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Abstract

Motor containers are closed vessels used for storing motors. They are sealed from external
environment by maintaining an internal pressure marginally higher than the atmospheric
pressure. They are provided with covers (lids) which need to be removed without manual
intervention just before or during the initiation of motor. Rupture disc or explosive panel
stands as an excellent choice in such application. Rupture disc is a thin metallic disc,
designed to fail at a predetermined pressure and pattern. Its design must meet loading under
inside storage pressure and fail instantaneously upon initiation of the motor, experiencing
very high loading rates.

In general engineering, rupture disc is used as a sacrificial element in high pressure systems
as safety valves, explosive vent for protecting explosive chambers, and as a separating
member in shock tubes to generate a required shock wave. In these applications, size of the
rupture disc is small, and fail suddenly under very low loading rate upon increase in the pre-
set pressure. Established design codes and guidelines exist to select the rupture disc for a
given operating and failure pressures. On the other hand, only a very limited knowledge
exist to design rupture disc for a motor container. The present thesis is initiated to address
this research gap.

In the initial phase, a non-linear explicit FEA methodology is established to simulate the
failure of a flat scored metallic disc (FSMD) made of S235JR structural steel and validated
with available experimental results. Here, an elasto-plastic material model and continuum
damage mechanics based failure model proposed by Johnson-Cook are used where the
initial material and damage parameters are taken from the literature but finalised after
several attempts to match the response observed in experiments. In the second phase, this
FEA methodology extended to study the flat scored metallic disc (FSMD) and domed scored
metallic disc (DSMD) to understand its behaviour under the influence of various geometric
and operating parameters. Operating ratio, a ratio of maximum static operating pressure to
the burst pressure and impulse transmitted, the energy absorbed up to burst of the disc are
proved to be decisive factors in finalising the design of rupture disc for the motor container.
Accordingly, an initial design of DSMD made of E250 structural steel is proposed for the
present application considering the material availability, suitability, manufacturing
feasibility and further experimentations.

The third phase of the research is devoted to experimentation. As J-C’s material and damage
model parameters for E250 structural steel are not available in literature, they are
determined by conducting several experiments at different strain rates, temperatures and
stress tri-axialities and verified through three different experimental validations. As the
manufacturing of DSMD posed challenges through conventional manufacturing approach,
hydroforming technique is explored to form the dome shape. An experimental setup is
designed and realised with appropriate instrumentation considering the experimentation
feasibilities within the laboratory to achieve maximum possible pressure loading rate. Burst
experiments are conducted on ten discs under hydrostatic and pneumatic loads. The results

Vi



are compared with numerical simulations. Close agreement is observed between the
experiments and numerical simulations on the burst pressure, damage pattern and strain
evolution at different critical locations. Difference of 1.5% and 3.1% respectively, are found
for FSMD and DSMD on the burst pressure.

Even with a high operating ratio close to 17%, the DSMDs exhibit high burst pressure (~ 6
bar) and high impulse. Therefore, in the fourth i.e. final phase of research, non-monolithic
rupture disc configurations are explored. Several variants of design are developed and
numerically analysed for container application. The responses of all variants are compared
with respect to operating parameters such as burst pressure, factor of safety under static
pressure, operating ratio and impulse transmitted and proposed an RD selection criterion to
finalise and recommend an optimum configuration for given application. Finally, based on
the proposed RD selection criterion, a variant of non-monolithic configuration of rupture
disc having double slits joined by scores is recommended and this design resulted in a burst
pressure of 2.3 bar, 65% lesser than the DSMD and an operating ratio of 11%.

Thus, the thesis provides a clear understanding on the behaviour of monolithic and non-
monolithic configurations of rupture discs, simulation and experimentation approaches and
their adaptability for the container.
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Chapter 1

Introduction

1.1 Background

Containers are used to store the motor at a higher gauge pressure than the atmospheric pressure
to protect the motor from external corrosive and volatile environment [1]. Typically, they are
designed for a storage duration of more than 10 years. The containers are provided with front
and back covers (lids) which are designed to withstand storage pressure and open up
automatically during launch. They are designed to open remotely without manual
intervention.

In one of such designs, the container can be fitted with a bottom cover which can break-open
due to the transient pressure impulse generated by the motor plume gases. This initiates the
opening of the bottom cover without any manual intervention. Such an openable bottom cover
under a transient pressure impulse is called as a rupture disc or a burst disc and can be opened
automatically due to the initiation of the motor. During storage, the disc acts as a protective
cover and it withstands an internal storage pressure but fails only at a designed motor plume
pressure during the launch of the motor.

This bottom cover can be a rupture disc system which is made of thin sheet (s) that ruptures
when plume pressure reaches certain critical value. When the rupture disc bursts or ruptures,
ideally a clean and an obstruction free rupture is desired i.e. the parts of the ruptured disc shall
not obstruct the path for the plume of motor. Because, if any obstructions are on the plume
path due to ruptured disc, it induces undue generation of back pressure locally at the
obstructions created by ruptured disc which in turn affects the generated motor thrust. Motor
thrust equation is given by

F,=ml, + (pe - pO)Ae (1-1)

where, m is mass flow rate at nozzle exit, Ve is flow velocity at exit, pe is pressure at nozzle
exit, Ao is the area at nozzle exit, po is ambient pressure. If due to any obstruction at exit, back
pressure develops and as a result ambient pressure po exceeds exit pressure pe, the second term
in the Eq. (1.1) becomes negative reducing the motor thrust.

1.2 Introduction to rupture discs

A rupture or burst disc is a thin metallic plate or sheet designed to fail at a given transverse
pressure. The loading rate on the disc can be quasi-static or dynamic, depending on the
application. It is used as a sacrificial element in high-pressure pneumatic or hydraulic
equipment in conjunction with safety relief valve to protect the equipment from sudden high
or low surge pressures [2]. A typical rupture disc is shown in Figure 1.1. The rupture disc is
also being used as a quick-release element in the shock tube apparatus where it is sandwiched
between the high and low-pressure chambers. Upon its failure, it allows a sudden flow of high-



pressure fluid into a low-pressure chamber, thus generating a required shock wave [3]. Shock
wave can be used for aerodynamic studies. In both the above cases, the rate of change of
loading is low. In applications of blast and explosion, it is called as an explosion vent or a
rupture panel and is used to protect large equipment or buildings during an internal explosion
or blast. In all applications, the rupture discs provide compactness, quick response, and leak-
proof.

Normal
Condition

Burst-out
Condition

Za.

Figure 1.1: Typical rupture disc [4]

A rupture disc is a sacrificial element that bursts when the pressure inside the system exceeds
a certain desired limit or the designed burst pressure. The main advantages of rupture discs
are:

e Fast-acting and large volumes of fluid can be expelled quickly;
e Simple and reliable with no moving parts;

e Light weight; and

e No or very limited maintenance.

Their disadvantages include:

e One-time operation;

e Care must be taken during handling, installation, and operation where even a scratch
on the disc may alter the burst characteristics or failure behaviour of the disc; and

e Burst pressure can be influenced by clamping force on the disc.

Rupture discs are selected in general engineering applications based on two important
characteristics, burst pressure which is the maximum pressure at which a rupture disc has to
fail and operating ratio which is the ratio of the working pressure to the burst pressure.

1.2.1 Classification of RDs

Usually the rupture discs are circular and provided with mounting features to facilitate its
clamping between two flanges. They are pre-domed to i) increase the burst pressure, ii)
improve the predictability of burst pressure, and iii) reduce the total energy absorption for a



given size before failure. In general engineering, the rupture discs are classified based on
geometry as flat, forward dome and reverse dome types; and based on construction and design
as solid, scored and composite with slit and tabs.

1.2.1.1 Types of rupture discs depending on geometry and material

The rupture discs in general engineering applications can be classified based on geometry [2,
5] and material as discussed below.

a) Flat plate type -
. Tension loaded with ductile material
. Shear loaded with brittle material

b) Forward domed type - Tension loaded with ductile material
C) Reverse domed type - Compression loaded with ductile material

A brief explanation of these rupture discs is described in the following sections.
a) Flat plate type rupture disc

A flat plate rupture disc is clamped between two flanges and exposed to pressure on one side
as shown in Figure 1.2.

______
- = -

-
-

-

- -

Rupture disc

Figure 1.2: Flat plate type rupture disc: tension/ shear loaded

Flat plate rupture disc with ductile material

Pressure can be applied in any direction. In the event of any excess pressure, the plate stretches
in the form of a hemispherical dome and bursts subsequently. But, the predictability of burst
pressure in flat plate burst discs is generally poor. This failure is even accompanied by some



fragmentation of the disc. Flat thin metallic discs are extensively used in low-pressure
applications.

Flat plate rupture disc with brittle material

A flat plate rupture disc with brittle material is generally made of graphite. These rupture discs
are typically machined from a bar of fine graphite that has been impregnated with a sealing
compound to seal the porosity of the graphite matrix. Material is very brittle and ruptures
almost without any deformation. Its structure is homogeneous and strength is very low as
compared to metals. It can be used for low pressure applications and can be made thicker
compared to metallic rupture discs. Because of low strength, the operating pressure is almost
80% of burst pressure.

(b) Forward domed rupture disc with ductile material

Forward-domed rupture discs with ductile material are pre-domed discs with pressure acting
on the concave side of the disc as shown in Figure 1.3. As the pressure increases beyond the
allowable operating pressure, the rupture disc starts to grow. This growth will continue with
localized thinning in the region of the dome centre until the tensile strength of the material is
reached and subsequently followed by the occurrence of rupture. This failure is even
accompanied by some fragmentation of the disc. Operating pressure is almost 70% of burst
pressure. Since the tensile strength of ductile material is fairly high, it must be made of thin
foils for a higher operating ratio of operating pressure to burst pressure. They are advantageous
in terms of cost-effectiveness and are suitable for liquids and gases. Their limitations are that
the operating pressure ratio is limited to 70%, not suitable for back pressure and the disc may
fragment upon failure.

Rupture disc

Figure 1.3: Forward domed rupture disc: tension loaded



(c) Reverse-domed rupture disc with ductile material

Reverse-domed rupture discs with ductile material as shown in Figure 1.4 are pre-domed
rupture discs with pressure acting on the convex side of the disc. The disc is under
compression loading and as the pressure reaches buckling pressure, buckling of the disc
occurs. The disc does not burst open on itself. This is achieved by either a cutting device
against which the disc must be slammed or by the scoring of the disc.

Figure 1.4: Reverse domed rupture disc: compression loaded

The buckling pressure depends on the elastic modulus of the material which is much more
constant for a given material and reproducible. Therefore, the buckling pressure can be well
predicted and is less dependent on temperature variation. Further, the buckling stress is
substantially lesser than the tensile stress for a given material. So, they are made of
considerably thicker material than forward-domed discs. Operating pressure is almost more
than 90% of burst pressure. Their advantages include low burst pressure capabilities, higher
operating ratio, and higher material thickness for a given pressure. Their disadvantage is that
a separate system is to be provided for burst.

1.2.1.2 Types of rupture discs depending on construction

The rupture discs are also classified based on the type of their construction [2, 5] as follows:
a) Solid material rupture disc
b) Scored rupture discs
C) Composite or multi-piece construction discs with slits and tabs

The above types of constructions are briefly discussed below.



() Solid material rupture disc

Solid material rupture disc is made of a plain sheet or thin foil as shown in Figure 1.5. During
the burst of the rupture disk, the opening configuration is random and fragments can generate

from the rupture.

SAREY
P

Solid disc

Figure 1.5: Solid material rupture disc

(b) Scored rupture disc

Scored rupture discs are featured with cross scores on the convex side of the dome as shown
in Figure 1.6. The disk is designed to burst along the scored lines. Scoring allows the disc to
be made of thicker material for a higher ratio of operating pressure to burst pressure. The
higher thickness gives additional resistance to mechanical damage. These score lines provide
a predictable opening pattern so that the disc upon burst does not produce fragments.
Operating pressure can be raised to 85% to 90% of burst pressure.
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Figure 1.6: Scored rupture disc



(c) Composite or multi-piece construction or non-monolithic discs with slits and tabs

The composite type of rupture disc features a multi-layered disc in which the top member is
slotted with thin holes pierced at each end, the second layer is a seal member and the third
layer may be vacuum support in case of back pressure as shown in Figure 1.7.
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Figure 1.7: Composite (non-monolithic) rupture disc

The burst pressure is controlled by the combination of slits and tabs in the top section and a
metallic or non-metallic seal member below the top section. This allows a higher thickness
for the rupture discs which helps in a higher ratio of operating pressure to burst pressure.
Composite rupture discs may offer a longer service life as a result of the corrosion-resistant
properties of the selected seal material. The slits and tabs in the top section provide a
predetermined opening pattern for the rupture disc. The composite rupture disc generally
provides satisfactory service life when the operating pressure is 80 % or less of the marked
burst pressure. The broad classification of RDs and their corresponding Operating ratios are
given in Table 1.1 and Table 1.2 respectively.

1.2.2 Applications of rupture discs or rupture panels

Rupture discs are rupture panels that are mainly used in applications where they are designed
to burst or fail at a designated pressure. Some of the applications of rupture discs include but
not limited to pressure relief valves, shock generating devices, and explosion venting devices.



Table 1.1: Classification of rupture discs

Classification based on geometry and material

Flat

Forward domed

Reverse domed

Pressure applied on flat face.

Tension or shear loaded
depending on type of
material.

Fails on its own under load

Pressure applied on concave
side of disc.

Tension loaded.

Fails on its own under load

Pressure applied on concave
side of disc.

Compression loaded.

Requires additional member
to initiate failure

Classification based on construction
Solid Scored Composite
Made of single material. Made of single material Multi-piece construction
with  different  materials

Plain disc

Poor predictability of burst
pressure.

Very low burst pressure
applications.

Easy to manufacture

Scores are provided to aid
stress concentration and
initiate failure

Better predictability of burst
pressure

Relatively ~ high  burst

pressure applications

Difficult to produce scores

where low strength material
used as seal

Slits and tabs are provided to
aid stress concentration and
initiate failure

Better predictability of burst
pressure

Low burst pressure
applications

Relatively easy to
manufacture

Table 1.2: Operating ratios for different RD configurations

Types of RD Solid Scored Composite
Ductile - 50%
Flat . 70% 50%
Brittle — 80%
Forward acting 70% 85% 80%
Reverse acting 95% 90% -




1.2.2.1 Pressure relieving devices

Rupture discs in general engineering applications are used as pressure relief valves [2, 5] as
shown in Figure 1.8 [4]. Here, the use of a rupture disc is the basic method of protecting a
system from over-pressurization or vacuum. The rupture disc is connected to high-pressure
equipment as shown in Figure 1.8. When the pressure inside the equipment exceeds the
designated over pressure, the rupture disc fails to let the fluid escape and thus protects the
system.

Rupture disc
—1 P —

]

e J\
Vessel or Pipe

Figure 1.8: Rupture disc as a pressure relief valve [2]

1.2.2.2 Diaphragm in shock tube

Shock tubes can be used in the field of gas dynamics and experimental aerodynamics to
generate an intended shock wave profile on an aerodynamic surface. The shock tube consists
of a high pressure and low-pressure chambers separated by diaphragm or rupture disc as
shown in Figure 1.9. When the rupture disc breaks under the action of suddenly released high-
pressure air from an accumulator, a shock wave is generated on the other side of the rupture
disc which is imparted to the aerodynamic surface such as a nosecone/wing/fin.

By using a relatively small ratio between the lengths of the high-pressure and low-pressure
chambers, shock tube can be designed in the way such that the reflected rarefaction waves
catch up with the shock wave resulting in pressure profiles similar to the blast wave from an
explosive detonation.

Diaphragm / Rupture disc

W

Gas Inlet
I 7~ >~""~—""— Shock wave
| I

~ ~

High pressure chamber Low pressure chamber

Figure 1.9: Rupture disc as diaphragm in the shock tube



1.2.2.3 Explosion relief panel or explosion vent or rupture panel

In order to minimise the effect of gas and dust explosions in confined spaces such as chemical
plants, fuel-fired plants processing flammable stock, and gas fired plants, they are often
provided with explosion relief through the installation of explosion relief panels [2] as shown
in Figure 1.10(a-b).

Explosion
panel
e
; ’]mm Explosion
LI J"i |;||m;iu;mu ? chamber
L
a8 'M
Explosion panel
after burst
Explosion panel
before burst
a) Explosion panel[2] b) Explosion chamber

Figure 1.10: Explosion panel attached to explosion chamber

These rupture panels are designed not only to fail at peak pressure but to fail at a pressure
whose generated force acting on the effective area of the panel is less than the force required
to damage the structure.

In the all the above applications, RDs are subjected to pressure loading rates varying from
quasi-static in safety devices to as high as 10 MPa/s in shock tubes and explosion panels.

1.2.3 Materials for construction of RD

Rupture discs are usually made of ductile materials for better predictability of burst pressure.
Brittle materials are also used but limited to low-pressure applications. All material details are
given in Table 1.3. These rupture discs are protected with coatings depending on the end
application such as protecting from high corrosive fluid or high operating temperature.
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Table 1.3: Materials used for rupture discs [2]

Commonly used materials Less commonly used materials

Stainless steel
Aluminium
Inconel

Nickel

Monel

Hastelloy B and C
Carbon steels

Resin impregnated graphite (Brittle)

Tantalum
Platinum
Gold
Silver
Titanium

1.2.4 General design guidelines and important terminologies [6-9]

1.2.4.1 General design guidelines

In selecting the rupture disc for a given application, the flow area, fluid loading rates or
characteristics and required burst pressure are the main driving parameters. Standards and
codes [6-9] provide general guidelines for selection of rupture discs used as safety pressure

relief valves.

ASME Section VIII, Division 3[6] provides rules for the use of rupture disc devices for over-
pressure protection. ISO standards that apply to selection of rupture discs are 1SO 4126-1 [7],
ISO 4126-2 [8] and ISO 6718 [9] and provide general guidelines for rupture discs used as
safety relief valves. Following are some important terminology specified in the handbooks

and codes.

1.2.4.2 Important terminologies

Important terminologies generally used in rupture discs are given in Table 1.4

Table 1.4: Important terminologies used in RD

Burst pressure

The differential pressure at which rupture disc bursts at a
specified temperature.

Marked or rated burst
pressure

Nominal value of burst pressure at which the rupture disc
bursts.

Maximum marked
burst pressure

Marked burst pressure at top end of range.

Minimum marked burst
pressure

Marked burst pressure at bottom end of range.

Burst tolerance

Tolerance specified on the burst pressure by the
manufacturer
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Specified temperature  : | The allowable temperature at which a rupture disc operates.
of rupture disc

Operating ratio . | It is the ratio of maximum operating pressure of rupture disc
to minimum burst pressure of rupture disc

Deflagration . | Burning that takes place at a flame speed below the velocity
of sound in the medium

Explosion : | The bursting or rupture of an enclosure or a container due to
the development of internal pressure from a deflagration

1.2.5 Design considerations for rupture discs for the present application

There are several established design codes for the rupture discs used in general engineering.
Regular designs are available in Standards and Codes. Researchers have attempted to examine
the behaviour of common as well as uncommon rupture discs under different loadings and
boundary conditions. Different considerations for analysis of rupture discs for the current
application are discussed in this section.

1.2.5.1 Analysis of rupture discs

Rupture discs are specified by their burst pressure and it is influenced by factors such as
material of construction, disc diameter, disc thickness, temperature and fluid pressure. The
burst pressure can be calculated as

Py =22 (12)
where to is the initial thickness and d is the diameter of the disc, k is a constant for a given
material and can be found from experiment [10]. Traditionally the design of rupture disc is
based on elaborate experimentations. Based on the finite element analyses (FEA) [11] of a
forward domed rupture disc made of copper alloy 122, in which analysis was done up to
ultimate tensile strength of the material neglecting fracture, the deflections of the plate was
obtained by modelling the disc as shell elements fixed at the outer edge. Both material and
geometric non linearity were considered. Pressure was applied as constant and time
dependent. The variation of burst pressure predicted was 15.02% from experimental data [11].
A similar FEA of pure nickel was carried out [12] and found a considerable difference with
respect to the experimental values. In both cases, the difference was attributed to the neglect
of fracture [11, 12]. It is understood that while characterising the rupture disc through FE
simulation, it is important to consider the material damage.

1.2.5.2 Blast loading

The plume of the motor suddenly impinges on the rupture disc which can be simulated as an
impulsive or a blast load with very high slope of pressure with respect to time. Analysis of
rupture disc under an impulsive pressure can be very similar to the concepts available in [13-
20] that deal with analyses and experiments on structures under blast loadings. Under this
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impulsive loading, rupture disc undergoes large deformations followed by fracture. In a study
on steel rectangular plates subjected to blast loading, experimental data was successfully
compared with FEA and simplified analytical solution based on kinematic approach [13].
Under explosive loading, the failure will be in three modes namely, large deformation (mode-
1), tensile tearing (mode-2) and shear failure (mode-3). The strain rate effects were included
using Cowper-Symonds relation [14]. Somayajulu and Narayanamurthy [1] conducted a
numerical study on flat plate rupture disc used for container bottom cover. Rupture disc was
made out of AISI 4340 steel and subjected to impulsive pressure and temperature assumed
from blast loading. Material was assumed to be isotropic elasto-plastic behaviour. Effect of
notch size and its placement on the proper breakage is also studied [1].

In the FE simulation of rupture disc subjected to high loading rates, the effects of material
non-linearity, geometric non-linearity and large deformation effects must be considered
during simulation.

1.2.5.3 Effect of fluid temperature on the burst pressure

The design of rupture disc depends on both pressure and temperature of the fluid medium. As
the temperature influences the strength of material, the relationships are established
experimentally between burst pressure and operating temperature for various materials used
for rupture disc construction. A typical temperature and burst pressure relationship for solid
metal forward domed rupture discs is shown in Figure 1.11[2]. Burst pressure of the rupture
disc significantly reduces with the operating temperature of rupture disc.
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Figure 1.11: Temperature / burst pressure relationship [2]
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Even though the operating temperature of rupture disc plays a significant role in the burst
pressure of rupture disc, temperature will not affect the basic rupture disc characteristics at
room temperature. So, this effect can be neglected to characterise the rupture disc.

1.3 Large deformation and rupture of thin flat metallic discs under
impulsive loading and failure modes

Flat plates undergo large inelastic deformation and rupture under higher loading rates and
have been studied extensively under air blast and explosive loadings [13,21-34]. They provide
a base for the present study on the behaviour of scored-thin metallic rupture disc. A
comprehensive review by Nurick and Martin [21,22] compares the theoretical and
experimental results of fully clamped flat circular plates subjected to impulsive load. The
central deflection from experiment is comparable to theoretical prediction up to a very small
deflection i.e. up to one plate thickness. The research findings between 1989 and 2016 on thin
plates subjected to impulsive load have been reviewed by Yuen et al. [23] and they
summarized the advancements in theoretical and empirical formulae for predicting the central
deflection. Close agreement between theory and experiment is reported even after neglecting
the effects of strain hardening and strain rate sensitivity. They further discussed in detail about
the failure of flat plates under uniform and localized impulsive loads. Failures in metallic discs
are observed in three different modes namely, failure mode-1 in which disc exhibits a large
plastic deformation under low impulse levels, failure mode-Il where a tensile failure is
observed at the boundary or central area of the disc when the impulse increases to a threshold
limit, and failure mode-I11 in which transverse shear occurs at the boundary of the disc upon
further increase in the impulsive load.

From the large number of experiments conducted since 1989, it has been found that the failure
mode progression of circular and quadrangular plates is similar [23,24]. The mode-I
deformation profile of uniformly loaded plates was characterized by a single global dome,
whereas locally loaded plates exhibited a local inner dome atop a global dome profile.
Petalling is observed under localised impulsive loads. Capping and petalling failure occurred
at the center of locally loaded plates, as opposed to tensile and shear failures at the boundaries
of uniformly loaded plates. The locally loaded plates exhibited tearing at the boundary when
the load-to-plate diameter ratio is increased above 0.4 [25]. Boundary conditions have
significant influence on the tearing and shear failures of plates due to the difference in the in-
plane movement achieved with each boundary condition.

The edge sharpness at the fixed boundary played a significant role in initiation of failure at
the boundary [26, 27]. Rigid boundaries, such as built-in welded boundaries, will initiate
necking and tearing failures at lower impulses compared to the clamped boundaries [28]. The
effect of edge sharpness on the tensile boundary failure of clamped plates shown that filleting
the clamp delayed the onset of tearing by preventing indentation of the plate boundary [26,
29]. This phenomenon of edge sharpness at the clamped boundary was also studied by Nurick
et al. [24] where they related the necking localization and/or ductile fracture at the support to
the overall performance of rectangular plates under impulsive loadings.
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Increasing the stand-off distance resulted in less localised loading on the plates. It is reported
that when the stand-off distance exceeded the largest of plate dimensions, loading was
observed to be uniform. Also, it depends on the load diameter of the charge. Marchand and
Marchand and Alfawakhiri [30] reported that when the charge stand-off exceeds one-half of
the structure or element width or height (assuming the charge is centered on the structure or
element) loads can be reasonably and accurately averaged over the structure or element. For
shorter stand-offs, the loading was a non-uniform distribution. The effects of both strain
hardening and strain rate sensitivity have not been specifically considered in most analyses
and both effects are embedded in the empirical equations [25, 31]. Including strain rate effects
in the numerical simulation reduces the central point deflection which can be attributed to
increase in yield strength of the material and higher elastic modulus than the plastic modulus,
Goel et al. [32] and Nurik et al. [26] studied the failure of clamped circular metallic plates
subjected to uniformly loaded air blasts and investigated the failure onset and subsequent
tearing at the clamped plate boundary. The diameter of plates ranged from 60 to 120 mm with
different clamped edge conditions such as sharp edge and edge with radii.

Nagesh and Gupta [33] numerically analysed the large deformations and tearing of circular
plates under impulsive loading to simulate mode-Il1 and mode-111 failures and compared the
results with experiments conducted by Nurick et al. [26, 34] gave the experimental and
numerical results for fully built-in stiffened square plates subjected to blast pressure loading.
The strain rate-sensitive plates exhibited mode-I (large ductile deformation) and mode-II
(tensile tearing) failure as the load intensity increases. Yuan and Tan [35] studied the
impulsive response of rectangular plates and shown that an increase in the blast duration
delays the transition between various deformation modes. Rudrapatna et al. [36] provided the
numerical results for clamped thin square plates subjected to blast loads by considering the
nonlinear effects of geometry and material including strain rate sensitivity and proposed a
phenomenological interactive failure criterion comprising bending, tension and transverse
shear to predict various modes of failure.

Smith and Nurick [27] examined the failure of fully clamped mild steel circular plates
subjected to uniformly distributed impulse and formulated an energy balance equation relating
input, deformation, tearing and disc energies. The input and disc energies are obtained from
experimental measurements; and the deformation energy is predicted by making use of the
final deformed height, a shape function and a rigid-plastic analysis. Sharma et al. [37]
conducted numerical simulation of spherical shell subjected to a blast load and shown that it
exhibit minimum radial displacement as compared to the flat plate.

1.4  Existing knowledge on rupture disc

Lee et al. [38] experimentally studied the effect of radius of curvature of the forward domed
rupture disc with and without grooves, and the thickness of disc on the valve opening time
and shock formation distance. This study revealed a reduction in opening time and increase
in shockwave formation distance with decrease in radius of curvature. Jeong et al. [39]
numerically simulated the effect of groove thickness on the failure of forward domed rupture
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disc by calculating local primary membrane equivalent stress to find the burst pressure of the
disc for the given design parameters. Aune et al. [40] experimentally and numerically studied
the dynamic response of blast loaded steel plates with and without pre-formed holes and
concluded that the predicted failure pattern is highly dependent on the initial mesh size and
damage threshold.

Zhu et al. [41] investigated the effect of temperature on the fracture behavior of plain forward
domed rupture disc. Finite element analysis methodology based on non-linear buckling and
static analyses were adopted to predict the burst pressure; and shown that the burst pressure
decreases with increase in temperature. Colombo et al. [42] studied the failure of flat plate
with rectangular scores with cross configuration under uniform quasi-static pressure loading
and concluded that the plates with minimum score depth-to-plate thickness ratio of 0.4 is
essential for the failure to initiate in the scored region of the plate.

1.5 Research gap

General guidelines for selection of rupture discs are not applicable for rupture discs or rupture
panels subjected to impulsive and higher loading rates. The design guidelines are not available
in open literature and so are the studies on the failure of pre-domed rupture panels. Analytical
methods for solving problems of dynamic and static behaviour of domed-scored thin metallic
discs is not available due to the complexities in deriving analytical solution for the domed disc
in presence of scores. The investigations on the rupture disc (panel) intended for applications
in motor containers where the disc needs to meet withstanding storage pressure for long
duration and instantaneous failure condition under the effect of impulsive motor plume
pressure, are also unavailable. Although a number of literature exists based on current
research, the gaps in the existing research are as summarised below.

Non-availability of studies on rupture disc meeting both storage and instant failure
conditions

Most of the research were focussed mostly on standard rupture discs which are used as
pressure relief valves. Their loadings are steady state, static or quasi-static and
incremental. There are no studies available on studies on behaviour of rupture discs
subjected to impulse loading conditions.

Lack of information on failure time and opening pattern after initiation of failure

In the present research, there is no time constraints for the completion of rupture operation
as long as it is meeting required failure condition. Studies on propagation of failure which
is responsible for formation of petals to allowing obstruction free flow is not available.

No studies on large diameter rupture disc to fail at low impulse and its design criterion

When diameter of the rupture disc increases as in the case of motor container where size
can be of the order of 300-1000 or more in diameter, the force due to fluid pressure on the
rupture disc during static storage condition will be very high. Designing the disc with
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higher factor of safety in static condition makes the rupture disc bulky and increase the
pressure requirement for failure and upon failure generates high impulse and shock to
attaching structure which must be reduced. There is no design criterion available in open
literature which allows to design the rupture disc for meeting this condition.

