
The Univ ersit y of Queensland

Dev elopmen t of a Parallel Adaptiv e

Cartesian Cell Code to Simulate

Blast in Complex Geometries

By

JosephTang

B.E. (Mechanical and Space)

A thesis submitted f or the degree of

Doctor of Philosophy at

The University of Queensland in June 2008

Principal Supervisor: Doctor Peter Jacobs

Associate Supervisor: Doctor Michael Macrossan

Division of Mechanical Engineering,

School of Engineering,

The University of Queensland,

Australia.



Statemen t of Originalit y

This thesis is composedof my original work, and contains no

material previously published or written by another person

exceptwheredue referencehasbeenmadein the text. I have

clearly stated the contribution by others to jointly-authored

works that I have included in my thesis.

I have clearly stated the contribution of othersto my thesisas

a whole, including statistical assistance,survey design,data

analysis, signi�cant technical procedures,professionaledito-

rial advice, and any other original research work usedor re-

ported in my thesis. The content of my thesis is the result

of work I have carried out since the commencement of my

research higher degreecandidature and does not include a

substantial part of work that has beensubmitted to qualify

for the award of any other degreeor diploma in any univer-

sity or other tertiary institution. I have clearly stated which

parts of my thesis, if any, have beensubmitted to qualify for

another award.

I acknowledgethat an electronic copy of my thesis must be

lodgedwith the University Library and, subject to the Gen-

eral Award Rules of The University of Queensland,imme-

diately made available for research and study in accordance

with the Copyright Act 1968. I acknowledgethat copyright of

all material contained in my thesisresideswith the copyright

holder(s) of that material.

JosephTang

i



Publications

Published Works by the Author Incorp orated in to the Thesis

Tang, J. \Another alternative method for blast wave simulation in complexgeometries

usingVirtual Cell Embedding", 10th International Workshopon Shock-TubeTechnology,

Brisbane,Australia, 2006. Partially incorporated in Chapters2, 11, 8 and 11.

Tang, J. \A simple axisymmetric extension to virtual cell embedding", International

Journal for Numerical Methods in Fluids, Vol. 55, No. 8, 2007,pp. 785{791. Partially

incorporated in Chapter 6 and Appendix D.

Tang, J. \A simple parallel adaptive meshCFD method suitable for small engineering

workstations", submitted to Parallel ProcessingLetters, 2008. Partially incorporated in

Chapters5 and 14.

Tang, J. \CFD simulation of blast in an internal geometryusing a cartesiancell code",

16th Australasian Fluid Mechanics Conference, Gold Coast, Australia, 2007. Partially

incorporated in Chapters14 and 15.

Tang,J. \F ree-�eld blast parametererrorsfrom cartesiancell representations of bursting

sphere-type charges". Shock Waves, Vol. 18, pp. 11{20. Incorporated in Chapter 10.

Tang, J. \Theory manual to OctVCE { a cartesiancell CFD code with special applica-

tion to blast wave problems", Report 2007/12,Department of Mechanical Engineering,

University of Queensland,2007. Partially incorporated in Chapter 4.

Published Works by the Author Relev ant to the Thesis but not Forming

Part of it

Tang, J. \User guide for shock and blast simulation with the OctVCE code (version

3.5+)", Report 2007/13,Department of Mechanical Engineering,University of Queens-

land, 2007.

ii



Ac kno wledgemen ts

I would �rstly like to thank the Australian Government for the Australian Postgrad-

uate Research Award and the Mechanical Engineering Department for the Research

Scholarship.

I am grateful to my supervisor Peter Jacobsfor his guidanceand very helpful advice,

who encouragedand enlightened me on numerousoccasionswhen I felt hindered in my

progress. I am very thankful to have had such a gentle and friendly supervisor. I also

thank my fellow postgraduatesBrendan O'Flaherty and especially Rowan Gollan for

their assistanceand fruitful discussionson many topics. I also appreciate the help of

Martin Nicholls for his help in answering my questionsabout the computing facilties

used for this thesis. Without the help of thesepeople, my research would have been

much more daunting.

I am indebted to and grateful to my parents and sister for their love, encouragement

and support during this period. Their presencehashelped make this time of my life far

more tolerable than it would have been.

Lastly, but most importantly, I thank my Lord and Saviour, JesusChrist, for beingwith

me throughout this period and giving me the strength to arrive at this point, for \m uch

study weariesthe body" (Eccl 12:12). He is my ultimate Supervisor, for I know that

\whatever you do, work at it with all your heart, as working for the Lord ... it is the

Lord Christ you are serving" (Col 3:24-25).

iii



Abstract

The modelling of blast propagation in urban environments generatedby explosions

allows prediction of blast loading on structures, which in turn has useful applications

like damageassessment and improvement of structural design.However such an exercise

is often realizableonly with Computational Fluid Dynamics simulations, which can be

di�cult to perform becauseof the geometriccomplexity of the blast environment.

This thesis describes the development of the code OctVCEdesignedespecially for

modelling shock andblast e�ects in complexstructural geometries.This codeis designed

for practical engineeringusewherehigh resolutionis unnecessary. It usesa �nite-v olume

formulation of the unsteady Euler equations with second-orderexplicit Runge-Kutta

timestepping and linear interpolation with a minmod-basedlimiter. Flux solvers used

are the Advection Upwind Splitting Method variant (AUSMDV) and the Equilibrium

Flux Method (EFM). No 
uid-structure coupling or chemical reactions are modelled,

and gasmodelscan be perfect gasor the real-gasJWL model.

The code usesthe Virtual Cell Embedding (VCE) Cartesian cell method to au-

tomatically generategrids in complex geometries. This method is chosenbecauseof

its simplicity, robustnessand generality. Additional e�ciency in computational perfor-

manceand memoryusageis obtainedby implementing an octree-basedmeshadaptation

schemein the code. The parallel implementation of the code using the shared-memory

OpenMP paradigm is alsodescribed.

The code is veri�ed to establishreliabilit y of the numerical implementation via test

caseslike the method of manufacturedsolutions,an ideal shock tubeproblem,supersonic


o w over wedgeand conegeometriesand a supersonicvortex problem. The code is then

validated to demonstrateits reliabilit y and usefulnessin simulating more realistic shock

and blast problems. Test casespresented increasein geometriccomplexity and include

unsteady shock interaction with wedgeand cylinder geometriesand blast interaction

with barriers, axisymmetric containers, simple arrangements of cuboidal structures and

complexcityscape buildings.

As part of a designexercisefor the development of a static-�ring test facility, OctVCE

is applied to modelling internal blast in a shipping container geometry. It is found that

very large ampli�cation of pressuresand impulse exists within the structure (by at

least a factor of ten) due to blast con�nement. It was not always easyto demonstrate

convergence,especially along edgesand cornersof the geometry, due to the coarseness

iv



of the grids employed in the simulations. However, the impulsecould still be computed

with fairly low error.

The serial and parallel performanceof the code is measuredfor someof thesecases.

The performancepro�les indicate that substantial savings in storageand executiontime

is achieved on adaptive meshescompared to equivalent uniform meshes. Execution

time is also considerablyshortenedthrough the use of parallel processing. However,

code performancecan still be signi�cantly enhanced,and several aspects of the code

are identi�ed in the last chapter in which improvements can be made in future work.

Theseinclude more e�cien t parallel implementation, better adaptation indicators, less

conservative timestepping and importantly reduction of memory usage.
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Chapter 1

In tro duction

The reliable prediction of blast loading in urban environments hasbecomean important

goal due to the heightened awarenessof terrorism in recent times, which usually take

the form of external bomb attacks in the presenceof nearby buildings forming street

geometries[159]. Such predictionshelp in assessingdamage,estimating safety distances

and even improving structural designby providing insight into factors that contribute

to the blast resistanceof structures [160]. However, this can be a challenging exercise

as many urban geometriescan have a complex pro�le, requiring Computational Fluid

Dynamics (CFD) simulations to obtain the required predictions.

