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Fig. 6-15: Theoretical and numerical result comparisons

using the modified Friedlander pulse idealisation.

Figures 6-13 and 6-14 show little difference between the results for the theoretical
prediction of the plastic circumferential strain for different explosive charge masses,
when using the triangular and exponential pulse idealisations, respectively. The only
significant difference between maximum strain predictions lies in the Clayton [12]
analysis combined with the rule-of-thumb method for determining plastic strains. In this
case, it can be seen that the exponential pulse idealisation predicts larger maximum

circumferential strain values than the triangular pulse idealisation.

Figure 6-15, representing the perfectly plastic response of the vessel using the modified
Friedlander pulse idealisation, shows a greater difference in strain rate predictions to
Figures 6-13 and 6-14. The analytical methods which determine the maximum
circumferential strain as a function of impulse only are consistent in their predictions
across the three figures. However, differences lie between the methods which use peak

reflected pressures and pulse durations to predict the strain in the cylinder wall.
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8.3.4 Maximum Plastic Cylinder Wall Strains

In Chapter 7 an experimental investigation was conducted into determining the maximum
plastic circumferential strain mid-length on a blast loaded cylinder. It was found that the
magnitude of the circumferential strain increased for increasing charge sizes. Pipes
loaded with cylindrical PE4 charges ranging from 500 g to 1200 g resulted in permanent
deformation at the pipe mid-length. Increasing the PE4 charge above 1200 g resulted in

pipe wall failure.

The numerical analysis of the pipe response produced solutions for the maximum
circumferential deformation of the pipe when loaded centrally by a cylindrical PE4
charge. In the simulation the strain results were derived from the transient solution of the
y-displacement of a gauge point positioned in the Lagrange element at the pipe centre. In
Chapter 7 it was observed that a repeat of the blast loading experiment using a 1200 g
PEA4 charge resulted in a smaller circumferential strain than a test conducted previously
for the same charge mass. It was thought that this reduction in strain was possibly due to
non-simultaneous detonation of the two detonators. Due to the rapid propagation of the
blast wave through the explosive material, a difference of a few microseconds between
the initiations of the two detonators could result in the blast wave propagating through the
explosive material and reaching the delayed detonator before it initiated. If only one of
the detonators were to initiate there would be no shock shearing occurring within the
explosive charge which would result in smaller reflected peak pressures and reflected

impulses off the pipe wall, resulting in smaller circumferential strains.

In order to determine the accuracy of this theory, a finite element analysis was run in
which the explosive charge was simulated using a single detonator. The results of the
numerical analyses using two detonators initiated simultaneously and the numerical
analysis with one detonator is compared with the experimental results for the pipe blast

tests for a range of charges from 500 g to 1200g in Figure 8-11.
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Fig. 8-11: Comparison between the numerical and experimental results for the

mid-length circumferential strain in the API SL X-42 mild steel pipes.

The results of the numerical analyses show good agreement with the experimental results
for both the Cowper-Symonds and Johnson-Cook strength equations used to model the
pipe material. The main difference between the two equations is the attempt that the
Johnson-Cook model makes to account for thermal softening of the material due to
material heating at high strain rates. The results would indicate that there is little effect of
thermal softening in the material due to the close strain prediction agreement between the

two material models.

The finite element simulation in which the charge was modelled using a single detonator
showed that the plastic circumferential strain mid-length on the pipe wall was smaller
than for the simulation in which two detonators were used. However, the difference in
results of the numerical analyses is smaller than the difference in experimental results
which could either be due to the modelling of the blast wave propagation through the

explosive or differences between charge setups in the experimental investigation.
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The use of only a single detonator would not allow the process of shock shearing to occur
during blast wave propagation through the explosive material. Without the interaction of
two shock fronts this would result in a smaller peak reflected pressure on the pipe wall. In
order to determine the effect of only using a single detonator on the charge, the results of
the peak reflected pressures were obtained from the numerical solutions and compared.

These results can be seen in Figure 8-12.
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Fig. 8-12: Peak reflected pressure comparisons from

the numerical analyses of the blast loaded pipe.

The results in Figure 8-12 show that the peak reflected pressure recorded on the pipe wall
when a single detonator is used on a cylindrical charge size of 1200 g is approximately
1000 MPa. Compared with this, an equal charge mass using two simultaneously initiated
detonators results in a peak reflected pressure of approximately 1850 MPa, according to
finite element results. The results show the effect the shock shearing in the PE4 charge
has on the magnitude of the peak reflected pressure which will then have an effect on the

magnitude of the circumferential strain in the pipe wall.
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Although the shock shearing produces a large difference in pressure when compared to a
cylindrical charge initiated using a single detonator, the graph in Figure 8-11 did not
show such a significant difference in circumferential strains to reflect this. This would
indicate that even though the difference in peak pressure was great, the difference in
reflected impulse values between the two 1200 g charges must be small since the impulse
has a more significant effect on the resulting structural deformation [1]. It can be seen in
Figure 8-13 that there is a smaller difference in reflected impulses between the two

1200 g PE4 charges compared to the peak reflected pressure results.
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Fig. 8-13: Reflected impulse comparisons from the

numerical analyses of the blast loaded pipe.

The increases in charge mass resulted in increases in the reflected impulse on the pipe
wall. This also indicated that there was an increase in the strain rates that the pipe wall
was experiencing during deformation. Finite element solutions for the peak strain rate in

the pipe walls due to the impulse exerted by the PE4 charge are shown in Figure 8-14.

294



2000

1800

1600 -

1400

1200 -

Strain Rate (/s)

800 -
600 :
400 ¢
200
0 0.2 04 0.6 0.8 1 1.2 1.4
PE4 Mass (kg)

Fig. 8-14: Increases in pipe wall strain rates with increasing charge mass.

From the results it can be seen that there is an almost linear increase in the peak strain
rate as the charge mass increases. This is an important factor when analysing the response
of the pipe wall using strain rate dependant constitutive equations since increases in strain

rate have the effect of strengthening the material from which the pipe is made.
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8.4 Conclusions

The purpose of the numerical investigation, presented in this chapter, was to attempt to
accurately model the experimental results of the response of a cylindrical pipe to internal
blast loading from a cylindrical PE4 charge. In order to accurately model the charge and
pipe response it is important to use the correct constitutive equations with correct
constants to model the material properties. It was found that a suitable constitutive
equation for the blast model of the PE4 charge was the JWL equation of state. When
modelling the pipe material, it was found that both the Cowper-Symonds and Johnson-

Cook constitutive equations provided good agreement with the experimental results.

