
it to own needs.

During the MSc project work and preparations for the thesis, many questions about combining
FEA and assessment of bolted joints has been identified and investigated [5, 6]. The first report
goes into detail about the analytic calculations of VDI 2230, and basic principles of FEA
representation and analysis. This report identified topics of interest for further investigations
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and provided the basis for the second report. This second report has the format of a research log
where relevant topics and questions are investigated for each chapter.

In retrospect, the research activities leading up to the thesis were quite wide and not all created
direct value. The scope of the thesis was to some degree defined early, but the boundaries of
the research activities were not narrowed down accordingly. Therefore, in principle the thesis
in its current state could have been reached earlier. However, going wide in the beginning and
then narrowing down made the thesis better. It contributed to the knowledge and experience
foundation of the author, making it possible to prepare the support material in this thesis.

To ensure high relevance of the thesis and support material, discussions with colleagues and
supervisors has been essential. The Basic FEA Workflow, with associated descriptions and
calculation support material were developed through solving actual cases, and from performing
iterations to optimize the workflow and contents.

7.3 PRODUCTIVITY PARADOX AND SIMULATION DRIVEN DESIGN

To put this thesis, and the work to streamline interaction between FEA and the analytic
guideline VDI 2230 in a broader perspective, a reference can be made to the productivity
paradox, and the later developments and trends in simulation driven design.

With the introduction of electricity in the
1890s, a chain of innovations was initiated.
Significant increase in productivity from
electric motors did however not emerge until
almost 40 years after their introduction into
factories [30]. In the 1920s, factories had
group drives (Figure 56) driven by mechanical
power derived from steam or water. When the
electric motors came, they replaced the initial
power source of the group drive. It was not
until they figured out that all the machines
could be driven by separate small electric
motors, unit drives, that the full productivity
potential was achieved. The factory layout no Figure 56: Group drive

longer had to be dictated by the placement of

power transmitting shafts and rods. The factories were redesigned, and the machines were
distributed throughout the factory.

This example shows that it is important to understand how new technology should be used to
realize its full potential — often it is not by replacing the old technology with new technology,
but by rearranging and optimizing the complete framework and how it is applied.

With the introduction of computers, questions concerning how they best can be utilized to
increase productivity has been raised [31]. It is referred to as a productivity paradox, because
computerization does not automatically increase productivity, like with the introduction of the
electric motor in factories. But if it is used as an essential component of a broader system of
structural changes, it can increase productivity. The interpretation of structural change in this
regard is to put the computer resource into a framework where interaction with other elements
are specified and optimized.
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Most design now days are made as 3D-models in CAD software. This has made it simple to
perform FE-analysis to assess the structural integrity. However, such workflows are often
sequential. What simulation driven design means, and the Basic FEA Workflow demonstrates,
is that there can be rapid interaction between CAD and FE-analysis in design and verification
process. When this is structured in a streamlined and optimized workflow, this is the key to
realizing the productivity and quality reward that comes from using computer assisted
assessment of bolted joints, and how the “factory” can be reorganized to extract the full
potential.

7.4 FUTURE RESEARCH

This section provides suggestions for potential improvements of the thesis, and outline possible
ways to extend the contents.

7.4.1 Improve the FEA Workflow

The FEA workflow and associated support material (Ch.5) contains the most relevant
information about FEA aided assessment of bolted joints and could be extracted from the thesis
to serve as a single standing report. This can make it easier to use, and allow for revisions and
improvements of the contents based on user feedback and experiences. This can make the
information more relevant, and more available.

More research can also be done into FEA representation of bolted joints, and the effect of
simulation parameters such as mesh size, type, refinement, and more. This can improve the
recommendations in the guide, and serve as “Best Practices”

As the workflow in the future is applied to various engineering cases, an overview with
references to the relevant reports and a brief description of the cases could be prepared. In that
way, they can expand the “Case Examples” and serve as practical examples of how the
workflow is applied, and demonstrate different analysis approaches. This overview could be
included in the separate report suggested above.

7.4.2 Approach of Other Standards

It could be interesting to collect information about how bolted joints are handled by different
relevant standards, like BPVC* and EN 13445 Unfired Pressure Vessels [15]. Aspects of interest
would be to identify which stress levels that are allowed for the bolts, material constraints,
equations for bolt load and preload, and estimation of nominal bolt diameter.

There are also other guidelines that provide useful recommendations and best practices [28, 32-
34]. They could be used to supplement and improve the suggested FEA workflow and support
material.

7.4.3 Definition of Preload with FEA

A topic that has been investigated by the author in this MSc project, but excluded from the
thesis has been the use of FEA to define clamping requirements, required preload and
estimation of nominal bolt diameter. This can be done for the relevant joint design, materials,
and for a given global workload. This kind of approach would be close to the analytic VDI 2230

4 ASME Boiler and Pressure Vessel Code
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procedure, using FEA to define calculation parameters as described in Table 9 (Analytic FEA
approach).

In the research, the scope was to check if this type of approach could be more simple and time
saving than the Semi Analytic FEA approach. According to the preliminary results, significant
time savings or reduction in simulation efforts were not identified. For unexperienced users, it
could also be easy to get lost in the details. Therefore, this research was excluded from this
thesis, and it was decided it was better to fully focus on the Basic FEA Workflow. But even
though it was excluded from this thesis, it could still be interesting to continue the research and
investigate and clarify alternative workflows and analysis approaches. It is possible that they
could give some advantages for some cases.
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8 SUMMARY

In the engineering department at CERN (EN-MME), accelerator components with bolted joints
are frequently developed. As use of FEA (Finite Element Analysis) aided design is becoming
more widespread, questions have been raised about how to best apply FEA in design and
verification of bolted joints.

First, the specific case of a bolt analysis for the Crab Cavities Helium vessel, a part of the HL-
LHC upgrade, is investigated. Challenges in combining FEA and VDI 2230 are identified and
provides the basis for the following investigations.

Next, investigations into prying are performed, a relevant source of non-linear bolt loads and
unpredictable load development, to understand the phenomenon and the influence of preload.

A complete analysis framework is then proposed, which consist of a streamlined Basic FEA
Workflow, associated calculation templates, details about more advanced verifications, a
detailed guide with best practices and references, examples where the analysis framework has
been applied, and seminar slides that can be used to educate relevant personnel.

The basic workflow suggested takes basis in the analytic VDI 2230 workflow, but is adapted to
optimize the interaction between CAD modelling, FE-analysis, and analytic calculations. The
Mathcad calculation template matches the steps in the workflow, and simplifies the
calculations.

In the end, specific suggestions and recommendations for a potential revision of Helium vessel
bolt analysis are provided.

Altogether, the goal has been to leverage the threshold for using FEA in analysis of bolted joints
according to VDI 2230, and achieving quality and productivity rewards. The thesis and
associated support material could serve as a resource on the topic, and should benefit the
engineering department at CERN and other potential users.

In the discussion, the project is put in a broader perspective stating that the full benefits are not
achieved by just replacing analytic steps with computer aided steps. Only by structuring and
optimizing the interaction between CAD, FEA and analytic calculations, the full rewards can
be achieved.

The thesis provides a good basis for further research. In the discussion, possible improvements
and ways forward are described:

» Extract Ch. 5 to a self-standing report that can be revised based on user experiences and
feedback. Future assessment using the suggested workflow can be referenced to as
examples of application.

» Investigate how relevant standards handle bolted joints, to identify allowed stress levels,
relevant equations, estimation of preload, and more.

» Investigate alternative approaches in other calculation guidelines and best practices to
improve the suggested workflow and associated material.

» Investigate how FEA can be used to define the required preload, clamping requirements and
more, as parts of alternative analysis approaches.
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Appendix A Basic FEA Workflow Calculation Template v3.mcdx

Calculation Template for Basic FEA Workflow

Analysis performed by: Name Date of Analysis: Month, 201#

Analysis revision: v# EDMS Reference: -

Color codes: Input parameters Calculation quantities Results Functions Criteria check
S1 - Workload

Run FE-analysis of perform analytic calculations to identify the maximum workload.

S2 - Nominal Bolt Diameter

Bolt data parameters

Nominal diameter: d::ﬂ mm Friction coefficient in the threads: ,qum::[] Note!
Minimum coefficients of
Pitch: P:=| mm Friction in head bearing area: Bemin =l friction must be applied.
Effective bolt head diameter:  dy =[] mm Proof strength of the bolt: R0 2min+=[| MPa
Clearence hole diameter: dp:=[| mm
H=0.36603F h=061343F H,=054127F R=H/%
Calculated parameters f A e
[
Hi2 I
Pitch diameter: d, ::@—% P=?mm H=@-P . ‘L H, B\ . ;[ h,
. . 17 /3 e ‘7 4 Bolt /\(
Minor diameter of the bolt: dy:=d—P e ? mm i i e Hﬂ VR
DD, D, P 4 4 d
Torque wrench: a,=[
Calculation quanteties
Stress diameter: dg:=0.5 (df+dz) =2 mm
T
Stress area: AS::Z (dd)* =2 mm?
Parameters
Bolt capacity utililization factor:  v:=0.9 VDI 2230 suggest: 0.9
Calculations
Allowed assembly stress: Onz =V [Ryo.2min=? MPa
) . _ v Rp0.2min _
Maximum permitted Frru=Ag ans. [Fy.,j=? kN
assembly preload: d ? ==============
103 12 2 (P 155 pg
2 ds . d2 . HGmin
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Appendix A Basic FEA Workflow Calculation Template v3.mcdx

- Min Assembly Pretension

Mzul

Qi

Minimum assembly preload: Fofmin:
A

S7 - Prepare and Run FE-analysis

ans. : 2 kN

Parameters

Coefficient of friction in the head bearing area: |z, = ?
Calculation of theoretical beam parameters:
f ; . T 2\ _ 2

Minor diameter area: Ags, = < >_ 2 mm
. . . T 4 4
Minor second area areal moment of inertia: Iy i=— (d4" )=%2 mm

d3.g 64 )

. . u 4 4
Torsional stiffness: Ji=— (dq ) =2 mm

S8 - Results and Analysis

Max assembly preload Min assembly preload
Acheived preload: Fymao=0 kN Acheived preload: Fymin=0 kN
Max bolt load: Fomaz =0 kKN Clamping force in the interface: Frp=l kN

Max bolt bending moment: Mgp,=[| N mm

S9 - Work Stress
Note: In this calculated work-stress, bending stress is included. That is not the case for the standard VDI 2230 equation.
Parameters
Residual torque factor: k;:=0.5 VDI 2230 suggest: 0.5

Calculation quanteties

A ™ 3 3
Bending modulus: Wei=— =?2mm
Thread moment: M :k i+1 155 pgin|=2 N m
. G Mzul) 2 i d2 . Gmin ’

Polar moment of inertia: W, = (@") =?2mm?

Calculations

= Fsnad Mso _ 5 prpa

Normal stress: o L=
zb.mazx AS WS

Torsional stress: T,,LM::%: ? MPa

p
2
Ored.B*= \/2 +3 (kt . Tmam) =% MPa

Working stress:

Bending stress

:?MPa

S

OTgpo =

Bending stress contribution to work stress

osd _,

Ored.B

AUSbo.p =
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Assessment
Criteria: O'Ted'g: 2 MPa < Epﬂ.?mi 1 =2 MPa
Work_Stresd=?
Safety factor: 5F=== 2
Ored.B

Work_Stress:=

if <Rp0.2'min

” return “Ok”

} “Not OK”

+ap
Average head friction diameter: Dy, = @2 L =2 mm
Tightening Torque: MA::- 0.16 P+0.58 dy femint — tgcmin| =2 N m.
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Summary of Key Results

Calculation step Results
S1 - Workload Maximum axial load: Famad=?
S2 - Nominal Bolt Diameter d=2mm B=?mm
S3 - Tightening Factor =72
Bemid=?
S4 - Max Assembly Pretension
v=0.9
Farzd=? kN Ortud= 7 MPa
S5 - Min Assembly Pretension Frtmin= 2 kN
S6 - Simplify and Prepare CAD-geometry
S7 - Prepare and Run FE-analysis Wrcmin = ?
Frad=? iV P71V o= ? N m
Vmaa Sma Sb
S8 - Extracted Results
S9 - Work Stress Cread=? MPa Rpyo.2min=? MPa Work_Stresd=?
S$10 - Clamping requirements
S11 - Tightening Torque MJj=?Nm
$12 - Approve or Iterate APPROVED NOT APPROVED
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Appendix B - Tightening Torque Template for M3-M12 V2.mcdx

Tightening Torques for M3 - M12

Calculations prepared by: Name Date of Analysis: Month 201#

EDMS Reference: EDMS 1840088

Head dia. from: ISO 4014 - Hexagon head bolts
Input parameters Clearence hole: ISO 273-m
d = Nominal diameter
Yield strength of the bolt: R0 2min =640 MPa d P dyy dy, d, P = Thread pitch
dy,= Min. bolt head dia

(mm) (mm) (mm) (mm) (mm) d,,= Clearance hole

Friction coefficient in the threads:  pgpin=0.2

3 05 507 3.4 0 d, = Venting hole diameter
Friction coefficient in the Lgermini=0.2 v o
- man 4 0.7 5.74 4.5 1
head bearing area:
1 5 0.8 6.74 5.5 1.2
0.90 640
. I 6 1 8.74 6.6 1.6
Bolt capacity utililization factors: v:=|0.75 Allowed assembly stress 576
0.50 8 125 1147 9 2 Oz =V Royomin=|480 | MPa
Dy 10 1.5 1447 11 3 320
[192]
12 1.75 16.47 13.5 3
Calculation quanteties
Pitch diameter: Bolt minor thread dia.: Stress diameter: Stress area: Modified stress area: Average head friction diameter
dy+d
dyi= BERVER dyi=d—P 7V dgi=0.5 (dytdy)  Agi=2 (dg)? Agy=2 (dg* —=d,?)  Dyp=—tt
8 24 4 4 2
[ 2.68 2.39 [ 2.53 [ 5.03] 5.03] 4.24)
3.55 3.14 3.34 8.78 7.99 5.12
4.48 4.02 4.25 14.18 13.05 6.12
dy=| 5.35| mm  dy=|4.77| mm dg=| 5.06| mm  Ag=|20.12| mm*® Ag,=|18.11|mm? Dy,,=| 7.67| mm
7.19 6.47 6.83 36.61 33.47 10.24
9.03 8.16 8.59 57.99 50.92 12.74
110.86 9.85 110.36 | 84.27 | 77.20 | 14.99 |
Functions
o P v RpO.Z'lm'n
Maximum permitted assembly preload: Frpu(v,A)=A
2
3 d, P
\/1"{‘3 (5 d—s (7-‘- d2 +1.155 ,U/G"n'"))
- . DKm
Tightening Torque: M, (F):=F-[{0.16 P+0.58 dy Lgmin+——— Kimin

Calculations for standard bolts (Collapsible area)

Calculations for vented bolts (Collapsible area)

Note:

« If the friction is lower than what is assumed, the resulting assembly preload will be higher than what is listed above, when tightened
to the specified torque.

 If the bolt head diameter is larger than what is assumed, a slightly lower assmebly preload will be acheived.

» The strength of tapped threads are not considered in this analysis. For short length of engagement or soft materials, additional
verifications should be performed.

 If spring washers are applied, the maximum spring force should be compared to the acheived preloads above. If the preload is
higher, the washer is flattened.
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Tightening Torques M3-M12 Bolts

Basic parameters

Friction in threads: 0,2
Friction in head bearing: 0,2
0.2% proof stress: 640 MPa
Tightening Torques & Corresponding Assembly Preloads - Standard Bolts
Utilization of Bolt Capacity
Stress section 100 % 90 % 75 % 30 % 30 %
Bolt mm~2 Nm kN Nm kN Nm kN Nm kN Nm kN
M3 5,0 2,0 2.5 1,8 2.3 1,5 1,9 1,0 1,3 0,6 0.8
Ma 8,8 45 4.4 41 3,9 3,4 3,3 2,3 2,2 1,4 1,3
M5 14,2 9.0 71 21 6,4 6,7 53 4.5 3,6 2,7 2,1
M6 20,1 15,6 10,1 14,0 9.1 11,7 7.6 7.8 50 4,7 3,0
M8 36,6 37,9 18,4 34,2 16,6 28,5 13,8 15,0 3.2 11,4 55
M10 58,0 75,1 283 67,6 26,4 56,3 22,0 37,6 14,7 22,5 8.8
Mi2 84,3 1299 42,7 116,9 38,5 97,4 32,1 64,9 21,4 39,0 12,8
Tightening Torques & Corresponding Assembly Preloads - Bolts with outgassing hole
Utilization of Bolt Capacity
Stress section 100 % 50 % 75 % 50 % 30 %
Bolt mm”"2 Nm kN Nm kN Nm kN Nm kN Nm kN
M3 50 0 5 =8 3 =5 i3 =0 3 86 land
M4 8,0 4,1 4,0 3,7 3,6 3,1 3,0 2,1 2,0 1,2 1,2
M5 13,1 8.3 6,6 7.4 59 6,2 4,9 4,1 3,3 2,5 2,0
M6 18,1 14,0 9.1 12,6 8,2 10,5 6,8 7,0 4,5 4,2 2,7
M8 33,5 34,7 16,9 31,2 15,2 26,0 12,6 17,3 8,4 10,4 51
M10 50,9 66,0 258 59,4 23,2 49,5 19,3 33,0 12,9 19,8 77
M1i2 77,2 119,0 39,2 107,1 35,2 £9,3 29,4 59,5 19,6 35,7 11,7
Suggested Lengths of Tapped Threads
Material of components Length of engagement 1.3
according to property class of screw
3.6/48 48..68 8.8 10.9
Steel with =400 0&8-d 1.2-d - -
R Nfmm? 400...600 0.8-d 1.2-d 1.2-d -
> 600...800 08-d 12-d 1.2-d 12-d
= 800 08-d 12-d 10-d 1.0-d
Cast iron 1.3-d 1.5-d 1.5-d -
Copper alloys 1.3-d 13-d - -
Light metals® Cast Al alloys 1.6-d 22-d - -3
Pure aluminium 16-d - - -3
Al alloy, hardened 08-d 12-d 16-d -
not hardened 1.2-d 16-d - -3
Soft metals, plastice 25.d - - -

1 For aynamic loads the specified value of lz must be increased by approx. 20%.
4 Fine pitch threads reguire approx 25% greater lengths of engagement.
3 For higher strength screws, the shear strength of the intermnal thread material as calculated in VDI 2230 must be taken into account.

Source: Roloff / NMatek
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APPENDIX C

BLIND FLANGE ANALYSIS EXAMPLE

C-la Blind Flange Case Report
C-1b Calculations for Blind Flange Case
C-2a Blind Flange with Analytic VDI 2230 Procedure

C-2b Calculations for Blind Flange with Analytic VDI 2230 Procedure
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APPENDIX C-1A BLIND FLANGE CASE

This is an analysis of the bolted joints for a Blind Flange, and demonstrates the “Basic FEA
Workflow”. The associated calculations are presented in Appendix C-1b. The same case,
solved with the analytic VDI 2230 procedure is presented in Appendix C-2.

SO: INITIAL STATE

Figure 1: Blind Flange Bolt CASE design

The geometry is provided by the designer, as seen in Figure 1. It is a blind flange, and the
rest of the system is not of interest for this analysis. There is a pressure in the system that
pulsate between two pressure levels. The number and distribution of bolts has been
guessed. The bolts are determined to be Hexagon socket head cap type.

Due to the symmetry, it is decided to simplify the assessment and extract one single bolt
from the multi bolted joint.

Pre-calculations and Dimensioning

S1: WORKLOAD
An analytic approach to determine the bolt work load Fa has been used in (1), assuming
rigid bodies. Relevant data is listed in Table 1.

Table 1: Design data

Number of bolts i =15 Defined
Max / min internal pressure p,,,, = 22MPa [ pyin = 8MPa Defined
Internal Cylinder Diameter D, = 130mm Defined

Analytic calculation of workload:

T F 19,5
. Annax !
F =—.D%. , ivin =
Anax/min 4.j Zi pmax/mln g g F ) 71

kN (1)
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S2: NOMINAL BOLT DIAMETER
According to the bolt size estimation guide in [Pt.1-Table A7], the bolt chosen is: M16x60-
12.9. The estimation steps are shown in Table 2. Relevant bolt data are listed in Table 3.