To addressthis problem, this thesis describes the development and testing of the

Octree Virtual Cell Embedding (OctVCE) code, a CFD code written in the C program-

ming languagedesignedespecially for modelling blast propagation in complex geome-

tries. Important objectives behind the development of the code include using simple

numerical methods (to reducedevelopment time and help with code maintainabilit y)

and implementing automated meshgeneration,meshadaptation and parallel process-

ing technology (to increasetime and storagee�ciency of computations). It is developed

to be suitable for other shock propagation problemsand also with a view to making it

available in the CFCFD group'scodesin the University of Queensland,asthis is the �rst

code in the group that hasexploredadaptive gridding technology in three dimensions.

This chapter �rst describes in Section 1.1 why CFD simulations are important for

blast propagation problems in complex geometries. A review of previous commercial

and research codesusedfor such problemsis also given in Section1.1.1. Somegeneral

background information into the major characteristics of explosion-generatedblast is

provided in Section1.2.

1.1 The Need for Numerical Simulation

In recent yearsCFD simulation has becomemore prominent as a meansof investigat-

ing the blast environment in a complex geometry environment [194]. Estimation of

blast pressurehistories is a complex problem as it dependson many factors including

charge size, distance, and the shape, size, orientation and spacingof obstacles. The
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1.1. THE NEED FOR NUMERICAL SIMULATION

blast loading of a structure is also the result of shielding, focussingand ampli�cation

e�ects taking place within the blast environment [39, 45, 175] which sometimesoccur

in counterintuitiv e locations.

It has beenfound that for even simple street geometriesthe formulation of simple

rules to predict blast resultants is a di�cult task [173] and in many experimental and

numerical investigationsthe channelingandampli�cation dueto con�nement of the blast

wave along a street can be very signi�cant, with overpressuresbeing as much as give

times the unobstructedre
ected pressurevalue[160, 172,173, 191, 195,194]. Numerical

simulations can alsoaccount for the varying topography of the ground terrain [212] and

are often the only alternative in caseswhere it is di�cult to perform experiments or

extract the required designinformation from them.

There are alsosomedisadvantagesin performing scaledexperiments and the record-

ing of surfacepressureson structures near a high explosive detonation can be di�cult

due to the sensitivity of gaugesto stress,heat and light [107, 171]. Errors in record-

ing can result from �nite response time, spatial averaging or transducer orientation

[156], and transducer vibration (occasionallydue to fast-moving stresswaves through

the ground or structure) often increasesobserved peak pressure[165].

Sensorsmight indicate a �nite overpressurewell after the event due to shifting of the

record baseline[107, 171], which can a�ect measurement of the negative phaseof the

blast. The experiment must beperformedseveral times to ensurestatistical repeatability

of resultsand to minimize errors resulting from incompletedetonation [171]. This must

be repeatedfor each case,which may be costly and tedious especially if pressure�elds

over multiple surfacesin a complexgeometryenvironment are desired.

Simple semiempiricalmethods [19, 25, 43, 89, 92, 119, 192] combine the results of

experiments with an analytic component. The structures analyzedare usually limited

to simple rectangular shapes, and usually only ideal one-dimensionalblast parameter

curves are used. The structure may be modelled as a simple mass-springsystem,and

usually only the positive phaseis considered(represented by a triangular shape) with

the assumptionof uniform loading.

Thesemethods alsoconsiderthe angleof incidenceand re
ection of the blast wave.

The empirical approach might alsousecorrelationsdeterminedfrom a databaseof exper-

iments [103, 213], making the extensionto scenariosnot corresponding to the database

di�cult [175]. The blast interaction with other structures (which can have a signi�cant

e�ect) is di�cult to incorporate.

Examplesof semiempiricalsoftware include the Eblast software [70] which relieson

an empirical database. It doesnot calculate re
ections and di�ractions from buildings

and accounts for channeling via enhancement factors. The Antiterrorist Planner soft-

2



1.1. THE NEED FOR NUMERICAL SIMULATION

ware [13] usesscaledblast parameterswith empirical shielding algorithms to provide

structural damageevaluations. More recent attempts include useageof a large exper-

imental databaseto train arti�cial neural networks to predict the blast environment

behind blast barriers [161] much faster than CFD could. A seriesof numerical simula-

tions wasalsoperformedto provide empiricial formulaeto predict re
ected pressureand

impulse in blast wave interaction with standalonecolumns[186]. Theseare useful and

fast designtools, but limited in application and would not model the blast environment

in generalcomplexgeometryadequately.

Another more sophisticated semiempirical method are the Low Altitude Multiple

Burst (LAMB) shock addition rules [94]. Theserulesrequirepath lengthsfor rays along

which waves travel. The ray paths describing multiple re
ections are calculated and

the pressurehistory from each ray is superposed. The LAMB rules are used by the

BLASTX code [33], the ASLAR code [117] and Needham'scode [139]. All thesecodes

are much faster than CFD and rely to an extent on empirical formulae and/or CFD

calculations, limiting their applicability to certain classesof simple geometry. It is still

di�cult to model multiple complexbuilding blast wave interactions [139, 171],which is

why CFD is the preferredoption for such problems.

1.1.1 Previous CFD Approac hes to Blast Mo delling

This section gives a brief overview of prominent CFD codes used to model blast in

complexgeometries.Codesemploying unstructured grids have beenquite popular due

to automatic grid generation capability. A popular unstructured commercial code is

AUTODYN [104],designedespecially for blast propagationproblemsfrom high explosive

sources. It employs both �nite-element and �nite-v olume solvers and can model full


uid-structure interaction.

It also employs a time-saving method where a one-dimensionalspherical analysis

betweenthe explosive centre and nearestsurfaceis performedbeforeremappingthe so-

lution to higher dimensions,removing the requirement for highly resolved multidimen-

sional grids early in the simulation. AUTODYN has beenused to model a variety of

blast propagationproblemsin complexexternal and internal geometries[7, 48, 74, 159].

Another commericalunstructured code implementing the remappingcapability is Chi-

nook [165] which hasbeenusedto model blast in urban scenarios.

A well known research code is L•ohner'sunstructured �nite element FEM-FCT code

[131],which can also model coupled
uid-structure interaction. This is a sophisticated

codewhich hasbeenpreviouslyusedto model explosionsin very complexgeometrieslike

tanks and undergroundcarparksand airplanes[21, 22, 23]. A similar research code has

3



1.2. CHARACTERISTICS OF EXPLOSIVE BLASTS

beendeveloped by Timofeev et al [211, 212,220] which uses�nite-v olumeunstructured

meshes.This has beenusedto compute blast wave propagation over complex terrains

generatedby high explosivesand volcanic blasts.

The SHAMRC code is a Cartesiancell Eulerian �nite-di�erence code designedspe-

cially for the calculation of airblast propagation [12]. Rigid boundariesare assumedfor

structural surfacesand it appearsto allow only grid-oriented obstacles.It hasbeenused

to calculate blast loadson o�ce buildings and in internal room detonations [138]. An-

other well known Eulerian meshcode is CTH [93], which cansimulate complexproblems

involving 
uid-structure interaction like penetration, perforation and explosive detona-

tion. It does not appear to have been used to model blast propagation in complex

geometries.