The experimental investigation used cylindrical PE4 charges with a length equal to the
charge diameter. At present, free air blast data only exists for spherical charges and so it
was not possible to produce an accurate theoretical model of the pipe response using the
methods developed in Chapter 6. By modelling the experimental setup using Finite
Element methods it was found that the pipe response could be simulated. In the numerical
analysis, the Cowper-Symonds and Johnson-Cook material models were selected as both
attempt to account for the strain hardening and strain rate sensitivity of the API 5L X-42
mild steel pipe. It was found that both these models provided a good approximation to the
structural response of the blast loaded pipe when determining the maximum plastic
circumferential strain mid-length of the pipe. It was therefore also assumed that the JWL
equations used to model the PE4 charge were accurate since this provided the loading on

the pipe to cause it to reach the final strains.

A further investigation into determining the accuracy of the JWL model in the numerical
analysis was conducted by comparing the numerical peak pressure results at the pipe
openings to those determined experimentally. Due to difficulties in the experimental
setup only two pressure results (1000 g and 1200 g) were obtained due to damage of the
pressure gauges from the ejected explosive debris resulting from the charge detonation.
The experimental peak pressures were found to be approximately 0.24 MPa and
1.45 MPa for the 1000 g and 1200 g cylindrical PE4 charges, respectively. In

comparison, equivalent charge size results for the numerical analyses predicted that the
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peak pressures would be 30.5 MPa for the 1000 g charge and 33.5 MPa for the 1200 g
charge at the pipe openings. It was decided that the large difference between the two sets
of results was due to the type of pressure being measured in the numerical and
experimental analyses. It is suspected that the numerical analysis measured the peak
reflected pressure at the gauge location, which is a greater pressure value than the

incident pressure measured by the pressure transducers in the experimental investigation.

The peak reflected pressures predicted in the numerical analysis were different for equal
masses of spherical and cylindrical charges. It was shown that right-circular cylindrical
charges, detonated from both circular faces simultaneously, consistently produced greater
peak pressures than spherical charges detonated from the explosive centre. This is also
the case for the predicted reflected impulses on the pipe wall in the numerical
simulations; however, the magnitude of the difference in pressures was far greater than

the difference in the reflected impulses for equal charge masses.

An investigation into the propagation of the blast wave through the PE4 charge was
performed using numerical methods and showed that the propagation process of the blast
waves through a charge detonated from both ends differed considerably to a centrally
detonated spherical charge. The analysis revealed that, in the cylindrical charge, the
propagation of the blast waves from both ends of the charge results in an interaction
between the shock fronts at the charge centre. This interaction causes a magnification of

both the peak pressures and impulses generated by the charge.

A further investigation was performed into determining the effect of changing the
dimensions of the cylindrical charge using numerical methods. For a given charge mass,
spherical charge blast data was compared to cylindrical charge blast data, where the ratio
of charge length to charge diameter was changed in successive simulations. From this
investigation, it was found that increasing the length and decreasing the diameter of the
cylindrical charge had the effect of producing greater peak reflected blast pressures and
impulses on a nearby structure than would be achieved by increasing the charge diameter

resulting in it being closer to the structure. It was concluded from this that the length of
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material available for the blast wave to propagate through before the collision of the
shock fronts, determines the pressure and impulse magnitude rather than the closeness of

the charge surface to the structure surface.

In Chapter 7 it was found that two experiments conducted using a 1200 g charge resulted
in different magnitudes of plastic circumferential strain mid-length of the pipe. It was
hypothesised that the pipe resulting in the smaller strain contained a charge in which only
one of the detonators initiated, producing a smaller impulse on the pipe wall. An attempt
was made to determine if this was the case by modelling a 1200 g PE4 charge with only
one detonator. The results of the investigation showed that a right-circular cylindrical
charge detonated by a single detonator from one of its circular faces, generates smaller
peak pressures and impulses than a charge detonated using two detonators. Although this
proved that the initiation of a single detonator would result in a smaller impulse, the
modelling did not accurately predict the strain in the pipe compared with the

experimental result.
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9. Conclusions

An extensive programme of theoretical and numerical modelling and experimental work
has been performed to investigate the response of cylindrical mild steel pipes to internal

impulsive loading using high explosive charges. The following areas have been

investigated:

® Current understanding of the response of containment structures to blast
loading.

* Quasi-static and dynamic properties of the API 5L X-42 mild steel.

 The application of existing theoretical analyses to the blast response problem.

® The influence of pulse shape idealisation on the theoretical predictions.

® The derivation of a more suitable set of theoretical equations to model the
elastic-plastic response of a cylinder made from a strain hardening and strain
rate sensitive material.

* The experimental response of mild steel pipes to internal blast loading using
bare high explosive charges (deformation and failure).

¢ Numerical modelling of the theoretical response and experimental setup.

® The effect of the cylindrical charge dimensions on the pipe wall response.

This final chapter reports the main conclusions of the work undertaken and also gives
recommendations for future work in the area of blast loading. This work underpins the
development of a new design code case for impulsively loaded pressure vessels by
providing an insight into the deformation and failure mechanism of blast loaded
cylinders. It has been shown that numerical analyses using the explicit finite element
software Autodyn® results in accurate predictions of the deformation extent of blast
loaded cylinders when suitable material models are used. The success of the numerical
modelling work suggests that less reliance would be needed on experimental
investigations which are a costly and time consuming process. Theoretical analyses

developed in this thesis also show good agreement with numerical results which provides
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a strong foundation for the initial design process when determining suitable design
L=

parameters for the containment of a specific explosive mass.

9.1 Current Understanding of the Blast Response of Cylinders

Over the past 60 years there has been research into the containment of explosions through
investigation of various topics from blast impulse propagation through to the failure
characteristics of blast loaded structures. In a confined but fully vented structure, the blast
wave at any point on the structure wall is characterised by an almost instantaneous rise in
pressure to a peak value followed by an almost exponential decay. The structure is then
subjected to further peak pressures of decreasing magnitude as the shock waves are
reflected within the confined space, until the blast wave has been completely vented. The
process of loading by a blast wave only lasts for a few microseconds. If venting were not
to occur, then the structure would be subjected to a quasi-static temperature rise due to

the gaseous explosive products and this would have to be accounted for in the design.

Cylindrical vessels respond to the impingement of the internal blast wave by radially
expanding which results in increased circumferential strains. If the impulse of the blast
wave 1is not sufficient to exceed the yield stress of the material then the response will be
purely elastic and the wall will experience tensile and compressive stresses as it oscillates
due to vibrations. If the yield stress of the material is exceeded the cylinder wall will
result in permanent circumferential straining and will also experience elastic vibrations

around the maximum circumferential strain value.