Table 2: Preliminary dimensioning procedure

Step Evaluation Result
Fpr < 25kN 25 kN

B + two steps for dynamic and eccentrically applied load 63 kN

C + one step for using a torque wrench 100 kN
D Strength grade 12.9 give nominal diameter: 16 mm

Table 3: Data for M16x60 — 12.9 bolt

Parameter Sym. Value Unit Source
Bolt material Steel
E-modulus E 205 GPa
0.2% Proof strength of the bolt Rpo.2 1100 MPa Class 12.9
Nominal diameter d 16 mm
Thread Pitch p 2 mm  [Pt.1-Table A12]

Pitch Diameter d, 14.701 mm  [Pt.1-Table A11] / Calc.
Minor Diameter ds 13.546 mm  [Pt.1-Table A12] / Calc.

Effective head diameter dw 22 mm  1SO 4762
Bolt head height k 16 mm  1SO 4762
Bolt length ! 60 mm  Defined
Clearance hole diameter ~ dj, 17.5 mm 150 273 - medium
Thread Coefficient of Friction Uemin 0.1 - [Pt.1-Table A5-A6]
Friction in Head Bearing Area  Hgmin 0.1 - [Pt.1-Table A5-A6]

S3: TIGHTENING FACTOR
Using [Pt.1-Table A8] for friction coefficient class B, knowing a precision torque wrench will
be used and choosing a high value in the allowed range give the tightening factor o, =1.6.

(R1/1) o, = Fum 16 (2)
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S4: MAXIMUM ASSEMBLY PRELOAD

By defining how much of the bolt capacity that should be utilized during assembly through
the utilization factor 17, a maximum permitted assembly preload is obtained. The associated
data is found in Table 4.

Table 4: Data associated with calculation of the maximum assembly pretension
Utilization factor v 0.9 Defined
Stress Area A 156,7 mm?  [Pt.1-Table A11]/ Calc.

Maximum Permitted
Assembly Preload

Fyzut 142.5 kN Calculated

S5: MINIMUM ASSEMBLY PRELOAD
Taking the tightening uncertainty into account, the lowest preload after assembly should be
the minimum assembly preload listed in Table 5.

Table 5: Data and Results Min Assembly Pretension

Minimum Assembly Preload Fypmin 89 kN  Calculated

FE-Analysis

S6: SIMPLIFY AND PREPARE CAD GEOMETRY

A simplified CAD model is prepared. The data required for modelling is listed in Table 3. The
bolt is represented by a Class Il model, with diameter based on the thread minor

diameter (d3). The tapped thread hole dimeter is modified to have a corresponding
diameter.

Figure 2: SBJ extracted from a MBJ
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S7: PREPARE AND RUN FE-ANALYSIS

The material properties are defined and applied to all parts. The meshed model can be seen
in Figure 3. The bolt is meshed with HEX elements. The mesh is refined in the clamping
interface.

In Figure 4, the boundary conditions are shown. On the cut sides of the model, frictionless
boundary conditions are applied to represent the symmetric conditions. In the tapped
threads are, the bolt is bonded. In the clamping interface and the head bearing area,
friction-contact is applied with the coefficient of friction pr,,i, (Table 6) has been applied.
Pressure is applied to internal surfaces, and the bolt is preloaded.

Table 6: Data needed for FE-simulation

Contact Coefficient of Friction  prpin 0.2 - [Pt.1-Table A5-A6]
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Figure 3: Meshed model

Figure 4: Boundary conditions of the model and applied loads
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S8: EXTRACT VALUES FROM THE FE-ANALYSIS

The results from the simulation is listed in Table 7. They are used for later calculations and
verifications.

Table 7: Extracted values from FE-analysis
Actual max preload  Fypq, 142.5 kN
Max boltload  Fg4, 1437 kN

Bolt moment Mg, 7.5 Nm
Workload  F, 19.46 kN
Actual min preload  Fy,,,;, 89 kN

Residual clamping force  Fyp 70.8 kN

Analysis of Results

S9: WORK STRESS
The work stress is calculated, and found to provide a safety factor against yield of 1.1.

Table 8: Calculated values from FE-analysis
Work Stress 0,045 979.6 MPa Calculated
Amount bending stress 2.8 %

Bolt Yield Safety Factor S 1.12 Calculated

S10: CLAMPING REQUIREMENTS

Type: Pressure
Unit: MPa
Tirme: 2
n1/09/2017 17:09

278.96 Max

235.8 :
L 10264 e
| 149,48 gg’

106,32 =

63.16 '
L 2

10

5

0 Min

Figure 5: Pressure in the clamping interface with max load and minimum pretension

In Figure 5, the residual clamping pressure resulting from the minimum assembly preload
simulation is shown. The pressure distribution looks good, and the amount of opening is
minimal. From this, it is concluded that there is a small chance of prying, and that the
clamping requirements are fulfilled.
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Joint Function OK Visual inspection

S11: TIGHTENING TORQUE
The tightening torque is calculated and presented in Table 9.

Table 9: Data and Results Max Assembly Pretension

Average Head Friction Area Dgm 19.75 mm

Calculated

Tightening Torque My 307.9 Nm

Calculated

S12: APPROVE OR ITERATE
Based on this analysis, the bolted joint is approved.

Approved




Appendix C-1b Calculations for Blind Flange Case v2.mcdx

Calculations for FEA-assessment of Blind Flange Case

Analysis performed by: Jgrgen Apeland

Analysis revision: vl

S1 - Workload
Number of bolts:

Inner diameter of Cylinder:

Internal pressure in cylinder:

Workload:

Date of Analysis: 01/09/2017

According to procedure: BASIC FEA Workflow

S2 - Nominal Bolt Diameter

Bolt data parameters
Nominal diameter:
Pitch:
Effective bolt head diameter:
Diameter of clearence hole:
Calculated parameters

Pitch diameter:
Minor diameter of the bolt:
S3 - Tighteni Fact

Torque wrench:

7:=15

D,;:=130 mm

[pmaz]::[n] Py

I_pminJ 8

F4 rnaa ; F

[ A.muz] ::L'. (-DZ~;>2 . [p7nux] ans. [ A.muz] — [ 1947] EN

I_FAJninJ 4.1 I_pmin I_FA.minJ 7.08

Note: The minimum coefficients of friction must be applied.
d:=16 mm Friction coefficient in the threads:  pgin:=0-1
P:=2 mm Friction in head bearing area: Mmin:=0.1
dy =22 mm Yield strength of the bolt: R, 9min=1100 MPa
d,:=17.5 mm
_ \/5 H=086603P h=061343F H,=054127F R=H/6
H=—">P I ,@‘# 7
H | .
d, cd—3V3 p_14701 mm H, VA h,
3 H ¥_( ___\ D0 /z DI
HZ A
Bolt
dy=d—P (1721/5]:13.546 mm = / A{ X ‘
DD, D, 13 4 4 4

ay:=1.6

S4 - Max Assembly Pretension

Calculation quanteties
Stress diameter:
Stress area:

Parameters

Bolt capacity utililization factor:

Calculations

Allowed assembly stress:

Maximum permitted
assembly preload:

dg=0.5 (dy+d;) =14.12 mm

Agi=T (d5)” =156.7 mm”

v:=0.9

O Mzul =V RpO.Zmin =990 MPa

v RpO.‘Zmin

d
1+3|3 &
2 dg

Frpu=Ag ans. Fy,,=142.5 kN

P

T d,

+1.155 HG7nin))

Page 1of4



Appendix C-1b Calculations for Blind Flange Case v2.mcdx

- Min Assembly Pretension

F I zZul
Minimum assembly preload: Fyfoutimin = Mzl ans.  Fypuimin=2389.1 kN
(6

A o= ====—=—=======

- Simpli nd Pr: re CAD- m

Parameters
Coefficient of Friction in the clamping interface: iy, :=0.2

Coefficient of friction in the head bearing area:  pug,,;,=0.1

S8 - Results and Analysis
Max assembly preload Min assembly preload
Acheived preload: Fypaei=142.5 kKN | Acheived preload: Fypnin=89 kN
Max bolt load: Fopae=143.7 kKN i Clamping force in the interface: Fgr:=70.8 kN
Max bolt bending moment: Mg,:=7.5 Nm I
Workload: F,:=19.47 kN :
|
S9 - Work Stress
Parameters
Residual torque factor: k;:=0.5

Calculation quanteties

Bending modulus: WS::312 ds® =276.59 mm?
d, P
Thread moment: Me:=Fyp—- +1.155 pgpin|=166.4 N m
2 |\md,
Polar moment of inertia: WI,::ILG-dS3 =553.18 mm?
Calculations
Bending stress
F M, M,
Axial stress: O oo i=— 4~ 5% — 944,34 MPa, Ogpoi=—2 =27.12 MPa,
AS WS WS
. MG
Torsional stress: Tmaz i =—=300.73 MPa
W, Bending stress contribution to work stress
. . 2 2 T Sbo
Working stress: e 5=\ Topmaz +3 (Kt*Tinaz) =979.6 MPa AT g0 1= =2.77%
Ored.B
Assessment
Criteria: Oreq.g=979.59 MPa < Ry 9min=1100 MPa
Rp0.2min
Safety factor: Spi=————=1.12
Ored.B

Page 2 of 4
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10 - Clamping R iremen

S11 - Tightenina T

dy+dy,

Average head friction diameter: Dy, = =19.75 mm

D
Tightening Torque: My:=Fyp,,;+|0.16 P+0.58 d, ,qu,-nJr% Biemin|=307.9 N m

Additional Calculations
Additional bolt load: Foy:=Fgpow—Fymar=1.2 kN

. FSA
Load factor: Pppi=——=0.062
Fy

Page 3of 4
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Summary of Key Results

Calculation step Results
; FY mas
S1 - Workload Pmax :[22] MPa [ A-maz :[19’5] kN
Pmin 8 F A.min 7.1

S2 - Nominal Bolt Diameter d=16 mm P=2mm
S3 - Tightening Factor a,=1.6

.u’G'lm'n::O'l
S4 - Max Assembly Preload v:==0.9

Fypu=142.5 kN Trw =990 MPa
S5 - Min Assembly Preload Frritmin=89-1 kN
S6 - Simplify and Prepare CAD geometry d;=13.55 mm
S7 - Prepare and Run FE-analysis Upmin=0.2 Loiemin="0.1

Fypaw=142.5 kN Fgpmar=143.7 kN Mg,=7.5 Nm
S8 - Extracted Results

Fymin=89 kN Fyp=170.8 kN F,=19.47 kN
S9 - Work Stress Creap=979.6 MPa < Ry, =1100 MPa Sp=1.12
S$10 - Clamping requirements
S11 - Tightening Torque M,=308 N m
S12 - Approve or Iterate APPROVED
Additional Calculations Fg¢,=1200 N Ppp=0.06

Page 4of4
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Blind Flange with Analytic VDI 2230 Procedure

Case Description

This case is based on example B5 in VDI 2230 Part 1, but geometry details and parameters
has been changed. The case to be analysed is a blind flange (Figure 1), with the function as
an inspection hatch for a pressurized system. In operation, there is a pulsating internal
pressure. 15 tapped thread joints (TTJ) holds the cap attached to the cylinder, and the scope
is to design and verify that the bolts can withstands the operating pressure, without opening
in the interface. The bolts are to be tightened with a precession torque wrench.

Figure 1: CASE model

CASE Parameters

The case data are stated in Table 1. The 15 bolts are placed around the edge, equally
spaced. Since it is symmetric, it allows for simplification of the case geometry into 15 equally
sized parts. The geometry, with all relevant dimensions are shown in Figure 2. Some central
geometry parameters are listed in Table 2, together with symbols and a description of the
parameter. The material data of $355 JO is listed in Table 3.

Table 1: CASE data

Cap / Cylinder material S355JO Plain structural steel

Tightening Precision torque wrench

Number of bolts i =15 Hexagon socket head cap screws
Strength grade 12.9

Interface roughness R, =16um Surfaces of head bearing area

Max / min internal pressure P, =8MPa, p,, =22MPa
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Figure 2: CASE section

Table 2: Geometry data

Description Sym. Value Unit
Outside diameter of cap and cylinder D, 190 mm
Cylinder inside diameter D, 130 mm
Pitch circle diameter Dy 160 mm
Clamp length |, 30 mm
Length, side at risk of opening e 14 mm

Width of the interface  C; 29 mm

Table 3: Material data according to table A9 [Pt.1-Annex A]

Material §355JO
Tensile strength R . 490 MPa
0,2% proof stress RpO,Z.min 325 MPa
Shear strength Ta min 390 MPa
Lim. Surface pressure Ps 760 MPa
E-modulus E 205000 MPa
Density P 7,85 kg / dm®

ANALYTIC CALCULATIONS

The analytic calculations have been solved according to the procedure described in VDI 2230
Part 1. The calculation steps together with a brief description, the most relevant formulas,
and the results are presented. The (Rx/y) formulas refer to the formulas defined in the
verification procedure. The complete calculations are found in the attached MathCAD
calculations in Appendix C-2b.
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RO: NOMINAL DIAMETER

Working load
Based on the internal pressure, the max and minimum working loads F,.,mn are calculated

according to (1).

V2 o Farex 19,5
FA :H DZ2| . p g|v|ng F/:min = 71 kN (1)

Assuming the cap is flexible, the load is introduced on one side of the bolt, thus being
subjected to eccentric loading.

Preliminary dimensioning

According to the preliminary dimensioning procedure [Pt.1-Table A7], the nominal diameter
is found to be 16mm (Table 4). This procedure is a quick way to make a qualified estimate
based on some critical conditions: Dynamic or static loading, tightening method, and if
concentric or eccentric loading are present.

Table 4: Preliminary dimensioning procedure

Step Evaluation Result
A Fa. <25kN 25kN
B  +two steps for dynamic and eccentrically applied load 63kN
C + one step for using a torque wrench 100kN
D Strength grade 12.9 give nominal diameter: 16mm

Evaluation criteria: Validity range
Then, a check for compliance with the validity range is performed (2), making sure that the
width of the interface area C; is smaller than the limiting size of the interface area G'. A

check at the side at risk of opening give that the distance on the interface € , from the bolt
axis to the edge at risk of opening is below half the minimum limiting size (3). The interface
design complies with the validity range.

1.5
(RO/1) ¢, =29mm < G'=d, { ) } (2)

1

G'.
(RO/2) e =14mm < %:17,4mm (3)
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Bolt data
A Hexagon socket head cap screw ISO 4762 M16x60-12.9 bolt is selected, and according to
[Pt.1-Table A11] and [7-10], the dimensions shown in Figure 3 and listed in Table 5 apply.

}L

/ .

."Ilf \ | -_\'>< )/
s | [ —y 1 P
QB e IS i ©
N /| &y ® i e

- =
\
\ ut

(6]

Figure 3: Bolt dimensions [8]

Table 5: Bolt dimensions

ISO 4762-M16x60-12.9 [8]

Head diameter dy 24 mm

Effective head diameter dy 23,17 mm

Bolt shank diameter dg 16 mm

Nominal bolt length | 60 mm

Thread length b 44 mm

Length to effective thread (1,,, —b) I 16 mm

Bolt shank length (Ig —5P) I 6 mm

Data from [Pt. 1-Table A11]

Load at minimum yield point [10] Fo.2min 173 kN

0,2% minimum yield limit for the bolt ~ Rs jo2mn 1100  MPa
Pitch P 2 mm
Pitch diameter d, 14,701 mm
Cross section at d, A, 144,1  mm’
Minor diameter d, 13,55 mm
Stress cross section A 157 mm?
Clearance hole diameter [7] dh 17,5 mm
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R1: TIGHTENING FACTOR

Using [Pt.1-Table A8] for friction coefficient class B, knowing a precision torque wrench will
be used and choosing a high value in the allowed range give the tightening factor (4).

(R1/1) a, = ';Mﬂ =16 (4)

M min

R2: REQUIRED MINIMUM CLAMP LOAD

The required minimum clamp load F,,; has to satisfy (5). Since there is no transverse load
or any acting moments, F, =0. There is no extra sealing requirement, so F,, =0. However,

prevention of opening has to be considered, and the minimum clamp force at the opening
limit F, has to be calculated (6). The results are presented in Table 6.

(R2/4) Feor 2 MaX(Fygi Fp + Fey ) (5)
R2/3 N As(a-u-s,, -u) 3
( ) Kerf = KA 7 7 A IBT +Ssym U- AD ( )

Calculation approach

axis of the
laterally symmetrical

baolt axis
\50/ clamp solid T ] l Fa
[

F, + i imaginary ¢

/ laterally symmetrical a+v £
- ) T
’ o clamp solid =
\1 1
" =< T
~. Trennfuge /

A Sgym + V interface
v —
; |

) /

bt /?‘.\\ clamp solid

Fa * - for the eccentric case i [ ] ' F
+Sgym 1 >
A

Figure 4: Calculation model with calculation parameters [Pt.1-Figure 4 & Figure 25]

To find F,, the parameters of (6) had to be calculated. The approach is to create a centred

imaginary laterally symmetrical clamp solid consisting of a cone and sleeve, shifted with the
distance s,,, from the eccentric. Knowing s, give u. Then the distance from the centre of

sym sym

the new cone to where the axial load is applied, a, is found based on a Class | simulation
giving the cross-section forces and moments. Then the areal moment of inertia 1;;, and the

surface of the interface area A, is calculated. All values are now known, and the clamping

requirement F., is calculated.
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Parameters and results
Table 6: R2 analytic values

Sym. Value Unit Description
Clamp load required for sealing functions and prevention of one-sided
opening at the interface

I:Kerf = 39- 7 kN

Fea 39,7 kKN Minimum clamp load at the opening limit

Ao 19,5 KN  Axial load directed in the bolt axis direction

A, 737,3 mm? Sealing area of interface

Distance of the substitutional line of action of the axial load F, from

a 13,5 mm
the axis of the imaginary laterally symmetrical deformation body
Distance of the edge bearing point V from the axis of the imaginary
u 12,2 mm . .
laterally symmetrical deformation body
Som 18 mm Distance of the bolt axis from the axis of the imaginary laterally

symmetrical deformation body

gy 67791,4 mm* Areal moment of inertia of the interface area

R3: LOAD FACTOR AND RESILIENCIES

Finding the load factor @, which is the relation between the work load F, and the
additional bolt load F,, (7), requires information about the resilience of the clamped parts
0, and the bolt ;. The proportion of the work-load that relieves the clamped parts is
calculated from (8). For the case of eccentric clamping and loading, the load introduction
factor n is also included and the load factor @, is found (9). All the results are presented in
Table 7.

Fsa
(R3/1) D= F_A (7)
(R3/2) Foa = (1_ CD) Fa (8)
) 5
O =n.—2°
(R3/4) en =N 5o+ o0 (9)
k

s 1l =
L
| Y.
’111 /2 'Gow ’
ilSK IIGM

——— e P T .}

Figure 5: Bolt resilience dimensions [Pt.1-Figure 6]
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Calculation approach
First, the resilience of all the parts of the bolt (Figure 5) is calculated, and combined to the
bolt resilience J;. Then the bending resilience of the bolt g, is calculated, since it later is

needed to calculate the alternating stresses. To calculate the resilience of the clamped
parts, the form and size of the substitutional deformation body is calculated (Figure 6). Then
the resilience of the deformation sleeve 5;', and of the deformation cone &) is calculated
and combined, giving the resilience of the clamped parts J, . Due to the eccentric clamping
and loading, the compensated values 5, and ;" are calculated. In the end, the load

introduction factor n is found, based on [Pt.1-Figure 22 & Table 2]. The SV2 is the best fit,
and n is obtained.

