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‘Abstract

This thesis investigates the progression of a blast wave created by
the volumetric explosion of"r;t pressurized ellipsoidal region. The
use of numerical methods on a digital processing machine is made.
Eignt cases of four different ellipticities and two different
overpressures were examined to determine the influence of the

shape of the blast sources.

It is shown that, for an ellipsoidal cold region generated from a
volumetric explosion, the peak pressure through the intermediate
fields would be up to three times greater than the peak pressure
for an equivalent spherical region and occurs along the initially
minor axis of the blast source. The static impulse and the dynamic
imptilsc were also up to two to three times greater than those for
an equivalent spherical region, through most of the intermediate
and near far fields. A corresponding decrease in the values: of

these parameters was noted along the major axis. ; &
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.Introduction

1.1 Preliminary Remarks

The investigation of blast waves is an important field which has received
much attention due to the destructive potential of this phenomenon. The

blast wave is a physical occurrence by which a pressure wave of finite

1



amplitude is generated by a rapid release of energy. Though often
associated with pressure waves resulting from an explosion used for
military purposes, any explosion, whether predetermined or accidental in

initiation or nuclear or chemical in reaction type, can create a blast wave.

Predetermined blast sources in addition to an atomic explosion or a
condensed chemical explosive such as TNT include bursting pressure
vessels, muzzle and breech blasts from guns and recoilless weapons, and
reactive gas mixtures. Accidental blast sources may originate from as
disparatc‘ sources as lightning strikes, propane gas leaks or bursting
pressure vessels. The following text describes some current hazards which
give rise to éccidental blast waves and a brief account of the current means

of estimating the blast wave.

The volume and rate at which flammable liquids and vapours are being
transported today throughout the world is rapidly mcrcasmg This
enhances the possibility of having explosive clouds formed in the

atmosphere, as a consequence of a variety of spill‘s‘and leaks resuiting -
from accidents. This danger associated with the large scale transport of

fuels, in particular liquid natural gas, has gained a considerable amount of
attention. A spcciﬁc analysis of a damage scenario with particular
emphasis on fuel carriers in the Suez Canal is given by Elbahar and Kamel

[1].

Liquified natural gas is also transported great distances above ground
through pipelines. Should the pipelines be damaged and allow the gas to
escape, wind and atmospheric conditions would distribute this gas into the

environment usually in an asymmetrical shape. Given an ignition source,
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an explosion, then a blast wave would result. As the pipelines go through
urbanized areas, to know, a pricri, the destructive potential of a natural
gas cloud would minimize the possible damage from an accidental
explosion by indicating the need to reinforce structures ~t close proximity
to the pipeline.

A common source of accidental explosion is the common hydromrbon
gases such as propane. Whether as a fuel for indoor appliances or as a
cooking fuel in outdoor barbecues, this gas presents a hazard with a large
destructive potential as has been unfortunately experienced many times.
Upon refilling a propane tank, then incorrectly reconnecting the tank to
the burner would result in the propane leakage. When the propane
burner is ignited, an explosion will occur. A blast wave is created and,
usually being at a very close proximity to residential structures, causes a

large amount of damage. o=

Thc transportation of gases used by the chemical mdustry presents another

type of hazard. Propylene oxide and nitromethane are two potenually

- highly explosxve chemicals transported by rail. The blast hazards defined

in chemical terms for vaporized nitromethane is described by Ribovich [2]
and an examination of the thermal decomposition kinetics and chemical

reactivity is completed by Piermarini et al. [3]. These chemicals with their

great destructive potential could lead to a large loss of life given an -

accidental explosion in a highly urbanized area. If the potential dimage

could be determined beforehand, an adequate evacuation area about the

damaged rail car could be calculated and the people removed to prevent .

. a loss of life.
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\This joint analytical means resulted in accepted computational techniques.

-

To know a priori, the damage resulting from a blast wave, the strength of
the blast wave, usually quantified as the pressure increase above the
ambient pressure, must be determined. Apparently only of theoretical
interest before the second world war, the advent of high density chemical
warheads and atomic warhéads brought a keen need to predetermine the
destructive potential from blast sources. As it was difficult if not
- impossible, to measure the great increase in pressure (as measuring

devices could not survive the conditions), alternative analytical means were

. devised such as using a shock tube for low energy acoustic analysis, then

extrapolating to high energy conditions. Later, the use of numerical
analysis coupled with field experiments provided an effective joint means
to analysis blast waves.

/e

However, non-ideal blast waves, typically originating from accidental
explosions, distinguish themselves from ideal point blast waves in that the
energy release rate as well as the physical dimensions of the energy source
are both finite and usually considered to be in the weak shock regime.
Further, it has been found that  a weak blast has a stronger directionality
than a strong blast. Consequently, new meth;ds were needed to analyse

the particular phenomena.



1.2 Literature Review

The literature review examines the progress made in the analysis of blast
waves, particularly relating to volumetric explosions. Then, the numerical
techniques are discussed with emphasis placed upon the requirements for
modeiling the unique physical characteristics of a blast wave.

121  The Physical Behaviour of Blast Waves

A thorough description of the physical behaviour of blast waves is
presented. This is followed by a review of the current state in the analysis

of blast waves.

A typical blast has complex occurrences in both a physical sense and a
chemical sense. Though the chemical behaviour of the gases, especially
- during an expansion, bears directly upon the problem, it is not included in
this study in order to enable a clear examination of the effects of the
sha’> of the blast wave. An excellent description of the chemical process
is given by Fickett and Davis [4]. For a clear interpretation of the physical
‘bases of the phen:ome'na arising in the field of high temperature gas
dynamics, refer to Zed’dovich and Raizer [5]. Here an attempt is made
to explain the physical essence of the phenomena using simple

mathematical tools, and relying on theoretical discussions.

The physical behaviour of the blast wave is characterized by a blast front
which in a discontinuous jump increases the ambient pressure. In addition
_ the blast front in its passage through the ambient atmosphere increases not

-5
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only the pressure but also the density and temperature, and it accelerates
the particles to produce a particle velocity in the direction of travel. Itis
this discontinuous, irreversible, adiabatic process, also called a shock wave,
which presents the major difficuity when analyzing flows with blast waves.

For any finite energy and finite dimension source, the blast wave can also
exhibit numerous repeated shocks of small amplitude at various times after
the passage of the first shock. This is caused by the successive implosion
of rarefaction waves from the cortact surface between explosion products
and air. Secondary and tertiary shocks of this nature have been observed
in experiments by Baker {6], however, they appcar to have little effect on
any of the characteristics of the positive phase of the blast wave.

When undertaking analysis of blast waves, experimentation has proved .
useful in determining damage potential. The collection of measurements
about an atomic test site in the far field al]oweﬁ many trends to be found.
Scaled chemical explosives allowed the measuring devices to be brought -
closer to the source and also provided a means of scaling the blast wave
depending upon the strength of the blast source. These studies coupled
with numerical work allowed a comprehensive analytic study of a high

energy point source (eg. solid explosives), blast wave to be made by Baker

[6l-

In these blast sources, the important energy transfer proceeds by mass flow
in strong compression waves, with negligible contributions from other
processes like heat conduction. This enables an accurate estimate of

potential blast damage by using the total energy to be released by the

- reaction and scaling the results. \



The total cncrgy is considered to be coming from a point source because
of the relatively small dimensions of the concentrated charge, the charge
dimensions, and the characteristic time for the energy deposition which can
be ignored. Nearly all the chemical energy released by these process can
be considered to be transferred to the shock front. Thus energy and

characteristic explosion length can be derived to scale all ideal explosions
as shown by Bach et al. [15].

This estimation using total energy enables the destructive potential of these
solid sources or point sources to be determined a priori. Given the mass
of the solid expiosive charge, the blast energy is calculated, usually as a
function of the total weight, before combustion, (combustion energy of the
material) and a characteristic explosion length can be derived. Then the
~blast damages are derived from the overpressure and impulsé versus
distance curves corresponding to those for tabled TINT explosions. The
‘most common form of scaling is Hopkinson or "cube-root’ scaling which
states that self-similar blast waves are produced at identical scaled
distances when two explosive charges of similar geometry and the same
| explosive, but of different size, are detonated in the ;:ame atmosphere.
The Sack’s Scaling Law may also_be used for a more general means of
scaliﬁg the resultant air blast waves. A thorough discussion of these

techniques is presented by Baker {6].

In the same text, Baker [6] also provides an excellent source of tables of
experimental and numerical data from point sources such as TNT or
. pentolite spheres. Various scaling techniques are presented to provide the
reader with a means to determine the peak overpressure and positive

impulse as a function of scaled distance from the source.

-
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Numerical techniques have been used to eliminate the effects of the
atmospheric conditions not being studied and to provide precise insight
into the flow parameters of the blast wave. In particular, for spherical
blasts in air, analytical solutions have been obtained for strong shocks in
an ideal gas by von Neumann and Richtmyer [7], for intermediate shocks
by Bach and Lee [8], and in the weak shock approximation by Whitham
[9]- Some codes have been developed which are capable of analyzing
shocks in all three ranges as shown by Brode [10].

For reference, Brode’s [10] explosions were simulated for peak

overpressures of two thousand atmospheres to less than one-tenth of an
atmosphere, thaiigh the majority of the information presented is for two

cases, 'one of an initial two thousand fold increase in the ambient pressure,
and, the other at an initial hundred and twenty two fold increase. The -

blast wave parameters include overpressure, density, parﬁcle velocity, and :°

wave position as functions of time and space.

N .
The numerical method used in Brode’s paper was based on the work by
von Neumann and Richtmyer [7}. This method employed an artificial
viscosity | to—dampen out the short wavelengths attributed to the
amplification factor, thus removing the instabilities cf ‘the numerical
technique: Thc physical equations were resolved usingf stépwise solutions

of difference equations which approximate the differential equations.

Though these studies have been intense and informative, the source of the
blast wave was restricted to a point such as would be applicable to a solid
explosive. It is realized that experimental studies of blast waves from a

shaped source which is of equal interest, have been limited due to the

8
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difficulty in creating various initial blast source shapes and magnitudes.
To ignite a shaped charge or explode 2 membrane, simultaneously and
evenly everywhere, is extremely difficuit. Hence, other means such as

numerical methods were used to analyse the progression of blast waves

resulting from various shaped blast sources.

Brode -{11] has used numerical techniques to establish trends for
distributed sources in addition to point sources. The blast wave created
from the detonation of a spherical charge of TNT was described based on
results of 2 numerical calculation and was compared to experimental data.
The use of similarity conditions commonly used to provide the initial
conditions to the flow parameters for point sources was not used hence
providing insight into the near field flow parameters immediately upbn

commencement of the blast wave, heretofore not seen.

The blast wave from a distributed sphere or finite source rather than a

point source has been examined before by Brode [12]. The gas dynamics

h resulting from- the release of an isothermal sphere of gas initially at rest -

and at a high pressure were described by the numerical solution of the

differential equations which repre;ént an ideal gas in radial motion.

Ina isaper by Plooster [13], the shock wave progression from a line source

(cylindrical equivalerit to a point source) and a cylinder source were

examined using both numerical solutions and measurements. This was

particularly designed to study the cylindrical shock front produced by a

- lightring discharge. Consequently, much effort was expended in describing

the thermal equation of state, the caloric equation of state and the various

changes due to ionization.



The numerical scheme used by Plooster was based upon Richtmyer and
Morton’s [14] technique, incorporating the artificial viscosity method of von
Neumann and Richtmyer {7]. Data were presented for various parameters
indicative of a strong blast. It was found that the cylindrical source led to
a flow pattern which is initially different from the asymptotic solution, but
which rapidly converges upon it. An empirical solution was suggested
which concurred with the experimental work.

Oppenheim et al. [44] examined non-steady flow fields formed in an inert
atmosphere surrounding an cﬁ:ploding cloud, which was assumed to be
spherical. By using self-similar i'nitiations, data for blast waves supported
by steady combustion fronts, was gathered. Three kinds of processes were
considered; a detonation, a deflagration, and a deflagration representing
a flame with a low burning speed. Courant and Friedrichs [42] described

the gas reaction in these types of processes.

Though each case of Oppenheim’s study exhibited initially distinct
characteristics features, especially in the vicinity of the cloud boundary, by
the time the front reach&g a distaxicc of aboﬁt five cloud radii, individual
.differences faded out. Thus, it was concluded, that the potential danger
at a relatively short distance from the combustible cloud was practically
independent of the particular combustion process by ;which it was
- consumed, provided that the flame achieves a sufficiently high velocity. In
particular, the transition to detonation is determined to be irrelevant. |

The quesuon of scaling the non-ideal blast waves in 2 manner similar to
point blasts \bwously presents itself. Bach et al. [15] examined the far
field cquwalency, energy scaling, and the energy distribution. It was

10



considered that the energy used to prepare the sphere to its bursting state
being path independent was arbitrary. The true energy of any given
explosion was energy delivered to the environment via work done by the
expanding explosion products (neglecting other means of energy transport
such as radiation). Given the initial states of the sphere and the
environment, this energy was unique since the process of the energy
transmission was via a shock wave. Unfortunately, the explosion energy
could not be specified a prio;i without a knowledge of the shock
propagation. Only in the case of the ideal point blast in which al! the
energy release goes to the environment was the explosion energy known

a priori.

The question regarding the effect of the types of process has been
examined further by Guirao et al. [16] and Bach et al. [8]. In these .
papers, excellent discussions were presented both on the type of process
and the best means of simulating the processes. These paSers would

provide the interested reader with an excellent quantitative comparisons.

Guirao et al. [16] found that on the basis of t_hq‘_effective blast energy, non-
ideal blast waves from fuel-air and oxygen explosives were all equivalent

in the far field and the blast parameters scaled according to the explosion’

length.

Using the energy equivalent defined by the hot sphere and by the cold
sphere, Guirao found that for very weak explosions, the shock
overpressure was ie_ss than that for an ideal point blast of the same energy

at the same shock location. For very strong explosions, the far field

11
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behaviour for both ideal and non-ideal blasts was identical. For
intermediate strength explosions, the shock overpressure was significantly .

higher than the ideal point blast case.