When an explosive impulse impacts a thin-walled cylinder the structure will be subjected
to two main stress types. The first of these are the membrane stresses which are fairly
easy to determine using theoretical models. The second type is the bending stresses which
are more difficult to analyse theoretically. The blast impact generates stress waves
through the structure. These waves are sensitive to changes in material properties, wall
thickness and discontinuities such as open ends. The bending stress waves travel through
the structure and can meet at points which may have the effect of locally magnifying the

stress to peak values above yield. Due to the complexity of analysis required to determine
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the effects of bending stresses the best analytical method for studying their effects on

structures is by using Finite Element codes.

9.2 Characterisation of the API 5L X-42 Mild Steel

A comprehensive programme of materials testing was performed to characterise the
properties of the API 5L X-42 mild steel cylinder material at strain rates ranging from
quasi-static (5 x 10 s'l) to dynamic (1896 s'l) using Instron static tensile testing
machines, servo-hydraulic tensile testing machines and tensile split Hopkinson pressure
bar techniques. The tensile test results showed that the API 5L X-42 mild steel is strain
rate sensitive resulting in increases to the yield stress and UTS at high rates of loading.
The steel is also highly ductile and exhibits strain hardening during plastic deformation.
The results of the tensile tests were used for both the analytical and numerical modelling

of the cylindrical structure under internal blast loading conditions.

9.3 Theoretical Modelling

A number of aspects were analysed using theoretical approaches to the problem. One of
the first of these was the comparison between different pulse shape idealisations to
mathematically represent the blast wave. Following on from this analysis, the response of
the cylinder to internal blast loading using existing theoretical equations and methods was
studied and the different techniques compared. Finally, an effort to enhance on the
modelling was made in which strain hardening and strain rate effects were included in the

analysis.

9.3.1 Blast Pulse Idealisation

Theoretical modelling of the blast loading of the cylinder was investigated using three
pressure wave idealisations: triangular, exponential and the Friedlander equation. It was
found that although the Friedlander equation provided the most accurate representation of
a blast wave out of the three, it produced overestimates of the plastic circumferential
strain in the cylinders compared to the other two. This was also confirmed when
comparing theoretical models to Finite Element models. The theoretical models are

dependant on the pulse duration which is greatest using the Friedlander equation, leading
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to extended periods of structural deformation. It was found that the best models for

describing the blast wave used both the triangular and exponentially decaying pressure

pulses, with little difference in results between the two.

9.3.2 Existing Theoretical Models

Three existing models for the deformation of an internally blast loaded cylinder were
found in the literature and were compared. It was found that the single degree-of-freedom
model derived by Duffey and Mitchell [43], in which the equations of motion assumed a
perfect impulse and perfectly plastic material, produced the best results for predicting the
circumferential plastic strain of a blast loaded cylinder when compared with numerical
results. The use of a perfect impulse as the forcing function for the model meant that the
pulse duration was not a factor in the calculations, therefore it did not matter which of the
blast wave idealisations was used. The advantage of this model is that, by assuming a
perfect impulse, only one loading parameter is required for a given charge mass since

peak pressure and pulse duration are not required for the calculations.

9.3.3 Development of a Theoretical Model
Due to the limitations of the existing theoretical models an attempt was made to develop
a new model for predicting the response of blast loaded cylinders. The existing

theoretical models were considered inaccurate for a number of reasons:

e They generally assume that the material is elastic-perfectly plastic.
e They do not account for strain rate sensitivity of the material.
e They do not attempt to model wall thinning as a result of significant plastic

deformation.

For a material such as mild steel, deformations at high rates have a significant effect on
the uniaxial stress-strain curve of the material. The material is also shown to strain harden
when deforming plastically which needs to be considered when modelling the plastic

response of a cylinder.
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In order to account for wall thinning in the cylinder a time dependent, incremental
analysis was proposed using single degree-of-freedom methods. Quasi-static material
parameters were included in the model and the Cowper-Symonds dynamic stress relation
was used to model the strain rate sensitivity of the material, assuming a linear strain

hardening profile.

For a spherical charge, the proposed single degree-of-freedom produced circumferential
strain results that correlated well with numerical analysis solutions. By including the
strain hardening and strain rate sensitivity of the material, as well as wall thinning for
significant circumferential straining, accurate results can be obtained for determining the
maximum circumferential strain of a blast loaded cylinder. For the purpose of increased
accuracy, this modelling method would be more suitable for design codes, especially if
vessels were used for one-off blast tests where significant plastic straining is expected.
By including the strain rate sensitivity of the material in the calculations, it can be shown
that the cylinder is able to withstand greater circumferential stresses without yielding
when loaded dynamically, which can be used to supplement the ASME code case for

impulsively loaded pressure vessels.

9.4 Experimental Analysis of the Pipe Wall Response

An experimental programme was carried out to determine the magnitude of the
circumferential strain and failure characteristics of blast loaded mild steel pipes using a
range of charge masses. Due to the difficulty of creating a symmetric blast wave using
spherical charges, the high explosive was shaped into a right circular cylinder with equal
diameter to length ratios. Charge masses ranged from 500 g to 1500 g in an attempt to
determine the minimum mass of explosive required to cause through-thickness failure of

the pipe wall.

9.4.1 Blast Displacements of the Pipe Wall
The detonation of charges ranging in mass from 500 g to 1200 g resulted in permanent
plastic deformation of the pipe wall. The deformation was confined to the centre of the

pipe in the region of the charge. Since the charges were centrally located within the pipe
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and not in contact with the wall, the degree of radial deformation around the mid-length
circumference was uniform. The results of the deformation tests showed that the pipes
had a maximum circumferential plastic ductility of 32 - 33% when deforming at very

high strain rates.

Attempts were made to determine the strain history of the mid-length circumferential
deformation using post yield strain gauges with the ability to record plastic strains of up
to 20%. Unfortunately, this proved to be the wrong method for determining the transient
strains in the pipe wall since the sudden rapid radial accelerations caused the gauges to
debond before any useful data could be recorded. Attempts were also made to record the
blast pressures exiting the pipe openings however this was also not possible due to

damage of the pressure transducers as a result of stress waves through the pipe walls.

9.4.2 Pipe Failure

When the pipes were loaded by charge masses in excess of 1200 g they failed by way of
fracture through the wall thickness. The fractures were characterised by a through
thickness failure angled at 45° to the radial axis. This failure characteristic has been noted
in the past in studies on the blast loading of cylindrical structures [22, 23] and has been

described as an adiabatic shear phenomenon [29, 33].

The maximum number of fractures noticed in any of the failed pipes was six. This pipe
was loaded with the maximum mass of PE4 at 1500 g. The fractures were approximately
equidistant around the circumference of the pipe and extended longitudinally to a limit
were there was little evidence of plastic circumferential strain. In all of the failed pipes
the fractures appeared to initiate when the circumferential strain was approximately

32-33%.