Da
0s G
“ Fy Verformungskérper in der - o
' I | Ebene Schraubenachse/ b
T ¥l | ”*_\‘ | Wirkungslinie der axialen | IL JIL
= | kY | | Betriebskraft / hety e
| ] L_‘a_..l deformation body in the
| ~—' T— plane of bolt axis and 4
| ‘ the axial line of action -
‘ of the axial working load
I L]
[ — Ersatzgrundkérper / .
substitutional basic solid - & A
Y

Figure 6: Parameters related to the substitutional deformation body [Pt.1-Figure 8]

Parameters and results
Table 7: R3 analytic values

Sym. Value Unit  Description
Load factor for eccentric clamping and eccentric load

P 0,051 ul introduction via the clamped parts
Js 14.10° MM\,  Elastic resilience of the bolt
,55 0,107 %Nm Elastic bending resilience of the bolt

Elastic resilience of the clamped parts or eccentric clamping and
eccentric loading
Load introduction factor for describing the effect of the

3k —4 mm
5y 2,0-10 N

n
0.27 ul introduction point of F, on the displacement of the bolt head
F 185 KN Proportion of the axial load which changes the loading of the
PAmaX ’ clamped parts, additional plate load
Foamax 1,002 kN Axial additional bolt load
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R4: PRELOAD CHANGES

To compensate for the embedding resulting from the high assembly and operational loads,
the resulting loss in force F, has to be calculated (10). The amount of embedding is based

on the surface roughness, and suggested deformations f, are found in [Pt.1-Table 5].

(R4/1) F = (10)

Parameters and results
Table 8: R4 analytic values

Sym. Value Unit Description

F 4,8 kKN  Loss of preload resulting from embedding during operation

f, 8 MM Plastic deformation because of embedding

R5: MINIMUM ASSEMBLY PRELOAD

The minimum required assembly preload F, ., is calculated, taking into account different

.min
changes in the preload and assuming the greatest possible relief of the joint (11). The
clamping requirement F,., relief in the clamped parts due to the maximum work load F,,,

and loss of preload due to embedding is considered. The change in preload due to thermal
expansion AF,, is not relevant in this case. The results are listed in Table 9.

(R5/1) F

M.min

= I:Kerf + (l_ CD:n ) I:A.max

Foa

+F, + AR, (11)

Parameters and results
Table 9: R5 analytic values

Sym. Value Unit Description

Required minimum assembly preload which can occur at F, .., because
of a lack in precision in the tightening technique and maximum friction

= 58,2 kN  General preload, without embedding effect

R6: MAXIMUM ASSEMBLY PRELOAD

Taking into account the expected uncertainty and scatter determined in (4), the maximum
assembly preload needed to ensure the clamping requirements are fulfilled is calculated
(12). The result is presented in Table 10.

(R6/1) I:M.max =0p- I:M.min (12)
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Parameters and results
Table 10: R6 analytic values

Sym. Value Unit Description
Maximum assembly preload for which a bolt must be designed, so that,
F, . 1008 kN despite lack of precision in the tightening technique and the expected

embedding during operation, the required clamp load in the joint is
produced and maintained.

R7: ASSEMBLY STRESS & LOAD
The assembly stress o, ,, resulting from the preloading F, .., must be checked against the
allowed assembly stress o\, (13). That is done by checking that the assembly preloading

Fu mex 1S below the maximum allowed assembly force F,,, (14). This value can also be

obtained from [Pt.1-Table A1-A4]. The result is given in Table 11, and evaluation against the
criteria is done in (16). The different preload values are identified and compared to the bolt
strength in Figure 7.

(R7/1) Ored Ml =V Rp0,2min (13)
v RpO 2min
(R7/2) I:Mzul = Ab ’ (14)
3d P
1+3| =2 +1,1554,
\/ |:2d0[7l'd2 /qumj:|
(R7/3) I:M max < I:Mzul (15)

FM
74 FMTab /_
’ -
FMO,Zmax <
c
S
=
FMO,Zmin % % s
o £
O =
FMTab m
Mmax =
@ * Fumin 8
3
£ 5
Mmin w

FMzuI.min

Figure 7: Permissable assembly preload [Pt.1-Figure 33]

\ 4
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Calculation Approach
The allowed assembly stress o4, is found using a utilization factor of v=0.9 on the

minimum yield point R (13). Based on the allowed assembly stress, the equivalent

p0,2min

maximum allowed assembly force F,,, is calculated (14). The requirement states that the

zul

maximum assembly preloading F, .., must be smaller than the maximum allowed assembly

force F,, -
Result
Fu mx =100,8kKN < F,,, =142,4kN (16)
Table 11: R7 analytic values
Sym. Value Unit  Description
Fu 142,4 kN Permissible assembly preload
R8: WORKING STRESS

The maximum stress in the bolt during operation, o, ¢, has to be checked not to exceed

the proof stress of the bolt, R (19). The results from the calculation are presented in

S.p0.2.min
Table 12.
(R8/1) Fs.max = I:M.zul + cD:n : I:A.max _AFVth (17)
F

(R8/4) Gregs =\ man +3(K, T ) (18)

(R8/5-1) Ored g < Rpo.2min (19)
RpO 2min

(R8/5-2) Sp =——210 (20)
O_red,B

Calculation Approach

The maximum force in the bolt is calculated according to (17), which is used to calculate the

normal stresses o, ., -

process is calculated, 7

Then the torsional stresses of the threads from the tightening

coming from the tightening moment on the threads (M)

max /

required to achieve a pretension of F,,,. It is assumed that half the torsional stress (k. =0,5

zul *

) will remain throughout operation. The reduced stress during operation o, ; is calculated

(18), and compared to the allowed stress (19) or by establishing a safety factor (20).
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Parameters and results
Table 12: R8 analytic values

Sym. Value Unit Description
O 9495 MPa Comparative stress in the working state
Se 12 ul Safety margin against exceeding the yield point
Fomex 1434 kN Max bolt load
O,mx 9134 MPa Max tensile stress in the bolt based on K.,
. 299.5 MPa Torsional stress in the thread as a result of tightening torque on the
max thread
R9: ALTERNATING STRESS

Since the load is pulsating, the bolt will be exposed to alternating stresses. For the case of
eccentricity, the stress amplitude o, has to be compared to the fatigue limit for bolts rolled

before heat treatment o, . The results are presented in Table 13.

(R9/2) 0 = T T o)
S .a.d3 *
GSAbz 1-|— :l; __sym I_K.E.ﬂ- ? dS CDen FA (22)
(Den a Iers EP 8- l'gers As
F o
F — A.max - SAbo (23)
AOF
Amin  Osanu
(R9/3) O < Opsy (24)
O asv
(R9/4) Sp=—>>210 (25)
O-ab
Calculation Approach

The max ( Ogyy,, ) and minimum ( oy, ) stress states (23), are calculated using (22). That

equation use some of the geometry, stiffness and loading parameters. The substitutional
bending length of the bolt | is calculated based on the bending resilience of the bolt, £ .

The stress amplitude is calculated according to (21), and compared to the fatigue limit o,
(24) or by the safety factor S, (25).
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Relevant parameters and results
Table 13: R9 analytic values

Sym. Value Unit Description
Continuous alternating stress acting on the bolt during eccentric
clamping and loading

o, 109 MPa

Sp 4,2 ul Safety margin against fatigue failure

Stress amplitude of the endurance limit of the bolts rolled before heat
o,y 46,2 MPa P

treatment

| 36,2 mMm  Substitutional bending length for a bolt

= 56.10°  mm’ Substitutional areal moment of inertia for the deformation body,
' subtracted the areal moment of inertia of the bolt hole

R10: SURFACE PRESSURE

The surface pressure in the bearing area, between the bolt head and the cap, is checked
against the maximum material surface pressure (26), or by finding a safety factor S, (27). If
exceeded, creep may pose a threat. The results are listed in Table 14. Only the assembled
state is considered, since that is where the forces are largest.

F
(R10/1) P max = ALZ”' < Ps (26)
p min
(R10/4) S, = pL (27)
M max

Parameters and results
Table 14: R10 analytic values

Sym. Value Unit Description
Ps 760 MPa  Maximum permissible pressure under the bolt head

S 0,97 ul Safety margin against surface pressure

Pumx  786,3  MPa Surface pressure in the assembled state

A min 1811 mm?  Minimum bolt head bearing area

R11: LENGTH OF ENGAGEMENT

To make sure the thread length of engagement is sufficient, a calculation of the thread
capacity is compared the effective thread length. The results are listed in Table 15.

Calculation Approach
First, the thread is identified as critical (28). Then, a diagram [Pt.1-Figure 36] gives the
specific length of thread engagement required, m,, . Then it is checked that the effective

thread length of engagement is larger than the required length (29).
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R;=0.604 < 1 = Threadis critical (28)

Mo =26MmM > m, =16,8mm (29)

Parameters and results
Table 15: R11 analytic values

Sym. Value Unit  Description

Rg 0,604 ul Strength ratio

Mgt 16,8 mm Effective length of thread engagement
Mettvorn 26 mm Allowed length of thread engagement

R12: SAFETY MARGIN AGAINST SLIPPING

This step is omitted, since shearing is not relevant.

R13: TIGHTENING TORQUE

As the final step, the tightening torque is calculated. Results are listed in Table 16.

(R13/1) IVIA = I:M.zul 0’16P + 0’58d2 " Hg min + DKémin Hi min (30)

bolt head bearing

thread

Calculation Approach
The tightening torque M, can be calculated from (30), or since it is based on the permitted

assembly preload F, ,,, found in [Pt.1-Table A1].

The following coefficients of friction is assumed: i in = L min = 0,1

Parameters and results
Table 16: R13 analytic values

Sym. Value Unit Description

M, 309 Nm  Tightening torque during assembly for preloading a bolt to F, ,,

D, 20,3 mm Effective diameter for the friction moment at the bolt head
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CONCLUSION AND SUMMARY OF KEY RESULTS

The analytical calculations of the case defined in section 0, has resulted in the
recommended use of bolt: ISO 4762-M16x60-12.9, rolled before heat treatment. The BJ
design has been verified, and the most relevant results are summarized in Table 17.

Table 17: Summary of analytic values

Calculation step Sym. Value Unit
FAmax 19’ 5 kN
RO: Nominal Diameter Fa.. 7.1 kN
d 16 mm
R1: Tightening Factor a, 1,6 ul
R2: Required Minimum Clamp Load Fiert >39,7 kN
D, 0,051 ul
-3 mm
0 1,4-10 kN
R3: Load factor and resiliencies Op 2,0-10™ MM N
i 1,002 kN
PA.max 18,5 kN
R4: Preload changes F 4,8 kN
Fo i 63 kN
R5: Minimum assembly load
= 58,2 kN
R6: Maximum assembly load Ft max 100,8 kN
R7: Assembly stress & load Fu i 142,4 kN
O 949,5 MPa
R8: Working stress Se 1,2 ul
s max 143,3 kN
Oy 10,9 MPa
R9: Alternating stress
S, 4,2 ul
S 0,97 ul
R10: Surface pressure
P max 786,3 MPa
R11: Length of engagement Mettvorh 26 mm

R12: Safety margin against slipping - - -

R13: Tightening torque M, 309 Nm
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Blind Flange Calculations with Anaytic VDI 2230 Procedure

This analytic calculation are based on the calculation procdure defined in VDI 2230, and are associated with Appendix C-2a.

A summary of key results are found on page 8.

Parameters

Internal pressure in cylinder:

Geometry data

Prax

8

:[22] MPa

Pmin

Data for M16x60-12.9 bolt

p=

Prax

Pmin

Material data: S355 JO

Dg7:=160 mm 1:=15 R, min=490 MPa
D,:=130 mm d:=16 mm Ryt p0.2.min*=325 MPa
D,:=190 mm Fyomini=173 kN TB.min =990 MPa
cr:i=29 mm P:=2 mm Pg=760 MPa
e:=14 mm d,:=14.701 mm E:=205 GPa
chamf:=1 mm Ayzi=144.1 mm? p=17.85 ng
dm’
d,=17.5 mm Ag:=157 mm’
E
lg:=30 mm di:=24 mm [Eq}—[g]
P
1:=60 mm dy:=23.17 mm
Rnu’\[ ::Rm,min
b:=44 mm dg:=16 mm
4 Ay
ly:==l-b=16 mm dyi= =13.55 mm
™
ly:=1,—5 P=6 mm A
dgi= 5 =14.14 mm
™
- - FO.Z'lm'n
RO - Nominal diameter Ry po.2.min'= =1102 MPa
s
F Fy
FAAmazj| — 71'. (DZ2>2 p:[lgi] kN FA :_|:F‘4.mn,r,j|
A.min 4.1 . A.min

oaliH

e=14 mm <

R1: Tightening factor

a,:=1.6

34.8 mm >  cp=29 mm
46.3

G [174

—= mm

2 [23.2

R2: Required Minimum Clamp Load

Substitutional outside diameter

of the basic solid

D'y 1:=Dgp=160 mm

U

B =1.2

dWm

Limiting diameter on the

Dygr.r=dw,+ g

Limiting outside diameter

Dyp=2 (cT—e) =30 mm

/
AT _

6.3 pp:=atan

dWm

inside

tan (¢D> =46.8 mm

Lower bearing area
diameter (inside)

dyi=2 e=28 mm

(0.362 +0.032 In (%

@190 -
@160 -
-1
I~ !
[
1 X 45.0° Chamfer I ; - 3
vl
e 11/ M.
15
R8O ' ~15
AT
(24.0°)
R95
O‘S
%
= - e
& !
|
1 G
I - ./’/
OI:S (o

Average bearing area
diameter

dy+dy,

Ay = =25.6 mm

+0.153 ln(y)) =0.6

Page 1 of 8
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0SS a A
55 ™m
Average diameter of inside and cap edge side Small cone component ons A — - \
s F
DAGr 1t qu | | ‘ Fa ‘ A
D, pji=—————=374 mm D, ar=Dsp=30 mm
AT AR AR J; R Tx J;
arv ::IE I—-.._*r px)
Average diameter of the complete substitutional sleve v ft TﬁTUJ, U
D, p+D,, Dy = - Trennfugea’ J— I H}lﬂ-
Dy, =B AL 33 7 mm vi=—2" _16.8 mm Soym + V fntertace -11' e
2 Fe
? ] g
Check sign rules in table 4, VDI12230 pt. 1. [ ] Y F, £, Y F,
CASE I1I - for the displacement of the deformation body into a symmetrical position. A oil s A
olls
Syymi=cr—e—v=—1.8 mm u=e+ Sy, =12.2 mm
To determine the eccentrity aof the load introduction, a FE-simulation
according to Class I was performed: .
' axis of the
E bolt axis laterally symmetrical
Force reaction:  Fy;:=19462 N E |#> W S0 clamp solid
\\ T T T T: fo : Fa 4 an / ::j(:rg;“?Zymmetrical
FsimAQ:: 6842.5 N : ‘& Ful ] AN clamp solid
é /Mm N
Moment reaction: A
My;:=2.6309 10° N mm L L AE e
& A g ’\ clamp solid
Fypr=19462 N h Fa * [‘E J for the eccentric case
i s +ssyL
Note - Very similar to: Fy pnaw=19467 N Rk T +a -
R r Figure 4. Model for determining sy, for an eccentrically
M clamped joint from an imaginary concentrically clamped joint
a:= KT =13.5 mm
FKI
Outer radius Effective internal radius Radius to bolt axis Spacing
D, Dy, D wD
Tgi=—— = z +chamf 7‘3::ﬂ t::i,ST:?)?)ﬁ mm
2 2 2 7
The interface areais:  Api=—- (r,? —r;%) - (% dh2) =737.34 mm?
1
teg (r+4r,r+r]
Areal moment of inertia for the interface segment: Tppi=—r ( - L > =67791.4 mm*
36 7. (ra-i-ri)
The requesite clamp load is thus:
Ap-(a u+s u
FKesz FKA::FAJnaz' 2 < v/ ) =39.7 kN
IBT+Ssym u AD
F Kerf’:F KA
- I
R3: Load factor and resiliences
Axial resilience of the bolt are calculated:
vee et .
lg:=0.5-d 1,;:=0.33 d lggi=d 0.4=6.4 mm o : %
loow=li—1,= 14 =T gt = 2) mm? T __‘_ T ®
Gew=lg—1ly;=14 mm Id3._6—4 ds _<1.7-10 ) mm I T
lG mm T ﬂ
dgi=———=(2.7107) — Ayi=—d’ tg
T B Ay ( ) N ! h A aw
N |
l | 5K GM
Syp=—L = (1.3.107) 2% Iy=—" q* e
Ep-Ay N 64

Senr=0g+0y=(4-107) o

Page 2 of 8
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Unengaged loaded part of the thread

lGew _7n mm
S o= =(4.7.1077) M
G = A ( )

o lg _ —7\ mm
51._ES'AN_(3.9 107) —
S = L =(1.6.107) 2

ES" N

O53= O+ 01+ 0o+ Oar = (1.4-107°) %

Bending resiliences:

/BGew::lGi: (41 . 10_8> B —

ES.Id3 N mm

lSK
i=—> =(9.7.107°
/BSK ES.IN < > N mm

l Ly
=— ¢ —(2.4.107) o Bryi=—
ES.Id3 N mm EP.IN

_ 1
Bani=Ba+Bu=(3.2:10") ——
N mm

Ba:

= lg — -8 1
Bl'_Es-IN_@'4 10 > N mm

_ 1
Bs=Bac+ B +Banr+Bew=(1.1-107) ———
N mm

Substitutional length for a cylindrical bolt:

For the clamped parts, form and size of the substitutional deformation
body of the present TTJ is determined.

(]h

D'y;:=2 (T—TJ:N.S mm D’y ;=160 mm

Substititional outside diameter of the basic solid

leysi=Bg+Eg-1;3=36.2 mm

=(8-107) 1
N mm
ANRA T
/= =Y [ =1 o

|
|
I
|
|

Y

il H }
] u

D'y;+2 (cp—e)+ (2 t—d, ] doay = Gy 1
= ( 3> ( >:79.8mm _ )
a
Bild 9. Zylindrische ESV Figure 9. Cylindrical TTJ
I D'y a) Ersatzverformungskegel a) subsitutional deformation cone
Bri=——=74.2 deg yi=—"=34 b) Berechnungsmodell b) calculation model
dyy dy,
_— Dy,
Substitutional cone angle
ppi=atan (0.348+0.013 In (8;) +0.193 In(y)) =30.5 deg i
ref. p. 45 - eq. 39 w:=2 for TTJ] FTil
L_L_ R
Limiting diameter \
Dy gri=dw+w-lg-tan (ng) =58.6 mm N
Verspannungskdrper / o8 ‘ Fa Verformungskérper in der
clamp solid 0 Ebenc Schraubonachse/
dy (ay=0) T : ‘ BT Wirkungslinie der axialen dh
= A\ Betriebskraft /
N | Al % s e . N =
/ deformation cone | ‘ j& the axial line of action G A
[ — h of the axial working load
= =
‘ = ‘ 7| L i haci soid
v | } = |1
7
Seym '
Dy
DA Gr

/ Kegel / cone

[ —
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Substitutional outside diameter at the interface:

See that D, ;,=58.6 mm > D,=35.8 mm

(2t—dy)+2 e+2 (cr—e)

3

The substitutional deformation body consist of cone and sleve.

The following applises for the resilience of the substitutional cone, with the cone height:

Dy—dw

lw:m: 10.7 mm

N <dW+ dh> . <dW+ 2 Iy, tan <<pE> —dh)
(dw—dp) « (dw+2 by tan (pp) +dy)
Ep-dy-m-tan <<pE)

Sy pi= =(1.4

The remaining substitutional sleve has the height:

21y,
lH::lK—TZIQ.S mm

41y
Ep-m+(D,” —d,”)

_ L10-T) mm
=(1.2-10 )—N

Sppi=

Spi=0y.p+ 0y p=(2.6-1077) ==

Resilience for eccentric loading & clamping

mm

-7
107) ~

<DA - dW> ~dy’ +Dy’

IV.Bers :=0.147.

D,* —dy*

- T
Substitutional cone: Lyg pers =Ty pers+ Ssym” I D,?