Cieslaket al [54] developed a cut-cell Cartesiancell code to simulate blast propaga-

tion for geometrieslike gun attenuators. The CEBAM code [56, 57] has beenusedto

simulate blast from gasexplosionsand solid explosives in complex geometrieslike o�-

shoreinstallations. It usesa �nite volume formulation within a structured, curvilinear

framework to solve the conservation laws,but doesnot explicitly represent sub-gridscale

structures, implementing a porosity model to account for the e�ect of theseobstacles.

The code which has the most featuresin commonwith OctVCEis Air3d developed

by Rose[171]. It is quite memory-e�cient and fast comparedto AUTODYN, and uses

Cartesian cells with the assumption of rigid surfaces,originally only handling grid-

aligned structures. It was further extendedconcurrently with OctVCEto incorporate

more generalcomplexgeometriesand adaptive octree meshingin the ftt_air3d code1

[174,177]. Air3d and ftt_air3d hasbeenusedextensively to model blast propagation

problems in a variety of simple and complex urban building environments [160, 171,

172,173, 174, 175,178, 193, 194]. The development of ftt_air3d and OctVCEhasbeen

independent and has resulted in a number of di�erent design decisionsbeing made.

Sections14.2 and 16.1 comparesomedi�erences between the ftt_air3d and OctVCE

codes.

1.2 Characteristics of Explosiv e Blasts

This section gives an overview of the main characteristics of blasts from explosive

charges.Fuller treatment of this subject can be found in many texts [19, 92, 119, 192].

An explosion is the phenomenonresulting from a rapid releaseof energy, usually of

such strength and occuring in such a small volume as to produce an audible pressure

1http://go w.epsrc.ac.uk/ViewGrant.aspx?GrantRef=GR/S04 109/ 01, accessedMay 2008
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wave [19, 119]. For high explosives,the energyreleaseis causedby chemicaldetonation

which is nearly all transferred to the blast wave [92, 192], and initially consistsmostly

of internal (rather than kinetic) energy[41].

The detonation products (commonly referred to as the explosive �reball) are quite

complex and formed by various processesincluding dissociation and ionization [119].

Very quickly the density in this �reball becomeslower than the surrounding air due to

a partial vacuum being createdfrom the outward momentum of the air induced by the

primary blast wave. Under the in
uence of gravit y the �reball risesand draws debris

into its centre, forming the well known `mushroom cloud'.

Accurate modelling of theseproducts require modelling chemical reactions,but this

is outsidethe scope of this thesis(seeChapter 4). Many chemicalexplosivesareoxygen-

de�cient [101]; the energy releasedoes not all occur at detonation becauseof insu�-

cient oxygen to achieve completeoxidization, but alsooccurslater in combustion of the

explosive products as they mix with air (afterburning). TNT has a signi�cant oxygen-

de�ciency of 75%[101]but the e�ect of afterburning on the incident shock is small [120].

However, afterburning can a�ect 
o w speedand thus later parts of the blast wave.

It is well known that all blast wavesquickly developa sphericalpro�le [19, 119, 120],

even for non-sphericalcharges. As long as energyreleaseis su�cien tly rapid the same

general con�guration of the blast wave will result. The contact surfacebetween the

detonation products and ambient gas usually becomesirregular with a high level of

mixing [25], but the uniformit y of the sphericalshock is not a�ected greatly (even with

afterburning). An analytical solution to the free-�eld wave structure (i.e. without any

obstacles)is di�cult to obtain [25], although early attempts were made for both the

near- and far-�eld [19]. A numerical solution to the spherically symmetric conservation

equationsis the preferredmethod, and was �rst attempted by Brode [40].

The blast wave is the dominant damagemechanism when the explosionoccurs in

the vicinit y of structures. Important features of this wave are shown in Figure 1.1

which shows the overpressurehistory at a point in spaceaway from the explosion. This

�gure only characterizesfree-�eld burst becausenumerousre
ections and shock wave

interactions are expectedfor a blast environment comprisingof structures.

The severity of blast loading is usually characterizedby the peakoverpressure.How-

ever, damageis usually causedonly if the positive phaseduration is long relative to the

period of natural vibration of the structure [89]. Hencethe peakimpulse(the maximum

value of the pressureintegral over time) is alsoan equally (if not more) important blast

parameter[171, 195]. The peakoverpressureis usually of the order of gigapascalsat the

explosionbut decreasesrapidly as the shock propagatesoutward, being quite well de-

scribed by the ideal gaslaw [119],and usually being too weak for structural engineering
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1.2. CHARACTERISTICS OF EXPLOSIVE BLASTS

Figure 1.1: Typical blast wave pro�le

considerationsafter a scaleddistanceof 30m=kg1=3 [171](scaleddistancesareexplained

on page7).

A negative phaseoccurs due to a partial vacuum being created surrounding the

explosion.Eventually the displacedatmospherewill rush inward to �ll this volume, thus

creating a suction phasein the explosionprocess.The negative phaselasts up to three

times aslong asthe positive phasebut is usually lessdamagingthan the positive phase,

and thus ignored [19, 119]. In somecasesit can be a signi�cant loading mechanism,

although measuringit experimentally can be di�cult [172]. But it is the causeof much

broken glassbeing blown onto the streets in an urban environment blast.

The relationship with distanceof blast parameterslike peak overpressure,impulse

etc. for a free-�eld TNT burst hasbeenmeasuredempirically and documented in many

sources,sometimessupplied with curve �ts [19, 25, 92, 103, 119, 192]. These curves

can also be developed from numerical simulation [41, 171] and correlations exist even

for di�erently shaped charges[43]. Theserelationshipshave also beendocumented for

hemisphericalbursts on the ground, which are di�erent from free-�eld burst because

realistic surfacesare not perfectly re
ecting [201].

The pro�le in Figure 1.1 is not entirely accurate as a weaker secondaryshock is

also produced after the explosion, which may have somecontribution to the positive

impulse [25, 41, 92]. The deceleration of the contact surface produces an outward

moving rarefaction wave and an imploding secondaryshock, which may be initially

swept outward. After implosion this shock expandsoutward and partially re
ects o�

the contact surfaceagain, further imploding and repeating the process,although each

time the shock decreasesin intensity. Thus only the secondaryshock is usually seen,

and it doesnot usually catch up to the incident shock. Becausethe secondaryshock is

much weaker than the incident shock, it is usually ignored [171].

In a height-of-burst scenariowhen the charge is detonated above the ground the

blast wave will re
ect from the ground, as shown in Figure 1.2. There are three types
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1.2. CHARACTERISTICS OF EXPLOSIVE BLASTS

of re
ections { normal re
ection (directly underneaththe burst), oblique re
ection (an-

gle of incidence less than 40 degrees)and Mach stem re
ection for larger angles of

incidence. The overpressurein re
ected wavesmay be much greater than the incident

shock, especially behind the Mach stem [19, 193].

Figure 1.2: Height-of-burst scenario

1.2.1 Scaling Laws

When two sphericalchargesmadeof the sameexplosive are detonated in the sameat-

mosphereand have the samegeometrybut areof di�erent scales,Hopkinson`cube-root'

scalingapplies[119, 120]. This scalinglaw is basedon fundamentals of geometricalsimi-

larit y, and caneliminate chargemassasa parameterin describingblast wave properties.

Thesetwo chargeswill exhibit the sameproperty Q behind the primary shock (e.g. in

overpressure)at the samescaleddistance.