Once fracture initiated, stress concentrations at the crack tips and high potential strain
energies in the strained material resulted in rapid longitudinal crack propagation. Around
the mid-length circumference of the failed pipes, there was evidence of localised regions

where the pipe wall had thinned as well as having fractures. It was also noticed that
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fractures had initiated in the regions where there was localised thinning. In total, there
were twelve regions where either fracture or wall thinning had occurred in each of the
failed specimens. These regions were approximately equidistant around the
circumference of the pipe mid-length. From this observation, it was assumed that there
was an instability in the mode 6 circumferential vibration of the structure. It is thought
that the increase in strain in these localised regions caused the material to thin, creating a
region of increased stress and, if the amplitude of the vibration was great enough, cause

failure in the material.

9.5 Numerical Modelling of the Experimental Setup

The experimental setup was modelled using Autodyn® 2D in an attempt to create an
accurate simulation of the pipe wall response to internal blast loading. This was done to
validate the Cowper-Symonds and Johnson-Cook material models and determine if
temperature effects were a factor in the pipe deformation. If these material models were
validated, it would also show that the developed equations of motion, derived in Chapter
6, provides a good representation of the blast response since it would validate the

numerical simulation in Chapter 5.

In order to attempt to model the failure process, a three dimensional model would be
required to simulate the vibrations and crack initiation in the pipe wall. It was not
possible to model the failure process using Autodyn® 3D due to the computational
demands of the model exceeding the ability of the available hardware to perform the

required simulation.

9.5.1 Pipe Wall Response

The numerical modelling of the experimental setup showed good agreement between the
Cowper-Symonds and Johnson-Cook material strength models and the experimental
results. From this analysis it was shown that the experimentally determined material
model constants were a good representation of the behaviour of the API 5L X-42 mild

steel. In addition to this it was also shown that the JWL model parameters, provided by
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AWE and used to represent the PE4 explosive, provided an appropriate model for the

explosive charge in the simulation.

The close approximation of the circumferential strains between the two material models
and the experimental results showed that there was little influence by temperature
increases on the pipe deformation. The Johnson-Cook material model attempts to
characterise the thermal softening effect of the material at high rates of strain and high
temperatures whereas the Cowper-Symonds equation only accounts for the strain rate
sensitivity. Since the results were in close agreement, it indicated that the temperature of
the fully-vented pipe walls did not increase sufficiently for thermal softening effects to
manifest themselves. Further analysis into the temperature increases in the numerical
analyses showed that they increased in proportion with the degree of circumferential
straining of the pipe which suggests that they are a result of adiabatic heating during the

high rate plastic deformation.

Studies of the explosive propagation process of a right-circular cylindrical charge,
detonated simultaneously from both ends, showed thét there was a difference compared
to the propagation process in a centrally detonated spherical charge. In the cylindrical
charge two blast waves are generated from each end of the explosive. These blast waves
collide at the centre of the charge and, through a process called shock shearing, are
magnified in peak pressure and extend radially outwards from the charge mid-length.
Pressure and impulse calculations within the software showed that this process led to a
large increase in peak reflected pressures compared to a spherical charge but only small

increases in reflected impulses.

9.5.2 Effect of Charge Dimensions

The experimental investigation into the pipe response to blast loading used right-
cylindrical charges detonated from both ends simultaneously. The purpose of this was to
produce a symmetric blast wave, a process which 1s not easy using spherical charges due

to the presence of the detonator and lead wires. As a result of this geometry selection, it
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was not possible to compare the pipe response to theoretical predictions due to all

available free air blast data being for spherical or hemispherical TNT charges.

Attempts were made to determine the effects of charge shape on the magnitude of the
impulse and reflective pressures by comparing cylindrical charges of different length to
diameter ratios with equal masses of spherical charges. It was hoped that by doing this it
would be possible to relate the free air blast data for spherical charges to that for
cylindrical charges. The analysis was performed using Autodyn® 2D for charge masses of
300 g, 400 g and 500g. The cylindrical charge diameter to length ratio ranged from 0.3 to
4.0.

The results of the analysis showed that greater impulses and peak reflected pressures
were obtained when the charge length was greater than its diameter. This occurs due to
the blast wave having more explosive material to propagate through which leads to the
generation of greater impulses. However, it should be noted that each explosive has a
limit as to how small it is possible to make the diameter. The critical detonation diameter
varies for different types of explosive and is defined as the minimum diameter a charge
can be if it is to generate self sustaining blast wave propagation [5]. If the diameter is too
small, energy losses through the surface area of the cylindrical charge would exceed the
energy required for self-sustaining propagation and the explosive would just be shock

loaded by the detonator without detonating.

It was also seen that a cylindrical charge with a diameter to length ratio of 1.0 produces
greater reflected impulses and peak pressures than a spherical charge of equal mass.
Therefore, it would be expected that the pipe circumferential strains would be greater for
the cylindrical charge used in the experimental analysis than for a spherical charge. The
results of the comparison between charge masses showed that the difference between the
impulses and peak pressures of the right-circular cylindrical charges and the spherical
charges increased as the mass increased. With only three comparisons there was not
enough data obtained to determine any trends in the analysis to relate the blast parameters

for a range of charge sizes.
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9.6 Recommendations for Future Work
During the course of the research a number of avenues presented themselves for further

exploration to complement the research presented here. A list of some of the possible

areas for further analysis is presented below:

1. Experimental analysis of the blast loaded pipe using non contact displacement
transducers to obtain the transient strain history.

2. Extension of the elastic analysis of vibration instability of blast loaded cylindrical
pipes to include plasticity effects. This may produce better agreement with the
experimental results for the critical vibration mode.

3. Using improved computer hardware, attempt to model the vibration and failure
mechanism of the pipe wall using 3D Euler-Lagrange codes.

4. Research into adiabatic shear of the pipe wall as a result of impulsive loading and
attempt to obtain suitable equations to characterise the failure strain and critical
strain rate.

5. Research into the fracture propagation using dynamic, elastic-plastic fracture

mechanics methods.

This list only presents some of the many areas of research needed in order to fully

understand the deformation and failure process of the blast loaded circular pipe.
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APPENDIX A

Determining the natural response of an elastic-plastic sphere to impulse loading [7]:

Consider a small element of a spherical shell shown in the fi gure below.

= Op

Md'ur
dt’
!
kot
| P(V)
4
LS
de (
~~ : Ri
/

Fig. A-1: Small element of a spherical shell of thickness, h.

A side on view of this section including the wall thickness is shown below.

do/2
N

-
Go

do/2

-~

Go

Fig. A-2: Side on view of the plate element.