It was also shown that, in the far field, the equivalent source energy from
a fuel-air and oxygen explosion was three times greater than the energy for
a point blast. '

Using numerical techniques, Guirao found that the initial strength of the
blast wave from volumetric explosion being half the value from detonation
resulted in a slower decay of the blast strength, hence, larger damages in
the intermediate field. The strong blast waves of high energy density
generated by solid explosives were less destructive in the intermediate and
far fields than the moderate stfengrh blast waves associated with smaller
energy density explosions.

s

Lastly, ‘a study: by Chiu et al [17), examined the blast waves from

S=gsymmetrical explosions using the ray shock method of Whitham [9] with
the Brinkley-Kirkwood [41] method for the numerical ‘analysis. Attention

was focused on the question of wave asymmetry rather than the non- |
idealism arising from the finite rate of energy deposition. It was assumed
that the propagation of the asynimetriw.l blast wave remains in an elliptical
shape with only a small change allowable in the elipticity through time.
This assumption was believed to be too restrictive and provided apparently

acceptable results for only an ellipticity range of 0.5 to 2.0.

4
-
"

o
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It has been only in the last few years that experimental work in shaped,
distributed blast sources has been undertaken. A working group headed
by Brossard [18] provided data for numerous experimental results for blast
waves generated by spherical and hemispherical unconfined gaseous
detonations. This study was part of an effort to assess the mechanical

effects of an accidental explosion of a hydrocarbon-air cloud.

This group investigated the mixtures of hydrocarbons with oxygen or air
at various ditutions. The peak pressure, positive duration, positive impulse,
maximum negative over pressure, negative and duration, and negative
impulse were clearly correlated with a scaling parameter. Though
informative, these experiments do not provide a general analytical
technique for the flow parameters, particularly for variable shaped blast

sources such as elliptical blast sources.

The study of the flow patterns of a blast wave resulting from a shaped
blast source is continued.in this thesis. Due to the inability to conduct
adequate experimentation, a generalized numerical scheme is used to
analyze the flow patterns. For this study, the blast wave is considered to
be generated from the sudden rupture of a pressurized ellipsoidal
container, thatis a volﬁmetric explosion, in order to isolate the effects of

. the source shape from the reaction method.

13
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1.2.2 Numerical Techniques for Fluid
Dynamics in the Presence of Steep
Gradients

The field of fluid dynamics constitutes the physical laws and postulates
governing the dependent variables ofa fluid which is moving. The reader
is referred to fundamental fluid dynamics texts such as by Currie [19] for
a review of the basic concepts and principles and their relation to
specialized fluid flow and Oppenheim [40] for a more specific text on gas
dynamics. The following sections examine the specialized field of
humerical techniques pertaining to fluid dynamics in the presence of steep

gradients.

The use of governing physical relationships relates the mass flow,

momentum, and energy transfer of a homogeneous fluid medium. The

_poverning equations of fluid dynamics consist of an indeterminant set of

hyperbolic partial differential equations. Much use is made of physical
assuxﬂptions to limit the complexity and thereby construct a functional

solution.

The introduction of a discontinuity su_ch as.a shock wave presents a further
analytical challenge. One maj notice reference to shock analysis in
literature dating to 1910. Here Lord Rayleigh [20] and G.I. Taylor [21]

discuss thermodynamic considerations related to shock waves.

o —
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A paper by Courant, Friedrichs, and Lewy [22], presented the important
conditional stability of the difference-equation integration method for

partial differential equations often used to model the shock wave.

An early numerical scheme is attributed to von Neumann and Richtmyer
{7]- In this paper, an artificial viscosity term was used to ensure that the
shock transition would be a smooth one extending over a small number of
spatial intervals. Then, a finite-difference equation was constructed which
included this dissipation. The viscosity automatically treats discontinuities
such as shocks, thus avoiding the "usual’ difficult boundary conditions
alongside the moving shock front. However, the near-discontinuity was
spread over an infinite number of spatial points for a very weak shock and

- approaches zero spatial points only for a very strong shock.

Another document by Richtmyer [23] provides, amongst other initial value
problems, a more detailed examination of the analysis of fluid dynamics
in one dimension. The stability criteria, especially the restrictions on the
eigenvalues, clearly demonstrated a necessary condition for a valid |
numerical scheme. Both the Lagrangean and the Eulerian coordinates
basis were examined. This was further expanded by Richtmyer and
Morton [14], who attempted to tie together the mathematical side namely,
error estimates and convergence proofs, to the practical side, namely the

physically sensible such as enforcing positive pressures.

The verification of modelling techniques has continued with Morton {24].
The general convergence and stability theory for finite differerce
approximations to fluid flow problems was described. The methods of

analysis were outlined and applied to a typical problem. Practical stability

15



limnits, propagation and conservation properties, and nonlinear instabilities

were particular characteristics considered.

The examination of the numerical analysis of a system of conservation laws
was undertaken in a paper by Lax and Wendroff [25] who examined
several classes of schemes and determined thosel which have the smallest
truncation error and in which the discontinuities are confined to narrow
band width.

Chu [26] in his text presented other papers which described how
computing has been used to analyze physical problems, especially those
which relate to numerical fluid dynamics. Another collection of various
methods of numerically techniques for calculating shock waves was
supplied by Roache [27].

Harlow [28] demonstrated the use of the particle-in-celiﬂmcthod for fluid
dynamics. A region was sub-divided-into cells with a length equal to the
smallest characteristic length of the problem, ie. a shock width. The cell
‘was supplied with 2 number of cells which indicated the fluid parameters,
with a greater number of particies giving a great accuracy to the model.
This method presented a high degree of correlation between experiment
and partial theories, however it requires an excess quantity of computer
memory for the problem considered here. '
Another approach used to model compressible flows is called the Monte
Carlo method and is described in a paper by Vogenitz et al. [29]). This
- mfétﬂtrcats flows in the transitional regime between continuum and free

molecule flow. This method has been confined to flows with simple

16



boundary conditions usually flows about bodies and free jet flow. Due to
the volume of gas involved in the blast study which would necessitate an

excess number of molecules to maintain, this method was not employed.

There is promise in the field of finite element analysis with some codes
being written to examine fluid flows as shown by Brooks and Hughes [30].
However, the modelling techniques require special software and hardware
which was not accessible for this study.

In the difference methods noted, the simple, ideal, inviscid fluid flow when
integrated forward in time may generate arbitrarily large gradients in both
space and time even if the initial conditions are smooth. Given an
unbounded gradient as in the case of a shock, it is with great hardship that
any atterﬁpt to solve these problems is greeted whether using finite
difference or finite element discretizations. Numerical methods which
contain little or no inherent - numerical dissipation inevitably are afflicted
with nonphysical oscillations of ’ripples’ which can easily destroy all
information content in the calculation. : =

The numerical téchnique called the flux corrected transport algorithm
developed by Boris and Book [31] and .expanded ‘upon in two further
articles presented a viable solution. The first article discussed the origin
of the algorithm which was designed to provide 'an accurate means of
modelling conservation equations in fluid transport even in the presence
of di'scontinuities; The conservation equations were written in an Eulerian
: ﬁnité—difference form then a diffusion algorithm was used which models
the flow in a manner which ensured a stable mqnotonic solution to

preserve the non-negative properties of realistic mass and energy densities.

17



17

After the diffusion algorithm, the flux correction term was applied. This
term, in a non-iinear fashion, removed the stability factors of the diffusion
equation. This anti-diffusion was completed in such a way as to generate

no new maxima or minima in the solution, nor did it accentuate already

existing extrema. 'I'hough the positivity was obviously ensured, the’

preservation of the conservation law was not. This was the non-linearty
aspect of the algorithm whereby the adjacent point of each Eulerian point
was first examined to ensure the criteria of the anti-diffusion step was
maintained before applying the corrected flue. This corrected flux at a
half-point then affected the two adjacent points hence, ensuring

conservation. Thus, small corrective quantities of material were moved

from point to point locally but no net loss or gain to the system as a whole

resulted.

\Furthcr, it has been shown by Boris and Book [31] that the amplitude and
phase errors, when compared to the one-sided diffusion algorithm, the
Lax-Wendroff algorithm, the Leapfrog algorithm and the Flux-Corrected
algorithm were the least for the Flux-Corrected algorithm. Computer

calculations confirmed this analysis for tests preformed on density square

waves travelling with constant velocity. The distinctive feature immediately

seen from the flux corrected algorithm from the i-e;ults, was the lack of the
significant undershoots and overshoots generated by the other highly
diffusive algorithms. This was especially attractive given the jump

discontinuity of the shock wave. -

The second paper by Bock, Boris and Hain [32}, expanded upon the
definition of the flux cd}rectcd_, algorithm by redefining it as a flux

correction technique then applying this technique to general difference
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schemes. The algorithm was also expanded to general fluid systems.
Multi-dimensions and curvilinear geometries are mentioned as a

generalization of the given method.

In the first article, four test algorithms have been compared to the flux-
correction technique. It was shown in this second arﬁc]e that the flux-
‘correction techrique could be in fact used in conjunction with the four test
algorithms, with improved results. This was especially true if one wanted
to minimize dispersion while maintaining positivity. However, also noted
\\;as the high cost, because the flux-correcting technique required about
~ fifty percent more computer time. |

The third article by Boris and Book [33], minimizes the remaining
numerical error to develop improved flux-corrected algorithms. Several
improved FCT algorithms are developed and judged against both standard
flux-corrected transport algorithms and an optimal algorithm. The
properties of several flux-corrected transport algorithms were studied and
the aigorithms modified to reduce undesirable amplitude and phase errors

which arose from the use of local finite-difference approximations to

derivatives. Three types of error were isolated: amplitude errors (damping

or instability), phase errors (dispersion), and intrinsic grid representation
errors (the Gibbs phenomenon). Primarily, the one-dimensional
incompressible continuity equation often called the adjective equation was

concentrated upon.

' To sum up, the FCT algorithms were seen to be about an order of -

" magnitude more accurate than more-or-less standard non-FCT algorithms. :

- 19
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Flux corrected transport seemed to strongly suppress or eliminate the
nonlinear instabilities that resulted in grid-separation errors in many long

runs using standard algorithms.

The paper by Zalesk [34] expanded upon the flux corrected algorithm
developed by Boris and Book by placing it into a simpie generalized
format and adding a new algorithm for implementing the critical flux
limiting stage in multi-dimensjons without resort to time splitting. The
“clipping’ problem associated with the original one dimensional flux limiter
was also eliminated or alleviated.

A second paper by Zalesk [35] continued the development of this two
dimensional algorithm to include shock discontinuities and the associated
conservation laws. An example of the algorithm modelling fluid flow in a
shock tube was completed. A number of high order and low order
(monotone) schemes were proposed. Though reservations were presented
by Kreiss [36] about the ability of modelling a curved shape on a
rectangular grid, the results of Zalesk have been found to be acceptable.

The high order schemes Zaiesk used were the leapfrog method and the
leapffd"g:!r{\pezoi‘dal method. These are both second order accurate in
time and an optional spatial order of accuracy. The leapfrog method
reQuired the storage of the values of the parameters from the previous
time step and the present time step. The fluxes at the current time step
- were combined with the parameters at the previous time step to provide
the new values for the parameters. The trapezoidal corrector took a
~ weighted average of the flux at the present time step and the projected

fluxes.
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The leapfrog scheme was examined in greater depth by Kreiss and Oliger
[371. This paper was written for computations in dynamic meteorology and
oceanography, where the need to use accurate methods for the integration
of hyperbolic equations was the same. The leapfrog scheme of fourth

order was shown to be stable when only a small amount of dissipation was

used.

The low order schemes presented by Zalesk were the donor cell method
and the Rusanov scheme. These were both first order accurate in time
and space. It was sufficient that the low order scheme be monotonic and

stable hence the accuracy of the scheme was not as great a consideration.

In the paper by Rusanov [38], the low order monotone scheme was
defined for problems arising in connection with the propagation and
_ Interaction of two-dimensional ( or axially symmetrical) non-steady shock
‘waves in gas dynamics. The standard fluid flow equations were written in
‘Eulerian coordinates in two dimensions as the Lagrangian coordinates

" were found to lead to a considerable loss of accuracy.

The difference method used a diffusion componcnt.to ensure the stability

of the problem. Allowing for différent mesh sizes or, more particularly,

different angled boundary walls, each layer was checked to be sure that no

flux was able to pass across a cell width in one time step. Recall that this

is Courant’s conditions of stability. - This was shown to be efficient by

applying the Fourier method and examining the determinant of the system
7 of equations.

Given the need for an accurate numerical technique to examine the

21



progression of a shock front in two dimensions, the fhux corrected transport
method of Boris and Book, utilizing the high order difference scheme of
Zalesk, and the lower order difference scheme of Rusanov, is used for the

numerical scheme in this thesis.

This process uses explicit calculations in a Eulerian coordinate system.
The explicit calculations enable coding to be completed directly from the
difference algorithms into the software (FORTRAN) and requiring a

smaller amount of computer memory usage for each time step. The

Eulerian coordinates are also the preferred choice for numerical schemes -

which use the parameter values at given peints through time as required.
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-are presented in Chapter 6.

1.3 Purpose and Scope of the Investigatior

The purpose of this thesis is to provide data relating the shape of a blést
source to relative charges in the atmospheric parameters. In particular,
the peak pressure, the static impulse, and the dynamic impulse are platted
as a function of the initial ellipticity of the gas source.

The study is limited to volumetric explosions in order to isolate the effects
of the shape from any reaction effects. Further, the blast is assumed to
be symmetric about one axis for the duration of the scenario. This again

isolates the effects from any attributes from swirling or mixing of the gas.

In Chapter 2, the governing equations are derived from the physical laws.

These equations are then modified to suit the ellipsoidal problem.

The numerical scheme is detailed in Chapter 3. This examines the FCT
algorithm, the low order scheme, and the high-order scheme. The final
difference equations used in the simulation aré presented.

In Chapter 4, the results of several simulations given a variety of .

- ellipticities and initial pressurization of the region are discussed. The flow

parameters, pressure; density, and velocity are presented in great detail

along the axes.

A

The closing discussion is in Chapter 5 and suggestions for future research
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Chapter 2

Governing Equations

A blast wave is defined as a process by which a pressure wave of ﬁnité
amplitixdc is generated in air by a rapid release of enmergy. If air is
assumed to have the characteristics of a continuous, homogeneous
medium, then the laws of fluid dynamics will apply to the subsequent air
motion. Basic equations desc_p'bing the transmission of blast waves through

air will be presented here.