1.6 Research objectives

The primary objectives of the thesis are to overcome the research gap and develop a basic
understanding of the behaviour of the rupture disc under two different contradicting loading
and failure requirements, and to suggest a practically viable design backed by exhaustive
numerical studies validated with suitable experiments. The objectives of the thesis are
delineated below.

i.  Establish a non-linear explicit FEA methodology for analysis of Rupture Disc (RD)
under impulsive pressure loading
ii.  Investigate Flat and Domed scored RDs — study their response due to variations in
a. Loading rate,
b. Disc diameter and dome height and
. Score’s depth-width-geometry-length-pattern.
iii.  Propose a RD configuration for motor container meeting both storage and break-away
conditions.
iv.  Characterize the J-C strength and damage model parameters of E250 steel.
v.  Design a suitable experimental setup, realise and experimentally validate RDs.
vi. Develop a RD variant (non-monolithic) to minimize the burst pressure for motor
container application

1.7 Research methodology

The research methodology followed for present research work is shown in Figure 1.12. The
main aim of the present research work is to arrive at a criterion to design a rupture disc for
motor container application. It is carried-out on four phases and the detailed work carried out
in each phase is described below.

Phase-1: Establishing FEA methodology

In Phase-I of the research work, numerical simulation methodology established for FEA
simulation of rupture disc under impulsive pressure loading. The methodology is validated by
comparing FEA results with the experimental results of a scored flat metallic disc made of
S235 JR structural steel subjected to quasi-static pressure loading which are available in
literature. During FEA simulations, Johnson-Cook material and damage models are chosen to
represent the constitutive and damage behaviour of the S235 JR structural steel. While J-C
material model of S235 JR structural steel are directly taken from literature, J-C damage model
parameters are iterated to arrive at the final values. Damage evolution is neglected.
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Phase-11: Investigation on Flat and Domed RDs and propose a preliminary RD for current
application

In the next phase, Flat and Domed RDs are investigated with the help of established FEA
methodology and selected material model and damage models. The behavior of RDs are
studied due to variations in quasi-static to impulsive pressure loading rates; Disc geometry
viz. Diameter-to-plate thickness ratio and Dome height-to-Diameter ratio; Score geometry viz.
score length-to-disc radius ratio, score depth-to-plate thickness ratio, score width-to-plate
thickness ratio, score geometry and number of scores. Apart from basic RD characteristics viz.
factor of safety under static pressure load and burst pressure under impulsive pressure load,
two critical parameters viz. operating ratio and impulse transmitted are identified to
characterize RDs. Operating ratio is redefined so that it can be found from numerical
simulation.

Based on these studies, a preliminary Domed Scored RD geometry is proposed with an aim
to minimize burst pressure yet feasible to manufacture; to be made of E250 structural steel
which is an alternative material available in market.

Phase-111: Experimentation
In the next phase, experimentation is carried-out on proposed RD in four stages

Stage 1: To manufacture Domed RDs, hydro-forming method is explored. Three numbers of
Flat RDs and three numbers of Domed RDs are realized. Scores are made using milling
operation.

Stage 2: Since J-C material and damage model parameters for E250 structural steel are not
available in literature, experimentation is carried out to determine the J-C material and damage
parameters. A unique method to implement damage initiation and fracture energy based
damage evolution are proposed which can be directly implementable in commercial FEA
software. The material model is validated by comparing FEA results with results of separate
tensile experiments.

Stage 3: Experimental setup is designed to conduct the failure experiment on RDs at
maximum possible loading rate with the available facilities with in the laboratory. Burst
experimentation is carried out on all six discs under hydraulic and pneumatic loads. Strains
with respect to chamber pressure are monitored during experimentation.

Stage 4: Experimental results are compared with the results from FE simulation. The
variations in disc geometry due to manufacturing (from Stage-1) and determined E250
structural steel material parameters (from Stage-2) are used for FE simulation of experimented
discs.

The FE simulation methodology, E250 structural steel material parameters are
experimentation procedure are validated in this phase.
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Phase-1
Establish FEA methodology

Literature review

Material model parameters from
literature; damage model
parameters through iteration

FE simulation procedure by
validating experimental results
available in literature

Phase-II

Investigating Flat and
Domed monolithic RDs

Study various configurations to
understand behavior of RDs by
varying Loading rates and
geometrical features

Identify critical parameters to
characterize RD

Propose Preliminary RD
configuration

Propose Initial design for RD
geometry which is feasible to

manufacture -
Propose material of RD available mn

market

Phase-1V

Propose RD Design

Propose RD Selection criterion

Suggest RD configuration for
present requirement

Study RD variants

Conduct numerical simulation on
other RD variants with
established methodology, material
parameters

Phase-III

Experimentation

Establish suitable manufacturing
methodology and realise RDs

Characterise the material
parameters for the chosen RD
material

Design and realise experimental
setup

Conduct experiments

Validate FE methodology,
Material parameters and
experimental procedures

Figure 1.12: Research methodology adopted in present work
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Phase-1V: Study RD variants and propose RD design for current application

Final phase is covered in two stages. Stage 1: In this stage, numerical simulation is carried
out on another design of RD which is a non-monolithic configuration with the aim of reducing
the burst pressure. The material parameters and variations in disc geometry due to
manufacturing which are validated from previous phase are used for numerical simulations.
Several variants are numerically simulated.

Stage 2: Finally, proposed an RD selection criterion to select the best configuration from
studied variant designs (from Stage 1).

This criterion can be used for comparisons of discs with different geometric configurations
and materials, and choose the best design for the given requirement which is the main
objective of present research.

1.8 Organisation of the thesis
The thesis is organized into eight chapters as schematically shown in Figure 1.13.

Chapter-1 provides an introduction to the thesis research area and discusses the application
of the rupture disc as a cover for the motor container. It also covers the background, type and
various applications of rupture discs, selection criterion available in open literature, failure
mechanisms in rupture discs and a detailed analysis of research gaps, formulated objectives
for the research, and the organization of the thesis.

Chapter-2 presents the material characterization for the constitutive and damage model
parameters which are necessary for the numerical simulation of the response of the rupture
discs. This chapter covers the characterization of Johnson-Cook’s material and damage model
parameters for E250 structural steel which is used for the proposed rupture disc.

Chapter-3 focusses on a flat-scored metallic disc (FSMD). It proposes an FEA (finite element
analysis) methodology to numerically simulate the failure of a flat-scored metallic disc and
validate the results with the experiments available in literature. This chapter also presents
parametric studies conducted to understand the behaviour of the FSMD with respect to
variations in different geometric features. Chapter-4 analyses the behaviour of the domed
scored metallic disc (DSMD) for container. This chapter shows the necessity of domed
geometry of rupture disc and presents the results of parametric studies to understand the
various responses of DSMD with respect to detailed variations in geometric features and
proposes a geometry which is suitable for the present application.

Chapter-5 discusses the hydro-forming manufacturing process required for realization of the
domed metallic disc. This chapter covers the proposed methodology for manufacturing of
forward domed rupture disc i.e. hydroforming for dome formation, numerical simulation of
the dome formation process through a non-linear explicit FEA and prediction of the thickness
variation in rupture disc sheet due to hydroforming.
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Chapter-1
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Chapter-2

Chapter-3

Chapter-5
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Figure 1.13: Overall organisation of thesis chapters
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Chapter-6 details the experiments conducted on both FSMD and DSMD under hydrostatic
and pneumatic loading conditions. This chapter covers the design of the experimental setup
for experimenting with the rupture discs, numerical simulation of the burst pressure and failure
patterns, experimentation procedure, and discussion of experimental results. Chapter-7
provides an approach for developing a practically viable design of a rupture disc suitable for
the container. This chapter covers numerical simulation of non-monolithic rupture disc




configuration and proposes a methodology to select the best disc configuration which is
suitable for the container application. Finally, Chapter-8 presents the conclusions,
contributions, limitations of present research and suggest recommendations for carrying out
further research in this area.

1.9 Summary

The containers are protective vessels for the motors. The bottom cover of this container needs
to withstand the storage pressure and must break away under the instantaneous plume pressure
generated during the initiation of motor. Rupture disc can be used as a bottom cover for motor
container. Rupture discs are the sacrificial devices which are designed to fail at designated
pressure. Literature review has been done to understand the standard practices for selection of
rupture disc in safety applications, behaviour of thin plates subjected to impulsive loading
conditions and crack initiation and propagation in scored and slit discs. This review helped in
understanding existing methods available to simulate the failure of rupture disc. There are
limitations involved in designing and characterising the larger diameter rupture discs suitable
for both storage and failure conditions. Gaps in the existing research are discussed and
research objectives are formulated research methodology followed in present research
presented.
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Chapter - 2

Material Characterization for Constitutive and Damage
Model Parameters

2.1 Introduction

In the present research, structural steel of two different grades is considered. In the initial part
of research, numerical simulation methodology is established with the help of the
experimental results of S235JR structural steel, and the details are explained in Chapter 3.
However, for the later part, the experimentation in the present research is carried out with
E250 structural steel which is an equivalent steel available in the Indian market. This chapter
focuses on material characterization of E250 structural steel.

Structural steel with E250 grade is a work-horse material used in several engineering
applications due to its low cost and manufacturability through several methods. Typically, it
is used as blast discs, explosion vents, structural construction, etc. These structures and
components are subjected to loadings at different loading rates ranging from quasi-static to
high strain rates caused by different sources of events such as impact, blast, explosion, etc.
Material behavior under extreme dynamic events is much different from the behavior under
static loading conditions. The material undergoes large deformation, strain hardening, strain
rate hardening, thermal softening and, eventually, leading to damage initiation and failure.

The behavior of this material under such extreme loadings can be numerically simulated using
non-linear explicit finite element analyses (FEA) based on Lagrangean, Eulerian, arbitrary
Lagrangean-Eulerian, or meshless methods along with appropriate models to capture the
material’s constitutive (i.€. strength) and damage behavior. Literature review has been carried-
out to find the material and damage models suitable to simulate the deformation and failure
behavior of RDs subjected to impulsive pressure loads and readily available in commercial
FEA software are given in Table 2.1

Of several material and damage models available in the literature, the strength and damage
models of Johnson-Cook (J-C) are quite popular [43-45]. Although J-C models are one of the
oldest and fairly accurate models, they are increasingly finding their applications in impact
simulations due to their several advantages. The primary advantage is that the material
behaviours or effects can be isolated independently, and appropriate material and damage
model parameters can be determined from simple experiments. However, the number of
experiments and their conditions depend on the level of accuracy and scope required. Several
researchers have attempted to determine the strength and damage model parameters of J-C for
different engineering materials through various experimental techniques. Few have resorted
to obtaining these parameters through several numerical iterations, starting with approximate
values until their intended responses match with benchmark experiments.
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Table 2.1: Applicable material and damage models available in commercial FEA software

[43,51]
Large High High
Model strain | strain rate | temperature | Remarks
(¢) () (T)
Material model
Plastic-Kinematic hardening Yes Yes No
Thermo-Elastic plastic Yes No Yes
Power-law isotropic plasticity Yes Yes No
Johnson-Cook material model Yes Yes Yes
Zerilli-Armstrong material model Yes Yes Yes
Modified Zerilli-Armstrong material Yes Yes Yes Depen_dent
model on lattice
: i i structure
Comb_lned J-C Zerilli-Armstrong Yes Yes Yes
material model
Steinberg-Guinan material model Yes Yes Yes é>10°
Damage model
Hancock and Mackenzie fracture strain
- No No
model
Jonson-Cook failure model - Yes Yes

Researchers have attempted to determine either few or all (A, B, n, C, and m) material
parameters of the J-C strength model and (Ds...Ds) damage parameters of the J-C damage
model for different engineering materials through various experimental techniques such as
uniaxial tensile experiments, Split Hopkinson Pressure Bar (SHPB) experiments, etc.,
conducted at different strain rates and temperatures. Vedantam et al. [46] attempted for Mild
steel and DP590 steel; Xu et al. [47] for 603 Armour steel; Banerjee et al. [48] for Armour
steel; Farahani et al. [49] for Inconel-718; Murugesan et al. [50] for AISI-1045; Majzoobi et
al. [51] for an unspecified engineering material; and Bal et al. [52] for Aluminium alloy 7068
—T651. Few have obtained these parameters through several numerical iterations, starting with
approximate values until their intended responses match with benchmark experiments.

Vedantam et al. [46] obtained the J-C strength model constants (except temperature dependent
parameter, m) of mild steel and DP590 steel using uniaxial tensile experiments at a strain rate
of 0.001 /s and SHPB experiments at strain rates of 267 /s, 800 /s, and 1800 /s and concluded
that mild steel having lower yield strength exhibited higher strain rate sensitivity than DP590
steel having higher yield strength. Xu et al. [47] investigated the plastic behavior of 603
Armour steel (a low-alloy medium carbon steel heat treated to produce a tempered martensitic
microstructure) through quasi-static uniaxial compression tests at strain rates ranging from
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0.001/s to 0.1/s and dynamic compression tests using SHPB at strain rates 200/s, 2000/s and
4500/s at temperatures ranging from 15°C to 600°C. The evaluated J-C strength model
parameters are assessed by comparing the predicted results with strain rate jump test
experiments of a separate specimen and shown that the error in prediction of flow stress by
the J-C model is 16.6% in quasi-static condition and 13% in dynamic condition for this steel.
Banerjee et al. [48] attempted to determine all the J-C strength and damage model parameters
of the Armour steel through uniaxial tension tests at various strain rates between 0.0001/s to
150/s and temperatures ranging from room temperature to 500°C. They also validated their
determined J-C model parameters by comparing numerical simulations with Charpy impact
test.

Farahani et al. [49] determined the J-C plasticity model parameters of Inconel-718 except
strain rate dependent parameters using quasi-static uniaxial tension tests at a strain rate of 0.1/s
and at temperatures of 400°C, 475°C, 550°C, and 625°C. Since the strain rate dependent
parameter was required at strain rate more than 10%s for their intended application, they
determined this parameter iteratively through trail-and-error method by comparing the crater
produced by indentation of steel ball in an impact experiment with the numerical simulation.
Murugesan et al. [50] extracted the J-C strength and damage model parameters of AISI-1045
medium carbon steel by several isothermal hot uniaxial tensile tests at strain rates varying
from 0.05/s to 0.1/s and at temperatures ranging from 650°C to 950°C. They also proposed a
non-linear algorithm to optimize the extracted parameters and to minimize the error between
predicted and experimental flow stress.

Majzoobi et al. [51] determined the J-C’s material and damage model constants (except
temperature dependent parameters) of an unspecified engineering material. They performed
limited experiments and determined the strain rate-independent material model parameters
from the quasi-static experiment of a regular specimen and strain rate-independent damage
parameters through numerical iterations. They finalised the model parameters by matching
the experimental damage profile with FEA simulations of a notched specimen using an
optimisation technique. They also adopted a similar optimisation approach for determining
the strain rate dependent strength and damage parameters of J-C models from the experimental
results of flying wedge high rate testing device and validated the extracted model parameters
through FEA simulations of fractured specimens and comparison with experiments. Bal et al.
[52] determined the J-C material parameters of Aluminium alloy 7068 —T651 by conducting
experiments using uniaxial tests at quasi-static strain rate, Gleeble tests at temperatures up to
300°C and strain rates up to 100/s and SHPB tests at higher strain rates. They proposed three
different sets of values for J-C model parameters for different applications with maximum,
average and minimum plastic strains.

Although structural steel (E250 grade) is used in several engineering applications which
involve different loadings ranging from quasi-static to high strain rates, the J-C strength and
damage model parameters needed for its numerical simulation are not available in literature.
In this Chapter, the processes and procedures involved in determining 10 different strength
and damage parameters of J-C model for E250 structural steel through several experiments
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involving tensile tests at different temperatures (30 °C to 800 °C), strain rates (0.0003 /s) to
1.0 /s) and stress triaxialities (0.33 to 0.95) and SHPB experiments (at 3000 /s and 8000 /s).
A different approach is proposed here to determine the critical fracture strain and J-C damage
parameters which facilitates the adoption of the determined damage parameters in any
commercial available non-linear explicit FEA code. The determined model parameters are
validated by numerically simulating 1) a tensile experiment of a plain specimen, ii) a separate
tensile experiment of a notched specimen, and iii) a hydrostatic experiment of a flat scored
metallic disc.

2.2 Evaluation of J-C material model constants

The material’s constitutive behaviour is modeled with Johnson-Cook strength model, and its
failure with Johnson-Cook damage model. These two models define the material’s visco-
plasticity and damage behavior during loading in numerical simulation.

2.2.1 Johnson-Cook strength model

The dynamic flow stress-plastic strain relationship for metallic materials undergoing plastic
deformation is best described by Johnson-Cook constitutive relation [43, 44] which is given
as

0= [A+Be"][1+C Iné*][1-T™] (2.1)

where o is the von-Mises flow stress, ¢ is the equivalent plastic strain, &* = &/&, is the
dimensionless normalised plastic strain rate considering the reference strain rate &,, ¢ is the
strain rate, and T" = (T — T)/(T, — Ty) is the homologous temperature of the material. A
is the yield strength of the material, B is the strain hardening coefficient, n is the strain
hardening exponent, C is the strain rate coefficient, m is the thermal softening parameter, To
is the reference temperature, and Tm is the melting temperature of the material. The first,
second and third terms in Eq. (2.1) respectively capture the large strain, strain rate and thermal
softening effects during loading.

2.2.2 Johnson-Cook damage model

The Johnson-Cook damage model is based on the fracture strain of the metallic material and
depends on stress triaxiality, strain rate and temperature [43, 45]. The initiation of damage in
the material element is defined by

where Ae is the incremental plastic strain during the integration cycle and &, is the fracture
strain which is given by the equation

& = [D1 + D2 exp (DgO'*)][l + D4_ In 8*][1 + D5 T*] (23)
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where ¢* = g, /7 is the dimensionless pressure i.e. stress ratio, a,, is the mean stress, @ is the
von-Mises equivalent stress, and D .... D5 are the damage constants for the material which
can be determined from experiments. This model assumes that the fracture suddenly occurs
when D; =1. However, material strength degrades after certain critical strain due to the
development of internal cracks, which is further explained in the next section.

2.2.3 Implementation of damage evolution

A typical stress-strain response of metals under uniaxial loading conditions is shown in Figure
2.1. Curve a-b represents the linear elastic phase, and curve b-c represents the strain hardening
(including yielding, if any) phase, where point c represents the onset of damage beyond which
the load carrying capacity of the material decreases due to the development of macro cracks.
Curve c-d represents material behaviour with damage evolution. In the absence of damage
evolution, stress-strain response follows curve c-d’. At point ¢, oo and g, are the stress and
equivalent plastic strain at the onset of damage where D = 0 and, & is the equivalent plastic
strain at failure where damage variable D = 1.

o
A Damage initiation d’_
D;=1;D=0 e TG
Oy [-=- === —oco—Apazzl " Do
Damage

evolution

Complete
material
failure

D=1

Figure 2.1: Implementation of Damage evolution

In damage evolution phase, material strength reduces due to degradation of elastic stiffness of
material and ¢ at any point of loading is governed by scalar damage equation

op = (1 - D)G (2.4)

where o, is stress at the damaged state, D is the damage propagation variable, and @ is the
undamaged stress which is the stress obtained from the Johnson-Cook constitutive relation
givenin Eq. (2.1)

The damage model proposed by Johnson-Cook assumes that damage accumulates in the
material element during plastic straining and that the material fails immediately when damage
reaches a critical value. But material strength degrades with damage and experiments
indicates, the effect of damage on material strength remains zero during the buildup of
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dislocations generating micro cracks [53]. Based on these observations, a unified model for
damage [53] is given by,

o= (1-D)[A+Be"][1+C Iné*][1-T""] (2.5)

where D = 0 for undamaged material and D = 1 for fully fractured material. There exists a
threshold of accumulated plastic strain at which damage starts to evolve [53, 54]. In the present
work, damage initiation is assumed to be starting when the accumulated plastic strain reaches
a critical value, and then the stress-strain relation follows Eq. (2.5) after the initiation of
damage. In the present work, fracture mechanics based damage evolution is followed, which
is explained in detail in Section 2.4.3.

2.3 Experiments
2.3.1 Specimen geometry

E250 Structural steel is a medium carbon steel with minimum yield strength of 250MPa and
its chemical composition obtained from a spectroscopic analysis is given in Table 2.2.

Table 2.2: Chemical composition of E250 structural steel (% mass)

C Mn Si P S Fe
0.2-0.23 1.5 0.4 0.045 (max) 0.045 (max) Remainder

The specimens are made from 2 mm thick hot rolled sheet by laser cutting operation. Two
batches of specimens are experimented and the results are averaged. First batch of specimens
in experiments are represented by E1 second batch by E2. In total, 16 types of experiments
are conducted on 32 specimens and their list is given in Table 2.3. All tensile experiments at
room temperature are conducted on BiSS make servo hydraulic controlled universal testing
machine with a maximum capacity of 25 kN which is shown in Figure 2.2(a). High
temperature tensile experiments are conducted on INSTRON make electro-mechanically
controlled UTM with an attached furnace having a maximum capacity of 600 KN which is
shown in Figure 2.2(b). All the tensile experiments at room temperature and conducted as per
ASTM-E8 [55] standard and elevated temperature are conducted as per ASTM E21 [56]
SHPB testes are conducted on circular specimens to obtain stress-strain curves at higher strain
rates and the setup is shown in Figure 2.2(c). For SHPB experiments, there is no standard
available and test is conducted as per the guidelines prescribed by testing lab.

All the experiments are broadly classified into four categories viz. 1) tensile experiments at
different strain rates, 2) SHPB experiments at higher strain rates, 3) tensile experiments of
notched specimens, and 4) tensile experiments at different temperatures, to obtain the
Johnson-Cook model parameters as shown in Table 2.3.

In SHPB set-up all the bars are made of D2 tool steel that has a hardness of more than 50 HRC
and have a diameter of 12 mm. The incident bar and transmission bars have a length of 1200
mm. For low and high strain rate experiments striker length was 300 mm and 200 mm,
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respectively. The strain pulses were recorded using foil strain gauges of gauge length 2 mm
through a high-speed amplifier and National Instruments data acquisition system.

(@) UTM for uniaxial tensile tests at room (b) UTM for uniaxial tensile tests at
temperature higher temperatures

Gas gun setup

™ Incident bar

L

Specimen enclosure

_—

Weansmission bar

(c) SHPB setup for experiments at high strain rates
Figure 2.2: Experimental setup for stress-strain behaviour
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Table 2.3: Details of experiments and specimens for determining parameters of Johnson-
Cook material and damage models

J-C Experiment | Specimen Temperature Stress Strain rate
parameter No. (°C) triaxiality (1/s)
E1 — Experiment 1
E2 — Experiment 2
A, B,n Tensile test | 1 (E1,E2) 30 0 =0.33 3x10*
1 (E1,E2) 0=0.33 3x10%
2 (E1,E2) 0=0.33 3x107
3 (E1,E2) c=0.33 3x10%
Ds | Tensile test 30 .
4 (ELE2) 0 =0.33 3x10%
C
5 (E1,E2) c=0.33 4x107
6 (E1,E2) 0=0.33 1x10°
SHPB 7 (EL,E2) - 3x10°
30
8 (E1,E2) - 8x10°
Tensile test | 9 (E1,E2) 0 =0.33 3x10*
(notched | 10 (E1,E2) o =0.49 3x10*
D1, D2, D3 ) 30 N
specimens at | 11 (E1,E2) o =0.70 3x10%
various 6°) | 12 (E1,E2) 5= 0.95 3x10°*
13 (E1,E2) 200 c=0.33 3x10*
14 (E1,E2) 400 0=0.33 3x104
m, Ds Tensile test .
15 (E1,E2) 600 c=0.33 3x10*
16 (E1,E2) 800 0=0.33 3x10%

2.3.2 Tensile experiments at various strain rates

Six types of tensile experiments were conducted on 12 Specimens at room temperature at
strain rates of 0.0003/s, 0.003/s, 0.03/s, 0.3/s, 0.4/s and 1.0/s. Specimen geometry used in
these experiments are shown in Figure 2.3(a) and first batch of specimens after experiments
are shown in Figure 2.3(b).
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112
30

(&) Specimen geometry (b) Tested specimens 1 to 6 (Batch E1)
(thickness = 2.0 mm)

Figure 2.3: Plain specimens for uniaxial tensile experiments at various strain rates at room
temperature

The average true stress-true strain curves obtained from experiments are shown in Figure 2.4.
The material has exhibited strain rate sensitivity as seen in the stress strain curves where its
yield and ultimate tensile strengths increased with increase in strain rate.

500

100

0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0.00 0.05 0.10 0.15 0.20
&

Figure 2.4: Averaged true stress-true strain curves of plain tensile specimens at various
strain rates, obtained from tensile experiments at room temperature
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2.3.3 SHPB experiments at higher strain rates

The basic principle governing the SHPB is that the impact stress waves travelling through the
specimen (i.e. material to be tested) are fast enough that the time interval for propagation is
much smaller than the total time of test. This permits several reflections to occur at the ends
of the tested specimen which reasonably presents a uniform state of stress and strain. This
uniaxial stress state is ensured through the use of a lubricant between the ends of bars and
specimen. Finally, it is assumed that the stresses and velocities in the specimen ends are
transmitted through the input and output bars without any dispersion. Simple expressions for
stress, strain and strain rate in the specimen are obtained by assuming and adopting the same
material and cross sectional area for both input and output bars.

Let co be the fundamental longitudinal velocity of elastic stress wave in the bar and is given
by

co= [ (2.6)

in which E and p are respectively the elastic modulus and density of the material of the bar.
The displacements u: and u; at the left and right ends of the specimen can be written in terms
of the incident &, reflected & and transmitted & strain pulses as

wy = ¢ fy (e — &) dt (2.72)
and
uZ == CO fots gt dt (27b)

where, ts is the time interval for the stress wave propagation through the specimen. Here the
compressive stresses and strains have positive sign. Due to the assumption of uniform state of
stress and strain through the length i.e. thickness of the specimen Ls, the strain in the specimen
&s1s given by

g, = lamte (28)
Substituting Egs. (2.7 a-b) into Eq. (2.8) provides

gy =0 fots(si — & — &) dt. (2.9)

_LS

The forces P1 and P2 acting respectively at the left and right ends of the specimen are given
by

P, =EA; (¢ +¢) (2.10a)

and
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P, = EA, ¢ (2.10b)

where At is the cross sectional area of the incident and transmitter bars. The specimen is in
equilibrium under the action of the above forces, i.e. P1=P>=Pe. So, Eqs (2.10a-b) yields &, =

&; + .. Therefore, the stress, strain and the strain rate acting on the specimen can be obtained
respectively from the following equations.

o, = Z— = Eeti—z (2.11a)
g, = -jsfo [y e dt (2.11b)
=" (2.11c)

where As is the cross sectional area of the specimen.

4
plan
o™ .
(@) Specimen geometry (b) Tested specimens 7 and 8 (Batch E1)

Figure 2.5: Specimens for SHPB experiments at higher strain rates

Thus we can characterize the response of the specimen material under dynamic loads if we
can accurately measure the reflected and transmitted impact waves and by knowing the elastic
modulus, density and cross-section area of the bar; and the cross sectional area and length of
the specimen.

SHPB experiments were conducted on four circular specimens at room temperature and at
strain rates of 3000 /s and 8000 /s. Specimen geometry used in these experiments are shown
in Figure 2.5(a) and specimens after experiments are shown in Figure 2.5(b). The impact
waves are measured with strain gauges, as shown in Figure 2.6(a), by acquiring the strain
signals from the strain gauge mounted on the bars. The inset of Figure 2.6(a) shows the force
balance of the sample i.e. the specimen. Stress acting on the sample-incident bar and sample-
transmission bar interfaces are represented by P; and P,, respectively. The sample is in
equilibrium.
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(@) Typical strain signals obtained from SHPB setup. The inset shows the force balance
of the sample. Stress acting on the sample-incident bar and sample-transmission bar
interfaces are represented by P, and P, respectively.
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(b) Averaged true stress-true strain curves of specimens at higher strain rates

Figure 2.6: Typical strain signals from SHPB setup and true stress-true strain curves
obtained from SHPB experiments
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The averaged true stress-true strain curves obtained from SHPB experiments using Eq. (11a-
c) are shown in Figure 2.6(b). These stress-strain data demonstrated a phenomenal increase in
strength of the material at higher strain rates. True stress-true strain curves at all strain rates
are shown in Figure 2.7.
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Figure 2.7: Averaged true stress-true strain curves of specimens at different strain rates

2.3.4 Tensile experiments of notched specimens

Tensile experiments were conducted on two sets of four notched specimens having various
values of stress triaxiality (¢*). The values of stress triaxialities are found to be 0.33, 0.49, 0.7,
and 0.95. These values are obtained through the FEA simulation of each notched specimen,
and the procedure followed to obtain these values is explained in Section 2.4.2.2. Specimen
geometry of these notched specimens is shown in Figure 2.8(a) and first batch of experimented
specimens in Figure 2.8(b).