The equation of motion in the radial direction for this element is:

d’u, de

. . de
phR.dOR. d ¢ " +20081nTRid6h+20¢sm7Rid¢h:p(t)RidgoRid(%) (A1)

where:

M =phR,d6R. dg

Due to the symmetry of the problem, we can say 6 = 6y = 6, and do = df. For small
values of 8 we can say sin 8 => 0. Therefore equation A1 can be simplified to:

,d’u, do

phR.*d® —dt—2+407Rid9h = p(t)R *d6* (A2)

Dividing through by R;d6” gives:

2
du,

dt?

phR . +2ch =p(t)R. (A3)

When elastic, the shell is assumed to obey Hooke’s law in that:

o= €= r (A4)

Putting this into equation (A3) gives,

dzur_l_ 2E u

hR. L h=p(t)R, (A5)
PPRTae T1-vR, (V)
This equation can be written in harmonic motion form,
2
d % o, :p_(t) (A6)
dt” p
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where o represents the natural circular frequency, which for the sphere is,

o= — 2
p(1 -v)R.* (A7)

From which the natural frequency, f,, can be found,

f = v, f = i _2E_ (A8)
" 2n " 2n p(l—v)R].2
If we say that the pressure pulse is given by the following equations:
p(t)=Po(1—ij, 0<t<T
T
p(t)=0, t>T (A9)

Then the solution to equation (A6) can be solved using Laplace transform techniques. For

the shell initially at rest the displacement during the pressure pulse gives:

u, = 12)° (1—i—cos(mt)+-slrl@), 0<t<T (A10)
®“ph oT

and displacement after the pressure pulse is found by:

; T 1),
u, = I:o (Sm(a)T)—cos(coT)jcosco(t—T)+ 12’0 (Si“ oT+2 ——jsmﬂ)(t—T)
o‘ph\ oT oT oT

o ph
t>T, (A1D)

All this is assuming there is no appreciable deformation of the shell during the elastic

phase and so R; does not change. This also means that the natural frequency is also

constant.
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The elastic response only lasts until material yield is reached after which there is a plastic
response phase of motion. If shell thinning and radial variation are neglected the solution
given by equations (A10) and (A11) apply up until the yield stress, o,. If we then assume
that the material has a linear strain hardening as shown in Fig. A-3 below, the stress

above yield is given by:
c=0,+Se—¢,) (A12)

where S is the gradient of the plastic section of the stress-strain curve.

o
C
s, B
4
e D £

Fig. A-3: Linearised strain hardening graph for the vessel material.

Putting this into the equation of motion in (A2) and substituting € = u,/R; this gives:

d_Ur+ 2S i :p(t)_Z(O'y—SSy) t>t, (A13)

dt? pRi2 " ph PR; ,

This equation is similar to that in equation (A6) but with the circular frequency being,

e = 25 (A14)

This value of frequency is lower than that of the elastic frequency. If the sphere
undergoes yielding before the duration of the pressure pulse stated in equation (A9) has

finished, the displacement solution is as follows:



* [ sino {t—t 26, =S
ur:urycoswp(t—ty)+ury[ ';)(p Y)J— (;y{iw;y)[l—cosmp(t—ty)]

+

B {(l —%][l—coscop(t—ty)]+ﬁ[sina)p(t—ty)—mp(t—t) kosw, (t-t, )].

phcop' ,

t,<t<T (A15)

If material yielding occurs after the pressure pulse duration then the vessel displacement

can be determined as follows:

u, =urycoscop(t—ty)+1.1ry smmz)(t—ty)_ 2(§§;S§y)[l—coscop(t—ty)]
i~p

P

t,>T (A16)

Both these solutions hold until the velocity depicted by ur is zero, after which elastic

motion resumes.
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APPENDIX B

CERTIFICATE OF CONFORMITY
PIPE DESCRIPTION

Mild Steel Pipe API 51 X42
12" STANDARD WALL THICKNESS

Seamless

(323.85 od x 9.5mm wall)

Length 5.890 Mtrs

2 Lengths

Cutting as per your sketch:

22 Lengths
N. Page

INSPECTION CERTIFICATE 05/08803 002/003
Date
(UNIEN 10204 3.1 /1SO 10474 3.1.B) 31/03/2005
Customer Customer’s order Customer’s Refer. Mill order
15842/4815 1231153/005

Address Town Country Job Number Shipping Note
E/395602/5 00012208 - 31/03/2005

Product

SEAMLESS HOT ROLLED STEEL PIPES ACCORDING TO API 5L PSL1, ASTM A 106, ASME SA 106, ASTM A 53 AND NACE MR 01.75. STEEL GR. X42 PSL1 GR.B PSL1 ASTM ASME A/SA 106 ASTM A 53. C 0.20% MAX S

0.008% MAX
MN:C=4:1 MIN. INTERNALLY BARED EXTERNALLY VARNISHED WITH PT1, BEVELLED ENDS ACCODRING TO ASME B 16.25

Dimensions

Length From Length To O.D. mm W. T. mm Pieces Metres Kg Feet Lb
9000 12000 323.900 9.500 30 351.55 26474 1153’ 5 58365.1
CHEMICAL COMPQSITION
C[Isi|[ManJP IS TIN T IMo TV ]Cu Ti | Nb B CeFl | Fl [ F2 1 F3 F4
x 100 x 1000 x 100 x 1000 x 10000 X 100
Heat H Max 20 106 25 8 40 40 15 8 40 40 10 01.000 0.1500 99.999 0.0300
‘ Min 10 | 29 0 0 04.000 0
Max 20) 120 30 8 40 40 15 8 40 40 011.000 0.1500 99.999 0.0300
Tet' 1 P "Min 0 | 29 0 0 oron0 [0
951242 H 15 22 88 15 2 9 16 5 | 17 2 2 2 36 ()48 0.014 5807 0.012
Q8936 p 16 22 86 14 2 9 16 5 1 17 2 2 2 36 148 0.014 5.375 0.012
Q8937 p 17 22 86 14 2 9 16 5 1 17 2 2 2 37 148 0.014 S.059 0.012
Ce Fl =FL/ALF (C+Mn/6+(Cr+Mo+V)/5+(Ni+Cu)/l5)
Fli =(V +Ni+ Cr+ Mo+ Cu
2 =(Nb+V +Ti
F3 =(Mn/C)
F4 =(Nb+ V)
LEAK TEST
Type UM, Sec. Value
HYDRAUTIC BAR 5 145.0
REMARKS

HARDNESS HRC 22 MAX.,, ACCODRING TO NACE MR-01-75
MATERIAL ACCORDING TO ASME 11 PAR.D TAB. Y
AFTER INSPECTION OPERATION, THE MATERIAL HAS NOT A RESIDUAL MAGNETISM GREATER THAN 30 GAUSS.
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CERTIFICATE OF CONFORMITY (CONTINUED)

N. Page
INSPECTION CERTIFICATE 05/08803 002/003
Date
(UNIEN 10204 3.1 /1SO 10474 3.1.B) 31/03/2005
Customer Customer's order Customer’s Refer. Mill order
15842/4815 1231153/005

