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National foreword

This Draft for Development is the UK implementation of CEN/TS 1591-3:2007.
This publication is not to be regarded as a British Standard.

It is being issued in the Draft for Development series of publications and is of
a provisional nature. It should be applied on this provisional basis, so that
information and experience of its practical application can be obtained.

Comments arising from the use of this Draft for Development are requested so
that UK experience can be reported to the European organization responsible
for its conversion to a European standard. A review of this publication will be
initiated not later than 3 years after its publication by the European
organization so that a decision can be taken on its status. Notification of the
start of the review period will be made in an announcement in the appropriate
issue of Update Standards.

According to the replies received by the end of the review period, the
responsible BSI Committee will decide whether to support the conversion into
a European Standard, to extend the life of the Technical Specification or to
withdraw it. Comments should be sent to the Secretary of the responsible BSI
Technical Committee at British Standards House, 389 Chiswick High Road,
London W4 4AL.

The UK participation in its preparation was entrusted to Technical Committee
PSE/15, Flanges.

A list of organizations represented on this committee can be obtained on
request to its secretary.

This publication does not purport to include all the necessary provisions of a
contract. Users are responsible for its correct application.

Amendments issued since publication

Amd. No. Date Comments
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Foreword

This document (CEN/TS 1591-3:2007) has been prepared by Technical Committee CEN/TC “Flanges and
their joints”, the secretariat of which is held by DIN.

EN 1591 "Flanges and their joints — Design rules for gasketed flange connections"” consists of the following

three parts:
— Part 1:
— Part 2:
— Part 3:

— Part4:

Calculation method
Gasket parameters
Calculation method for metal to metal contact type flanged joint (CEN/TS)

Qualification of personnel competency in the assembly of bolted joints fitted to equipment sub-

ject to the Pressure Equipment Directive

According to the CEN/CENELEC Internal Regulations, the national standards organizations of the following
countries are bound to announce this Technical Specification: Austria, Belgium, Bulgaria, Cyprus, Czech Re-
public, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Iceland, Ireland, ltaly, Latvia, Lithua-
nia, Luxembourg, Malta, Netherlands, Norway, Poland, Portugal, Romania, Slovakia, Slovenia, Spain, Swe-
den, Switzerland and the United Kingdom.
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Introduction

Bolted Flange connections with metal to metal contact are frequently used in industrial plants for severe work-
ing conditions (thermal transients, pressure fluctuations). The use of metal to metal contact allows to avoid the
damage of the sealing component by limiting the gasket loading stress and to limit the load variations on the
gasket.

This Technical Specification describes a calculation method which enables to determine the internal forces of
the BFC in all the load conditions. It ensures structural integrity and control of leak-tightness in BFC with MMC
(BFC types which are outside the scope of EN 1591-1).
The calculation method may be divided into three steps:

Determination of the bolt tightening to reach the MMC.

Determination of the bolt tightening to maintain the MMC and to satisfy the leak-tightness criteria in all the load
conditions.

Checking of the admissibility of the load ratio.
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1 Scope

The aim of this Technical Specification is to describe a calculation method dedicated to Bolted Flange Con-
nections (BFC) with metal to metal contact (MMC). It is dedicated to BFC where MMC occurs in a region be-
tween the outside diameter of the gasket and the inside diameter of the bolt hole region. For MMC inside the
gasket and for MMC outside the bolt hole region, the present method is not appropriate.

The calculation method proposed in this Technical Specification is mainly based on the method described in
EN 1591-1, dedicated to floating type BFC. The behaviour of the complete flanges-bolts-gasket system is
considered. In assembly condition as well as for all the subsequent load conditions, the BFC components are
maintained together by internal forces. This leads to deformations and forces balances (see Annex F) which
gives the basic relations between the forces variations in the BFC.

The calculation of BFC with MMC leads to the consideration of an additional force compared to the EN 1591-1
calculation method: the reaction force in the MMC area. It explains why two compliance equations are re-
quired in this Technical Specification (in the EN 1591-1 calculation method just one compliance equation is
needed to determine the internal forces in all the load conditions).

Unlike EN 1591-1 where the internal forces variations are determined with the compliance relation between
the assembly and the considered load condition, here, the internal forces variations are determined by using
the compliance relations between two consecutive load conditions.

This method does not treat non-gasketed pipe joints.

1.1 Requirement for use of the Method

Where permitted, the Method is an alternative to design validation by other means e.g.
— special testing;

— proven practice.

— Use of standard flanges within permitted conditions

1.2 Geometry
The Method is applicable to the configurations having:

— flanges whose section is given or may be assimilated to those given in Figures 4 to 12 of EN 1591-
1:2001;

— four or more identical bolts uniformly distributed;
— gasket designed for MMC application;
— flange dimension which meet the following conditions:

a) 02<by /ey <50,02<b, /e, <50

b) ep >max {epidyo: py -3 (0.01...010) pp /by |
c) cospg>1/(1+0,01-dg/eg)
NOTE 1 For explanations of symbols see Clause 3.

NOTE2  The condition by /ep < 5,0 needs not to be met for collar in combination with loose flange.
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NOTE 3  The condition ep = py %/ (0,01...0,10) py / by is for limitation of non-uniformity of gasket pressure due to

spacing of bolts. The values 0,01 and 0,10 should be applied for soft (non-metallic) and hard (metallic) gaskets respec-
tively. A more precise criterion is given in Annex A of EN 1591-1:2001.

NOTE 4  Attention may need to be given to the effects of tolerances and corrosion on dimensions; reference should be
made to other codes under which the calculation is made, for example values are given in EN 13445 and EN 13480.

The following configurations are outside the scope of the Method:

— flanges of essentially non-axisymmetric geometry, e.g. split loose flanges, web reinforced flanges.

1.3 Materials

Values of nominal design stresses are not specified in this Calculation Method. They depend on other codes
which are applied, for example these values are given in EN 13445 and EN 13480.

Design stresses for bolts should be determined as for flanges and shells. The model of the gaskets is mod-
elled by elastic behaviour with a plastic correction.

For gaskets in incompressible materials which permit large deformations (for example: flat gaskets with rubber
as the major component), the results given by the method can be excessively conservative (i.e. required bolting

load too high, allowable pressure of the fluid too low, required flange thickness too large, etc.) because it does
not take account of such properties.

1.4 Loads

This Method applies to the following load types:

— fluid pressure: internal or external;

— external loads: axial forces and bending moments;

— axial expansion of flanges, bolts and gasket, in particular due to thermal effects.

1.5 Mechanical model
The Method is based on the following mechanical model:

a) Geometry of both flanges and gasket is axisymmetric. Small deviations such as those due to a finite
number of bolts, are permitted. Application to split loose flanges or oval flanges is not permitted.

b) The flange ring cross-section (radial cut) remains undeformed. Only circumferential stresses and strains
in the ring are treated; radial and axial stresses and strains are neglected. This presupposition requires
compliance with condition 1.2 a).

c) The flange ring is connected to a cylindrical shell. A tapered hub is treated as being an equivalent cylin-
drical shell of calculated wall thickness, which is different for elastic and plastic behaviour, but always be-
tween the actual minimum and maximum thickness. Conical and spherical shells are treated as being
equivalent cylindrical shells with the same wall thickness; differences from cylindrical shell are explicitly
taken into account in the calculation formula.

This presupposition requires compliance with 1.2 c).

At the connection of the flange ring and shell, the continuity of radial displacement and rotation is
accounted for in the calculation.
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The gasket contacts the flange faces over a (calculated) annular area. The effective gasket width (radial)
bg. may be less than the true width of gasket. The calculation of b, includes the elastic rotation of both
flanges as well as the elastic and plastic deformations of the gasket (approximately) in assembly con-
dition.

The unloading modulus of elasticity of the gasket may increase with the gasket surface pressure. The
Method uses a linear model: Eg = Ey + K4 - Q. This is the unloading elasto-plastic secant modulus meas-
ured between 100 % and 33 % of the highest surface pressure reached on the gasket.

Relaxation of the gasket under compression is approximated (see 4.9 and Annex C).

Thermal and mechanical axial deformations of flanges, bolts and gasket are taken into account.

Loading of the flange joint is axisymmetric. Any non-axisymmetric bending moment is replaced by an
equivalent axial force, which is axisymmetric according to Equation (75).

Load changes between load conditions cause internal changes of bolt, gasket and MMC forces. These
are calculated with account taken of elastic deformations of all components.

Load limit proofs are based on limit loads for each component. This approach prevents excessive defor-
mations. The limits used for gaskets, which depend on O,,.« are only rough approximations.

The model does not take account of the following:

k)

2

Bolt bending stiffness and bending strength. This is a conservative simplification. However the tensile
stiffness of the bolts includes (approximately) the deformation within the threaded part in contact with the
nut or tapped hole (see Equation (37)).

Creep of flanges and bolts.

Different radial deformations at the gasket (this simplification has no effect for identical flanges).

Fatigue proofs (usually not taken into account by codes like this).

External torsion moments and external shear loads, e.g. those due to pipework.

Normative references

The following referenced documents are indispensable for the application of this document. For dated refer-
ences, only the edition cited applies. For undated references, the latest edition of the referenced document
(including any amendments) applies.

EN 1591-1:2001, Flanges and their joints — Design rules for gasketed circular flange connections — Part 1:
Calculation method

prEN 1591-2:, Flanges and their joints — Design rules for gasketed circular flange connections — Part 2:
Gasket parameters

3

3.1

Notation

Use of figures

Figure 1 illustrates the two configurations of metal to metal contact.

Figure 2 shows the variables used in the calculation of the inside diameter of the MMC area.
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3.2 Subscripts and special marks

3.2.1 Subscripts

A Additional (Fa, My)

B Bolt

D Equivalent cylinder (tapered hub + connected shell) for load limit calculation
E Equivalent cylinder (tapered hub + connected shell) for flexibility calculation
F Flange

G Gasket

H Hub

1 Load condition identifier (taken values 0, 1, 2 ...)

L Loose flange

M Metallic ring or metal to metal contact

P Pressure

0 Net axial force due to pressure

Net axial force due to external force

S Shell, shear

T Shell, modified

X Weak cross-section

w Washer

A Symbol for change or difference

av average

c calculated

e effective

j identifier of reference dots (Qg;, eg;) used to described the gasket behaviour in compression

max  maximum
min minimum
nom  nominal
opt optimal

req required
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s non-threaded part of bolt
t theoretical, torque, thread
0 initial bolt-up condition (I = 0, see subscript I)

3.2.2 Special marks

~ Accent placed above symbols of flange parameters that refers to the second flange of the connection,
possibly different from the first

3.3 Symbols

exponent marking deformation terms due to creep relaxation
Exponent marking terms related to the first compliance equation

Exponent marking terms related to the second compliance equation

Where units are applicable, they are shown in brackets. Where units are not applicable, no indication is given.

