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Abstract

Pressure vessels are leak tight containers. They invariably have a flanged bolted connection at least on one end. Bolts
apparently take tensile loads while the cylinder is subjected to internal pressure. However the flange has comparatively higher
thickness than that of shell and has geometric discontinuity taking place at the flange-shell junction. Due to this the flange will
be subjected to a shear force and a bending moment which are in turn resisted by the shell part. The bending moment and
shear force even get transmitted to bolts. Hence instead of taking a pure tensile load, the bolts also take bending loads. A
comprehensive design approach for this application is given in ASME Boiler and Pressure Vessel Code, Section VIII, Division
1. The corresponding British Standard, PD 5500:2000, and the new European Code, EN 13445, provide a less detailed design
approach for these flanges, which ignores the influence of the shell. In this work, a beam theory is utilized to simplify an annular
flange into a number of beams, so as to evaluate the bolt stress considering shell-flange interactions. Results obtained have
been compared with an approximate analysis. The geometry considered is flat face flange with metal to metal contact outside
the bolt circle. In this work the flange is treated as beam comprised of a series of radial beams. The analysis started with an
approximation, before commencing detailed analysis. Followed by this the detailed analysis is carried out. From the analysis it
has been observed that the contact circle radius increases reasonably as the pressure increases and correspondingly the

stress also increases. The stress values agree well with the values of approximate analysis.
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|. INTRODUCTION

Pressure vessels are leak tight containers. They
invariably have flat or domed ends normally attached to
the cylindrical part through a flanged bolted connection at
least on one end. Bolts apparently take tensile loads while
the cylinder is subjected to internal pressure. However the
flange has comparatively higher thickness than that of
shell and has geometric discontinuity taking place at the
flange-shell junction. Due to this the flange will be
subjected to a shear force and a bending moment which
are in turn resisted by the shell part. The bending moment
and shear force even get transmitted to bolts. Hence
instead of taking a pure tensile load, the bolts also take
bending loads. In such complex state of stress, it become
essential to asses maximum stress experienced by the
bolt and hence to design the joint effectively. In this work, a
beam theory described on reference [1] is utilized to
simplify an annular flange into a number of beams, so as to
evaluate the bolt stress. Results obtained have been
compared with an approximate analysis which is also
presented in reference [1].

Il. GEOMETRY OF THE JOINT

The geometry considered is flat face flange with metal
to metal contact outside the bolt circle. This is for service
under internal pressure. The flanges are bolted directly
together. Pipe or vessel wall is welded to the flange ring in
such a manner that flange and shell react as a continuous
structure. In this work the flange is treated as beam
comprised of a series of radial beams. Typical flat face
flange is shownin Fig. 1.

Fig. 1. Views of Flat Face Flange
lll. DESIGN APPROACHES

In one of the approaches, flange ring could be treated
as an annular plate acted upon by an appropriate system
of forces. Though the flanges are in contact beyond bolt
circle, the contact circle is variable and depends upon
many things including amount of pre-stress applied to the
bolts and the internal pressure. Hence the approach is
unwieldy. In another approach the flange ring may be
treated as being comprised of a series of discrete, radial
beams with forces applied at the flange-shell junction, bolt
circle and bearing circle. Logically the radial beam should
be considered as trapezoids of unit width (25.4 mm) at the
flange-shell junction. Mathematically this approach is also
unwieldy since ultimately it becomes necessary to locate
the position of the bearing circle. Fig. 2 shows the view of a
single radial beam.



Alfred Franklin : Stress Analysis of Bolted Connection in Space Vehicles

RAT
F T
{ | UrT‘/ { }.4

Fig. 2. Radial beam

The problem can be simplified further by modifying
the trapezoidal element to an equivalent beam uniformly
wide 'c' from the bolt to the bolt circle and uniformly wide 'a’
from bolt circle to outside diameter. Fig. 3 shows the
modified trapezoidal beam.

| 1

Fig. 3. Modified trapezoidal beam

The flanges support each other beyond the bolt circle
by distributed reactive forces, the centroid of which is
equivalent to the simple support. Fig. 4 shows this
configuration. Finding the location of the centroid is an
essential step in designing flat face flanges. The radial
distance of centroid from bolt circle (b) decides the
moment and shear force at the flange- shell junction andin
turn the bolt and flange stresses.