Averaged true stress-true strain curves of notched specimens obtained from these experiments
are shown in Figure 2.9. The experimental results exhibited a substantial decrease in failure
strain and a marginal change in ultimate strength when the stress triaxiality is increased from
0.33 to 0.49; and from 0.49 to 0.7, a decrease in failure strain and an increase in ultimate
strength are observed, but after 0.7, the changes in responses are minimal.
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Figure 2.8: Notched specimens at different stress triaxiality (¢”) (at strain rate value =
0.0003 /s)
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Figure 2.9: Averaged true stress-true strain curves of specimens at various ¢ (at strain rate
value = 0.0003 /s)

2.3.5 Tensile experiments at elevated temperatures

Tensile experiments were conducted on two sets of four specimens at elevated temperatures
of 200 °C, 400 °C, 600 °C, and 800 °C, respectively. The geometry of these specimens is
shown in Figure 2.10(a) and the first batch of damaged specimens after the experiments are
shown in Figure 2.10(b).
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Figure 2.10: Specimens for tensile experiments at elevated temperatures (at strain rate value
= 0.0003/s)

The averaged true stress-strain curves obtained from these experiments are shown in Figure
2.11. The results demonstrated an increase in failure strain and reduction in ultimate strength
of the material with increase in temperature.
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Figure 2.11: Averaged true stress-true strain curves of specimens at elevated
temperatures (at strain rate value = 0.0003 /s)

The change in these responses is quite significant when temperature is increased from 400 °C
to 600 °C. At 800 °C, the material behaved plastically with a constant ultimate strength of less
than 40 MPa and failed with less plastic displacement compared to specimens at 600°C.
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2.4  Determination of parameters

Average material properties obtained from tension test conducted at quasi-static strain rate
are, Young’s modulus = 198 GPa; Poisson’s ratio = 0.29; yield strength = 252.3 MPa; ultimate
tensile strength = 418 MPa; and elongation at break = 22%. The Johnson-Cook’s five strength
model parameters (A, B, n, C and m) and five damage model parameters (D1 to Ds) are
extracted from sixteen different types of experiments conducted and discussed in this section.

2.4.1 J-C strength model parameters
2.4.1.1 Determination of A, B, n

The parameters A, B and n in Eq. (2.1) are determined from the tensile experiments conducted
at a strain rate, & = 0.0003 /s and room temperature T = 30 °C. Parameter A is the initial yield
strength and is found as 252.3MPa from the experiment. For determining the strain hardening
co-efficient B and strain hardening exponent n, stress-strain data in the strain hardening region
up to the maximum strength is used. The data from the experiment is considered as a reference
strain rate i.e. €, = 0.0003 /s and reference temperature is taken as To = 30 °C. The temperature
for the experiment was also T = 30 °C. This in turn will lead to ¢* = &/¢;=1and T" = 0.
Substituting these values in Eg. (2.1) yields the second and third terms as 1 and results in
following expression.

(0 —A) =B(e)" (2.12)

The strain hardening region from the stress-strain data is plotted as (o - 4) against € as shown
in Figure 2.12. A trend line with power fit to this data gives the values matching the form in
Eq. (2.12) where B = 466.72 MPa and n = 0.5447.
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Figure 2.12: Determination of B and n
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2.4.1.2 Determination of C

Data from experiments conducted at eight different strain rates and at temperature T = 30 °C
which is also considered as a reference temperature Toas given in Table 2.3. This will lead to
T = 0. Substituting this value in Eq. (2.1) yields the third term as 1 and the equation can be
written as

o
(A+Be™)

—1=_Cln(¢") (2.13)

Using Eqg. (2.13), eight data points can be obtained for the left hand side (LHS) term at any
given plastic strain (say 5% or 10%) from stress-strain curves. Considering the reference strain
rate as €, = 0.0003 /s, eight different strain rates & give eight corresponding data points for
the right-hand side (RHS) term of Eq. (2.13). Plot of eight LHS data points against
corresponding RHS data for 5% and 10% plastic strain is shown in Figure 2.13.
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Figure 2.13: Determination of C

Linear fit of these eight data points at 5% and 10% plastic strain gives a value of C as 0.0511.
However, a large error is observed between the actual data points with respect to the linear fit.
In order to minimize this error, C is calculated between given range of strain rates. For strain
rates less than 0.3/s, C is calculated as 0.010, for strain rates 0.3/s > & < 1/s, C is calculated as
0.016 and for strain rates more than 1/s, C is taken as 0.0511.

2.4.1.3 Determination of m

In present work, isothermal heating is considered and load induced adiabatic heating is
neglected to retain the simplistic nature of original J-C work. Thermal softening exponent m
in EqQ. (2.1) can be determined from results of tensile experiments conducted at four different
elevated temperatures as mentioned in Table 2.3 and their stress-strain behaviors are shown
in Figure 2.11. Reference temperature is taken as To = 30 °C and melting temperature as Tm =
1415 °C. These experiments were conducted at a strain rate, &£ = 0.0003 /s and as earlier,
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considering the reference strain rate as €, = 0.0003 /s, the second term in Eq. (2.1) leads to
unity. The Eqg. (2.1) can now be written as

n(1- ) =m In(T") (2.14)

g
(A+Beg™)
Using Eq. (2.14), four data points for LHS and RHS terms can be obtained at four different
temperatures at plastic strains of 5%, 10%, 15% and 20%. The LHS term is plotted against
RHS term at four different temperatures for the considered plastic strains, as shown in Figure
2.14.
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Figure 2.14: Determination of m

The linear trend line fit between these data points at each value of plastic strain gives the value
of m as the slope of these lines. The slopes at four values of plastic strains i.e. 5%, 10%, 15%
and 20%, respectively, resulted in values of m as 0.6515, 0.805, 0.8537 and 0.8597. The
average value of m is found to be 0.79.

2.4.2 J-C damage model parameters

Five different J-C’s damage model parameters D1 to Ds are determined from results of
different tensile experiments. The procedures are detailed in this section.

2.4.2.1 Failure strain from experiments

Failure strain is given by an expression [45, 57]

g =In (j—;) (2.15)

where Ao is the initial cross-sectional area of specimen at gauge length location before
experiment and As is the cross-sectional area after experiment. The failure strain in each
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experiment is obtained by measuring the cross-sectional area of the specimens before and after
the experiments using digital imaging technique and from Eq. (2.15).
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Figure 2.15: Computation of accumulated critical plastic strain

From the normalised average load deflection curve of the plain specimens at reference strain
rate and temperatures shown in Figure 2.15, it can be observed that, at a certain point of
deflection, load gradually reduces when deflection reaches a critical value. After reaching
critical value, a sudden reduction in load can be observed. In present work, this location is
assumed to be the point of change in curvature for the load-displacement curve between
maximum load and failure. This location of the change in curvature (knee point) is found using
the Kneedle algorithm proposed in [58]. This value is 87.5% of the total deflection. The
critical value of accumulated plastic strain is also assumed to be equal to 87.5% of the fracture
strain. In the present work, all the J-C failure parameters are computed by considering the
critical value of plastic strains instead of fracture strains.

2.4.2.2 Determination of stress-triaxiality of notched specimens

FEA simulations are conducted on the notched specimens shown in Figure 2.8(a) using the J-
C constitutive parameters obtained in Section 2.4.1. Curves obtained by plotting mean stress
to von-Mises stress in the centre element at the middle cross-section of the specimens are
shown in Figure 2.16. The slope of these curves remains almost constant within the elastic
stage and continuously increases in the plastic stage. In the present work, the stress triaxiality
of each specimen is obtained by plotting the linear curve fit to this data within the elastic limit
where the distortion of the element is negligible. The values of stress triaxialities are found
to be 0.33, 0.49, 0.7, and 0.95 for the specimens S9, S10, S11 and S12, respectively.
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Figure 2.16: Obtaining stress triaxiality of notched specimens (9 to 12 shown in Figure 2.8)
2.4.2.3 Determination of Dy, D2, and D3

The values of damage model parameters Di, D2, and Ds are determined from tensile
experiments of notched Specimens conducted at a strain rate, £ = 0.0003 /s and at temperature
T =30 °C. Considering the reference strain rate as €, = 0.0003 /s and reference temperature
as To = 30 °C, will lead to & = £/&, = 1 and T" = 0. Substituting these values in Eq. (2.3)
yields the second and third terms as 1 and results in following expression.

& =Dy + D,yePs7) (2.16)

The data of experimental failure strain ¢ of is plotted against the respective stress triaxiality
o™ in Figure 2.17.
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Figure 2.17: Determination of D1, D> and D3

Fitting the curve based on the Eq. (2.16) to these data points by adopting minimization of
errors based on least squares gives values for D1, D2 and Ds.

D1, D2 and D3 are taken as 0.026, 1.223 and -0.683 respectively.
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2.4.2.4 Determination of D4

The value of D4 can be determined from tensile experimental results which were experimented
at six different strain rates at temperature T = 30 °C as given in Table 2.3. Considering the
reference temperature as To= 30 °C, leads to T~ = 0 which in turn results the third term in Eq.
(2.3) to attain a value of 1 and the equation reduces to

Ef _ -
W —-1= D4_ In € (217)
Reference strain rate is considered as &, = 0.0003/s. Using Eq. (2.17), six data points are
obtained for the LHS term from stress-strain curves. Plot of these six LHS data against
corresponding RHS data is shown in Figure 2.18. D4 is taken as the slope of the linear trend
line fit to the data points. Ds is taken as -0.0537.
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Figure 2.18: Determination of D4
2.4.2.5 Determination of D5

The value of Ds is determined from results of tensile experiments at four different elevated

temperatures. Since all these experiments were conducted at the reference strain rate of

0.0003/s itself, the second term in Eq. (2.3) leads to unity and the equation can be written as
Ef _ _ *

D1 70,e0377] 1=DsT (2.18)

Using Eqg. (2.18), four data points for LHS and RHS terms can be obtained at four different

temperatures and are plotted as shown in Figure 2.19. Ds is the value of slope of linear trend
line fit between these data points. Ds and it is taken as 1.517.
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Figure 2.19: Determination of Ds

2.4.3 Damage evolution

In the present work, a different approach is followed to implement damage initiation and
evolution to use the default input parameters available in Abaqus [59-61]. As explained in
Section 2.2, the damage initiates when the accumulated plastic strain in the material reaches
the critical value of plastic strain given by Eq. (2.3) and is shown in Figure 2.1. All the J-C
damage parameters thus computed will define this critical plastic strain at which damage
initiates. Then, the damage evolution is implemented in Abaqus Explicit [61] using the
fracture mechanics-based stress-displacement response proposed by Hillerborg et al. [62]
instead of the stress-strain response in order to reduce mesh dependency due to strain
localisation. Stress in the material element in a damaged state, o) in this phase is defined by
Eq. (2.4) and the value of D is obtained by assuming a linear relationship between uP!, the
effective plastic displacement and damage variable which is given by

pl
D="%; (2.19)
b
where u?l is the plastic displacement at failure. Hillerborg et al. [62] proposed that the crack

is assumed to propagate when stress at the crack tip reaches the tensile strength of the material,
g, and the amount of fracture energy Gy, absorbed per widening the unit crack area is given

by
Gr= [} oy dw (2.20)

where w; is the crack tip opening displacement equivalent to u]’f.l.

It is implemented in Abaqus [59, 61] as,

pl

Gr= "yzf‘f (2.21)

Gt is a material parameter and can be represented by the area under the stress-displacement
curve of the pre-notched specimen. In the present work, the area under the load-displacement
curve of the notched specimen (i.e. Specimen-12(E1 and E2) shown in Figure 2.8(a)) per unit
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cross-sectional area is taken as the fracture energy required for opening unit area of the crack,
which is found to be 224.6 N/mm.

The element will be deleted when D =1, i.e. when plastic displacement in the material reaches
plastic displacement at failure obtained from Eq. (2.21), which is implemented as a default
algorithm in Abaqus explicit FEA code [61].

2.4.4 J-C material and damage parameters
Consolidate list of J-C material and damage parameters are given in Table 2.4.

Table 2.4: Determined parameters of Johnson-Cook strength and damage models

A B n C m
(MPa) (MPa)
J-C strength 2523 466.7 0545 | 0.010 ¢ 0.79
model . . . . (¢ <0.3/s) .
0.016 03/s> ¢<1/s)
0.051 ¢ > 1/9)
J-C damage D1 D2 Ds D4 Ds
model 0.026 1.223 -0.683 -0.054 1.517

2.5 Validation of J-C material and damage model parameters

In order to validate the determined J-C model parameters, three experimental data are
compared with respect to FE simulation results. First one is the average load-deflection curve
of tensile experiments conducted at 1.08 /s strain rate, second one is the load-deflection curve
of a separate notched specimen tensile tested at 0.3 /s strain rate, and the third one is a
comparison of stress-strain curves from the burst test of a flat scored metallic disc. The
experiments are numerically simulated using ABAQUS Explicit [61].

2.5.1 Validation-1: Plain tensile specimen

The tensile experiment of plain specimen at 1.08/s strain rate is considered to validate the
determined J-C model parameters. Specimen geometry and the fractured specimens are shown
in Figure 2.20(a) and 2.20(c). The half model is discretized using 29610 C3D8R eight node
solid brick elements with reduced integration and symmetric boundary condition applied. A
maximum element size of 0.5 mm is adopted after a mesh convergence study. The FEA model
is fixed at one end and a displacement loading of 65 mm/s is applied at the other end and the
simulation is allowed to run until the failure of the specimen. The failed specimen is shown
in Figure 2.20(b).
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Figure 2.20: Comparison of experimental and J-C model predictions for plain tensile
specimen

The specimen failed at the minimum cross-sectional region at the middle. A good agreement
is obtained on the failed pattern between the experiment and simulation. Further, the load-
displacement curves obtained from experiment and simulation are shown in Figure 2.20(d).
The results are in close agreement with each other. The predicted load-displacement response
and failure pattern matching with experimental observations.

2.5.2 Validation-2: Notched tensile specimen

In the next validation, a notched specimen is prepared with a stress triaxiality of 0.49 and is
subjected to a tensile experiment at a strain rate of 0.3 /s. Specimen geometry and the fractured
specimens are shown in Figure 2.21(a) and 2.21(c). The half model is discretized using 29490
C3D8R eight node solid brick elements with reduced integration and symmetric boundary
condition applied. A maximum element size of 0.5 mm is adopted after a mesh convergence
study. The FEA model is fixed at one end and a displacement loading of 10 mm/s is applied
at the other end and the simulation is allowed to run until the failure of the specimen. The
failed specimen is shown in Figure 2.21(b).
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Figure 2.21: Comparison of experimental and J-C model predictions for a notched tensile
specimen

The specimen failed at the minimum cross sectional region in the notched portion. A good
agreement is obtained on the failed pattern between the experiment and simulation. Further,
the load-displacement curves obtained from experiment and simulation are shown in Figure
2.21(d). The results are in close agreement with each other. The load-displacement response
and failure pattern are matching closely with experimental observations.

2.5.3 Validation-3: Hydrostatic burst experiment of FSMD

J-C model parameters are also validated with another experiment of subjecting the flat scored
burst disc (FSMD — F2) to hydraulic pressure until the failure and compared the strains
developed within the disc to FE simulation results at eight locations. The experimentation and
results are discussed in Chapter 6.

2.6  Modification of J-C material model

J-C material model is a constitutive model which is primarily intended for computations.
There are better models available for predicting the behavior of material which are
complicated to characterize or models specific to the given material [44]. Because of its
simplistic nature, this model is applicable for wide range of materials with considerable errors
due to the reasons like not considering the damage accumulation in material model,
assumption of linear fit for C and m values etc. Few researchers have even attempted to modify
the J-C material model based on its comparison with experimental results. Yu et al. [63] for
DP600 steel; Wei et al. [64] for DP1000 steel; Wang et al. [65] for Inconel 718; Zhang et al.
[66] for 7075-T6 aluminium; and Zhong et al. [67] for Weldox600E. But all these
modifications on J-C material model resulted in the coupling of different material responses.

In the present J-C material model, in order to closely fit the value of C with the data points,
three values of C is proposed between strain rate intervals as shown in Figure 2.13. Such
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method requires to select the value of C based on the expected strain rate of the given
experiment. But, it can be directly used with existing FE software.

But to avoid such range selection before simulation, a simple modification is proposed in
accounting the strain rate effect in the conventional J-C model, and it also offers easiness in
calibrating the material model. The modified model retains the original flexibility brought out
by J-C in determining the material parameters by isolating different material effects and can
be implemented with the help of user sub-routine.

2.6.1 Modification of strain rate effect in J-C material model

A different approach is followed so that the value of C varies during the simulation which is
suitable for user defined material model as shown in Figure 2.22. While finding the fit between
data points to obtain the value of C, it is observed that the value of C is not constant as expected
in the conventional J-C model. It varies exponentially with strain rate. So, in the presently
proposed (or modified) J-C model, the conventional J-C model in Eq. (2.1) is modified to
include the exponential variation of strain rate given as

o =[A+Be,"|[1+ Ce%|[1—T*™] (2.22)

where Cy and C; are strain rate parameters that are determined by the exponential fit between
the data points in Figure 2.13. The value of C; = 0.0175 and C> = 0.249. This change in the
strain rate term still retains the advantage of isolating the strain rate effect in the modified J-
C model for easy determination of strain rate-dependent material parameters.

B =5% A g=10% o £=15%

1.3 §
i 11 0.249 L}A
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e 0.7 P
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Figure 2.22: Determination of C1 and C; from the proposed method
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Figure 2.23: Comparison of experimental and J-C prediction at various strain rates
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2.6.2 Comparison of predicted and experimental stress-strain response

The data from experimental stress-strain curves at eight different strain rates are compared
with the conventional J-C model in Eqg. (2.1) and the proposed J-C model in Eq. (2.22) as
shown in Figure 2.23.

The comparison is made only up to the ultimate strength i.e. up to the strain hardening phase.
It can be observed that, at a lower strain rate of 0.0003 /s, both the conventional and proposed
J-C strength models are closely predicting the stress-strain behavior. However, as the strain
rate increases, a considerable error is observed between the experimental data and the
conventional J-C model whereas the proposed J-C model is able to closely predict the
constitutive behavior at all strain rates. A similar modifications can be attempted to further
improve other parameters in both J-C material and damage models.

2.7 Summary

Johnson-Cook strength and damage models are very popular in numerically simulating the
large deformation, strain and strain rate hardening, thermal softening, and initiation of damage
in ductile materials undergoing loadings at low to high strain rates. This Chapter has presented
the procedural determination of 10 different Johnson-Cook’s strength and damage model
parameters for E250 structural steel. The parameters have been determined from the results
of 16 types of experiments conducted at various strain rates (0.0003/s to 8000/s), stress
triaxialities (0.33 to 0.95) and temperatures (30°C to 800°C). Three values of the strain
hardening coefficient are proposed for various ranges of strain rates. Determined J-C’s
strength and damage model parameters have been employed in numerically simulating a
separate notched tensile specimen and failure of FSMD under hydrostatic loading. The stress-
strain response and failure pattern obtained from both simulation and experiments agreed very
well, thereby validating the determined J-C model parameters. The methodology has been
explained step-by-step, which can be followed for determining the J-C model parameters of
any ductile material. A modification in the strain rate effect in the conventional J-C model is
proposed by introducing an exponential variation in the strain rate term with only two
parameters C1 and C,. The proposed J-C model still retains the basic advantage of the
conventional J-C model in isolating material effects for ease of calibration and offers potential
flexibility to be adopted for other materials as well.
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Chapter - 3

Flat Scored Metallic Disc
-Numerical Simulation and Experimental Validation

3.1 Introduction

Flat thin metallic discs are commonly used in low-pressure applications like pressure relief
valves. Their burst pressures are not always constant or repeatable due to the absence of
predefined scores or notches. Therefore, thin flat scored metallic discs (FSMDs) are always
preferred to (a) to reduce the burst pressure, (b) induce stress-triaxiality and initiate the failure
in a preferred pattern along the scores, (c) provide a nearly constant burst pressure and (d) in
making the disc from a thicker sheet to facilitate manufacturing [2]. Flat plates without scores
undergo large inelastic deformation and rupture under higher loading rates and have been
studied extensively under air blast and explosive loadings [21-35]. The behaviour of flat disc
changes with the inclusion of scores and their effect is studied in this Chapter.

A flat scored metallic disc (FSMD) where scores featured on one side is shown in Figure
3.1(a), and FSMD in the application is shown in Figure 3.1(b).
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(@) Flat scored metallic disc (FSMD)  (b) FSMD in conditional burst application
Figure 3.1: Flat metallic disc with scores

Scores

The design guidelines and extensive studies on the failure of FSMD are unavailable in the
literature. The response of this thin FSMD is influenced by its several geometric parameters
and loading rate.

3.2 Simulation methodology and validation with experiment
3.2.1 Geometry

To establish the FEA methodology, the experimental work by Colombo et al. [42] on an
FSMD is taken as the benchmark. This rupture disc is of 696 mm outer diameter with 2 mm
thickness, as shown in Figure 3.2(a), and is made of structural steel. The fluid exposed area,
i.e., the pressure loading, is within a diameter of 481 mm. Two scores, i.e. grooves, are milled
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on one side of the disc in a cross configuration. The scores are 5 mm in width and 0.80 mm in
depth and are located at 90° to each other, as seen in Figure 3.2(b).

V]
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L

a) Geometry of flat SMD b) Score geometry c) Strain gauge locations
Figure 3.2: Experimental disc [42] geometry

3.2.2 Experimental setup

The experimental setup from Colombo et al. [42] is shown in Figure 3.3, where the disc is
placed in a chamber and subjected to a quasi-static pressure loading on the plain side (i.e.
opposite to the scored side) of the disc within 481 mm diameter which is equal to the inlet
pipe diameter. The pressure inside the chamber and strain gauge readings were monitored
during pressurization. Two strain gauges, SG1 and SG2, were bonded on the scored side of
the disc and away from the location of the score, as seen in Figure 3.2(c), where SG1 is aligned
with the x-axis and SG2 along the y-axis. Results from two strain gauges are taken to compare
and validate the present FEA simulation.

3.2.3 Material and damage models

The experimented metallic disc is made of S235 JR structural steel and its mechanical
properties are provided in Table 3.1. The material’s constitutive behaviour is modelled with
Johnson-Cook’s (JC) strength model [44] and its damage and failure with the Johnson-Cook
damage model [45]. In the numerical simulation, these two models define the material’s visco-
plasticity and damage behaviour during loading. These two models can capture the plasticity
and damage in FSMD at low to high loading rates. The hydrostatic stress component of
loading and the associated pressure-volume relationship is captured through a linear equation
of state. The material parameters of the Johnson-Cook constitutive model are taken from
Zhong et al. [68] for S235 JR structural steel. The damage parameters for the S235 JR
structural steel are unavailable in the literature. The damage parameters adopted in numerical
simulations are finalised based on several numerical iterations with the initial values taken
from Banerjee et al. [48]. All material and damage parameters are defined at a reference strain
rate of &, = 1e /s. Damage evolution is defined by displacement at failure, which is taken as
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0.0005, i.e. instantaneous failure occurs once failure strain reaches the damage initiation
criterion from the J-C damage criterion.
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I ] ( ] [
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Pressurised chamber

Figure 3.3: Experimental setup for a flat SMD [42]

Table 3.1: Elastic and material constants in JC material and damage models

E M p

Elastic parameters (MPa) (kg/m?®)

210000 0.3 7850
J-C material model A B n C m
(Initial values are taken from (MPa) (MPa)
Zhong et al.[68]) 252 520 0.638 | 0.046 | 1.0
J-C damage model D: D2 D3 D4 Ds
(Initial values are taken from
Banerjee et al.[48]) 0.05 0.8 0.44 -0.042 0

3.2.4 FEA simulation

The ABAQUS/EXxplicit [61] was adopted for creating the numerical model of the FSMD, as
shown in Figure 3.4 and its FEA simulation. Automatic time increment was adopted. The
model was discretised with 583708 elements using the C3D8R element, an eight-node brick
element with reduced integration and hourglass control. All three degrees of freedom of nodes
in the annular area of the disc between diameters 696 mm and 481 mm were fully constrained,
as shown in Figure 3.4(b). A uniformly distributed pressure load was applied on the plain
unscored side of the disc. Since the experiment was carried out at a quasi-static loading rate
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of 0.0132 MPa/s to reach a burst pressure of the disc, i.e., P, = 1.15 MPa, it took about 87.1
seconds to burst and rupture during experimentation. This experimental loading rate was too
small for an explicit solver and needed to be accelerated in simulation to obtain an economic
computation. Therefore, the approach provided by Baker et al. [69] for the shock response of
a blast-loaded elastic oscillator was used to calculate the value of the loading rate for the
simulation, wherein for a quasi-static loading regime, the ratio of loading duration tq with
respect to the natural time period (1/wn) is given as

The modal analysis of the thin FSMD shown in Figure 3.2 (a) resulted in the fundamental
natural frequency wn as 82.29 Hz. Therefore, Eq. (3.1) results in ts = 0.486 s. Considering the
experimentally achieved maximum Py, of 1.15 MPa and the calculated tq, the rate of loading
rate was determined as 2.37 MPa/s and was adopted in the present numerical simulation.

(a) FE model

0481

\ 4 Y Y A A 4 A\ 4 A 4 \ 4 A 4 A
v v
A -~

o Scored side
u=u=u=>0

(b) Loads and boundary conditions
Figure 3.4: The simulation model of flat disc

Mesh convergence studies were carried out to find the optimum number of elements through
the thickness of the rupture disc. The number of elements through the thickness was increased
in each iteration by keeping the same aspect ratio of elements in each model, i.e., the models
were simulated with three, four, and six elements through the plate thickness. Burst pressure,
burst time, central deflection, and maximum strain developed at the centre of the disc before
the burst were studied during the mesh convergence analyses. The model with four elements
through the plate thickness, i.e., 0.5 mm of element size, gave an economical and converged
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solution, which was considered for comparison and validation of FEA simulation with
experimental results.

3.2.5 Results of numerical simulation

The deformation pattern, applied pressure P, equivalent stress oeq, and equivalent strain geq at
different time instances, as viewed from scored side of the disc during loading, are shown in
Figure 3.5. At this small loading rate of 2.37 MPa/s, it is observed that the strain is
concentrated along the score at the central region of the disc, as seen in Figure 3.5(b).

P =0.1 MPa; 0,4[max;=328 MPa; P=0.5 MPQ; 0¢qmax)=480 MPg;
geq[max]=0-005 €eq[max]™ 0.06
(@) Att =43 ms (b) Att=216 ms

P=0.98 MPa; 0, [max=921MPa; P=1.13 MP3; 0, [max =967 MPa;
geq[max]=0-46 €eq[max] = 0.64
(c) Att =416 ms (d) Att =478 ms

Figure 3.5: Failure initiation and propagation

55



Since Lagrangean approach is followed for numerical simulations, pressure continuous to act
on the remaining petals even after initian of failure. So, burst pressure during FEA simulations
is taken as the pressure at first element deletion. The first element deleted i.e. failure is initiated
at the score location away from the centre of the disc at P = 0.98 MPa, as seen in Figure 3.5(c)
and this pressure at which the first element deleted is considered as the burst pressure. This
failure is initiated when the accumulated plastic strain eeq reaches the fracture strain & as per
the adopted JC’s damage model, Eq. (2.3). The failure is subsequently propagated towards the
centre of the disc upon further loading, as observed in Figure 3.5(d).

3.2.6 Experimental Validation of simulation results

A comparison of Py and the failure pattern between the present simulation and experiments
[42] is shown in Figure 3.6, where the predicted Py is 0.98 MPa as against the experimentally
reported average burst pressure of 1.01 MPa. The predicted Py and the failure pattern after the
burst, as seen from the disc’s scored and unscored sides, matched reasonably well with the
experimental results.

Pp =0.98 MPa Pp=1.01 MPa
(a) Present simulation (b) Experiment [42]

Figure 3.6: Comparison of deformed pattern, burst pressure and burst time between
present simulation and experiment

Normal strains are monitored at the two strain gauge locations, SG1 and SG2, as shown in
Figure 3.2(c), where experimental results are reported. The predicted strains are compared
with the experimental strain values, and they are shown in Figure 3.7(a-b). Although three
discs were experimented with [42], the results of strains at the SG1 location in experiment-2
are only available. The predicted strain profile matches very closely with that of the
experiment, as seen in Figure 3.7(a). The strain results at SG2, the location from three
experiments, gave three different profiles with respect to the applied pressure, as the bonded
strain gauge SG2 would have experienced strain even after the initial burst during subsequent
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deformation of the separated petals. The predicted strain at SG2 lies between the three
experimental results, as seen in Figure 3.7(b).

Even though closeness in trends is observed in the developed strains in the experiment and
simulation at both strain gauge locations, the strain at SG1 location continued to increase even
after the initiation of failure and the strain at SG2 location stopped to increase after failure.
This could be due to the stretching phenomenon happening only in the radial direction after
petal separation. While comparing the experimental results with the simulation, a difference
in peak strain of less than 8% is observed between experiment and simulation at both strain
gauge locations at the instant of failure and a difference of 3% in burst pressure is observed.
Since the data from the strain gauges might be influenced by burst phenomenon, stresses and
strains at the instant of burst are not considered for comparison.

Thus, the agreement of failure pattern, burst pressure, and strain profiles between the present
simulation and experiment validate the adopted FEA simulation.
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(a) Location-1 at SG-1 (45° from horizontal- (b) Location-2 at SG-2 (135° from
left score) horizontal-left score)

Figure 3.7: Comparison of strains between present simulation and experiments [42] at
locations mentioned in Figure 3.2(c)

3.3 Studies on FSMD

Based on the validated numerical approach, the deformation and failure behaviour of the thin
FSMD is investigated elaborately subjected to the following two loading conditions.

e Constant internal pressure 0.02 MPa or maximum static operating pressure (MSOP)

e Sudden impulsive pressure during the motor’s initiation, approximated as 500
MPa/s.

3.3.1 Geometry for FEA

The geometry considered for the FEA of the flat disc is shown in Figure 3.8(a), and the score
geometry is shown in Figure 3.8(b). It has an outer diameter of 800 mm and an opening
diameter, D, of 720 mm on which pressure is acting. It has a sheet thickness, t of 2 mm. It is
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provided with scores in ‘+’ configuration as shown in Figure 3.8(a) on one side of the disc,
with each score having a width, b, of 5 mm and depth, t;, of 0.8 mm. A score length of 350
mm is maintained.