Ap

AF7 AL

AGea AGt
C

Ey

EB7 EF; EG; EL

EM7 EW

Fa

Fg
Faummc
Fg

Fewme

Effective total cross-section area of all bolts [mmz], Equation (36)

Gross radial cross-section area (including bolt holes) of flange ring, loose flange [mm?],
Equations (5), (7), (8)

Gasket area, effective, theoretical [mm?], Equations (41), (39)
Coefficient to account for twisting moment in bolt load ratio, Equation (121)

Unloading Compressive modulus of elasticity of the gasket [MPa] at zero compressive
stress Q = 0 [MPa] (see prEN 1591-2)

Modulus of elasticity of the part designated by the subscript, at the temperature of the part
[MPa] (for E; see prEN 1591-2)

Additional external axial force [N], tensile force > 0, compressive force < 0, see Figure 1 of
EN 1591-1:2001

Bolt force (sum of all bolts) [N]

Bolt force (sum of bolts) required to reach MMC [N]

Gasket force [N]

Gasket force required to reach the MMC [N]

Metal to metal contact force [N]

Axial fluid-pressure force [N], Equation (74)

Force resulting from F, and M, [N], Equation (75)

Force resulting from F, and M, corresponding to the tightening force Fgyuc [N]

Relaxation function Equation (C.13)
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Iy

K;

QGMMCinf

QGMMCsup

O
Qmin

Qmax

Qmax, Y

TB! TF! TG; TL;

TM! TW

To

U

WF! WL! WX

XBv XG! XM! XW

XFB
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Load condition identifier,
for assembly condition 7 = 0, for subsequent conditions 7=1, 2, 3, ...

Plastic torsion modulus [mm3] of bolt shanks, Equation (121)

Rate of change of compressive modulus of elasticity of the gasket with compressive stress,
prEN 1591-2

Systematic error due to the inaccuracy of the bolt tightening method
Additional external moment [N - mm], Figure 1 of EN 1591-1:2001
Bolt assembly torque [N - mm], Annex D of EN 1591-1:2001

twisting moment [N - mm] applied to bolt shanks as a result of application of the bolt as-
sembly torque M,, Equations (121) and (D.8) to (D.11) of EN 1591-1:2001

Pressure of the fluid [MPa], internal pressure > 0, external pressure <0 (1 bar = 0,1 MPa)
Mean effective gasket compressive stress [MPa], O = Fg/Ag.

Inferior boundary of the range of gasket compressive stress in which the MMC appears
[MPa]

Superior boundary of the range of gasket compressive stress in which the MMC appears
[MPa]

Mean effective required gasket compressive stress at load condition 7 [MPa]

Minimum necessary compressive stress in gasket for assembly condition (on the effective
gasket area) [MPa], Equation (93), (see prEN 1591-2)

Maximum allowable compressive stress in the gasket (depends on the gasket materials,
construction, dimensions and the roughness of the flange facings) [MPa], Equation (120),
see prEN 1591-2 (including safety margins, which are same for all load conditions)

Yield stress characteristic of the gasket materials and construction, see Table 1, and
prEN 1591-2 [MPa]

Temperature (average) of the part designated by the subscript [°C] or [K], Equation (77),
(78) and (80), (81)

Temperature of connection at assembly [°C] or [K] (usually + 20 °C)

Axial displacement [mm]; AU according to Equations (76), (77), (78) and Equations (79),
(80) and (81).

Resistance of the part and/or cross-section designated by the subscript [N - mm], Equa-
tions (123), (135), (137), (139)

Axial flexibility modulus of bolts, gasket, metallic compression limiter ring, washer [1/mm],
Equations (37), (44), (52), (46)

Axial flexibility modulus corresponding to local compression of flange at contact area with
nut [1/mm], Equation (73)
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Axial flexibility modulus corresponding to local compression of flange at contact area with
gasket [1/mm], Equation (55)

Axial flexibility modulus corresponding to local compression of collar at contact area with
loose flange [1/mm], Equation (63)

Axial flexibility modulus corresponding to local compression of flange at metal to metal
contact area [1/mm)], Equation (59)

Axial flexibility modulus corresponding to local compression of loose flange at contact area
with nut [1/mm], Equation (71)

Axial flexibility modulus corresponding to local compression of loose flange at contact area
with collar [1/mm], Equation (67)

Axial compliance of the bolted connection, related to Fg, Fy, Fo, Fr [MM/N], Equations (83)
to (86) and (89) to (92)

Rotational flexibility modulus of flange, loose flange [mm’ 3], Equations (30), (34), (35)
Shift function Equation (C.17)

Width of chamfer (or radius) of a loose flange [mm] see Figure 10 of EN 1591-1:2001,
Equation (17) such that: d7min =dg+ 2 - by

Effective width of flange, loose flange [mm], Equations (5) to (8)

Gasket width (radial), interim, effective, theoretical [mm], Equations (38), (40), Table 1
Metal to metal contact area width [mm], Equation (48) and Figure 1

Correction factors, Equations (23), (127), (128)

Inside diameter of flange ring [mm] and also the outside diameter of central part of blank
flange (with thickness ¢;), in no case greater than inside diameter of gasket [mm],
Figures 4 to 12 of EN 1591-1:2001

Average diameter of hub, thin end [mm], Figures 4, 5, 11 and 12 of EN 1591-1:2001
Average diameter of hub, thick end [mm], Figures 4, 5, 11 and 12 of EN 1591-1:2001

Bolt circle diameter, real, effective [mm], Figures 4 to 12 of EN 1591-1:2001

Outside diameter of flange [mm], Figures 4 to 12 of EN 1591-1:2001

Diameter of bolt hole, pierced, blind, effective [mm], Figures 4 to 12 of EN 1591-1:2001

Inside diameter of loose flange [mm], Figures 10, 12 of EN 1591-1:2001

Diameter of position of reaction between loose flange and stub or collar [mm], Figure 1 of
EN 1591-1:2001, Equations (17), (43)

Outside diameter of collar [mm], Figure 10 of EN 1591-1:2001
Diameter of a central hole in a blank flange [mm], Figure 9 of EN 1591-1:2001

Diameter of bolt: nominal diameter, effective diameter, shank diameter [mm], Figure 2 of
EN 1591-1:2001, Table B.1 of EN 1591-1:2001

11
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Basic pitch diameter, basic minor diameter of thread [mm], see Figure 2 of EN 1591-
1:2001

Diameter of gasket, effective, theoretical [mm], Figure 3 of EN 1591-1:2001, Table 1

Inside, outside diameter of theoretical contact area of gasket [mm], Figure 3 of EN 1591-
1:2001

Inside, outside diameter of theoretical metal to metal contact area [mm]
Effective inside diameter of metal to metal contact area [mm], Equation (49), (50)
Diameter of metal to metal contact area, effective, theoretical [mm], Equation (51), (47)

Average diameter of part or section designated by the subscript [nm], Equations (5) to (8),
(10)

to (12), Figures 4 to 12 of EN 1591-1:2001
Inside, outside diameter of washers Equation (46) [mm]

Wall thickness of central plate of blank flange within diameter dy [mm], Figure 9 of
EN 1591-1:2001

Minimum wall thickness at thin end of hub [mm], Figures 4, 5,11, 12 of EN 1591-1:2001
Wall thickness at thick end of hub [mm], Figures 4, 5, 11, 12 of EN 1591-1:2001

Wall thickness of equivalent cylinder for load limit calculations, for flexibility calculations
[mm], Equations (9), (11), (12), (124)

Effective axial thickness of flange, loose flange [mm], Equations (5) to (8)
Thickness of flange ring at diameter d; (bolt position) [mm] Equation (3)

Thickness of flange ring at diameter d. (gasket force position), relevant for thermal expan-
sion [mm], Equation (77), (78) and (80), (81)

Thickness of flange ring at diameter d,,. (metal to metal contact force position), relevant for
thermal expansion and inside diameter of the metal to metal contact area [mm], Equation
(77), (78) and (80), (81)

Thickness of gasket [mm], Figure 3 of EN 1591-1:2001

Thickness of metallic compression limiter ring [mm]

Part of flange thickness with (ep), without (eq) radial pressure loading [mm], Figures 4 to 12
of EN 1591-1:2001, such that ep + eq = er

Thickness of connected shell [mm], Figures 4 to 8, 10 to 12 of EN 1591-1:2001
Flange thickness at weak section [mm], Figure 9 of EN 1591-1:2001
Washer thickness [mm]

Nominal design stress [MPa] of the part designated by the subscript, at design temperature
[°C] or [K], as defined and used in pressure vessel codes
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Lever arms [mm], Equations (15), (16), (18), (19)

Difference of lever arms hg and hy, [mm], Figure 1, Equation (14)

Lever arm corrections [mm], Equations (13), (24) to (27), (32), (33)

Sign number for moment, shear force (+ 1 or — 1), Equation (129)

Correction factors, Equation (28), (29), (130)

Depth of the blind holes, Figure 5 of EN 1591-1:2001, Equation (3)

Bolt axial dimensions [mm)], Figure 2 of EN 1591-1:2001, Equation (37)
L=lg—1,

Length of hub [mm], Figures 4, 5, 11, 12 of EN 1591-1:2001, Equation (9), (124)
Number of bolts, Equations (1), (4), (36), (37), (46)

Pitch between bolts [mm], Equation (1)

Pitch of bolt thread [mm], Table B.1 of EN 1591-1:2001

Radii [mm], Figures 4, 10 of EN 1591-1:2001

Radius of curvature in gasket cross-section [mm], Figure 3 of EN 1591-1:2001

thickness concerned by the local compression at the inner diameter of the component des-
ignated by the subscript [mm], Equation (55) to (73)

thickness concerned by the local compression at the outer diameter of the component des-
ignated by the subscript [mm], Equation (55) to (73)

Differential axial expansions [mm], Equation (76) to (81)

Rotation of flange, loose flange, due to applied moment [rad], Equation (97) to (100), (104),
(105)

Load ratio of flange ring due to radial force, Equation (131)

Particular value of ¥, Equation (123), Table 2

Load ratio of part and/or cross-section designated by the subscript, to be calculated for all
load conditions, Equation (120), (121), (122), (134), (136), (138)

Reduced maximum allowable load ratio, Equation (108)
Thermal expansion coefficient of the part designated by the subscript, averaged between
Toand Ty, Ty, Tg, Tv, Tw, Tn [K™ '], Equation (77), (78) and (80), (81)

Intermediate variables, Equations (9), (20), (21), (22), (43), (108), (124)

13
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Strain (Annex C).

