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Abstract: - Water tightness is one of the challenges in design of submerged vessels. In this paper, a pressure
proof test chamber is designed in order to test water tightness of a hatch and also for testing water prove of hull
penetrators which used in submerged vessels for crossing sensor cables through the pressure hull. The test
chamber is designed such that its interior simulates the wet environment (surrounding water environment) and
its exterior simulates the watertight proof environment (the dry environment). This test chamber is designed to
withstand internal pressure up to 20 bar; i.e. 200 meter submerge. First a three-Dimensional model of the test
chamber is made using AUTODESK INVENTOR and then stress analysis is carried out using ANSY'S solver
provided in AUTODESK INVENTOR. Contact analysis between the pressure chamber and the assembly hatch
is also carried out to examine the gap between contact surfaces of bolted region of the test chamber. Chamber
shell and heads thicknesses calculated according to ASME code section-VIII Div.2 and verified through the
finite element analysis. The analysis shows the ability of the test chamber to withstand the applied pressure and

the effectiveness of the bolted assembly hatch.
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I. Introduction

Pressure vessels are a commonly used device in
marine engineering. Stresses applied to pressure
vessels material is increases Due to the increase of
the applied internal pressure in pressure vessels.
Stress is the internal resistance or counterforce of a
material to the distorting effects of an external force
or load, which depends on the direction of applied
load as well as on the plane it acts. At a given plane,
there are both normal and shear stresses [1].
However, there are planes within a structural
component subjected to mechanical or thermal loads
that contain no shear stress. Such planes are principal
planes, the directions normal to those planes are
principal directions and the stresses are principal
stresses. For a general three-dimensional stress state
there are always three principal planes along which
the principal stresses [2]. When a thin-walled
cylinder, such in pressure vessel, is subjected to
internal pressure, three mutually perpendicular
principal stresses will be set up in the cylinder
material, namely the circumferential or hoop stress,
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the radial stress and the longitudinal stress, [3].
Provided that the ratio of thickness to inside diameter
of the cylinder is less than 1/20, it is reasonably
accurate to assume that the hoop and longitudinal
stresses are constant across the wall thickness, and
that the magnitude of the radial stress set up is so
small in comparison with the hoop and longitudinal
stresses that it can be neglected. This is obviously an
approximation since, in practice, it will vary from
zero at the outside surface to a value equal to the
internal pressure at the inside surface [4]. Until
recently the primary analysis method had been hand
calculations and empirical curves. New computer
advances have made finite element analysis (FEA) a
practical tool in the study of pressure vessels,
especially in determining stresses in local areas such
as penetrations, O-ring grooves and other areas
difficult to analyze by regular calculation. This study
set out to explore applicable methods using finite
element analysis in pressure vessel analysis. One sort
of pressure vessels is pressure chamber which is a
closed container designed to hold gases or liquids at a
pressure different from the ambient pressure. The end
caps fitted to the cylindrical body are called heads
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and the cylindrical part of the chamber is called
chamber shell.

The aim of this study is to carry out detailed design
and analysis of Pressure chamber used in Testing
watertight hatch and hull penetrator and to validate
the using in finite element method over regular
calculation methods that based on empirical
formulas. The subsequence sections of this paper
consists of Problem formulation which include
description and design of the test pressure chamber
through empirical formulas. Then a finite element
method is introduce in order to study and validation
of using numerical method in pressure chamber
design. At the end conclusion remarks reveals the
advantage of using the finite element method in
analyzing chamber design especially where hull
penetrators and bolted connection are introduced to
the chamber.

2 Problem Formulation

2.1 Test chamber description
The test pressure chamber is made from DIN 17100

St 52-3 steel of Minimum yield strength 345 MPa.
The pressure chamber is 1 meter diameter and 1.5
meter long. One end of the pressure chamber have
dished end welded integrally to the cylinder. The
other end is a hinged door with proper sealing
(watertight hatch) integrated to bolted assembly plate
as shown in Fig.1.
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Fig. 1 Test pressure chamber

The hatch assembly should withstand the internal
pressure during pressure prove testing. O-Ring is
provided to avoid water leakage during pressure
testing as shown in Fig. 2.
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Fig. 2 Construction of test pressure chamber

2.2 Test chamber design

Two types of design methodologies are commonly
applied to pressure wvessels design. The most
Common method is based on a simple mechanics
approach and is applicable to “thin wall” Pressure
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vessels which by definition have a ratio of inner
radius (R) to wall thickness (t) of R/t>10. The second
method is based on elasticity solution and is always
applicable regardless the R/t ratio and can be referred
to as the solution for “thick wall” pressure vessels
[5]. First type of design methodology and analysis is
discussed here, although for most engineering
applications, the thin wall pressure vessel can be
used. Pressure vessels design using ASME code
section-VIIl Div.1 is examined [6]. Comparison
between ASME code section-VIII Div.1 and ASME
code section-VI1II Div.2 shows the ability of Div.2 of
considering combined stress over Div.1 [7, 8]. In this
study the chamber analysis is carried out According
to ASME code section-VI1I Div.2.