, 0800 |
20| @720 (D) |
| ‘ |

—

0.8 (7))
3
| S(b)‘
— e
(a) Disc geometry (b) Score geometry

Figure 3.8: Geometry of flat metallic disc with scores

The FEA methodology adopted for the simulation of flat SMD discussed in previous sections
is adopted here in modelling the geometry and material for FEA simulation. The geometry is
discretised with 8-node C3D8R brick elements. Four elements are maintained through the
thickness of the flat disc. A total of 1036618 elements are generated using the swept meshing
technique. Scores are provided on one side of the disc and fluid pressure is applied on another
side of the disc.

3.3.2 FSMD under constant internal pressure

The loading and boundary conditions are shown in Figure 3.9. All displacement degrees of
freedom are constrained at all nodes in the flat portion of the disc between the diameters 720
and 800 mm. These two diameters respectively correspond to the typical outer and inner
diameters of the motor container. A pressure load of 0.02 MPa is applied on the non-scored
surface of the disc.
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Figure 3.9: Loads and boundary conditions for FSMD

3.3.2.1 FEA and results

Static structural analysis is conducted using ABAQUS/CAE [59, 60] on FSMD and results
are shown in Figure 3.10 where the deformed pattern is shown in Figure 3.10(a) and the von-
Mises stresses along the score and at 45° to the score are shown in Figure 3.10(b).

300
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(a) Deformed pattern (b) Equivalent stress (r = 0 is at the disc centre)

Figure 3.10: Deformation and stresses in flat metallic disc under uniform pressure loading

The maximum static operating pressure (MSOP) of the flat disc is 0.0095 MPa, at which the
maximum stress developed is equal to the yield strength of S235JR steel. The maximum stress
developed along the radius at 45° from the score is about 250 MPa near the centre of the disc.

3.3.3 FSMD under impulsive loading

The pressure loading rate on the scored metallic disc can reach as maximum as 500 MPa/s
due to the instantaneous release of propulsion energy during the initiation of the motor.
Therefore, the non-linear explicit dynamic analysis using ABAQUS/Explicit code [61]. The
material and damage model, as adopted in the previous section, is adopted here.

3.3.3.1 Effect of loading rate

Flat scored metallic disc was subjected to five different loading rates, such as 2.5, 10, 50, 250
and 500 MPa/s, in order to understand the effect of the increase in the loading rate on the
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failure behaviour of the disc. Different responses in the scored disc, such as oeq, e, and
equivalent strain rate € at the centre of the disc in the score location with the increase in applied
P, are shown in Figure 3.11(a-c). The reaction force, F at the fixed boundary with respect to
the central deflection is shown in Figure 3.11(d), and the summary of all responses is shown
with respect to the applied pressure loading rate in Figure 3.11(e). It is observed that oeq
increases with applied P, and its variation is almost the same irrespective of the loading rates
except for the maximum higher loading rate of 500 MPa/s. On the other hand, the &eq increase
is similar to that of the oeq With the applied pressure. Still, its variation is almost the same for
the loading rates of 50, 100 and 250 MPa/s except for the two extreme loading rates, i.e. 2.5
and 500 MPa/s which differ from the intermediate loading rates as seen in Figure 3.11(b).

The equivalent strain rate increases with the applied loading rate P, which is higher for higher
loading rates. More fluctuations are observed in & through the course of loading due to the
large instantaneous deformation experienced at the central element of the disc at the score
location, as seen in Figure 3.11(c). The reaction force, F experienced at the fixed boundary
increases with the increase in wmax for all loading rates, but the maximum force is almost the
same for all loading rates except the lowest loading rate, as seen in Figure 3.11(d).

All responses are shown in Figure 3.11(e). The Py and wmax exhibit an increase and t, decrease
when the loading rate increases from 2.5 to 100 MPa/s. Beyond 100 MPa/s, these responses
exhibit significantly less sensitivity to loading rates and remain almost constant. On the other
hand, &,,4, increases steeply with the increase in loading rate up to 50 MPa/s. Afterwards, it
almost remained insensitive to the loading rates from 50 to 100 MPa/s, beyond which it
decreases gradually with the increase in loading rate. Unlike other responses, &4, increases
almost linearly with the increase in loading rate because of the increase in displacement rate
of the damaged element.

One peculiar observation is appreciable regarding the location of failure initiation with respect
to the loading rates, as shown in Figure 3.12. When the loading rate varies from 2.5 to 25
MPa/s, the failure is initiated in the score location between 48 and 67 mm (i.e. at r = 0.2R-
0.28R) away from the centre. For loading rates > 50.0 MPa/s, the failure initiation occurs at
the centre of the disc (r = 0) at the score location and is insensitive to the higher loading rates.
This is because of the formation of plastic hinges along scores at locations away from the plate
centre under low loading rates and the corresponding increase in strain localisation. At high
loading rates, more than 50 MPa/s, this phenomenon could not happen anywhere along the
score except at the centre of the plate.
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61



0.3

—=—Failure Initiation point

/R

PR W T TR T T N O T T N T TN T T [N T T S 1

0 100 200 300 400 500
P (MPa/s)
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3.3.3.2 Influence of geometrical features on the behavior of flat SMD

The geometrical features in the FSMD significantly influence the deformation, failure and
rupture behaviour when exposed to a given loading rate caused by fluid pressure. The
influencing geometrical features can be i) diameter-to-plate (i.e. disc) thickness (D/t) ratio, ii)
score depth-to-plate thickness (ti/t) ratio, iii) score width-to-plate thickness (b/t) ratio, iv)
score length-to-disc radius (I/R) ratio, v) score pattern, i.e. the number of scores (N), and vi)
score geometry. Numerical studies are conducted to investigate the effect of these geometrical
features on the characteristics of FSMD under a pressure loading rate of 500 MPa/s. Only one
geometrical feature to be investigated varies in these sensitivity studies while maintaining the
other features constant. Consolidated list of various responses Viz. Py, th, Wmax, Emax aNd Emnax
at the centre (i.e. at the intersection of scores) taken at the time of burst are presented in Table
3.2'to Table 3.7.

Diameter-to-plate thickness (D/t) ratio

The effect of the disc’s diameter-to-plate thickness, i.e. D/t ratio, is investigated by varying
the diameter of the disc from 50 mm to 1000 mm by keeping the plate thickness at t = 2 mm.
This variation of the disc’s diameter provides D/t = 25 to 500. The complete behaviour of the
flat SMD extracted from simulations is shown in Figure 3.13(a-€).

The equivalent stress, i.e. von-Mises stress oeq, equivalent plastic strain eeq, and plastic strain
rate € at the disc centre in score location with an increase in applied pressure, are shown in
Figure 3.13(a-c). It is observed that both geq and eeq increase with the increase in the disc’s D/t
ratio. Their maximum values remained almost the same for D/t > 200, but their rate of increase
with applied pressure gradually increased and is significant beyond D/t > 300. On the other
hand, their rate of rise is very shallow for D/t <100, as seen in Figure 3.13(b). The plastic
strain rate increases with the increase in the D/t ratio from 100 to 500, as observed in Figure
3.13(c). Its increase with an increase in applied pressure varies from very shallow to
significantly steep with an increase in the D/t ratio.
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The summary of all responses such as Pp, th, Wmax, Emax aNd €nqy With an increase in the D/t
ratio is shown in Figure 3.13(e) and is also given in Table 3.2. It can be observed that both Py
and t, decrease exponentially with an increase in D/t up to 250, and afterwards, their variations
are very marginal. Variation of &,,,, Is bilinear with a shallow increase for D/t up to 250,
followed by a steep increase thereafter. This is because of a considerable reduction in the plate
stiffness beyond 500 mm diameter, accompanied by a large displacement of the damaged
element. The &,,,, exhibits less sensitivity to variation in D/t and remains almost insensitive
for D/t <50 and decreases from 0.44 to 0.30 for 25 < D/t < 500. With the increase in D/t from
25-50, maximum mid-deflection increases almost linearly from 10 mm to 65 mm due to a
consistent decrease in plate stiffness.

Table 3.2: Influence of D/t on the response of FSMD

D/t
25 50 125 250 375 500
P» (MPa) 477 | 183 5.3 2.2 105 | 115
th (Ms) 954 | 366 | 10.6 4.4 2.1 23
Wiax (Mm) 105 | 149 | 253 | 401 | 527 | 65.2
Ema 043 | 045 | 038 | 033 | 031 | 031
Emax (15) 9 25 39 01 318 519

Score’s depth-to-plate thickness (ti/t) ratio

The effect of score depth t1 is analysed by varying the score’s depth from 0.6 mm to 1.2 mm
in steps of 0.2 mm by keeping constant values for the plate thickness t =2 mm and the score’s
width b = 5 mm. This variation of the score’s depth provides a depth-to-plate thickness ratio
of t1/t = 0.1 to 0.7 in steps of 0.1. The complete behaviour of the flat SMD extracted from
simulations is shown in Figure 3.14(a-e).

It is observed that both geq and eeq decrease with an increase in the scores’ t1/t ratio, as shown
in Figure 3.14(a-b). The & increases with the increase in the ti/t ratio, as observed in Figure
3.14(c). It exhibits more oscillations at higher score depths due to more localised and
instantaneous deformations occurring in the region.
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Table 3.3: Influence of ti/t on the response of FSMD

tu/t
0 0.3 0.4 05 0.6
Py (MPa) 5.45 2.55 1.0 0.85 0.8
th (MS) 10.9 5.11 2.0 17 1.6
Winax (Mm) 189 83.5 45.9 26.9 22.8
Emax 0.42 0.37 0.26 0.21 0.23
Emax (I5) 52 102 259 345 382

The reaction force at the fixed boundary with respect to the central deflection is shown in
Figure 3.14(d), and it is noticed that both the maximum F and the wmax decrease considerably
with an increase in the ty/t ratio from 0.3 to 0.6. This is caused by the weakening of the score’s
region due to increasing the score’s depth. Further, the stiffness exhibited by the flat SMD for
different tu/t ratios is almost the same until before the burst. The distribution of equivalent
strain around the score just before failure is shown in Figure 3.14(e) and the summary of
maximum values of all responses such as Pp, th, Wmax, Emax aNd €4, With the increase in ti/t
ratio are given in Table 3.3 for ti/t ratios ranging from 0.1 to 0.7. It can be noticed that the
ratio of local strain in score to ligament strain increases with an increase in ti/t up to 0.4 and
afterwards, it decreases and remains unchanged for ti/t > 0.5. The emax at score decreases with
increased ti/t ratios but stabilises and remains constant after ti/t = 0.5. This reveals that the
score weakens the flat SMD and it is significantly influenced for 0.1 <t1/t <0.5 and afterwards,
this influence is unnoticeable.

Score’s width-to-plate thickness (b/t) ratio

The influence of score’s width b is analysed by varying b from 3.0 mm to 7.0 mm in steps of
1.0 mm by keeping constant values for the plate thickness at t = 2.0 mm and score’s depth at
t1 = 0.8 mm. This variation of the score’s width provides a width-to-plate thickness ratio of
b/t = 1.5, 2.0, 2.5, 3.0 and 3.5. The behaviour of the flat SMD is captured from simulations
and shown in Figure 3.15(a-e).

The variation of oeq, geq and € at the centre of the disc in score location with the increase in
applied pressure is shown in Figure 3.15(a-c). These responses are almost the same
irrespective of any variation in the score’s b/t ratio, except for a slight decrease in the
maximum strain rate with the increase in the b/t ratio before the actual burst, as seen in Figure
3.15(c). A maximum strain rate of around 296 to 423 /s is observed, with a decrease in the b/t
ratio from 3.5 to 1.5.
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The reaction force, F at the fixed boundary with respect to the central deflection Wmax is shown
in Figure 3.15(d) for different b/t ratios of the score. No significant variation is observed
within the values considered for the change in the b/t ratio. Further, the stiffness exhibited by
the flat SMD for different b/t ratios is almost the same until the burst. It can be observed that
all response parameters remain almost constant except for slight variation for any increase in
the b/t ratio from 1.5 to 3.5. Only a small variation of &,,,, is observed with the considered
variation in b/t ratio. This study demonstrates that the score’s b/t ratio does not significantly
influence the important response parameters in the FSMD.

Table 3.4: Influence of b/t on the response of FSMD

bit
1.5 2.0 25 3.0 35
Py (MPa) 1.0 1.0 1.0 1.0 1.0
tp (MS) 2.0 2.0 2.0 2.0 2.0
Winax (Mm) 45.7 45.8 45.9 46.0 46.1
Ema 0.30 0.28 0.26 0.25 0.24
Emax (I5) 423 375 343 314 296

Score length-to-disc radius (I/R) ratio

The effect of the score’s length-to-disc radius (i.e. I/R) ratio is investigated by varying the
score’s length from 36 mm to 360 mm for a constant disc radius of 360 mm to achieve I/R
ratios of 0.1, 0.2, 0.4, 0.5, 0.6, 0.8 and 1.0. Other geometric parameters of the disc and score
are kept constant. The behaviour of the flat SMD for the analysed I/R variations is shown in
Figure 3.16(a-e).

The equivalent stress, equivalent plastic strain, and plastic strain rate at the centre of the disc
in the score location with the increase in applied pressure are shown in Figure 3.16(a-c). It can
be noticed that geq, €eqand & with respect to the applied pressure increase with the increase in
I/R ratios up to 0.4, beyond which the responses are almost the same.

The variation of F at the fixed boundary with respect to wmax at every increment of loading is
shown in Figure 3.16(d) for all values of I/R ratios considered. The initial and subsequent
stiffness of the flat disc is almost the same for all I/R ratios. This implies that the energy
absorbed before the burst is the same in all cases of I/R > 0.4.
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The summary of maximum values of all responses such as Py, th, Wmax, Emar @NA &gy With
the increase in I/R ratio is shown in Figure 3.16(e) and given in Table 3.5. It is seen that Py, ty
and Wmax decrease gradually for I/R up to 0.4, beyond which these responses remain constant.
The &,,4, 1S Very much insensitive to variations in I/R. The &,,,, increases from 0.6 /sto 0.9
/sfor 0.2 < I/R < 0.4, and afterwards, it remains unchanged with any further increase in I/R.
This study reveals that the responses in FSMD are sensitive only to the score’s length, up to
50% of the disc radius. By and large, they are relatively insensitive to any variations in the I/R
ratio.

Table 3.5: Influence of I/R on the response of FSMD

IR
02 | 04 | 05 | 06 | 08 | 1.0
Py (MPa) 11 | 105 | 1.0 | 1.0 | 10 | 1.0
th (MS) 22 | 21 | 20 | 20 | 20 | 20
Winax(mm) 565 | 52 | 458 | 459 | 459 | 459
€ 03 | 031 | 025 | 026 | 026 | 0.27
& (I9) 288 | 326 | 332 | 338 | 345 | 342

Score pattern, i.e. the number of scores (N)

Scores provided in the disc act as stress concentration regions in the FSMD. The introduction
of 2 scores across the diagonal of the disc reduced the burst pressure of the disc. As the number
of scores N is increased further, it has minimal effect on the burst pressure and burst time.
Failure propagation and failure pattern entirely depend on the pressure acting on petals after
the initial burst. However, for this analysis, the pressure is assumed to be acting continuously
on the disc throughout the simulation, causing failure propagation and petal separation. When
N > 4, the failure is observed only along a few scores, which reveals that, as the number of
scores increases, the failure may not be initiated and propagated in all the scores.

The effect of the number of scores on the flat SMD is analysed by varying the number of
scores from 0 to 12, i.e.at N =0, 2, 3, 4, 6, 8, 10 and 12. During this variation, the plate
thickness (t =2 mm), score’s width (b =5 mm), and score’s depth (t1 = 0.8 mm) are maintained
constant. The predicted failure patterns with N ranging from 0 to 12 are shown in Table 3.6
just after the burst.
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Table 3.6 Predicted failure pattern without and with the number of scores in the FSMD

Number
o 0 2 3 4 6 8 10 12

Schematic| | o) | (LY |

Predicted

failure

pattern

Clear petal separation is observed for all FSMD along the scores with N = 3 to 4, and they can
bend freely at the fixed boundary after the petal formation upon the increase in fluid pressure.
For N > 4, the failure is observed only along a few scores, which reveals that, as the N
increases, the failure may not be initiated and propagated along all the scores, as seen in Table
3.6 because only a few scores experienced the failure limits and underwent petal separation
along these scores and the remaining scores in between the separated scores did not reach the
failure limits and remained intact without any separation. This can also be triggered by non-
uniformities in dimensional tolerances in the score cross-sections. This reveals that the
minimum number of scores recommended in FSMD can be 3 or 4 to achieve a clear separation
and subsequent bending along the fixed boundary. The predicted failure patterns just after the
burst with N ranging from 0 to 12 are shown in Table 3.6.

The behaviour of flat SMD with variations in the number of scores captured from simulations
is shown in Figure 3.17(a-e). The variation of oeq, €eq and € at the centre of the disc in score
location with the increase in applied pressure for different score patterns is shown in Figure
3.17(a-c). Except for plain disc, these responses remain the same with an increase in N. Whilst
the responses are almost closer for all variations in N, the response for the flat SMD with N =
0 shows a relatively lower magnitude. The equivalent stress and equivalent plastic strain
increase with the increase in N from 2 to 12. In all cases, the responses for N = 4, 6 and 8
resulted in almost the same results.

The reaction force, F at the fixed boundary with respect to the central deflection is shown in
Figure 3.17(d) for different values of N. It is noticed that both the maximum F and the Wmax
increase with the increase in N from 2 to 12. This increase is considerable, with the increase
in N from 2 to 3, 3to 4 and 4 to 6. The metallic disc with N = 2 fails with very minimum
central deflection. The disc with N = 0 exhibits maximum central deflection and maximum
reaction force, which are significantly higher than the metallic discs having scores.
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Table 3.7: Influence of the number of the scores on the response of FSMD

Number of scores

0 2 3 4 6 8 10 12
Py (MPa) 545 | 095 | 095 | 1.0 | 1.05 | 1.05 | 1.1 | 115
tp (MS) 10.9 19 | 19 | 20 | 21 | 21 | 22 | 23

Wmax(Mm) 189 386 | 388 | 459 | 525 | 531 | 58.7 | 63.4

€ 042 | 023 | 02 | 026 | 033 | 030 | 034 | 037
g (/9) 52 507 | 248 | 343 | 334 | 320 | 284 | 273

The introduction of 2 scores along the diagonal of the disc reduced the responses such as P,
th, Wmax and &, Significantly compared to an unscored flat metallic disc, as shown in Figure
3.17(e). These responses are very minimal for N = 3, and for N > 3, their increase is very
gradual, and after N > 8, the responses are almost constant. The &,,,, IS insensitive to an
increase in N > 3. The Burst pressure of discs remains constant for any number of scores.
Failure propagation and failure pattern entirely depend on the pressure acting on petals after
the initial burst. However, for this analysis, the pressure is assumed to be acting continuously
on the disc throughout the simulation, which causes failure propagation and petal separation.
The strain rate is relatively higher in FSMD with N = 2 compared to discs with a higher
number of scores, as seen in Table 3.7 and Figure 3.17(e). This is because the petals are formed
after the burst along the two scores, and they are forced to undergo tearing at the fixed
boundary before the petals experience bending under the effect of increasing fluid pressure.
This tearing at the petal ends results in large displacements, i.e., strain in a given time
increment and therefore leading to a large strain rate.

Score geometry

A rectangular score geometry is considered in all the previous studies thus discussed. The
score geometry can be semi-circular, rectangular, triangular or triangular with a filleted tip in
cross sections. They are analysed here to understand their influence on the deformation and
rupture in the flat SMD. In all investigations with geometric variations in the score, constant
dimensions are maintained for the plate thickness (t = 2.0 mm), score’s width (b = 5.0 mm)
and score’s depth (t = 0.8 mm).

The variation of geq, geq and & at the centre of the disc in the score location with an increase in
applied pressure for different cross-sections of the score geometry is shown in Figure 3.18(a-
€). The maximum oeq and eeq experienced by the flat SMD are almost the same for all cross-
sections. Their variations during loading are almost the same for the semi-circular and filleted
triangular cross-sections compared to the rectangular score geometry, as seen in Figure 3.18(a-
b). Even the &,,,, in the score’s semi-circular geometry is smaller than the rectangular score
geometry.
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But the triangular score geometry resulted in strain rate oscillations just before the burst due
to extreme strain localisation and instantaneous deformation before the burst, as seen in Figure
3.18(c). The reaction force F at the fixed boundary with respect to wmax is shown in Figure
3.18(d) for different cross-sections of the score. It is noticed that the reaction force increases
with the increase in the central deflection irrespective of the type of score’s geometry, and
their variations are almost close. The maximum F and Wmax, i.€. the maximum failure energy
achieved for the rectangular and triangular score cross-sections and are almost the same.

The summary of maximum values of all responses such as P, th, Wmax, Emayx aNd E,qy TOr the
semi-circular, rectangular, triangular and triangular with filleted tip score geometries is shown
in Figure 3.18(e) and given in Table 3.8. All response parameters are almost identical for the
semi-circular, rectangular and filleted triangular score geometries. Triangular score geometry
exhibit marginally higher responses. Except for a higher value of &,,,, for the triangular score
geometry, which may be attributed to the sharp stress concentration effect on the triangular
score tip, all the other response parameters are almost the same for the four score cross-
sections studied. Based on this study, the score geometry with a rectangular cross-section is
preferable, considering the manufacturing easiness and dimensional control. The next
recommendable geometry is the tip-filleted triangular score which can be made by press tools.

Table 3.8: Influence of score’s geometry on response of FSMD

Geometry
w - v v
Pb (MPa) 1.0 1.0 1.05 1.0
tp (MSs) 2.0 2.0 2.01 2.0
Wmax(mm) 45.6 45.9 50.1 45.8
Emax 0.26 0.26 0.23 0.27
Emax (I5) 374 343 1304 236

3.4 Summary

FE methodology for simulating the failure behaviour of a thin flat scored metallic disc
subjected to an impulsive pressure loading has been investigated in this chapter by comparing
the FE results with the experimental results available in literature. The predicted plastic
strains, burst pressure and deformation pattern agreed well with the experimental results for
the reference case. Based on this methodology, the behaviour of an FSMD under the effect of
loading rates (2.5-500 MPa/s), diameter-to-plate thickness ratio (50-500), score’s depth-to-
plate thickness ratio (0.05-0.95), score’s width-to-plate thickness ratio (1.5-3.5), score’s
length-to-disc radius ratio (0.2-1.0), score pattern (with the number of scores from 0-12), and
score geometry (semi-circular, rectangular, triangular and triangular with filleted tip) were
thoroughly investigated.
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Chapter - 4
Behaviour of Domed Scored Metallic Disc

4.1 Introduction

Standard flat scored metallic discs have significantly less operating ratios for a given burst
pressure, which are unsuitable for applications involving storage and failure conditions. The
dome shaped disc is considered for this application as the dome shape can withstand constant
internal storage pressure compared to a flat disc with an adequate safety margin. They behave
differently than flat discs. For the present study, forward a domed scored metallic disc, as
shown in Figure 4.1, is considered.

- VNN

Deformed ~;%

74 1« Scored disc
profile S

Fluid flow

AN

(a) Domed scored metallic disc (DSMD) (b) DSMD in conditional burst application
Figure 4.1: Forward domed metallic rupture disc with scores

In this chapter, an attempt is made to understand the behaviour of clamped, solid forward
domed thin metallic rupture disc with scores, subjected to an impulsive air blast (as seen in
Figure 4.1(b)) on the concave side of the disc and intended to meet both storage and the
loading requirements of containers. FEA methodology and material model considered for
FSMD in Chapter-3 are used. The behaviour of a domed-thin scored metallic disc is
numerically investigated for the aforementioned loadings in a motor container. The effect of
loading rates (P), score depth and width-to-disc thickness ratio (t:/t and b/t), diameter-to-disc
thickness ratio (D/t), dome height (i.e. crown)-to-disc diameter ratio (H/D), score length-to-
disc radius ratio (I/R), score pattern (N), and score geometry on the deformation and rupture
characteristics of the domed-scored metallic disc is investigated and discussed in detail.
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4.2  Operating parameters

These are the parameters which define the operational performance of the disc during
application.

4.2.1 Operating ratio

The operating ratio defines the maximum static operating pressure up to which the disc can
be used for a given burst pressure. For the present research, it is given by,

OR = MSOPatay (4.1)

Pp

where MSOP is the maximum static operating pressure corresponding to the yield strength of
material, or maximum pressure the disc withstands at material’s yield strength and Py, is the
disc's burst pressure. It should be as high as possible to achieve maximum functional
efficiency.

4.2.2 Impulse

The impulse generated up to the burst of the disc defines the amount of energy absorbed and
suddenly released at the time of the burst. It indicates how quickly the disc fails under a given
load. The impulse generates shock loads on the rupture disc support structure. Impulse is given

by,

[=YFt, (4.2)

where F is reaction force and t, is burst time. Higher impulse indicates disc transmits more
impulse to fixity during failure.

4.3 Domed SMD under storage pressure

The domed and scored metallic disc under consideration is attached to one end of the motor
container and continuously subjected to a constant internal pressure of 0.02 MPa during
storage and to a sudden impulsive pressure during the initiation of the motor. The disc is fixed
on its outer flat surface between the flanges.

4.3.1 Actual geometry and model for FEA

The geometry considered for the FEA of the domed disc is shown in Figure 4.2(a). It is
provided with scores in the ‘+’ configuration, as shown in Figure 4.2(a), on the convex side
of the disc. The disc geometry and score geometry are shown in Figure 4.2(b) and the values
are given in Table 4.1.
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Table 4.1: Initial values of geometric features for DSMD

Geometric feature Size (mm)

Outer diameter 800
Opening diameter (D) (fluid exposed diameter) 720
Sheet thickness (t) 2

Crown height or Dome height (H) 50
Score width (b) 5

Score depth (t1) 0.8
Score length (1) 350

The FEA methodology adopted for the simulation of flat SMD discussed in Chapter 3 is
adopted here in modelling the geometry and material for FEA simulation. The geometry is
discretised with 8-node C3D8R brick elements. Four elements are maintained through the
thickness of the domed disc. A total of 1301878 elements are generated using the swept
meshing technique. Scores are provided on the convex side of the disc and fluid pressure is
applied on the concave side of the disc.

- 0800 _
20) - 0720 (D) S0(H)
! ‘ !
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0.8 (¢,
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TR I
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700
|
(a) Disc geometry (b) Score geometry

Figure 4.2: Geometry of domed metallic disc with scores
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4.3.2 Domed SMD under constant internal pressure

The loading and boundary conditions are shown in Figure 4.3. All displacement degrees of
freedom are constrained at all nodes in the flat portion of the disc between the diameters 720
and 800 mm. These two diameters, respectively, correspond to the typical outer and inner
diameters of the container. A pressure load of 0.02 MPa is applied on the spherical inner
surface of the disc.

\./jlllkk.\.hrp

Figure 4.3: Loads and boundary conditions for DSMD

4.3.3 FEA and results

Static structural analysis is conducted using ABAQUS/CAE [59, 60] on the domed rupture
disc, model and results are shown in Figure 4.4, where the deformed pattern is shown in Figure
4.4(a) and the von Mises stresses along the score and at 45° to the score are shown in Figure
4.4(b).

50 1
C — Along score

40 £ Along 45 degree w.r.t score
= C
a9
Z 30 H
20 k

L e

0 }n 1 11 1 1 I
00 02 04 06 08 1.0
r/R
(a) Deformed pattern (b) Equivalent stress (r = 0 is at the disc centre)

Figure 4.4: Deformation and stresses in domed metallic disc under uniform pressure loading

The maximum stress developed is 36 MPa at the centre of the disc and the equivalent stress is
close to about 30 MPa for almost 70% of the disc radius along the score from the centre. The
stress developed along the radius at 45° from the score is only about 10 MPa. It is observed
that maximum stress is developed within the score location and is about 1/7™ of the initial
yield strength of the material and therefore the scored metallic disc satisfies the storage
pressure requirement of the container.
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4.4  Simulation of domed SMD under impulsive loading

The pressure loading rate on the scored metallic disc can reach as maximum as 500 MPa/s
due to the instantaneous release of propulsion energy during the initiation of the motor within
the container in a hot launch mode. Therefore, the non-linear explicit dynamic analysis is
conducted using ABAQUS/Explicit code [61]. The material and damage model, as adopted in
the simulation of FSMD described in Chapter 3, is adopted here. Mesh convergence studies
are conducted for the domed scored metallic disc with different element sizes under an
impulsive pressure loading rate of 500 MPa/s on the concave side of the disc. The solution
time is considered up to 6 ms. The variation of various response parameters on the scored
metallic disc, such as equivalent plastic stress geq and strain geq, Pb, th, Wmax, €max and the
plastic strain rate &,,,, developed at the centre of disc at the instant of burst and the reaction
force F on the fixed boundary are studied during the analyses with four different element sizes
such as 0.25, 0.33, 0.5 and 1.0 mm, as shown in Figure 4.5.
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Figure 4.5: Results from mesh convergence studies of domed SMD



It is observed that all identified responses in the domed SMD attained converged values with
an element size of 0.5 mm and below. Hence, four elements through the thickness are
considered for all further numerical investigations.

P=0.5 MPa; 0¢q[max)= 921 MPa; P=1.0 MPa; 0¢q[max)= 943 MPa;
eeq[max]_ 0.006 geq[max]_ 0.037
(@) Attime =1 ms (b) Attime =2 ms

P = 1.9 MP8; 0,[max)= 957 MPa; P= 2.3 MP8; 0,[max)= 926 MPa;
Eeq[max)= 0.430 Eeq[max]= 0.432
(c) Attime = 3.8 ms (d) Attime = 4.6 ms
Figure 4.6: Failure initiation and propagation in domed scored disc under
P =500 MPa/s

The deformation pattern and the corresponding oeq, eq, and P are shown in Figure 4.6 at
different time instances during loading. During loading, equivalent plastic strains are
concentrated along the scores similar to that observed in the flat SMD seen in Figure 3.5(b).
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Still, maximum strain is always attained at the centre in domed SMD, as noticed in Figure
4.6(c), unlike the flat SMD in which the maximum strain is seen at away from the centre. The
scored metallic disc achieved a Py of 1.9 MPa and the ty is around 3.8 ms. The failure initiated
at the centre of the disc in the score location is propagated along the score until the outer
periphery of the metallic disc.