By using assumptiors, the physical laws of fluid dynamics can be presented
as a sufficient set of equations able to predict the physical parameters of
the fluid in motion. The physical parameters are the fluid velocity

components, pfessure, density, temperature and internal eliiirgy. The

. equations governing these parameters are derived from the physical laws

of mass, momentum, and energy conservation and an equation of state.

24

A



L1

The physical law of conservation of mass leads to the continuity equation.
Considering the Lagrange frame of reference, if a given fluid mass is
followed as it flows, its size and shape will be observed to change but its

mass will remain unchanged.

The mathematical equivalence is:
(2.1-1)

Z [ areo

D/Dt - Lagrange operator
Vv - volume w
P | - . density / mass of the fluid

This equation may be couQened to a voh;me integral in which the

integrard contains only Eulerian derivatives. This is through the use of

ReynoldS™ iransport theorem which resuits in: |
- (212

/ [QE"‘ a(pUK)}dV=o
L4

o
afat - derivative wr.t. time
ofox;, - derivative w.r.t. space
U, - velocity components

The tensor notation is used for convenience and indicates the summation

11

over the three coordinate dimensions.
As the volume is chosen arbitrarily, the only way to §atisfy the above
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equation is for the integrand to be nil. Thus the Eulerian equation for

conservation of mass is:
(2.1-3)

dp )
9 . 9% (wU) =0
3t +ax,:(p ®

The physical law of conservation of momentum leads to the Navier-Stokes
equations. Starting again with the Lagrangian frame of reference, the rate
at which the momentum of the fluid mass is changing is equal to the net
. external force acting on the mass. Using the Reynold’s transport theorem,
‘the equivalent form in the Eulerian frame of reference is:

| | (214)

O Uy + 2 UUj—a°if+
.E—(P) 'aTK(pJI ‘E;‘ pJ;

T

o - stress tensor

£ - resultant of the body forces per unit mass.

~ Note that for this c'quatioﬁ, the stress tensor has three components of

stress (one normal and two shear) on each coordinate plane.

The physical law of conservation of total energy leads to the energy
equation. Using the first law of thermodynamics, for a system which is
- originally at rest and, after some event, is finally at rest again, then the
internal énergy, due to the event, is equal to the sum of the total work
done upon the system and any heat which was added. As we are
considering a gas, which is never at rest, the kinetic energy is added to the |

internal energy to constitute the total energy. The rcsulﬁﬁg equation is: °
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(2.1-5)

a ., - 1 d - 1
= (pe + EPU,-U,-) + -é:;; [ (pe + EPU}G YUl
3 a;
= ax_(tj.}aif)+ t}.}pj- ax;

g - internal energy

%

conductive heat flux 1eaving the fluid mass per unit time.

Two equations of state complete the list of equations. The first is for the

thermal equation of state and 'the second is for the caloric equation c_;f :

state, which are respectively:
| (2.1-6)-
P = P(p,) .
P - normal unit of stress given negligible visions effects
(pressﬁre) . |
T - temperature
and,
(2.1-7)
e = c(p,T)
e - total energy, internal plus kinetic

The complexity of the problem becomes apparent when upon inspection, -

the above definition provides seven equations to resolve twenty-one
unknowns. )
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Only a few “exact" solutions for limiting cases and restricted geometries are
possible for such a complex set of equations. One must usually resort to
numerical solution by electronic computer to obtain predictions that can
be éomparcd with experiment for the remaining types of problems.
However, even with electronic computers, the given set of equations
presents a formidable challenge to resolve. It is the physical nature of the
particular problem being studied which is now used to make the system

determinant.

For the present study, the gas medium may be assumed to be inviscid (ie.
having negligible shear forces). The resulting equations are reduced to the

Euler equations,‘which are:

(2.1-8)
dp , O
P . C eU) =0
a e PP
au au 3P
o Pl T T Y

‘ ry e oU. .
P _ﬁaﬁ + p Uk_g_e* = = P_l - ﬁ].
a T T wm,

- Note that by using the mass conservation equation, the momentum
equations have been simplified. Also, to simplify the energy equation,
both the mass conservation equation and the momentum equations have

been used.

Two last assumptions due to the gaseous medium ensures an equal
number of equations to unknowns. In the present context, the body forces

associated with gravity are negligible when compared to the pressure
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forces. Next, assuming that the gas is a non conducting medium, the heat
transfer can be neglected. These result in equations for an inviscid, non

heat conducting gas which are:

(2.1-9)
dp d
— + — (pUY) =0
a a, PO
au av, 3
p___j. + P k——l = - _1:
at o, ax,
— X ‘ — U
p_iag + pUkﬁ = —Pa_i
Ta T a T e

Assuming that the gas behaves as a calorically perfect gas, the equations
of state become: ' |
(2.1-10)

‘P=pRT

R - gas constant

o (21-11)
e=C T

. . X
C, - specxﬁq heat at constant volume

With these assumptions, the original conservation equations have been

reduced to as set of seven equations with seven unknowns. Unfortunately,

n
[
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even with these assumptions, few exact solutions are known.
Consequently, the use of numerical methods is employed. There is one

last modification due to the problem being studied.

As discussed in the literature review, in an accidental explosion, the initial
region is usually in an axisymmetrical shape. This naturally indicates that
the use of spherical or cylindrical co-ordinates be made. If an
axisymmetric shape is assumed to be maintained (that is negligible gas
cfrculation about an axis for the duratio—ri of the simulation) then a
coordinate may be removed. By using this assumption, the equations are
first written into cylindrical coordinates, then the dependence upon the
angular coordinate is removed and the height and radial coordinates

Temain.
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In cylindrical coordinates, equation 2-19 becomes:
2.1-12)
dp ! a a d
_ —— (RoU.) + — U) + — Uy =0
a:_RaR(p") w PV 5z °UD

(U 13 (pUUR 13 (pUUyp
+ +

3 R @R R
AL/ PR S
az aR

36U _ 13 GULUR 13 (eUUY

ot R oR R a0
+M = ..l ...aﬁ
:74 R o6

3(U) 13 GULR 12 (YU

*x R @& R
L2000 o
az 3z

3 (pe) | 1 9 (peRUY) , 19 (pely 8 (peU,)

" Ta "R & R ® Tz
(1 A RULP 1 a(UeP)+aUzP))
= - —— ————— e W
R &R R 8 oz

i
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Different notation is now introduced for convenience. Further, if the
azimuthal symmetry is taken into account, there is no change in the
properties of the medium in the azimuthal direction and all references to
change in that direction are removed from the difference equations.
Tinally, in preparation for the numerical technique, the radial difference
component is rewritten to provide a source term for each equation. The

final set of equations is:

(2.1-14)
= dp , @ 3 pUg
22+ Z (pUp + — (pU) + —= =0
P aR(p,g az(p’)+x
d (pUp N d (U U, + P) . 2 (pUU) N pU U, _ o
ar | R 74 R -
3(pU) 3 GUL) 3 GUUSP) U, _ o

a @R az R

2pe) 2L (e +PY U1 3L (pe+P) Y]
ar aR “az

+ 2 [Cpe+P) Ul =0

I

/
/
2
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Chapter 3

The Description of the Numerical

Scheme

3.1 Introduction

The numerical approach used to model the ellipsoidal blast wave employs the flux
corrected transport. A monotonic low order diffefenéie scheme is first used for the
transport phase then a correction is made in a nonlinear fashion using the diffusive
flux from a hig'lf;_\o_l'der differgﬁcé scheme. The low ofder scheme is discussed first,

then the high oré?-;r scheme, and finally, the flux corrected transport.

ey
—
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3.2 The Low Order Scheme

The prerequisite when choosing a low order scheme is that a stable, monotonic
solution must be assured. The low order scheme, developed by Rusanov [38], is
 particularly well suited for this problem as it was designed for two dimensions, either

planar or axisymmetrical non-steady flow.

The governing equations derived in Chapter 2 are rewritten to illustrate their flux

components. Equations 2.1-14 wheﬁ-w:itten in the divergence form, become:

(32-1)
 9F _ FR _ OFF . o _ |
T awm Tt
~ where £, FX, F%, ¥ are vectors with the four components:
- (322)
- P pU; pUz =
o |PTR g | PURURTE z PURUz
£= pUz| = PURU, F pOUz + P
P\ (pe + P) Uy (pe + P) T,
) VY A
- =
E - PURU,
S
¥ | PTRU:
' (pe + P) U,

\ R
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The difference scheme uses a right-angle lattice with equal spatial steps in each
direction. If the temporal step value is defined as the superscript " and the two
spatial step values are designated as the subscripts ,, and , respectively, then the

formula for the divergence equation is:

(3:2-3)
F2L o £R O AppR At R _ R a
m,1 = +m,1 t m, 1 m (le.l Fm—l,l )
A :
- 5 (Bl - Fhia )R
1 R _ aR z _ aAZ
T3 [d)m-;-.l ¢m—-’_‘;-.1 * ‘bm.b% ¢m.1-%1

At - temporal step
AR - spatial step in the radial direction
AZ - spatial step in the height direction

Note that the flux term is calculated a: the midpoint between two grid points. It is
the difference between this average flux term and the adjacent average flux term

which is used in the calculation.

* - The last four terms of the preceding equation are the diffusion componehtﬁ which -

ensure stability due to the damping out of the short wavelength oscillations. These

if
T
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numerical diffusion terms are further defined as:

4):«-51:0':.}.1 ( fpnr,17fn1)
2 2

a;:».z%..z = % ( @puy,1 * Cp,z )7

“iz‘wgﬁ— (w+¢C)pz

tb:.llh% =B, ,1+1 ( £p1e2=Ln2 )"

B:.t»? = ; { Bm 12 * Bz )®

Bri1=0 £ t(W-f-c)_ml

AZ

w - stability condition
w - flux velocity

¢ - speed of sound

(3.2-49)

The stability condition is shown by applying the Fourier method to the system of

equations of 3.2-3. The eigenvalue is obtained, indicating stability restrictions for

possible sclutions. Upon examination of the roots, it is found that, to ensure a

possible solution, the stability conditions must be:

62<1 A afsw s =

%

=

—_36

(32°5)
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(w+clna

JZAL
-8R

- V2At
AZ

Op,1 =

n
(W"'c)m,l

The second value represents the Courant number modified for two dimensions with
equal spatial grid steps. Recall that the Courant condition defining the Courant
number requires that no information be passed further than one spatial step during

one temporal step to ensure a stable numerical scheme.

For each time step, at each grid point, the sum of the magnitude of the flux velocity
and the speed of sound is determined. Then, comparing the values at all grid points
(assuming that all cell sizes are identical), the maximum sum is obtained and used to
calculate the maximum allowable temporal stcpi This ensures that no information
is carried by the combined flux and fluid flow further than one spatial gnd step in

one temporal step, and, consequently, it prevents an unstable situation.

Given this discretization of the governing equations in a monotonic low order scheme,

the stability of the blast wave simulation is ensured. This low order scheme

constitutes the transport phase. S ‘ ' e



3.3 The High Order Scheme

The high order scheme used to determine the anti-diffusive flux is the leapfrog-
trapezoidal predicator-corrector scheme, see Kuriha [43]. This scheme is second

order accurate in time and variable order accurate in the spatial differencing.

The governing equations written in flux form (equations 3.2-1) are again used to
define this scheme. The leapfrog trapezoidal scheme in one dimension is given by:
' _— - (B33

- =L _ 2Atn _ I3
W;Z_Wg A ,[F:'% Fi—%]

X
e _ 1 n, o, _ X
£r = S (£f+£;) —-i(f(Wf):-+-f(W§))

“1_ Atn - -
hé, _wg“H[F(f)i*%_F(f)i‘%]

This is easily cxpalzldcd to multiple dimensions by adding respective difference terms
to the first equation. The spatial ac:curacy is determined by the functional
dependence of F on f. The formulae were derived by Zalesk [34], for any order of
spatial accuracy. The formula differentiates the Lagrange interpolation formula
(df/dx); and ensures that the flux dependence ( [F i+1/2] / Ax ) maintains the order

of accuracy required.

=
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For example, the five point Lagrange interpolation formula is
' | (33-2)
(x-x,) (x-3,) {x-x;) {x-%;)
(5, -36) (26-%,) (%) (g -x5) " 12
(x-x,) (x-x,) (x-%x,) (x-%)
(5,30} (35-x,) (%) Og-x5) 2
(x-x) (x-x) (x-x,) (x-x) X
(x-x,) (3-x) (x-x,) (-x) "3
(-x,) (x-20) (x-35) (x-x3)
(x,-20) (%,=%) (%,-%;) (x,-35)
(x-%,) (x-3) (x-x,) (x—x,) .
(%5-30) (35-35) (%5%;) (g—x) 7

Flx) =

This formula is differentiated: and calculated to a fourth order of accuracy. The

results are; )
(3.3-3)
7 . 1
Fri = g3 (fa+ faa) ~g5 Cla * fia)

" This is the high order flux calculation scheme for each grid point.

‘As this was the interpolation scheme used in the simulation, a fourth order spatial

accuracy will be obtained by the high order difference scheme.
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3.4 The Flux Corrected Transport

The FCT algorithm consists of two major stages, a transport or convective stage,
followed by an anti-diffusive or corrective stage. Both stages are conservative and
maintain positivity. Their interaction enables the FCT algorithms to treat strong

gradients and shocks without the usual ripples generated due to dispersions.

In the transport stage, the continuity equations are computed. These are
characterized by a large numerical error in the form of a strong diffusion. The anti-

diffusive stage then removes any l:éir'gc diffusive term introduced in the transportive

:stage such that the removal does not accentuate any extreme (maximum Or

h minimum). This is 2 non-linear technique used to guarantee the stability of the

problem using diffusion whenever needed, however, allowing sharp discontinuities to

exist.

This flux correction makes the overall algorithm non negative and stable and yet

- reduces spurious numerical diffusion, the usual stabilizing element of most methods,

to a very low level.

The nonlinear technique requires first the results from the low order diffusion scheme

as discussed in section 3.2. Then, the anti-diffusive fluxes, being the difference

~ between the flux calculated using the'high order scheme and the flux calculated using

the low order scheme, are determined. 'Next, it is determined whether or not any

maxima or minima are accentuated should these anti-diffusive fluxes be applied.