The scaleddistance is Z = R=W1=3 where R is the distance from the centre of

the explosionand W the massof the explosive. Pressurehistory pro�les will also be

identical at the samescaleddistance if time is also scaledi.e. tsc = t=W1=3. Impulse

can be scaledeither by a time scale(like positive phaseduration) or by W 1=3. This

scalinglaw is approximate whencomparingthe blast wavesbetweentwo di�erent types

of explosives with di�erent energy releaserates that exhibit afterburning [120]. The

scalinglaw doesnot apply if the 
o w�eld is sphericallyasymmetric [120], but this is an

acceptablelimitation as departuresfrom sphericity only occur closeto the �reball.

It is also commonto compareexplosive blast e�ects in terms of equivalency to the

burst from a spherical TNT charge, expressedas an equivalent mass of TNT. The

simplest equivalency is comparisonin terms of blast energy, but equivalenciescan also

be basedon peakoverpressureor impulse [213], which are not always equal(or parallel)

due to factors like the oxygen de�ciency [101]. Charge shape can also complicate the

equivalency, and more complexscalingsformulate TNT equivalencevarying with scaled

distance(looking at either pressureor impulse) [120,201].
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1.3. SCOPE OF THESIS

1.3 Scope of Thesis

Chapter 2 reviewsdi�erent CFD methods usedto model 
o ws in complexgeometries,

concludingin Section2.4with a discussionof the Virtual Cell Embedding(VCE) method

[124],a simple Cartesian cell method that automatically generatesa meshin arbitrary

geometries.This thesisis thus alsoan application study into the suitabilit y of the VCE

gridding method in simulating blast propagation and loading in complex geometries.

Chapter 3 describes the mesh adaptation procedure implemented by OctVCE, which

usesa recursive octree data structure as its basisfor re�ning and coarseningcells. This

sectiondiscussespseudocodeof important adaptation routines,degeneraciesencountered

and adaptation indicators.

Chapter 4 reviewsand describesvarious aspects involved in the numerical method-

ology of the code including the scope, governing equations, 
ux solvers, equationsof

state, initial and boundary conditions and point-inclusion queries.More detailed cover-

ageof theseaspectscan alsobe found in the Appendix. Somediscussionwill centre on

potential instabilities with the code resulting from the conjuction of the VCE gridding

method with the numerical 
o w calculation methodology. Chapter 5 reviews parallel

computing methods in generaland describes the shared-memoryparallel implementa-

tion of the OctVCEcode in Section5.5. While the work in this thesis was being done,

the availabilit y of multiple core processorsbecamecommon. In the near-future all en-

gineeringworkstations are expectedto have multiple cores.Useful measuresof parallel

performancewill alsobe discussed.

Chapter 6 presents four di�erent veri�cation test casesto demonstratethe reliabilit y

of the numerical implementation { the Method of Manufactured Solutions(Section6.1),

ideal shock tube problem, supersonic
o w over wedgesand conesand supersonicvortex


o w. Chapters7 to 14 cover validation test casesto determinethe credibility and accu-

racy of the code in solvingrealistic blast and shock propagationproblems. Examplesare

shock di�raction over wedgesand cylinders (Chapters 7 to 8), explosive bursting sphere

problems (Chapters 9 and 10), blast in axisymmetric containers and in environments

comprisingof simple rectangularprismatic geometries(Chapters 11 to 13), and blast in

complexcity scape geometries(Chapter 14).

Pro�ling of the code will also be performed for a number of these test casesto

establish its performancein serial and parallel execution. Chapter 15 focusseson an

application study of the code wherean explosionin an internal geometry is modelled.

This shows the code being usedin a designprocesswherethe geometry, although some-

what simpli�ed, had to retain its essentially complex features. Finally all results are

summarizedin Chapter 16 and someimprovements to the code are alsosuggested.
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Chapter 2

Meshes for Complex Geometries

The simulation of blast propagation in complexgeometriesusually requiresthe meshto

encompassthe domain. This can be time-consumingif performed manually, and thus

automated grid generation methods are preferred. To reduce code development and

maintenancetime, simple methods are also preferred over complex ones. This section

givesan overviewof the three main approaches(body-�tted, grid-freeand cartesiangrid

methods) usedto generategridsandperformnumericalsimulations in environments with

complexsurfacegeometry.

2.1 Bo dy-�tted Grids

Structured grids basically consistof rectangular or hexahedralcells stored in an array,

with neighbouring connectivities regularly determined by array indices [79]. They can

be `body-�tted' and may require metrics and transformations to map the physical grid

into computational spacewhere 
o w equationsare solved. They are an e�cien t data

structure as connectivity is �xed and not explicitly stored, and can be organizedinto

blocks of structured grids when performing simulations in parallel.

Structured grids require somedegreeof user interaction in their construction, and

can be tedious to create for complex geometries[79, 106]. Metric terms add some

additional complexity to the code, and the �xed connectivity prevents implementation

of h-re�nement where cells are added or deleted. Chimera or overset grids [72] are

popular for moving body problems and consist of overlapping patches of structured

grids �tted around each body. E�ort still hasto be put into generatingstructured grids

around each body [106] and there is the additional complexity of hole-cutting, stencil

identi�cation, interpolation coe�cien ts and inter-grid communication associated with

the chimera grid approach [72].

Unstructured grids are composedof an arbitrary collection of randomly oriented

cells which do not typically have a repeatable topological structure. They are com-

monly composedof triangles or tetrahedral cells, which can be generatedby Delaunay

triangulation, advancing-front methodsor tree-basedtechniques(wherean initial Carte-

sian meshadjusts boundary elements beforeundergoingtessellation)[29, 79]. All these

9



2.2. GRID-FREE AND PARTICLE METHODS

methods allow a high degreeof automation [45]. Unstructured grids can also be body-

�tted, and for somegrid construction algorithms like the advancing-front method a

surfacemeshcomposedof triangular panelsmay alsobe required.

Comparedto structured grids, unstructured grids are much more taxing on memory

and solution time [118], and can also be di�cult and cumbersometo code. They are

more ine�cien t at �lling the domain [51] and have poorer shock-capturing abilit y [27]

due to irregular numerical interfacescausingsomerefraction and scattering of waves

[64]. Generatingan appropriate surfacemeshcan alsobe challenging[1, 128], and may

still require a degreeof user-interactivit y [140]. Research into generatingquadrilateral

or hexahedral unstructured grids has also been undertaken [29]. Hexahedral meshes

have more regularity than tetrahedral meshesand are comparatively more accurate,

time-e�cien t and memory-e�cient [1, 27, 29, 30].

However, automated grid generation for unstructured hexahedralmesheshas not

reached as advanced a stage comparedto tetrahedral meshes[29, 200]. Blacker [31]

providesa good overview of various methods for hexahedralmeshgeneration,including

useof primitiv es(applicableonly to a classof specializedgeometries),decomposition into

recognizableprimitiv e shapes,advancing-front techniquesand overlay grids. Advancing-

front techniques for hexahedral meshesinclude a whisker weaving scheme [207] and

plastering scheme[32, 198]. Thesemethods are still an active areaof research and can

be quite complex to implement and time intensive. A surfacemesh also needsto be

speci�ed.

One of the more widely usedhexahedralgrid generationschemesis the overlay grid

method [183]. The volumeto be meshedis initially overlayed with a meshof hexahedral

cells and cell nodeson the body surfacesare adjusted to �t to the surface. Sometimes

mixed cell types (tetrahedral and hexahedral) result due to degeneracies.Depending

on the methods considered,the algorithmic complexity of the overlay grid method may

still be higher than for someCartesiancell methods.

2.2 Grid-free and Particle Metho ds

Another method to solve 
o ws in complex geometry is the `grid-free' approach [197].