According to ASME code section-VIIlI Div.2 and
thin-wall shell design, the following relations are
used

Shell thickness can be calculated as
PR
t =

SE0 17 95

*

> : > 0. i
t 2 3553 zan1 060200 = 0147 in

l.e.t>4 mm.
The test chamber was designed with 4 safety factor,
then t=16 mm

Ellipsoidal Head thickness can be calculated as

PLM
t= 2SE—0.2P (2)

290%39.6%1.52 ,
> 0.
= 2435534.24%1—0.2%290 — 0.245 in

t > 6.2mm, the test chamber Ellipsoidal Head
thickness is 16 mm, i.e. with safety factor 2.5. Table
1 conclude used parameters for solving equation (1)
and equation (2)

@)

Table 1. ASME code section-VIII Div.2 Parameters

NOTATION MKS Sl
P.. Internal pressure (Psi) 2 MPa 290 Psi
R.. Shell radius (in) 456 mm 17.95 in
S.. Allowable stress (Psi) 245 MPa | 35534.24 Psi
E.. Joint efficiency 1 1
L.. Ellipsoidal Head inside 1006 mm 39.6 in
crown radius (in)
M.. factor depending on 152 1.52
head geometry

2.3 Assembly hatch bolt calculation based on
ASME code

Bolted flange joints perform a very important
structural role in the closure of flanges in a pressure
vessel. It has two important functions: (a) to maintain
the structural integrity of the joint itself, and (b) to
prevent leakage through the gasket which is already
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preloaded by bolts [9]. In this chamber design, one
flange is having a groove for gasket installation, and
other flange is flat. The two flanges are connected by
a number of bolts/studs. Assembly bolts preload is
extremely important for the successful performance
of the joint. The preload must be sufficiently large to
seat the gasket and at the same time not excessive
enough to crush it. The flange stiffness in
conjunction with the bolt preload provides the
necessary surface and the compressive force to
prevent leakage of the water contained in the pressure
chamber. As the pressure of the water inside the
chamber increases, bolt preload decreases, which
reduces gasket compression and tends to separate the
flange faces and then water leakage is introduce and
water tightness fails. In full sealed joints uniformity
of pressure on the sealing element is important. To
maintain adequate uniformity of pressure; adjacent
bolts should not be placed more than six nominal
diameters apart on the bolt circle. To maintain
wrench clearance, bolts should be placed at least
three diameters apart [10].

A rough rule for bolt spacing around a bolt circle is
such that

6Nd > D, >3Nd 3)

Where: N is the number of bolts = 40 bolt

D,, is the diameter of bolt circle =1100 mm

D bolt diameter which calculated as
i.e. 14.39 < d < 28.7mm
Bolt diameter is selected to be d=24 mm with 60 mm
active length. The tight torque of M24 bolt is
T=1150N.m
Considering torque coefficient K=0.25.

Bolt installation force can be calculated as
T
Finstall = m (4)
1150000

=————=191.6 kN
0.25 % 24

install

For the test chamber, the area affected by 2MPa
pressure (20 bar) of the bolted flange is of diameter
of 912 mm. So total pressure force affecting the
bolted flange is 1305838 N. Each bolt of the
assembly bolts should support

Foaa = 1305838/40 = 32.6459 kN.
Total force applied to the bolt is

Fbolt = Fload + Finstall (5)

Fyole
= 32.6459 + 191.6

= 224.3125 kN
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Bolt stress
g = Fbolt (6)
2‘2}11-031’512 5x%4
= W =496 MPa

l.e. bolt strength should be more than 496 MPa. The
selected bolt is of grade 10.9 with minimum proof
strength of 1060 MPa [11].