To enforce this condition in the case of maxima, first, the sum of all the anti-diffusive
fluxes into a grid point are calculated to determine the potential change due to the
anti-diffusive flux. | | |

LT B4
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P} = max (O.Ai_(%,) - min (O'A.iot—;))

A - anti-diffusive flux

Then, to determine that no maxima are reinforced or created, the differences

between the current preliminary independent parameters are compared to the

" maximum of the final independent parameters of the previous time step and the

~ preliminary, independent, immediately adjacent grid points.

(3.4-2)

Wi = max (Wi, Wi, Wia)

w? = max (w?, wi%)

w" - previous time step parameters

w; - preliminary parameters

This difference is multiplied by the grid spaéing to correctly scale the results.
' | (3.4-3)

0F = (WB*-wi%) Ax,

™

Then the fraction is found which must multiply all anti-diffusive fluxes into the grid
point to guarantee no overshoots. This fraction, which obviously is never allowed to
exceed one, is found by dividing the calculated difference by the sum of the anti-
diffusive fluxes. | |

L
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_(3.44)

min (1,-Q—f) if P;> 0
R =] ° Ps
' 0 if p; =0

~

This procedure is repeated to prevent any new minimum frof forming. That is, the
sum of all the anti-diffusive fluxes out of the same grid point is calculated to
determine the potential change due to the anti-diffusive flux.

(3.45)

P; = max (O,Ai_(%) - min (O,Al._(_%)

Then to determine that no minima are reinforced or created, the difference between

‘the current preliminary independent parameters are compared to the maximum of

the final independent parameters of the p:evious time step and the preliminary

| indepe';ident parameters of the current time:step at the grid point and mately

adjacent grid points.
T TN

i . ‘b b
Wi = min (Wi, Wi, Wha)

wy = min (wf, wi%)

Similarly the fraction is found which must multiply all anti-diffusive fluxes out of the
grid point to gixarantec no undershooting. |

i
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(3.4-7)

07 = (Wi™-wi?) Ax;
. Q: . -
min (1, =) if P; >0
R; = Y
0 if p; =0

Finally, as all anti-diffusive fluxes are directed away from one grid point and into an
adjacent one, limiting will be taken with respect to undershoots for the minimums

and overshoots for the maximums.

(3.4-8) _
min (Ri...R:) if A;,3,20
1 g
Cjﬁi = . |
2 min (Ri,Rj.,) if A; 1, <0

3!

This coefficient is used on the anti-diffusive flux to obtain the optimum flux while

maintaining positivity and conservation.

Ly

3.5 The Boundary and Initial Conditions

Recall that using the Eulerian coordinates allows the value of the paraméicrs ata
fixed poiht to be recorded through time. Thus, the physical regior is divided into a
number of cells with the point at the centre of the cell being the data to be recorded.

It is the changing pérameters at these cell points or grid points which provide data
for the dynamic analysis.



The cells were arranged in a rectangular grid based on the two axes. These
represented the radial and height directions with regard to the ellipsoidal region
being studied (recall that the azimuthal coordinate was removed due to symmetry).
The grid was mapped onto the axis such that the cell points along each axis were a
half a cell width away from the axis (Figure 3.5-1 and Figure 3.5-2). This prevents
the unnatural enforcement of a zero velocity should a cell point be located on either

axis.

Additionally, by placing the cell points at 2 half cell width from the axis, it was
assumed by symmetry that the values of the cell points on the other side of the axis
were equal except for the perpendicular velocity component which was equal in

- magnitude but opposite in direction.

The initial unique physical parameters: pressure and temperature were aliocated to
each cell point by using the equation for an ellipsoid and determining if each cell
point was at a distance from the centre which put it either inside or outside the
ellipsoid. This providcd an interface which was not smooth ( a problem discussed by
Kreiss [36] ) but witk;an adequate fidehty, to not mgmﬁcantly affect the 31mu1at10n s
results. '

The boundaries of the problem were fixed using either wmmetncal arguments or by
mamtammg a zero slope. The symmetry argument was used about the axis. That is,
the pressure and density were assumed to be mirror values across the axis. The
parallel velocity was also assumed to be a mirror value. The perpendicular velocity
component was assumed to equal in magnitude however opposite in direction. These

arguments were used for both the height and radial axes.

On lthp other two boundaries of the grid any values required for cells outside this
region, such as for the high order interpolation scheme, were given the same value

as the value of the cells at the closest boundary point (ie. zero slope).
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As data would be lost should the shock front progress past the boundary, a re-scaling
technique is used to continue the time steps with only a small decrease in accuracy.
The technique temporarily stored every second cell point of each parameter into
arrays then erase the original arrays and insert the saved values. This provides values
fur a quarter of each parameter’s array respectively and the remaining three quarters
of the array are filled with the ambient value of the parameters. A consequence of

this is to double the cell width with the resulting loss in fidelity.

This technique does not adversely affect the simulation as jt was found that no one

point contained data that would make the simulation erroneous if the value was lost.

[}
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Chapter 4

Results

4.1 The Initial Flow Parameters

The initial flow parameters are defined for the simulations undertaken. For all
/ca’mputations, the medium was a'\ssumed to be‘a pcrffsct gas with a constant specific
heat ratio of 1.4. No initial temperature difference was considered, as the sphere was
assumed to have been created by isothermal compression. The temperature was

initially 300 K throughout the domain.

The dimensions were defined using the allowable limit of the available computer-

memory. The 'maximpm array size for the code was found to be 100*100, hence

~
Y

—_—
-
-
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there were 100*100 grid points. The length scale was considered to be 2 m indicating

that the cell width in each direction was 2 cm.

Finally, the pressures within the initial blast source region and outside the region
were defined. For this analysis, the pressure outside the region was set equal to the
standard atmospheric value of 101325 P and the pressure inside the region was set

to various multiples of the atmospheric pressure.

To analyze the effect of the initial distribution of the source region upon the resultant
blast wave, eight scenarios were completed. Two different values of the overpressure

ratio Ap, defined as;
(4.1-1)

were tested. These were 19 and 8. Each overpressure ratio was examined for the

same four different initial ellipticities of the source region.

. The variables used in the simulation were not scaled to any characteristic value. Full

double precision real values of the computer were used to maintain accuracy.

' 4.2\ff€'Blast Wave Progression for an Overpressure of

19

S

In this first series of simulations, the initial overpressure was set to 19. This is a

typical overpressure for a blast generated from a volumetric explosion of a propane-
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oxygen mixture. The four initial ellipsoidal shapes were:
i) ellipticity = 1 a sphere
ii) ellipticity = 1.5 a near sphere
iii) ellipticity = 3 a moderate ellipticity
iv) ellipticity = 10 a near cylinder

These are shown comparatively in Figure 42-1. For each case, the height axis was

the initial major axis and the radial axis was the initial minor axis.

:4.2.1 The Blast Wave From a Source with an
Initially Moderate Ellipticity for Ap=19

.
By
| .

The results of the simulation with an overpressure of 19 and an initially moderate
clliﬁticity of 3 are described. The ellipticity is moderate but pronounced enough to
“supply distinctive features of the ellipsoidal blast wave. Five parameters, the time,
the pressure, the density, the fluid velocity in the radial direction, and the fluid

velocity in the height direction, were analyzed.

Thie time from initiation is used to scale this simulation with other simulations and <
to measuré the dynamic impulse and the static impulse. This simulation was run for
380, time steps. It was re-scaled when the shock front approached the array
boul;d.aries. The re-scaiing occurred after the 110th time step, the 220th time step,
and the 300th time step. This caused the spatial cell width to be increased by a
factor of eight from the original cell width, hence the shock, though still mapped onto

three to five cell points, was effectively eight times wider than the original width and
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was smeared over a large length. The times corresponding to these time steps are
shown in Table 4.2.1-1.

The pressure value provides the best indication to indicate the strength of the blast
wave. The pressure at iterative time steps, for each grid point, was recorded.
Pressure profiles were then plotted which displayed the normalized pressure
(recorded pressure/ambient pressure). As the ellipsoidal effects would be felt most
along the axes, only pressure profiles along the height and radial axes are analyzed.
Further, as the re-scaling changed the distance between each grid point, the profiles
for each cell width (that is each re-scaling) have been plotted separately. Lastly, to

provide ad=quate resolution, the curves were plotted for each tenth time step step.

The figures have the time step steps labelled for each curve. To associate a time to -

these time step steps, use the values recorded in Table 4.2.1-1.

The .prcssuré curve is initially a step as seen for the profile along the radial axis
(Figure 4.'2.1-1) and for the proﬁie seen 6n the height axis (Figure 4.2.1-2), labelled
as the Oth time step. The subsequent curves on the pressure profile figures show the
expansion wave moving into the source and the rapid motion of the interface. As
expected, the pressure at the initial interface dramatically decreases. The use in the
. value of the ambient pressure can be estimated using the Rankine-Hugoniot
equations for a normal shock front. With an overpressure of 19, the’ expectcd
pressure ratio is calculated to be 3. 75 This is. approxlmately the same value seen at
the interface. The radial axis prcssurc ratio is greater than this expected ratio by a
value of 0.6 whereas the pressure ratio on the height axis is less than the cxpccted
| ratio by a value of 0.8. The difference in values may bc attn'butcd to the dcgrce of
curvature.-of the ellipsoid on the respecnvc axes.

=
\n
=

The shock front on the radial axis has progteséed further from its initial position than

Voo
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the shock front on the height axis. The pressure ratio has also decreased at a slower
rate along the radial axis than along the height axis. These trends are clearly seen
when the scale of the ordinate axis of the figures is expanded (Figure 4.2.1-3 and
Figure 4.2.1-4).

The continuing normalized pressure profiles are plotted. As the shock front had
approached the computer’s array limits, the first re-scaling occurred and doubled the
cell width (Figure 4.2.1-5 and Figure 4.2.1-6). The shock front continues to progress
as expected. The slope at the jump discontinuity of the height axis is decreasing
when compared to the shock front on the radial axis. This indicates again, that the
strength of the shock front on the height axis is the smaller of the two. The pressure
ratio on the radial axis is now decreasing at a greéter rate than the pressure ratio on
the height axis although it maintains a greater value. The shock fronts on each axis
reach the distance of 2.75 m at the same time. After this, the shock front on the
radial axis is further from the origin than that on the height axis for all steps. That
is, the initial éllipti'city of the shock front has inverted. Where the distance from the
~ centre of the shock front on the radial axis comparcd to the height axis was 1/3, now

it has mcreased to a value greater than one.

After the second re-scaling, the cell width is now four times the original value. The

expansion of the blast wave continues as seen on the normalized pressure profiles

(Figure 4.2.1- 7 and Figure 4.2.1-8). The shock front on the height axis is still unable -

' to maintain as sharp a shock front as the shock front on the radial axis. The pressure
- ratio on the radial axis is still greater than that of the height axis indica‘c’ihg a lasting
directional quality to the blast wave. The shock front on the radial axis is now about

0.5 m ahead of the shock front on the Height axis with respect to the origin.

Also seen on the figures is that the pressure reaches a minimum at the origin, thus

rmdlcanng that the secondary shock is beginning to form. The magmtude of the

' secondary shock is about the same on each axis. However, the secondary shock on

SR . | 50
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the radial axis is spreading faster than that on the height axis.

The last re-scaling extended the cell width to eight times the original value (Figure
4.2.1-9 and Figure 4.2.1-10). The primary shock front on the radial axis and heighi

axis continues to decrease. The shock on the radial axis is almost 1 m ahead of the

shock on the height axis. The pressure ratio of the primary shock on the radial axis 2

is still greater and decréi;?mg faster than the pri-nary shock on the height axis.
Though the ﬁgurés have sharp features, recall that the cell width has increased by a
factor of eight over the original cell width.

—

-

The secondary shock fronts along each axis for this re-scaling show the effects of the

_original ellipsoid blast wave. The radial axis secondary shock is spread over many cell

widths and is unable to showa peak. The secondary shock front along the height axis
has a significant and sharp peak. Note the normalized pressure value at the origin
for the first pressure profile curve (#310) is greater than the normalized pressure

value at the primary shock front on the height axis (#310 on Figure 4.2.1-10).

By the last time step, each shock front is at approximately the same distance from
the origin. Notice, also, that the magnitude of the pressuré ratio of the secondary
shock on the height axis is larger than that on the radial axis, which is opposite to the

zespective pressure ratios of the primary shocks.

Agam, behind the secondary shock ﬁdnt,:a?};iriimum value for the prcssﬁrc ratios has
been reached at the origin, and the pressure is rising agdin which is indicative of the

formation of the tertiary shock.

The density parameter is now discussed. The difference between each axis with

‘respect to the change in density bears a simifarity to the changes of. the pressure. -

The normalized density curves (density recorded/ambient density) are also plotted for

each axis ( Figure 4.2.1-11 and Figure 4.2.1-12). The curves for the time step steps

: - 51
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0, 50, 100, 150, 200, 250, and, 300, are shown. The times associated with these time

step steps (hence curves) are again listed in Table 4.2.1-1.

The significant feature of these profiles is the large density value which occurs in the
region immediately adjacent to the initial blast region. This is due to the initial large
pressure difference creating a density surge, then the shock front (with a much
smaller pressure difference) out distancing this surge. The large density values must

then follow normal diffusion iaws to disperse.

The shock front is evident for the density curves on both the radial and height axis.
Contrary to the pressure, the first density profile curve (Oth time step) after the initial

curve shows the density to be greater on the height axis than the radial axis.

However, this reverses as the density quickly drops on the height axis. The respective

‘distances from the origin follow the pattern of the pressure curves. That is, the

shock front on the radial axis is initially closer to the origin than the shock front on

the height axis. As the radial shock is stronger, it then moves at a greater velocity

and overtakes the shock front on the height axis with respect to the distance from the
origin.

The curve for the 50th time step on each of the normalized density profile figures,
shows a sharp peak on the radial axis which only appears as a plateau on the second
curve of the density ratios on the height axis though the magnitude on the height axis
is greater. The curve for the 100th time step on each of these figures, already shows
the effect of the shock front out pacing the large initial density redistribution though
thés has not appeared on the radial axis. The curve for the 150th time step for each
axis shows a shock front well established and removed from the’ initial interface
posmens By integrating the area under each curve it is obvious that most of the

original mass inside the blast source reglon has been moved in a radial dirz<tion.