Scatter of initial bolt load of a single bolt, above nominal value, below nominal value,
Annex D

Scatter for the global load of all the bolts above nominal value, below nominal value,
Equations (109), to (111)

Tangent of the propagation angle of the local compression (see Annex B)

Numerical constant (x = 3,141593)

Stress [MPa] (Annex C)

Relaxation time [s] (Annex C)

Angle of inclination of a sealing face [rad or deg], Figure 3 of EN 1591-1:2001, Table 2
Angle of inclination of connected shell wall [rad or deg], Figures 6, 7 of EN 1591-1:2001

Material parameters regarding the stress relaxation function of the gasket (see Annex C).

3.4 Terminology

3.41 Flanges

Integral flange:

Blank flange:
Loose flange:

Hub:

Collar:

3.4.2 Loading

External loads:

Flange attached to the shell either by welding (e.g. neck weld, see Figures 4 to 7 of
EN 1591-1:2001 or slip on weld see Figures 8 and 11 of EN 1591-1:2001) or cast
onto the envelope (integrally cast flanges, Type 21)

Flat closure, Figure 9 of EN 1591-1:2001

Separate flange ring abutting a collar, Figure 10 of EN 1591-1:2001

Axial extension of flange ring, usually connecting flange ring to shell, Figures 4, 5
of EN 1591-1:2001

Abutment for a loose flange, Figure 10 of EN 1591-1:2001

Forces and/or moments applied to the connection by attached equipment, e.g.
weight and thermal expansion of pipes.

343 Loading conditions

Load condition:

State with set of applied simultaneous loads; designated by /.

Assembly condition: Load condition due to initial tightening of bolts (bolting up), designated by 7= 0

Subsequent condition: Load condition subsequent to assembly condition, e.g. operating condition, test

condition, conditions arising during start-up and shut-down; designated by 7=1,
2,3 ..

3.4.4 Compliances

Compliance:

14

Inverse stiffness (axial), symbol Y, [mm/N]
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Flexibility modulus: Inverse stiffness modulus, excluding elastic constants of material:
axial: symbol X, [1/mm]

rotational:  symbol Z, [1/mm°]

b d by

+
|
TR
! | I
! o
! ’ !
N e | |
L H JF—/
bdv bwt Pdw byt
bdy, $dv

Figure 1 — 2 types of MMC BFC: gasket with limiter ring and gasket inserted in a groove,
with theoretical dimensions

4 Calculation parameters

4.1 General

The parameters defined in this Clause are effective dimensions and areas as well as stiffness parameters.
Most Parameters of 4.2 to 4.4 are extracted from EN 1591-1:2001.

4.2 Flange parameters

421 General

The formulae given in 4.2 shall be used for each of the two flanges and where applicable, the two collars of a
connection.

Specific flange types are treated as follows:

Integral flange: calculated as an equivalent ring with rectangular cross-section, dimensions by - e con-
nected at diameter di to an equivalent shell of constant wall thickness e.

Blank flange: calculated as an equivalent ring with rectangular cross-section, dimensions by - er, con-
nected at diameter di = dj to a plate of constant thickness ¢;. It may have a central opening
of diameter dy. If a nozzle is connected at the opening the nozzle is not taken into account
in the calculation.

Loose flange: calculated as an equivalent ring with rectangular cross-section dimensions b, - ¢, without
connection to a shell.

15
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Screwed flange: calculated as a loose flange with inside diameter equal to load transmission diameter, i.e.
average thread diameter.

Collar: the collar is treated in the same way as an integral flange.
In Figures 4 to 12 of EN 1591-1:2001, the equivalent ring is sketched by shaded area.

4.2.2 Flange ring

4221 Bolt holes
Pitch between bolts:
pp =T-dy/ng (1)

Effective diameter of bolt hole:

dse =ds -|ds | pg 2)
Diameter of blind holes is assumed to be:

ds =dg; -Is, / ep, (3)
Effective bolt circle diameter:

d3e:d3-(1—2/nB2) (4)
NOTE 1 py and py are equal as well as d5, and 536.
NOTE 2  Equations (1) to (4) do not apply to collars.

4.2.2.2 Effective dimensions of flange ring

The effective thickness e or ¢ used below is the average thickness of the flange ring. It can be obtained by
dividing the cross-section area of the ring 4 or 4; (including bolt holes) by the actual radial width of this
section.

Since there is a large variety of shapes of flanges cross-sections, formulae for the calculation of 4 or 4, are
not given for specific flange types.

Integral flange and blank flange (see Figures 4 to 9 of EN 1591-1:2001)

by =(dy —do)/2-ds; dy =(dy +do)/2 (5)
ep=2-Ap /(dy —dy)

by =dy =e =0 (6)
Loose flange with collar (see Figure 10 of EN 1591-1:2001)

For collar:

by =(dg —dy)/2; dp =(dg +dy)/2
€r =2'AF/(d8 _do)

16
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For flange:

by =(dy —dg)/ 2~ ds.; dy =(dy +dg)/2 8)
ep =2-Ag /(d4 _ds)
4.2.3 Connected shell

4231 Flange with tapered hub

A cylindrical shell (constant wall thickness e, average diameter ds) integral with a tapered hub is treated as
being an equivalent cylindrical shell of effective wall thickness ey and effective average diameter dg:

(ﬂ—1)'lH €2
ep =eq 41+ p=—= (9)
T (B13) dy ey 41y, e
dp ={min (dy —eq +ep;dy + e, —ep )+ max (dy +eq —ep;d, —e, +ep )}/ 2 (10)

4.2.3.2 Flange without hub

For a shell (cylindrical or conical or spherical, constant wall thickness e, angle ¢s and diameter ds at junction
with flange) directly connected to a flange ring, the effective dimensions are:

eE=eS; dE=dS (11)

The Equations (11) are not applicable when a nozzle is connected to the central opening of a blank flange.
This case is covered by 4.2.3.3.

4.2.3.3 Blank flange
For a blank flange, the effective dimensions to be used are:
ep =0; dp =d, (12)

The Equations (12) apply whatever the blank flange configuration (without opening, with opening without
nozzle, with opening with nozzle).

4.2.3.4 Collar

The equations which are applicable are those of 4.2.3.1 or 4.2.3.2 depending on whether or not the collar has
a hub.

424 Lever arms

NOTE When the gasket is of flat type, the parameters &, and hg below can be calculated only when dg. has been
determined, i.e. when the calculations given in 4.4.3 have been carried out. hy, below can be calculated only when d,,. has
been determined at each load condition.

4241 Allflanges

hp =[(dGe _dE)2 (2-dg. +dE)/6+2‘ep2 'dF]/dGe2 (13)

For blank flanges: ¢, = 0.

17
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For a practical point of view the following difference of lever arms is defined:

hy = hy = hg :(dMe _dGe)/z
4.2.4.2 Integral flange and blank flange

hg :(dSe _dGe)/2§ hy :(dSe +dE)/2
h, =0

hM = (d3e - dMe)/z
NOTE These equations do not apply to collars.

4.24.3 Loose flange with collar

d,. <d, <d

7min  —
d, . =d, +2-b,y; d, .. =d,

7 max

7 max

7 min

h =d7 —dg.)/2  hy =(d7 +dy)/2
h =(dse —d7)/2

hy =(d7 _dMe)/2

As the value of d7 is not known in advance, the following hypotheses can be made:

NOTE It follows that 4, iy and ;. can vary with each iteration necessary to calculate b, and dg. (see 4.3.2).

used.

4.2.5 Flexibility-related flange parameters

for the flexibility calculations, take for d7 the value d7o given by Equation (43);

(17)

(18)

(19)

for the calculation of load ratios (Clause 6), the most favourable value between d; i, and d7 nax can be

NOTE When the gasket is of the flat type, the parameter 4, below can be calculated only when dg. has been deter-

mined, i.e. when the calculations stated in 4.3.2 have been carried out.

4251 Integral flange and collar

y=eg dg /(bF “dg 'COS(/’S)

620,55 COS ¢S »ﬂdE 'eE /eF

A=1-ep/ep=eq /e

NOTE ep and eq are defined in Figures 4 to 12 of EN 1591-1:2001 (when ep = ey, eq = 0).

Cr :(1+7'9)/{1+7/-49-[4-(1—3/1+3/12)+6-(1—2/1)-9+6-492]+3y2 64}

hg =11 -AJeg /dg -(1-2-2+60)/(1+7-6)

hy =ep (1-24—y-62)/(1+7-6)

18
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ho = {hs kg + hy - (ZdF cep /dy® —0,5-tan g )} (dg /dg, )? (26)
hy = hg - kg —hy - 0,5 tan g (27)
_|+0.85/cos ¢g  for conical or cylindrical shell (28)
Q74+ 0,35/cos ¢y for spherical shell
_|—0,15/cos g5 for conical or cylindrical shell (29)
® 7 1-0,65/cos g for spherical shell
3
Zp =3dy - cp /(Tc-bF-eF ) (30)
Z, =0
4.2.5.2 Blank flange
Diameter ratio:
p=dy I dy (31)
NOTE reminder: for a blank flange, di = do (according to Equation (12))
ho =(dy /8)- (1= p2)-(0.7+33 p2)/(0.7 +13 p2)- (dy. / de. ) (32)
he = (dg 14)- (1= p?)-(0.7+33 p2)/[(0.7 +13 p?)- (1+ p?)] (33)
2 =3dy - br - e® +dy -0 (1= p2) 14+ 2692 )]} )
Z, =0
4.2.5.3 Loose Flange with collar
For the collar use Equations (20) to (30); for the loose flange use the following equation:
7, =3-d f{nb e,?) (35)

4.3 Bolt parameters

4.3.1 General

The bolt dimensions are shown in Figure 2 of EN 1591-1:2001. Diameters of standard metric series bolts are
given in Annex B of EN 1591-1:2001.

4.3.2 Effective cross-section area of bolts
Ay ={min (dg,; dgs)f -np -1/ 4 (36)
4.3.3 Flexibility modulus of bolts

Xy =lls /dus? +1, /du,2 +0.8/dyg )4 /(ny 1) (37)

19



CEN/TS 1591-3:2007

4.4 Gasket parameters

441 General
The notation for dimensions of gaskets is given in Figure 3 of EN 1591-1:2001.

prEN 1591-2 gives typical non-mandatory values for material properties. If data for the actual gasket is avail-
able, it should preferably be used.

4.4.2 Theoretical dimensions

b =(dgo —dg1)/ 2 de =(dgy +dgy)/ 2 (38)
Ag =T-dg; - bg (39)
NOTE The theoretical gasket width b, is the maximum which may result from a very high force.