4.4.1 Effect of loading rate

In order to understand the effect of the increase in the loading rate on the failure behaviour of
the domed SMD, numerical studies are conducted at five different loading rates, such as 2.5,
50, 100, 250 and 500 MPa/s. Different responses in the scored disc, such as oeq, e, and
equivalent strain rate € at the centre of the disc in score location with the increase in applied
P, are shown in Figure 4.7(a-b). The variations of geq and eeq along the score just before the
burst are shown in Figure 4.7(c-d) and the reaction force F at the fixed boundary with respect
to the central deflection is shown in Figure 4.7(e) and the summary of all responses are shown
with respect to the applied pressure loading rate in Figure 4.7(f). It is observed that oeq
increases with applied P and its variation is almost the same irrespective of the loading rates
except for the maximum higher loading rate of 500 MPa/s. On the other hand, eeq increase is
similar to that of the oeq With the applied pressure, but its variation is almost the same for the
loading rates of 50, 100 and 250 MPa/s except for the two extreme loading rates, i.e. 2.5 and
500 MPa/s which are different from the intermediate loading rates as seen in Figure 4.7(a).

The equivalent strain rate increases with the applied P loading and is higher for higher loading
rates. More fluctuations are observed in & through the course of loading due to large
instantaneous deformation experienced at the central element of the disc at the score location.
Maximum ¢ varied from 7.5 to 175 /s, respectively, for the minimum to maximum loading
rates considered in the studies, as seen in Figure 4.7(b). The maximum stress and strain
variations at the score along the radius of the disc show a parabolic pattern, as seen in Figures
4.7(c-d). It reveals that the maximum oeq attained at all loading rates is close to about 900 MPa
and a slight variation is observed in the induced ageq Up to about 50% of the radius along the
score beyond which all loading rates resulted in almost the same variation except for the
lowest loading rate. But, the variation of eeq is different for different loading rates. The
maximum &eq experienced by the disc at the score exhibits a reducing trend with an increase
in loading rate from 2.5 to 500 MPa/s. The equivalent stresses and strains reach convergence
and attain a minimal value close to the fixed boundary along the score, irrespective of the
applied loading rate.

The reaction force, F experienced at the fixed boundary increases with the increase in Wmax
for all loading rates, but the maximum force is almost the same for all loading rates except the
lowest loading rate, as seen in Figure 4.7(e). The Py, th and wmax are almost constant beyond
the loading rate of 100 MPa/s and exhibit no sensitivity to loading rates. On the other hand,
both the maximum equivalent plastic strain and maximum strain rate exhibit sensitivity to
loading rates. The maximum & increases with the increase in loading rates.

82



1000 200

—_ [ — P=2.5 MPa/s —p-
@ oo P= 50 MPa/s Ocq 4 | [ . LD LS Mbars
2 800 r —— P= 100 MPa/s 150 L H=100 MPa/ /
= [ e P= 250 MPals [ B s ;
Nay Foee R als AT e P =250 MPa/s J
bu% 600 s P=500 MPa/s ---- p=500 MPa/s /
= : 2100 | :
fasi L . — !
E 400 = ;
< 50 ¢ ;
5 200 ¢
b oX L ;(‘\\\ ’ o "
0 ‘I'T'I PR ST N A S 0 PR B AL -2 L L L1
00 04 08 1.2 1.6 2.0 00 04 038 1.2 e 20
P (MPa) P (MPa)
a) Equivalent stress and strain with respec rain rate with respect to the applie
E lent st d st th t b) St t th t to th lied
to the applied pressure pressure
1000 " 0.6 r —p=2.5MPa/s
N R P BT P =50 MPa/s
800 0.5 oty ——P =100 MPa/s
------- P =250 MPa/s