This approach essentially solvesthe conservation equationsusing least squares�tting of

nodesin the domain to approximate derivatives. This method is `grid-free' in the sense

that the nodescan be generatedusing any means[197]. However thesemethods do not

guaranteeglobal conservation and areslower than mesh-basedcounterparts, and needto

introducesomearti�cial dissipation [132]. The least squaresprocedurecan be complex,

requiring inversionof geometricmatricies and thus dependson the stencil of grid points

10



2.3. CARTESIAN GRID METHODS

chosento prevent ill-conditioning. Other di�cult degeneraciesinclude insu�cien t nodal

density, surfacediscontinuities and thin bodies.

Particle methods discretizethe 
uid (a Lagrangian approach) rather than the 
o w

domain (Eulerian approach). Thesealso can be meshed-based,like the popular Arbi-

trary Lagrangian-Eulerian(ALE) methods [134],and thus su�er from the disadvantages

associated with unstructured grids. Lagrangianmesh-basedapproachescan result in se-

vere mesh distortion and entangling and thus require remapping, but this introduces

numerical di�usion [84].

A well-known gridlessmethod is the SmoothedParticle Hydrodynamics(SPH) method

[137] in which the 
uid is represented by a collection of 
uid pseduo-particles. This

method, originally applied to astrophysical problems,is good for simulating 
o ws where


uid interfacesare important, and has seenextension to other applications in recent

times. However SPH is computationally expensive and o�ers lower resolutioncompared

to contemporary �nite-v olume methods [38], also requiring arti�cial viscosity. Particle

penetration problemsassociated for shocked 
o ws exist and boundary conditions (even

just re
ecting boundaries)are more di�cult to handle than with �nite-v olumemethods

[143]. At least for blast propagation problems, Eulerian methods are still preferrable,

simpler to implement and more established.

Another particle method usedto model blast propagation is the Direct Simulation

Monte Carlo (DSMC) method of Sharmaet al [184,185]. This method is derived from

kinetic theory and usesa statistically representativ e set of particles which are tracked

in their collisionswith each other and with boundaries.Sharmaet al have modi�ed the

method to usea much larger timestep than the meancollision time. DSMC thus gives

approximate resultsand is faster than continuum methods, but haslower resolutionand

statistical scatter. This method is promising but has not seenwider application and

usagecomparedto �nite-v olume methods.

2.3 Cartesian Grid Metho ds

Cartesian grids are composedof axis-alignedhexahedral (often cubical) �nite-v olume

cells which treat solid geometriesas `immersed'within the mesh. Cells that are com-

pletely obstructedor unobstructedare ignoredor treated normally respectively. Various

approachesexist to treat partially obstructedor intersectedcells[4, 45,65,106,121, 124,

128,153,174]. Thesemethods vary in complexity and accuracy. Becausethe number of

cells is usually a small fraction of all the cells,the additional calculationson intersected

cellsusually involve small overhead[224].
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Problemswith Cartesiangrids usually relate to 
a ws in surfacerepresentation, thin

bodies or very small cells. Very small intersectedcells lead to ine�encies as the global

timestepneedsto bedrastically reducedto ensurestabilit y of the 
o w update schemefor

each and every cell. Various methods have beendeveloped to circumvent this problem

[77,145] but an easyapproach is simply to mergea small cell with a larger neighbouring

cell [59, 153].

Cartesiangrids have a high degreeof automation, can incorporate meshadaptation

fairly easily. To an extent, they also have the bene�ts of the structured grids over

unstructured grids like better e�ciency and accuracy. They have beenused for aero-

dynamics applications [1], incompressible
o ws [226] and blast propagation problems

in urban geometries[177, 194]. The Cartesian grid approach is chosenfor this thesis

becauseof its past usageand advantagesover other methods.

2.3.1 Cut Cells

As bodiesare usually surfacetriangulated, each triangular facet might represent a wall

interface for the Cartesian �nite-v olume cell intersectedby that facet. Cut cell meth-

ods preserve with full �delit y the surfacede�nition for each intersectedcell [4, 50, 54].

However these methods are very complex, requiring tedious computational geometry

routines to perform intersectionsand possiblere-triangulations to extract the wetted

body surfacefor each cell. Further work has to go into accounting for numerousgeo-

metrical degeneracies,which arise becauseof 
oating point representations of cell and

vertex positions.

2.3.2 Curv ature-Corrected Symmetry Technique

This method, developed by Dadone[64, 65], doesnot require the complex topological

description of intersectedcells, insteadingrelying on re
ected ghost cellsnear surfaces.

An assumed
o w-�eld model represents the e�ect of the surface;this model satis�es the

normal momentum equation and accounts for surfacecurvature e�ects, consistingof a

vortex 
o w of constant entropy and total enthalpy. Surfacevaluesare obtained through

interpolation. This method hasbeenusedto solve 
o ws over circular objects and airfoil

geometries. It may still be more complicated to implement than other Cartesian cell

methods becauseit requiresre
ecting ghostnodesthrough a body and calculating body

curvature.
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2.4. THE VIRTUAL CELL EMBEDDING METHOD

2.3.3 Surface Appro ximation

This method hasmany variants (varying in complexity) but generallyapproximates the

surfaceby representing the portion of the body in an intersectedcell asa singleplanar

surface.Somemethods only admit certain typesof intersectedcells [66, 106, 128, 153].

By admitting more cell types, the body surfacecan be represented more accurately,

but this can be a cumbersomeexercise. Other methods allow the planar surface to

be computed generally using computational geometry routines or empirical geometric

formulae [121, 124, 145,174,224].

Another method, not really suitable here, is the Porosity/Distributed Resistance

(PDR) approach [45, 56, 78] where all (or just small-scale)obstaclesare not actually

resolved, but their e�ect accounted for by introducing appropriate porosities and dis-

tributed resistancesinto the 
o w equations. This approach has been used to model

heat exhangergeometriesand gasexplosionsin petrochemical processinginstallations

[45], and is really only suitable for predicting global 
o w e�ects. PDR parameterslike

resistanceterms are often empirically derived (or calculated from high resolution simu-

lations), and can be di�cult and expensive to extend to more complexcon�gurations.

2.4 The Virtual Cell Em bedding Metho d

The Virtual Cell Embedding (VCE) method, developed by Landsberg et al [124, 125]

is chosenfor this thesis due to its simplicity and robustness. It is a general surface

approximation method (Section 2.3.3) and is basedpurely on a point-inclusion test,

being equally suitable for convex or concave bodies or surfacesgiven by an analytic

or arbitrary polyhedral de�nition. The VCE method has beenusedfor simulations of


o ws over ship superstructures [124], blasts in pressurevessels[129] and dispersion of

contaminants over complexcity geometries[37]. This thesiscombinesthe VCE method

with hierarchical grid re�nement (Chapter 3) and will explorethe suitabilit y of the VCE

to model blast propagation in complexgeometries.

The �rst stage of VCE involves subdividing an intersected cell into a lattice of

`subcells' (Figure 2.1(a)) each with its associated centroid. A subcell is labelled as

inside/outside a body if its centroid is inside/outside. In this manner a summation of

subcell volumes will yield the approximate unobstructed cell volume. Each cell face

is also divided into `sub-areas'to determine the approximate unobstructed face area.