(2 t—dy) e’

Substitutional sleeve: Iy Bers= e

L3 =(6-10") mm*

Substitational areal moment of inertia: ~ Ig,,.,:=

21,

ly

we IVE.Be’rs IH.Be'rs

2
Seum_ *L
8pi=bpt K —(2.7.107)
EP' Bers

mm

a*Sgm el
8 pi=bp+— M K — (3.1077)

EP *LBers

Determining KEF n by Table 2: (most unfavorable variant)

d
ak::a—ssym—%:&S mm

a l
=*_01 A-0

ri=
lK lK

The connecting solid start at the line of action of F,. In table 2, use SV2

Linear interpolation n:=0.3+0.04 013703 _ 966
0.5-0.3
Load factor Additional bolt load
"p+6
Sls,en:: .ﬂ:OO'Sl'S FSA.'ma:E::FA.ma:E'@,en:
pt+0g

n = load introduction factor

Additional plate load

<1 . 103> N FPA.maz::FA.maz' <1 -

—

Dy:= =35.8 mm

bei Durchsteckschraubenverbindung:
gleichmaiig verspannter und konstruktiv
sinnvoller Trennfugenbereich ¢

in bolted joints:

interface region evenly dlamped and
appropriate from the design point of view

svz

®',,)=18.5 kN

Page 4 of 8
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R4 - Preload changes

From Table 5, embedding from Rz:=16 um is 2 um for an inner interface, 3 um for for head bearing area

and 3 wm for the thread contact, thus:
fz:=8 pm

With eg. (R4/1)

Fyi= T2 48N
55+6p

R5 - Minimum assembly preload

eq. (R5/1)
Fierp=39.TkN  Fy,0.=19.5 kN F,=4.8 kN
Fopmin=Fkers+ (1 - Sp,en) Fpmat¥z Fy:=Fpepp+ (1 - élen> F Y max
Fopmin=63 kN Fy=582 kN

R6 - Maximum assembly preload
eq. (R6/1)

FI\/I.maz =0y °FJ\VIAmin =100.8 kN

R7 - Assembly stress
according to Table A1, with pg i, :=0.1

Fyfoa=Frra Firfmaz=100.8 kN < Fypoui=142.4 kN

R8 - Working stress
eg. (R8/1)

F.S’mzaz::Fl\/I.zul'F¢/en'FAJnaw: 143.4 kN

F
T = i’{m =913.4 MPa
S
d2
MG ::F]\l‘zul — +1'155'Nszin =166.2 N m

2 \m-d,

WP::1_7:5' (ds)* =554.9 mm?

Mg
—=299.5 MPa
P

Tmaz =

eg. (R8/4) k;:=0.5

2
Ored.B*= \/o-z.maz2 +3 <kt Tmaz> =949.5 MPa

Checking that maximum working stress is below the minimum yield stress of the bolt.
Oreq.p=949.5 MPa < R 0.9.min=1101.9 MPa

Safetyfactor against yielding are:
SF:: RS.pO.Zmin —1.2

Ored.B

Page 5 of 8
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R9 - Alternating stress

Amplitude of alternating stress ref. eq. (9/2):

Surface areal moment of inertia: Bending resilience of the clamped parts: Bending moment absorbed by the bolt:
l R 1 J¢] s [6 5'|
% w 4 4 4 K —6 P sym ., .
I'gersi=Igers——— dy” =(5.6-10") mm = =(2.6-10") —— Mgi=— |1—— &', | F4y a= N m
b b 64 " ( > ﬂp EP I/Bers < > Nm 5 /65 ( a ) 4 |.24J
s lx Eg mea-dg®) &, -F
Toup= 1+ ],. _ Zsym K . S . . S en" A — 342] MPa I 54bo =0ga
¢ en a lers EP 8.1 Bers AS 12.4 TsAbu

g 0~ 9 SAbu
aab:%: 10.9 MPa

Permissable continous alternating stress for bolts rolled before heat treatment

O a5y i=0.85 (%+45) MPa=46.2 MPa l,s=Bg+Eg+I,;,=36.2 mm

The amplitude are smaller then tha allowed stress amplitude
=109 MPa< o044,=46.2 MPa

The safetyfactor against fatigue are

g
Sp=—2Y —4.2
Tab

R10 - Surface pressure

Ap.'min::% (dW2 - dh2> =181.1 mm2

. F]\/I.zul
Assembled state:  p; 00 i=————=T786.3 MPa

p.man

The surface pressure are not below the allowed surface pressure. A washer should be used to reduce the surface pressure.

DPMmaz= 7863 MPa > Pe="T760 MPa

Sp=—P%__o.97
Py omaz
Working state omitted, since: AFy;,=0 and F;>Fgu mae

R11 - Length of engagement
acc. to eq. (199)

D,:=d, D,:=14.2 mm Ry,5=Rg p00min=(1.1-10°) MPa  R,,;=490 MPa

) d- (§+ (d—Dy)- tan (30 deg))

mM P .
Rg:= 2 7 =0.604 < 1 => The thread is critical
d- (E+ <d2—D1> -tan (30 deg)) ms
p. 101
TB.min=390 MPa 1 s ‘ ‘ ‘ ‘ ‘ ‘
N 1 I ] T 1 ]
P: o \ Regelgewinde M4 bis M39 nach DIN 13: 6g/6H
=1. d= . === 3 ¥ (gilt fr C; =1und C3=1)/

Mefp 1.05-d=16.8 mm Mygesvorh l lK 30 mm o8 " standard threads M4 to M3 as per DIN 13; 6g/6H
% < 30 1Y (applies to C; = 1 and C3 = 1)
S E N\

Metfvorh *=Mgesvorh — 2 P=26 mm £e asin | ‘L
5 I
i} g < 20 ~ < -= 88
2gc N --=-109
S < 15 — 129

— — < -

Mesprorn=26 mm > m=16.8 mm 32 1o D
2 g o Tl e——— ||
=% 05 ==
%
- i i i i 2 00
R12 Safety margin agalnSt SIIpplng R 100 150 200 250 300 350 400 450 500 550 600 650 700
Scherfestigkeit des Innengewindewerkstoffs in N/mm? /
. i il 2
Omltted shear strength of internal thread material, in N/mm

Page 6 of 8
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R13 - Tightening torque

dw—d,
KK min = HG.min DKm::u"f‘dh:20.3 mm

D
M y:=Fyf y+|0.16 P+0.58 d2'/'LGmlin+%'uK.min =311.8 N'm

Table Al: M,4:=309 N m

Page 7 of 8
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Summary of Key Results

Calculation step

Main output

Sub parameters

RO - Nominal diameter

FAAmin I. 7.1 J

FA.7naz] — [ 195]

G/_[34.8

Tla63] ™™ 7

e=14 mm <

kN

cr=29 mm

¢ —[17'4] mm

Ipp=67791.4 mm*

2 [23.2]
R1: Tightening factor a,=1.6
Frerp2Fga Sgym=—1.8 mm a=13.5 mm
R2: Required Minimum Clamp Load
Frenp=39.7 kN u=12.2 mm Fry=39.7 kN
5g=(1.4.107%) op=(2.6-10") % p=0.27
R3: Load factor and resiliences 1 kN Fppmee=18.5 kN
’ -1 Mim :
B5=0.107 6p=(27-10") =2 Fgy e =1.002 kN
EN m
’ " — mm
&', =0.051 6"p=(2-107") N
R4 - Preload changes F,=4.8 kN fz=8 um
Frerp=39.7T kN
R5 - Minimum assembly preload Fyrnin=63 kN Fynae=19.5 kKN
F,=58.2 kN F,=48 kN
R6 - Maximum assembly preload Fyfmaz=100.8 EN
R7 - Assembly stress Fyymaz=100.8 kN<  Fy;,,=142.4 kN
R8 - Working stress T rea.p=949.5 MPax Rg 02 in=1101.9 MPa Fg nae=143.4 KN
O ymaz=913.4 MPa
Sp=1.2 Tonae=299.5 MPa
R9 - Alternating stress 0=10.9 MPa < 044,=46.2 MPa 0,=10.9 MPa
I'gers=(5.6-10") mm*
Sp=4.2 l,,s=36.2 mm
R10 - Surface pressure Daimaz=T786.3 MPa < p,=760 MPa
5p=0.97
R11 - Length of engagement Rg=06 < 1 => Thread is critical
Mepfporh, =26 MM > Mep=16.8 mm
R12 - Safety margin against slipping  Omitted
R13 - Tightening torque M,=309 Nm
Additional calculations:
F F ;
Frepmini=—22  Fy— Fpp maw=65.8 kN Fren=39.TkN  Fy4=39.7 kN Spi=—EEM 1 65
Qy Fra

Page 8 of 8



APPENDIX D

BOLTED TUNER ANALYSIS EXAMPLE

D-1
D-2

HG Cavity Bolted Tuner Analysis (EDMS 1716574)

Analytic Calculations for Tuner Analysis






Appendix D-1 Page 1 of 22

HG Cavity Tuner Bolted Joint Analysis

Analysis performed by: | Jgrgen Apeland Date of Analysis: | September 2017
Analysis revision: | V2 EDMS Reference: | 1716574
According to procedure: | BASIC FEA Workflow
Mathcad calculation: | Appendix D-2 Analytic Calculations for Tuner Analysis

BASIC FE-ASSISTED ANALYSIS

This is an analysis of the bolted joint on the HG Cavity Tuner. The scope of this analysis is to
assess if slipping occur under operational loads, and define tightening specifications. The
assessment is performed according to a simplified procedure based on VDI 2230.

SO: INITIAL STATE

tank

connection
to cavity

Figure 1: Tuner geometry without bolted joint

The initial tuner geometry is presented in Figure 1. In Figure 2, the tuner geometry with
bolted joint is shown. There are 4 separate bolted joints, with 9 bolts in each. The total
number of bolts are 36. The bolts are determined by the designer to be: ISO 4762 M8x20-
A4, Austenitic Stainless Steel of property class 70. The tuner is made of AlSI 316 Stainless
Steel.

For this analysis, the eight alignment/shear pins are neglected.
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SECTION A-A

Figure 2: Tuner geometry with bolted joint

Based on an analysis of the HG Cavity and tank [1], the stiffness of the tank is found to be
130 kN/mm, and the cavity to be 4 kN/mm. The cavity deformation range is +/- 1mm, thus
2mm in total. Assuming the tank is stiff, due to the much higher stiffness, a 2mm
deformation of the cavity will introduce 8 kN of load on the tuner. Including a small safety
factor (1.25), assuming 2.5 mm deformation, the load on the tuner is 10 kN. The friction in
the clamping interface has been assumed to be 0.2.

The most important data is summarised in Table 1.

Table 1: Design and workload data

Bolt type SO 4762 M8x20 A4 Class 70
Number of bolts Nn;=9  ng,, =n;-4=36
Tuner material AISI 316 Stainless Steel
Friction in the clamping interface 14, =0.2

Max Tuner Workload F, ,,,, = 10 kN
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Pre-calculations and Dimensioning

S1: WORKLOAD

12,5

1 Coordinate reference

Figure 3: Naming of bolts and bolt positions

In Figure 3, the bolts for one of the four BJs are named and positioned. In the associated
Mathcad document (Appendix D-2), the center of the bolt pattern and the radius to each
bolt is identified. The critical bolt is “B9”, and is positioned 32.7mm from the bolt pattern
center.

Through a Class | simulation, having the clamping interface bonded, a reaction moment
about the bolt pattern center were extracted, and found to be M, = 123Nm. From analytic
equations, the following quantities are calculated:

Assuming:
Coefficient of friction in the interface: Hr min = 0.2

Minimum required safety factor: S 12

G.req =
Transverse force on critical bolt: Foms =902.6N

~ Se Foume _ g ey
Hr min

Minimum req. clamp load: o
The analytic approach assumes rigid bodies, and that the reactive forces of the bolting
points are divided proportionally to their distance from the centroid. The outermost bolt(s)
are defined as critical, and are the subject of verification.

Based on this calculation, the minimum preload to satisfy the required transverse load-
carrying capacity is 5.4kN, when not considering preload losses.

From a simulation with frictionless conditions in the interface and bonded contacts in the
head bearing area, the maximum transverse load is found to be 1.85kN. This is twice as high
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as the load obtained from analytic calculations. This load is however expected to be too
high, due to unrealistic load distribution in the joint when friction is not present.

S2: NOMINAL BOLT DIAMETER

For Standard Steel Bolts

According to the bolt-size estimation guide in [Pt.1-Table A7], knowing the maximum
transverse load on the bolt Fgumax, the bolt has to be: M8 — 8.8. The estimation steps are
shown in Table 2.

For the transverse load resulting from a FE-analysis with frictionless contact in the interface,
the estimated nominal diameter would be 12mm.

Table 2: Preliminary dimensioning procedure for analytic load

Step Evaluation Result
A Fo,0e < 1000N 1 kN
B + four steps for static or dynamic transverse load 6.3 kN
C + one step for using a torque wrench 10 kN
D Strength grade 8.8 give nominal diameter: 8 mm

For Bolts of Other Materials
The bolt will be of Stainless Steel, so two approaches can be taken:

1. Verify that the yield stress of a similar SS bolt will be the same
Rpo.2 of A4-70 is 450 MPa < 640 MPa of Steel class 8.8

Thus, the Stainless Steel bolt is weaker than the bolt suggested by [Pt.1 — Table A7]. The
nominal diameter should therefore be larger than what the procedure suggest.

2. Identify a new SS bolt size based on the same capacity as the steel bolt.

F

Steel — Fss

RpO.Z.SteeI 'ASteel = RpO.Z.SS 'Ass

64OMPa-%-(8mm)2 - 450MPa-%(dSS)2

_ \/640|\/|Pa.(8mm)2
% 450MPa
dgs =9.5mm

According to this calculation, to achieve the same capacity in the Stainless Steel bolt
as the one suggested by VDI 2230 Table A7, The bolt should have the size M10.

Based on the above estimates, the bolt should have been larger. However, since M8 is
specified, this bolt will be kept for the following analysis.
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Bolt and Clamped Parts Data
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Figure 4: Cross-section of bolted connection

A cross-section of the bolted connection is shown in Figure 4. The bolt data is presented in
Table 3, and the clamped parts data in Table 4.

Table 3: Bolt data

Parameter  Sym. Value Unit Source
Bolt material Stainless Steel A4-70 [Pt.1-Table A9]
E-modulus E 200 GPa EDMS 1530740
Tensile strength of bolt Rm 700 MPa BOSSARD
0.2% Proof strength of the bolt Rpo.2 450 MPa BOSSARD
Nominal diameter d 8 mm  Defined
Thread Pitch P 1.25 mm  [Pt.1-Table A12]
Pitch Diameter d, 7.188 mm  [Pt.1-Table A11] / Calc.
Minor Diameter ds 6.466 mm  [Pt.1-Table A12] / Calc.
Effective head diameter dy 12.33 mm SO 4762
Bolt head height k 8 mm  I1SO 4762
Bolt shank length ls 20 mm  Defined
Clearance hole diameter dp 9 mm  1SO 273 - medium
Thread Coefficient of Friction  pgmin 0.2 - [Pt.1-Table A5-A6]
Friction in Head Bearing Area  pgmin 0.2 - [Pt.1-Table A5-A6]
Table 4: Clamped parts data
Parameter Sym. Value Unit Source
Clamped parts material AlSI 316 Stainless Steel / 1.4401
E-modulus E 200 GPa [Pt.1-Table A9]
Tensile strength R, min 530 MPa [Pt.1-Table A9]
0.2% Proof strength Rpo.2 220 MPa [Pt.1-Table A9]

Friction in the interface

HUTmin 0.2
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S3: TIGHTENING FACTOR
Using [Pt.1-Table A8] for friction coefficient class B, knowing a precision torque wrench will
be used, and choosing a high value in the allowed range give the tightening factor «, =1.6.

(R1/1) a, = i_ax ~16 (1)

M min

S4: MAXIMUM ASSEMBLY PRETENSION

By defining how much of the bolt capacity that should be utilized during assembly through
the utilization factor 17, a maximum permitted assembly preload is obtained. The associated
data is found in Table 5. Knowing the bolt might be too small, a high utilization is chosen.

Table 5: Data associated with calculation of the maximum assembly pretension

Utilization factor v 0.9 Defined
Stress Area Ag 36.6 mm?  [Pt.1-Table A11]/ Calc.
Maximum Permitted
Assembly Preload

Fyzul 11.7 kN  Calculated

S5: MINIMUM ASSEMBLY PRETENSION
Taking the tightening uncertainty into account, the lowest preload after assembly should be
the minimum assembly preload listed in Table 6.

Table 6: Data and Results Min Assembly Pretension

Minimum Assembly

Preload F Mzutmin 7.3 kN Calculated

FE-analysis

S6: SIMPLIFY AND PREPARE CAD GEOMETRY
In this step, a simplified FE-model is prepared and small holes are removed. All relevant data
is listed in Table 3 and Figure 4.

The bolt is represented by a Class lll model, with diameter based on the minor
diameter (d3). The tapped thread hole-dimeter correspond to the bolt diameter.
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S7: PREPARE AND RUN FE-ANALYSIS

Figure 5: CAD geometry, FE-model, and contact conditions

The model has 323 000 elements (Table 5), mainly Hex20 and Tet10. The
bolt is meshed with Hex elements (Figure 6). The clamping plate is split in
two to allow simple extraction of moment for each BJ connection.

The correct E-modulus on the bolt and tuner bodies are applied. In the
clamping interface and in the head bearing area, friction-contact is applied
with the coefficient of friction pir,in- All other contacts are bonded.

In the first load-step, the preload is applied. In the second step, the actual
workload of 10kN of axial force are applied to the tuner. In a third step,
20kN are applied as a maximum case to initiate slipping.

Revolute joints are applied to represent the four bearings (Figure 7). For
these joints, only rotation about the Z-axis are allowed. All other degrees
of freedom are fixed.

When setting up the model, the following functions are very useful to
save time:

- Named selections
- Object generator
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Figure 6: Bolt mesh

Figure 7: Revolute joint
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S8: EXTRACT VALUES FROM THE FE-ANALYSIS
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Figure 8: Using the bolt tool, the workload can be visualised.

From Figure 8 it is clear that the bolt loading is quite symmetric, and that the B9-bolts that
are most highly loaded. The results with 10kN applied workload is listed in Table 7.

The residual clamping-force in the interface is divided by number of bolts.

Table 7: Extracted values from FE-analysis

Maximum Assembly preload Max preload for M8x20-A4 70: 1B-2

Max achieved preload  Fy,,q, 1170 kN
Max bolt load  Fgp,q, 1175 kN  Extracted FEA
Max bolt moment Mg, 1.8 Nm

Minimum Assembly Preload Min preload for M8x20-A4 70: 1B-2

Actual preload  Fy,in 7.29 kN
Max work-moment on BJ M, 131 Nm  Extracted FEA
Residual clamping force  Fyxpmin 7.31 kN

Analysis of Results

S9: WORK STRESS

Since no axial loads are applied, stress verification in assembly state is sufficient, and
calculation of the working stress can be omitted. To have a reference value, it is calculated

in this situation.

Table 8: Calculated values from FE-analysis

Work Stress 0,045 413 MPa Calculated

Amount bending stress 14 %

Bolt Yield Safety Factor S 1.09 Calculated
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$10: CLAMPING REQUIREMENTS

In this step, the clamping requirement that no slipping should occur assessed. First, an
analytic approach is done. Then, an assessment is performed using the functionality in
ANSYS, before results using CADFEM is presented. In the end, the different results are
compared, before a conclusion is made.

Analytic calculations
Using the extracted moment of the clamping interface, M, ,,,4x, the following safety factor
against slipping can be identified:

S :—FVmFi" Hrmn _152 5, >1.2

gM .nax

According to this calculation, the slipping resistance is higher than the occurring transverse
force at the most highly loaded bolt. With maximum preload, the safety factor is 2.43 for
this bolt.

If slipping should occur, the following safety factor for shearing of the bolt can be
calculated:

s,=2 A _192 5, 511

qM.max

Preload losses

Preload losses are not considered in this analysis. Since both bolt and clamped parts are of
similar material, the thermal coefficient of expansion is similar, so no preload loss are
expected from cooling the components to 2K.

Embedding might occur however. The values in VDI 2230 are based on ordinary Steel, and
would for this joint be f; = 8um

The resulting preload loss depend on the resilience of the joint. Two estimates are
performed, suggesting preload losses of 4.4kN and 3kN. That would result in safety against
slipping of 0.6 and 0.9 respectively.

Embedding could have a critical impact on the joint function. However, there is uncertainty
about actual embedding for Stainless Steel, and it will depend on surface finish.

Two alternatives to reduce the effect of embedding are to use Heavy Duty spring washers,
or to introduce a counter bore (Figure 9). That will increase the resilience of the joint, and
reduce the resulting preload loss from embedding.
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Figure 9: Effect of introducing counter-bore

Increased thread friction

Another uncertainty is the friction in the threads, interface, and in the head bearing area. If
the friction in the threads and head bearing area increase to 0.3, applying the
recommended tightening torque will result in preloads of max/min = 8kN / 5kN. The safety
factor against slipping would in this case be Sg=1.04.