TTI LT

04 Flnfe T ¥.. ----P=500 MPa/s

—p =2.5 MPa/s

; T 03
400 £ P =50 MPa/s o -
—P = 100 MPa/s 02 E
Fo e P =250 MPa/s TE
200  ----P =500 MPa/s E
C 0.1
O_||||I||||I||||I||||I|||| 0.0 :....|....|....|....|...
00 02 04 06 08 1.0 0.0 02 04 06 08 1.0
r/R r/R
(c) Equivalent stress along the radius of the  (d) Equivalent strain along the radius of the
disc in the score disc in the score
08 L +Pb (X 102 MPa) ——1 (ms)
g / :::::: 172} e Winax (X 10-1 mm) +€max (X 10-3)
: st g - = E gy (57)
0.6 E i 3
2 =
~~~ E -~ E
E 04 E ——p=2.5 MPa/s s
=2 E g e P =50 MPa/s o
=~ E —— P =100 MPa/s =
2 B e P =250 MPals e
0 2 ---- P= 500 MPa/s %
[
O'O TN TN TN TN N TN T T T S T T T T YT Y T T N TN T N |
0 6 12 18 24 30 0 100 200 300 400 500
W1 (M) P (MPa/s)
(e) Reaction force with respect to the (F) Responses with respect to loading rate

central deflection

Figure 4.7: Effect of the loading rate on domed scored disc
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The equivalent &,,,, decreases with the increase in loading rates beyond the loading rate of
50 MPa/s. All responses exhibit an increase from the lowest loading rate of 2.5 to 50 MPa/s.
The burst time decreased significantly from the lowest loading rate to 50 MPa/s and
afterwards, it almost remained insensitive to the loading rates, as observed in Figure 4.7 (f).
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Figure 4.8: Failure initiation location with respect to the loading rate

One peculiar observation is appreciable with regard to the location of failure initiation with
respect to the loading rates, as observed in Figure 4.8. When the loading rate is 2.5 MPa/s, the
failure is initiated in the score location at about 90 mm (i.e. at r = 0.25R) away from the centre.
The failure initiation is at r = 0.2R for 5.0 MPa/s loading rate. For loading rates > 10.0 MPal/s,
the failure initiation is close to the centre of the disc (r = 0) at the score location and is
insensitive to the higher loading rates. This is because at lower loading rates of less than 5.0
MPa/s, the plastic hinges are generated in the score location at 20-25% of the disc radius, as
evidenced in Figure 4.7(c-d) and this hinge slowly shifts close to the centre of the disc along
score as loading rate is increased.

15 400 !
S 14 ¢ 5300
2 >
3 Py =200 |
s f 2100
8 11 F £
2 r
© o b . | | 0 Lt e |

0 100 2_00 300 400 500 0 100 2'00 300 400 500
P (MPa/s) P (MPa/s)

a) Operating ratio with respect to the loading  b) Impulse with respect to the loading rate
rate

Figure 4.9: Operating parameters with respect to the loading rate
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Under the influence of loading rate, operating ratio and Impulse initiated for DSMD are given
in Figure 4.9 (a-b). At the lowest loading rate of 2.5 MPa/s, DSMD exhibited the highest
operating ratio of 14%, which stabilised between 11% and 12%. Even though the reaction
force absorbed by DSMD at the loading rate is almost the same, Impulse initiated is higher at
the lowest loading rate of 2.5 MPa/s and reduced exponentially with an increase in the loading
rate.

4.4.2 Influence of geometrical features on the behaviour of domed SMD

The geometrical features in the domed-scored metallic rupture disc significantly influence the
deformation, failure and rupture behaviour when exposed to a given loading rate caused by
fluid pressure. The influencing geometrical features can be i) diameter-to-plate (i.e. disc)
thickness (D/t) ratio, ii) dome height-to-disc diameter (H/D) ratio, iii) score depth-to-plate
thickness (ti/t) ratio, iv) score width-to-plate thickness (b/t) ratio, v) score length-to-disc
radius (I/R) ratio, vi) score pattern, i.e. the number of scores (N), and vii) score geometry.
Numerical studies are conducted to investigate the effects of these geometrical features on the
characteristics of thin domed scored metallic discs, featured with four numbers of rectangular
scores of width 5 mm and depth 0.8 mm as considered in Section 4.3.1 (and seen in Figure
4.2), under a pressure loading rate of 500 MPa/s. Only one geometrical feature to be
investigated is changed while maintaining the other features as constant in these sensitivity
studies.

4.4.2.1 Diameter-to-plate thickness (D/t) ratio

The effect of the disc’s diameter-to-plate thickness, i.e. D/t ratio, is investigated by varying
the diameter of the disc from 100 mm to 1000 mm in steps of 100 mm by keeping the plate
thickness at t = 2 mm. This variation of the disc’s diameter provides D/t = 50 to 500 in steps
of 50. The complete behaviour of the domed SMD extracted from simulations is shown in
Figure 4.10(a-f).

The equivalent stress, i.e. von-Mises stress oeq, equivalent plastic strain eeq, and plastic strain
rate ¢ at the centre of the disc in score location with increase in applied pressure are shown in
Figure 4.10(a-b). It is observed that both oeq and eeq increase with the increase in the disc’s D/t
ratio. Their maximum values remained almost same for D/t > 200 but their rate of increase
with applied pressure gradually increase and is significant beyond D/t > 300. On the other
hand, their rate of rise is very shallow for D/t <100 as seen in Figure 4.10(a). As the diameter
of the disc increases, steep increase in the equivalent stress and equivalent strain can be
observed which can be attributed to the behaviour of the disc where plate stretching
phenomenon is more significant than plate bending. They remained same at the point of burst
indicating all of them undergoing similar failure mode at the centre. The plastic strain rate
increases from 2 to 200 /s with the increase in the D/t ratio from 100 to 500 as observed in
Figure 4.10(b) and its increase with an increase in applied pressure varies from very shallow
to significantly steep with increase in D/t ratio.
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Figure 4.10: Effect of the diameter-to-plate thickness (D/t) ratio
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The variation of oeq and eeq along the score at an instant just before burst are shown in Figure
4.10(c-d). Both these responses are higher at close to the centre of the disc, gradually decrease
with the increase in the radius r of the disc and follow a similar pattern. They exhibit
decreasing trend with the increase in D/t ratio but this decrease is insignificant for geq up to
r/R =0.92 and is considerable for geq up to r/R = 0.6. Both geq and &eq Variations for D/t = 100
exhibited a relatively higher magnitude with increase in r/R ratio as compared with higher
values of D/t. The plastic stress variations remained almost same for all values of D/t >100
and they decreased from 900 MPa to 440 MPa for r/R ranging from 0.06 to 0.92 and eventually
reach 0 MPa at maximum radius of the disc. The plastic strain attained maximum value at r/R
ranging between 0.12 and 0.16 for all D/t ratios of the disc.

Variation of reaction force, F at the fixed boundary with respect to the central deflection Wmax
is shown in Figure 4.10(e) for all values of D/t ratio considered. Initial stiffness of the domed
SMD increases with decrease in the discs’ D/t ratio. Area under the F-w curve, i.e. energy
absorbed before burst increases with increase in D/t ratio and so is their maximum values. The
summary of maximum values of all responses such as Py, th, Wmax, Emax aNd Epax With increase
in D/t ratio is shown in Figure 4.10(f) and is also given in Table 4.2.

Table 4.2: Influence of D/t on response of DSMD

D/t
100 200 300 400 500
Py (MPa) 145 4.70 2.45 1.70 1.30
th (MSs) 28.9 9.40 4.9 3.4 2.6
Wmax (Mm) 5.6 10.6 17.5 24.4 345
Emax 0.41 0.36 0.34 0.33 0.32
Emax (/5) 67 98 132 174 206

It can be observed that both Py and t, decrease exponentially with increase in D/t and their
variations are small for D/t > 300. Variation of &,,,, is a linear and gradual increase from 2
to 200 /s for increasing values of D/t from 50 to 500. The &,,,, increases from 0.08 to 0.40 for
50 < D/t < 100 and subsequently decreases linearly from 0.40 to 0.30 for 100 < D/t < 500.
Maximum mid-deflection decreases from 3.0 mm to 0.6 mm for increase in D/t from 50 to
100 and subsequently exhibited a linear increase from 0.6 mm to 3.5 mm for increase in D/t
from 100 to 500.

Operating parameters of DSMD with respect to D/t ratio is shown in Figure 4.11 (a-b).
Operating ratio is maximum at 17% at D/t = 150 indicating highest operating efficiency.
Impulse is maximum for D/t <200 and reduced with increase in D/t ratio or diameter of the
disc. Minimum impulse is observed for maximum diameter of the disc i.e. higher diameter
disc fails with less transmitted impulse.
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4.4.2.2 Dome height-to-disc’s diameter (H/D) ratio

The influence of the disc’s dome height-to-diameter ratio, i.e. H/D ratio is analyzed by varying
the dome height from 72 mm to 360 mm for a constant disc diameter of 720 mm so as to
achieve H/D ratios ranging from 0.1 to 0.5 in steps of 0.1. Other geometric parameters of the
disc and score are kept constant. The behaviour of the domed SMD for the analysed H/D
variations is shown in Figure 4.12(a-f).

The equivalent stress, equivalent plastic strain, and plastic strain rate at the centre of the disc
in the score location with the increase in applied pressure are shown in Figure 4.12(a-b). It
can be noticed that the decrease of geq and eeq With respect to the applied pressure decrease
with the increase in H/D ratio up to 0.3 and beyond which the rate of decrease is insignificant.
Their maximum values remained almost constant for H/D < 0.3 beyond which the spherical
dome effect becomes significant which causes both geq and eeq to decrease with increase in
loading. Their maximum values start to decrease with any further increase in H/D as seen in
Figure 4.12(a). Both strain and strain rate sensitivity with the applied loading increase
gradually and slowly with the increase in H/D ratio. The maximum strain rate increases with
loading up to H/D = 0.2 and beyond which it slowly start to decrease as observed in Figure
4.12(b). Maximum strain and strain rate are very small at H/D = 0.5 as compared to any other
values.

The variation of geq and eeq along the score at an instant just before burst are shown in Figure
4.12(c-d). Both these responses are higher at close to the centre of the disc, i.e. at r/R = 0.08
for H/D < 0.3 whereas these are maximum only at regions near fixity, i.e. at r/R = 0.95 for
H/D > 0.3 due to shift in the formation of plastic hinges to fixed region. The distribution of
their values at score along the radius r decrease with increase in H/D ratio except for 0.2 <
H/D < 0.3 for which their values along radius in score are higher than that of H/D = 0.1. Their
distribution is almost constant along radius up to r/R = 0.60 for H/D > 0.3 unlike other cases
for which their values decrease with increase in H/D up to 0.3.
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Variation of reaction force, F at the fixed boundary with respect to the central deflection Wmax
is shown in Figure 4.12(e) for all values of H/D ratio. Initial stiffness of the domed disc is
almost same for 0.2 <H/D <0.3 and it is also same for H/D = 0.1 and 0.5. The F-wmax response
is almost steady and attains a plateau after wmax crosses 6.0 mm for H/D = 0.1.

The summary of maximum values of all responses such as Py, th, Wmax, Emax @Nd Epax With
increase in H/D ratio is shown in Figure 4.12(f) and given in Table 4.3

Table 4.3: Influence of H/D on response of DSMD

H/D
0 0.1 0.2 0.3 0.4 0.5
Py (MPa) 1.0 2.3 3.7 4.6 45 4.0
ty (MS) 2.0 4.6 7.3 9.1 9.0 7.9
Wimax (Mm) 459 | 152 | 107 9.6 6.2 6.4
€ 026 | 031 | 035 | 035 | 015 | 0.05
Emax (5) 345 192 331 250 62 27

It is seen that both Py and ty increase gradually for 0.01 < H/D < 0.3 and remained constant
for 0.3 < H/D < 0.4 and subsequently decrease marginally for H/D > 0.4. The ¢,,,, increases
from 0.26 to 0.35 for 0.01 < H/D < 0.3 and subsequently decreases linearly from 0.35 to 0.06
for 0.4 < H/D < 0.5. The wmax decreases exponentially from 46.0 mm to 10.0 mm for 0.01 <
H/D < 0.2 and afterwards its decrease is only up to 8.0 mm for 0.2 < H/D < 0.5. Variation of
Emax 1S @ linear decrease from 350 to 170 /s for 0.01 < H/D < 0.05, it increases gradually to
320 /sfor 0.05 <H/D < 0.2 and afterwards it decreases to 40 /sat H/D = 0.5. The behaviour of
the domed SMD is affected significantly with H/D ratio and the responses are benign after
H/D = 0.4 when the geometry attains a spherical profile.

Operating parameters of DSMD with respect to H/D ratio is shown in Figure 4.13 (a-b).
Operating ratio at H/D = 0 is 2% for flat disc and increased gradually and maximum at 17%
at H/D = 0.1 indicating highest operating efficiency and reduced gradually to 5% when H/D
= 0.5 for hemi-spherical disc. Flat disc and hemi spherical discs are not suitable for current
application because of least operating efficiencies. Impulse is least for flat disc and high for
hemi spherical disc indicating flat disc is good for failure application where hemispherical
disc is good for storage application.
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4.4.2.3 Score’s depth-to-plate thickness (ti/t) ratio

The effect of score depth t1 is analysed by varying the score’s depth from 0.2 mm to 1.4 mm
in steps of 0.2 mm by keeping constant values for the plate thickness t = 2 mm and score’s
width b = 5 mm. This variation of score’s depth provides a depth-to-plate thickness ratio of
ti/t = 0.1 to 0.7 in steps of 0.1. The complete behaviour of the domed SMD extracted from
simulations is shown in Figure 4.14(a-f).

The equivalent stress, i.e. von-Mises stress, equivalent plastic strain, and plastic strain rate at
the centre of the disc in score location with increase in applied pressure are shown in Figure
4.14(a-b). It is observed that both geq and eeq decrease with increase in the scores’ ti/t ratio.
Their maximum values remained almost same for the two adjacent ratios of t1/t = 0.3 and 0.4
and similar is the response for ti/t = 0.5 and 0.6, although these maximum values reach at
different burst pressures, as seen in Figure 4.14(a). The & increases with the increase in ti/t
ratio as observed in Figure 4.14(b) and it exhibits more oscillations at higher score depths,
due to more localized and instantaneous deformations occurring in the region.

The variation of geq and eeq along the score at an instant just before the burst are shown in
Figure 4.14(c-d). Both these responses are higher at close to the centre of the disc, i.e. at r/R
=0.1, gradually decrease with the increase in the radius of the disc and follow a similar pattern.
They exhibit decreasing trend with the increase in ti/t ratio. The variation of induced stress
for t1/t = 0.3 and 0.4 are almost close and exhibited a higher magnitude while it is relatively
less and closer for t1/t = 0.5 and 0.6, as noticed in Figure 4.14(c). The variation of equivalent
strain at score, along radius of the disc shows a clear decrease until about 60% of the radius
with increase in ti/t ratio from 0.3 to 0.4 and beyond which both these ti/t ratios resulted in
almost same strains until the fixed boundary. But the response of the equivalent strain is
reduced by almost 1/3" and its variation is almost same for t1/t = 0.5 to 0.6, along the radius
at score, as observed in Figure 4.14(d).
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The reaction force at the fixed boundary with respect to the central deflection is shown in
Figure 4.14(e) and it is noticed that both the maximum F and the wmax decrease considerably
with increase in ti/t ratio from 0.3 to 0.6. This is caused by the weakening of the score’s region
due to the increase in the score’s depth. Further, the stiffness exhibited by the domed SMD
for different t1/t ratio is almost the same until before the burst. The distribution of equivalent
strain around the score just before failure is shown in Figure 4.14(f) for t1/t ratios ranging from
0.1 to 0.6. It can be noticed that the ratio of local strain in score to ligament strain increases
with increase in ti/t up to 0.4 and afterwards, it decreases and remains unchanged for ti/t >
0.5. The emax at score decreases with increase in ti/t ratios but it stabilizes and remained
constant after ti/t = 0.5. This reveals that the score weakens the domed SMD and it is

significantly influenced for 0.1 < t1/t < 0.5 and afterwards this influence is unnoticeable.
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Figure 4.15: Responses with respect to the score’s depth-to-plate thickness (ti/t) ratio

The summary of maximum values of all responses such as Py, th, Wmax, Emay @NA &gy With
increase in ti/t ratio for t = 2 mm and 1 mm are shown respectively in Figures 4.15(a-b) and
given in Table 4.4,

Table 4.4: Influence of ti/t on response of DSMD

ta/t; t =2 mm ta/t; t =1 mm

0 0.3 0.4 0.5 0.6 0 0.3 0.4 0.5 0.6

Pb (MPa) 500 | 265 | 190 | 1.20 | 1.00 | 3.00 | 1.40 | 1.10 | 0.68 | 0.65

tp (MSs) 10.0 5.3 3.8 24 2.0 6.00 | 280 | 220 | 1.35 | 1.30

Wmax (mm) 120 | 493 | 21.2 5.8 5.3 153 42 17.7 | 4.8 5.9

T 031 | 037 | 0.34 | 014 | 0.14 | 045 | 031 | 0.30 | 0.13 | 0.24

Emax (I9) 40 118 180 165 143 137 173 227 | 206 287
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It can be observed that the burst pressure, burst time and central deflection decreased almost
asymptotically with the increase in ti/t ratio. The variation in maximum strain rate is
insignificant from ti/t = 0.4 onwards. On the other hand, the maximum strain decreases with
the increase in ti/t ratio, but its rate of decrease with ti/t ratio is very much considerable
between 0.4 and 0.5. This study reveals that the score’s ti/t ratio influences the important
response parameters in the domed SMD. Almost all the important response parameters are
relatively less and exhibit insensitivity to ti/t ratio for t1/t > 0.5. The magnitude of all responses
are comparably lesser for t = 1 mm as compared to t =2 mm,
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Figure 4.16: Operating parameters with respect to the (ti/t) ratio

The operating parameters of DSMD with respect to ti/t ratio is shown in Figure 4.16 (a-b).
The operating ratio at ti/t = 0.1 is 7% for less score depth and increased gradually and
maximum at 12% at ti/t = 0.5 indicating highest operating efficiency at score depth half the
plate thickness and reduced gradually to 8% when ti/t = 0.7 for more score depth. Impulse is
most for minimum score depth indicating no score or minimum score depth is good for storage
application and least for more score depth indicating increased score depth is good for failure
application.

4.4.2.4 Score’s width-to-plate thickness (b/t) ratio

The influence of score’s width b is analysed by varying b from 3.0 mm to 7.0 mm in steps of
1.0 mm by keeping constant values for the plate thickness at t = 2.0 mm and score’s depth at
t1 = 0.8 mm. This variation of score’s width provides a width-to-plate thickness ratio of b/t =
1.5, 2.0, 2.5, 3.0 and 3.5. The behaviour of the domed SMD is captured from simulations and
shown in Figure 4.17(a-f).

The variation of geq, ceq and € at the centre of the disc in score location with increase in applied
pressure is shown in Figure 4.17(a-b). These responses are almost the same irrespective of
any variation in score’s b/t ratio, except a small decrease in the maximum strain rate with the
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increase in b/t ratio before the actual burst as seen in Figure 4.17(b). A maximum strain rate
of around 170 to 210 /s is observed with decrease in b/t ratio from 3.5 to 1.5.

The variation of geq and eeq along the score before burst for different b/t ratios are shown in
Figure 4.17(c-d). Both these responses are higher at r/R = 0.1, i.e. at close to the centre of the
disc and gradually decrease with the increase in radius of the disc and follow a similar pattern.
They exhibit a decreasing trend with the increase in b/t ratio. The variation of equivalent stress
for b/t = 2.0 and 2.5 are almost the same as seen in Figure 4.17(c). The variation of equivalent
plastic strain at score, along radius of the disc decreases until the fixed boundary, and it also
decreases with the increase in the b/t ratio, as observed in Figure 4.17(d). The maximum oeq
near the centre of the disc in score decreased from 930 to 840 MPa with the increase in the b/t
ratio from 1.5 to 3.5. Similarly, the corresponding reduction in the &eq is from 0.39 to 0.31.

The reaction force F at the fixed boundary with respect to the central deflection Wmax IS shown
in Figure 4.17(e) for different b/t ratio of score. No major variation is observed within the
values considered for the change in b/t ratio. Further, the stiffness exhibited by the domed
SMD for different b/t ratio is almost the same until the burst. The summary of maximum
values of all responses such as burst pressure, burst time, maximum central deflection,
maximum equivalent strain and maximum strain rate, with increase in b/t ratio is shown in
Figure 4.17(f) and given in Table 4.5.

Table 4.5: Influence of b/t on response of DSMD

bit
15 2 25 3 35
Py (MPa) 190 | 190 | 190 | 1.90 | 1.90
ty (MS) 3.8 3.8 3.8 3.8 3.8
Winax(Mm) 204 | 212 | 212 | 216 | 219
€ 035 | 034 | 034 | 032 | 031
Emarx (I5) 200 | 214 | 180 | 164 | 173

It can be observed that the Py, t and wmax remained almost constant with the increase in b/t
ratio. Only a small variation of about * 20 /s is observed with the increase in the b/t ratio from
minimum to maximum value. Even the reduction in maximum equivalent plastic strain is
observed to be from 0.35 to 0.30 with the increase in the b/t ratio from 1.5 to 3.5. This study
demonstrates that the score’s b/t ratio does not significantly influence the important response
parameters in the domed SMD.

Operating parameters of DSMD with respect to b/t ratio is shown in Figure 4.18 (a-b). Both
operating ratio and impulse almost same for all variations of score width indicating score
width has least influence.
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Figure 4.18: Operating parameters with respect to the (b/t) ratio

4.4.2.5 Score length-to-disc radius (I/R) ratio

The effect of score’s length-to-disc radius (i.e. I/R ) ratio is investigated by varying the score’s
length from 36 mm to 360 mm for a constant disc radius of 360mm so as to achieve I/R ratios
0f0.1,0.2,0.4,0.5,0.6, 0.8 and 1.0. Other geometric parameters of the disc and score are kept
constant. The behaviour of the domed SMD for the analyzed I/R variations is shown in Figure
4.19(a-f).

The equivalent stress, equivalent plastic strain, and plastic strain rate at the centre of the disc
in score location with increase in applied pressure are shown in Figure 4.19(a-b). It can be
noticed that oeq, €eq and € with respect to the applied pressure increase with the increase in I/R
ratios up to 0.4, beyond which the responses are almost the same. The variation of geqand eeq
along the score at an instant just before burst are shown in Figure 4.19(c-d). Both these
responses are higher at close to the centre of the disc. The distribution of their values at score
along its length | appears maximum along the score and drop to a significantly lower value
after the end of score with increase in r/R. Both responses are almost same after the end of
score and until the maximum radius of the disc.

The variation of F at the fixed boundary with respect to wmax at every increment of loading is
shown in Figure 4.19(e) for all values of I/R ratios considered. The initial and subsequent
stiffness of the domed disc is almost same for all I/R ratios. The maximum F and Wmax
increases with I/R up to 0.4 only beyond which the F-wmax response is almost constant. This
implies that the energy absorbed before burst is same in all cases of I/R > 0.4. The summary
of maximum values of all responses such as Pb, th, Wmax, Emax aNd Enqy With increase in I/R
ratio is shown in Figure 4.19(f) and given in Table 4.6.
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Table 4.6: Influence of I/R on response of DSMD

IR
0.2 0.4 0.5 0.6 0.8 1.0
Py (MPa) 215 | 1.95 | 1.9 1.9 1.9 1.9
tp (Ms) 4.3 3.9 3.8 3.8 3.8 3.8
Winax(Mm) 311 | 225 | 216 | 208 | 211 | 21.2
Ema 034 | 032 | 031 | 031 | 032 | 033
Emar (I5) 148 | 163 | 172 | 187 | 177 | 184

It is seen that Py, t» and wmax decrease gradually for I/R up to 0.5 beyond which these responses
remain constant. The ¢,,,, IS almost constant within a variation of 0.025 for all values of I/R.
The &,,4, increases linearly from 120 /sto 200 /s for 0.1 <I/R < 0.6 and afterwards it remains
unchanged with any further increase in I/R. This study reveals that the responses of domed
SMD are influenced with variation in I/R up to 0.5 only.

Operating parameters of DSMD with respect to I/R ratio is shown in Figure 4.20 (a-b). The
operating ratio is slightly lesser for I/R = 0.1 and stabilized and remained maximum for I/R >
0.5 Impulse is most for minimum score length and stabilized and least for | > 0.5 indicating
no score or minimum score length is good for storage application whereas score length more
than half the radius of the disc is good for failure application.
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4.3.2.6 Score pattern, i.e. the number of scores (N)

Scores provided in the disc act as regions of stress concentration in the domed metallic disc.
Introduction of 2 scores across the diagonal of the disc reduced the burst pressure of the disc.
As the number of scores N is increased further, it has minimal effect on the burst pressure and
burst time. Failure propagation and failure pattern entirely depends on the pressure acting on
petals after the initial burst. However, for this analysis the pressure is assumed to be acting
continuously on the disc throughout the simulation which is causing failure propagation and
petal separation. When N = 12, the failure is observed only along few scores which reveals
that, as the number of scores increases, the failure may not be initiated and propagated in all
the scores.

The effect of the number of scores on the domed SMD is analysed by varying the number of
scores from 0 to 12, i.e.at N =0, 2, 3, 4, 6, 8, 10 and 12. During this variation, the plate
thickness (t =2 mm), score’s width (b =5 mm), and score’s depth (t1 = 0.8 mm) are maintained
constant. The predicted failure patterns with N ranging from 0 to 12 are shown in Table 4.7
just after the burst.

It shows that with N = 2, the petals are formed after the burst which need to undergo tearing
at the fixed boundary before the petals can bend under the effect of increasing fluid pressure.
Clear petal separation is observed for all domed SMD along the scores with N = 3 to 10 and
they can bend freely at the fixed boundary after the petal separation upon increase in fluid
pressure. When N = 12, only four scores experienced the failure limits and underwent petal
separation along these scores and the remaining three scores in between the separated scores
did not reach the failure limits and remained intact without any separation. This reveals that
the number of scores that can be recommended to be employed in domed SMD can be from
3,4, 6, 8o0r 10 to achieve a clear separation and subsequent bending along the fixed boundary.

Table 4.7: Predicted failure pattern without and with number of scores in
DSMD

Number of 0
scores

7
Schematic Q @
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failure . "

pattern

S
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The behaviour of domed SMD with variations in number of scores as captured from
simulations is shown in Figure 4.21(a-f). The variation of oeq, eq and ¢ at the centre of the disc
in score location with increase in applied pressure for different score pattern is shown in Figure
4.21 (a-b). These responses increase with the increase in N. Whilst the responses are almost
closer for all variations in N, response for the domed SMD with N = 0 show a relatively lower
magnitude. The equivalent stress and equivalent plastic strain increase with the increase in N
from 2 to 12. In all cases, the responses for N = 4, 6 and 8 resulted in almost same results. The
variation of geq and eeq along the score before the burst for different score pattern is shown in
Figure 4.21 (c-d). Both these responses are higher at the centre of the disc and gradually
decrease with the increase in the radius of the disc and follow a similar pattern. The oeq
increase with the increase in N from 2 to 12. While the increase in the maximum oeq IS
negligibly small for N = 3 to 12, this increase is significant from N = 2 to 3. Only for the disc
without score, i.e. N = 0, the induced oeq and &eq at the fixed boundary instantaneously peak
up to their maximum values. This is due to the fact that there are no stress concentrations
introduced by design in geometry with N = 0, the fixed region at the boundary experiences the
maximum equivalent stress and the failure initiates at this boundary region upon further
increase in the pressure loading. When there are no scores, the plastic hinges are generated
only at the fixed region from where the failure initiates.

The reaction force, F at the fixed boundary with respect to the central deflection is shown in
Figure 4.21(e) for different values of N. It is noticed that both the maximum F and the Wmax
increase with the increase in N from 2 to 12. This increase is considerable with increase in N
from 2 to 3, 3to 4 and 4 to 6. On the other hand, the variation of F with respect to Wmax for N
=6, 8, 10 and 12 result in almost the same behaviour and is insignificant. After the initial 10%
of Wmax, the stiffness of the domed SMD decreases with the increase in N, although this
decrease in stiffness is marginal. The metallic disc with N = 2 fails with very minimum central
deflection which is less than 40% of the maximum deflection experienced by the disc with N
= 3. The disc with N = 0 exhibits maximum central deflection and maximum reaction force
which are significantly higher compared to the metallic discs having scores and their
maximum values are higher by four times and two times respectively, as compared to the
scored discs.

The summary of maximum values of all responses such as Py, th, Wmax, Emar @NA &gy With
increase in N is shown in Figure 4.21(f) and given in Table 4.8. It can be observed that the
Pb, th, and &,,4, are almost invariant after N = 3. The Wmax and &, increase gradually with
the increase in N from 2 to 6 and they remained almost constant with any further increase in
N from 6 to 12. All these responses except the &,,,, decrease significantly with the increase
in N from 0 to 2. All responses remained almost the same and exhibited insensitivity for N >
6. Based on this study, it can be concluded that the recommended number of scores in the
domed SMD can be from 3 to 6. Selection of a particular number of scores between 3 and 6
is to be decided based on the operational requirements and the manufacturing considerations.
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Table 4.8: Influence of number of scores on response of DSMD

Number of scores
0 2 3 4 6 8 10 12
Pb (MPa) 500 | 155 | 185 | 190 | 195 | 195 | 200 | 2.00
th (MSs) 10.0 3.1 3.7 3.8 3.9 3.9 4.0 4.0
Wmax(mm) 120 7.6 184 | 21.2 | 250 | 259 | 288 | 30.2
Emax 0.31 0.1 027 | 034 | 038 | 037 | 0.39 0.4
Emax (I5) 40 140 167 180 187 187 190 169

Operating parameters of DSMD with respect to number of scores is shown in Figure 4.22 (a-
b). Operating ratio is slightly least at 7% when N = 0. Addition of 2 scores increased the
operating ratio and maximum when N = 3 and then stabilized after N > 4. Impulse is most for
plain disc minimum for any number of scores indicating plain disc is good for storage

application and introduction of scores makes it suitable for failure application.

Operating ratio (%)

v

8

10 12

a) Operating ratio with respect to number of

Figure 4.22: Operating parameters with respect to the number of scores

Sscores

4.4.2.7 Score geometry

In all the previous studies thus discussed, a rectangular score geometry is considered. The
score geometry can be with semi-circular, rectangular, triangular or triangular with filleted tip
in cross sections and they are analysed here in order to understand their influence on the
deformation and rupture in the domed SMD. In all investigations with geometric variations in
score, constant dimensions are maintained for the plate thickness (t = 2.0 mm), score’s width

(b =5.0 mm) and score’s depth (t1 = 0.8 mm).
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The variation of oeq, €eq and € at the centre of the disc in score location with increase in applied
pressure for different cross-section of the score geometry is shown in Figure 4.23(a-b). These
responses increase with the increase in applied pressure loading. The maximum oeq and eeq
experienced by the domed SMD are relatively less for the semi-circular cross-section whereas
they are almost the same for the rectangular and triangular cross-sections. This is due to
appearance of high stress triaxiality at sharp edges within the rectangular and triangular scores.
Their variations during loading are almost the same for the semi-circular and triangular cross-
sections as compared relatively to the rectangular score geometry as seen in Figure 4.23(a).
Even the &, in the score’s semi-circular geometry is smaller as compared to the rectangular
score geometry. But the triangular score geometry resulted in strain rate oscillations just
before the burst due to extreme strain localization and instantaneous deformation before the
burst as seen in Figure 4.23(b).

The variation of geq and eeq along the score at an instant just before the burst for different
cross-section of score geometry is shown in Figure 4.23(c-d). Both these responses are higher
at close to the centre of the disc and gradually decrease with increase in the radius of the disc
and follow a similar pattern. Both the geq and eeq along the score are smaller for the rectangular
score cross-section, relatively higher for the semi-circular score geometry and highest for the
triangular score geometry. Triangular score geometry resulted in almost same response as that
of the similar geometry with filleted tip. With respect to the rectangular score cross-section,
the maximum oeq along the score increases by about 20% and the maximum &eq increases by
about 115%, for the semicircular score geometry. The triangular score geometry exhibits an
additional geq of around 200 MPa and almost triple the maximum eeq as compared to the
rectangular score geometry. The reaction force, F at the fixed boundary with respect t0 Wmax
is shown in Figure 4.23(e) for different cross-sections of the score. It is noticed that the
reaction force increases with the increase in the central deflection irrespective of the type of
score’s geometry, and their variations are almost close. The maximum F and Wmax, i.e. the
maximum failure energy is achieved for the rectangular and triangular score cross-sections
and are almost the same. Comparably, the semi-circular score geometry exhibits about 30%
less Wmax and 12.5% less maximum F just before the burst.

Table 4.9: Influence of score geometrical features on response of DSMD

Geometry
- _— v v
Py (MPa) 1.8 1.9 1.95 1.95
th (MSs) 3.6 3.8 3.9 3.9
Wmax(mm) 15.8 21.2 21.3 21.3
Emax 0.24 0.34 0.33 0.34
Emax (/5) 112 180 890 139
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The summary of maximum values of all responses such as P, th, Wmax, Emax aNd €4, TOr the
semi-circular, rectangular, triangular and triangular with filleted tip score geometries is shown
in Figure 4.23(f) and given in Table 4.9.

All these response parameters are relatively and marginally less for the semi-circular score
cross-section among the four score geometries. Except a higher value of maximum plastic
strain rate for the triangular score geometry, all the other response parameters are almost the
same for the four score cross-sections studied. Based on this study, the score geometry with
rectangular cross-section is preferable considering the relatively lower magnitude of oeq and
geq before failure along the score, manufacturing easiness and dimensional control.
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Figure 4.24: Operating parameters with respect to the score’s geometry

Operating parameters of DSMD with respect to score’s geometry is shown in Figure 4.24 (a-
b). Operating ratio is almost same for all types of score’s geometries although it is slightly
higher for circular cross section. Impulse less for circular disc and increased for other score
geometries indicating circular cross section is good for failure application although its effect
IS not significant. Any cross section is good for current application.

4.4.3 Results and discussions

The numerical analyses and investigations demonstrated a strong influence of geometrical
parameters of the domed-scored metallic disc on the deformation, failure and rupture
behaviour when subjected to a pressure loading at a given loading rate. The influence of
various geometrical features such as i) D/t ratio, ii) H/D ratio, iii) t1/t ratio, iv) b/t ratio, v) I/R
ratio, vi) score pattern, i.e. the number of scores (N), and vii) score’s geometric cross-section,
are thoroughly examined. Consolidated list of various response parameters viz. Py, th, Wmax,
Emax AN €4, €Xperienced at the centre of the disc at the time of burst are presented in Tables
4.21t04.9.
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4.4.3.1 Effect of loading rate

The burst pressure increased and burst time decreased with increase in loading rate and
remained almost constant beyond P > 100 MPa/s. Central deflection and plastic strain
increased up to P = 25 MPa/s, later reduced and stabilized after loading rate beyond 100
MPa/s while strain rate increased with increase in loading rate. There exists a threshold of
loading rate (100 MPa/s in the present case) where rupture disc is insensitive to the increase
in loading rates. This is due to the rapid loading rate inducing stress waves in the disc that
exceed the limiting plastic stress wave in the material.

Burst pressure increases and burst time reduces with increase in loading rate. At higher
loading rates, there is a marginal variation in operating ratio and reduction in the generated
impulse indicating that higher loading rates are preferable.

4.4.3.2 Effect of D/t ratio

The burst pressure and burst time decrease exponentially as diameter-to-plate thickness ratio
D/t is increased from 50 to 250, beyond which these two responses are almost constant while
the central deflection and strain rate increase linearly, as seen in Figure 4.10(f). The required
Py and ty can be chosen within D/t of 250. The domed SMD with D/t < 100 exhibit high
stiffness, thereby requiring high P,and ty. This disc fails at lowest plastic strain at score which
allows more global deformation before burst.

Higher D/t i.e. low sheet thickness (for a given diameter) is preferable to achieve low burst
pressure and low impulse during burst. Operating ratio reduces marginally with reduction in
sheet thickness indicating lower sheet thickness is preferable.

4.4.3.3 Effect of H/D ratio

As dome height-to-plate diameter H/D ratio is increased from 0.05 to 0.3, the behaviour of the
domed SMD approaches to a spherical dome, where the burst pressure, burst time and central
deflection are stabilized, as observed in Figure 4.12(f). This implies that more energy is
required to burst the scored disc when H/D is more than 0.3. While this will provide a higher
safety margin for the container in static storage condition, this may not be a recommended
choice for the rupture disc application in motor containers because it needs more failure
energy and burst pressure. Higher the burst pressure, higher will be the loss of active thrust
generated by the motor placed inside the container.

Low H/D ratio is preferable to achieve low burst pressure and low impulse and high H/D
ratio is preferable to achieve high operating ratio. Dome height less than 10 % of disc
diameter is preferable choice to achieve low burst pressure and high operating ratio.
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4.4.3.4 Effect of ti/t ratio

As the score’s depth-to-plate thickness ratio ti/t is increased from 0.1 to 0.5, the burst pressure,
burst time and the central deflection are gradually reduced to minimum values, as shown in
Figure 4.14, indicating that the failure of the domed SMD is dependent on the remaining
available plate thickness at the score region. For ti/t > 0.5, less variation in response
parameters is observed which indicates that the score’s depth, equivalent to half the plate
thickness is an optimum value. However, the static capacity of the domed SMD under a
constant storage pressure in motor container needs to be considered additionally to achieve
safety factors before deciding upon the score depth beyond ti/t = 0.5. Further, it can be
observed that the deformation and failure of the SMD is going to be very much instantaneous
with very minimum central deflection for t1/¢ > 0.5. It may introduce higher levels of reverse
shock loading in the motor container. Almost all response parameters in SMD are sensitive
up to ti/t < 0.5. Therefore, ti/t > 0.5 is the most desirable ratio based on the present
investigations.

Score depth closer to 50% sheet thickness is preferable to achieve low burst pressure and
optimum values of operating ratio and generated impulse and can be selected based on static
strength requirement of disc.

4.4 .3.5 Effect of b/t ratio

As the score’s width-to-plate thickness ratio b/t is increased from 1.5 to 3.5, no significant
change is observed in the predicted response parameters in the domed SMD as seen in Figure
4.17(f), which once again confirms the importance of plate thickness at the score region.

Burst pressure, operating ratio and generated impulse release during burst are unaffected
due to variation in b/t ratio indicating, score width, b, can be selected based on manufacturing
suitability.

4.4.3.6 Effect of I/R ratio

When the ratio of length of the score-to-maximum disc radius, i.e. I/R is more than 0.4, all
response parameters achieve a stabilized value, as observed in Figure 4.19(f) which means
that the variable parameters of a scored metallic rupture disc can be varied only when the
length of the score is less than 40% of the disc’s radius.

Score length has less effect on burst pressure, operating ratio and generated impulse at higher
loading rates when score length is less than 40% of disc radius. However, it effects the crack
propagation. So, maximum possible score length i.e. score length up to full radius of disc is
preferable choice.
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4.4.3.7 Effect of number of scores, N

For the plain, i.e. the domed metallic disc without any score, a maximum burst pressure of 5
MPa is predicted as seen in Table 4.8 and in Figure 4.21(f) and the failure is observed at
intersection of the flat and domed region of the disc, i.e. at the fixed curved boundary.
However, when two scores are introduced, the failure is initiated at the centre of the disc and
propagated along the score up to the flat portion of the disc towards the fixed boundary.