Thesesubcells are not stored in memory; they are simply counting aids to determine

the proper cell faceareasand volume. Clearly the more subcellsare usedthe better the

obstruction is approximated.
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2.4. THE VIRTUAL CELL EMBEDDING METHOD

(a) `Subcells' illustration (b) Computing surfaceproperties

Figure 2.1: VCE method

In the secondstage,the surfacecutting through the cell is approximated asa single

planar wall using the cell's obstructed areas. This is achieved by calculating the net

obstructed faceareasalong each axis. For example,in Figure 2.1(b) the net obstructed

areaalong the x axis is found by subtracting the `left' obstructed area from the `right'

obstructed area i.e. lx = lxr � lxl . The averagewall surfacenormal navg is then

navg =
X

i

bn i l i , i = x, y, z (2.1)

bn i is the unit vector along axis i . The corresponding wall surfacearea is

lavg = jjnavgjj (2.2)

and the unit surfacenormal is navg=lavg. Solid wall (i.e. re
ection or symmetry) bound-

ary conditions are then implemented for this surface. As the body representation has

greater dependencyon obstructed interface areas,normally more subcells are usedon

the faceareasthan the cell volume. Landsberg [124] commonlyused103 subcellsfor the

cell volume and 202 subcells for each cell face,but this thesis usually uses163 volume

subcellsand up to 642 facesubcells.

2.4.1 V CE Resolution Issues

The VCE subcell subdivision potentially lets somecells that should be intersectedgo

undetectedin the presenceof small-scalegeometrical features(e.g. a knife edgepene-

trating into a cell). However for such cases,the inaccuracywould consistent with the

grid resolution chosen,which would be too coarsein any caseto resolve such �ne fea-

tures [124]. Another degeneracyoccurswhen all volume subcellsare obstructed though

a small part of the cell is outside a body. The whole cell should then be treated as if
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2.4. THE VIRTUAL CELL EMBEDDING METHOD

it were fully immersed(a `solid' cell), and if any of its faceareasare or werepreviously

open, they are now closed.

A related degeneracyoccurswhena thin wall might be contained within a cell. The

VCE method doesnot `split' cells,and thus
o w can`leak'acrossthe wall asits interfaces

are not properly obstructed. The simplestsolution is to choosea cell sizeto ensureany

walls in the domain are thicker than the longest length within a cell (from corner to

corner) that would be usedat surfaces(if cell sizesvary, as for adaptive meshes).This

may require having �ner cellsat walls than elsewhere.

2.4.2 Dealing with Small Cells

As discussedearlier, very small cellsare mergedwith larger cells to prevent excessively

small timesteps. In OctVCEa cell is regarded as small if its 
uid volume is 5{10%

of its basis Cartesian cell volume. The cell merging algorithm searches a small cell's

neighbours for candidatesto merge with into a larger `cluster' cell (which stores the

list of all such cells) treated as one cell by the 
o w solver. It searches preferentially

for neighbouring large cells but if none are available recursively searchesneighbouring

small cells to form a cluster. The C pseudocode for the cell merging algorithm is given

in Figure 2.2.

Figure 2.2: Pseudocode of cell merging algorithm
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2.4. THE VIRTUAL CELL EMBEDDING METHOD

2.4.3 V CE Staircased Represen tation

A VCE `staircased'surfacerepresentation is alsopossible,as in Figure 2.3. In this case

each subcell comprising the `wetted' staircaseis a cell interface where solid boundary

conditions are set. But as the 
ux through each subcell interface is the samein each

direction, the total 
o w through the solid portion in that direction is

X

subcells

(Fwall � bn� A) = (Fwall � bn)
X

subcells

� A (2.3)

where
P

� A is simply the net obstructedareanormal to the axisnormal bn; in Figure 2.3

it is � A = A+ � A � .

Figure 2.3: StaircasedVCE representation

The staircasedrepresentation is generally inferior to the planar wall approximation

of Figure 2.1(b) as it will result in low 
o w velocities near surfaces. This is shown in

Figure 2.4 where Mach 4 
o w over a wedgeis simulated. There are about 100 cells

along the wedge surface. Note that the 
o w over the staircasedsurface producesa

thicker shock layer which noticeably deviates from the analytical shock angle (upper

black line), and has low 
o w velocity at the surface.

(a) Planar surface (b) Staircasedsurface

Figure 2.4: Comparisonof planar and staircasedVCE 
o w over a wedge
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2.4.4 V CE Surface Noise

Note from Figure 2.4(a) the 
o w-�eld is not entirely uniform behind the shock. This is

as the approximated surfacenormal in each intersectedcell doesnot always align with

the actual surfaceor with the surfacenormalsof other intersectedcells. This essentially

numerically `roughens'the surface,which producessomenoisethere. This noisecan be

seenin Figure 2.5 where pressurecontours for the sameMach 4 
o w problem over a

wedgeis shown, and the data limits adjusted to better show the generatednoiseat the

surface.This spuriouse�ect is studied numerically in more detail in Section6.3.2. The

results of Chapters6 to 14 indicate that shock and blast propagation problemsin com-

plex geometrycan still be simulated with reasonableaccuracydespitethis degeneracy.

Figure 2.5: VCE-generatedsurfacenoisefor supersonicwedge
o w

2.4.5 Geometric Evaluations

Depending on the grid resolution, the VCE method requires the evaluation of poten-

tially O(105) to O(106) point-inclusion tests for every subcell centroid. This may seem

expensive, but the number of intersectedcells is generally quite small relative to the

entire grid [124]. Also, thesegeometriccomputationsneedonly be doneonceat startup

if cellsat surfacesare not adapted,which is a small fraction of the total executiontime.

Tree-basedadaptive meshesalsoallow propagation of geometricalproperties from par-

ent cells to children (e.g. unobstructed parents imply unobstructed children) and vice

versa, which can save time as point-inclusion tests need not be performed for many

newly createdcells.

To improve the speed of geometric evaluations (especially for large multi-faceted

bodies), the boundingboxesof all component bodiesand their associated surfacepanels

in the domain are also pre-processedand sorted into Alternating Digital Tree (ADT)

structures [36] (seeAppendix I). Then cells which are candidatesfor intersection are

identi�ed, undergoingsubcell division to calculate volume and face obstructions. The

point-inclusion algorithm is detailed in Section4.9.
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2.4.6 Example V CE-generated Mesh

An early demonstration of the versatility and robustnessof the VCE method in gener-

ating grids over very complexgeometrieswas given in Reference[202] and repeated in

Figure 2.6. In this examplethe geometrycorrespondsto the buildings near the Mechan-

ical Engineeringbuilding in the University of Queensland,and an explosionis initiated

near this building. The squareplan layout is about 200 m along the edge,with the

highest building about 45 m. The geometry was built using CAD in the STL format

(consistingof triangles,Figure 2.6(b)). Grids wereadaptedto the �nest level at building

surfaces,Figure 2.6(c).

(a) Geometry (b) Geometry (showing triangulation)

(c) Grid (d) Surfacepressurecontours

Figure 2.6: Gridding UQ geometry
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Chapter 3

Mesh Adaptation

Mesh adaptation is a feature that adapts the grid to important 
o w features,allowing

more accuratesolutions to be obtained with fewer cells, resulting in signi�cant savings

in executiontime [174]. One method of meshadaptation, r -re�nement, involves redis-

tributing a �xed number of cells. For Cartesian cell approahces,this method is not as

popular as h-re�nement [26] where cells are added or deleted appropriately (and the

width h of a cell is divided) becausethe grid distortion can be complicatedto manage

[228],and in many casesa grid redistribution will not resolve important featuresaswell

as h-re�nement [59].

This thesis implements isotropic re�nement where only one type of re�ned cell is

created. Anisotropic re�nement allows di�erent typesof cells to be createddepending

on the state of the local 
o w. This approach can result in even greater savings in cells

[3, 50] where 
o w is predominantly unidirectional, but blast propagation in complex

geometriesis a more multidirectional problem which is suited to isotropic re�nement

[79]. Anisotropic re�nement will also involve complicateddata structures which would

be more tedious to implement.