ANSYS Assessment
Table 9: Legends for result plots
Surface pressure Status Sliding distance
106.72 Max hozz
Sl . Crver Constrained R
LS W Gy
i [ Near so0m7e
3 [ sicing e
éﬁ: . Sticking lu]‘:’:iznma
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Load state: Preload

Max: 112 MPa

Max: 0.001 mm

Load state: 10kN Workload

Max: 109 MPa

Max: 0.008 mm

Load state: 20kN Workload

Max: 109 MPa

Max: 0.022 mm

Figure 10: Surface pressure, status, and sliding distance
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In Figure 10, investigations of the clamping interface using ANSYS functionality has been
performed. The following observations can be made:

e The pressure resulting from the deformation cones slightly interact, and appear to

be well positioned.

e There is no significant change in the pressure distribution with applied workload.

e No slipping occur when only preload are applied, and only negligible sliding distance

are present.

e For 10kN workload, the status plot indicate that in general, no slipping occur in the
deformation cone areas. Some slipping is present in the outermost areas, and the
upper left bolt (B9) is most highly affected by slipping. The slipping distance plot
confirm this, but the slipping distance is still negligible.

e For 20kN workload, slipping is occurring in the joint. The middle bolt is not affected,
but slipping is occurring on the outer bolts. The maximum slipping distance are in the
range of 0.02 mm. This is not much, but with the high level of slipping, such slipping

can accumulate with multiple load cycles.

Based on the ANSYS analysis, only acceptable levels of slipping occur for the 10kN workload

scenario, and it is concluded that the joint should withstand such a workload.

CADFEM Assessment

Figure 11 show the slipping safety factors for the different bolts, and the results are
summarised in Table 10. It is clear that bolt B9 is the most exposed bolt, and the factor is
lower than the 1.2 recommended by VDI 2230. The other bolts have factors from 1.6 and

up, and are fine. Note that torsion about the bolt axis are excluded.

The exact reason for the difference to the analytic safety factor is unknown, but

contributing factors might be:

- Better representation of elastic effects and load distribution between the bolts in

FEA.

- The analytic approach rely on some assumptions and simplifications.
- Mesh-size effects in the FE-analysis and numerical inaccuracies.

Table 10: Safety factors with 10kN Workload

Safety factor S¢ | Bolts
1.08 B9
1.6-1.9 B6, B8
22-238 B1, B2, B5, B7
4.3 B3
18.8 B4




Appendix D-1 Page 13 of 22

Lann
19.672 Max
5

4
3
2

1.0682 Min

18.793

Figure 11: CADFEM-plot of slipping safety factors with 10 kN workload and minimum preload (7.3kN)

Pressure Under the Bolt Head
Based on the limiting surface pressure, and the highest bolt load, a verification of the
pressure under the bolt head has been carried out (Table 11).

Table 11: Surface Pressure under the Bolt Head

Limiting surface pressure Pe 630 MPa  Calculated
Safety factor Sp 3 - Calculated

S11: TIGHTENING TORQUE
The tightening torque is calculated, and listed in Table 12.The minimum breaking torque for
this bolt is 32 Nm (I1SO 3506).

Table 12: Data and Results Max Assembly Pretension

Average Head Friction Area Dgm 10.67 mm  Calculated
Tightening Torque M, 24.5 Nm  Calculated
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S12: APPROVE OR ITERATE

Several approaches has been made to assess if slipping will occur in the joint. In the analysis,
a tightening uncertainty of 1.6 are applied, resulting in max/min preload of 11.7kN / 7.3kN
respectively. The actual workload from 2mm cavity deformation is 8kN. In this analysis, a
small workload safety factor is applied in assuming 2.5mm cavity deformation resulting in
10kN workload. In S1, an estimate is made that the minimum preload should stay above at-
least 5.4kN to achieve a satisfying safety factor. All the analysis are carried out for the
minimum preload case and with a workload of 10kN. The results are summarized in Table
13.

Table 13: Summary of Slipping Assessments

Analytic Slipping Safety Factor S 1.5 - Calculated
Analytic Shearing Safety Factor S, 19.2 - Calculated
ANSYS assessment i Ok A‘NSYS inspection of Status and slipping
distance
CADFEM assessment S 1.08 - Semi-analytic (FEA and calc.)

All assessment indicate that the B9 bolt and surrounding area is critical. Due to the fact that
there will be a guide pin located close to bolt B9, a safety factor against slipping slightly
lower than recommended 1.2, but still above 1 is considered to be sufficient. If slipping
occur, the safety against bolt shear is 19.2.

Further preload-losses are mentioned and assessed. Since the bolt is quite short and have a
small elongation when assembled, embedding might pose a risk of reliving a large amount
of the preload. There is however some uncertainty about embedding behaviour for Stainless
Steel. A suggested action is to apply heavy-duty force washers for the bolts.

Preload-loss due to thermal contraction are assumed not to have any influence on the
preload.

An argument can be made that the considered preload loss due to tightening uncertainty (-
38% / -4.4kN) is quite high, and that the preload most likely will be higher than what is
applied in this analysis. Thus, this margin could also include some risk for additional preload
losses

With the mentioned aspects in mind, making a total assessment of the joint functionality, it
is concluded that for the defined tightening conditions the joint will not slip, and does fulfil
the requirements of the joint.

Approved
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ADDITIONAL RESULTS

REQUIRED LENGTH OF THREAD ENGAGEMENT

It is found that the internal thread is the critical thread. With the present thread
engagement (16mm), the thread stripping force is 100kN, while the breaking load of the
free loaded bolt thread is 25.6kN. Thus, the bolt will beak before the tapped thread. The
minimum thread length of engagement is 6.6mm. The full calculations can be found in
Appendix D-2.

GEOMETRY
Solid Tuner Tuner with Bolted Joints (BJs)

GLOBAL DEFORMATION — FOR 10kN

0.06

0.054285 Max
0047838
0.041757
0.035677
0.029596
0.023515
0.017434
0.011353
0.0052722 Min
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0.06

0.05535 Max

0047386
0041529
0035772
0029715
00236358
0.0174

0.011543

Comments: The deformations for this load level is very similar. The top circular plate is not

included, since the actual connection to the cavity might introduce some additional stiffness
to it. It is of highest relevance to assess how the rest of the body deforms.

GLOBAL STRESS

368.47 Max
220

192.5

165

137.5

L

82,505

55.006

21.507
0.008189 Min

.

113.07 Max
1005

ar.04

75,378

6,816

50,233

Ir.641

25,129

12,566
0.0038502 Min

0.0054863 Min
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Comments: The stress level in the tuner body is generally low, with peaks of about 50 MPa.
The proof stress of the material are 220MPa. Some higher stresses arise in the BJs, but
verifications of the bolt stress level are performed analytically.

Figure 12: Stress distribution in the bolts

AXIAL DEFORMATION AND RELATIVE STIFFNESS
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By obtaining the axial deformations of the highlighted area for both the solid and bolted
Tuner, information about relative axial stiffness are extracted. The minimum deformation
values are extracted, to have the most realistic and comparable results.

The stiffness are found to be 0.0042 mm/kN, up to a workload of 10kN.
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HG Cavity Tuner Axial Displacement
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Comments: The deformation characteristics of the two tuners are very similar until 10kN
workload. Above that, the solid tuner continues linearly. The bolted tuner then has larger
deformation pr. Unit load, resulting in a non-linear curve. It is assumed that it is slipping in
the joint that leads to this behaviour.

SPECIFIC PROBES

One other point on the Tuner that might be critical, is the connection highlighted above. For
the solid and bolted tuner, the moment to be carried through the contact are 97 Nm and
102 Nm respectively.

If this connection only rely on a preloaded bolt-connection and no slipping should occur, an
additional verification should be carried out. This applies to both the solid and the bolted
Tuner. In the model, it appears as the plan has been to use two M8 bolts.
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From a basic analytic calculation, it has been found that the bolt will have to minimum be
preloaded with 10.2 kN, which could be managed by a M8 bolt at 90% utilisation. However,
due to tightening uncertainty a M10 bolt should be used, providing 18.6 kN preload.

Using stronger bolts for this BJ could also be an alternative that has not been assessed.

Tightening Torques M4-M12 Bolts
Basic parameters
Friction in threads: 0.2
Friction in head bearing: 0.2
0.2% proof stress: 450 MPa
Tightening Torques & Corresponding A bly Preloads - Bolts without venting hole
Utilization of Bolt Capacity
Stress section 100% 90% 75% 50% 30%
Bolt mmaA2 Nm kN Nm kN Nm kN Nm kN Nm kN
Ma 8.8 3.2 3.1 29 2.8 24 2.3 1.6 1.5 1.0 0.9
M5 14.2 6.3 5.0 5.7 4.5 4.7 3.8 3.2 2.5 1.9 1.5
M6 20.1 11.0 7.1 9.9 6.4 8.2 5.3 55 3.5 33 2.1
Ma 36.6 26.7 13.0 24.0 11.7 20.0 8.7 13.3 6.5 8.0 3.9
M10! 58.0 52.8 20.6 47.5 18.6 39.6 15.5 26.4 103 15.8 6.2
M12! 84.3 91.3 30.1 822 27.1 68.5 22.5 45.7 150 274 5.0
MODAL ANALYSIS

The modal analysis provide information about relative stiffness, and for which deformations
the model is weakest. Realistic representation and response from BCs are important, and
contact with other components can affect the probability of these deformations to occur.

Mode Solid tuner Bolted tuner

462 Hz 398 Hz

466 Hz 512 Hz
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SUMMARY

An FE-analysis and associated calculations has been carried out for the HG Cavity Tuner to
assess if slipping occur, define tightening specifications, and to compare the relative
stiffness to a solid tuner without bolted joints. The assessment is performed according to a
simplified procedure based on VDI 2230.

FINDINGS
e Aninitial estimate according to VDI 2230 suggest that an M10 bolt should have been
used.

e The max / min preload is found to be 11.7kN / 7.3kN with 90% utilisation of the bolt
proof strength.

e Bolt B9 is the most highly loaded. The minimum safety factors are: 1.5 from analytic
calculation, and 1.08 from the CADFEM assessment. This is when using a safety
factor of 1.25 on the applied workload. Thus, no slipping will occur.

e The tightening torque is 24.5 Nm.

e The stiffness of the bolted and the solid tuner is the same, as long as no slipping
occur.

IMPROVEMENTS:
e To achieve a higher preload, improving the friction grip capacity of the joint, the
bolts could be changed to M10, or a higher strength grade could be chosen.

e The joint is not very resilient, since the clamping length is only 4mm. This results in
large preload loss from possible embedding. To improve this situation, adding a
counter-bore has been suggested, increasing the clamping length. The minimum
required thread length of engagement has been found to be 6.6mm.

e Another BJ, consisting of two M8 bolts has been identified. A quick assessment
suggest that the nominal diameter should be M10 for these bolts, or M8 bolts with a
higher quality than Class 70.
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Appendix D-2 Analytic Calculations for Tuner Analysis v4.mcdx

Calculations for FEA-assisted Analysis of HG Cavity Tuner

Analysis performed by: Jgrgen Apeland Date of Analysis:

September 2017
BASIC FEA Workflow

EDMS 1716574

Obtained from a Class I simulation, extracting the moment in the clamping

Analysis revision: v4 According to procedure:
Calculation case: Bolted Tuner EDMS Reference:
S1 - Workload
Number of bolts: ng:=9 Ng1ot:=4 Ng=36
Moment on single BJ: M,:=123 N m
interface with centre defined as below.
Friction in the interface: Urmin:=0.2

Identification of Bolt Pattern Center and Relative Bolt Position

1 11 12.5
2 30 12.5
3 11 30
4 30 30
5 49 30
6 11 47.5
7 30 47.5
8 49 47.5
9 11 65
—14.78]
4.22
—14.78
4.22
v ‘_":‘. ) Xo=| 23.22| mm
| — Coordinate reference ~14.78
4.22
. 23.22
—14.78 |

Critical bolt radius: Ty =Max (10) =32.7 mm

. MZ' Tmaz
Transverse force on bolt:  F /g =————=902.6 N [Pt.2 - Eq.12]
> 7“02
Wanted safety factor: Sereq=1.2
o . SG.req'FQmaz
Minimum req. clamp load:  Fiq:=—"————=5.42 kN ans.
Hrmin

S2 - Nominal Bolt Diameter
Bolt data parameters - For ISO 4762 M8x20-A4 (class 70)

Nominal diameter: d:=8 mm Friction coefficient in the threads:

Pitch: P:=1.25 mm Friction in head bearing area:

Effective bolt head diameter:  dy:=12.33 mm Tensile strength of bolt:

Diameter of clearence hole: Yield strength of the bolt:

d, =9 mm

http://www.roymech.co.uk/Useful_Tables/Tribology/co_of_frict.htm

Location of center point:
X:=mean (m) =25.78 mm

Y:=mean (y) =35.83 mm

Relative location of center point:

.XCG:(I?—X Yczzy—Y
Radius to each bolt:
ro=\Xe +Y’
—23.33 27.62]
—23.33 23.71
—5.83 15.89
—5.83 7.20
Ye=| =5.83|mm  r,=|23.94| mm
11.67 18.83
11.67 12.41
11.67 25.99
29.17 32.70|

The critical bolt furthest away from the centre is "B9"

FQmaz = qgM.max

Fro=5.42 kN
Note: Use minimum
Bemin=0.2 coefficients of friction.
Hcimin =02
R,,:=700 MPa
R0 2min =450 MPa
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Calculated parameters

31/3 V3 H=088603F h=0.61343F H=054127P R=H%
Pitch diameter: dy:=d— P=7.188 mm H="".P J -} o
8 2 i
He Mut

H 807 h,

1

Minor diameter of the bolt: dy:i=d—P (17 \/g]:ﬁ.466 mm % B '_'_B\ Y / S VARE
24 Hz olt /\(
| Hig
D:

]

i 4 B

- . e
S3 - Tightening Factor oo D P .

1

[+%

o

~
o
o —,

Torque wrench: a,:=1.6

S4 - Max Assembly Pretension

Calculation quanteties

Stress diameter: dg:=0.5 (dy+d;)=6.83 mm
Stress area: AS::% (ds)* =36.6 mm?
Parameters

Bolt capacity utililization factor:  v:=0.9

Calculations
Allowed assembly stress: Tt =V Rpg 2min =405 MPa
. . v RpO.Zmin

Maximum permltted F]\Izul::AS = ans. FMzul: 11.67 kN

assembly preload: 3 d2 P 2 === =—=======
1+3 |[— — +1.155 ;

( 2 ds ( o d2 /’LGmm))

F]\Jzul

Minimum assembly preload: Fafoitmin =

ans. Fy .y min="17.3 kN
A —===—===========

This value is higher than the minimum
required clamping force identified in S1.

S7 - Prepare and Run FE-analysis

Parameters
Coefficient of Friction in the clamping interface:  py,,;,=0.2

Coefficient of friction in the head bearing area:  pu,,;,=0.2

- R | nd Analysi

Max assembly preload Min assembly preload
Max Acheived preload: Fypnawi=11.70 KN | Min Acheived preload: Fypini=7.29 kN
|
Max bolt load: Fg40=11.75 kKN [ 65.76
| Average clamping force in the Fgpmini=—— kN=7.31 kN
Max bolt bending moment: Mg,,:=1.8 N m | interface pr. bolt: g
|
[ Max Work moment on BJ: My =131 N m
I
|
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S9 - Work Stress
Parameters

Residual torque factor:
Calculation quanteties

Bending modulus:

Thread moment:

Polar moment of inertia:
Calculations

Axial stress:

Torsional stress:

Working stress:

Note! bending stress is included

k::=0.5

™ 3 3
Wei=— dg° =31.24 mm
5555 s

MmFyp e
G =4 Mzul 2 7Td2

+1.155 pigpmin| =12 N m

W, = dg® =62.48 mm”
16

F Smax

M
O oty o = St _378.58 MPa
. e

S

Mg
Tmae'=——=192.25 MPa
W,

P 2
Ored.B*= \/o-zbfmazz +3 (kt ° Tmaz) =413.6 MPa

=961.3 N

Bending stress

M
St _57.61 MPa

T5po =
S

Bending stress contribution to work stress

T Sbo

Aogp,pi= — =13.93%
red..
F min
Sgi=—LBmIn 1 52 Sg>1.2
FKQerf

Assessment
Criteria: Oreq.3=413.57 MPa < R0 omin=450 MPa
. _ Rp0‘2min _
Safety factor: Spi=—0=1.09
Ored.B
Analytic slipping safetyfactor Moo T
Max actual transverse shear-load on bolt: Fopmagi=— %
> 7‘02
F /. max
Required clamp load to transmit transverse loads: FKQerf::L:zL.Sl kN
Tmin
. . .. . F Vmin * M Tmin
Slipping safety-factor for minimum preload: SG‘gl::Fiz 1.52
gM.max
. . . . F Vmaz * HTmin
Slipping safety-factor for maximum preload: Sagz’zFi:?-‘B
gM.max

Analytic shear safetyfactor
Shear capacity of bolt:

Safety factor for shearing of bolt:

S11 - Tightening Torque
Average head friction diameter:

Tightening Torque:

75:=0.72+R,, =504 MPa

T A
Sy=—2"5 —19.2
FqM.mu.z
dy+d
Dymi=—r—"=10.67 mm

Myi=Fypze| 016 P+0.58 dy it —3 ™ Hinin| =245 N

[VDI 2230 Pt. 1 - Table 7]

S,>1.1

Minimum breaking torque for
M8-70 is 32 Nm (ISO 3506)

Page 3 of 8



Appendix D-2 Analytic Calculations for Tuner Analysis v4.mcdx

Additional Calculation

Additional bolt load: Fgy:=Fgpuw—Fymaes=0.05 kN
Embedding
Embedding for surface roughness < 10pum: fz=(3+3+2) um=8 um Fy= 5 izé
S P
. . . . 2 Aly _3 mm
For comparison, during preloading, the bolt were adjusted: Al;,;:=3.1-10"" mm AFy:=11.7 kN &,::F: (2.65- 10 ) N
M
Analytic calculation of resiliensies:
Parameters: E4:=200 GPa Ep:=Eg lgew=4 mm I =lcew
. . T ™ ™ T
Calculation quanteties: Ayi=— d? Aggi=— ds* Iyi=— d* = d,!
q NE=Y a3 =" O N=l Bi=er &
Axial resilience of the bolt are calculated:
lg:=0.5-d 1,;/=0.33d lg=d 0.4=3.2 mm
l l
bg=—0 =(6.1.107) = —M = (2.6.1077) M
Eg-Ag N Ep-Ayx N
J
Songi=0g+0y=(8.7-1077) T .
Unengaged loaded part of the thread — 7
l e g
Ben = —2 = (6.09-1074) X o P N I I
Eg-Ags EN : i :
l -
‘SSK::EL:<3'18‘10_7> mm J
st | b "o
|
851= e+ 0w+ 0= (1.8+107°) % _..;_L._JIS_’S. | lam
A worst case will be using the resilience of only the bolt: Fz.1==%=4-45 kN
S
Using the resilience of the joint derived from FEA: FZ.2’:%:3-02 kN
J
- . . Fy, 2.84
Thus, the minimum residual clamp force would be: Frpminz=Fvmin— = kN
. Fu,| 427
F .
Resulting in unsatisfactoring safety-factor against slipping: Se Z:=M: it
2 Frgey 1089
Scenario with higher thread friction
Control of resulting preload if thread friction are higher: Hemin=0.2 => Bemin=0.30
HEmin= 0.2 => Hrmin. = 0.30
. MA
The resulting assembly preload: Fyrmaz= D =8.04 kN
K
0.16 P+0.58 d2 qui7l.1+Tm Hrmin.1
F
Forpmini=—t% — 5 02 kN
Qy

ZMmin*PTmin _ g 04 Thus, according to this analytic calculation, the resulting

Fortman preload if the friction is 0.3 would still be okay.

ans.  Sgg=
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Appendix D-2 Analytic Calculations for Tuner Analysis v4.mcdx

Calculation for additional B]

Moment in the Joint: M, ,:=100 N m

Critical bolt radius: r9:=30 mm

. _ Myyery

Transverse force on bolt: Foppmug="—————
(302 +30%) mm?