443 Effective dimensions
The effective gasket width 5. depends on the force F; applied to the gasket for many types of gasket.

NOTE 1 For a flat gasket, the effective gasket width is equal to twice the distance separating the outside diameter of
the sealing face from the point of application of the gasket reaction (i.e. the resultant of compressive stress over the gas-
ket width).

The first calculation is performed with F; value as described in 5.5.2.

Interim gasket width bg; shall be determined from the equations in Table 1, starting with the first approximation
given in this table.

Effective gasket width:
bge =min {bg;: b | (40)
Effective gasket diameter:

The effective gasket diameter d;. is the diameter where the gasket force acts. It is determined from Table 1.

NOTE 2 For flat gaskets, dg. varies with bg.. In that case, b, is twice the distance between the outside contact dia-
meter of the gasket and the effective gasket diameter.

Effective gasket area:

AGe :n'dGe 'bGe (41)
Lever arm:
o (dy, —dg.)/2 forintegral flange or blank flange 42)
99 " V(dyo —dg.)/2  forloose flange with collar
d7g =min {max (d7 min’ (dge + K- da. ) /(1+ K))§ A7 max }} (43)
k=(Zy - Exo)/(Z - Erp)

NOTE 3  Equation (43) does only apply to loose flanges on a collar.
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Equations (40) to (43) are re-evaluated iteratively until the value bg. is constant within the required precision.

NOTE 4 A precision of 5 % is enough. To obtain results almost independent of the operator, a precision of 0,1 % is

however recommended.

4.4.4 Axial flexibility modulus of gasket

Xg =(eG /AGt)' (bGt t+eg /2)/(bGe +eg /2) (44)

Table 1 — Effective gasket geometry

Type Gasket form

Formulae

1 Flat gaskets, of low
hardness, composite or
pure metallic, materials,
see Figure 3a of

EN 1591

First approximation: bg; = bg;

More accurate:

2
be: = €G /(n’dGe’EGm) " Fg
"\ hg Zp lEp+hg - Zp /Ex | T dge  Omaxy

EGm =E0 +0,5 K1 . FG /AGe
Zg, ZF according to Equation (30) or (34)

In all cases: dg. =dgo —bge

2 Metal gaskets with
curved surfaces, simple
contact, see Figures 3b,
3c of EN 1591

First approximation:

bg; =\/6r2 1C08 G bt - Omax,y / Eg

More accurate:

2
b = 6, - COS @G - F Fg
Gi —

n'dGe'EG n'dGe'Qmax,y

In all cases: dg, =dgo

section gaskets, double
contact see Figures 3e,
3f of EN 1591

3 Metal octagonal section In all cases:

%?\lsl;eSt;see Figure 3d of bg; = length b, according to Figure 3d of EN 1591
(Projection of contacting surfaces in axial direction.)
dg. =dg

4 Metal oval or circular First approximation:

boi =4/ 1212 -€OS @6 - by - Omax,y  Eg

More accurate:

2
Gi —
n'dGe'EG Tc'dGe'Qmax,y

In all cases: dg. =dg
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4.5 Washer parameters

It is common use to add washers between the nuts and the flanges in BFC. Here, we consider not only the
axial thermal expansion of the washers (see 5.2.2.3 and 5.2.2.4) but also the axial flexibility of these compo-
nents.

Washers are submitted to compression. The axial deformation of the washers due to compression is consid-
ered in the deformation compatibility equations (see Annex F) with the term AeWM .

X

ey ™ =—A(—W-FBJ (45)
EW

Where Xy, represents the axial flexibility modulus of the washers.

For flat washers the axial flexibility modulus is:

4.
Xy = A (46)
ng T (dyy" —dw")

For other kind of washers the axial flexibility modulus has to be determined following the manufacturer indi-
cations.

4.6 Calculation parameters for the metal to metal contact area

4.6.1 Metal to metal contact theoretical dimensions
Theoretical diameter of the metal to metal contact : dy;

_dvi tdyp

dyy = 47
w == (47)
Theoretical width of the metal to metal contact : by
dyo +d
by = % (48)

(see Figure 1)
4.6.2 Metal to metal contact effective dimensions

4.6.2.1 Inside diameter of the metal to metal contact area

The inside diameter of the metal to metal contact area depends on the flanges geometries and on the rotation
angles of the flanges:

In the case of MMC with compression limiter ring:

G — depg — Aepg — ey
Or + 6y

dypre = dge +2x 2
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For MMC occurring with gasket inserted in a groove:

(eG +ep + gFt)_ (AeFG + depg +ep, + EFm)
Op + Oy

dyte =dge +2% (50)

e is the thickness of the gasket under compression.

¢dl"l1e
$dge
7% ®
Eg I
N

¢dM1e
¢d.

EFt
€Fn

Luﬂa

Figure 2 — Inside diameter of the MMC area
4.6.2.2 Effective diameter of the metal to metal contact area

The effective metal to metal contact diameter dy,. is the diameter where the metal to metal contact force acts.

_ 3dM22 +2dy\ip - dye +dM1e2

d
M 4d iy + 2d 1.

(51)

€
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4.6.3 Axial flexibility modulus of metallic compression limiter ring

em
Xy=——"" 52
v n'bMe 'dMe ( )

4.7 Gasket compression behaviour
We define here the behaviour of the gasket in compression:

We consider the gasket thickness in compression as a function of the gasket compression stress is linear by
pieces (see Annex A).

Such as for Qg1 < Qg < Qg; , the thickness of the gasket in compression for a gasket compression stress Qg
is given by:

C—eai_1)
e6(0c)=eq-1+ (0o —QGJ_1)-—((;GJ_6QGJ N (53)
Gij Gj-1

4.8 Local deformation parameters

4.8.1 General

Local compressions may occur at the contact areas between the different components of the connection.
When significant, these local compressions have to be considered in the axial deformation balances.

Here below are given the expressions of local compressions at the different contact area in the connection.

(See also Annex B).
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4.8.2 Local compression of flange at contact area with gasket

X
Aepy, =— S . F,
FG (EF G

with: Xig: the flexibility parameter of flange in the local compression area:

2.
L.m 14 S 6
2'n'dGe ﬂ'bGe

|f Zqp > €t and Z9f ZeFt

CEN/TS 1591-3:2007

_2'eFt +dGc_ch —d,

d] -In(d4 _dGej+ T_.In T2 il e
2-1-dg, bGe T-dy _2'eFt+dGc_ch_d4 dge —dy4
Up! n
if zyp 2 ep, and zyp <epy
2-ep " dge —bge —do
Xpo = U -In(dGe _doJ—'_ | T 1 e
FG ™) 2-m-dg, bge T-dg 2'eFt+dGe_bGe_d0 dge —do

2 n
if zyp <ep and zyp 2 ey

4- (e — zop)

n In dge —dg L1 In dqy —dy  dg. i
2'TC'dGe bGe TC'dO d4+d0 dGe_dO

if zip <ep, Zop <ep and zop <zgp

Z4p =dGe _bzGe _dO n
_d4 _dGe _bGe
ZZF_f'

n(dy? ~do?)

|f ZqF <eFt,22F <3Ft and Z1F SZZF
n ,|n[d4_dGeJ+ n ,|n(d0_d4. dge ]_'_ 4'(eF;_Z1F2)
2:-m-dg bge m-dy do+dy dge—dyg) m-(dy"—dy°)

(54)

(59)

(56)

(57)
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4.8.3 Local compression of flange at metal to metal contact area

X
ety =— ™M.F
FM ( EF M

with: Xy the flexibility parameter of flange in the local compression area:

_ " 1+2'ﬂ
2.n'dMe 77'bMe

if zyp 2 ep, and zop 2 €py,

_2'eFm+dMe_bMe_d4
U -|n[d4_nd]+ T n| 2 il e
2-m-dy, Dye T-dy _2'eFm+dMe_bMe_d4 dye —dy4
Up) n
if zyp 2 e, @nd zop <epy,
2'eFm+dMe_bMe_dO
Xy = n .ln(dMe—donr Nl n  dye
2-m-dy, bye n-dg 2'eFm+dMe_bMe_d0 dye = do

Ul n
if zyp < epy @nd zop 2 epy,

2'n.dMe bMe TC'dO d4 +d0 dMe_dO

if Zip < €pm» Zop <€py aNd zq4p < zpp

n -In(dMe_d°J+ n -In[d“_do- e J+4'(6Fr;_221;)
no(dy” —dy”)

2. mdy, bye n-d, \dy+d, dy,—d,

if z4p < e€pp» Zop <e€py, aNd zop < z4p

dMe B bMe dO
Z9F = 2

d4 dMe bMe
Z2F = 2
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n-(dy” —do?)
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(59)

(¥9)

(€9)

(29)
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4.8.6 Local compression of loose flange at contact area with nut

X
aeM ( L F] (70)
EL

with: X the flexibility parameter of flange in the local compression area:

2-¢ " dypes — ds

+
n In , Ui ) depen T ds Z, e
nB " d5 2 ) eL + dFBext + d5 dFBeXt - d5
XLB = 772 77

4.(6L _(d4 d3 _dFBextjnj
n In (d4 —dy =2 -dpy,, . Apgex + ds j + 2

d d,—d +d. d,. —d e o=
Ng - T - ds 4 — a3 td; FBext ~ @5 ng m-((d, —dy)” —ds")
(71)
4.8.7 Local compression of flange at contact area with nut
X
Ae%=—A( i ~FB] (72)
EF
with: Xgg: the flexibility parameter of flange in the local compression area:
2-ep, " dpgext — 45
n 12 n dypext +ds
-In . Zop 2€
ng -m-dg 2-ep +dFBext+d5 dppext — ds ao
Xpp = p) n (73)
4. (er - (d“ — d32_ dFBext j j
n .In (d4 - d3 -2 dFBext . dFBext + d5 J + Zor <epy

4.9 Relaxation phenomenon of the gasket

4.9.1 General

Relaxation phenomenon of the gasket consists in the decrease of gasket compression after the increase of
the load applied on the gasket (mechanical and (or) thermal).

This is an irreversible phenomenon. It means that a decrease of the load applied on the gasket (mechanical
and (or) thermal) does not lead to an increase of the gasket compression.

We assume that the relaxation phenomenon occurs after the loading of the gasket.

4.9.2 Consideration of the relaxation phenomenon

Relaxation of the gasket will be considered after every load condition. It means that after determining the
internal reactions corresponding to a loading situation, an additional calculation will be performed in order to
determine the internal reactions after the relaxation phenomenon (only in the case where the load on the
gasket is increased (mechanical or thermal)).
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4.9.3 Relaxation behaviour of the gasket

Different models described in [1] may be used to reproduce the relaxation behaviour of the gasket material.
Among them, a realistic model in Annex C provides a stress relaxation response for gasket that may be con-
sider as viscoelastic material.