The Adaptive Mesh Re�nement (AMR) method developed by Berger [24, 26] relies

on adding or deleting entire patches of block-structured meshesrather than re�ning

or coarseningindividual cells (a tree-basedmethod). Di�eren t timesteps are used on

di�erent patches(but areappropriately subcycledand interleaved to preserve time accu-

racy), and adaptation is guidedby error estimation basedon Richardsonextrapolation.

Becauseentire patches are added, about 30% of added cells are usually unnecessary

[1, 118] which might lead to large memory requirements [177].

AMR might still be more memory e�cien t and faster than tree-basedapproaches

becauseof structured meshusage,which avoids the slower indirect addressing(pointers)

commonin tree-basedmeshes[24]. However, the AMR method is not usedfor this thesis

due to its complexity [72, 81] in managinga dynamically changingcollection of meshes,

which needperiodic rebuilding as the solution evolvesover time [118].

OctVCEthesis implements the octree structure [51, 181] for meshadaptation. This

involves an isotropic division of a parent cubical cell undergoing re�nement to yield

eight children cells (and vice versafor the coarseningprocess),as shown in Figure 3.1.
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3.1. EXPLICIT STORAGE

The two-dimensionalanalogueis the quadtree. A cell corresponds to a tree node, and

are leaf cells (being a part of the meshusedin the numerical solution) if they have no

children. The creation of new children results in a new level in the tree (higher level

nodesmeansmallerchildren cellsfor this case).The root cell is the initial cell (without

a parent) that undergoesdivision. Parent cellsare not deallocated from memoryduring

re�nement so they can be quickly recoveredduring a coarseningphase.

Figure 3.1: Re�ning an octree

It is a simple data structure to implement, but about 25% of the computing time

is devoted to �nding neighbour cells if meshconnectivity is not explicitly stored [66],

and there can be substantial memory overhead to maintain the tree structure [118].

Sections3.1 to 3.5 discussvarious aspectsof this adaptation procedureas implemented

in OctVCE. More information on how to set up an adaptive meshsimulation with the

code can be found in the usermanual [205].

3.1 Explicit Storage

Becauseof the overheadfrom meshtraversalin determining cell neighbour relationships

and the frequencywith which theseneighboursneedto beaccessed,a decisionwasmade

in the early stagesof code development for each cell to explicitly store all face-adjacent

neighbour cells. The sacri�cing of memory for speed felt justi�ed in lieu of the rapid

growth in memoryof workstation classmachinesover the past few years. Also, the main

computing facility usedfor simulations in this thesis is the Altix supercomputerat the

University of Queensland,which hasa very large amount of memory (120 GB).

Geometriccell propertieslikecentroids, which canbeinferred from the treestructure,

are also stored explicitly. To further minimize meshtraversal, all current leaf cells are

stored on a dynamically linked list structure (Appendix K). This approach is quite

memory-intensive and perhapsnot feasiblefor smaller scalecomputing facilities.

A more memory-e�cient tree structure is the Fully ThreadedTree(FTT) structure

[118]wherecellspoint to parents of neighbours, thus requiring no extra alteration when
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3.2. ENFORCEMENT OF GRID REGULARITY

neighbours are coarsened.Becauseof the better memory e�ciency , this approach may

be ultimately more e�cien t than an explicit storageof all neighbours, and it has been

implemented in Rose'sftt_air3d code [174, 177] (using about 0.25kilobytes per cell).

3.2 Enforcemen t of Grid Regularit y

Grid regularity is enforcedwhen the level di�erence betweencell neighbours is no more

than one. This is to prevent too great a disparity amongstneighbouring cell sizesand

minimize resultant noise. Mesh adaptation produces noise in the 
o w to a degree,

particularly in the caseof a shock passingfrom a coarseto a �ne mesh[58, 118, 152],

due to local errors in numerical 
uxes in the vicinit y of a strong shock. For octree cells

this meansa cell interfacecan have at most 4 neighbours.

However, the grid regularity is relaxedwhenadjacent neighbours are separatedby a

body like a solid wall, as in Figure 3.2. This prevents necessaryre�nement, especially

for cellscompletely immersedwithin bodies. Cells store at most 4 neighbours per face,

meaning that during re�nement or coarseningdownward or upward mesh traversal is

still required for connectivities to be updated.

Figure 3.2: Cell with multiple neighbours

3.3 Cell Re�nemen t and Coarsening Metho d

The cell re�nement (and meshtraversal)processcanbe performedrecursively, asshown

in the pseudocode of Figure 3.3. Note that neighbour cells might require recursive

re�nement to satisfy grid regularity constraints (Section 3.2). The cell re�nement step

is done�rst during the adaptation phaseby traversing the list of leaf cellsand re�ning

appropriate cellswith this algorithm.

The cell coarseningstep is then performedby traversingthrough the list of leaf cells

again and marking their parents for coarseningif permissible. The list is re-traversed

and parent cells are further checked against grid regularity constraints. This step is
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3.3. CELL REFINEMENT AND COARSENING METHOD

Figure 3.3: Cell re�ning pseudocode

performed recursively as sometimesneighbouring cells of di�erent levels can be coars-

ened, despite the list of leaf cells being traversedsequentially and the grid regularity

constraints being temporarily violated whilst cells are coarsened.The pseudocode for

this checking algorithm is shown in Figure 3.4. Coarseningparent cells can then be

performedquite easily, as shown in the cell coarseningpseudocode in Figure 3.5.

Figure 3.4: Cell coarsenchecking pseudocode

Figure 3.5: Cell coarseningpseudocode

When cells are adapted, conservation in mass, momentum and energy should be

preserved. When parent cellsare coarsened,this is simple; its 
o w state is the volume-

weighted averageof its children [200, 228]. When parent cells are re�ned, the parent

cell-centered 
o w state is interpolated to children cell centres using the conservativit y-

preservinginterpolation procedure[200, 228] of Section4.3 . The cell pressureis then

calculatedvia the equation of state.

To enforce conservation of a quantit y Q for partially obstructed parental cells p
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3.4. DEGENERACIES DURING ADAPTATION

undergoingre�nement, the quantit y � is calculatedwhich represents the degreeof non-

conservation where

� = QpVp �
nX

c=1

QcVc (3.1)

Vp is the parent cell volume,andVc is the child cell volume;summingover n children cells

Vp =
P n

c=1 Vc. Qc is the interpolated value of Q to child cell c from the reconstruction

procedureof Section4.3. To preserve conservation, the proper value of Q for the child

cell c is

Q = Qc +
�

nVc
(3.2)

Based on the conservative timestepping criterion in Equation 4.7 it takes at least 4

timesteps for a shock to crossa cell, so adaptation every 5 timesteps is su�cien t to

ensureadapted 
o w featuresnever leave a �ne mesh region and lose resolution [118].

Interleaved timestepping for di�erent cell levels is not implemented. Cells adjacent

to those cells that are actually 
agged for re�nement are also re�ned to the highest

permissiblelevel to act as a `bu�er' layer.

3.4 Degeneracies during Adaptation

During adaptation geometricproperties betweencells must be consistent and airtight.

As cell geometricpropertiesarederivedfrom VCE subcell division (Section2.4), parental

cells(having larger subcells)will not computeareasor volumesasaccuratelyaschildren

cells, and this must be accounted for. If adaptation of partially obstructed cells is

allowed, onedegeneracyoccursduring the re�nement stageas shown in Figure 3.6.