M
Alternative simple calculation:  Fiazz s = 22 _1.67 kN
. ""2

F,
Frper=—20% —8.33 kN

Tmin

Required Slip Resistance:

Wanted safety factor: Sereqi=1.2

Minimum req. clamp load:

_=1.67 kN

FKQZ = SG.req°FKQ2€1f: 10 kN

—— 0)-

,
[Pt.2 - Eq.12] oM

FQZmuz =L o2 maz |

ans. Fy,,=10 kN

Thread Strength and Required Length of Engagement

Note that there is two factors that will lead to better load distribution on the threads than in a normal case:

1) Titanium is more resilient than Steel
2) The outgassing hole in the bolt

H=036603P h=061343P H,=0534127F F=Hf%

Y.y Tz
Parameters Bolt Clamped parts sz Wut I
H 602 h,
Tensile strength: R,,5:=700 MPa R, /=530 MPa " * _('_'_X Y //{ AR}
HE
Bolt
Shear strength: TBs.mini=0.72+R, =504 MPa TBM mini=410 MPa, 1 ‘ 4 L A %@/
DD, D P 4 4 d

Dimensions with tolerance: d,,;,:=7.760 mm
[ISO 965-2 - 6H/6g]
Dy oz i=T7-348 mm

D,:=d,

Effective thread length: legr=20 mm—1l =16 mm

Determination of Critical Thread

AgangT
Thread strength ratio: Ry=_2GM BM

Ascs*Trs

Rg > 1 bolt thread is critical

Criteria:
Rg <1 internal thread is critical
P
d+|—+(d—D,)-tan (30 deg)
2 TBM.min
Ry=—02 . =0.95
d- (E-i- <d2 —Dl) - tan (30 deg)) TBS.min
Ans.

Thread_Critical <RS> =“Internal thread”

1

@:d—% P=6.647 mm

D,:=d,

Age s the thread shear area of for the bolt / tapped threads
Tg is the shear strength

Thread_Critical <Rs) =|if Rg>1
H return “bolt thread”
if Rg<1

H return “Internal thread”
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Appendix D-2 Analytic Calculations for Tuner Analysis v4.mcdx

Stripping Force of Internal Threads
The calculation of strength in the threads is solely based on the shear stress on the nut materials caused by the tensile force in the
bolt thread and that the influence of superimposed bending stresses in the thread turns can be ignored.

The correction factors C1 and C3 take into account among other things the reduction in the shear area resulting from flexure.

Parameter C1:

Parameter C3:

"s" is the equivalent diameter of the material surrounding the internal thread.

s:=20 mm

C, = if 1.4§%< 1.9

ift2>1.9
d
”014—1

it 2 <1.4
d

Shear area for nut/internal thread:

Stripping force of internal thread:

2
C,—38.2—[|2] —261
d \d

H return “not valid”

%:2.5 Rg=0.949
Cy=||if Ry<0.43

e

if 0.43<Rg<1

HC3<—O.728+1.769 Rg—2.896 Rg® +1.296 Ry’
if Rg>1

”C3<—0.897

l, P
ASGM::W' dmin’ ( lif) ¢ (?4_ <dmin_D2.maz) - tan (30 deg) =269.3 mm2

Frenr=C1 C3 Tpnpmin* Asen=100.05 EN

Reference stripping force, with no correction:

Breaking stress of free loaded bolt thread: F,,¢:=R,,g*Ag=25.6 kN

Criteria (R11/1): F,s=25.6 kN < F, ;=100 kN Status_R11.1:=[if F, ¢<F, cus
H return “Ok”
Status_R11.1=“0k”
=+t “NOt Ok”
Load case specific data:
Utilisation of thread capacity: V= — = 11.7%
mGM
L FmGM
Thread stripping force safety factor: Smemi=———=28.51
Smaz
. . R,g*Ag-P
Required effective length of Mges min = jz +2 P=6.6 mm
tapped threads: C’1 * C? * TBM.min* E + <d7m' - D2.7na:z) - tan (30 deg)) *TTe dmin
Note: The "2P" is a margine for non-effective thread length, like chamfer.
Criteria: ans. mg ., =6.6 mm < lopp=16 mm Status_thread_length:= | if myeq i <lesy
H return “Ok”

Status_thread_length=“Ok”
_______________________________ I “Not Ok”
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Appendix D-2 Analytic Calculations for Tuner Analysis v4.mcdx

Summary of Key Results

Calculation step

Results

Fomaa=902.6 N

S1 - Workload
Frq=54 kN
S2 - Nominal Bolt Diameter d=8 mm P=1.25 mm R0 2min =450 MPa
S3 - Tightening Factor a,=1.6
S4 - Max Assembly Pretension v:=0.9 Kemin=0.2 Pmin=0.2

Frpu=11.7 kN

O =405 MPa

S5 - Min Assembly Pretension

F]\rlzulmzin =73 kN

S6 - Simplify and Prepare CAD-geometry

d;=6.47 mm

S7 - Prepare and Run FE-analysis

Hrmin= 0.2 HKmin= 0.2

S8 - Extracted Results

Fymaw=11.7 kN

Fymin="T7.29 kN

Fgw=11.75 kN

Fygrmin="7.31 kN

Mg,,=1.8 N m

My, =131 N m

S9 - Work Stress

O,eq5=413.6 MPa < R

p0.2min

=450 MPa

S,=1.09

S$10 - Clamping requirements Se=1.5 S5,=19.2
S11 - Tightening Torque Mys=245Nm
S12 - Approve or Iterate APPROVED

Additional Calculations

Additional bolt load:
Minimum clamp load with embedding:

Result of +50% friction:

Minimum length of thread engagement:

Utilisation of thread capacity:

FSA ::FSma:E_FV'ma:E:O'O'S kN

2.84

1‘ﬂ1r<1rmn'nz:[4 27 kN Sc.z

Sg.q=1.04

m, =6.6 mm

ges.min

Vpen=11.74%

0.89

0.59]

Page 7 of 8



Appendix D-2 Analytic Calculations for Tuner Analysis v4.mcdx

Page 8 of 8



APPENDIX E

VDI 2230 AND FEA SEMINAR PRESENTATION







ENGINEERING SEMINAR

Application of FE-analysis in Design and
Verification of Bolted Joints According to VDI 2230

December 2017

Jergen Apeland EN / MME | EDM

Norwegian University of Science and Technology

&) | @

ZA | s
Jorgen Apeland

* Mechanical Engineering at NTNU

@NTNU

Norwegian University of
Science and Technology

* Technical student at CERN
* EN-MME -EDM

* Supervisors:
* Luca Dassa, CERN
* Torgeir Welo, NTNU

S

2/10/2018



Introduction

Share what | have learned, and discuss relevant topics of bolted joints and FEA.

—=Determine bolt from workload, define preload, and verify bolt stress / clamping

=Importance of joint design, and how different factors influence joint performance

Scope:

The participant should feel confident with use of VDI 2230 and FEA in design and
verification of BJs. Thus:

* Know central terms and principles in VDI 2230

* Know how FEA and VDI 2230 can be combined

* Get introduced to further VDI 2230 calculations and verifications
* Know how to improve the joint design and performance

* Know where to look for more information

Motivation

“fy A e W

i e momamm—— LY

+ Safe and reliable BJ design!

* Initial state: Proposed design \
* Task: Verify acc. to joint requirements
« Clamping, bolt stress, preload, tightening torqie

* Suggest improvements of joint design

e Critical and not accessible BJs

=> justify time on analysis

* Benefits of VDI 2230 and FEA:
Time Quality

2/10/2018
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Agenda

1. Basic Concepts of Bolted Joints and VDI 2230
Combining FEA and VDI 2230
Further Calculations and Verifications

N

Improvements of Bolted Joint Design
Support Material and References

oV pow

Summary

VDI 2230

* Structured approach to design and verification of BJs
Parta Part 2

* 13 R-steps of the analytic procedure g:-;s,i <

* Mathcad available for analytic calculations
* Challenging to combine with FEA

Taputs:

* Not all calculations needed R —— 0“6
RI  tightening factor a,
R2  minimum clamp load Fyat
. . Distortion triangle:
* References to VDI 2230 in presentation: RS dvidnsevokngiont)

R4 preload changes Fy AF Gy

[Pt. X-Y] - X=10r2,Y=Table/ Figure [ Page |Es minimum sssembly preioad £y,

R6  maximum assembly preload  Fyy

Stress cascs and strength verifications:

R7  assembly stress reants Fapou
* Nomenclature [Pt.1 - Ch.2] RS working s o Sy
- : R9  alternating stress 0, G Sn

RI0 surface pressure P Sp

RI1 minimum length of engagement m g
RI2 slipping. shearing
RI13 tightening torque

So: Tymax
MA




Material Data

TENSILE STRESS-STRAIN DIAGRAM

* Proof stress - Rpozmin

T rance | ELONGATION UNIT FAILURE

ULTIMATE TENSILE STRENGTH

~—— YIELD POINT (;m\c‘mni Foint

OR TENSILE POINT)

PROOF LOAD
(TYPICALLY 85-95% OF YIELD)

| /<a—— _MINIMUM TENSION
(75% OF PROOF LOAD)

STRESS
(TENSION/LOAD)

tensile force ——»
limit Roo.2

max. tensile force

elongation ——p STRAIN (STRETCH & ELONGATION) ———— =

* Table in VDI 2230: [Pt.1-Table Ag]

* Materials: Structural steel, Stainless steel, Aluminum, Titanium

* Properties: E-modulus, 0.2% proof stress, shearing strength, limiting surf. pressure

* VDI 2230: Mostly valid for Steel — but contain references for other materials
®

Types of Bolts

Hexagon head Hexagon socket head

EoeARIN SUREACE
/ SHANK

((((((((((((((ﬂ

Full thread bolt Shan’k bolt Shoulder bolt Necked-down bolts

s@\
Some factors that influence choice:
O Shear load

QO Bending moment

Q Static load, non critical joint
Q Critical joint, as tension element to provide preload

.
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Types of Joints

* Non critical Joints
* Function: Fixing components, covers, thermalisation points, sensors, ...
* Characteristics: No workload, static conditions
» Criteria: Should not loosen, not overtighten the bolt <= Max tightening torque?
* Preload range: 30-75% of proof stress
* Template for Tightening Torque (Check calculation support)

Input: Friction factors and Proof Stress

Tightening Torques M3-M12 Bolts
Basic parameters
Friction in threads: 03
Friction in head bearing: 015
0.2% proof stress: 50 MPa
[
Utilization of Bolt Capacity
i 100% 90% 75% 50% 1%
Bolt mmA2 Nm kN Nm kN Nm kN Nm v Nm kN
M3 5.0 13 15 12 14 1.0 11 o7 0.8 04 0.5
mMa 88 29 | 26 | 26 | 2e | 22 | 20 15 | 13 0s | os
3 142 55 | 43 | 53 | 39 | as | 32 29 | 21 18 13
[ 201 01 | 60 | 91 | se¢ | 76 | 45 | so | s 30 18
[ 365 206 | 11 | 221 | 100 | 184 | 83 | 1223 | s5 74 | 33
M0 58.0 488 | 176 | 439 | 159 | 366 | 132 | 24 | &8 | 146 | 53
Mz 843 87 | 7 | 72 | 231 | 635 | 193 | aza | 129 | 8 | 77
9
| f Joint l
Single-bolted joints | Muiti-bolted joints | Bolted joints
concentric or eccentric. in a plane my symmetrical asymmetrical bolt axes
cylinder or beam beam circular plate | flange with flange with rectangular multi- | multi-bolted joint
gg;ma“c sealing gasket |plane bearing face| bolted joint
y
E @ joint geometry
N relevant loads
axial force axial force axial force axial force axial force axial force axial force forces and
A Fa Fa Fa Fa A Fa moments
transver (pipe force) transverse force | transverse force
force force force working torsional Fa Fo
Fa Fa Fa moment moment
working momentinthe | momentinthe | My M torsional moment | torsional moment
moment lane of the Elane of the internal internal working
am eam ressure pressure moment working moment || working moment
My M P P M. Me
VDI 2230 limited treatment by VDI 2230  [DIN EN 1591 limited treatment by VDI 2230 |
— AD 2000 Note B7|
bgndmg ,b,ea"‘ Ihsulyl plate theory limited treatment using calculation
with additional conditions. . simplified models procedure
| finite element method (FEM)
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Types of Joints

Bolts ONLY clamp one element to another, and should not experience bending / shear.
Friction and the clamping force are what hold the joint together.

Through Bolted Joint  Tapped Thread Joint
(TBJ) (TTJ)

> - =
=i = (I

N [ %
H , E T8ls:

Kegel | cone

Y=
i

—
=
—
==

———— Hillse / sleeve

I

* Larger clamping length
* Better distribution of clamping pressure

F Axial load: Fy
A A"Preload )
jasaall
[ p fg__o fT':"ﬁ Fo Transverse load: Fo < Fy * Urmin
@ 0 F, >
'FA - V.req Tmin
® .
Basic Joint Diagram
. E-A
* Stiffness  k /N/mmj=—= F=k-f
km
sl oL _f
Resilience 6 /mm/N/=k™" =— F=5%
* Load factor: @ = Or ® % 0.05
Oad ractor: —n'm = 0. Fop= @ Fy N _
_ f; -
Fea=(1-9)-Fp \ A -

Torque

—_ Workload
Force
Bolt load
. Preload
lamping Force on joint
Clamping force
] Bolt elongation|
Tension n Bot Parts compression)

i A)
Kraft / load F ——

S
i

(

Langenénderung / change in length f




Joint Diagram for Max/Min Preload

Verification concept with Max / Min preload, with maximum workload

Fsmax = Fyzu + @ - Fy

FMzul
FMzul
Fymin = . Preload losses
A

FxrRmin = Fymin — (1 — @)Fy

applied:
Load [N]
S FpO.Zmin
I 74 —F
Frzut e oo 2 E‘"‘laxsmax Max bolt load:
Max preload:
Min. Preload:
Fumi
" FAmf?x Min. Clamp load:
A T - FKRmin
RN

Displacement [mm]

Joint Opening and Prying

% Additional Bolt Load
Force / moment = 20
equilibrium =D
8
§ 10
£
(A)T 3
<
0
20 40 60 80 100
. . Applied Pressure (Work Load) [MPa]
* Increased axial bolt load and bolt bending
Bolt Bending Moment
* Relevant: 50
. ) ) E s
* Soft geometries (by design or material) 240
g 35
* Eccentric loads %30
=25
220
T s
& 10
30 MPa: 60 MPa: £ 5
@ 0
20 40 60 80 100
Applied Pressure (Work Load) [MPa]
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Joint Opening and Prying

P
When will a joint open? L
Deformation cone is relieved at point of opening . ol Open
=> load goes into bolt in-stead L o atp=o
Analytic - Limit Criteria G [Pt.1 - Ro] FEA v
Interface width < ™% &= fwa=dy
. TTE G =(15..2) - dy
EHNE
él} - famal famal
SE) .
U = =
L | ;% ; TQT‘\F‘“ ““*FET Compare with / without workload,

with active preload

When sufficient bolts are used in a joint such that the
strain cones overlap, the joint behaves as if it were a
continuous piece of material and there was no joint at all.

Agenda

1. Basic Concepts of Bolted Joints and VDI 2230
Combining FEA and VDI 2230

Further Calculations and Verifications

Improvements of Bolted Joint Design
Support Material and References

oUW

Summary




Overall FEA-procedure

*Analytic or FEA
. ra *Estimate bolt diameter
* Simplified workflow for FEA —VDI 2230 [k )
=> MOI'e advanced StepS can be added eDefine tightening uncertainty from using:\
sl sTorque wrench?
ungcertaintgy *Angle tightening? )
* Iterate if not approved )
B *Max / Min assembly preload
preloads Yy,
° .
NOW' «Simplify CAD model h
S d FEA
* Go through the steps upEne T
J
* Explain relevant concepts
*Max: Bolt stress (Work) h
*Min: Clamping pressure
VAR *Approve or Iterate )
N
. . *For Max preload
Tightening
Torque J

Identify Workload ipt.. -ch. 6

Goal: Estimate bolt diameter from maximum bolt workload
Initial status: [(1) Unknown bolt size] [ (2) Bolt size is known ]

=> Estimate bolt size Can skip this step, and use selected bolt.

Note 1: If bolt size is known => estimation can be practical as a first indicator m
Analytic Calculation [Pt.2—Ch. 6] & oo

» Rigid Body Mechanics: Assume uniform distribution, proportional to radius, no prying ﬂ% i

» Elastomechanics: Replacing constraints with supports and springs
FEA [Pt.2-Ch.7.2.1]
* Class | —Bonded interface or Spot Welds

* Class Il —-Beam

Advantage: Prying loads is included in bolt workload
Note 2: If multiple loads => most unfortunate combination
Note 3: No preload in sim. affect compliance and friction grip

=> might affect load distribution

2/10/2018



Estimate Bolt Diameter (pt.1-ro

VDI 2230 bolt estimation table: Rough-scaling of the actual workload based on defined criteria

Example
Dynamically and eccentric loaded by 8500N. Torque wrench to be used.

Table A7. Estimating the diameter range of bolts

A InColumn 1, select the next highest load to the loading acting on

[Pt.1-Table A7]

C  The required maximum preload Fy,
this load Fyy, by:

one step for tightening using a torque wrench or precision

clongation measurement of the bolt, or by a pneumatic impulse

If the joint is to be designed with Fy .0 no steps for tightening by angle monitoring in the plastic range or

1 2 [ 3 [ 4 the bolted joint. If during combined loading (longitudinal and
Nominal diameter transverse 0ads) Fy pyy < Fo max / Hy mine then only Fo gy is to be two steps for tightening the bolt with a simple tightening spindle
Load in mm . N = <
e which has been set by the retightening torque
Strength grade B The required minimum preload Fyy pps 15 obtained by increasing o
128 | 109 | 68 this number by the following number of steps:
250 . N !
56 BI If the joint is to be designed with Fo,,..: spindle, adjusted by means of dynamic torque measurement or
630 four steps for static or dynamic transverse load driver
1000 | 3 3 3 7
1600 | 3 3 3 . o or
2500 | 3 3 4 B2
4000 | 4 4 5 two steps for dynamic and eccentrically by compt
6300 | 4 5 6 applied axial load A
&’ 10000 | 5 6 8 D Next to the number found, Column 2 to Column 4 give the re-
16000 | 6 8 10 or quired bolt dimensions in mm for the selected strength grade of
25000 8 10 12 P the bolt.
40000 | [f0 2 1a) Gne step for dynamically and concentrically or statically and
63000 | T2 i T eccentrically applied axial load -
% 1R
100000 | 16 18 20 m i*
160000 | 20 22 24 o —
250000 | 24 27 30 Fg
400000 | 30 33 36 B "
630000 | 36 3 no steps for statically and concentrically .

applied axial load
*Steel grades I}:ﬁ

Estimate Bolt Diameter -non-steel bolts

Why other bolts?
* Match thermal contraction of plates => reduce preload loss
* Improved corrosion properties

e Lower load factor => lower additional bolt load / moment

Method of matched proof load:

Proof load: Fpo2 = Rpoz * As

Matched loads: Fpo2.01t.1 = Fpo2.poic 2

Ryo.2.801t 1
PR d;)?