Address Town Country Job Number Shipping Note
E/395602/5 00012208 — 31/03/2005

Product

SEAMLESS HOT ROLLED STEEL PIPES ACCORDING TO API 5L PSLI, ASTM A 106, ASME SA 106, ASTM A 53 AND NACE MR 01.75, STEEL GR. X42 PSL! GR.B PSL1 ASTM ASME A/SA 106 ASTM A 53, C 0.20% MAX S

0.008% MAX
MN:C=4:1 MIN, INTERNALLY BARED EXTERNALLY VARNISHED WITH PT1, BEVELLED ENDS ACCODRING TO ASME B 16.25

Dimensions
Length From Length To O.D.mm  W.T.mm

Pieces Metres Kg Feet Lb
9000 12000 323.900 9.500 30 351.55 26474 1153 5" 58365.1
STANDARD EDITION
Standard Year Revision Year
API 51 2000 427 Ed...
ASTM A 53 2002
ASME SA 53 2001 ADDO3
ASTM A 106 2002
ASME SA 106 2001 ADDO03
NACE MR0175 2003

VISUAL AND DIMENSIONAL CONTROL HAS BEEN CARRIED OUT WITH SATISFACTORY RESULT
STEEL IS FULLY KILLED AND PRODUCED BY ELECTRIC FURNACE TO A FINE GRAIN PRACTICE

THE PRODUCT SUPPLIED IS IN COMPLIANCE WITH THE REQUIREMENTS OF THE ORDER
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CERTIFICATE OF CONFORMITY (CONTINUED)
INSPECTION CERTIFICATE N. Page
05/08803 002/003
Date
(UNIEN 10204 3.1 /ISO 10474 3.1.B) 31/03/2008
Customer Customer’s order Customer’s Refer. Mill order
15842/4815 1231153/005
Address Town Country Job Number Shipping Note
E/395602/5 00012208 - 31/03/2005
Product
g%/gé\gLESS HOT ROLLED STEEL PIPES ACCORDING TO API 5L PSL1, ASTM A 106, ASME SA 106, ASTM A 53 AND NACE MR 01.75, STEEL GR. X42 PSL1 GR.B PSL1 ASTM ASME A/SA 106 ASTM A 53. C 0.20% MAX $
} e MAX
MN:C=4:1 MIN, INTERNALLY BARED EXTERNALLY VARNISHED WITH PT|, BEVELLED ENDS ACCODRING TO ASME B 16.25
Dimensions
Length From Length To OD.mm W.T. mm Pieces Metres Kg Feet Lb
9000 12000 323.900 9.500 30 351.55 26474 1153’ 5 58365. 1
TENSILE TEST
Test Heat °C T L/T | Test spec {mm) Rs Rm Elongation (%)
MPA MPA
Type Dimensions Sec. mm- % Min. Max Min. Max. Cal. mm. Min. Obt.
0.50 290 415
Q8936 651242 | +20 T Rec 38.00 [ 9.60 364.8 359.0 524.0 2" 50.8 28.0 38.8
T= 1: AFTER PW H.T L/T=  L:LONGITUDINAL Type = Rec: RECTANGULAR Cil: ROUND
2: AFTER 'STRAIN AGEING’ T: TRANSVERSE Seg: TUBULAR STRIP Tu: TUBULAR
3: AFTER P.W.H.T. + AFTER 'STRAIN AGEING’ Rs = YIELD STRENGTH Rm = TENSILE STRENGTH Z= REDUCTION OF AREA
HARDNESS TEST
Type Min. Max.
HRB 0.0 100.0
Test Heat T 1° From 2° To 3°
8936 951242 0.0 0.0 81.6
T= 1: AFTER PW.H.T
2: AFTER 'STRAIN AGEING’
3. AFTER P.W.H.T. + AFTER ‘STRAIN AGEING’
TECHNOL. TESTS
Flatt, Test
E Q Num.
fust Heat T | 2 1
(8936 951242 Test ok
T= I AFTER P.W.H.T E= 1: AT ONE END Q= EACH PIPE
2: AFTER "STRAIN AGEING’ 2: AT BOTH ENDS ‘n’ PIPE OF THE LOT
3. AFTER P.W.H.T. + AFTER ‘STRAIN AGEING’ *1/5° PIPE OF THE LOT
CHEMICAL COMPOSITION
C [Si [Mn]P TSN [CG Mo [V TCu Ti [ Nb B CeFl | Fl [ [ F3 [ ¥4
x 100 x 1000 x 100 x 1000 x 10000 x 100
Max 20 106 25 3 40 40 15 8 40 40 10 01.000 0.1500 99,999 0.0300
Heat H i 0 1 9 0 0 04,000 [l
M 20 |20 20 | 8 40 40 15 8 40 40 01.000 0.1500 99.999 0.0300
Tewt A | 0 0 4000 b
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APPENDIX C

Duffey and Mitchell [43] presented a theoretical maximum displacement model for a
cylinder under impulsive loading. The assumptions are that the material is rigid perfectly
plastic, displacement is focussed at the centre of the cylinder where the explosive is located,

the material is not sensitive to strain hardening or strain rate and no axial deformations occur

during the pulse.

The equation of motion for a cylinder under uniform loading is:

2
du,

dt?

pR.h +o,h=p(t)R, (C1)

As there is no axial displacement the o, term is excluded and for simplicity it shall be said
that the membrane hoop stress is equal to the material yield stress. If we include the same

pressure-time history as in equation (A9) we get the following equation for motion during

the time 0 <t<T,

2
dd;f +o,h =( - Pothi (€2)

R.h
PR T

Rearranging this for integration we get,

2
dw, _P, PRt O (C3)

dt* ph phT pR,

Integrating this to get the velocity of the wall at the point of explosion during the pressure
pulse we get,

2 t
g_u_r_ Pt Pot o, +A (C4)

- ——

dt ph 2phT pR,

The constant A is found by applying boundary conditions. At time t = 0. du/dt = 0 and
therefore A = 0.
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Integrating again to get the radial displacement of the wall,

S A A
" 2ph 6phT 2pR,

+B (C5)

To get the value of constant B, at time t = 0, u, = 0, therefore B = 0.

Equations (C3) to (CS) apply while the pressure pulse is acting on the wall of the cylinder.

Once the loading stops when t > T equation (C2) becomes,

2
du,

t2

pPRh——*+06h=0 (C6)

This is rearranged for integration to show,

L=— (C7)

The boundary conditions for this phase of motion are represented by the equations of motion

with an acting pressure pulse ((C3) to (C5)) but at the point at which loading stops, t=T.