" The curve for the 200th time step continues this trend, indicating that the large initial

" value of density has diminished. The region close to the origin is now at a density

3
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level less than ambient. The curve for the 250th time step shows a continuation of
these trends. The curve for the 300th time step shows a large increase of density at

the origin which indicates the formation of the secondary shock wave.

Similar to the pressure, the density ratio on the radial axis for each time step has a
greater value than that of the height axis at the primary shock front, implying that
most of the mass was transported in the radia! direction. This emphasizes the

directional quality attributed to the initial ellipticity of the source.

The velocity parameters are now analyzed. The gas is set in motion by the passage
of the shoci- wave. It is the velocity or, more properly, the momenturn which
determines the mass distribution. As the simulation is in two dimensions, the gas

velocity, a vector, is decomposed iato radial velocity and height velocity.

The radial velocity curves, normalized with the ambient sound speed, are discussed
first. The values aﬂong the radial axis are shown in Figure 4.2.1-13 and the values
along the height axis are shown in Figure 4.2.1-14. Again, the curves for the time |
step .'steps 0, 50, 100, 150, 200, 250, and 300, are shown. These also correspond to
the times shown in Table 4.2.1-1. The simulation started with the gas at rest

' conseQuently no profile is visible for the Oth time step.

The radial velocity on the radial axis (Figure 4.2.1-13) has an initial peak at the initial
interface between the blast source and the ambient atmosphere seen for the 50th
time step. The curve for the 100th time step shows the initial peak expanding anc
ﬂaitténing. The shock position is clearly evident. The subsequent curves all show this
flattening of the initial peak and the progression of the shock front. By the curve for
the 250th time step, the vcloéity has reversed its direction, indicating that mass is now
flowing towards the origin and is building the secondary shock. The curve for the
300th time step shows a portion of its length with a negative value indicating a flow

which is returning to the origin.
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The perpendiculare velocities have non-zero components as the grid points are
Jocated a half cell width from the true axis. The normalized radial velocity along the
height axis (Figure 4.2.1-14) is 30 times smaller in magnitude for the 50th time step,
| giving an indication of the shock’s smaller strength on this axis than the shock front
on the radial axis. The curve for the 100th time step indicates that there is motion
all along the height axis and it is bearing mass out from the origin. There is no peak
at the initial interface, however, the shock front and a following piateau are evident.
The next curves show that the velocity decreases in magnitude, however a greater
region of the air is now in motion. The curve for the 250th time step shows the first
reversal in the velocity’s direction, though the reversal has not yet reached to the
origin. The seventh and last curve shows a very small positive velocity component

and an expanded region of flow reversal.

The normalized height velocity curves on both the radial axis (Figure 4.2.1-15) and
the height axis (Figure 4.2.1-16) are now examined. Again note that the curve for the
 initial velocity does not appear as the simulation starts the gas from rest. ‘The radial

axis is examined first.

The normalized height velocity curves along the radial axis (Figure 4.2.1-15) are the
pefpendicular velocity components. The curve for the 50th time step has a peak at
the shock front and an expanding wave behind it. This motion is then extended from
the shock front to the origin by the curve for the 100th time step. This trend
continues, as the velocity increases and expands with the shock front. Again, on the
curve for the 250th time step, the flow reversal has oceurred for the formation of the
_secondary shock. On the figure’s curve for the 300th time step shows a decrease in

the positive velocity and the broadening of the region which is flowing into the origin.

~ The normaliied height velocity curves along the height axis (Figure 4.2.1-16)

correspond to the component parallel to this axis. The initial peak velocity occurs
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at the initial position of the interface. By the curve for the 100th time step, the shock
front is well removed from this peak velocity. The peak velocity has not noticeably
declined. By the curve for the 200th time step, the velocity at the shock front has
finally surpassed the initially velocity at the interface. The curve for the 250th time
step shows the direction reversal of the flow. This curve expands without much

change into the curve for the 300th time step.

When comparing the radial velocity curves along the height axis and the height
velocity curves along the radial axis (the perpendicular components), the magnitude
of the radial velocity is initially greater than the height velocity component. The
curves after the start are similar in shape and magnitude. The last curve shows the
radial velocity to be smaller in magnitude and have the peak of the primary shock
closer to the origin than for the height velocity curves.

The radial velocity curves along the radial axis and the height velocity curves along
the height axis (the parallel components) are noticeably different. The height velocity
maintains a large velocity value (or peak) at the original interface. The radial
velocity has a slight rise close to the original interface. Each curve has a flow
direction reversal on the sixth curve which occurs for approximately the same length
with respect tb the origin. The magnitude of the velocity in the reversed direction
is twice as great for the height velocity than the radial velocity. The last curve shows
the radial velocity at the shock front to be greater and further from the origin than
the height velocity. The greater value of velocity on the height axis indicates that the

gas on the height axis is contributing more mass to build the secondary shock than

)

the gas on the radial axis.
SISy

With“a moderate ellipsoid as the shape of the initial blast source, the shock front

formed on the radial axis was greater in strength than the shock front formed on the

———

. R . ' . R . LN R
height axis and was greater for the duration of the simulation. The pressure jump
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across the shock front was greater, the speed of the shock front was greater, and the
amount of mass change in that direction was greater along the radiai axis. However,
the decrease in strength along the radial axis was also always greater than along the

height axis.

4.2.2 The Blast Wave From a Near Spherical Sourée
~ for Ap=19

The near spherical case with an ow_rerprcssurc of 19 was given a small ellipticity of 1.5
for the initial blast region. The small ellipticity was chosen to ‘enable the
differentiation between the features representative of ellipsoidal sources and the
features representative of spherical sources.. Again the height axis was the major axis
and the radial axis was the minor axis.

The near spherical case was executed for 320 time steps. This required two re-scaling )
steps, once at the 120th time step and the second at the 230th time step. The final

cell width was four times greatéf: than the initial cell width.

The‘normaliz‘cd pressure profile curves are plotted for values along the radial axis
(Figure 4.2.2-1) and for values along the height axis (Figure 4.2.2-2). The curves for
the time step steps 0, 50, 100, 150, 200, 250, and 300, are shown. The times
assiciated with each of these steps are shown in Table 4.2.2;1.

e
- -
Bt

" A large pressure decrease on each axis was again recorded after starting the
simulation. The radial axis pressure ratio is barely greater than the pressure ratio
along the height axis. The shock front retains its sharp rise for both the height axis

and the radial axis though again the radial axis has a greater or more abrupt slope.

The shock front in the radial direction starting-closer to the origin than the shock
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front in the height direction maintains a greater pressure ratio and is able to proceed

further from the origin by the last time step.

For this ellipticity, the shock fronts on each axis reach a distance 07 2.25 metres from
the origin at the same time. The last curve, at the 300th time step, shows the shock

front on the radial axis to be 0.5 metres further than the shock front on the height

-

axas.

The secondary shock formation is evident by the rise in pressure at the origin of each
figure. The shock front on the radial axis again has a smaller slope than the shock
front on the height axis.

The normalized density profile curves for both the radial axis (Figure 4.2.2-3) and the
height axis (Figure 4.2.2-4) show trends similar to the dcnsiiy curves given a source
with the same overpressure and a moderate ellipticity of three. However, the
difference between the éorrcsponding curves of each figure is smaller due to the
small initial ellipticity. The time step steps are the same as for the pressure and the

times associated with each of these curves is again shown in Table 4.2.2-1.

The radial axis continues to have the greater density figures along the lengths of its
curves which follow the shock front. This is the case for the duration of the

simulation, which is contrary to the equivalent curves with an ellipticity of three.

The shock fronts on each axes maintain the distance from the orig{fn as has been seen
on the pressure curves previously discussed in this section. This also applies to the
.respective shock magnitudes on each axis.

- [amiy

“
The normalized velocity components” curves are also plotted. These are shown for

b , : ‘
the radial velocity on the radial axis (Figure 4.2.2-5) and the radial velocity on the

57

73



" but with an ellipticity of 3. =

o

height axis (Figure 4.2.2-6) and the height velocity on the radial axis (Figure 4.2.2-7)
and the height velocity on the height axis (Figure 4.2.2-8). The time step steps are
the same as for the pressure and the times associated with each of these curves is

again shown in Table 4.2.2-1.

The velocity components on each axis which were parallel to that axis were found ‘to
be an order of magnitude greater than the perpendicular velocity components. The
distinction between the two parallel velocity components, that is, the height velocity
on the height axis and the radial velbcity on the radial axis, is maintained.

The height velocity curves along the height axis had a greater plateau region behind
the shock front for the 150th and 200th time step than was seen for the same case

o

The reversed velocity which forms the secondary shock is again of greater magnitude

. in the height axis than on the radial axis by a factor of about 1.5. However, by the

300th time step, the reversed flow has still not gone to the origin, indicating that the

- secondary shock is taking a longer time to-form for this case than for the case given

an initial ellipticity of 3.

423  The Blast Wave From a Near Cylindrical

Source for Ap=19

The near cylindrical case with an overpressure of 19 was given a large ellipticity of -
10 for the initial blast region in order to perceive differences bchqg;r:fmc’fea! ures

representative of an ellipsoidal source and the features representative of a cylindrical :

= -
P 3

. source.

i
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The near cylindrical case was executed for 300 time steps. This required 2 re-scaling
steps, once at the 50th time step and the second at the 190th time step. The final

cell width was four times greater than the initial cell width.

The normalized pressure profile curves are plotted for values 'Q]ong the radial axis
(Figure 4.2.3-1) and for values along the height axis (Figure 4.2.3-2). The curves f;)r
the time step steps; 0, 20, 50, 100, 150, 200, 250, and 300 are shown. The
accumulated time In seconds is shown in Table 4.2.3-1.

The trends as discussed for the case of an ellipticity of 3 continue and are
accentuated. The shock front on the radial axis maintains a sharp discontinuity
however on the height axis the sharp shock front is all but washed out by the last
time step. The radial axis peak pressure ratio is more than twice that of the peak

pressure ratio on the height axis initially, and is still appreciably greater at the last
time step.

The shock front along the radial axis starts much nearer the origin than the shock
front proceeding in the height direction. The shock fronts are at the same distance
from the origin at about 4 m. At the last time step, the shock front along the radial

axis is a full meter further from the origin than the shock front on the height axis.

The secondary shock formation is spread through so many ceils on the radial axis that
the characteristic sharp shock front is not evident. Relatively, a sharp front exists for
the secondary shock on the height. Neither of these shock fronts had detached
themselves from the origin. Itis intcrcsting to see the secondary shock fronts starting
- to form a hundred time steps sooner in this eliipticity than for the case with an
ellipticity of three. This is due to initial proximity of the blast source interface to the

height axis.

\“:-‘-::

The normalized density profile curves for both the radial axis (Figure 4.2.3-3) and the
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height axis (Figure 4.2.3-4) show trends similar to the density curves given a source
with the same overpressure and a moderate ellipticity of three. However, the
difference between the corresponding curves of each figure (that is the along the
height axis and along the radial axis) is larger due to the large initial ellipticity. The
time step steps are the same as for the p:essure and the times associated with each

of these curves is again shown in Table 4.2.3-1.

Thcré is very little density increase in the direction of the height axis. Most of the

density increase occurs on the shock interface which is along the radial axis. This

‘ large increase at the start of the simulation again is seen to disperse.

The value of the density ratio along the radial axis is about twice that of the density
ratio along the height axis, consistent with the verification of the pressure.

The density is increasing, which is indicative of the formation of the secondary shock.
The secondary shock may be significant, because at the last time step the density
value was almost twice that at the shock front. Again, as the secondary shock front
on the radial axis is washed out, and the secondary shock on neither axis has

detached, these observations-are speculative at best.

RO

The curves for the normalized velocity components are also plotted. These are
shown for the radial velocity on the radial axis (Figure 4.2.3-5) and the radial velocity
on the height axis (Figure 4.2.3-6) and the height velocity on the radial axis (Figure
423-7) and the height velocity on the height axis (Figure 42.3-8). The time step
steps are the same as for the pressure and the times associated with each of these

curves is again shown in Table 4.2.3-1.

-
—am

The velocity curves are similar in appearance to the velocities in the case with

moderate ellipticity, with some accentuation. The perpendicular components of the

velocity alofig each axis are an order of magnitude less than the parallel velocity
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components. The height velocity component on the radial axis is two orders of
magnitude less than the radial velocity component on the same axis. There is a
strong contribution from the flow reversal which is shown on the curve for the 250th
time step. For a distance up to one meter from the origin, this perpendicular velocity

component is of almost equal magnitude as the parallel velocity component.

The radial velocity component along the height axis has a‘peak value just past the
initial interface as does the parallel velocity component. By the 150th time step, the

radial velocity component is less than two orders of magnitude smaller than the

parallel velocity component.

The height velocity on the height axis has the same shapes for the first three curves
as that for the height velocity of the case of moderate ellipticity. The initial large
velocity due to the formaticn-of the shock front remains up to the 150th time step,
even though between this peak and the shock frdnt, the flow has already reversed
directions. This prevents any flow out from the origin, and duriné the next time

steps, the flow from this point to the origin is completely reversed.

The radial velocity has an initial peak velocity at the interface, then the shock front
maintains the maximum velocity as it progresses away from the origin. This follows
the more traditional progfession for normal shocks, as, in effect, it

is a normal shock along the radial axis for most of the time simulated.

‘For this simulation we see two quite distinct types of shock fronts progressing along

each axis. On the radial axis there:is the appearance of a shock front from a steady
state flow with no curvature effects.’ ‘The height axis immediately takes on the
characteristics of an acoustic or low energy shock front.

. . i
o s
. N~
Ve
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4.2.4 The Blast Wave From a Spherical Source for
Ap=19 |

The spherical case with an overpressure of 19 was given an ellipticity of 1. This case
was simulated to both isolate the features between the ellipsoidal blast source region
from the spherical blast source and to test the results of this code with existing
experimental data and other accepted codes.

The spherical case was executed for 300 time steps. This required two re-scaling
steps, once at the 130th time step and the second at the 310th time step. The curves
plotted for each parameter and each axis were found to be identical until the 200th
time step when some numerical error introduces a small discrepancy. This error was
a difference in the sixth significant digit, hence, the results were assumed symmetrical

for the complete simulation.

The normalized pressure profile curves are plotted for values along the radial axis
(Figure 4.2.4-1) and for values along the height axis (Figure 4.2.4-2). The curves for
the time step steps; 0, 20, 50, 100, 150, 200, 250, and, 300, are shown. The time
required for execution is shown in Table 4.2.4-1.