Diameter Bolt 2: dy =
R
p0.2.Bolt_2

2/10/2018
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Tightening Uncertainty (pt1-ra

Factors affecting uncertainty: Friction, accuracy in measurement / reading, resilience of joint

a)

90 Fit max a) Impact wrench .
Streuung der Montagevorspannkraft / b) Bolt installation spindle Tension
S kN scatter of assembly preload ¢) Torque wrench or precision bolt 10 %
L& b) installation spindle
Sg 60 7 Fid max d) Yield-controlled bolt installation
€3 -
5 ] c) Futmes spindle Under
HES 3 9 £ head
§E 30 ZZQ M Thread friction
g8 rea 0%
E B friction
40%
M14 M12 M10 M8
[Pt.1—Table A8]
ay Method
1.0 Yield controlled tightening

11-1.2 Elongation control or ultrasound monitoring

Rotation angle controlled tightening

HA=EL Hydraulic frictionless tightening

1.4—-2.5 Torque controlled tightening

2.5-4 Impact wrench, impulse driver, by hand

Preloads ipt.1-ry

Lo;d [N]
Ored.Mzul =V * Rp0.2min ]

Define amount of proof stress to be allowed during assembly. Fatzua

Utilization factor: v

Fﬂu.zmm
VDI 2230 suggest v=0.9 (90%)  (which is 75-85% of yield)
Static load, not critical: v= 0.3 (30%) to v=0.75 (75%) Fatmin

Benefits of high utilization: no loosening, prying, accept more losses

Note: With high utilization, low safety factor — but more safe due to\

Max assembly preload . V- Rpo2min
3d,[ P
Stress at assembly \/1 +3 Zd_o(”'_dz + 1.155#cmin)]

=> max torsion from tightening and max preload

Fuyzu = Ao (Pt.i-— Eq R7/2)

Min assembly preload

F,
Fyzutmin = Mzl _ preload losses
Lowest probable preload a,

=> Due to losses and uncertainties

2/10/2018
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FEA

Simplify CAD model => Set up & run FEA => Extract forces
Simulation Classes: Class Il Class III

* Stress cross section: dg =14.14 mm
 Thread minor diameter: d3 =13.55 mm
* Analytic resilience: ds =11.47 mm |
Linear Non-linear I 1
Non linearities w55 =R
on linearities: ) _— : .
Material Frictional contact e s

Large deformations

Extract results from simulation with Max / Min preload
MAX: Maximum bolt load - Fspax
(bolt bending moment - Mgy,,) ‘ Verifications
MIN: Clamping pressure / Prying

Verifications

1 W + 3kt * Tmax)? (R8/4)
* Max bolt stress with workload q s
X Residual torsion
*  Residual tightening torque (k, = 0.5) ‘m he”d'"g hfrom tightening

» Bending stress included here, not in VDI 2230

Work stress [Pt.1—R8] . z\[(&mu@)z

Ored.B < Rpo.zmin

Clamping pressure and Slipping [Pt.1—R2/R12]
* Extract clamping force in interface => uniform pressure
* Check if slipping is present: ANSYS status or Analytic calc.

* Assess pressure distribution in interface, and check joint opening

* Note: Effect of mesh refinement and tapped threads on pressure

®

2/10/2018
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Verifications

Joint opening
Methods:

» Clamping pressure

+ Displacement of joint edges (Deformation cone - G)

If opening: Indication of possible prying

Stage 2
Joint partially open

Prying

Important to know if present:

Stage 1
Before Joint opening.

._.-.—0—4—‘// - i Stage 3
== Joint completely open

* Risk of bolt failure from fatigue <= bending LT

* Higherrisk with uncertainty in workload

Actions:

0 50
Load) (MPa]

0N —e—397kN = = =0kN

» Jointdesign <= stiffer material / geometry

Sub-steps needed

N
» Accountforit <= sufficient safety factor with bending stress To make graph:
Max workload x 1.2

* Increase preload <= reduce uncertainties / losses, higher strength

-

Calculation of Tightening Torque .. -ra3)

Tightening torque to achieve max preload Fyy;:

D, .
M, = FM.zul 0-16P+0-58‘d2 " MG min +%ﬂ[ﬂmin (R13/1)
N

thread
bolt head bearing

Coefficients of friction

+ Typical values available in: [Pt.1 —Table As]
* Calculated tightening torques for v=0.9 in [Pt.1—table A1-A4]
« CERN MME lab measurements on EDMS

Risk of wrong coefficients of friction:
Higher than in calc. => Lower preload Lower than in calc.=> Higher preload
* Washer effect on friction

* Traditional strategy: Lubrication => low friction => lower risk - Not at CERN

® s

2/10/2018
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Overall FEA-procedure

*Analytic or FEA
M RN o N s IRER +ctimate bolt diameter
2 @ Ergnesmngata  ,— 2 |@ EngheeringData /M 2 | @) Engeerngbata ¥ J
3 @ Geomety V=3 @ Geomey V83 @) Geometry ]
4@ e Va4 | o el L) 27 ~N
meshed model 5 @ seun Va S @ seve V4 eDefine tightening uncertainty:
& @ souson V. 6 @ souton v
7@ Resuts v 7 @ Resuits v Ti X sTorque wrench?
Famax Fmin ghtenind *Angle tightening?
i uncertainty getig 9 J
Sim# | Description N
Scope: |dentify workload NN <viax/ Min assembly preload
S Preload: No preloads Y,
Workload: Maximum workload
N
*Simplify CAD model
i *Setup and run FEA
Scope: Check maximum bolt load *Extract forces
. J
Sim1 Preload: Max preload
Max  Workload: Maximum workload «Max: Bolt stress (Work) h
*Min: Clamping pressure
i . VAR *Approve or Iterate
Scope: Check clamping conditions /
] Preload: Minimum preload N
Sim 2 :
. Workload: Maximum workload x 1.2 «For Max preload
Min il b ded lot load Tightening P
Details: Sub-steps needed to plot load curves Tome )
Validity in FEA aided lysi
* Material ==
* Material properties: E-modulus, Strength
Temperature?
* Friction factors (numerical representation)
) . Testing and Verification
* Material non-linearities

* Physical testing => analyze bolts
* BCs

+ Contact representation

* Visual inspection of plastic deformations

p * Measure elongation (yield)
» Workload * Loosening torque

* Certainty of workload —all included?
* System displacements / loads? * Analytic calculations

=> Control FEA results with calculations
* Mesh \ /

+ Clamping pressure distribution

+ Deformation cone and Resilience
representation =

®_
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CADFEM ANSYS Bolt Toolkit

* Plugin for Bolt Assessment in ANSYS available at CERN:
* ANSYS Interface
* Database with bolt data

* VDI 2230 equations for safety factors and stress

Details of "Bolts Assessment 2"

Scoping Method | Geometry Seection
Geo

1250dies

= Definition

Siiding
Type (beta) Vield Point
Select Balts
By

Fatigue Failure

Display Time Querall

= Display

Auto Scale Yes

= Resuits

My findings:

> In some cases for MBJs, can be practical. Require experience and training.

> More safe to use “basic approach” with calculation support.

Agenda

1. Basic Concepts of Bolted Joints and VDI 2230
. Combining FEA and VDI 2230
Further Calculations and Verifications

N

Improvements of Bolted Joint Design
Support Material and References
Summary

oV & W

2/10/2018
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Preload Losses (pt.1-ry/ch. 5.4.2]

[ Analytic resilience must be known: [Pt.1—R3]. FEA also possible. ]

Embedding / Relaxation

Local plastic deformations during
assembly / loading. Flattening of bearing
and thread area

Depend on surface roughness, number
of interfaces, and material

Guide values in [Pt.1-Table 5]

NASA: 5% of max preload Fy,;

Too high bearing pressure => creep [R10]

Force (F) fz

Fz FZ — f A
‘ (R4/1)

Change in Length (f)

Differential thermal expansion

Will give relief or increase in bolt load:
Plate contract more than bolt => Reduced load

Bolt contract more than plate => Increased load

Should only be considered in:

Max bolt load <= if bolt load increase

Minimum clamping <= if bolt load decrease

, Ig - (ag- ATg— ap - ATp)
AFyy, =

(R4/2)
S5 Egry . Epgr
* Egr Epr

To avoid this: Similar thermal expansion

Fatigue (pt.1-ro/ch. 5.5

© stATic

FAILURE

Poor design of joint and low preload

=> Fatigue failure with small loads

Influencing Factors:
* Notches in bolt (Stress x4-x10)
Stiff bolt or “Soft” joint design

=> High bending moment
Rolled / Cut threads

Heat treatment before / after

Bolt loosening => loose preload => prying

Example:
For M6: g5y = 60 MPa  8.8: —AV = 9,49

Rpo.2min

NB! Remember notch factor

ultimate strength
Low cycle
fatigue static strength

yield strength —

k
finite life Oa1 Wohler line

fatigue

fatigue strength

o o H -
infinite life el Ry Cutoff

fatigue

N, N
D=Sn/N 10% T Ng Nesoft

load cycles N (log)
Residual stress
/ smooth

Kl
§ Stress
/‘:}
I ¥
22 2
i

Stress amplitude

Osabo ~ Fsabu

o, =
ab >

2/10/2018
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TaPPEd Thread Length [Pt. 1 -R11/Ch. 5.5.5]

P e
o
* Rule of thumb: 1.5x d i e
P o asa | 120 . N
. P b a4 | 13Y | s =
* Table available e e | z3 | s |
Castiron 13-d 15-d 15.d -
. Copper aloys. 13-d 13-d - -
* Calculate with VDI 2230 g TR T :
u.m:."m 05 12 160
. ) e we |
* Match capacity: Thread shear = Axial bolt || . -
. o T T v TS Tp—— e et
* Assume uniform distribution et e o e 2% e

Stripping force of internal thread: Pt = Tustmin 7 i | 2|+ (4 (i D)
ripping force or interna read: mGM = TBM min P 5 ‘min 2 mar,

* Load distribution
Bolt and tapped thread material

+: Hole in bolt or thin thread wall " e

concentrations

Slipping / Shearing (pt.1-r:2/ch. 5.5.6)

* ANSYS plots

“Status” analysis Slipping distance

02
0021617 Max

[ Over Constrained
W

[ Mear

[ sliding

[ sticking

oorriiL
ooLagsT
oo
00097778
00073333
00048659
0024444
0Min

* Analytic calculation

Extracted loads from FEA: Clamping force / transverse force / moment

Safety against slipping:
S — FKRmin

1.2, .
T A (Ra2ly) DAL
:
/ﬁzﬁmn)\ Q”‘“»\

[Maxtransverseload] [ Required clamp force ]

Safety against shear:

[ Max transverse load ]

(R12/7)
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Agenda

1. Basic concepts of Bolted Joints and VDI 2230
Combining FEA and VDI 2230
Further Calculations and Verifications

N

. Improvements of Bolted Joint Design

Support Material and References

o v pr W

. Summary

Improvements of Bolted Joint Design

Lower Load Factor

How:

* Increased clamping length

* Reduced shank bolt

* Softer bolt / stiffer clamped plates material

* TBJinstead of TTJs, because of cone volume _ 5 -R, oy B F, = N:

. Sp+57%
* Countersink clamped plates 7
“ “
T,
+
— ZFP ; +  Lower amplitude
=> Fatigue
—)
Larger deformation
Ly => Preload losses
¥ = i
*  Better pressure distribution A > Bolt loosening
Increased clamping length :

2/10/2018
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Improvements of Bolted Joint Design

Avoid Joint Opening

+ Stiff design by geometry / materials
* Reduce eccentricity in load application (b)

+ High preload by bolt strength and more precise tightening

Minimise Preload Losses

* Reduce load factor by recommendations of previous slide
=> Higher deformation capacity
Thermal: Match thermal expansion factor for bolt / plates

Embedding: Low surface roughness, and low number of interfaces

Avoid Loosening

* Minimise preload losses

* High preload VDI 2230 suggested clamping length: %‘2 (3...5)
* Retaining elements

B

Agenda

1. Basic Concepts of Bolted Joints and VDI 2230
Combining FEA and VDI 2230
Further Calculations and Verifications

N

Improvements of Bolted Joint Design
Support Material and References

o v H oW

Summary
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Support Material and References

* VDI 2230 on CDS — With many useful tables to guide and support design and verification

Systematic calculation of highly stressed bolted joints; Joints with one cylindrical bolt,VDI2230 Part 1, 2014.

« Systematic calculation of highly stressed bolted joints; Multi bolted joints, VD12230 Part 2, 2014.

ISO Standards
* Fasteners - Clearance holes for bolts and screws, 1SO 273, 1979.
* Hexagon socket head cap screws, ISO 4762, 2004.

* Hexagon head bolts - product grades A and B, 1SO 4014, 1999.

My reports:

EDMS 1760853 Project thesis: Assessment of Bolted Joints According to VDI 2230 using FE-analysis
EDMS 1770646 Research notes: Studies into Application of FEA in Assessment of Bolted Joints

EDMS 1866760 MSc Thesis: Application of FE-analysis in Design and Verification of Bolted Joints at CERN

Other

« Calculation support and examples of FEA and VDI 2230

* KAMAX Bolt Compendium
* J.H. Bickford, Introduction to the Design and Behaviour of Bolted Joints, Fourth Edition, 2007.

B

Summary

1. Basic Concepts of Bolted Joints and VDI 2230
»About VDI 2230, types of bolts and joints, joint diagram, and prying

2. Combining FEA and VDI 2230

»FEA Procedure: Workload, Estimate bolt dia., Tightening uncertainty, Preloads,
FEA, Verifications, Tightening torque, Validity, and CADFEM

3. Further Calculations and Verifications
~Preload losses, Fatigue, Tapped thread length, Slipping and Shearing

4. Improvements of Bolted Joint Design

2/10/2018
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Take-aways

* Combining VDI 2230 and FEA increase quality of assessment, and
save time

* Many ways to influence joint performance — attention to detail

* Material E-modulus and strength, bolt type and design, Joint geometry,
tightening method, ...

* Best practice:
+ Low load factor (much more resilient bolt than clamped plates)

* High preload

* Testing should be performed to verify theoretical assessment

Questions / Comments ?
Experiences ?
Let’s discuss...

Feedback: Unclear? More about / less about...

2/10/2018
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Thank you for your time!
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APPENDIX F

REVISED CALCULATIONS FOR HE-VESSEL JOINTS







Appendix F Revised Calculations for HE-vessel Joints v5.mcdx

Calculations for FE-analysis of He-vessel Joints

Analysis performed by: Jgrgen Apeland Date of Analysis: Oktober 2017
Calculation case: DQW Crab Cavity He-vessel Bolted Joints According to procedure: VDI 2230 - Basic FEA Workflow
Color codes: Input parameters Calculation quantities Results Functions Criteria check

S1 - Workload
Coefficient of friction in the clamping interface: Hrmin:=0.3
Below, an analytic approach is made to identify the workloads as a first estimate to identify the required preload.

1 - Slipping for "Upper Cover"

Number of bolts: 1,:=2:27+2-24=102
Assumed axial workload from pressure: F,,:=350 N The axial workload from pressure will
give a relief in the residual clamping
Assumed load-factor: ®,:=0.1 load in the interface.
Resulting relief in clamping force: Fpyy=(1-®,) F4,=315 N
Transverse load from pressure: Fg,=37.6 kN
Transverse load from weight: Fom=g (200 kg—25.2 kg)=1.71 kN
Total transverse load on bolts: Foiot=Fgp+Fg,=39.31 kN
Transverse load on one bolt: Fymaz'= i 210t —385.4 N Assuming uniform distribution of loads,
! and no axial workloads on the bolts.
Required safety factor against slipping: Screqi=1.2
Minimum clamp-load to avoid slipping: Frq ::M: 1.54 kN
Tmin
Required clamping load: Frerp=Fgo+Fpy1=1.86 kN
2 - Axial workload on "Beam side" plate
Number of bolts: 15:=2+27+2.18=90
Axial load from pressure: F,,=31.3 kN
Axial workload pr. bolt: Fyo:= Fip'Z =3478 N Assuming uniform distribution of loads.
2
3 - Axial and slipping for "Downstream / upstream” plates
Number of bolts: 13:=2+24+2.18=84
Axial load from pressure: F,3:=22.7T kN
Axial workload pr. bolt: Fy 4= Fl“ =270.2 N Assuming uniform distribution of loads.
3

Since this bolt load is lower than the two previous cases, this bolt loading is not critical.

Maximum analytic workload on the bolt

Maximum transverse load: Fgmaz=F gmaz=385.4 N
Minimum clamp-load to avoid slipping:  Fgp=1.54 kN
Maximum axial load: Fyman=F42=347.8 N

Page 1 of 14



Appendix F Revised Calculations for HE-vessel Joints v5.mcdx

S2 - Nominal Bolt Diameter

Bolt data parameters

Note!
Nominal diameter: d:=6 mm Friction coefficient in the threads:  pegpin:=0.3 Apply minimum
coefficients of friction.
Pitch: P:=1 mm Friction in head bearing area: Mmin:=0.3
Effective bolt head diameter:  dy,:=8.74 mm Yield strength of the bolt: R0 2min =820 MPa
Diameter of clearence hole: dpymasi=6.9 mm Thread length: 1:=20 mm
Diameter of outgassing hole:  d,:=1.75 mm H=086603P h=061343p H,=054127F R=1L¢
i Y-y Hig
Calculated parameters e Wut \
31/3 \3 : g s
Pitch diameter: dy:=d——Y= P=5.35 mm H=Y>.p H *"_ _'_\ SN / ' VAR
8 2 Hiz Sott” A
173 L e X
Minor diameter of the bolt: dy:i=d—P o1 =4.773 mm D Dl_‘ D, P 4 4 d

S3 - Tightening Factor

Torque wrench: a,:=1.6

S4 - Max Assembly Pretension

Calculation quanteties

Stress diameter: dg:=0.5 (dy+d;)=5.06 mm

Stress area: AS:Z% (ds)* =20.1 mm?

Reduced stress area: AS.g::% (ds* —d,*)=17.7 mm”
Parameters

Bolt capacity utililization factor:  v:=0.9

Calculations
Allowed assembly stress: Ontzut =V Ropg amin="T38 MPa

v RpOAZmin

Maximum permitted ans. F,,.,=8.73 kN

FI\/Izul ::ASAg 2
assembly preload: 3dy, (P =============
1+3 (— —( +1.155 uam))
™ Ao

S5 - Min Assembly Pretension

F
Minimum assembly preload: Fpmin i=—224 ans. Fy,,.,,=5.46 kN
ay —==============

- Simpli nd Pr re CAD- m

Page 2 of 14



Appendix F Revised Calculations for HE-vessel Joints v5.mcdx

S7 - Prepare and Run FE-analysis

Parameters
Coefficient of Friction in the clamping interface:
Coefficient of friction in the head bearing area:
Calculation of theoretical beam parameters:

Minor diameter area:
Minor second area areal moment of inertia:

Torsional stiffness:

Hrmin= 0.3

Hremin = 0.3

Max assembly preload

- R nd Analysi

Max bolt bending moment:

Mg;,,:=3430 N mm

Must be updated with values from the revised simulations

Min assembly preload
Acheived preload: Fyppini=4.5 EN

I
I
I
I
5 kN |
I
I
I
I

Acheived preload: Fypae =4
Workload: F,:=500 N
Max bolt load: Fgp0ni=4650 N

S9 - Work Stress

Note: In this calculated work-stress, bending stress is included. That is not the case for the standard VDI 2230 equation.

Parameters
Residual torque factor: k,;:=0.5
Calculation quanteties
. 7 (ds'—d,* . . . .
Bending modulus: 597 |————|=12.55 mm Notice that the outgassing hole has been included,
32 dg so it is a hollow cylinder that is considered.
d
Thread moment: Mg=Fy - —- (ﬂpd +1.155 qum) =9.5Nm
2
i i 7"' d54 _d94 3
Polar moment of inertia: W, = | ———2|=25.1 mm
916 dg
Calculations
Bending stress
F M, M,
Normal stress: O opman = — 4 — 5% _ 535.7 MPa O spyi=—2=273.3 MPa,
ASAg S.g9 S.g

Torsional stress: T,

mazx

MG
—~-=377.77 MPa

P.g Bending stress contribution to work stress:
2 T Sbo
Cred.p= \/ Tobmaz +3 (Ki*Trnas) =627.7 MPa AT gpo,p — 43.5%
red.B

Working stress:

Assessment
Criteria: Oreq.5=627.73 MPa < R0 9min =820 MPa Work_Stress:= | if ,eq.5<Rpo.2min
” return “Ok”
Work_Stress=“Ok” } “Not OK”
Safety factor: Spi=—P02min _ 131
Ored.B
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Appendix F Revised Calculations for HE-vessel Joints v5.mcdx

S$10 - Clamping Requirements

S11 - Tightening Torque

dw+d
Average head friction diameter: Dy i=— 21T 17 89 mim

D,
Tightening Torque: M :=Fy,.+|0.16 P+0.58 d, quer% Hicmin| =19.8 N m.