Other models or test data may be suitable to consider the relaxation behaviour of the gasket exposed to com-
pression and (or) elevated temperature.

It means that the gasket surface pressure is determined for a given gasket compression after a given period of
time.

This leads to the determination of the remaining gasket surface pressure after relaxation.
A new internal reaction value on the gasket after relaxation is obtained. Once determined, the new internal

reaction on the gasket is introduced in the compliance equations in order to update the other forces and de-
formations in the connection.

5 Internal forces (in the connection)

5.1 General

Different load conditions are indicated by the value of indicator "I". Case | =0 is the assembly condition;
higher values (I = 1,2...) are different test conditions, operating conditions and so on. The number of load con-
ditions depends on the applications. All potentially critical load conditions shall be calculated.

5.2 Applied loads

5.2.1 Assembly condition (I = 0)

Fluid pressure (internal or external) is zero: Py = 0.

External loads F o and M,, combine to give a net force Fyg as in Equation (75) (load case | = 0).
All temperatures are equal to the initial uniform value Tj.

5.2.2 Subsequent conditions (1=1,2...)

5.2.21 Fluid pressure

Internal fluid pressure P >0
Unpressureized condition P=0 | Fo=(n/4)xdg> P (74)
External fluid pressure P <0

NOTE dg. is the location of the forces acting on the gasket and not the location where the leak tightness is achieved.

This is conservative, overestimating the load coming from the pressure of the fluid for large gasket width.
5.2.2.2 Additional external loads
Additional external loads F; and M,; combine to give a net force Fy; as follows:

Axial tensile force Fy >0

Fp=Fyt4/ds, ) M 75
Axial compression force FA1<O} W= £ (4 o) Mg (7)
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Select the sign in Equation (75) giving the more severe condition.
NOTE In the presence of external moment, the most severe condition may be difficult to foresee because:

— on the side of the connection where the moment induces an additional tensile load (sign + in Equation (75)), load
limits of flanges or bolts may govern, as well as minimum gasket compression;

— on the side of the connection where the moment induces an additional compression load (sign - in Equation (75)),
load limit of gasket may be decisive.

Therefore, for good practice, it is suggested to consider systematically two load conditions (one for each sign
in Equation (75)) whenever an external moment is applied, with different indices | being assigned to each case.

5.2.2.3 Thermal loads in the gasket area

Axial thermal expansion in the gasket area between load condition | and load condition | + 1 to be considered
in the first compliance equation is treated by the equation here below.

AU1—>1+11:AU0—>1+11_AU0—>11 (76)
where

AU0—>1+1i =lg-op '(TBI+1 _TBO)_ew &y, '(TW1+1 —Tywo )_eLt oy '(TL1+1 —Tig )_eFt g '(TFI+1 _TFO)
—eg O0g '(TGI+1 _TGO )_EFK '§F '(fFH _TFO )_ELt '&L '(leH _fLO) (77)

_EW ﬁw '(fWI+1 _fWO)

and
AU0—>11 =l oy ’(TBI _TBO)_ew m ’(TWI _Two)_eu o '(TLI _TLO)_eFt "Og ’(TFl _TFO)
—eg Og '(TGI _TGO)_EFt -y '(fFl _TFO)_ELt -y, '(fu _TLO) (78)
&y Gy -(Tan ~Two
where:

ep tep te, tey teg ey tey =lp

5.2.2.4 Thermal loads in the metal to metal contact area

Axial thermal expansion in the metal to metal contact area between load condition | and load condition | + 1 to
be considered in the second compliance equation is treated by the equation here below.

AU1—>I+1H :AUO—>1+1H _AUO—HH (79)
where

AUy 14" =g - atg (TGI+1 —Tso )"' €y O '(TF1+1 —To )_EFt Qg '(fFIH _fFO)

e _ (80)
—ém Oy '(TMI+1 _TMO)_eFm Oy '(TF1+1 _TFO)_eFm Oy '(TFIH _TFO)

and

31



CEN/TS 1591-3:2007

AUO—)lii =eg Ug '(TGI _TGO)_eFt "Og '(TFI _TFO)+EFt Oy '(TFI _TFO)_eM Oy '(TMI _TMO)

R0 SR (81)
_eFm'aF'(TFI_TFO)_eFm'aF'(TFI_TFO)

5.3 Compliance of the connection

5.3.1 First compliance equation

The first set of compliance terms corresponding to the first compliance equation (see Annex F for more
details) is as follow: compliance equation is determined from the forces balance and the first deformation
compatibility equation:

A(YGi-FG)+A(Y§4-FM)+A(Y5'FQ)+A(Y§'FR)+AU1=0 (82)
with
2 5 T2 v
vi =+ Zrte * X KXo | Zp et Xeg (83)
E; Eq E.
vi, =+ ZE e I Zr g ¥ By (84)
Ep E,
. Zehg by +hg —hp)  Zp-hg -y +hg —h
YéZW—i- F G (H Q P)+ F G (i[ Q P) (85)
Ep Eg
Yli:W+ZF'hG'(hH+hR)+ZF'hG'~(hH+hR) (86)
Eg Eg
- ) - o~y o~ -
W=ﬁ+xw +)SW +XLB+ZL'hL +XLF+XLB+ZL~'hL +XLF+XFL+‘X;FL (87)
Ey Ew Ey Ey E, Ex  Eg

AU ': following 5.2.2.3

5.3.2 Second compliance equation

The second compliance equation is determined from the forces balance and the second deformation compati-
bility equation:

Ali P )+ Al - Py )+ alvd - £y )+ Alvi - £ )+ aut =0 (88)
with:
yi = - ZF'hG'hD+XFG+XG+ZF'hG 'NhD + Xgg (89)
E; Eq E
Y]\i/i[: XFM_ZF'hM'hD+XM +XFM_ZE'hM'hD (90)
E; Ey E,
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Yg__{ZF (g + gy = hp )y ZF~(hH+ﬁQ—}7P)}NzD] o1
Eg Ep
Ylii:_(ZF'(hH +hR)'hD+ZF'(EHN+;R)'EDJ (92)
Eg Ep
AU ™ following 5.2.2.4
5.4 Determination of the minimum forces necessary for the gasket
5.4.1 Assembly condition (I = 0)
Minimum gasket force:
Fomin = Ace X Omin (93)

The Fg value obtained in 5.6.3 shall be higher than Fgg min. If not, the additional tightening above Fgyuc shall
be adapted to ensure that Fg is higher than Fgg min after additional tightening above Fgyc-

5.4.2 subsequent conditions (I =1, 2...)
At every load condition I, the condition here below shall be verified:

Age X 01 S Fg; (94)
where Ql is the required gasket surface pressure in order to ensure the required leak rate at the load condition
| for the internal pressure Pl and the temperature Tl and for the maximum surface pressure previously applied

on the gasket.

If the condition is not satisfied, the additional tightening above Fgyuc shall be adapted to fulfill this condition.
5.5 Determination of the appearance of the MMC in assembly condition (I = 0)

5.5.1 General
The principle is to determine:

First, the range [Og;.1; Og;] of gasket surface pressure values in which the MMC is achieved, then the force to
be applied on the gasket Fguuc to reach the MMC by “successive approach”.

The required tightening force Fgyuc to reach MMC is then deduced.

5.5.2 Determination of the gasket surface pressure range in which MMC appears in assembly
condition (1 = 0)

A gasket surface pressure Qg; from one of the n couples defined in 4.7 and Annex A is considered and it is
determined whether the MMC is achieved at this gasket surface pressure or not.

If the MMC is achieved it means that MMC appears in a range [Qg.1; Ogi] where k <.

If the MMC is not achieved, the calculation process is repeated with a higher gasket surface pressure, until the
range of appearance is found (see Figure 3 here below).

First, the force F; to be applied on the gasket to obtain the gasket surface pressure Qg; is determined.
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A first approximation by considering the theoretical dimensions of the gasket is done:
Fo =0gj - Aat (95)

From this gasket force, the effective dimensions of the gasket (bg., dg., 4g.) are determined following equa-
tions described in 4.4.3, with Fo = F.

Once A4g. has been determined, a new value of F; is obtained:
Fg =0gj - Age (96)
We proceed by iteration until the value Fg is constant within the required precision.

Once Fg and &g have been determined, the rotation angles of the flanges are determined:

QF=%'(FG'hG+FR'(hH+hR)) (97)
F

éF=§—F-(FG-hG+FR~(EH+ER)) (98)
F

6, =L (Fy -1y (99
L

6, =21 (ry ) (100)
EL

The potential internal diameter of MMC is obtained with the expression given in 4.6.2.1
At this stage, dy. shall be compared with dyp.

It means while dy1. > dyo, the whole calculation described in 5.5.2 shall be repeated with a higher level of gas-
ket surface pressure.

Then the range [Qg;.1; Ogl, in which MMC appears, is determined. This range is defined as [Ogmmcint;
QGMMCsup]-
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Surface pressure OGJ. applied on the gasket

MMC no
condition

Surface pressure GGM applied on the gasket

yes

Surface pressure OGH applied on the gasket

MMC
condition

MMC
condition

MMC reached MMC reached
| Between OGH & QGJ Between [JGJ & Q.

j+1

Figure 3 — Determination of the gasket surface pressure range in which MMC appears

5.5.3 Determination of the force to be applied on the gasket to achieve the MMC

Here, we proceed by convergence (like dichotomy) in order to determine Fgumc, such as the corresponding
gasket surface pressure Qg belongs to [Oemmcin ; Oemmcsup], @and for which dyie = dye.

In the range [Oemmcint; Oommcsupl, the gasket behaviour in compression has been defined linear (see 4.7).

The calculation is started with Fgumc such as:

Oemmc + Demmc inf
Faunc = > A (101)

The gasket thickness corresponding to this load is determined following the equation of 4.7.
Then, the rotation angle of the flanges are determined following Equations (97) to (100)
We obtain the potential internal diameter of MMC by the expression given in 4.6.2.1:

dwi1. shall be compared with dyp.

The force to be applied on the gasket to achieve the MMC : Fguuc (du1e = du2) is determined by convergence
and the corresponding bolts tightening force is Fgymc-

NOTE In 5.5.2 and 5.5.3 the gasket compression curve in the right joint configuration is assumed to be known. How-
ever, when this is not the case other gasket data may be used to determine Feumc, such as the gasket stress for which
MMC appears under a compression press. In this case, it should be checked that the flange rotation angles are small
enough.
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5.6 Determination of the required bolt tightening in assembly condition (I = 0) to maintain
the MMC in operation and to satisfy the leak-tightness criteria

5.6.1 General

Different initial bolt tightening values of Fpy between Fgyuc and Fggmax may be considered. Fipgmax is the
maximum allowable bolt tightening in assembly condition.