Further increase in the number of scores resulted in same failure phenomena as observed in
Table 4.7. Even though a minimum burst pressure is observed with 2 score configuration, the
energy required will be high for further opening out the petals for an obstruction free operation
of the motor and it results in minimum opening for the plume to escape the motor container
in which both are undesirable. Increase in the number of scores more than 12 also does not
necessarily results in failure initiation and propagation through all the scores which can be
observed with 12 score geometry where failure propagated through only 4 scores leaving the
remaining 8 scores unseparated. This reveals that the number of scores that can be
recommended in domed SMD can be 3, 4, 6, 8 or 10 to achieve a clear separation as seen in
Table 4.7 and subsequent bending along the fixed boundary. But the predicted responses
remained almost constant with any increase in number of scores N from 6 to 12 as observed
in Figure 4.21(f).

Marginal variation of burst pressure, operating ratio and generated impulse are observed for
N > 3 indicating that number of scores that can be opted in the domed SMD can be from 3 to
6. But, the selection of a particular number of scores between 3 and 6 is to be decided based
on the 1) resulting safety factor under storage pressure in motor container, 2) the required
symmetry in the opening of the petals, and 3) the manufacturing economy.

4.4.3.8 Effect of score geometry

Influence of the score geometry on the deformation and failure behaviour of the domed SMD
is studied with four different cross-sectional geometries for the score such as semi-circular,
rectangular, triangular and triangular with filleted tip, as shown in Figure 4.23. All response
parameters are almost the same for the four score cross-sections investigated as seen in Figure
4.23(f).

Score geometry has less effect on the burst characteristics of the disc at higher loading rates.
Score geometry can be selected based on manufacturing easiness. The rectangular, triangular
with filleted tip and semi-circular score geometries are preferable as they experience
relatively less magnitude of equivalent stress and plastic strain before failure along the score.
However, semi-circular cross-section proves to be difficult in control of dimensional
tolerances during manufacturing, filleted triangular cross section requires separate cold or
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hot-pressing operation with punch and die setup for manufacturing and hence, rectangular
cross section can be a preferable choice of score geometry.

4.5 Comparison on behaviour of FSMD and DSMD

The behaviour of FSMD, as shown in Figure 3.8 and DSMD, as shown in Figure 4.2, are
compared with respect to the parameters like i) loading rate (P), ii) D/t ratio, iii) ti/t ratio, iv)
b/t ratio, v) I/R ratio, vi) score pattern, i.e. the number of scores (N), and vii) score’s geometric
cross-section in order to understand the difference in their behaviours.

451 Effect of loading rate (P)
Comparison of burst pressure, burst time, central deflection and operating ratio of flat scored

metallic disc and domed scored metallic disc are shown in Figure 4.25(a-c).
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Figure 4.25: Comparison of FSMD and DSMD with respect to the loading rate
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In both FSMD and DSMD, the burst pressure of discs increased sharply up to a certain
threshold of loading rate and it remained almost the same, as shown in Figure 4.25(a). Domed
disc exhibited more resistance to failure compared to the flat disc. Burst time for both discs
reduced sharply with increase in loading rate up to 100 MPa/s and it remained almost constant
above this value, as shown in Figure 4.25(b). Flat discs failed quickly compared to domed
discs for given loading rate. Flat discs deformed more before failure than domed discs, as
shown in Figure 4.25(c).

45.2 Effect of D/t ratio

Comparison between FSMD and DSMD due to the variation in D/t ratio is shown in Figure
4.26(a-c).
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Figure 4.26: Comparison of FSMD and DSMD with respect to the (D/t) ratio

For same D/t ratio, domed disc exhibits more burst pressure and burst time than flat discs. In
both types of discs, burst pressure and burst time reduced exponentially with increase in
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diameter of the disc for same sheet thickness, as shown in Figure 4.26 (a-b). FSMD deformed
more at the centre compared to DSMD for a given diameter of the disc and in both cases,
central deflection increased with increase in the discs diameter, as shown in Figure 4.26 (c).

45.3 Effect of t1/t ratio

Comparison between FSMD and DSMD due to the variation in ti/t ratio is shown in Figure
4.27 (a-c).
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Figure 4.27: Comparison of FSMD and DSMD with respect to the (t1/t) ratio

Comparison of burst pressure and burst time between FSMD and DSMD for the same ti/t
ratio, is shown in Figure 4.27 (a-b). The difference between central deflection is almost same
between both FSMD and DSMD for a given score depth, as shown in Figure 4.27 (c) and it
gradually reduced with increase in score depth. As the score depth is more than half of sheet
thickness, all parameters remained constant in both cases.

112



45.4 Effect of b/t ratio

Comparison between FSMD and DSMD due to the variation in b/t ratio is shown in Figure
4.28 (a-c).

25 | —=—FSMD -o-DSMD 45 —=—FSMD -o-DSMD
_ 2.0 S P Sy p Nu— — ! s ? ————— O----- O ----C----- O
£ | 2
SREN: 3
< 25 |

10 -_ = = - ' I

0‘5_||||I||||I||||I|||| 1’5_|||||||||||||||||||

1.5 2.0 2.5 3.0 35 1.5 2.0 2.5 3.0 35
b/t b/t
a) Burst pressure with respect to the (b/t) ratio b) Burst time with respect to the (b/t) ratio
50 —+—FSMD -e-DSMD
t —& - - l
40 F
6] i
E 30
§ 20 §----- ©====- O -mm=O - P
=
10 |
0 1 1 1

1.5 2.0 2.5 3.0 35
b/t
c) Central deflection with respect to the (b/t) ratio
Figure 4.28: Comparison of FSMD and DSMD with respect to the (b/t) ratio

The parameters remained almost constant in both types of the discs irrespective of score width.

FSMD exhibited less burst pressure, burst time and more central deflection for a given score
width.
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455 Effect of I/R ratio

Comparison between FSMD and DSMD due to the variation in I/R ratio is shown in Figure
4.29(a-c).
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Figure 4.29: Comparison of FSMD and DSMD with respect to the (I/R) ratio

From the comparison of burst pressure and burst time, as shown in Figure 4.29 (a-b), they are
almost same when I/R is 0.1. The difference is increased for I/R > 0.1 and almost remained
same. From Figure 4.29 (c), central deflection of flat disc is more than the domed disc and,
in both cases, it remained same for I/R > 0.6.
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4.5.6 Effect of number of scores (N)

Comparison between FSMD and DSMD due to the variation in number of scores is shown in
Figure 4.30(a-c).
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c¢) Central deflection with respect to the number of scores
Figure 4.30: Comparison of FSMD and DSMD with respect to the number of scores

For plain disc, i.e. no scores, FSMD has higher burst pressure and burst time than DSMD. As
the scores are introduced, both burst pressure and burst time reduced significantly, as shown
In Figure 4.30(a-b). Central deflection is higher in FSMD compared to DSMD, as shown in
Figure 4.30(c).
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4.5.7 Effect of score’s geometry

Comparison between FSMD and DSMD due to the variation in score’s geometry is shown in
Figure 4.31(a-c).
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c) Central deflection with respect to the score’s geometry
Figure 4.31: Comparison of FSMD and DSMD with respect to the score’s geometry

As shown in Figure 4.31(a-b), burst pressure and burst time for FSMDs are lesser than DSMDs
but almost remained same for all geometries. The central deflection for semi-circular cross
section is lesser than other cross sections for both FSMD and DSMD, as shown in Figure 4.31

(c).
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4.6  Preliminary DSMD configuration

Based on the studies, the proposed geometry of the DSMD for given in Figure 4.32. It is
proposed to be made from E250 structural steel which is available in Indian market and is
closely equivalent to S235 JR structural steel. Score depth is increased from 0.8 mm to 1.4
mm based on i) static strength requirement of having a factor of safety of more than 1 and ii)
considering the manufacturing difficulty in producing more than 1.4 mm score depth on
domed surface.
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Figure 4.32: Proposed preliminary disc configuration

4.7 Summary

This chapter has presented the large deformation and failure behaviour of a domed thin scored
metallic disc for application at the bottom of a pressurised motor container where it withstands
a constant internal pressure during storage, and rupture instantaneously upon generation of an
internal impulsive pressure loading. Based on the numerical simulation methodology and
material parameters from previous chapter, the behaviour of a domed-scored thin metallic disc
was numerically investigated for the storage and failure loadings in a motor container. Two
critical parameters Operating ratio and Impulse transmitted were defined. The effect of loading
rates (2.5-500 MPa/s), diameter-to-plate thickness ratio (50-500), dome height-to-plate
diameter ratio (0.01-0.5), score’s depth-to-plate thickness ratio (0.3-0.7), score’s width-to-
plate thickness ratio (1.5-3.5), score’s length-to-plate radius ratio (0.1-1.0), score pattern (with
number of scores from 0 to 12), and score geometry (semi-circular, rectangular, triangular and
triangular with filleted tip) were investigated.
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Chapter - 5
Manufacturing of Domed Metallic Disc

5.1 Introduction

Metallic sheets are subjected to several hot and cold forming processes to manufacture desired
geometry and shape. Thin metallic sheets in the form of discs are used for making domed
geometries such as forward or reverse domed rupture discs, dish antennae, etc. Typically, they
are manufactured through the press (i.e. punch) and die. They can also be manufactured
through hydro-forming or explosive-forming processes [70-72]. The adaptability of a given
manufacturing process depends on the accuracy achieved in the final formed geometry,
manufacturing cost, easiness in developing the manufacturing setup and repeatability in the
final formed disc. Several products require the formation of domes from initially flat thin
metallic discs. Among all manufacturing techniques, the hydro-forming process helps to form
a desired dome shape with relatively less manufacturing setup and controllable process
parameters.

Hydro-forming is a forming process in which a pressurised hydraulic medium is used to
deform a work piece beyond the elastic limit against a die or into an open space to form the
desired shape [70]. Hydro-forming has many advantages over the conventional deep drawing,
such as higher drawing ratio, dimensional accuracy, surface quality and less spring back.
Determination of correct process parameters, such as pressure in the pot and blank holding
force concerning the deformation of the blank, determines the successful hydro-forming
process without experiencing any defects such as wrinkles and cracks. The numerical
simulations help estimate the optimum loading path for pressure in the pot and the blank
holding force [70-73]. The hydro-forming provides greater scope for nonsymmetrical
components and has been proposed as a good candidate for the production of complex
stampings in the automotive industry, offering fewer difficulties with rigid tools [74-85].

Before starting to experiment with the hydro-forming process, resorting to numerical
simulations to arrive at process parameters helps to study the feasibility of achieving the
required dome geometry, variations, if any, observed in the thickness of the metallic disc, the
magnitude of hydraulic pressure, etc. This numerical simulation can be conducted through
non-linear finite element analysis (FEA) using implicit or explicit methods. Hydro-forming
the thin metallic disc can be completed in less than a few seconds under pressure loading. The
explicit method gives the advantage of capturing the variations in the deforming metallic disc
under the action of hydraulic pressure in a short duration, i.e. in a few seconds, as it adopts a
direct solver [43]. But the minimum size of the elements in the finite element model depends
on the time the stress wave travels through the element. However, if the loading duration is
more, then implicit methods give proper results.
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Several researchers [75-85] have attempted to simulate the manufacturing process of hydro-
forming operation numerically. Cherouat et al. [75] presented a numerical methodology to
improve the 3D thin sheet hydro-forming processes based on elastoplastic constitutive
equations accounting for non-linear anisotropic hardening. They identified the material
parameters from the global measure of sheet displacement, thickness evolution and internal
pressure expansion. Parsa et al. [76] investigated alternate methods to the conventional
manufacturing processes for a three-piece shell fender of an automobile by one piece, based
on a sheet hydro-forming process. They proposed two possible manufacturing procedures, viz.
pure stretching and draw-in and evaluated them numerically. Their results demonstrated the
superiority of the draw-in procedure.

Although significant research has been conducted on the hydro-forming of sheet metals, their
studies are focused on varied and specific applications. The observations from each study are
unique, although the procedures may have commonality. The loading rate decides the forming
speed and, thereby, the time involved in the hydro-forming operation.

5.2 Hydro-forming of GS (galvanised steel) disc

To prove the FE simulation and manufacturing methodology, first, the hydro-forming of a flat
thin metallic GS disc is designed and manufactured to achieve a forward domed disc, as shown
in Figure 5.1, which will be subsequently adopted to manufacture a rupture disc. A higher
thick sheet with less diameter requires more hydro-forming pressure. Due to the unavailability
of sheet thickness less than 2 mm in E250 material, GS sheet is used. The tensile tests are
conducted to determine the full range stress-strain behaviour of the adopted galvanised steel
sheet. This constitutive data is used in the numerical simulations.
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(b) Expected domed geometry
Figure 5.1: Thin flat metallic GS disc before and after hydro-forming

The plastic deformation induced by the hydraulic energy is simulated through an incremental
isotropic hardening plasticity model using a non-linear explicit finite element analysis. The
variation of central deformation, thickness, equivalent plastic stress and equivalent plastic
strain in the metallic disc with respect to the applied hydraulic pressure is numerically
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determined. The hydro-forming setup is then designed and manufactured, and the metallic
disc has experimented with under the hydro-forming process. The reduction in thickness due
to the stretching of the thin steel disc is evaluated from experiments and simulations. This
study helped finalise the hydraulic pressure, feasibility and accuracy of practically achieving
the desired geometry of the metallic disc. The material property evaluation, numerical
modelling and analysis, design and development of hydro-forming die assembly setup and
metallic discs, the hydro-forming experiments and discussion of results are presented in
subsequent sections.

5.2.1 Evaluation of GS material properties

The material used is a 0.4 mm thin galvanised steel sheet as per standard [86] and a diameter
of 100 mm. Three tensile test specimens in sheet form are wire cut from the same galvanised
steel sheet where the flat metallic disc is prepared for hydro-forming. The standard
dimensions of the tensile test specimens are shown in Figure 5.2(a). Three tensile specimens
are wire cut as per Figure 5.2(a) are shown in Figure 5.2(b).

25
o
110 10
30 R20
v
—
25
| I
a) Specimen geometry b) Tensile test specimens
500
L True stress vs True stram
400
) L
Q-‘ -
2 300 N
5 Engg stress vs Engg strain
200 — Specimen-1
e Specimen-2
100 | —— Specimen-3
B —Mean
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0.0 0.1 0.2 0.3
&
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Figure 5.2: Material properties evaluation of GS (all dimensions in mm)
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Tensile tests are performed as per ASTM E8 [55] standard on three specimens as per the
standard procedure on an MCS universal testing machine. The engineering stress versus
engineering strain curve obtained for all three tensile tests is plotted in Figure 5.2(c), including
the mean of the three tensile test results. Material properties obtained from tension tests are
Young’s modulus = 180 GPa; Poisson’s ratio = 0.29; yield strength = 258 MPa; ultimate
tensile strength = 326 MPa; and elongation at break = 33%. The mean true stress-strain curve
(Figure 5.2(c)) derived from the mean engineering stress-strain curve data from the test results
is considered for numerical simulations in explicit FEA.

5.2.2 Numerical simulation of the hydro-forming process

A symmetric two-dimensional model of the flat metallic disc is modelled as shell elements-
SAX1 in ABAQUS explicit [61]. The 8 mm outer edge is constrained in two displacements
(ux = uy = 0) and one rotational (¢, = 0) degree of freedom. The inner domed profile of the die
is modelled as an analytical rigid surface and is fixed in the middle. A kinetic friction contact
is established between the metallic disc and the rigid profile surfaces with a friction coefficient
of 0.1. The true stress-true strain curve obtained from tensile tests shown in Figure 5.2(c) is
implemented in simulation using the isotropic hardening plasticity model. The pressure
loading rate of 100 MPa/s is applied to reduce the computational time. The solution time of
100ms is considered. The FE model with loads, boundary conditions and loading is shown in
Figure 5.3. The problem is solved in a non-linear explicit solver [61].
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Figure 5.3: Loads and boundary conditions of GS disc FE analysis
5.2.3 Simulation results

The results obtained from explicit FEA simulations are presented in this section. After the
complete deformation of the flat metallic disc, the disc attained a domed shape matching the
profile of the rigid die surface, as shown in Figure 5.4. The maximum equivalent plastic strain
is reached at the middle of the formed disc and is observed as 10.015% (Figure 5.4(a)), and
the corresponding equivalent plastic stress is 347MPa (Figure 5.4(b)) at the middle region of
the disc. The equivalent plastic stress and strain are maximum up to about 0.5 times the radius
r of the disc and gradually decrease to a minimum value with an increase in the radius t0 rmax
=42 mm.
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(a) Equivalent plastic strain distribution
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(b) Equivalent plastic stress distribution
Figure 5.4: Equivalent plastic strain and stress after hydro-forming of GS disc

A maximum central deflection wmax 0f 9.8 mm is reached in the middle of the dome at 3 MPa
pressure, as shown in Figure 5.5(a). This deflection remains constant at 9.8 mm once the disc
reaches the rigid surface. A difference of 0.2 mm is observed as the mid-surface reference is
taken in the shell element representing the metallic disc. Under applied hydraulic pressure,
the flat metallic disc undergoes bending and stretching deformations. The stretching
deformation induces a reduction in thickness t along the radius of the disc during the formation
of the dome shape. This reduction in thickness Az is maximum at the middle of the dome and
is about 9.2% of the original sheet thickness to = 0.4 mm. This thickness reduction gradually
reduces to about 0.5% following a parabolic path until the radius r = 0.96rmax. Just after r =
0.96rmax, i.e. at the end of the radius of the disc, there is an abrupt reduction in thickness due
to the geometry change offered by the die’s horizontal surface. This reduction in thickness
increases from 0.5% to 3% within a narrow radial region of 0.04rmax near fixity, as seen in
Figure 5.5(b).
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Figure 5.5: Response of GS disc under pressure loading

The equivalent plastic strain decreases from 10.015% at r = 0 to 0.5% at r = 0.96rmax. Beyond
0.96rmax, the strain increases to about 1.8%, just before r = rmax, and decreases to 0 at rmax. as
shown in Figure 5.5(c). Unlike reduction in strain and thickness, as the radius increases from
0 to rmax, the equivalent plastic stress decreases gradually from 340 MPa at r = 0 to 260 MPa
at r = 0.96rmax. A slight oscillation occurs in stress value after 0.96rmax but gradually decreases
to 0 MPa at rmax, as seen in Figure 5.5(d).
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5.2.4 Hydro-forming experimental setup
5.2.4.1 Design and fabrication of hydro-forming die assembly

The design of the hydro-forming die assembly with and without hydraulic pressure is shown
in Figure 5.6. The hydro-forming die assembly is designed with the die at the bottom having
a ¢1.0 mm air vent hole in its middle and a top plate at the top. The top plate is featured with
a provision for connecting the hydraulic inlet. The flat metallic disc specimen is sandwiched
between the die and the top plate through flat gaskets for leak protection, as shown in Figure
5.7. They are bolted together using eight numbers of M10 fasteners.

(a) Before forming

P

y
I \ /

(b) Just after forming
Figure 5.6: Hydro-forming die setup

Figure 5.7(a) shows the engineering model of the designed hydro-forming die setup, Figure
5.7(b) shows the exploded view of the assembly and Figure 5.7(c) shows the fabricated
components of the die assembly. The metallic components of the die assembly are machined
from EN24 alloy steel [87] material and surface protected with Zn coating of 0.006 mm
thickness. A flat thin metallic disc specimen is fabricated by wire cut operation.

5.2.4.2 Experimental setup and hydro-forming experiment

The machined components of the die assembly are integrated as per the sequence shown in
Figure 5.7(b) and the final setup is realised as shown in Figure 5.8(a). The hydraulic inlet is
connected to the top plate. The hydraulic pump with an accumulator capacity of 50 litres and

124



a flow rate of 0.5 Ipm is used in this experiment, as shown in Figure 5.8(b). The hydraulic
valve is gradually opened until the pressure increase raises sharply. The hydro-forming
process is completed within 4 seconds. This sharp increase in pressure occurs once the flat
metallic disc deforms and touches the bottom die surface. The experiment is stopped by
bringing the hydraulic pressure to zero. The assembly is dismantled and the final hydro-
formed metallic disc is shown in Figure 5.9. The right side picture in Figure 5.9 is the top
surface of the domed disc exposed to hydraulic pressure and the left is the bottom surface of
the formed disc, which contacted and touched the die’s top surface.

Locking screws

Die

(b)

Figure 5.7: Hydro-forming setup: (a) assembly, (b) exploded view of components, and
(c) individual fabricated components
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(a) Die assembly connected to the hydraulic (b) Hydraulic pump
supply
Figure 5.8: Experimental setup

#

Figure 5.9: Hydro-formed domed GS disc (finished component)

5.2.5 Results and discussions on GS disc

The thickness variation in the hydro-formed disc is measured through a micro-meter of 0.01
mm least count along eight equi-spaced markings on the dome covering the entire 360° of the
domed disc. The variation of measured thickness is compared with that from numerical
simulation as shown in Figure 5.10. The thickness reduction measured after the experiment
varied from 7.6% at r =0 to 0 % at r = 0.96rmax. Beyond r > 0.96rmax, the measurement was a
challenge in capturing the thickness values at the sharp curvature close to the fixed region and
hence, is not reported. The maximum reduction is observed at r = 0 in numerical simulation
and is about 9.2% of the original sheet thickness. It decreased to about 0.50 % at r = 0.96rmax.
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There is a reasonable agreement between the experiment and simulation on the reduction sheet
thickness. The maximum difference between the experiment and numerical simulation is only
about 1.6%. This simulation validated by experiment confirmed the feasibility of
manufacturing the domed disc by the hydro-forming process. The numerical simulation
helped investigate and understand the variations in geometric parameters such as central
deflection and thickness and the equivalent plastic stress and strain subjected to the domed
disc.

10 [
8
S 6
S
- C
4
~ - —Simulation
2 | —=Experiment
0_|||||||||||||||||||

0.0 0.2 0.4 0.6 0.8 1.0
/T

Figure 5.10: Percentage reduction in thickness of domed GS disc along radius -
experiment vs simulation

5.3 Hydro-forming of E250 structural steel disc

A similar procedure is followed for the hydro-forming of the E250 structural steel disc and is
explained in this section.

5.3.1 Disc geometry

The geometry of the initial disc and the expected final disc geometry is shown in Figure 5.11.

D800
) = -
|
A
(@) Initial geometry

0800 _
) 0720 _ 50
| I » I |
i ' T b;_—______! I _______5:’—'::’:5: -
RS th }

(b) Expected domed disc
Figure 5.11: E250 structural steel disc before and after hydro-forming
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5.3.2 FE model setup and analysis of E250 structural steel disc

As explained in Section 5.2.2, a symmetric two-dimensional model of the flat metallic disc is
modelled as shell elements-SAX1 with an element size of 1 mm. The 40 mm outer edge is
constrained in two displacements (ux = uy = 0) and one rotational (6, = 0) degree of freedom.
The inner domed profile of the die is modelled as an analytical rigid surface and is fixed in
the middle. A kinetic friction contact is established between the metallic disc and the rigid
profile surfaces with a friction coefficient of 0.1. The extracted J-C material model parameters,
as given in Chapter-2, are implemented in simulation using the isotropic hardening plasticity
model. The pressure loading rate of 10 MPa/s is applied to reduce the computational time. A
solution time of 2 seconds is considered. The FE model with loads, boundary conditions and
loading is shown in Figure 5.3. The problem is solved in a non-linear implicit solver [60].

5.3.3 FE simulation results

After the complete deformation of the flat metallic disc, the disc attained a domed shape
matching the profile of the rigid die surface. The maximum equivalent plastic strain is reached
at the middle of the formed disc and is observed as 7.7% (Figure 5.12(a)) and the
corresponding stress is 463 MPa (Figure 5.12(b)) at the middle region of the disc. The
equivalent plastic stress and strain are maximum at the centre of the disc and gradually
decrease to a minimum value at radius rmax = 350 mm.
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(a) Equivalent plastic strain distribution
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(b) Equivalent plastic stress distribution
Figure 5.12: Equivalent plastic strain and stress after hydro-forming of E250 disc
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A maximum central deflection Wmax of 50 mm is reached in the middle of the dome at 1.31
MPa pressure, as shown in Figure 5.13(a). This deflection remains at 50 mm once the disc
reaches the rigid surface. Under applied hydraulic pressure, the flat metallic disc undergoes
bending and stretching deformations. The stretching deformation induces a reduction in
thickness t along the radius of the disc during the formation of a dome shape. This reduction
in thickness Az is maximum at the middle of the dome and is about 3.2% of the original sheet
thickness to = 2 mm and gradually reduced up to fixity, as seen in Figure 5.13(b).
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Figure 5.13: Response of E250 disc subjected to the hydro-forming

The equivalent plastic strain decreases from 3.2% at r = 0 to 0% at r = 0.9rmax. Plastic strain
suddenly increased up to 5% in the fillet region near fixity. Beyond 0.9rmax, the strain remains
close to 0% near fixity, as observed in Figure 5.13(c). Unlike reduction in strain and thickness
as the radius increases from 0 to rmax, the equivalent plastic stress decreases gradually from
410 MPa at r = 0 to 340 MPa at r = 0.9 rmax. A slight oscillation occurs in stress value after
0.96 rmax but gradually decreases to 0 MPa at rmax, as seen in Figure 5.13(d).
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5.3.4 Hydro-forming experimental setup
5.3.4.1 Design of hydro-forming die assembly

The engineering model of hydro-forming die assembly is shown in Figure 5.14(a). The hydro-
forming die assembly is designed with the die at the bottom having a ¢1.0 mm air vent hole
in its middle and a top plate at the top. The top plate is featured with a provision for connecting
the hydraulic inlet. The flat metallic disc specimen is sandwiched between the die and the top
plate. Two O-rings are provided between the flat disc and bottom die for leak-proof. They are
bolted together using 24 numbers of M12 fasteners. Figure 5.14(b) shows fabricated
components of the die assembly and Figure 5.14(c) shows the exploded view of the assembly.
The metallic components of the die assembly are machined from C45 high carbon steel [88]
material. The flat thin metallic disc from E250 structural steel material is fabricated by wire
cut operation.

a) Assembly
Top plate
Fasteners

Gaskets

Disc x .

Forming die T
b) Hardware ¢) Exploded view

Figure 5.14: Hydro-forming setup for E250 steel disc

5.3.5 FE analysis of hydro-forming experimental setup

DSMD is formed from a 2 mm thick E250 structural steel sheet. From analysis, the required
hydro-forming pressure is 1.3 MPa. The hydro-forming setup is designed to withstand 1.5
MPa to account for uncertainties. The bottom die and Top plate are made of C-45 steel, with
an ultimate strength of 610 MPa and a minimum yield strength of 320 MPa. The top plate is
clamped to cylindrical housing using 24 numbers of M12 bolts by applying pre-tightening
torque of 56 N-m.
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5.3.5.1 Loads and boundary conditions

The FE model of the experimental setup is shown in Figure 5.15(a). ANSY'S 2019 [89] is used
for static structural analysis. The model is discretised using 589052 ten-node tetrahedral
elements with three DOF per node, with a minimum element size of 3 mm and an average
element size of 5 mm. The bottom member (plate) is rigidly clamped to the floor, fixed in FE
analysis. A pressure of 1.5 MPa is applied to all interior surfaces, as shown in Figure 5.15(b).

a) Discretized model b) Loads and Boundary conditions
Figure 5.15: FE model, loads and boundary conditions for E250 steel disc

5.3.5.2 Results

The results of the analysis are shown in Table 5.1. All components have a sufficient factor of
safety (FS) under the given load.

Table 5.1: Results for static structural analysis of hydro-forming setup components

Component Induced von-Mises stress Maximum deflection FS

Top plate 2.4

Die 11

0,,.= 30 MPa

avg

Thus, all the components are safe under given loading conditions.
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5.3.6 Experimental setup and hydro-forming experiment

The machined components of the die assembly are integrated as per the sequence shown in
Figure 5.14(b) and the final setup is realised as shown in Figure 5.16(a). The hydraulic inlet
is connected to the top plate. The hydraulic pump with an accumulator of capacity 50 litres
and a flow rate of 0.5 Ipm is used in this experiment. The hydraulic valve is gradually opened
until the pressure increase raises sharply. This sharp increase in pressure occurs once the flat
metallic disc deforms and touches the bottom die surface. The experiment is stopped by
bringing the hydraulic pressure to zero and then the assembly is dismantled after keeping the
assembly in the same position for 1 hour. The final hydro-formed metallic disc is shown in
Figure 5.16(b). No spring back is observed in the formed disc.

Die assembly Inlet

a) Hydro-forming setup b) Hydro-formed E250 disc
Figure 5.16: Hydro-forming of E250 domed disc

5.3.7 Results and discussions on hydro-forming of E250 disc

The reduction in the thickness from the simulation is shown in Figure 5.17. The thickness at
the centre is 1.93 mm and variation is parabolic up to fixity. The disc’s thickness increased up
to 2.06 mm in the fillet portion of the disc. Thickness remains constant in the fixity portion of
the disc from r = 0.9rmax to r = rmax. The numerical simulation helped investigate and
understand the variations in geometric parameters such as central deflection and thickness,
the equivalent plastic stress and strain subjected to the domed disc, and the minimum fluid
pressure required for hydro-forming operation. However, the experimentally observed
thickness could not be measured due to its geometry and handling challenges. It is believed
that the same percentage reduction in thickness might be observed in this E250 structural steel
disc as observed in the 100 mm GS disc discussed at the beginning of this Chapter.
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Figure 5.17: Thickness of E250 domed disc along the radius from simulation

5.4 Summary

The manufacturing feasibility of the domed metallic disc from an original flat disc through
the hydro-forming process was explored through a small ($100 mm and 0.4 mm thick)
galvanic steel disc. The material property of the galvanised steel disc was obtained from three
tensile experiments. These material properties were considered in numerically simulating the
deformation behaviour of the flat metallic disc using an isotropic plastic hardening model.
The hydro-forming process under pressure loading was simulated through a simplified
axisymmetric FEA model and solved using a non-linear explicit FEA code. The feasibility of
manufacturing dome discs through this process is established.

A similar approach is followed for E250 structural steel disc. Simulation is conducted through
non-linear implicit FEA code because of more duration of loading time. J-C material
properties derived in Chapter-2 are considered for simulation. An experimental setup is
designed and fabricated. The disc is manufactured through the hydro-forming operation. The
thickness variation of the disc along the radius of the disc is investigated.
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Chapter - 6
Experiments on Scored Metallic Discs

6.1 Introduction

The experiments are conducted on Flat Scored Metallic Discs (FSMD) and Domed Scored
Metallic Discs (DSMD) to ascertain the burst pressure of both discs and validate the structural
response of the discs up to failure. Both types of discs are made of E250 structural steel. A
separate experimental setup is designed and realised to achieve the maximum possible loading
rate conditions with the available facilities in the laboratory. By considering the safety
requirements, tests are conducted in two phases. In the first phase, experiments are conducted
using hydraulic pressure at a quasi-static loading rate to determine the burst pressure and
verify its agreement with the predicted burst pressure. In the second phase, experiments are
conducted under pneumatic pressure at a higher loading rate. This chapter explains
experiments on both the FSMD and DSMD under hydraulic and pneumatic loadings.

6.2 Geometry of discs

6.2.1 Flat scored metallic disc

The geometry of FSMD used for experimentation is shown in Figure 6.1(a). It is a circular
disc of 800 mm diameter, laser cut from a 2 mm thick hot rolled E250 structural steel sheet.
On one side of the disc, two rectangular scores with a length of 700 mm, a width of 5 mm and
a depth of 1.4 mm are milled in a ‘+’ configuration, as shown in Figure 6.1(b). Twenty-four
numbers of 13 mm diameter holes are drilled at a pitch circle diameter of 780 mm. These
holes are used for clamping the disc to the experimentation chamber.
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a) Geometry of FSMD b) Score geometry

Figure 6.1: Experimental disc geometry of FSMD
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Three numbers of FSMD, F2, F3 and F4 are realised, as shown in Figure 6.2.

. -

Flat Disc

Strain gauge \

a) Flat Disc-F2 b) Flat Disc-F3 c) Flat Disc-F4
Figure 6.2: Realized FSMDs

6.2.2 Domed scored metallic disc
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a) Geometry of DSMD b) Score geometry

Figure 6.3: Experimental disc geometry of DSMD

The geometry of DSMD used for experimentation is shown in Figure 6.3(a). First, flat circular
discs of 800 mm diameter are laser cut from 2 mm thick E250 structural steel sheets. These
flat discs are formed to dome shape using hydro-forming operation as discussed in Chapter-
6. Afterwards, two rectangular scores are milled in a ‘“+’ configuration. While milling these
scores, support in the form of a fixture is provided in the concave portion of the disc to avoid
local deformation in the scored region during milling. Both scores have a length of 700 mm,
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width of 5 mm and depth of 1.4 mm, as shown in Figure 6.3(b). Like flat discs, 24 numbers
of 13 mm diameter holes are drilled at a pitch circle diameter of 780 mm.

Three numbers of DSMD, D1...D3, are realised, as shown in Figure 6.4.

Score

Domed Disc o

a) Domed Disc-D1 b) Domed Disc-D2 c) Domed Disc-D3
Figure 6.4: Realized DSMDs

6.3 Design and analysis of experimental setup
6.3.1 Configuration of the experimental setup

A schematic view of the experimental setup of the burst experiment is shown in Figure 6.5.
The experimental setup mainly consists of a cylindrical housing having an inside diameter of
720 mm and height of 200 mm with a pressurised chamber volume of 0.081 m3. It is made of
two parts, one is the bottom plate and the other one is the cylindrical chamber, which is welded
together.

. 0720 40 Mi12bolt
Clamping flange - i -
Disc under study
\/\ \
\’\ Scored side » O-Ring
AR SR ERERENERENE]
Hydrauli_c/ P S
Pneumatic Pressurized chamber o
Pressure
Cylindrical
Housing 7.‘

Figure 6.5: Schematic view of the experimental setup

Discs are clamped to the open end of the cylindrical housing with the help of a clamping
flange and 24 numbers of M12 bolts. The plain side of the disc is exposed to the applied
pressure. A pre-tightening torque of 100 N-m is applied to the bolts, which induces 1000 kN
of clamping force or closing pressure of 10 MPa. An O-ring is placed between the disc and
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cylindrical housing for sealing the chamber. The three-dimensional model of the experimental
setup is shown in Figure 6.6(a) realised hardware is shown in Figure 6.6(b).

Clamping ‘ Disc
Flange s

Sectional | €

view Housing

Eye bolts for
andling

FSMD

Analogue
Pressure

gauge Inlet

Digital Pressure gauge

b) Realized hardware

Figure 6.6: Experimental setup

137



6.3.2 Measurement plan

A quartz-based pressure transducer with a measurement range of 0 - 6.9 MPa, an accuracy of
2% and a response time of less than 1 ms is attached to the chamber to record the pressure
inside the chamber during the test. Eight foil-type strain gauges S1, S2 ... S8 having a nominal
resistance of 350Q are bonded to scored side of discs as shown in Figure 6.1(a) and 6.3(a) to
record the strain response of the disc under applied pressure. Quarter bridge setup is used to
connect the strain gauges to the signal conditioner. Two strain gauges, S1 and S2, are placed
at 45° to score and closer to the centre of the disc, one in radial and the other in tangential
directions, at a distance of 50 mm and 30 mm, respectively. As shown, two more strain gauges,
S7 and S8, are placed on the other side of the groove. Two more strain gauges, S3 and S4, are
placed on the disc aligned to the groove, one nearer to the centre at 100 mm and the other
nearer to the clamping end of the disc at 300 mm from the centre of the disc. The last two
strain gauges, S5 and S6, are placed at a similar location on the adjacent score. Minimum four
strain gauges S1...S4 are planned to monitor the behaviour in a single formed petal in which
two gagues along the groove and two away from the groove. Since the crack formation
through all the scores is unpredictable, and conducting each experiment is time consuming
and expensive, four more redundant strain gauges S5...S8 are additionally used.

6.3.3 FE analysis of the experimental setup

The expected burst pressure of DSMD is 0.62 MPa. The experimental setup is designed to
withstand 2.5 MPa to account for uncertainties. A top plate is designed to conduct the proof
pressure experiment, as shown in Figure 6.7(a). The sectional view is shown in Figure 6.7(b).

Top plate for Proof pressure testing
(Made of C-45 material)

Bushes
(Made of EN-24 Material)

Bottom Plate (Cylindrical Housing)

Cylindrical Ring(Cylindrical Housing) (Made of C-45 Material)
(Made of C-45 Material)

a) Assembly b) Sectional view
Figure 6.7: Model for proof pressure experiment and FE analysis

FE simulation is also carried out with this plate. All parts of the experimental setup, viz.
cylindrical housing (bottom plate and cylindrical ring), bushes, clamping flange and top plate,
are made of C-45 steel with an ultimate tensile strength of 610 MPa and minimum vyield
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strength of 320 MPa. The top plate is clamped to the cylindrical housing using 24 numbers of
M12 bolts by applying pre-tightening torque of 56 N-m.

6.3.3.1 Loads and boundary conditions

The FE model of the experimental setup is shown in Figure 6.8(a). ANSYS 2019 [89] is used
for static structural analysis. The model is discretised using 1393636 ten-node tetrahedral
elements with three degrees of freedom (DOF) per node are used with a minimum element
size of 3 mm and an average element size of 8 mm. The bottom plate is rigidly clamped to the
floor, fixed in FE analysis. A pressure of 2.5 MPa is applied to all interior surfaces, as shown

in Figure 6.8(b).
ﬂ T + + +t+ * 1t
P=2.5MPa 3
4 4 48 1 31 1 1

‘\ u_‘.=ﬁ : =0/'

Y U,

a) Discretized model b) Loads and boundary conditions
Figure 6.8: FE model, loads and boundary conditions

6.3.3.2 Results