~ The pressure curves are similar in shape to those in the case with a near spherical
ellipticity blast source. The magnitude of the secondary shock of the spherical case

is greater than that for either of the axes for the ellipticity of 3 case.

The density and velocity components are not presented as their values were not used

further in this analysis.



4.3 The Blast Wave Progression for an Overpressure of
8

The second series of simulations were conducted with an overpressure of eight
throughout the injtial blast region. This is a typical overpressure for a blast generated
from the volumetric explosion of a propane-air mixture. The four initial shapes of

the blast region are repeated. These are:

1) ellipticity = 1 a sphere

i) ellipticity = 1.5 a near sphere
iif) ellipticity =3  a moderate ellipticity
iv) ellipticity = 10 a near cylinder

Refer to Figure 4.2-1 fc;r the relative shapes of these sources. Again, for each case,
the height axis was the initial major axis and the radial axis was the initial minor axis

for the blast source.

431  The Blast Wave From a Source with an
" Initially Moderate Ellipticity for Ap=8

The résults of the simulation with an overpressure of 8 and a modcrzlnc ellipticity of
3 are described. The ellipticity is moderate but pronounced enough to supply
distinctive features of the ellipsoidal blast wave. Five parameters the accumulated
ﬁine, the pressure, the density, the fluic velocity in the radial direction and the height
fiirection, were analyzed. These are used to compare with the simulations completed

with an overpressure of 19.
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The moderate ellipsoidal case was executed for 430 time steps. This required three
re-scalings, once at the 140th time step, again at the 250th time step and the last at
the 340th time step. The spatial cell width had increased by a factor of sixteen from

the original cell width, hence the shock front which was originally mapped onto

approxim=tely four cells, is after the last re-scaling, inapped onto equivalently 32 cells

of the initial cell width. This demonstrates the degree of spreading which had to be

accepted to continue the simulation.

The normalized pressure profile curves are shown for values along the radial axis
(Figure 4.3.1-1) and for values along the height axis (Figure 4.3.1-2). These curves
represent values for the time steps steps: 0, 20, 50, 100, 150, 200, 250, 300, 350 and
400. The time for each time step is shown in Table 43.1-1.

The abrupt pressure decrease at the initial interface of each axis due, to the

formation, of the shock is again evident. The radial axis pressure ratio is greater than -

“the pressure ratio along the height axis. The shock front appears to maintain its

sharp slope equally well for each axis.

. The primary shock front travelled at a greater velocity on the radial axs than on the

height axis, again. The shock fronts on each axis are approximately three metres
from the origin at the same time. By the last time step, the shock front on the radia_l‘
axis has proceeded a metre further. | |

The shape of the curve which represents the secondary shock is much clearer and is
detached on each axis for the last two profiles. As expected, the secondary shock is
much weaker than the primary shock. The secondary shock on the height axis has
a greater pressure jump than the secondary shock front on the radial axis, indicating

a greater strength. The secondary shock front on the height axis also is at a greater

~ distance from the origin than the shock front on the radial axis. However, the detail

is inadequate to discern whether or not this relationship changes.
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The normalized density profiles are shown for the radial axis (Figure 4.3-3) and the
height axis (Figure 4.3.1-4). The time step steps are the same as for the pressure and
the times associated with each of these curves is again shown in Table 43.1-1. Itis

seen that a similar shape exists for each profile but the magnitude is different. Along

the radial axis, the density value has the greaicr increase. The large density increase

immediately adjacent to the initial blast region is again evident on each axis. The
distance of each shock front from the origin is the same for each axis as that

described for the pressure.

The secondary shock appears on the density curves initially at the same (150th) time
step on each axis. The maximum density value is the same at the origin. The
increase in the density due to the passage of the secondary shock is marginally

greater on the height axis.

Note that the density starts to increase again at the origin for the formation of the

tertiarv shock front.

—
—

The nonﬁalized velocity profiles were also plotted for each axis. The radial velocity
components are shown for the radial axis (Figure 4.3.1-5) and the height axis (Figure
4.3.1-6). The time step steps are the same as for the pressure and the times
associated with each of these curves is again shown in Table 4.3.1-1.

The irclocity component which is paralle] to the axis is again an order of magnitude
greater than the velocity component perpendicular to the axis. The | peak vel&ity
value on the radial axis is apparent on the initial intcrfgéc. The curves demonstrate
" the progression of the rarefaction wave as it Proceéds into the origin and the

progression of the shock front as it. moves away from the origin.

The flow reversal which creates the secondary shock is first noticed on the curve for
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the 200th time step. By the curve for the 300th time step, the positive motion of the

secondary shock is apparent as it detaches itself from the origin.

There is no evident flow reversal for the tertiary shock’s formation as suggested by
the density profiles.

The normalized height velocity profile curves are shown along the radial axis (Figure
4.12.1-7) and along the height axis (Figure 4.3.1-8). The-time step steps are the
same as for the pressure and the times associated with each of these curves is again
shown in Table 4.3.1-1. Again, the parallel velocity components parallel to the axis
is an order of magnitude greater than the component which is perpendicular to the
axis. The peak velocity value at the initial interface is evident. This peak value

remains on the height axis as the shock front advances.

The flow reversal which indicates the formation of the secondary shock is seen on the
seventh profile of Fi gure 4.3.1-8. The detachment of the secondary shock front from

the origin is evident..

The curve for the 350th time step of the same figure, shows a second flow reversal
of a small magnitude which goes positive on the curve for the 400th time step. That
is, the tertiary shock front is forming but is’ small. -

43.2 The Blast Wave From a Near Spherical Source

for Ap=8

The near spherical case with an ellipticity of 1.5, was run for 430 time steps. The

three re-scaling occurred at the 140th time step, the 230th time step, and the 330th
time step. The final cell width was éight times greater than the initial celi width. The

profiles curves plotted for the following discussion represent values for the time steps
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steps: 0, 20, 50, 100, 156, 200, 250, 300, 350 and 400. The time for each time steps
is shown in Table 4.3.2-1.

The normalized pressure profiles are plotted for values along the radial axis (Figure
4.3.2-1) and for values along the height axis (Figure 4.3.2-2). As before, the shock
front on the radial axis starting closer to the origin, has a steeper gradient and a
greater pressure ratio magnitude across the primary shock front than the shock front
on the height axis. On the radial axis, the shock front is also travelling at a faster
speed.

The secondary shock front is formed then detaches itself from the origin as expected.
There is insufficient detail to determine if the secondary shock front s different on

either axis.
The tertiary shock front is not seen on these profiles.

The normalized density profile curves for both the radial axis (Figure 4.3.2-3) and the
height axis (Figuré 4.3.2-4) show no unexpected trends. The time step steps are the
same as for the pressure and the times associated with each of these curves is again
shown in Table 4.3.2;1. Again, the large density value increase at the initial interface
position indicates the formation of the primary shock front. The formation of the

tertiary shock is seen by a small increase in the density value on the last curve of

each figure.

The normalized velocity componenfs’ curves are also plotted. These afc shown for
the radial velocity on the radial axis (Figure 4.3.2-5) and the radial velocity on the
height axis (Figure 4.3.2-6) and the height velocity on the radial axis (Figure 432-7)
and the height velocity on the height axis (Figure 4.3.2-8). The ti:ﬁg step steps are
the same as for the pressure and the times associated with each of these curves is

again shown in Table 4.3.2-1.
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These figures show the expected large velocity for the component parallel to the
given axis. Again the component perpendicular to the axis are each at least an order
of magnitude smaller. This difference changes to two orders of magnittde when the

shock front is at least eight metres from the ornigin.

4.3.3 The Blast Wave From a Near Cylindricél
Source for Ap=8

The case with the blast source having a near cylindrical shape, an ellipticity of 10, was
executed for 380 time steps. The three re-scalings occurred at the 50th time step, the
190th time step, and the 280th time step. The relatively early first re-scaﬁng is due
to the initial interface position on the height axis being close to the maximum array
length along tha. axs.

‘The normalized pressure profile curves are for values along the radial axis (Figure

~ 4.33-1) and for values along the height axis (Figure 4.3.3-2). These curves represent

values for the time steps steps: 0, 20, 50, 100, 150, 200, 250, 300, 350 and 400. The

accumulated time in seconds is shown in Table 4.3.3-1.

" As with the other ellipticities of the same initial overpressure, the shock front on the

radial axis which is initia]ly closer to the origin, is the stronger shock. It has a steeper

gradient and a greater pressure ratio for the duration of the simulation. Associated

with this is the capability to travel at a faster rate, and by the end of the simulation,

going quite further from the origih than the shock front on the height axis.

The secondary shock front on each axs, detaches itself from the origin as expected.

_ The secondary shock on the height axis appears to have a greater jump across the

shock front however there is still insufficient detail to determine if the secondary

~ shock front is different on either axis.
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The tertiary shock front is not seen on these profiles.

The normalized density profiles are shown for the radial axis (Figure 43.3-3) and the
height axis (Figure 43.3-4). The time step steps are the same as for the pressure and
the times associated with each of these curves is again shown in Table 4.3.1-1. The
density profiles exhibit no unusual features. The density increase along the hcight
axis is practically nil compared to the density increase on the radial axis. Again, the

density increase at the origin which indicates the formation of the tertiary shock, is
seen.

The normalized velocity components” curves are also plotted. These are shown for
the radial velocity on the radial axis (Figure 4.3.3-5) and the radial velocity on the
height axis (Figure 4.3.3-6) and the height vclociiy on the radial axis (Figure 43.3-7)
and the height velocity on the height axis (Figure 4.3.3-8). The time step steps are
the same as for the pressure and the times associated with each of these curves is

again shown in Table 4.3.3-1.

The figures showed the expected large velocity for the velocity component along the
axis which was parallel to the given axis. Again the component perpendicular to the
axis are each at least an order of magnitude smaller. This decreases to two orders

of magnitude outside the initial interface’s position.

434 The Blast Wave From a Spherical Source for
: Ap=8

The spherical case with an overpressure of 8 had an ellipticity of 1. This case was
' simulated to test the results of this code with existing experimenta: data and other

accepted codes. ‘ :
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The spherical case was executed for 420 time steps. The three re-scalings occurred
at the 150th time step, the 240th time step and the 330th time step.

The normalized pressure profile curves are plotted for values along the radial axis
and for values along the height axis (Figﬁrc 4.3.4-1). The curves for the time step
steps; 0, 20, 50, 100, 150, 200, 250, 300, 350 and 400 are shown. The time required
for execution is shown in Table 4.5.4-1.

- - ——

The pressure curves are similar in shape to those of the case with a near spherical

| ellipticity blast source. The magnitude of the secondary shock of the spherical case

is greate'r‘than that for either of the axes for the ellipticity of 3 case.

The density and velocity components are again not presented as their values were not

" . used further in this analysis.

3
e
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Chapter 5

Analysis of the Results and

Discussion

oyl

5.1 The Comparison of the Four Different
Ellipticities for Ap = 19

The five gas parameters discussed previously are compared for the four

ellipticity cases. The peak pressure, dynamic impulse and static impulse

- as functions of distance are also presented.

The peak pressure is the maximum recorded pressure at a grid point over
the duration of the simulation. This corresponds to the maximum value

of the primary shock as the shock passes the grid point.
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The dynamic impulse often used to characterize blast waves (see Baker
[6]) is the accumulation at a point of the magnitude of the velocity squared
multiplied by the density, from the time the velocity first increases due to
the shock until the time either velocity component first becomes negative
(indicating a reversal in the flow direction). This is normalized with
respect to the ambient conditions, as:

(5.1-3)

I, =

i f“:d P(sz + V§)

2
CO po Ti 2

‘The static impulse also used to characterize blast waves (again see Baker

{6]) is the accumulation of the overpressure at a point from the time the
pr&ssuré first increases above the ambient pressure due to the shock until
the pressure decreases to less than the ambient value.

\\ - . =f" Ap 4

(5.1-2)

The cumulative time at each step for eache elﬁpﬁcit}i_shows a different
trend. After a hundred time steps, the near Cylindﬁ;:éi ;:asc has progre:ss&:dC
the furthest, followed by the spherical, near spherical and moderate
ellipsoidal shapes respectively. This order is continued to three hundred
~ time steps. | :
The normalized pressure profile curves for each ellipticity show similar
shapes for similar time steps steps. In each case except for the spherical
source, the préssurc along the radial ads represented a stronger shock

front than on the height axis. In each of these cases, the ellipticity
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changed such that the shock front on the radial axis initially closer to the

origin than the shock front on the height axis, was much further away from
the origin at the end of the simulation.

The secondary shock for each case except the spherical case had a
reflection from the radial axis greater than that on the height axis. That
is, the secondary shock on the height axis is greater than the secondary
shock on the radial axis (pressure values).

The peak pressure values were recorded by the code automatically. The
algorithm to record the peak pressure used the nature of the shock. That

is, the peak pressure was presumed to occur after the initial increase due

to the shock front initially passing.

The peak overpressure curves along the radial axis were recorded and
plotted (Figure 5.1-1). The characteristic length for each ellipticity was
defined as the length of the initial interface of a sphere with an equivalent
- volume divided by the length of the minor axis to the initial interface of
the ellipse in question (ie. for the ellipticity of 3 of this study, A=
0.404/0.25). As seen, as the ellipticity increases, the peak overpressure

reaches a plateau at-x larger value and for a greater length.

The peak overpressure curves along the height axis were sirhilarly plotted
(Figure 5.1-2). The length scale is the same as defined in the paragraph
above. Due to the choice of the characteristic length, the trends of curves
are not as easily seen. The curves do indicate that, as the ellipticity -

increases, the peak overpressure decreases.

"In another sense, the curvature of the blast source at the radial axis
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decreases as ellipticity increases in agreement with the results by Chiu et
al. [17). That is, the initial curvature of the shock front is a inajor
indicator of the subsequent strength of the shock front. Effectively, the
curvature increased with increasing ellipticity along the height axis, and

decreased on the radial axis.