1
1
i
1
@
"11— LML 08 oy /2 WHEN 8> By 1

1
A

Satot o
1
YT
IrA=T
i : d

A
ol
gt _
o i [ 3 4 []
ronn;w i [ roiws g mau_.}

-
=
1
13

e

HN Bhyag)=F
Fig. 4. Curve for finding b
IV. APPROXIMATE ANALYSIS

Flange design is fundamentally the process of trial and
error. However, the number of errors reduced significantly
by having a goal first approximation, before commencing
detailed analysis. Such an approximation can be made by
disregarding the interaction between shell and flange
which is equivalent to setting moment and shear force
equal to zero. Following is an approximation method. R, |,
b,...and hhave been selected as follows:

Step 1

Step 2
Step 3

Step 4

Steps

Step 6

Step 7

Step 8

Step9

Step 10

Step 11
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R, =254 mm; | = 161.93 mm; b,,, = 76.2
mm; h=12.7 mm

Total number of bolts is taken as n = 30
Minimum area per bolt is calculated as

PRmz(H b' ]
max

A= —— ™7 88129 mm’.
26,NR , +1)

Where,

P=0.6897 N/mm’; Gy, = 165.03 N/mm’

Bolt M16 is selected to have cross sectional
area greater than 88.129 mm’

NI 1s calculated.
‘ R, +I
N = N[;—J=0.4?S bolt/beam.

n
N= —————=0.0115 bolt/mm

[T2R,, +21)

Stiffness K is calculated as

N'AE,
K=

=2.389x10° N/mm/beam

(4]

d
| .= 2t+—+2t,=57.569 mm

2
where
New area at least diameter of standard bolt,
A= 143871 mm% E,Ej = 2x10° N/mm’
Nominal bolt diameter, d =16 mm; Thickness of
washer, t,, = 3.175 mm.
Pre-stress is fixed as o = O.Scb which
equals 132.024 MPa.

Deflection o is calculated as

ol .
8=—1"=0.038mm
E,
Flange thickness is calculated as

3P| 03
t=1.1R =
m(cf(l—NdXRmH)

21.609 mm
Gy =165.03 N/mm? ;d=16 mm;

In order to calculate b/l and hence b, following
parameters are calculated.

S F
ay x =
T Xs

Eat3 0.0266
y= =0.02
4Kl 36 -v?)

PR,
F= T =87.595 N/mm

=0.3246
F

Read of value of b/l =0.3. ( from graph, figure
5)

b =1x0.3=48.5775 mm

Bolt load B is calculated as

B= F[l + IBJ =9641.283 N/beam
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Stepl2  Approximate operating bolt stress is

calculated as

B )
Op = —— = 140.133 N/mm
N A

V. DETAILED ANALYSIS

In this analysis it is assumed that contact of flanges
takes place at a radius between bolt circle radius and
flange outer radius.

i.e.b<b

max

Although the flexural behavior of the flange can be
described by beam analogy, circumferential continuity of the
flange cannot be ignored. The outward, radial deflection of
the flange at the pointwhere it joints the shell is:

P

te—b max 1 |

Fig. 5. Free-body diagram of a flange

. . t
u =Ky +KgQ+8; 50 b<by, g

PR_ | (R, +L)}+R,’
m m . :r.‘ +03 (2)
k,= E [Ra+L)-Ry’
PRmHRm*LF+Rm3|0;
k= E [Ru+LF-Ra” |

Fig. 5is free-body diagram of the equivalent beam which is
being used to describe the flexural behavior of the flange.
The slope of the beam at the flange-shell junction, which is
given by the area under the M/El diagram, is:

MODIFIED TRAFEZOIDAL BEAM
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Fig. 6. Free-body diagram of equivalent beam

6l-v I afa b [y, Q). ({22 b
i Eat' -"'-’c-;.]--’M- 2 'I"! c x ‘."b bm‘: (4)

f i b \

| Rp +A+ 2% |

9 ]

2 (5)
a= R:r;

A

{Ra+ |
~ R, )
or

-v I Ea(2 Bume ) (s Qs (22, D
L 2 e _JT : b_bm(7)

The term 1- v appears in the flange equations since
continuity in the circumferential direction must be
maintained during bending.

The forces on the shell are shown in Fig .6 The outward,
radial deflection of the shell due to M and Q [2] plus the
uniform expansion due to the design pressure is:

_2R=:B: | -sz:ﬁ K (8)
ll_.'.‘.: - Eh ('\[) Eh (Q) u;
- 41025
3(1-v7)
pL K2R @
PR, [1-Y |
Uye E, (10)

The counterclockwise rotation of the shell due to M and Q
[4]is
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4R,
Eh

JRm.’BI
Bq,.; = Eh

Q (M) (1)

Equations (1) and (8) are equated to represent
deflection compatibility at the flange-shell junction in terms
of Mand Q. Similarly, (4) and (11) are equated to express
slope compatibility when b< b, The simultaneous
solution of the compatibility equations yields :

8
M = {u.‘. e 1} Dby (12)

TpR,C B
Eh 8 |
Q- Rm:ﬁ[uz_ul_ﬁf by (13)

Equations (12) and (13) are solved for a first
approximation of Mand Q, assuming 8, =0 and u,=K,.

The forgoing equation cannot be solved directly since
8, involves dimension b which is still unknown. The next
section shows how b is determined by means of a bolt-
flange compatibility analysis.