The wall velocity at any time t after loading has finished is given by,

t
dur :__(_yy__{_A (C8)

dt PR,

At time t = T, the boundary condition is given by equation (C4) to find constant A for this

phase,

RT PT oT__oT (C9)

ph 2ph pR,  pR;

oy
t9
()]



From this it can be seen that A = P,T/2ph which when put back into equation (C8) yields

r

du ot PT
+0

dt PR, 2ph

Integrating again to get the wall position at time t after impulse,

2
ot

P.Tt
u, = +

=TT — +B
2pR, 2ph

(C10)

(C11)

At time t = T, the boundary condition is given by equation (C5) to find constant B for this

phase,

QT?_QT{_WTZ_—GJQ+Rj3+
2ph  6ph 2pR, 2pR. 2ph

This means that constant B = -P0T2/6ph and so,

_q€+nﬂ_gﬁ
" 2pR, 2ph 6ph

B (C12)

(C13)

The time at which maximum deformation occurs (tma) is found when the wall velocity after

the pressure pulse has passed is equal to zero. For this equation (C10) is used,

0=_ Oyl . PT
pR,  2ph
Which gives,
¢ = P TR,
"™ 20.h
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The maximum radial displacement at tm,, is found by substituting the value in equation

(C15) into t of equation (C13) to give,

P°T’R, PT
o) T po i 6ph
po, p

(Cl16)

For the triangular pressure pulse used in (A9), the impulse is given by I; = (P,T)/2, or 21, =

P,T. Putting this into equation (C16) will give the maximum displacement in terms of

specific impulse:

I’R, LT
i) 300 h? 3ph
po,h®  3p

(C17)

If the loading approaches an ideal impulse, i.e. the impulse is held constant, the pressure
pulse duration is reduced and the peak overpressure increased, the second term in equation

(C17) disappears to give,

I1°R.
Uiimax) =55 (C18)
2po,h
In terms of the maximum circumferential strain, €gmax) = U/R;,
2
__ L (C19)

Se(max) 2p0 h2
y
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APPENDIX D

B1 X,

Up
a %8
| | / j y, 0 _/
A A
i
e
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B Section B-B
h \ |/ Up

\ i Section A-A

Fig. D-1: Assumed deformed shape of a localised loaded cylindrical shell.

The above figure shows the assumed shape of the deformation of a cylindrical shell
subjected to an internal localised impulse of intensity, i, as done by Fanous [11]. The impulse
is applied over a circular area of radius sy causing an assumed elliptic final deformation
shape with the minor radius, a, in the hoop direction and the major radius, b, in the
longitudinal direction. The outward radial displacement, u,, at a point with x and y

coordinates 1s written as,

urzuo[l—x—z—g;] (D1)
a

where ug is the maximum displacement situated normal to the centre of the ellipse. The hoop

and longitudinal membrane strains are also assumed to vary with the same deformation

shape and so can be written as,

%)
(R
oo



x2 y2
80:800(1—;2——? (Dz)

X2 2
SLZSL"[l—a—Z—%J (D3)

where the subscript, 0, denotes maximum strain in the respective directions.

At the moment the impulse strikes the cylinder wall the energy present is all kinetic which

can be expressed in an equivalent SDOF model as,
KE.=—M\V’ (D4)

The equivalent mass, M., can be found by,

M, = [ Mu,dA, (D5)
Al

where M is expressed as the mass per unit area of the shell and A; is the ellipse area of the
deformed section. If we use the impulse-momentum relationship, I; = MV and rearrange it

into equation (D4) we get,
KE.=— (D6)

Iis the generalised impulse over the circular loaded area, Ay, given as,

I= | iudA, (D7)

Integrating equations (D5) and (D7) and putting the results into (D6) gives,

2
4.2 2
K.E.= 20! 1—ﬁ—( H%] (D8)
2abM | 4 \a® b’
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When the shell wall is at maximum displacement (zero velocity in the SDOF model). all

energy is in the form of strain energy, U, given as:

U= 1(0089 +0,¢, dv (D9)

Where v is the volume of shell material in the ellipse and dv is given as, dv = hdxdy. Since
the shell principally behaves as a membrane for large deflections the bending and shear

strain energy are neglected. According to the deformation-strain theory of plasticity (Ford

and Alexander 1974), the plastic strains € and g are written as,

1
€ :Cp(co —EcL) (D10)

1
sL:Cp(cL—Eooj (D11)

Where C, is the proportionality constant for the material. The maximum membrane strains

are assumed to be related to each other as,

6 8 (D12)

Substituting the relationships given in equations (D2), (D3), (D10), (D11) and (D12) and
putting them into equation (D9) gives the following strain energy for a rigid perfectly plastic
material,

U="P%% (12 4 2 4 ab) (D13)

V3
In the above equation, the von Mises yield criterion was used to relate the membrane stresses
to the material yield stress. The above strain energy is for a rigid-perfect plastic material and
can be modified to approximate an elastic-perfect plastic material. In the elastic region, the

stress-strain relationship is linear up to the yield strain so the elastic strain energy can be

approximated as,
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In

1
U=-u (D14)

Subtracting the elastic energy from the plastic of equation (D13) gives the internal energy for

an elastic perfect plastic material as,

NE)

nbho ¢
U=—y—y(a2+b2+ab)}2(l—%j (D15)

where the strain ductility, A, is given as,

€y
A=—2 (D16)

€y

A can also be interpreted as the ductility demand associated with the impulsive loading, i, in

the circle of area Ag by equating equations (D8) and (D15) to give,

" 2Mho ¢, (X 1) D17)
I'=y———| A——
Y733 2

where,

1/
2 2 2 AB 2
o= AB (A*+B% + Z DI18)
1{ 1 1
- =+
4\ A B
within which,
a b
A== and B=— (D19)
So So

Up to now the extent of deformation of the ellipse, a and b, has not been defined. The

parameters A and B will be selected to minimise the collapse impulse (Szilard 1974).
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di di
—=0 and —=

dA oB 0 (D20)
This analytical procedure results in coupled equations from which parameters A and B can

be determined. For an impulsively loaded cylindrical shell, A and B are found to satisfy

equation (D20) when,

A=B=1 (D21)

or

a=b= So (D22)

This can be stated as the boundary of the assumed deformed ellipse coincides with the
boundary of the applied load. Putting equation (D21) into (D18) and solving for the ductility
given in (D17) gives,

€ 2
A= — 3i +l (D23)
€ 8Mho e, 2

y

From which the maximum strain can be found as,

2 8
g, =—b 45 (D24)
"~ 8Mho, 2




APPENDIX E

For a single degree of freedom system in which a force per unit area acts on a structure.

ku, T :

M
il
Poe"/T

Fig. E-1: Single degree-of-freedom model for the impulsively loaded cylinder.

the equation of motion can be obtained using Newton’s second law, F = Ma:

Plo APl p sy (E)

In which P,e¥" represents an exponentially decaying pressure time curve as seen in Fig. 2-2.