Page 4 of 14



Appendix F Revised Calculations for HE-vessel Joints v5.mcdx

Additional Calculations Accordin VDI 22

RO - Checking limiting size G

Parameters

25
18

Width of the interface:

Cr.aCc ]

Cr.B

]mm 0 ]

Eccentric distance e:

eAc]::[13] )
ep 5

Criteria l
y LE

—H=l

" =
q Trennfuge /

1
\; _L interface

pe
-

|

\

This criteria is defined for TTJs in Steel. Exceeding the limiting 'y \/ 1
dimensions entails a relatively large calculation error. = j_ AK i
| \

|

I

|

T A=

For eccentrically clamped joints, approxemately constant
interface pressure can be expected on the bending tension side
of the basic solid if the outer contour in the region of the [ ]
interface is not separated from the bolt azis S-S by a greater

distance than G/2: I !'i |
G or

e<— e

2

RO

formungskérper mit Achse 0 —0/
displaced (symmetrical)
deformation body with axis 0 — 0

1
N\ verschobener (symmetrischer) Ver-
I

Compliance with this requirement takes priority over the basic requirement ¢, <G. o

For TTJs:

win| =g [18]_[181]
G | " 2| |175

Assuming an approximate constant pressure, although at a lower level than above,
the following criteria can be used:

e

10

mazx

Control [
ep=5 mm < 0.5 G'},;,=6.6 mm \\\ |

eqc=13mm < 0.5 G'p=13.1 mm T

, | |
G =3 dy=26.2 mm | |
W : E

Conclusion
Joint A and C only comply with the requirement based on G',,,,..-

Joint B comply with all the requirements.

It should however be noted that Joint B has an edge in the interface. The components are also made of Titanium, and it is
unclear how the deformation cone is affected by a more resilient material.

R3 - Analytic Resilience and Load Factors

Parameters
Elastic modulus of bolt (S) and clamped parts (P): E4:=110 GPa Ep:=Eq Titanium Gr. 5 and Gr. 2
Clamping length: lgi=11 mm

Calculation quantities

Bolt quantities: ;=3P lgew=lxk—1,=8 mm lgi=d 0.4 lgi=d 0.5 lyi=d 0.33
Bolt areas, considering Ad&g::% (ds* —d,*)=15.49 mm® Ang::% (d* —d,’)=25.87 mm”

outgassing hole:

Areal moment of Intertia: I, ::6_7; (d*—d,*)

Page 5 of 14



Appendix F Revised Calculations for HE-vessel Joints v5.mcdx

Axial Resilience of the Bolt

lSK
Head: Sggi=———
Eg-Ay,
ll
Shank: | —
ES'ANAg
P lGew
Threaded region:  dgepi=————
ES"AdS.g
lG
Bolt threads: dgi=——
ES'Ad&g
l
Nut threads: Syy=—
EP'ANAg
Nut: Oan=0c+0nm
Sum: 85=0gx+ 01+ O cew+0cnr
Ans.

The axial resilience of the M6 bolt is: 65=(9.05-107°) TZ\?

[ Gow |
|
Iam
Verspannungskarper /
clamp solid
dy (9,=0)
R
Verformungskegel /
i ] deformation cone
Iy j \
\ =
Vi
=
¢
L.../)\
NN
D ‘
— =
Da
[ E—
Da

For comparison, a body with uniform diameter equal to the thread minfor diameter would have the following resilience:

Oc—0g 4
AS. =5 7843

=0.006 22 )
kN

6 =
S.d3
Eg-Aysy S.d3

=40.2%

Thus, the analytic resilience is Ad,=40.2% more resilient than a uniform cylinder of same length. If using a beam with the exact

diameters, the resilience will be similar to that of the uniform cross-section.

If more resilient, the bolt will absorb a smaller share of the applied workload in the preloaded bolt.

Bending Resilience of the Bolt

l
Head: Bgei=—K __(3.45.107) —
Eg:Ing, mm
L s 1
Shank: Bri=—r—=(4.32.107")
Eg-In, mm
. lg 1
Threaded region: = =(2.91.10%) ———
9 ﬁGew Es'Id3,g < ) N mm
lo 6 1
Bolt threads: Bei=—a—=(1.09:10"%) ——
ES.IdB.g mm
l
Nut threads: Byp=— —(2.85.107T) —
Ep-Iy, mm
1
Nut: Bear=Bc+0By=(1.38:10"%) ———
N mm
_6 1
Sum: Bs1=Bs+B1+Bars +Bgew=(5.06-107°) ————
mm
Ans.
The bending resilience of the M6 bolt is: By=(5.06-10°) 1
mm

Resilience of the clamped parts

Assuming the deformation model consist of two deformation cones, and that the
interface is wide enough so that no deformation sleve is present. Ref. page 47
VDI 2230 Pt. 1, For TBJs, estimations can be performed of the plate resilience
with ¢:=0.6 , with a maximum error of 5%.

for TT3: w:=2 , p=34.38 deg

DA.G!’

.

Verformungskérper in der
Ebene Schraubenachse/
Wirkungslinie der axialen
Betriebskraft /
deformation body in the
plane of bolt axis and

the axial line of action

of the axial working load

Ersatzgrundkérper /
substitutional basic solid
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Appendix F Revised Calculations for HE-vessel Joints v5.mcdx

Limiting diameter: D, ¢ i=dy+w-lg-tan(p)=23.8 mm
P ; ; ; Dy ac Cr.Ac 25
Substitutional outside diameter of the basic D = =|1g | mm
solid at the interface: AB Crs
Joint A and C: Dy ac=25mm > For Joint A and C, the deformatoin cone consist of one

substitutional deformation cone.

Joint B: D, p=18 mm < For Joint B, a partial sleeve will be present.

For deformation body with deformation cone only For deformation body with deformation cone and sleeve

5 o[ (B i)« (dy+w b tan (o) —d,) 2 1 [{dwtdn) - (Da—dy) 4 ( DA_dW))
n K~
(dw—dy) + (dy+w Uy tan(p) +dy) w dj, tan (¢p) (dw—dp) - (Da+dy) ) Dy* —dy? w tan (@)
dpz(dy) = Op(dpsDy) =
w-EP-dh-ﬂ-tan(go) Ep
_ mm _ mm
0p.ac=0p.7(dmaz) = (9.46-107") ——— 0p.5=0p (dpmazsDa.p) = (9.94.107) ——
dpp—0
Relative comparison: Adpi=—LB A0 5 08%
P.AC
- _y mm
Average resilience of the clamped parts: 0p:=0.5 <5P‘AC+5P‘B> = (9.7 10 ) T
Considering eccentric clamping, the resiliense of the clamped parts are:
C
Eccentricity from centre of clamping interface: A9 _¢ ac=—0.5 mm
2 Ssym.AC - —0.5
= mm
Ssym.B 4
’r.B
—eg=4 mm
Dy ac Ssym.AC
D,:= : S = TSy
4 [ D A.B v ssym.B
Dy—dy)-dy® -D,°
Areal moment of inertia of deformation body: Iy Bersi=0.147» < A W) WA 1667'0] !
D,? —dy’ 1026.3
_— . ™ 1789.7
Substitutional cone: I‘,E,Bm.::I‘,,Be,.é,.wtssyml2 Y D, = 1089.9] m*
Only cone present: Ipersi=IvE Bers
Samy I 9.84.10™
Resilience for eccentric loading & clamping 8pi=0pt—————=| """ A mm
EpeIg,, [9.93:107*| kN
Average clamped parts resilience: 8p=0.5 3 6p=(9.88-107") %
Ans.
- , _5\ mm
The resilience of the clamped parts are: 8p=(9.88-107) i
Supplementing resilience for TTJs, related to mm
the effect of tapped threads on the resilience: Spgui=(w—1) 8,=(6.96-107") N
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Appendix F Revised Calculations for HE-vessel Joints v5.mcdx

Load factor
Table 3. Basic types of loading and clamping and associated load factors
loading concentric (a = 0) eccentric (a= 0)
clamping concentric eccentric concentric eccentric
loading load introduction under head (n= 1) @y P Dy L8
by Fa load introduction in plate (n < 1) @, @z, &, &,
loading by Mg @ &, b o

" without importance for Fg,
b External bending (working) moments don’t have an eccentrical effect.

op+0,
Concentric load factor: Fpi=— 2" —0.166
05+0p
0'p+6
Load factor for eccentric Ppi=— 21 =168 Note that for these load factors, the load introduction factor
clamping: 0s+0'p is assumed to be 1. Thus, that the load is introduced under

oSS S S CSCS S CSCSSCSCSSSSSSSSS=S=S=S===== the bolt-head.

Calculation of Beam Properties for FEA

Based on the analytic properties of the bolt, equivalent values to use when defining the beam properties can be calculated from (Eq. 79), VDI
2230 Pt.2.

Beam input values: For comparison.

Beam length: lg ppi=10 mm lg=11 mm
l A

Equivalent area: Ayi=—FE =10.05 mm? Ay g=15.49 mm® —"=64.9%

ES *0s d3.g
. . . lre 4 4 Lers

Equivalent aream moment of intertia: I,,:= =17.97 mm I43,=25.02 mm~ ——=71.8%

S*Ms d3.g

Jopsi=2 I,,,=35.94 mm*

R4 - Preload Changes

Embeddin, Note: Does in principle only apply to Steel. Table 5. Guide values for amounis of embedding of
g P P Y apply bolts, nuts and compact clamped parts made of steel,
. i without coatings
Assuming surface roughness height Rz < 10 um. p— Guide values for amounts
roughness of embedding
: . — _ height Rz in pm
According to "Table 5": fz=(3+2.5+1.5) pm=7 ym netarding : :
to inthe |per head |perinner
) 150 42877 thread |or nL_rt interface
s NASA Estimate: bearing
Resulting preload loss from embedding:  F:= =697 N 5%« Fpu=436.53 N area
S + 5/P =< 10 pm tension/compression | 3 25 1.5
shear 3 3 2
_______________________________________ 10 pm up to | tension/compression | 3 3 2
= 40 pm shear 3 45 25
Thermal Contraction Effects 20 um up o |tensioncompression |3 |4 3 '
=< 160 pm  |shear 3 85 35

The thermal integrals from 293K to 4K is used to determine the thermal deformations:

" mean value from the maximum surface roughness Af of at
least two sampling lengths; with five sampling lengths Rz cor-

. . . . responds with a good approximation to the “old” Az of DIN 4768
Titanium Gr.2 Titanium Gr.5

Therma integrals:
Ap 145:=0.00151 Ap 145:=0.00173 Source: EDMS 1530740

Change in length of bolt and clamped parts:  Alg:=lg+—Ar 1;5=—0.019 mm Alp:=lgs—Ap pp=—0.017T mm

The thermal deformation is: Af = Alg— Alp=—0.002 mm
A
Preload loss due to thermal contraction: AF' = 5 fvgh =—242 N Status_AF"y,,=| if AF'y,,;, <0
+
st ” return “Preload Increase”
Status_AF"y,;, = “Preload Increase” “Preload loss”

Note that as the bolt will contract more than the plate. This will give an increase in preload. This could be considered in the
calculation of Work Stress. In terms of minimum preload, the most conservative is to ignore this effect.
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Sum of losses

The sum of the preload losses are: Fpoi=AF'yy+F,=456 N

Resulting minimum preload: Friminz=Frimin—Fz=4.76 kN

R9 - Alternating Stress - Fatigue

Additional bolt load: Foy:=Fg0n—Fvmaz
F M
The additional stress in the bolt that will vary with the workload is: O spman= —+ =222 = 281.8 MPa Tsbo |, [ UZb-"“”]
ASAg WSAg TsAbu I_O MP(IJ
The resulting stress amplitude is: oab::w: 140.9 MPa
. . . 150 TAsv
Permissable continous alternating stress for bolts Oasyi=0.85 | ———+45| MPa=59.5 MPa  rye=—-——=7.3%
rolled before heat treatment: d mm p0.2min
The fatigue limit makes up r,4,,=7.3% of the bolt proof stress.
Criteria: 0,=140.88 MPa <  044,=59.5 MPa Status_R9:=|if o, <0 45
H return “Ok”
Status_R9=“Not Ok”
l “Not Ok”
. . . T Asv
The safetyfactor against fatigue is: Sp:= =0.42 Spreqi=1.2
Tab
R10 - Surface Pressure Under the Bolt Head
Limiting surface pressure: Pei=1340 MPa
Head bearing area: Ap.mm’:% (dw” = e’ ) =22.6 mm”
. . F]\/Izul
Pressure in assembly state: Dhimaz = " =386.3 MPa
p.min
. . FSmuz
Pressure in working state: PBmaz = =205.7 MPa Paiimaz = M3X (PBmag s Phimas) = 386.3 MPa
p.min
. Pc
Safety factor: S,= =3.47
Primaz
R11- Thread Strength and Required Length of Engagement
Note that there is two factors that will lead to better load distribution on the threads than in a normal case:
1) Titanium is more resilient than Steel
2) The outgassing hole in the bolt
Parameters Bolt Clamped parts
Tensile strength: R,,5= R0 2 =820 MPa R 5 7j0:=275 MPa R, ;=R 5 1io
Shear strength: TBS.min =600 MPa TBMmin:=0-6 +345 MPa=207 MPa
o . 543
Dimensions with tolerance: dyini=5.794 mm d;:=d———— P=4.917T mm
[1SO 965-2 - 6H/6g] 8
Dy 1oz =5.50 mm D,:=d, D,:=d,
Effective thread length: loppi= (l—lK) =9 mm H=086603F h=061343F H,=0.54127F R=H/6
I JERE]
H2 Mut 60° "
H i,.__ .1_._>\ N / N N il HE
Bolt
Hi4
i | gz Hfé%%ﬁ/
DD, D, P 4 4 d
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Determination of Critical Thread

Agev Tem

Thread strength ratio: Rg=

Agsas*Tps

Rg > 1 bolt thread is critical

Criteria:
Rg <1 internal thread is critical

P

d+| =+ (d—D,)-tan(30 deg)
2 TBM.min

Rg:= > . =0.403
d-. (;—f- <d2—D1> -tan(30 deg)) TBS.min
Ans.

Thread_Critical <RS) = “Internal thread”

Stripping Force of Internal Threads

Age  is the thread shear area of for the bolt / tapped threads
Tg is the shear strength

Thread_C'ritical (Rs> =1if Rg>1
H return “bolt thread”
if Rg<1

H return “Internal thread”

The calculation of strength in the threads is solely based on the shear stress on the nut materials caused by the tensile force in the
bolt thread and that the influence of superimposed bending stresses in the thread turns can be ignored.

The correction factors C1 and C3 take into account among other things the reduction in the shear area resulting from flexure.

Parameter C1:

Parameter C3:

"s" is the equivalent diameter of the material surrounding the internal thread.

$:=10 mm S_167
d

C, = it 1.4g%< 1.9

it2>1.9
d

2
C,—38.-2-[%) —261
d \d

HCl<—1

ift2<1.4
d

H return “not valid”

Ry=0.403

Cy:=| if Rg<0.43

HC’3<—1

if 0.43<Rg<1

HC3<—O.728+1.769 Rs—2.896 Ry +1.296 Rg®
if Rg>1

HC3<—O.897

Shear area for nut/internal thread:

Stripping force of internal thread:
Reference stripping force, with no correction:

Breaking stress of free loaded bolt thread: F,

7

Criteria (R11/1): F,4=14.5 kN <

Status_R11.1=“0Ok”

Load case specific data:

l
eff
Asarri=T0 Ay * (?

e

Fram=C1 C3 Typmin* Asen=21.48 kN

mi

(dyin—Da.mag) + tan (30 deg) |=109.7 mm?®

nsi=Rpng+ Ag ,=14.5 kN

=215 kN Status R11.1:=|if F, g<F, s
H return “Ok”

“Not Ok”

R’mS 'AS.g -P

Utilisation of thread capacity: Ve i=— = 21.7%
mGM
— mGM
Thread stripping force safety factor: Smeni= =4.62
Smaz
Required effective length of M s min =

tapped threads:

C1-C3Tormin®

P +2 P=8.09 mm
54_ <dmin_D2mlaz) - tan (30 deQ) 'Tr'dmin

Note: The "2P" is a margine for non-effective thread length, like chamfer.
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Criteria: ans. Mg, ,,=81mm < lepr=9 mm Status_thread_length:= | if Mg i <less
return “Ok”
Status_thread_length=“Ok” H

_______________________________ I “Not Ok”

Considering non-uniform load distribution in the thread, the following assessment
can be performed:

Loos
Numer of internal threads: ni= Zf =9
. FmGM
Stripping force pr. thread: F oy ni=———=2.4 kN
- n

Say the n,:=2 first threads should be able to hold A\p:=50% of the load:
Non_uniform_status:= | if n, F s > Fapa Ap

n, FmGMJL:4'77 kN > FSmaz Ap=2.33 kN H return “Ok”
Non_uniform_status=“Ok” “Not Ok”
- ny FmGM n
The n,=2 first thread(s) can hold ——"™~-"=102.6% of the load.
Smaz
R12 - Safety Margin Against Slipping
Negative preload loss, thus increase in preload from thermal contraction should not be included: AF'yyy, pi=if AF'y;,<0 =0 kN
|o kN
F
Analytic minimum residual clamping force: Fregmini=—224 _ (1=9'%) Famaw—Fz—AF'yy, p=4.47 kN (R12/1)
A
Required clamp load to transfer the Frgerp=—"——=1.3 kN (R12/2)
maximum transverse load: Hrmin
Criteria: Frgert> Frramin (R12/3)
F .
Safety factor: Sgi=—BMN _35 >  Sgreqi=12  Status_R12_4:=if S¢>Sg,.  (R12/4)
FKQerf “Ok”

Status_R12_4=“0k”

Safety against sharing of the bolt: =24.1 > Sy=1.1 Status R12_T:=if S4>8 ., (R12/7)

“Ok”
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Summary of Key Results

Calculation step Results
Maximum transverse load: Fgme:=385.4 N
S1 - Workload Minimum clamp-load to avoid slipping:  Fy,p=1.54 kN
Maximum axial load: Fymae=347T8 N
S2 - Nominal Bolt Diameter d=6 mm P=1mm
S3 - Tightening Factor a,=1.6
Hemin= 0.3
S4 - Max Assembly Pretension v=0.9
Frru=8.7 kN Tppu =738 MPa
S5 - Min Assembly Pretension Fyymin=5.5 kN

S6 - Simplify and Prepare CAD-geometry

S7 - Prepare and Run FE-analysis Upmin=0.3 LPiemin="0.3
Fymas=4.5 kKN Fgpuw=4.65 kKN Mg,,=3.43 N m
S8 - Extracted Results
Fypin=4.5 KN F,=0.5 kN
S9 - Work Stress Creap=627.7T MPa < Ry, =820 MPa Sp=1.31 Work_Stress=“Ok”
S$10 - Clamping requirements
S11 - Tightening Torque M,y=20 Nm
S12 - Approve or Iterate APPROVED
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Additional Calculations

Additional bolt load: Fgy=150 N
FE-based quanteties
F
Load factor: Bppi=—2=0.3
Fy
ep=5 mm < 0.5 G',,;,=6.6 mm
RO - Checking limiting size G
epc=13mm < 0.5 G',0z=13.1 mm
Axial resilience: b¢=(9.05.107%) 1
kN
Bending resilience: Bg=(5.06-10") —
R3 -Analytic Resilience and Load Factors N mm

Resilience of clamped parts: ~ 6'p=(9.88-107%) %

Load factor: &' =0.168

Beam length: lx re=10 mm
Calculation of Beam Properties for FEA

Equivalent area: A,,,=10.05 mm’

Equivalent areal moment of intertia: ~ I,,,=17.97 mm*

Loss from embedding: F,=697.3 N
R4 - Preload Changes

Loss from thermal contraction: AF'yy,=—241.5 N
R10 - Surface Pressure Safety factor: S,=3.47

Under the Bolt Head

Thread_Critical <RS> =“Internal thread”

Status_R11.1=“0k”

Utilisation of thread capacity: Ve =21.7%
R11 - Thread Strength and
Required Length of Engagement Thread stripping safety factor: Sman=4.6
Required thread length Effective thread length
Miges min=8-09 mm < lesp=9 mm

Status_thread_length=*“0Ok”

Non_uniform_status=“Ok”

Sc=3.5 Status_R12_4=“0k”
R12 - Safety Against Slipping
S,=24.1 Status_R12_7=“0Ok”
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