The results of the FE analysis are shown in Table 6.1. All components have a sufficient factor
of safety under the given load.

Table 6.1: Results for static structural analysis of experimental setup components

Component Induced Von-Mises stress Maximum deflection FS

Top plate 2.7

=118 MPa

Oavg ™

Opmar=0.52 mm
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Housing 2.3

Omax=0.007 mm

Bottom plate 40

Opg= 8 MPa
Opmar = 0.002 mm

Thus, all the components are safe under given loading conditions.
6.3.3.3 Proof pressure experiment

Due to high-pressure application, the experimental setup is subjected to proof pressure loading
to qualify the workmanship, such as leakage at welded joints. The experimental setup is
subjected to 2.5 times the maximum expected burst pressure of the disc, i.e. 1.5 MPa. The
proof pressure experimental setup is shown in Figure 6.9.

fH‘ '@g pre-filled
with water

a) Preparation for the experiment ~ b) Experimental setup with pressure gauge reading
(inset)
Figure 6.9: Proof pressure experimental setup
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The housing is pre-filled with water and securely tightened with the top plate. An O-ring is
placed between the housing and the top plate for leakproof. Bolts are tightened to 56 N-m pre-
tightening torque. Water is supplied at a rate of 0.5 Ipm until the pressure inside the chamber
is reached 1.5 MPa or 15 bar. The setup is held for 30 minutes in this condition, and no
pressure reduction is observed. As a result, the experimental setup is qualified for further
experimentation of SMDs.

6.4 Experimental procedure

The experiment is conducted in two phases. In the first phase, one FSMD (F2) and one DSMD
(D1) are subjected to hydraulic pressure loading to determine the burst pressure. In the second
phase, two FSMD (F3 and F4) and two DSMD (D2 and D3) are subjected to pneumatic
pressure at a high loading rate.

During the hydraulic experiment, the chamber is pre-filled with water and the input port is
connected to a reciprocating hydraulic pump which can supply 0.5 Ipm. During pneumatic
testing, the input port is connected to the pneumatic supply at higher pressure, i.e. more than
150 bar. When the manually operated inlet valve is opened, the air suddenly enters the
chamber, and the disc is subject to a higher loading rate. During the experiment, the pressure
inside the chamber is monitored using a pressure transducer and strains developed in discs are
monitored using strain gauges.

6.5 Observations and results
6.5.1 Hydraulic experiment of FSMD — F2

The hydraulic experiment on flat disc F1 could not be completed successfully due to damage
to the disc before experimentation. The hydraulic experiment on FSMD-F2 is conducted by
subjecting the discs to hydraulic pressure. The disc before the experiment is shown in Figure
6.10(a), the disc after the experiment is shown in Figure 6.10(b), and the crack developed
during the experiment is shown in Figure 6.10(c). The chamber is pre-filled with water, and
additional water is supplied by a reciprocating hydraulic pump at 0.5 Ipm. The pressure and
strains are monitored continuously during the test. The pressure with respect to time inside
the chamber is shown in Figure 6.11(a) and the loading rate of the experiment is 0.0003 MPa/s.
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c¢) Crack formed during the experiment
Figure 6.10: Experiment on FSMD F2

The experiment continued for 16.5 minutes before forming a small crack away from the centre
of the disc, as shown in Figure 6.11(b) and the observed peak pressure is 0.31 MPa which is
noted as the burst pressure of the disc. After the initiation of the crack, water started leaking
through the crack, and as a result, a pressure drop was observed. As the crack is propagated,
the leak rate becomes more than the input rate and further pressure rise could not be observed.
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Figure 6.11: Experiment on FSMD F2 during crack initiation

6.5.2 Pneumatic experiment of FSMD - F3

The pneumatic experiment on FSMD-F3 is conducted by subjecting the disc to a pneumatic
supply of 200 bar. The disc before the experiment is shown in Figure 6.12(a), and the disc
after the experiment is shown in Figure 6.12(b).

03 [|P=0.02MPass | »

Pressure (MPa)
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0.1
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0 5 10 15 20
Time (s)
a) Before experiment b) After experiment c) Pressure with respect to time

Figure 6.12: Experiment on FSMD F3

The loading rate during the experiment is observed to be 0.02 MPa/s and the peak pressure is
0.31 MPa which is noted as the burst pressure of the disc. The experiment continued for 17
seconds, and the pressure with respect to loading rate is shown in Figure 6.12(c). During this
experiment, the formation of the dome along with failure along a single score by the formation
of crack is observed.

6.5.3 Pneumatic experiment on FSMD - F4

The pneumatic experiment on FSMD-F4 is conducted by subjecting the disc to a pneumatic
supply of 250 bar. The disc before the experiment is shown in Figure 6.13(a), and the disc
after the experiment is shown in Figure 6.13(b).
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Figure 6.13: Experiment on FSMD F4

The loading rate during the experiment is observed to be 0.11 MPa/s and the peak pressure is
0.35 MPa which is noted as the burst pressure of the disc. The experiment continued for 3.6
seconds, and the pressure with respect to loading rate is shown in Figure 6.13(c). During this
experiment, similar to disc F3, the formation of a dome and failure along a single score by
forming a crack is observed.

6.5.4 Hydraulic experiment on DSMD - D1

The hydraulic experiment on DSMD-D1 is conducted by subjecting the disc to hydraulic
pressure. The pressure with respect to time is shown in Figure 6.14(a), the disc before the
experiment is shown in Figure 6.14(b), and the disc after the experiment is shown in Figure
6.14(c).
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c) Crack initiation during the experiment
Figure 6.14: Experiment on DSMD D1

The chamber is pre-filled with water and additional water is supplied by a reciprocating
hydraulic pump at 0.5 Ipm and the observed loading rate of the experiment is 0.0003 MPa/s.
The experiment continued for 29.1 minutes before forming a small crack away from the centre
of the disc, as shown in the inset of Figure 6.14(c) and the observed peak pressure is 0.582
MPa which is noted as the burst pressure of the disc. After the crack initiation, water started
leaking through the crack and as a result, the pressure drop was observed, due to which the
crack propagation was not observed.

6.5.5 Pneumatic experiment of DSMD — D2

The pneumatic loading experiment on DSMD-D2 is conducted by subjecting the disc to a
pneumatic supply of 250 bar. The disc before the experiment is shown in Figure 6.15(a), and
the disc after the experiment is shown in Figure 6.15(b).
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Figure 6.15: Experiment on DSMD D2
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The loading rate during the experiment is observed to be 0.11 MPa/s and the peak pressure is
0.63 MPa, which is noted as the burst pressure of the disc. The experiment continued for 5.9
seconds and the pressure with respect to loading rate is shown in Figure 6.15(c). In this
experiment, crack propagated along both scores and the disc bursts by forming four proper
petals.

6.5.6 Pneumatic experiment of DSMD — D3

The pneumatic experiment on DSMD-D3 is conducted by subjecting the disc to a pneumatic
supply of 250 bar. The disc before the experiment is shown in Figure 6.16(a), and the disc
after the experiment is shown in Figure 6.16(b).
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Figure 6.16: Experiment on DSMD D3

The loading rate during the experiment is observed to be 0.11 MPa/s and the peak pressure is
0.59 MPa, which is noted as the burst pressure of the disc. The experiment continued for 5.6
seconds and the pressure with respect to loading rate is shown in Figure 6.16(c). In this
experiment, the crack propagated along only one score and the disc bursts by forming two
petals.

6.5.7 Summary of experimental results

In all the experiments, crack initiated and propagated along the scored region except in D1. In
D1, a crack is initiated but cannot be propagated due to pressure loss before propagation.
Mode-1 failure is observed, which is the most common failure behaviour in membranes. The
crack propagation is entirely random behaviour. Among pneumatically loaded discs, only disc
D2 exhibited four regular petals where, as in all other discs viz. F3, F4 and D3 crack
propagation happened through only one score. This can be attributed to the variations in the
depth of scores in both directions, which is a practical challenge in manufacturing scored
discs. This problem can be avoided by forming scores through punching to maintain uniform
score depth in all scores. Another method is to ensure a higher loading rate which will allow
the formation of a crack near the centre of the disc, increasing the probability of crack
propagation through all scores.
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6.6 Numerical simulation

The numerical simulation methodology explained in Chapter 3 is followed to predict the
behaviour of FSMD and DSMD. Quarter geometry is modelled by assuming symmetric
boundary conditions. Johnson-Cook material and damage model parameters of E250
structural steel determined and given in Table 2.4 are used for the numerical simulation of
discs. A uniformly distributed pressure load was applied on the plain side of the disc. To
reduce the analysis time, the loading rate is accelerated by the method explained in Section
3.2.4.

6.6.1 Numerical simulation of FSMD
6.6.1.1 FE Model, loads and boundary conditions

Due to the symmetry of the problem, a quarter model is considered for simulation. The model
is discretised with 246558 elements using the C3D8R element, an eight-node brick element
with reduced integration and hourglass control. Symmetrical boundary conditions are imposed
on vertical and horizontal surfaces of geometry, as shown in Figure 6.17(a) and all three
degrees of freedom of nodes in the annular area of the disc between diameters 720 mm and
800 mm are fully constrained, as shown in Figure 6.17(b).
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a) FE model b) Loads and boundary conditions
Figure 6.17: FE model, loads and boundary conditions of FSMD

6.6.1.2 Loading rate

The modal analysis of the thin FSMD shown in Figure 6.17(a) resulted in the fundamental
natural frequency wn as 36.67 Hz. Therefore, Eq. (3.4) results in tg = 1.09 s. Considering the
experimentally achieved average Py of 0.332 MPa and the calculated tq, the rate of loading
rate for the quasi-static regime was determined as 0.306 MPa/s. It was adopted in the present
numerical simulation.
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6.6.1.3 Results

From the numerical results shown in Figure 6.18(a), as the pressure applied on the disc
increased to 0.2 MPa, the equivalent stress was higher along the score and reached 322 MPa.
Strain in the scored region reached the plastic stage and the equivalent plastic strain is around
0.02. The stress distribution in FSMD just before failure is shown in Figure 6.18(b), where
equivalent stress reached 727 MPa and plastic strain reached 1.18.

a) P = 0.2 MPa; G¢qmax) =322 MPa; b) P =0.326 MPa; g max)=727 MP3;
eeq[max] =0.02 geq[max]:1'18

¢) P = 0.327 MP&; Goq(max =785 MPa; d) P = 0.335 MP&; 0q ax =792 MPa;
geq[max]zl-z eeq[max]=1.2

Figure 6.18: Failure initiation and propagation in FSMD

Element deletion is observed at P = 0.327 MPa, as shown in Figure 6.18(c). Equivalent stress
reached up to 785 MPa and equivalent plastic strain reached 1.2. As the pressure increased,
the crack propagated along the score and petal formation was observed, as shown in Figure
6.18(d). But this is a hypothetical situation, as practically, due to the formation of the crack,
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fluid escapes through the crack and the pressure acting on the disc comes down, which may
not support the formation of petals under hydraulic loading.

6.6.2 Numerical simulation of DSMD
6.6.2.1 Hydro-forming of DSMD

Hydro-forming operation is carried out to obtain the semi-spherical shape of the DSMD, as
shown in Figure 6.19. The manufacturing procedural details and FE simulation results are
discussed in Section 5.3. Due to the hydroforming operation, a thickness reduction along the
disc's radius is observed, as shown in Figure 5.17. The thickness of the disc is reduced to 1.93
mm at the centre. Then scores are made to a uniform depth of 1.4 mm. As a result, the disc’s
thickness at the score region below the disc is reduced gradually from 0.59 mm at the end of
the score to 0.53 mm at the centre of the disc.
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Figure 6.19: Hydro-forming operation on DSMD

6.6.2.2 FE model, loads and boundary conditions
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a) FE model b) Loads and boundary conditions

Figure 6.20: FE model, loads and boundary conditions of DSMD

Due to the symmetry of the problem, a quarter model is considered for simulation. The model
is discretised with 251378 elements using the C3D8R element, an eight-node brick element
with reduced integration and hourglass control. Symmetrical boundary conditions are imposed
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on vertical and horizontal surfaces of geometry, as shown in Figure 6.20(a) and all three
degrees of freedom of nodes in the annular area of the disc between diameters 720 mm and
800 mm are fully constrained, as shown in Figure 6.20(b).

6.6.2.3 Loading rate

The modal analysis of the thin DSMD shown in Figure 6.20(a) resulted in the fundamental
natural frequency wn as 452.1 Hz. Therefore, Eq. (3.4) results in ts = 0.088 s. Considering the
experimentally achieved average Py of 0.601 MPa and the calculated tq, the rate of loading for
the quasi-static regime is determined as 6.8 MPa/s. It is adopted in the present numerical
simulation.

6.6.2.4 Results

a) P =0.25 MPa b) P =0.618 MPa
Oeqmax] =308 MPa; €.4(1mqx)=0.009 Oeq(max) =803 MPa; €eq(max) =0.64

c) P =0.62 MPa d) P =0.625 MPa
O-eq[max]: 804 MPa; geq[max]:1'15 Geq[max]=723 MPa; Eeq[max]=1'2

Figure 6.21: Failure initiation and propagation in DSMD

From the numerical results shown in Figure 6.21(a), as the pressure applied on the disc
increased to 0.25 MPa, the equivalent stress was higher along the score and reached 368 MPa.
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Strain in the scored region reached the plastic stage and the equivalent plastic strain is around
0.009. The stress distribution in DSMD just before failure is shown in Figure 6.21(b), where
equivalent stress reached 803 MPa and plastic strain reached 0.64. Element deletion is
observed at P = 0.62 MPa, as shown in Figure 6.21(c). Equivalent stress reached up to 804
MPa and equivalent plastic strain reached 1.15. As the pressure increased, the crack
propagated along the score and petal formation was observed, as shown in Figure 6.21(d). But
this is a hypothetical situation, as practically, due to the formation of the crack, fluid escapes
may not support the formation of petals under less loading rate as discussed for FSMD.

6.7 Comparison of experimental results with predictions
Experimental results are compared with numerical simulations for both FSMD and DSMD.
6.7.1 Comparison of results for FSMD

Experimental and numerical simulation results are compared at eight strain gauge locations,
as shown in Figure 6.22.
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Figure 6.22: Comparison of experimental and numerical results for FSMD
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6.7.2 Comparison of results for DSMD

Experimental and numerical simulation results are compared at eight strain gauge locations,

as shown in Figure 6.23 for the DSMD.
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Figure 6.23: Comparison of experimental and numerical results for DSMD

6.8 Summary

In the experiments conducted on both FSMD and DSMD, strain gauges S1, S2, S7 and S8 are
located near the centre of the disc at 45° to score location, as shown in Figure 6.1(a) and 6.3(a).
Strain gauges S3, S4, S5, and S6 are mounted just adjacent to the score in the score direction.
Among these, S3 and S5 are nearer to the centre as S4 and S6 are near to fixity. A similarity
in strain data can be observed between S1-S8, S2-S7, S3-S5 and S4-S6.
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A total of six experiments were conducted, and the summary of the results is given in Table
6.2.

Table 6.2: Comparison of experimental and numerical simulation results

Disc| Loading |Loading |Experimental burst |Predicted % Remarks
type rate pressure burst [Difference
(MPa/s) (bar) pressure
(bar)
P, P, (avg)
F1 - - - - Damaged disc

A crack formed along
F2 [Hydrostatic| 0.0003 3.31 the groove in one
direction

3.27 1.5% |A crack formed along
F3 [Pneumatic | 0.02 3.14 3.32 the groove in one
direction

A crack formed along
F4 [Pneumatic | 0.11 3.5 the groove in one
direction

A crack formed at a

D1 |[Hydrostatic| 0.0003 5.82 . .
single location

0
D2 |Pneumatic | 0.11 6.3 6.01 6.2 3:1% Four petals formed

D3 |Pneumatic | 0.11 5.85 Two petals formed

The loading rate for the quasi-static regime of FSMD is 0.306 MPa/s and DSMD is 6.8 MPa/s.
Since all the experiments are conducted below these loading rates, burst pressure obtained
from the experiments is averaged. The average burst pressure of FSMD in the quasi-static
regime is 3.32 bar and the average burst pressure of DSMD is 6.01 bar. The difference in
prediction for FSMD is 1.5% and DSMD is 3.1% which validates the material model,
numerical simulation procedure and experimental methodology. This procedure can be
confidently adopted for RDs made of different materials or RDs made with a different
configuration.
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Chapter - 7
Non-Monolithic Design of Rupture Disc

7.1 Introduction

The rupture disc (RD) design discussed so far in previous chapters is a monolithic
configuration where scores are provided to induce stress concentration and facilitate crack
initiation and propagation. However, there are limitations in using such scored discs for
application in motor containers where the disc exhibits high burst pressure and poses
manufacturing challenges in producing scores accurately to the required depth over entire
raduis.

Several RD configurations are available, as discussed in Chapter-1. A non-monolithic type of
RD design is also considered for motor container application, where slits/holes are provided
to reduce the burst pressure. These slits are easy to manufacture. But, such type of RD
configuration requires an additional membrane like a member to provide the sealing during
static storage conditions. Typical slit type RD is shown in Figure 7.1(a).

Slit NE\nd hole

//\/\ \ \\

‘\‘ —2

Outer disc . Inner disc

a) Typical slit type RD [2] b) Configuration of slit type RD
Figure 7.1: Slotted type non-monolithic rupture disc
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This non-monolithic configuration of RD consists of an outer disc with slits made of high
strength material and an inner disc with low-strength material. The slit configuration helps
select low sheet thickness, resulting in reduced burst pressure. Usually, these slits are very
narrow and made using wire-cut electric discharging machining (EDM) or milling operations.
These slits are provided with holes at the end, as shown in Figure 7.1(b), to avoid the stress
concentration during static loading and increase the static strength of the disc.

7.2 RD selection criteria

RD selection criteria has been formulated to meet the following criteria so that the selected
RD meets the functional requirements for the current application.

7.2.1 Burst Pressure and Factor of Safety

Burst pressure, Py, is a disc characteristic that defines its ability to fail and should happen as
quickly as possible. In contrast, the factor of safety, FS, is characteristic of the disc, which
defines the ability of the disc to withstand load under storage conditions. The factor of safety
IS given by,

Stress developed in static condition

FS =

(7.1)

Yield strength of material

To shortlist the discs to meet the essential functional requirement, the criteria imposed for the
selection of RD for the current application are:

Burst pressure, Py < 4 bar and Factor of safety, FS > 1.
7.2.2 Operating ratio

The operating ratio, OR, is calculated based on Eq. (4.1). Higher OR indicates higher MSOP
for the same burst pressure.

7.2.3 Impulse

The impulse, I, generated up to the burst is given by Eq. (4.2). Lower impulse indicates
quickness with disc fails, and the disc generates less generated impulse during the burst.

7.3  Geometrical configurations

The design of the basic geometrical configuration of slit type RD is shown in Figure 7.2. For
comparison, 2 mm sheet thickness is considered. The basic geometric parameters, such as
outer diameter, dome height, etc., are kept identical to the domed scored metallic disc
(DSMD).
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Figure 7.2: Geometric configuration of slit RD

Four slits are provided in the ‘+’ configuration. Each slit starts at 50 mm from the centre of
the disc and the length of the slit is around 300 mm. Holes of 5 mm diameter are provided on
both ends of slits. This is the basic variant considered and slit geometry is changed for each
variant to improve the operating ratio of the disc. In some of the variants, scores are provided
with limited length connecting these slots to further reduce the burst pressure. All the variants

are provided in Table 7.1.

Table 7.1: Variants of RD considered for the present study

Variant Geometry Remarks

As discussed in previous

[ 100 | chapters, the domed scored
DSMD I metallic disc with two scores
S14 30 \/ / provided in the ‘+

;_‘—’_ configuration.

Score details _
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Variant

Geometry

Remarks

300
50 o . .
Slit disc with four slits
Variant-1 provided in ‘+’
configuration.
Slit (0.2)
50 w
;14 3
. Score details Variant-1, in which slits are
Variant- .. .
1A joined by scores in the
direction of the slit.
14 37
IR I Variant-1, in which slits are
Variant- Score details joined by the score in a
1B pitch circle diameter (PCD)

concentric to disc diameter.
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Variant Geometry Remarks
¢S ¢720
Slit disc with four slits
provided in 4+
Variant-2 configuration wherein
each slit is divided into
two slits.
;14 3
Smieet Variant-2, in which inside
. Score details . .. .
Variant- slits are joined by scores in
2A the direction of the slit at
the centre.
14 3
L
~ - -7 Variant-2, in which inside
. Score details | slits are joined by the score
Variant- . . . .
8 in a pitch circle diameter

(PCD) concentric to the
disc diameter.
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Variant Geometry Remarks
143
|
\.
N 7 Variant-2, in which
Variant-3 Score details scores are proyided
between two slits in the
same direction.
14 3 N,
/
\ L]
S L7 Variant-3, in  which
Variant- Score details inside slits are joined by
3A scores in the direction
of the slit at the centre.
14 3
/
3 I 4 Variant-3, in which
~ - inside slits are joined by
Variant- I the score in a pitch
Score details . .
3B circle diameter (PCD)

concentric to the disc
diameter.
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7.4 Numerical simulation of slit disc (Variant-1)

As explained in section 5.3.7, during the hydroforming of DSMD, a thickness reduction of
0.07 mm at the centre is observed and the same is considered in present numerical simulations.

7.4.1 FE model, loads and boundary conditions

The FE model of a typical slit disc is shown in Figure 7.3(a). Due to the symmetry of the
problem, the quarter model is considered for simulation. The model is discretised with 246136
elements using the C3D8R element, an eight-node brick element with reduced integration and
hourglass control. The model is discretised using a minimum element size of 0.3 mm and an
average element size of 0.5 mm. Symmetric boundary conditions are imposed on vertical and
horizontal surfaces of geometry as shown in Figure 7.3(b), and all three degrees of freedom
of nodes in the annular area of the disc between diameters 720 mm and 800 mm are fully
constrained.

7.4.2 Simulation under static loading

The static structural analysis uses ABAQUS/Standard [60] for the FE model shown in Figure
7.3(a). Storage pressure load of 0.02 MPa is applied on the disc’s concave side, and the DOF
of nodes between 720 mm and 800 mm diameter of the disc is constrained, as shown in Figure
7.3(b). The maximum equivalent stress developed is 166.3 MPa, and from Eq. (7.1), a factor
of safety, FS = 1.5. The static structural analysis iterations have been carried out to find the
maximum static operating pressure of the slit disc, which causes yielding in the disc, which is
found to be 0.3 bar.

720
P \
R A RV RUR U IR S N
w=u=u=0 Score side
a) FE model of Variant-1 b) Loads and boundary conditions

Figure 7.3: FE model, loads and boundary conditions in RD variants
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7.4.3 Simulation under impulsive loading

The non-linear dynamic explicit analysis is carried out using ABAQUS/Explicit [61], similar
to the procedure explained in Section 6.6 adopted for simulation.

7.4.3.1 Loading rate

For comparison, a loading rate of 6.8 MPa/s followed for DSMD, as explained in Section
6.6.2, is adopted in the present numerical simulations.

7.4.3.2 Results

) P = 0.2 MP8; G¢q[max) =402 MPa; b) P =0.435 MPa; 0,4[max; =938 MPa;
Seq[max] =0.009 geq[max]=0'68

¢) P =0.44 MPa; 0,4[max;= 915 MPg; d) P = 0.6 MPa; 0,4[max;=913 MPa;

geq[max]=0-7 seq[max]=0-7

Figure 7.4: Failure initiation and propagation in slit disc (Variant-1)
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From the numerical results shown in Figure 7.4(a), as the pressure applied on the disc
increases to 0.2 MPa, the equivalent stress near the hole at the slit end reaches 402 MPa. The
strain in this location reached the plastic stage, and the equivalent plastic strain is around
0.009. The stress distribution in the slit disc just before the failure is shown in Figure 7.4(b)
where equivalent stress reached 938 MPa and plastic strain reached 0.68. Element deletion
is observed at P = 0.44 MPa, as shown in Figure 7.4(c). Equivalent stress reached up to 915
MPa, and equivalent plastic strain reached 0.7. As the pressure increases, the crack is
propagated towards one axisymmetric edge, and the petal formation is observed, as shown in
Figure 7.4(d). The Burst pressure of the slit disc is 4.4 bar with an MSOP of 0.03 MPa, and
the operating ratio from Eq. (4.1) is 7%. With a reaction force of 216.1 kN and a burst time of
26.5 ms, the impulse transmitted to the fixity up to initiation of failure is found to be 6 kN-s.

7.5 Results and discussions

The numerical simulation procedure explained in Section 7.4 is repeated for all other variants
and the consolidated results, failure pattern is presented in Table 7.2.

7.5.1 FE analysis results

All the variants of non-monolithic configuration are variants of slit configuration. In all the
failure modes, due to the application of pressure, slits are widened towards the centre of the
disc, which causes failure initiation at the hole near the end of the slits.

Table 7.2: Results of numerical simulation for RD variants

Variant Geometry Failure pattern Results

/ P, = 6.2 bar
FS=5.2
DSMD | |
OR = 17%
N J | =37 kN-s

Crack propagation
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Wherever slots are provided, failure is initiated in the slot portion due to lower thickness which
is evident from the results in Table 7.2.

7.5.2 Summary of results
Summary of results for all disc variants is presented in this section.
7.5.2.1 Burst pressure

The burst pressure of all disc variants is shown in Figure 7.5 and a total of seven variants
meets the minimum burst pressure requirement of P, < 4.

P, <4 bar

Py(bar)

— i E [ B m [sa}

3A
3B

Variant

Scored

Figure 7.5: Burst pressure for RD variants

7.5.2.2 Factor of safety

The factor of safety of all variants calculated as per Eq. (7.1) is shown in Figure 7.6 and all
the variants meets the minimum requirement of FS > 1.

FS>1

Factor of Safety

—

]

Variant

Figure 7.6: Factor of safety in different RD variants
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7.5.2.3 Operating ratio

The operating ratio of all variants, which are calculated as per Eq. (4.1), are arranged in
descending order and given in Figure 7.7. The maximum operating ratio of 17% can be
observed in the scored disc and the minimum in the slit disc.

OR - Maximum

18%
15%
12%
9%
6%
3%
0%

Operating ratio

m o« N o< < m oM o
[ N} o o~

(oo |

Scored

Variant

Figure 7.7: Operating ratio of different RD variants

7.5.2.4 Impulse transmitted

Impulse transmitted up to burst for rupture disc variants calculated as per Eq. (4.2) are
arranged in ascending order and given in Figure 7.8. Variant-1A has a minimum impulse of
1.8 kN-s, whereas scored disc has a maximum impulse of 11.1 kKN-s.

/ transmitted ~ Minimum

._.
g
o

o
o

I transmitted (kN-S)
o
o

s
=

<
o

gﬁem<mm—*ﬂ

(5o T o H o |

Scored

Variant

Figure 7.8: Transmitted impulse from different RD variants

7.5.3 Discussion of results and recommendation

From Figure 7.9, Variant-1A, Variant-1B, Variant-2A, Variant-2B, Variant-3, Variant-3A and
Variant-3B meet the minimum essential requirements of burst pressure of less than 4 bar and
factor of safety of more than 1. They are listed in Table 7.3 and arranged in descending order
of operating ratio. Variant-1A has the highest operating ratio, minimum burst pressure, a
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factor of safety higher than 1, and minimum transmitted impulse. Therefore, Variant 1A can
be recommended for the present application.

M P, < 4 bar BES > 1

7

6
@ s
!
& 3
S

' Is

0

Scored 1 2 )

Variant

Figure 7.9: RD selection meeting minimum criteria

Table 7.3: RD selection

1A 2.3 13 11% 1.8
2B 3.5 2 11% 4.0
3A 2.9 13 9% 2.6
2A 3.4 1.5 9% 3.9
1B 3.4 14 8% 2.7
3B 3.1 13 8% 2.9
3 3.4 13 8% 4.4

7.6 Summary

A RD selection criterion for selection of RD for motor container application is proposed in
this chapter. Non-monolithic variants of rupture discs have been attempted to achieve a higher
operating ratio, low burst pressure, a reasonably higher factor of safety in a static storage state,
and a minimum transmitted impulse to the fixity. The finalisation of the design has been
achieved through a series of different variants of the rupture disc, having improvements
achieved over the progress based on their responses. The best performing Variant-1A of RD
selected based on the proposed criterion, as given in Table 7.3, can be manufactured and
experimented with to validate the results and achieve higher confidence levels in the future.
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Chapter - 8

Conclusions and Future Work

The current research focused on the rupture disc as the removable bottom cover of a motor
container. As a cover, it should withstand a static storage pressure of 0.02 MPa and break open
instantaneously under a high transient impulse pressure due to motor plume which can go as
high as 500 MPa/s. After the literature review, established the non-linear explicit FEA
methodology using elastic-plastic material model and continuum damage mechanics-based
failure model proposed by Johnson-Cook to simulate the response and failure of thin flat
scored metallic disc. This is validated by the available experimental results. Parametric studies
have been carried out to understand the effect of various geometric features on the burst
characteristics of FSMD. Using the established numerical methodology, investigations have
been carried out on domed-scored metallic disc for the current application. Parametric studies
have been carried out to understand the influences of various geometric features on the disc
burst characteristics of the DSMD.

Based on these studies, a rupture disc configuration has been proposed to meet the present
application and is made of structural steel material which is most commonly used in explosion
panels. Established the J-C material and damage parameters for the selected material of the
rupture disc i.e. E250 structural steel based on fracture energy-based damage evolution.
Proposed hydroforming-based manufacturing approach for forming the dome shape of the
rupture disc and numerically studied the effect of forming operation on the geometric response
of the disc. Designed and realised an experimental setup to test the proposed rupture disc
configuration. Realised flat and scored metallic discs and conducted experiments at low and
higher loading rates through hydrostatic and pneumatic loading setups and validated the
results through FEA simulations. By using established FEA simulation methodology and
validated material model, proposed non-monolithic rupture disc configurations to meet the
present requirement. Finally, an RD selection criterion is proposed to select the RD for the
current application among the studied variants.

8.1 Conclusions
Important conclusions which can be drawn from the present thesis are enumerated below.
8.1.1 Studies on scored metallic discs

e Dome shape provided on the scored thin metallic disc satisfies both the rupture disc's
storage and failure loading requirements applied in a motor container.

e Scores provided on the thin flat and domed metallic discs facilitate the failure initiation
and propagation along them.
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8.1.2 Effect of influencing parameters on the behaviour of DSMD
e Loading rate (P)

> At higher loading rates, DSMD fails quickly with marginally higher burst pressure
but with less generated impulse, which is a favourable condition for the operation
of DSMD.

> There exists a threshold of loading rate (100 MPa/s in present case) beyond which
DSMD is insensitive to the increase in loading rate.

e D/tratio

> Burst pressure, operating ratio ((D/t) > 150) and transmitted impulse decrease
with the increase in (D /t) ratio indicating the choice of preference for a lower
disc thickness. However, this ratio alone is insufficient for arriving at a conclusion
on thickness due to reduction in operating ratio due to increase in D/t ratio.

e H/D ratio

> Burst pressure, Operating ratio ((H/D) > 0.1) and transmitted impulse increase
with the increase in (H/D) ratio indicating (H/D) = 0.1, i.e. for a given 720 mm
diameter of the disc, less than 72 mm disc height is preferable.

e t,/tratio

» Burst pressure and transmitted impulse decrease and the operating ratio is
maximum for (t,/t) = 0.5, indicating the score depth of more than 50% of sheet
thickness is the preferable value for the current application.

e b/tratio

> All the parameters almost remain constant for a change in (b/t) ratio, indicating
any value of (b/t) =1.5to 3.5 can be selected based on manufacturing feasibility.

e [/R ratio

» For values of (I/R) > 0.5, all the parameters remain constant and at preferable
limits, indicating that a minimum score length of more than half the radius of the
disc is required. However, score length throughout the radius of the disc facilitates
easy score propagation up to fixity. So maximum possible score length is
preferable.
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Number of scores

» Plain disc shows the highest Burst pressure and lowest Operating ratio, which is
not suitable for the current application

» There is no clear separation of all petals for N > 3.

» Predicted responses remained almost constant with any increase in the number of
scores N from 6 to 12. The number of scores from 3 to 4 results in slight variations
leading to stabilised response and can be preferable.

Score geometry

» Marginal variation in burst parameters with respect to score geometry indicating
RD characteristics more dependent on ligament thickness under the score rather
than score geometry itself.

» Semi-circular cross-section seems to be a good choice for the current application
but is very difficult to measure.

» Rectangular and triangular with fillet score geometries offer manufacturing
easiness and dimensional control. Hence, they can be recommended choices.

Thickness of the disc at the score location (ligament thickness = (t-t1)) played an
important role in the burst characteristics of the disc than the sheet thickness itself.

A similar variation in behaviour is observed between Flat and Domed scored metallic
discs, with domed scored metallic discs showing higher burst pressure and the highest
operating ratio, which makes them the most suitable choice for the current application.

In both flat and domed scored metallic discs, at loading rates < 25 MPa/s, the failure
is initiated in the score at /R = 0.25 and propagated towards the disc centre, whereas
at all higher loading rates, the failure is always initiated at /R =~ 0 and propagated
towards the fixed boundary.

Both burst pressure and operating ratios can’t be considered in isolation for the
criterion of the selection rupture disc.

8.1.3 RD selection for motor container

Operating ratio is proven to be critical in finalising the rupture disc for a given burst
pressure.

Even though the scored metallic discs have higher operating ratios and are simple in
geometry and construction, they fail at high burst pressure and impose manufacturing
difficulties in accurately producing the scores, making them unsuitable for the motor
container application.
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Non-monolithic variants of rupture discs help achieve a higher operating ratio, low
burst pressure, a reasonably higher factor of safety in the static storage state, and a
minimum transmitted impulse to the fixity.

Slotted discs are the suitable choice for the present application compared to scored
discs.

The best performing Variant-1A of RD, as given in Table 7.3, can be manufactured
and experimented with to validate the FEA results and achieve higher confidence
levels in the future.

8.1.4 Johnson-Cook material and damage models

Conventional J-C material model in combination with fracture energy-based damage
evolution criterion can be used to simulate the failure of scored metallic discs with
reasonable accuracy.

The proposed modification to the J-C model retains the primary advantage of the
conventional J-C model in isolating material effects for ease of calibration. It offers
potential flexibility to be adopted for other materials as well.

8.1.5 Hydro-forming for domed RDs

Hydro-forming experiments have shown close agreement with numerical predictions
regarding the reduction in thickness of the disc due to stretching during the course of
deformation. However, the difference is about 1.6% for galvanic steel.

Hydro-forming is proven to be an effective manufacturing technique for producing
domed RDs in limited quantities.

8.1.6 Overall conclusion

The difference in prediction of burst pressure for FSMD is 1.5% and DSMD is 3.1%,
which validates the adapted material model, numerical simulation procedure and
experimental methodology.

8.2 Specific research contributions

The specific research contributions made through present research on rupture disc for a motor
container are summarised below.

Primarily, the research has culminated in developing a rupture disc which can meet both
storage pressure of the motor container with sufficient safety factors and also undergoes
instantaneous rupture with a desired failure pattern when subjected to a transient impulse
pressure upon initiation of a motor inside the container.
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e Established a non-linear explicit FEA simulation procedure to numerically simulate the
deformation and failure of a rupture disc under different loading rates with reasonable
accuracy.

e Proposed a methodology for selecting rupture discs for both storage and breakaway
conditions.

e Redefined the operating ratio (OR) of a rupture disc in the current research and it is
calculated as a ratio of maximum static operating pressure (MSOP) to burst pressure so
that this ratio can be estimated from numerical results.

e Provided a step-by-step approach in characterising the Johnson-Cook material and damage
model parameters. In this process, adopted a fracture energy-based damage evolution
which can be directly implemented in any explicit FEA simulation software for a given
material.

e Proposed a modification to the strain rate parameter of the Johnson-Cook material model
to take care of large strain rate variations, which can still retain the advantage of isolating
material effects during characterisation.

e Explored and implemented a cost-effective hydroforming method for manufacturing of
domed rupture disc.

8.3 Limitation in present research

e Present research is limited to only two types of rupture discs, viz. scored RD and slit RD,
which are circular.

e Only one type of material i.e. E250 structural steel is studied.

e Effects of temperature on the failure characteristics of RD is not considered in
experiments.

e Anisotropy of rupture disc and work hardening in hydro-forming are neglected.
8.4 Scope for future work

The present research has provided considerable outcomes to overcome the research gaps
identified at the beginning of the thesis. From the limitations of current research work, some
areas of research that can be undertaken as an extension of this thesis is summarised below.

e Suitability of other types of rupture disc configurations like reverse domed rupture discs,
geometric configurations like square or rectangular shapes, and other materials like
stainless steel. Their numerical simulation and experimental validations can be explored.

e Simulation of fluid temperature's effect on rupture's burst characteristics can be studied.
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Anisotropic behaviour of RD sheet and work hardening due to forming can be accounted
in FEA simulations.

In the present research, the Lagrangian approach is followed to simulate the failure of the
rupture disc. The continuous flow of the plume acting on the rupture disc and its
subsequent failure pattern can be well captured through the combined Eulerian-
Lagrangean approach in explicit FEA simulations, which can be explored in future studies.

Experimentation on larger diameter rupture discs at higher loading rates proved to be a
great challenge as it requires a huge setup and has taken more than 70% of the total
duration of research. Therefore, scale-down approaches can be investigated.

Modified J-C model, which is applicable for an extensive range of strain rate variations,
can be built-in explicit software code to simulate the response.
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