The operating bolt load /beam is found by using the
free-body diagram of Fig.6 and taking moments about R.
The equations for B become:

B=P‘i.1-—§}+|ﬁ1\-’[-—gInjlll: _ (14)

Referring to Fig.6, the deflection of the flange at the bolt
circleis:

22 M+ 21

(15)

y flange —

Eat’

When pressure is applied to a flanged closure, the

bolts do not elongate until the pre-tensioning load (K9) is

exceeded; further, the elongation will be distributed evenly

between both flanges. One-half the total elongation

caused by the application of the design pressure is:
1 |l L ]

2 Yokt T (16)

A
-

Equating equations (15) and (16), rearranging, and
simplifying by using equation (14) yields:

o

2 /0]

Computation of bolt stress is iterative in nature. Initial
assumption are 8, = 0and u, = K, in equation (1). Using
equations (12) and (13) first approximation of Mand Q are
calculated. Corresponding value of b is obtained by
solving non-linear equation (17) by Newton-Raphson
iterative scheme. Now Q, and u, can be calculated with the
values available above. The procedure is repeated till the
values of K & M are converged and the corresponding
value of bis obtained.

VI. RESULTS AND DISCUSSION

Aprogram is written in 'C' for carrying out an analysis
which is highly iterative in nature. Since bolt stress
depends on the contact circle which is unknown, the
complexity is more. Hence the value of moment M and Q
which are dependent on the bolt circle radius are to be
evaluated in an iterative way, for each pressure. The
analysis is tried for given pressure vessel with the pressure
varying from 0.1MPato 0.7Mpa in steps of 0.1Mpa in order
to have a feel of variation of b. However, the parameters
could not be stabilized at lower pressures. Further the
results obtained in a range of pressures possible. The
results obtained are presented in Table 1. Fig. 7 shows the
detailed analysis results.

Table 1. Comparison of results from detailed

analysis
Pressure, b Bolt Bolt
P (Detailed stress, oy, stress, oy,
MPa analysis),  (Detailed  (Approxi
mm analysis), mate
MPa analysis),,
MPa
0.60 39.12 145.02 140.81
0.61 39.37 146.65 138.84
0.62 39.62 148.20 136.90
0.63 39.88 149.79 135.20
0.64 40.13 151.40 133.64
0.65 40.39 153.02 132.22
0.66 40.64 154.66 130.93
0.67 40.89 156.31 129.74
0.68 40.89 157.98 128.65
0.69 41.15 159.67 127.66
0.7 41.40 161.37 126.73
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@ Kg Factor so that KgQ is mm°/N
€ 170 outward radial deflection of
£ 150 i flange due to shear force Q
a 130 | R
@ 40 | . Effective strain length of mm
E 90 ——b bolts and studs
g 70 —&—sb L width of flange mm
E gg | 0000 | distance from mid-thickness | mm
2 059 0.61 0.63 0.65 0.67 0.69 0.71 of shell to bolt circle
Prossure in MPa M meridional bending moment | N-
at flange-shell junction mm/mm
Fig. 7. Detailed analysis results N number of bolts /mm of mm”
| circumference of bolt circle
Vil. CONCLUSION N number of bolts per beam
Determination of bolt stress ina pressure vessel is not P design pressure N/mm’
straight forward due to the complexity in load Q shear force at flange-shell N/mm
contributions. An attempt is made to evaluate the bolt junction
stress for the given configuration of flat face flange using a Ry, | radius to mid-thickness of mm
finer technique which is highly iterative in nature. However shell
this needs further validation through finite element t thickness of flange mm
analysis which is planned for further work. ; thickness of spacer mm
5
NOMENCLATURE u total outward radial | mm
! deflection of flange at
Sym | Meaning Unit flange-shell junction
bol u, outward radial deflection of | Mm
A cross-sectional area of one | sq. mm shell due to pressure
bolt at root of thread or v Poisson’s ratio -
o | widthof beam between bott | mm 0, | slope of flange at junciion | Radians
circle and outside diameter of shell whenb <'b .,
B calculated operating bolt N/beam B factor in shell equations .
load per beam at design 5 total initial strain in a bolt Mm
pressure _ due to pre-tensioning
b Distance from bolt circle to | mm . allowable bolt stress N/mm?
flange-spacer or flange- b ) .
flange bearing circle op calculated operating bolt | N/mm®
b Distance from bolt circle to | mm stress at design pressure )
M2 | the outer edge of flange but o; allowable flange stress N/mm
not to exceed distance to o initial bolt stress due to pre- | N/mm’
outer edge of spacer I tensioning
¢ Width of beam between mm G calculated  circumferential
mid-radius of shell and bolt € | stress in shell at flange-shell
circle junction (membrane plus | N/mm’
d diameter of bolt hole mm bending)
E, Ey, | Modulus of elasticity of N/mm’ o, | caleulated longitudinal | N/mm’
flange material and bolt stress in shell at flange-shell
material, respectively junction(membrane  plus
F Axial load due to pressure | N/mm bending stress), ‘ R
h Shell thickness mm O calculated radial stress in | N/mm~
flange
K bolt stiffness N/mm/beam o Calculatcd tangential stress N/mm’
Ka Outward radial deflection of | mm in flange
flange due to pressure
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