The first bolt tightening value Fgo to be considered is Fgomax- From this initial bolt tightening, the internal forces
are calculated in all subsequent load conditions. It shall be checked that the MMC is maintained and the leak-
tightness criteria verified at all the subsequent load conditions.

If the conditions about MMC and leak-tightness are verified, then a smaller bolt tightening may be selected
within the range [Feumc; Fromax] @nd the calculation repeated. The required minimum bolt force calculated to
maintain the MMC and to ensure the required leak-rate in all the load conditions Fg roq can be determined.

If there is no appropriate bolt tightening, the design of the bolted flange connection shall be changed.

5.6.2 Determination of the maximum allowable bolt tightening in assembly condition (1=0)

The maximum allowable bolt tightening in assembly condition is the bolt tightening for which the maximum bolt
load ratio is reached (see Equation (121) in 6.4)

5.6.3 Determination of the reaction forces F;o and F\, after the additional tightening above Fgyyc

5.6.3.1 General

Foo= 1 (YGMMCH “Fomme + Yumo" '(FBMMC — Fgo + Fro — Frume — Fomme )] (102)
Yoo —Ymo ~Yro" - Fro *+ Yrmmc - Frumc
o 1 [YGMMCH “Foume + Yoo - (Fammc — Fao + Fro — Frmme — Fomme )] (103)
vo" =Y60" = Yro' - Fro + Yamme - Frvmc
NOTE In most cases, Fro = Frumc.

Several values of Fzy shall be considered. The first value is Figg = Fig max (S€€ above).

5.6.3.2 Initial calculation
A first calculation is performed by considering the results obtained in 5.5.

The effective metal to metal contact diameter dy,. is obtained with Equation (51) in which the dy;. value corre-
sponds to the one obtained in 5.5.3

The lever arm corresponding to the metal to metal contact reaction #,;: following Equation (16 or 19)
dg. is determined in 5.5.2

hg and X; are deduced from this value of dge..

Xrg and Xpy are obtained as defined in 4.8.2 and 4.8.3.

The first compliance terms values Yy,", Yo', Yro' are then determined following the equations of 5.3.2

A first calculation of F5g and Fyy is then performed following Equations (102) and (103) above.

36



CEN/TS 1591-3:2007

5.6.3.3  Updating of calculation parameters

From the initial calculation performed in 5.6.3.2, new values of the compliance terms Yy, Ys0', Yzo' shall then
be determined.

From the new value of F; obtained in 5.6.3.2: we deduce the new values of ¢;, dge, bge, Ace, hg, Xg (following
443 and 4.4.4).

From the new value of F; and F\, obtained in 5.6.3.2: we deduce new flange rotation angles.

V4

@F:E_F'(FG'hG+FM'hM+FR'(hH+hR)) (104)
F

O =2 -t + o g+ Fr (g + ) (105)

F
For rotation angles of loose flange see Equations (99) and (100).
From the new flange rotation angles: we deduce the new effective MMC area dimensions dy., dyi. and hy,.
Then we have to update the values of the compliance terms: Yuo', Yo', Yro -
We repeat the Fgo and Fyy calculations following Equation (102) and (103).

Here, we proceed by iteration. We repeat 5.6.3.3 calculations until the values Fgo and Fy,o are constant within
the required precision.

It leads to the final values of Fy and Fyg obtained after applying an additional tightening above Fgyyc, as well
as the flange rotation angles and the inside diameter of the MMC area.

5.6.4 Determination of the forces FG, FM and FB at the subsequent load conditions

5.6.41 General
Principle: we assume here that we know the forces at the load condition | and we determine the forces values
at the load condition | + 1 from the forces balance and the 2 compliance equations given in 5.3. The compli-

ance terms depend on the elasticity moduli Eg, Er, Eg, E1, Ev, Ew, and also on the effective dimensions of the
gasket and the MMC area.

5.6.4.2 Initial calculation
The values of the compliance terms are determined following 5.3.
At the state I

For the first compliance equation: Yyy, Yor, Yz, Yor

For the second compliance equation: Yy", Ya!', Ya's Yor'
At the state | + 1:

In a first approximation, the compliance terms are calculated by considering the elasticity moduli Eg, Er, Ey
values at the state | + 1 and the effective dimensions and E; corresponding to the state I.

For the first compliance equation: Yaiets Yoiets Yriets YQMi

For the second compliance equation: Yy.1", Yoiet' Yrist's Yorst:
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The values Fgi.q and Fy.q are deduced from these calculated compliance values, the values of F; and Fy;
and the compliance equations of 5.3.1 and 5.3.2.

YGIii “Fg +YMI" “Fymi +YQI" “For + YRIii - Fgy
Fyi = n il YQ1+1” “For = YRMII < Fyipq —AU" (106)
yo i Vvt Y ; i i i i
M+ Yt Yo | Yar “Far + Vv - Fan +Yqr - For +Yrr - Fr
+ -
| . . .
Y6141 _YQI+1| 'FQ1+1 - YRI+1I “Friv - au'
i i i i
1 Yar Fair +Ywi - Fvi + Yo - For + Y - Fra
For = P i i i i (107)
YG1+1 - YMI+1 'FMI+1 - YQI+1 'FQI+1 - YRI+1 'FRI+1 -AU

5.6.4.3  Updating of the calculation parameters

From the first approximation of Fy.1 and Fg.4 obtained in 5.6.4.2, the calculation parameters such as the ef-

fective dimensions of the gasket and the MMC area, the rotation angles of the flanges, the elasticity modulus

of the gasket are updated.

— The effective dimensions of the gasket: bg., dg., Ac. (convergence may be used depending on the gasket
type). The effective dimensions of the gasket (b, dg., 4G.) are determined following equations described
in 4.4.3

— Eg may be updated depending on the value of Fgj.+.

— The axial flexibility modulus of the gasket X

— The lever arms: kg, hp, hq.

— The rotation angles of the flanges and the effective dimensions of the MMC.

Then the compliance terms values at the step | + 1 are updated.

From these new values of the compliance terms at the step | + 1, new values of Fg.1 and Fy.4 are calculated.

Here again, we proceed by iteration. We repeat 5.6.4.3 calculations until the values Fg.1 and Fy.4 are con-
stant within the required precision.

It leads to the values of Fg.q and Fy.q, as well as the flange rotation angles and the inside diameter of the
MMC area at the step | + 1.

At this stage of the calculation, the comparison between the inside and the outside diameters of MMC area
leads to the determination of the MMC maintain at the step | + 1.

If dyite < dyo, then the MMC is maintain. It means that the calculation process described in 5.6.4 is repeated to
check the maintain of MMC at the next load condition.

If dyiie > dy2, then the MMC is lost at step | + 1. The calculation shall be performed again from 5.6.3 with a
higher initial bolt tightening within the range [Feumc; Fromax]-
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6 Checking of the admissibility of the load ratio

6.1 General

At this stage, we have determined the required bolt tightening to maintain the MMC at all the load conditions
and to satisfy leak-tightness criteria at all the load conditions. We also dispose of all the forces values at all
the load conditions.

In this clause, the load ratio on the gasket, the bolts and the flanges are calculated to verify the admissibility of
the loading at every load condition.

Loads on the connection system shall be within safe limits at all times. These limits are expressed in calcu-
lated load ratios.

Each load ratio @ ... shall be less than or equal to unity for all conditions (1=0, 1, 2 ...).
The index | for the load condition is omitted in the following for simplification.

For wide flanges a more stringent requirement applies to integral flanges having y=d, /dy >2,0 and loose
flanges having y =d, /dg > 2,0 instead of @ <1,0 it shall be:

DD, =Min{1,0; 0,6+1/\/5,25+(;(—1)2} (108)

6.2 Accounting for bolt load scatter at assembly

All bolt-tightening methods involve some degree of inaccuracy. The resulting scatter value for the set of ng
bolts &, and & which result from this, respectively above and below the target value, are defined by Equations
(109) to (111). Annex D gives indicative values € 1. and ¢ 4. for single bolts.

When the accuracy of the tightening of one bolt is not influenced by the other bolts, the scatter values &, and
& for the global load of all the bolts is reasonably expressed in terms of ng, &+, and & as described below.

When the systematic error due to the inaccuracy of the bolt tightening method Ks is known, the following
equation defines values ¢ ., and & for the global load of all the bolts:

e=Kg+(er—Kg) my (109a)
e =Kg+ (e —Kg)/np (109D)

When the systematic error due to the inaccuracy of the bolt tightening method Ks is not known, a reasonable
approximation of Ks is given by the following equation:

Ks =025 ¢, (110a)
or
Ks =025 & (110b)

In this case, the following equations follow:

e = en 143/ m)/ 4 (111a)
e =g (1+31))/4 (111b)
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The actual force Fyy is limited as follows:

Fgomin < Fpo < Fgomax
where:
Fgomin = Fpoav '(1_5—)

Fyomax = Fpoav '(1+5+)

(112)

(113)

(114)

After assembly, the actual bolt force achieved shall be not less than Fygeq the required minimum bolt force cal-

culated to maintain the MMC and to ensure the required leak-rate in all the load conditions.
Fgomin 2 Foreq

Consequently the scatter of the bolt-tightening shall be taken account of in the following way.

a) Nominal bolt assembly force, used to define the bolting-up parameters:

— For bolt-tightening methods involving control of bolt-load :
FBOnom 2FB0r<eq/(1_‘9—)

— For bolt-tightening methods involving no control of bolt-load:

(115)

(116)

the value to be selected for Fig nom is the average bolt load Fyy 5, that can really be expected in practise

for the method used, independently of Fig req-
The following condition shall be met:

Faonom = Froav = Fporeq /(1—€_) where & is as defined in Annex D

If not, the bolt-tightening method initially chosen is not valid and shall be changed.

b) Maximum forces to be used for load limit calculation:

They shall be based on the nominal bolt assembly force selected according to a) above:

Fgomax = FBonom '(1+5+)
Fsomax = Feomax — Fro

6.3 Gasket load ratio

This subclause is identical to the subclause of EN 1591-1:2001 dedicated to the gasket load ratio.

Gasket load ratio:
D; =Fg /(AGt 'Qmax)S1

6.4 Bolts load ratio

This subclause is identical to the subclause of EN 1591-1:2001 dedicated to the bolts load ratio.
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Nominal design stress of bolts, shall be determined by the same rules as used for nominal design stress of
flanges and shells.