On the axis of minimum curvature (Figure 5.1-1), where the shock front
approaches a normal shock front, for all ellipticities, there is an immediate
and sharp drop in the peak overpressure as the shock wave begins to
move. The peak overpressure itself, remains greater given the greater
ellipticity. Past the region where the shock wave forms, a plateau appears
for both the near cylindrical and moderate initial ellipsoid. The
overpressure of these plateau regions are similar to the overpressure at a
normal shock front with a back pressure the same as that given to the
blast source. Before these plateaus begin to decrease, the overpressure is
a dramatic 2.5 times greater than for the spherical case. The curves do
not continue far enough to make an adequate deduction regzirding the far

field behaviour.

This behaviour is in agreement with that suggested by Plooster [13] with
regard to the extent of the plateau though the complete near field data is

not shown by Plooster.

-

On the axis of maximum curvature (Figure 5.1-2), due to the scaling with

~ respect to the position of the interface on the other axis, the curves do not

 follow any clear pattern. However, by ignoring the scaling, in each case

the peak préssure quickly decreases from the value of the blast source.
For the spherical and near spherical cases, the peak pressure experiences
an abrupt decrease in the slope of the curve. Both the moderate ellipsoid

and the near cyhndnml ellipsoid appear.to maintain a smooth and strong
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decrease. In each of the cases, it is readily apparent that the overpressure
is less with the increase in the ellipticity of the original blast source.

Further, the curves appear to be converging to a single value.

The static impulse parameter was automatically collected by the code.
The static impulse along the axis of minimum curvature (Figure 5.1-3)
shows a general increase with the increase in the ell'ipticity at each grid
point. The curve for the near cylindrical case almost doubles in value for

the static impulse than the spherical case for each grid point.

The static impulse along the axis of maximum curvature (Figure 5.1-4)
decreases dramatically with the increase in ellipticity. For the near
cylindrical case, the decrease is approximately a tenth of the value of the
spherical case at the point where the near cylindrical curve begins, which
is much less than the doubling of the static increase seen on the radial axis.
Again, cach curve tends to the same ordinate value as the shock front

moves further from the origin.

On comparing the density profiles from each ellipticity, the density éﬁrvcs
along the rédial axis for each case had the same shape for the same time
step. The dehsity value at each grid point of each curve increased as the
ellipticity increased. The large density value just outside the initial blast
region due to the férmétion of the shock decreases in initial m.agnitudc as
- the ellipticity increases. In eéch scenario, the jump of the density value
across the shock front decreases as the shock travels further from the

origin.

The density increase at the origin, indicative of the secondary shock, grows
to a greater value for the spherical case and decreases with increase in

ellipticity. The density curves along the height axis indicate a decrease in

75



the amount of mass increase at the shock front as the ellipticity increases.
The curves at each equivalent time step have similar shapes except for the
case of a near cylindrical initial blast source. In this case, the shock front
is always smoothed. Additionally for this case, the initial mass collection
appears to return to the region of the blast source by the rarefactior wave

which makes the secondary shock.

Again the dénsity increase at the origin grows to a largest value for the

spherical case and decreases with an increase in ellipticity.

Each velocity vector’s curves along each axis again resembled each other
in shape however along the radial“axis, the magnitude increased with an
increase in ellipticity and along the height axis, the magnitude decreased

with increasing ellipticity.

The peak radial velocity increased by about 120% on the radial axis when
‘comparing the spherical case to the near cylindrical case. The first flow
reversal occurs at the 200th time step for the near cylindrical case and the

~

250th time Step‘ in the spherical case.

" The peak radial velocity in the near cylindrical case increased by about
200% on the radial axis when compared fo the spherical case. The first
flow reversal occurs at the 100th time step for the near cylindrical case and

the 200th time step for the spherical case.

The peak height velocity decreased to 75% on the height axis when

comparing the near cylindrical case to the spherical case. The first flow

reversal occurs at the 100th time step for the near cylindrical case and the

250th time step for the spherical case.
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The height velocity component decreased to 50% on the height axis when
comparing the near cylindrical case to the spherical case. The first flow
reversal occurs at the 150th time step for the near cylindrical case and the

200th time step for the spherical case.

This indicates a strong flow along the radial or minor axis of the initial
blast source which increases with the increase in increased ellipticity:
Additionally, formation of the secondary shock: indicated by the reversal
of the flow direction begins earlier with an increased ellipticity.

The dynamic impulse along the axis of minimum curvature (Figure 5.1-5)
shows an increase in the dynamic impulse with an increase in blast source
ellipticity. This accumulates to almost an order of magnitude greater value
for the near cylindrical curve, when compared to the spherical case. This

1s a dramatic increase in this damage factor.

The dynamic impulse along the axis of maximum curvature (Figure 3.1-6)
shows a minimal change for ail the curves except the near curve from the
near cylindrical case when at the intermediate distance. Each curve has

a sharp decrease in the dynamic impulse in the later section of the

intermediate range however, this drop occurs at a further distance with an

increase ellipticity. Though this may be surprising as the greater ellipticity

has a larger value, recall that these curves have been scaled which causes

the apparent abnormality.

These four cases with an initial overpressure of 19 throughout the blast

source show a strong directional influence to the degree of ellipticity. ;

* There is evidence of an increase in the potential damage on the axis of

minimum curvature between the spherical shaped source and source

“shaped like a cylinder.
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5.2 The Comparison of the Four Different
Ellipticities for Ap = 8

The five gas parameters are again compared for the four ellipticity cases
simulated. The peak pressure, dynamic impulse and static impulse as
functions of distance are also presented.

Having allowed this series of simulations to proceed ar additional re-
scaling than those simulations with an initial overpressure of 19, the
sccondaxjr shock is seen to detach from the origin though it does not
become a contributing factor in the progression of the primary shock
' towards a spherical symmetry. '

The peak pressure values are again compared along the axis of either the
maximum curvature of the ellipsoid (Figure 5.2-1) and the axis of the
minimum curvature of the ellipsoid (Figure_5.2-2). The curves show a
similar progression as seen' for the case of the overpressure of 19.
However, the curves show a stronger convergent trend in the far field as

the calculation is carried through an additional re-scaling.
=

Along the axis of minimum curvature, the peak pressure values again are
greater for a larger ellipticity for the duration of the simulation. Again, for
the near cylindrical case at the distance where the plateau ceases, the peak —
pressure is approximately 2.5 times greater than the péak pressure for the

—

spherical case. —
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Considering the plateau region, for an initial overpressure at a ratio of §,
it is expected that the pressure ratio at the shock front is 3 which is the
value seen. Thus with a moderate or large ellipticity, in the intermediate
distance, there is a much greater pressure than seen for an initially
spherical blast source and the peak pressure is that expected for a normal
shock with similar physical initial conditions.

The peak pressure along the axis of maximum curvature (the height axis) -
has a trend of a decreasing péak pressure value with increasing ellipticity. ”
The decrease appears to be less bctwéen each ellipticity than on the other
‘axis however, this is attributed to scaling the length by the length of the

mitial minor axis.

It is quite evident from both figures showing the maximum pressure curves,
that the curves tend to converge in the far field. It is again apparent that
the curves tend to the curve of maximum pressures for the spherical case

as the distances increases.

The static impulse on the axis of minimum curvature (Figure 5.2-3) shows
that all curves have a large initial region of a shallow slope. There is an
increase in the static impulse with an increase in ellipticity. There is again
almost a doubling of the static impulse between the spheﬁcal case and the
near cylindrical case.

The static impulse on the axis of maximum curvature ( Figure 5.2-4)
requires the reader to remember that the axis has been scaled with the
initial léngth' 6f\.the ellipsoid in the radial direction. Noting this, the trend
is again to have a lower static impulse with a greater ellipticity. The
spherical case is about twice as large at any distance as the near cylindrical

case.
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The saw like pattern seen at the ends of each curve on the preceding
figures are caused by the inadequacies of the automatic recording
algorithms. The changes in the values being recorded are very slight and
by re-scaling, some information is not fully recorded for certain grid points.
However, by averaging the values on the saw tooth section of the code the

correct trend is seen.

The normalized density profile curves which were plotted for each
ellipticity in the previous sections had the same shape for the same time
step along the radial axis. The density value at each grid point for each
profile increased as the ellipticity increased. The initial density increase
~at the position immediately past the interface, decreases in initial
magnitude as the ellipticity increases. In each scenario, the ggnsity Jump

across the shock front decreases as the shock travels mrtﬁér from the

. =

origin.

The density increase at the origin, indicative of the secondary shock, grows
~ to a greater value for the spherical case and decreases with every increase
in ellipticity. . :

~

The normalized density profile curves which were plotted for each
ellipticity in the previous sections had along the height axis, a decrease in
the size of the density increase at the snock front as the ellipticity -
increases. The profiles at each equivalent time step have similar shapes
except for the case of a near cylindrical initial blast source. In this case,
the shock front is always smoothed. Additionaﬁy for this case, the initial
large density increase appears to reg.}';n into the region of the blast source

by the rarefaction wave making the secondary shock.

- Again the density increase for both axes at the origin is greatest for the
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spherical case and decreases with every increase in elizpticity.

Each velocity vector’s profiles along each axis as seen in the figures
discussed in the previous sections for the various ellipticities, resembled
each other in shape. However, along the radial axis, the magnitude
increased with an increase in ellipticity and along the height axis, the

magnitude decreased with increasing ellipticity.

The peak radial velocity increased by about 120% on the radial axis when
comparing the spherical case to the near cylindrical case. The first flow
reversal occurs at the 200th time step for the near cylindrical case and the
250th time step in the spherical case.

The peak radial velocity increased by about 200% on the radial axis when
comparing the: near cylindrical case to the spherical case. The first flow
reversal occurs at the 100th time step for the near cylindrical case and the
200th time \step for the spherical case.

The peak height velocity decreased to 75% on the height axis when
comparing the near cylindrical case to the spherical case. The first flow
reversal occurs at the 100th time step for the near cylindrical case and the
250th time step for the spherical case.

LY

The.height velocity component decreased to 50% on the height axis when

‘ comparing the near cylindrical case to the spherical case. The first flow

reversal occurs at the 150th timie step for the near cylindrical case and the

200th time step for the spherical case.

This indicates a strong flow along the radial or minor axis of the initial

blast source which increases with the increase in increased ellipticity.
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Additiorzlly, the formation of the secondary shock indicated by the

reversal of the flow direction begins earlier with an increased ellipticity.

The dynamic impulse along the axis of minimum curvature (Figure 5.2-5)
shows a steady increase with respect to the increase in the ellipticity.
There is almost an order of magnitude difference between the values for
the spherical case and the values for the near-cylindrical case..

The dynamic impulse along the axis of maximum curvature (Figure 5.2-6)
shows a decrease with an increase in ellipticity. Noting the effects of
scaling, the near-cylindrical case has a large rate of decrease which is
slowed until the formation of the shock front. In the intermediate region,
‘the decrease is proportional to the ellipticity, with a magnitude difference
between the spherical case and the values for the near-cylindrical case.

These four cases with an initial overpressure of eight throughout the blast

source show again a strong directional influence of the degree of ellfpticity.
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5.3 Discussion

The parameter profiles discussed m the previous two sections, show the
progression of a blast wave created by the volumetric explosion of an
ellipsoidal source. A verification of the code is made by comparing the
spherical results of this study with results from a similar source of other
studies. - Additionally, the pértinent trends of the flow parameters are now

given.

The peak pressure curve for the case of an overpressure of 19 was plotted
| together with curves representing results by Brode [12] and Bach et al. [15]
- (Figure 53-1). Their simulations were also for volumetric explosions,
however the initié] overpressure ratio was 22. Their curves which had
been normalized (as discussed in Appendix A) were adjusted to this study
" by using the characteristic length of the spherical case ( the length of the
minor axis of the blast source). The difference in magnitude between the
values for Brode’s and Bach’s curves and the curve of this study is due to
the difference in assumptions for the calculation of the equivalent energy
of the initial blast source. Both Brode and Bach used energy equivalent
to a hot sphere, whereas the blast source in this study used an equivalent
‘energy originating from a cold sphere. Taking into account this difference,

‘the curves are all very close in value.

The shock front progression on each axis proceeded as seen in Brode’s
[12] study. A blast wave prbgresses outward and a rarefaction wave

progresses inward. This occurs repeatedly on each axis.

- The secohdéry shock has been examined in depth by Brode. It was shown

that a point of coalescence occurs for the primary and secondary shock.

83

s



This point was only available for a hot sphere with an initial overpressure
ratio of 2003 starting from similarity conditions. Not only is there no
equivalent data for the intermediate shock strengths examined, but from
the analysis of the pressure profiles of the case with the spherical source
and an overpressure of eight, the distance between the primary and
secondal;y shock fronts appear tc be increasing, similar to Guirao’s [16]
work. That is, for weak and intermediate shocks, the secondary shock
front may not coalesce with the primary shock front.

The tertiary shock seen forming in this study agrees with the observation
by Brode that the repeated fosmation of an outgoing shock wave and a
rarefaction wave should occur, though with a decreasing strength upon

each new formation.

- Noting the greater magnitude of the primary shock than the secondary
shock at any one point, the analysis of damage due to a blast wave will
 centre on the primary shock front alone.

Examuung the ellipticity, one quickly notices the shape of the initial blast
. source at each axis. On the minor or radial axis, the curvature is least.
- On the major or height axis, the curvature is greatest. It is believed in
agreement with, Chiu et al. {17], that the curvature, indicative of the rate
of transverse energy of the shock at a point, is an excellent indication of

the type of blast wave progression to expect.

Given the greater curvature on the height axis, which is accentuated with
a greater ellipticity, the decay rate of the blast wave 1s greater. For the
near cylindrical case (ellipticity of ten), the decay rate was great enough
to reduce the impact of the blast wave along the height axis to an acoustic

or weak shock level.



This trend is seen even at a slight ellipticity of 1.5, where the peuk
overpressure and static impulse increased by a factor of 1.1 on the curve
of minimum curvature for most of the intermediate region. This value
increased by a factor of 1.5 for an ellipticity of three and to 2 maximum
factor of 2.5 for an ellipticity of ten. On average the increase is a factor

of 2 for an ellipticity of ten, through the intermediate region.

Each non-spherical case appeared to converge to the values from the
spherical case. This agrees with the deduction that given a great enovgh
distance, any initial blast region shape should appear as if originating from
a sphere. The increase in ellipticity did =xiend the region through which
the blast front had a much greater effect in the peak overpressure. This

is particularly noticeable in the from of a plateau seen in the curves for |
ellipticity of three and ten. This effectively gives a range over which a
fairly constant and large pressure wou\ld cause much greater damage due

to the shape of the initial blast region.