This can be written into the general form,

d_lir +o’u, = o e /T (E2)
dt” k
h )
where S

The general solution for such an equation is written in the form,

-t
u, = Asino t+ Beoso t+Ce (E3)

333



Where the A and B terms represent a complimentary function and the C term represents a

particular integral.
At time t =0, u; = 0, therefore from equation (E3), B = -C.
Differentiating the displacement term in equation (E3) gives the velocity term,

du -t
L = Awcosot— Bwsin mt—ge T (E4)
dt T

At time t = 0, du/dt = 0, therefore from equation (E4), A = C/oT.

The acceleration term is given by the differentiation of (E4),

2 -t
d li’ = — Aw’sin ot— Bw’cos wt+ C7 e T (ES)
dt T-
When equation (E2) is combined with equation (E3),
d’*u .\ Po® -

 + | Asinot+Bcosot+ Ce_’tT o—g ! (E6)
dt’ k

Combining this with equation (E5) gives,

_ Aw? sin ot— B> cos ot+ ({ e T = POI((DH e T mZ(A sin ot+Bcosat+Ce T ) (E7)
T._,

This can be simplified and equated to show,

2
e-tT(PoliD _C(DZ_'IC_;]:O (E8)
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T
The exponent e can not equal zero therefore the bracketed term does. Putting this in terms

of C gives,

P (oT)’

C=
G+ orT] =

As all constants have previously been worked out in terms of C, these can be put into

equation (E3) to give,

—Ccosot+ elT} (E10)

The static displacement is given as: P, = k(us) or u, = P/k. From this and equation (E10) we

get,

I

u. (1+(0T))

u, (0TY [sinmt
oT

—Ccos mt+ e"Lle (E11)

This equation can be applied to any single degree of freedom system including the breathing

modes of cylinders and spheres.
Equation (E11) gives the dynamic magnification factor (u/u,) which is proportional to stress

and displacement for all values of @T. The peak value of the ratio between dynamic and

static displacement is found for different values of T using the following method.

Assuming oT is equal to 0.25, equation (E11) can be written as,

u, (t) _ 025 ﬂ {sm Ot ot e—tT:' E1)
u, 14025 0.25
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Using this equation, different values of wt are substituted in until the maximum dynamic

magnification factor is found. For example, say ot = 7. This equation can be written so that, t

= /w. If this is put into equation (E12) we get,

u, 0.25° [Sinn

u. 1+0252| 025

—cosm+e '0-25} =0.588 (E13)
This method is repeated for different values of ot using the same T value until the
maximum ratio is found. Once found the same steps are carried out using a new value of ®T

until a range of results can be found. Relating T to the natural frequency, f,T, using the

equation,

f =—, (E14)

22

_L
®

_L
o

-
EN

—
[N}

==

Dynamic Magnification Factor

0.001 0.01 0.1 1
Tfn

Fig. E-2: DMF of stresses or displacements from static values using a SDOF system with an

exponentially decaying pressure pulse.
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APPENDIX F

The setup for wedge simulation containing 500 elements and 0.5 kg PE4 is performed in

Autodyn® as follows:

Press New Model on the tool bar
Ident: 0.5kg_PE4
Symmetry: 2D and Axial

Press Materials on the navigation bar
Press Load
Retrieve Air and PE4

Press Parts on the navigation bar
Press New

Name = Wedge

Solver = Euler, 2D Multi-material

Select Wedge
Minimum radius (r) = 5.0, Maximum radius (R) = 152.425
Cells across radius (nR) = 500
Fill part with material air

Int. Energy = 2.068E+005

Press Fill
Press + in front of Fill by Geometrical Space
Press Ellipse
X-semi-axis = Y-semi-axis = 42.09725752
Material = PEA

Press Detonation on the navigation bar
Press Point
X=00,Y=00

Press Control on the navigation bar

Under Wrapup Criteria
Cycle Limit = 5000, Time Limit = 0.024, Energy fraction = 9E+008

Press Save Model on the tool bar to save the current model
Press Run on the navigation bar to start the simulation

Once the Wrapup time has been reached:
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Press Parts on the navigation bar
Press Fill
Press + in front of Additional Fill Options
Press Datafile
Select Write Datafile
Filename = Detonation

Press New Model on the toolbar
Ident: 0.5kg_PE4_Pipe_Sim
Symmetry: 2D and Axial

Press Materials on the navigation bar
Press Load

Retrieve Air, PE4 and API-5LX-42 (von Mises)

Press Boundaries on the navigation bar
Press New
Name = Flowout
Type = Flow_Out
Sub option = Flow out (Euler)
Preferred Material = Air

Press Parts on the navigation bar

Press New
Name = air
Solver = Euler, 2D Multi-material
Select Box
X origin=Y origin=0.0
DX = 800.0
DY =300.0
Cells in I direction = 400
Cells in J direction = 150
Fill part with material air
Int. Energy = 2.068E+005
Press Fill
Press + in front of Additional Fill Options
Press Datafile
Select Read Datafile
Press Browse for .fil file
Open the file Detonation.fil
Under Remap Origin
X Origin =400.0
Y Origin=0.0
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Press Boundary
Press + in front of Apply Boundary by Index
Press I Line
I=1
J=1ToJ=151
Boundary = flowout
Press I Line
=401
J=1ToJ=151
Boundary = flowout
Press I Line
I=1ToI=401
J=151
Boundary = flowout
Press Gauges
Press Add
Select Point, Fixed, X Y-Space
X co-ordinate = 400.0
Y co-ordinate = 152.4249999

Press New

Name = pipe

Solver = Lagrange

Select Box
X origin=0.0
Y origin = 152.425
DX = 800.0
DY =95

Cells in I direction = 200
Cells in J direction =3
Fill part with material API-51.X-42 (von Mises)

In the Parts pane select pipe
Press Gauges
Press Add
Select Point, Moving, XY-Space
X co-ordinate = 400.0
Y co-ordinate = 152.4251111

Press Interaction on the navigation bar
Press Lagrange/Lagrange
Press Calculate

Press FEuler/Lagrange .
Select Euler/Lagrange Coupling Type = Automatic (polygon free)
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Press Control on the navigation bar
Under Wrapup Criteria
Cycle Limit = 9E+008, Time Limit = 1.5, Energy fraction = 9E+008
Under Timestep Options
Minimum timestep = 1.0E-006

Press Qutput on the navigation bar
Under Refresh
Display freq. = 600
Under Save
Cycles
Start cycle =0
End cycle = 1000000
Increment = 600
Under History
Cycles
Start cycle =0
End cycle = 1000000
Increment = 10
Press Select Gauge Variables
Select Y
Press Save Model on the tool bar to save the current model

Press Run on the navigation bar to start the simulation
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