Bolt load ratio:

2 2
o[ 22] +3(cMﬁBJ <1 (121)

T
Iy =(= E'm'n (dBe;st)sj

c=1 in assembly condition, for bolt material with minimum rupture elongation A > 10 %
C=4/3 in assembly condition, for bolt material with minimum rupture elongation A <10 %
C=0 inall other loading conditions

NOTE 1 In the assembly condition, the value to be considered for the twisting moment A4, 5 acting on bolt shanks is the
maximum possible value, defined as:

Mt,Bmax =]Mt,Bnom '(1+g+)

M, nom Can be determined according to Annex D (informative) of EN 1591-1:2001, for the bolting-up methods
involving application of the torque to the nut.

With hydraulic tensioners, M, 5= 0.

NOTE 2  The value C = 1 is based on a plastic limit criterion. Due to this criterion, some limited plastic strains may occur
at periphery of the bolts in assembly condition.

Use of this criterion has been validated by industrial experience, for bolt material with sufficient ductility (A > 10 %).

The value C =4/3 is based on an elastic limit criterion. Even with sufficiently ductile bolt material, it may be selected if a strict
elastic behaviour of the bolts is wished in assembly condition.

NOTE 3 It is recommended to observe a minimum load ratio @y min = 0,3 in assembly condition, because smaller initial
bolt load is not good practice.

6.5 Flanges load ratio

6.5.1 Integral flange and collar

Load ratio for flange, or collar (for collar @,,.x = 1,0):

. 2 2 . 2 .
WF=(n/4)-{fF-2-bF-eF -(1+2-¥gpt-¥fz—¥fz )+_fE-dE-eD X-CM~jM~kM} (123)
ep =eq- 1+ Bl (124)

YB3 - (dy-ep)? +1}
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fe =min (f5: fs) (125)

So=P-dp/(fg-2-ep-cOsqpg), Sy =Fp /(fg -m-dg -ep - COS @) (126)

\/1,33 [1-0,75-(0,5- 34 + 65 )* 1-[1-(0,75- 55 +1-6% )] for conical and cylindrical shell
_ (127)

c

=
\/1,33 [1-0,75:(0,5- 84 + 65 )*1-[1-(0,25- 55 +3- 5% )] for spherical shell

E-[\/1—0,75-(0,5-(5‘(3 +§R)2 +Js (0,56 —0,75- 6, for conical and cylindrical shell
cs=14 (128)
%-[\/1—0,75-(0,5-5Q +63)% +js-(15-83 —0,25-5, for spherical shell

jM:Sign{FG'hG"'FM'hM+FQ'(hH_hP)+FR'hH}; (129)
Jo=t1-1<ky <+1 0<ikg<1 (130)
w _Je dgep -cosgs

ok ks) =7 "o e
F FeF

Tk (131)

: (0,5~5Q+5R)-tan(ps_§o.2.ep/dE+jS_kS, eD'CM'Cs’(s‘*']s’ M
dg -cos” @g

The values of js, ky;, ks to be used are defined in the calculation sequence described following Table 2.

¥

0|

ot =Jn (20 ep Jep —1); (F1<¥, <+1) (132)

Pnax =ﬁp(+1,+1,+1)
o =%0.,0.0) (133)

Prin = 5"(—1,—1,+1)
The value ¥ in Equation (123) depends on j; and %, as given in Table 2.

Table 2 — Determination of ¥,

M Range of %pt fom lllZ(fs’kM»ks)

Fhnax < ylopt kv =+ 1 ¥7 = Phax

jM=+1 %SyloptSy’max kv =+ 1 SUZ=¥IC>pt
Yot < o kg <+ 1 L ()

'[Iopt < %in kn = - 1 ¥7 = Yhin

jM=‘1 y’ming%ptg% kv = -1 SUZ=¥IC>pt
% < '[’opt v > -1 ij :lll(+1,kM,+1)
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The sequence of calculation shall be as follows:

a) Calculate ep from Equation (124), B having previously been calculated by Equation (9).

b) Calculate f;, &y, &, cm from Equations (125) to (127).
(If the value in the root giving cy is negative the hub is overloaded).

c) Calculate cs =+ 1) ss=-1)jm; Fopts Fo, Pmaxs Frmin from Equations (128), (129), (131), (132), (133).
(If ¥hax <-1o0r ¥, >+ 1 the ring is overloaded).

d) Determine ky and ¥, according to Table 2. When that table gives ky <+ 1 or ky > -1 or ky without no
more precision, the value of k& shall be determined so that W is maximum in Equation (123) as calcu-

lated at step e) which follows. The value of ¥, associated with k,, is given by Equation (131).

e) Calculate W, @: from Equations (123), (122).
6.5.2 Loose flange
D =Fy h /W, £ Doy (134)
WL:(“/z)'fL'bL‘eL2 (135)
6.5.3 Blank flange

Load ratio for blank flange:

‘(FG +Fq +FR)-hG +Fy -y +F ~(1—/)3)-aIGe 16+ Fy -(1-p)-dg. /2‘;

@ =max I We <1 (136)

(F + Foy o Fi ) s+ Fyg g + Fg (1= p° ) d 16]1 (1= p) g, 12)

We =(/4)- fi R by e +do-(1- p)-ey?] (137)

If there is a possible critical section where ex < er (see Figure 9 of EN 1591-1:2001), then calculate additionally
the following load ratio:

Dy =Fy - (dy —dy )/(2-Wy )< (138)

Wx =(7[/4)’fF ’{(d4 -2-ds, _dX)'eF2 +dy 'exz} (139)
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Annex A
(informative)

Example of Gasket compression curve

An example of linear approximation of the gasket compression curve is given here below.

Figure A.1 represents the raw data of a compression test performed on a covered metal jacketed gasket
(graphite covering, stainless steel jacket and graphite filler) fitted with an outer metallic ring.
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100

I

(R g — *l__o *
0 0,5 1 15 2 2,5

Key
X gasket deflection (mm)
Y gasket compression stress (MPa)

Figure A.1 — Example of compression curve obtained by test: Covered metal jacketed
gasket with outer ring
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Figure A.2 — Compression curve up to 300 MPa decomposed in four parts
In Figure A.2, the compression curve represented between 1 MPa and 300 MPa is decomposed in four parts.

Figure A.3 shows the approximation by linear parts of the gasket compression curve between 1 MPa and
300 MPa.
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Figure A.3 — Approximation by linear parts of the compression curve

The behaviour of the gasket in compression is defined by couples (Qg;, eg;) with 0 <j<n. As an example, the
compression curve in Figure A.3 is approximated by four linear parts thanks to five couples (Qg;, eg;).

Such as for QOgij_1 < O < Qg;, the thickness of the gasket in compression for a gasket compression stress Og
is given by:

(eGj — €Gj-1)

e (QG):eGj—1 + (QG _QGj_1). (Qg; —Qg;_1)
Gj ~ Naj-

The definition of couples (Qg;, eg;) depends on the gasket type, dimensions and MMC configuration.

The compression curve obtained by test (EN 13555) to determine Qcrit (with the right platens configuration)
may be used to obtain the couples (QOg;, egi) required to define the behaviour of the gasket in compression.
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€Go €g1 €62 €63 €qu

Key
X gasket deflection (mm)
Y gasket compression stress (MPa)

Figure A.4 — Example of linear approximation of the gasket behaviour in compression
showing couples (Og;, eg;)
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Annex B
(informative)

Local compression deformation

B.1 Axial flexibility modulus in the case of local compression area

Local compression phenomena may be not negligible in some calculation cases. Local compression phenom-
ena may occur on:

The flange (or collar) at the interface with the gasket.

The flange (or collar) at the interface with the metal to metal contact area.

The collar at the interface with the loose flange.

The loose flange at the interface with the collar.

The flange (or loose flange) at the interface with the nut.

Local compression phenomena are considered in the calculation with a model of a rectangular ring cross sec-

tion submitted to compression on both the upper and lower faces (see Figures B.1 to B.3 below). The effect of
the compression is assumed to propagate within the ring thickness with a 45° angle (7 = 1).

¢d

Z1 XXX XXX XX X X X X XX X X XN

! D, 2,
| 80,
!

Figure B.1 — Schematic representation of a cross section where local compression occurs

€ €
J- F dZ:Xzzle'Ezj' dz
S(2)

o S(2) E F B1)

€
Ae = j Ae(z)  dz =
0 0

According to the geometrical configuration, there are five different expressions of S(z), and so, five expres-
sions of the flexibility parameter X.
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Let write 7 =tan «

x=_ |n(1+ﬁj (B.2)

2) zy2e zp<e

—2¢ d-b-D,
D, —d n n° " n d
U e
X= -In + -In . B.3
2nd [ b j n De —2e+d—b+De d-D, (B.3)
n? 1
3) Z1<e 2226
2¢ d+b-D;
d-D.) 7 2 d
Ui —
X= -In + -In . B.4
2nd ( b ] nD; &+d+b+Di d - D (B4)
n’ n
4) Z1<e 22<e Z1S22
Yol n[d2Di) 1 (LD d ), 4r(em2) (B.5)

5) zy<e z,<e zy<z

Yol (B4} 1 o [2iZDe d ), 4r(ezi) (B.6)
2nd b nD, D;+D., d-D, n(Dez—Diz)

The expressions of X in the different local compression area are obtained by adapting the geometrical
variables to the considered contact area.
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Annex C
(informative)

Relaxation of the gasket: Three-parameter solid model

C.1 Constitutive equation for one-dimensional response of viscoelastic materials

We use here the mechanical analogy to give the constitutive equation for one-dimensional response of a vis-
coelastic material.

Mechanical analogy:

K v
A VAVAN .
|
F(t) F(t)
K,
Alt)

Figure C.1 — Schematic representation of the mechanical analogy

It consists in a Maxwell model (linear spring and linear viscous damper in series) and a linear spring asso-
ciated in parallels.

In Annex C, quantities associated with the Maxwell element are denoted by a subscript M and with the spring
by a subscript S.