It is believed that the plateau region 1s caused by the extended length of
the initial ellipsoid which has a ncgligit;lc curvature. This effectively acts
like a ‘normal Shock along the radial axis. For a normal shock the initial -
- .';crprcssure would create such a plateau magnitude. The length of the
plateau appears to be determined by the curvature of the interface. The
- plateau length is approximately 0.5, 2.5 and 9 times greater than the

spherical case for the increasing ellipticities respectively.

The dynamic impulse showed different percentage increments with the
change in the ellipticity. For the ellipticity of three, there was an increase
of 200 % and an increase of S00 % and 1000 % for the ellipticities of
three-and ten respectively. ' }

bt
-



When the initral overpressure of the exploding source was reduced to
eight, the change in progression of the blast waves on each axis was
similar. Again, the axis where the curvature was initially minimum (the
minor or radial axis) is examined as this is the axis for maximum potential

damage.

The peak overpressure and static impulse showed a similar increase with
the increase in ellipticity. Average increased values of 130 %, 150 % and
200 % are again seen in the intermediate reéion for the ellipticities of 1.5,
3, and 10 rcspectively./ _ :

-The ;:%ama region, measured as described previously, had 'increases of -

2.6 5.0 and 12 times greater than the spherical case for the increasing

ellipticities respectively. These increments are greater than for the case
with an initial overpressure of 19.

It is apparent that spherical symmetry is approached for the pressure value
in the far field when the shock is weak.

The dynamic impulse showed again slightly greater values of increase with
the increase in ellipticity. For the ellipticity of 1.5, thefe was an increase
of 200 % and an increase of 500 % and 1000 % for the ellipticities of
three and ten respectively.

Thbugh the rcséecﬁve magnitudes of 'g:ach of the flow parameters are
smaller given an initial overpressurc of eight, the region of influence of
each of the parametcrs. is greater. As suggested by Courant and Friedrichs
[42) and Chiu et al. [17], the degree of directionality increases with a
decrease in the strength of the initial blast.
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For each series of simulations, the maximum pressure values on the axis
of minimum curvature, it is cbserved that in agreement with Bach [32], the
equivalency or energy scaling does not apply to non-ideal blast waves. The
energy of the wave in ‘the far field depends on its energy dissipation hisfory

as well as on the initial conditions of the wave itself.

By allowing the initial conditions to include the shape of the blast source
and if one were to assume that the work done by the blast source is the
same for a constant volume of homogeneous gas, then the shape of the
blast source will logically redistribute this energy accordingly though the
sum total will be the same. Hence in the near cylindrical case, a weak
shock wave on one axis, and a strong shock wave on the other axis are
observed. It is only in the extreme far field that non-ideal blast wave
overpressures and impulses show far field equivalency. - |

Additionally, the ellipticity effect is most pronounced in the intermediate
field. The decay rate of the shock front is closely associated with the
curvature of the surface of the initial blast source. In other words, a
-shallow curvature is capable of greater destruction in the intermediate

region than the shock front originating from a sharp curvature.
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5.4 Conclusion

The present study used the flux correcied transport as a valuable tool for
the analysis of ellipsoidal blast waves. It is seen that the shock front was
sharper than from a typical low order scheme and the algorithm was more

robust than a high order scheme. Further, it is seen that energy

equivalence is inadequate for defining the shock wave parameters resulting
from an ellipsoidal blast source given the dependence upon the initial
shape. |

“ _
N uwen a volumetnc explosion of an ellipsoidal blast source, at given initial

condmons, the resulting blast wave on the initially minor axis will be much

grcatc;" than the explosion of the corresponding spherical source. This

would e?c;cnd through the intermediate region and would cause a ninefold

increase ih:\qvcrpressure, a sixfold increase in static impulse, and up to a

twentyfold mcrcase in dynamic impulse.

N
N
N

Y
N

In accidental explosions, where the blast waves are in general weak, |

asymmetry is an important factor and should be taken into consideration
in the assessment of blast damage and risk evaluatmn- ‘The degree of
ellipticity is found to dramatically affect the parameters used for blast

damages calculations. Z

~

. The units of the graphs permit easy scaling to other initial volumes and

interpolation to other ellipticities. This scaling does not extrapolate or
interpolate to other atmospher&s. This unavoidable hmxtanon is due to the

inability to determine a pnon the work done by the blast front.
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Chapter 6

Recommendations for Future

Research |

A number of recomuendations for future research which would improve

the data obtained in this study and expand the scope of this study have

‘been noted Wwhile completing this study.

First, the computer though powerful has been superceded by much more
powerful machines. Tﬁough 10,000 grid points were used in the

~ calculation, this rcprcscntéd only 100 grid points along an axis. This is

deemed inappropriate as most one dimensional work is presently being

analysed using 1000 grid points. *

To alleviate this problem, the code could be ported to a large vector
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processing computer or the new generation RISC computers. This would
improve the accuracy especially by decreasing the number of times a

particular simulation would have to be re-scaled.

Theiugh much effort was made in finding acceptable high ordsr and low -

* order diffusion equations, not all code be examined. The FCY mctﬁod is

extremely amenable to changes in difference algorithms, both l'ow-ord_e.r

and high-order, which through testing new code may result in grcafb:r .

accuracy for this model

¥

. To generalize the code to examine gas distributions of aﬁy'shapé,' the

extension to three dimensions should be made. This would provide
information into the safety features of irregularly shaped high pressure
storage vessels.

For presentation effects, especially with the advent of three dimensional
graphics capabilities, the graphs and tables presented in this study could
be transfigured into a real time video format. This would provide a
dramatic visualization of the effects of a blast wave generated by an
ac;:idcntal exploSion. K

B

Lastly, and most importantly, most gas cloud explosions are not volumetric.
To provide a complete simulation, the code itself should be extended to
non-reactive gases with specific heat ratios different from the ambient air
value. Then, after accomplishing this modification, the extension to
reactive gas clouds burning in the detonative or deflagrative modes or if

confined, subject to a volumetric explosion should be made.
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Time Time

Step (seconds)

o] 0.000000D+00
10 0.201691D-03
20 0.364%92D-03
30 0.519790D-03
40 0.671185D-03
50 0.821813D~-03
60 0.974314D-03
70 9.112982D-02
80 0.128771D-02
20 0.144745D-02

1co 0.160860D~02
110 0.177112D-02
120 0.210198D-02
130 0.243532D-02
140 0.277311D-02
150 0.311572D-02
ls0 0.346362D-02
170 0.381765D-02
180 0.417842D-02
190 0.454578D-02
+200 0.491977D-02
210 0.530070D-02
220 0.568877D-02
230 0.650150D~02
240 ‘ 0.734490D-02
250 0.821485D-02
260 0.910947D-02
270 6.100280D-01
280 0.109696D-01
290 0.119322D-01
300 0.129152D-01
310 0.149797D-01
320 0.171232D-01
330 0.193186D-01
340 0.215563D-01
350 0.238311D-01
360 0.261383D-01 .
370 0.284749D-01 &
380 0.308378D-01 1o

-— LY

- il

Table 4.2.1-1 Time for Each Time Step, P=19, El1l=3
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Time Time .

Step {seconds)

) 0.000000D+00
1 0.366600D-04
R 2 0.573330D-04
- 3 0.777211D-04
4 0.9571906D-04
5 0.115441D-03
20 _ 0.360665D-03

.50 0.841642D-03 -
100 0.168975D-02
150 0.316176D-02
200 0.514811D-02
250 0.821293D-02
300 0.130513D~01
. . 319 0.150027D-01

320 0.151069D-01

Table 4.2.2-1 Time for Each Time Step, AP = 19, Ell = 1.5

~
~
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Time Time

. Step (seconds) - L
0 0.000000D+00
1 0.366600D~04
2 0.573349D-04
3 0.781392D-04
4 0.977115D-04
5 0.116637D-03

20 0.363083D-03 >

b 50 0.810056D-03
100 © 0.234890D-02
150 0.393928D-02
200 0.607365D-02
250 0.102905D-01
- _ 299 0.140011D-01
L -300 0.141002D-01

3

Table 4.2.3-1 - Time for Each Time Step, AP = 19, Ell = 10
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= ~ Time Time

Step (seconds)
o 0.000000D+00
1 0.366600D-04
2 © 0.573330D-04
3 0.777210D-04
4 0.971909D-04
5 0.115442D-03
20 0.362125D-03
30 0.857229D-03
100 0.175326D—02
150 0.311510D-02
200 0.521552D-02
250 0.940509D-02
300 0.144761D-01

Table 4.2.4—1_Time for Each Time Step, AP = 19, Ell = 1

i
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Table 4.3.1-1 Time for Given_Timg'Step; AP = 8; E1Y

)

~1

Time
Step

NdLNKRO

20

50

100

150

200 -

250

300

350
400

429

430

102

Time
{seconds)

0.000000D+00
0.366600D-04

. 0.592301D~C4

0.814743D-04
0.302320D-03
0.122327D-03
0.407026D-03
0.945454D-03
0.188034D-02
0.305817D-02
0.515161D-02
6.744357D—02
0.126724D—Oi

0.195579D-01

10.320204D-01

0.394969D-01
0.397567D-01

A%
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Time Time

Step (seconds)

o 0.000000D+00 '
1 0.366600D-04
2 0.592301D-04
3 0.814743D-04
4 0.102320D~03
5 0.122326D-03
20 0.405747D-03
50 0.973127D-03
- 100 0.197721D-02
150 0.326647D-02
200 0.557645D-02
250  0.911630D-02
300. 0.146402D-01
350 0.229912D-01
400 0.356715D-01
429 0.432150D~-01

430 0.434771D-01

Table 4.3.2-1 Time for Given Time Step, AP = 8, Ell1 = 1.5
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Time
Step

b WO

N
o

50

100

150

+)

200
250
300
350

379
380

Table 4.3.3-1 Time for Given Ti

Time
(seconds)

0.000000D+00
0.366600D-04
0.592301D-04
0.814744D-04
0.102763D-03
0.123321D-03
0.402900D-03
0.931212D-03
0.275922D-02

0.468103D-02

0.728224D-02 .

0.123236D-01
0.202708D-01
0.326559D-01

0.400887D-01
0.403475D~01

—_—
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Table 4.3.4-1 Time for Given' Time Step, AP = 8, Ell

7

Time
Step

MbWNNREO

20

50

100

150

‘200

250

300

350

400

419

420

Time
(seconds)

0.000000D+00
0.366600D-04
0.592304D-04
0.814746D-04
0.102320D-03
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Normallzed Prassure

Pressure Profiles Along the Height Axis — 3
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Pressure Profiles Along the Height Axis — 3
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1.6 — -

’Normallzed Prassurs

17>
N 380 -
13
3
, -
;oS .
:
ER ! N
:: i ‘- -
- \.‘._
Distance (m) - o _ o
y | :
Figure 4.2.1-9 RadiallPressure Profiles, AP = 19, Ell = 3, Scale

117 '
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Radial Velocity Profiles Along the Radial Axis
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Radial Velocity Profiles Along the Height Axis
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Height Velocity Profiles Along the Height Axis
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Normalized Pressure

Pressure Profiles Along the Radial Axis — 1.5
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Radial Velocity Profiles Along the Height Axis — 1.5
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AP0l A PBZIIDWION

12 14 18

10

Distance {m}

'

N

Figure < 4.3. i—5 Radial Velocity Radial Pfofiles,- AP

-

=3

8, #11

-

o

4

-

2

-
~

146



Normalized Velocity
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Maximum Pressure Values on the Axis of Minimum Curvature
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Static Impulse Along the Axis of Minimum Curvature
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Normalized Dynamic Impulse

Dynamic Impulse Along the Axis of Maximum Curvature
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Maximum Pressure Values Along the Axis of Minimum Curvature
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Maximum Pressure Values on the Axis of Maximum .Curvature
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Static Impulse Along the Axis of Minimum Curvature
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Static Impulse Along the Axis of Maximum Curvature
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Normalized Dynamic Impulse
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Normalized Dynamic Impulse
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Comparison of Maximum P.essure Profiles for a Sphere
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Appendix A

The question regarding energy equivalence of the blast source is discussed.

It is believed that the true energy of an given explosion is the energy

delivered to the environment via work done by the expanding explosion
products (neglecting other means of energy transport such as radiation).
Given the initial states of the sphere and the environment, this energy is
unique éince the process of the energy transmission is via a shock wave.
Unfortunately, the explosion energy cannot be specified a priori without
a knowledge of the shock propagation. Only in the case of the ideal point
blast in which all the energy reléase goes to the environment is the
cxplosipn energy known a priori. |
i

To estimate the initial energy conditions of the blast wave a prior, two
methods are specified. The difference in the methods lies in the

thermodynamic path in which the initial state of the sphere ( P, po, To)

is brought to its final state { P, p, T)), before it bursts. Though it is true

that the energy used to prepare the sphere to its busting state is path

independent, an accurate evaluation is required.
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In the first methad, the state of the gas inside the sphere of radius R, is
initially identical to outside the environment. The sphere is then brought
to its final state prior to bursting via heat addition at constant volume.
The following equation uses the total energy, being the sum of the internal
and kinetic, thzn uses the fact that the perfect gas is motionless.

=

R, 2
Erorar = 411_[; P (Cincernar + HT) r2 dr

_ 4 *(Pr = By 5
3 I ¥o- 1 B

This uses the perfect gas law;

1
Yy - 1

ein ternal

B
o

Due to the temperature change experienced by the sphere, this method is
called the hot sphere case. '

In the second method, the sphere starts at an ambient condition. - The ™ "

sphere is then pressurized isothermally by mass .éddiﬁpn to its "bursting

-state. If the process is considered to be one of isothermal compression

then the energy given to the sphere is;
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4l re
Ecocal_ = _3" Rg _’; ) ©internal dp
- sl _3 e
= - 22— R> P In(—2
T R P, In(2)

which again uses the perfect gas law.

due to the lack of a temperature change, this method is called the cold

sphere case.

These two methods of the hot and cold sphere are chosen because they
represent practical cases. . The hot sphere method can be achieved via
. combustion at constant volume. The cold sphere method can be achieved

by the volumetric expansion of a pressunzeF tank or balloon at equilibrium
with the outside environment. : \
' \
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