Bolt elongation due to installation force

FLL

o= ?2A39500 60+4 "
* *

& = 207000 +rt+(24)2 0.15mm

Bolt elongation due to 2MPa pressure
F.L
8y =— )

EA
32645 .9%60+4
Z 7 207000 «+(24)2 0.0209 mm

Total Elongation of the M24 bolt
8 = 81 + 82 (9)
6 =0.15+0.0209 = 0.175 mm

[I1]

Fia} Bolted hatch with é-Ring assembly

For the 9.52 mm O-ring used in this design, the
actual squeeze of installation, according to Parker
[12], is 9.52-8.7= 0.82mm as shown in Fig. 3, which
means that the bolt elongation due to the 2MPa load
(0.0209 mm) will not affect the O-ring sealing

2.4 Finite element modeling and analysis

To validate the design calculations using ASME code
section-VIII Div.2 in the previous sections, a finite
element analysis was carried out using ANSYS
solver with 506208 3D elements, as shown in Fig. 4.
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__'Fig. 4 3D finite element model mesh

Analysis Boundary conditions is set such that; Fig. 5:
- One support of the four support legs of the test
chamber is fixed, the other three supports are set as
frictionless contact with the ground to enable real
simulation of the chamber elongation when subjected
to internal pressure.

Fig. 5 Applied forces to the 3D model

- Contact parts are consider to be even bonded or
frictionless depends on its operation condition.

- To enable bolt preload elongation and elongation
due to applied pressure, each bolt and nut contact is
set as frictionless contact.

- Each bolt flange head is bonded to the assembly
hatch flange.

Bolted joints have been simulated using finite

element method in the literature [13, 14]. In Fig. 5
internal pressure is applied to the chamber cylindrical
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shell, welded dished end (elliptical head), assembly
hatch and all covers of hull penetrator openings.

To establish initial contact of the assembly hatch in
the test chamber; bolt preload force is applied at both
bolts and nuts as shown in Fig. 6. This preload force
is the install force calculated using equation (4) and
is setas 191.6 kN for the used M24 bolt.

i —
——

=

e —

Fig. 6 Bolts preload

This preload force is physically introduced during
bolt assembly and it should be related to bolt tighten
torque.

Fig. 7 shows contact pressure region applied to the
assembly hatch flange due to the preload of the
assembly bolts. Similar contact region was obtained
in the literature [15].

3 Problem Solution

To study the effect of chamber internal pressure on
chamber shell, elliptical head, bolts stresses and
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contact pressure of the assembly hatch; a 2MPa
pressure was applied to the chamber interior surfaces.

Fig. 8 Chamber axial displacement

Fig. 8 represents axial displacement of the test
chamber, the homogenous elongation (displacement)
of the chamber shows the adequate placement of the
boundary condition.

Fig. 9 Chamber safety factor

Fig. 9 represents the overall safety factor of the test
chamber which found to be in the order of 4 for the
cylindrical shell and more than 2 for the ellipsoidal
head (dished end). Values of safety factor obtained
analytically based on ASME code section-VIII Div.2
are in the same order of those obtained using the
finite element modeling. The thickness of the
ellipsoidal head (dished end) should be more than the
thickness of the cylindrical shell to ensure equal
distribution of stress/strength or safety factor.

Volume 11, 2016



WSEAS TRANSACTIONS on APPLIED and THEORETICAL MECHANICS

Fig. 10 Dish-end stresses and Hatch stresses

Fig. 10 represents VVon Mises stresses due to applying
of 2 MPa internal pressure. The figures show that the
dish-end and hatch bow are highly affected with the
applied pressure, also it is cleared from Fig. 10 that
the dish-end stress is in the order of 200 MPa, and
hence the DIN 17100 St 52-3 steel is safe to produce
such chamber.

| Fig. 11 Bolts stresses

To study the effect of the applied pressure on the
bolts of the bolted assembly hatch region, the
assembly hatch was hidden in Fig. 11 and bolts
stresses is represented in the figure, the finite element
analysis shows bolts stresses in the order of 500 MPa
which matches the analytical calculations (496 MPa).
Fig. 11 also shows stress distribution on the contact
region of the bolted assembly hatch. Contact pressure
of the contact region is analyzed using finite element
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method and is blotted in Fig. 12, which shows
contact pressure distribution in the contact region of
the bolted assembly hatch flange.

Comparing Fig. 7 and Fig. 12 shows that contact
pressure is reduced after applying 2MPa pressure
which indicate the reduction of the contact pressure
due to bolt elongation.

Fig. 12 Co"htact pressure of bolted region
4 Conclusion

Test pressure chamber can be designed based on
ASME code section-VIII Div.2. Using finite element
method shows that Dish-end, penetrators and
assembly hatch are the most critical parts in the
design of the test chamber where stresses are
concentrated in these regions. Dish-end thickness
should be more than cylindrical shell thickness. Bolt
selection should be considered based on both stress
and elongation. Bolt preload is extremely important
to establish sufficient contact pressure of the contact
region and compensates reduction of contact pressure
after applying pressure in the chamber. The design is
found to be satisfactory since result obtained from
analytical calculations is validated by the finite
element analysis besides the advantage of using finite
element method in analysis critical regions such in
hull penetrators and bolted connection of the
assembly hatch.
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