Force analysis:

F(t)=Fy (1) + Fs (1) (C.1)
Geometry:
A1) = Ay (1) = As (1) (C.2)

Force-elongation relations:

Fs(1)=Kq-A45(0) (C.3)

: Fy, F

A VL ' C4

M=t (C.4)
It leads to:

i.p+l.F=(1+ﬁ].A+ﬁ.A (C.5)

K v K v
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In terms of stress and strain, it leads to the following constitutive equation:
a)o 'O_+a)1 O_=fo '£+§1 5

where:
o=t 0=l

H E H

E and E; in N.mm 2

4 inN-mm?-s

By application of the Laplace transform to the constitutive equation, we obtain:
(0o +@-a)-G=(5 +&-a)-&

Stress relaxation response:

Let (t)=¢y,t 20 then:

_ 1
z(a)=¢, o=

The Laplace transform of the stress history is then given by:

5(a)= g &ot+é&i-a

a a)o+a)1'a

which is also written:

It leads to the expression of the stress history corresponding to the step strain history:

olr) =g,

f_o+[ﬁ_f_oj.e(3]"

w0y \@

It may also be written:

€o
with:
o . & W
G.=—; Gop=—7; Tp=—
@y W4 2

G(¢) is called relaxation function.

(C.6)

(C.7)

(C.8)

(C.9)

(C.10)

(C.11)

(C.12)

(C.13)

(C.14)
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C.2 Consideration of the Temperature effect

Here, the theoretical model known as “time-temperature superposition” is used. It describes viscoelastic be-
haviour with respect to time and temperature.

We consider here the expression of the relaxation function as a function of log #:

G(t,T)=E(ogt,T) (C.15)
E(log ¢, Torepresents the relaxation function at temperature 7' = T,
E(log ¢, T)) represents the relaxation function at temperature 7 = T,

Assuming that E(log ¢, Tp) is known, E(log ¢, T)) is obtained by shifting the E(log ¢, Tp) curve to the left by an
amount of log &(T;, Ty) (see figure here below).

LOg ¢( 7‘[, 7‘0)
Y
hi=To
Ty
T
Log £ Log t + Log®
X
Key
X log (time)
Y relaxation function
Figure C.2 — Curves of E(log ¢, 7) for two different temperatures 7, and 7,
G(.1,)=G (¢ (1.T5) 1. Tp) (C.16)
Which is also commonly expressed by:
t
G(t,T)=G| ——,T C.17
( l) [a(Tl,TO) O] ( )

a(T,,T,) is called “Shift function”.
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The expression of the relaxation function for temperature 7; is:

t

G(I,TI)ZO-—(t):GN +(GO _GM).eirk(TI)

with:

wr (T)=a(T,Ty)- 7x (Tp)

CEN/TS 1591-3:2007

(C.18)

(C.19)

a (T, Tp) is determined by using the time-temperature superposition principle. Several stress relaxation tests
performed at different levels of temperatures are required to obtained the “shift function” (see reference [1]).
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Scatter of bolting-up methods

Table D.1 — Indicative values ¢_and ¢ . (6.2) for a single bolt

Annex D
(informative)

Bolting up (tightening) method;
Measuring method

Factors affecting scatter

scatter value & 0. ¢. d

of nut (nearly to bolt yield)

Eq. E1+

Wrench: Friction, Stiffness,
Operator feel or uncontrolled Qualification of operator 0.3+054 0.3+054
Impact wrench Friction, Stiffness,

Calibration 0.2+05u 0.2+05u
Torque wrench = Wrench with Friction, Calibration, 0,1+0,5 0,1+0,5
measuring of torque (only) Lubrication ’ ’ ’ ’
Hydraulic tensioner; Stiffness, Bolt length, 0.2 04
Measuring of hydraulic pressure Calibration ’ ’
Wrench or hydraulic tensioner; Stiffness, Bolt length, 015 015
Measuring of bolt elongation Calibration ’ ’
Wrench; Measuring of turn of nut Stiffness, Friction, 010 010
(nearly to bolt yield) Calibration ’ ’
Wrench; Measuring of torque and turn Calibration 0,07 0,07

greater than shown.

6.2.

d M is the friction coefficient which can be assumed between bolt and nut.

a8 Very experienced operators can achieve scatter less than given values, for inexperienced operators, scatter can be
b Tabulated scatter values are for a single bolt, the scatter of the total bolt load will be less, for statistical reasons, see

€ With hydraulic tensioner, & + and &1. are not equal, due to the fact that an additional load is supplied to the bolt
while turning the unit to contact, prior to load transfer to the nut.
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Annex E
(informative)

Calculation sequences

Step 1: Determination of lever arms (except those depending on dGe and dMe) and flexibility of the

flanges.

(See 4.2)
be,dy, e (and b ,d, e, )and by, dy, e (and b, ,d, , @)
ds. (ds, =d3,)
eg,dg and EE,EE
hy, hy by hg and hy, by, g, b

Zy,Z; and ZF,ZL
Step 2: Determination of the flexibility of the bolts
(See 4.3)
AB s XB
Step 3: Determination of the theoretical dimensions of the gasket
(See 4.4.2)
bGt ° th ° AGt
Step 4: Determination of the appearance of MMC in assembly conditions
(See 5.5)
Step 4.1: determination of the range [Og; .1; O] where the MMC appears

— determination of the force F; to apply a given gasket surface pressure Qg; (see 5.5.2).

FGsbGe5dGe’AGe

— determination of the gasket thickness, gasket flexibility and lever arms depending on dg. (see 5.5.2).

€G> h» ;G’ Xg

— determination of the local compression (if required) and the rotation angles (see 5.5.2).
Aerg, Ao Op, Op, 6y, 0;

— determination of dyq. (4.6.2.1)

— check of the MMC condition:
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dwie < dui2: Yes the MMC is reached and [Og;.1; Ogil is the range where the MMC appears

dwie > dvi2: N0, the MMC is not reached when applying a gasket surface pressure equal to Qg. The
step 4.1 must be repeated with a higher gasket surface pressure.

Step 4.2: determination of the force Fgyyc for which the MMC appears
(See 5.5.3)
Step 5: determination of the forces Fg & F\o after applying a given initial tightening above Fgyyc:

(See 5.6.2 & 5.6.3):
dMe’ hM
ew, Xy
eF’ gF’ eL > §L
Aerg , e
XFG’XFM9XFL’XLF’XLB’XFG’)?FM“)?FL’)?LF’XLB
YGOiia YMoiis YROii
Fgo, Fy first approximation

Calculation:

bGesdGesAGeseG’hG’}NIG’XG <
ew, Xy

eF’gF’eLsgL

Aegg , depg

dM‘le’dMe’hM
XFGﬂXFM’XFLﬂXLF’XLB’)?FG’)?FMa)?FL’)?LF’)?LB
YGOii ’ YMOii ’ YROii

FGO’FMO

Iteration is repeated until the required accuracy is reached on Fgo and Fy.

56



CEN/TS 1591-3:2007

Step 6: Determination of internal forces at the load condition | + 1, knowing the internal forces at the
load condition I.

i i i i ii ii ii ii
YMI+1 9YGI+1 sYRI+1 sYQI+1 sYMI+1 sYGI+1 sYRI+1 aYQI+1

Fere1, Py 11 (first approximation)

A

bGesdGesAGeseGshG’}N’G’XGsEG
ew, Xy

6p,0;,6, .6,

Aerg , Aerg

dyttes Anies om

XFGﬂXFM7XFL’XLF’XLB’XFG’XFM7XFL’XLF’XLB

i i i i il ii il il
YMI+1 7YG1+1 7YRI+1 7YQ1+1 7YM1+1 7YG1+1 7YRI+1 aYQl+1

FGI+15FMI+15FBI+1

Iteration is repeated until the required accuracy is reached on Fg;+ 1, Fyvp+ 1 and Fpy+ 1.
This step is repeated for all the load conditions.

After the calculation of Fgi+1, Fymi+1 and Fgr+q at the load condition | + 1, in case of increase of thermal or
mechanical load on the gasket, the step 7 must be achieved.

The MMC is checked to be maintained after each calculation condition.

The leak-tightness criteria are checked after each calculation condition.

At the end of this step,

If the MMC is maintained and the leak-tightness criteria respected at every calculation conditions, then the
initial tightening can be decreased (but the tightening must still remain within the range [Feumc; Fgo max]) @and

the step 5 must be repeated

If the MMC is lost in one of the calculation conditions, the calculation can be stopped, the MMC cannot be
maintained for the defined bolted joint and the design of this joint must be revised.

If the leak-tightness criteria are not respected in one of the calculation conditions, the calculation can be

stopped, the leak-tightness criteria cannot be respected for the defined bolted joint and the design of this joint
must be revised.
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Step 7: Determination of the internal forces after relaxation of the gasket

Fg .1 after relaxation

bGe>dGe»> Ages €G> Mg hg» Xg» Eg <

ew, Xw

6p,0;,6, .6,

A

Aegg , Aepg

dM‘le ’ dMe ’ hM

XFGﬂXFM’XFL’XLF’XLB’XFG’XFM7XFL’XLF’XLB

i i i i il ii il il
YMI+1 7YG1+1 7YRI+1 7YQ1+1 7YM1+1 7YG1+1 7YRI+1 aYQ[+1

FMI+19FBI+1

Iteration is repeated until the required accuracy is reached on Fyy + 4
Step 8: Determination of the load ratio
(See Clause 6)

FBO nom FBO max

from these values, we repeat the whole calculations from step 5 in order to determine the internal forces to be
considered in the load ratio calculation at all the load conditions.

At all the load conditions:

¢Bs¢Gsde,djLs@F,aLs(@Xa&X)
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Annex F
(informative)

Determination of the compliance equations

The consideration of the MMC leads to the determination of the reaction force on the MMC area Fy. It means
that an additional compliance equation is required.

To determine Fjy, Fg and Fy;, we dispose of the 3 following equations:
— Forces balance:

Fg=Fg +Fy +Fq+Fy (F.1)
The first deformation compatibility equation:

AN + AL = AeN + oM + Aok + AeT + A, + AN —AOM b, —AOM -k + de] + 45T
+AeM + AN + AeM + AN —AOM - hg — AOM b, + def + MG + Aed + AN (F.2)

+ Aeg[ + Aeg

Second deformation compatibility equation:

d v d . ~
467 -%JFAHFM- ;’ + deg, + Aeg, + Adepg; + Aepg + dey + e =

(F.3)

d ~v d - -
40" ;4" + A6 - ;"e + Aep  + Aep + Aepr, + Aepny + Aept + Aey,

All the deformation terms are written as a function of the corresponding forces in the 2 deformation compatibil-
ity equations here above in order to obtain the 2 compliance equation given here below.

First compliance equation

The first compliance equation is determined from the forces balance and the first deformation compatibility
equation:

Alvd - F )+ A - By )+ Al - Fy )+ Alvd - Fe )+ aU' =0 (F.4)
Second compliance equation

The second compliance equation is determined from the forces balance and the second deformation compati-
bility equation:

Alvi - Fo )+ alvis - By )+ alvd - By )+ Al - £ )+ aUt =0 (F.5)
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(1]
(2]

(3]

(4]

(3]

6]
[7]
(8]
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