Here an intersectedparent cell is re�ned but as a result of obstruction, one of its

children are made `solid'. Thus an interface area on the parent which was previously

unobstructed is now obstructed. This new information must be remembered if the

parent is coarsenedand thus geometricinformation from children shouldbe usedduring

coarsening.Adaptation canalsobreakup mergedcell clustersthat wereformedbecause

of the small cell degeneracydiscussedin Section2.4.2. When this occurs,pointers and

associated data structuresmust bedeallocatedproperly, and shouldsmall cellsstill exist

after adaptation, re-mergingwith new cellsshould be doneat this stage.
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3.5. ADAPTATION INDICA TORS

Figure 3.6: Solid cell re�nement degeneracy

3.5 Adaptation Indicators

Adaptation indicators usedin this thesisare gradient-baseddue to their simplicity and

e�ectiveness[141], especially for blast propagation problems[118, 155, 174, 211]. The

�rst indicator only detectsshocks. It takesadvantageof the fact that the velocity gradi-

ent through a shock is always negative irrespective of the direction of shock propagation

{

� 1 = L
@ui =@x i

amin
; i = 1; 2; 3 (3.3)

L is a length scale,typically the cell'sedgelength, and amin is the minimum soundspeed

from the cell and its neighbours. Typically if � 1 is smaller than -0.01 in any direction i

the cell can be re�ned, or elseit can be coarsened(by default).

The other indicator is basedon L•ohner's indicator [148, 155] and usesthe second

derivative of density and a noise�lter term (basedon the local meandensity) to prevent

needlessre�ning around oscillations in the solution. A similar form of this indicator is

alsousedin the unstructured code by Timofeevet al [211, 212,220]. It can re�ne about

contact surfacesand also smoother 
o w regionslike the positive phasebehind a blast,

which might be important. It usesdensity di�erences along each axis i {

� 2 =
P

i j2� c � � + � � � j
P

i (j� c � � � j + j� + � � cj) + �
P

i (� � + 2� c + � + )
(3.4)

where � c, � + and � � are the averagedensitiesat the cell centre, its right neighbour(s),

and its left neighbour(s) respectively. The usermust set thresholdson � 2 for re�nement

and coarseningand also for the noise�lter � .

Sometimesthe indicators � 1 and � 2 are usedjointly as the � 1 indicator re�nes fewer

cells (resulting in faster solutions), but the � 2 indicator might be more important in

the earlier stagesof the explosion. A simple pressuredi�erence indicator (that can be

non-dimensionalized)can alsobe used[118], but this hasnot beenimplemented due to
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3.5. ADAPTATION INDICA TORS

its similarity with the � 1 indicator. Adaptation `regions',which allow one to switch o�

meshadaptation in someregionsof the solution domain (implemented in the ftt_air3d

code [177]), is not implemented here.
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Chapter 4

Flo w Simulation Algorithm

This sectionreviewsand describesvarious important aspects in the numerical method-

ology behind OctVCE, including the governing equations,time integration scheme,
ux

solvers used,equationsof state, implementation of initial and boundary conditions, in-

terpolation or reconstruction method and point-inclusion query algorithm. It will be

useful �rst to make somegeneralcomments as to the scope of the methodology.

Firstly, where possible, simple methods or methods already implemented in the

MB_CNScode [109] (developed hereat the University of Queensland)will be used. This

will help streamline the processof eventually incorporating OctVCEas a submodule of

MB_CNS, and also cuts down on code development time. Viscouse�ects can be ignored

[160,185]asblast propagation and loading problemsare dominated by convection pro-

cesses.The code will thus solve the unsteadyEuler (compressible,inviscid) 
o w equa-

tions (Section 4.1).

Very accuratemodelling of blast interaction with structureswould requiremodelling


uid-structure interaction and multi-material shock physics, which can be challenging

and tediousto code. This thesisconsidersonly thoseclassof blast propagationproblems

wherestructuresareconsideredrigid and non-deformingand the pressureload is desired

at some point(s) in space. This is a good assumption to hold in many caseseven

when buildings are subjected to intenseloading becauseof the strength of modern-day

reinforcedconcreteor steel-framedstructures[160,193]. The most signi�cant damageto

buildings usually occur at glazedareaslike windows, and transfer of momentum to the

building is small, justifying rigid boundary condition implementation and decoupling

blast-structure interaction.

Chemical reactionsare not modelledas this is computationally expensive and really

only neededfor accurate modelling of the explosive �reball, which is not the focus

of this thesis. It has been demonstrated in numerous blast propagation simulations

[160, 174, 211, 212] that accuratechemical modelling of detonation is not required for

good results in the mid- to far-�eld (seeSections1.2 and 1.1.1). The most important

quantit y is the energyreleased[19, 171, 211].

Due to the adoption of the VCE Cartesiangrid method (Section2.3) a �nite-v olume

scheme[96] is favoredfor the discretization of the 
o w equations,asalmost all Cartesian

26



4.1. GOVERNING EQUATIONS

grid methods are formulated on a �nite-v olumeapproach. Comparedto other methods,

the �nite-v olume schemeis also simple to implement, inherently conservative and can

capture shocks well. Other discretization methods, like the �nite di�erence [9, 96],

�nite element [53, 96], spectral [102] and the more recent CESE method [229]are not as


exible or evolved as�nite-v olumemethods, may require relianceon unstructured grids

(thus subject to the disadvantagesdiscussedin Section2.1) or be di�cult to implement

in complexgeometry.

4.1 Governing Equations

The three-dimensionalEuler equationsin integral form can be expressedas

@
@t

Z Z Z

V
U dV +

Z Z

S
F � bndS = 0 (4.1)

whereU is the vectorof conservedquantities (per unit volume)U = [�; �u; �v ; �w ; �E ; � p]
T

(in three dimensions),t is the time dimension,� and � p are the total density and explo-

sive products (thus at most two gasspeciesare tracked) density, u, v and w are velocity

components in the x, y and z directions respectively. If � a is the density of the ambient

gas(typically air), the total density is � = � p + � a.

E is the total intensive energywhereE = e+ � (u2 + v2 + w2) =2, e is the intensive

(internal) energy. bn is the outward unit normal on the surfaceS which bounds the

control volume V. In two dimensionsthe z components are neglected. The vector of


uxes is

F =

2
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bk (4.2)

whereP is the absolutestatic pressure.The equationof state providespressurein terms

of energyand density, P = P(�; e).

It is also intended for the code to solve for 
o ws in two dimensionswith complex

planar and axisymmetric geometry. The planar caseusesthe sameform of the Euler

equations(Equation 4.1) but without the third dimension(or any quantit y associated
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4.2. FINITE-V OLUME DISCRETIZATION

with it); the axisymmetric Euler equations require somemodi�cation and in integral

form are expressedas

@
@t

Z

A
U dA +

Z

l
rF � bndl =

Z

V
QdA (4.3)

where U = [�; �u; �v ; �E ; � p]
T and F are the samequantities (but without the third

dimension) in Equation 4.1. This time, bn is the outward unit normal on the surfacel

which bounds the control volume A, which is a volume per radian. If the x axis is the

symmetry axis and y axis the radial axis, then r is the radial co-ordinateat an interface

and the sourceterm Q = [0; 0; P=r; 0; 0]T whereP is the pressurein the cell.

4.2 Finite-V olume Discretization

A cell-centered �nite-v olume discretization of the Euler Equations (Equation 4.1) is

given by

dU c

dt
= �

1
Vc

X

if

F if � bn if A if (4.4)

where the subscript if stands for interface, Vc is the cell volume, and U c is the cell-

centered state vector. The interface 
uxes F if are calculated from the proceduresde-

scribed in Sections4.3 to 4.4

These equations are marched forward in time using an explicit scheme (in which

the solution at the next time step dependsonly on previous solution values). Explicit

schemesaresimpleto code,easierto parallelizeand generallylessmemoryintensive than

implicit schemes[9]. The classicalsecond-orderRunge-Kutta [82] method, consistent

with the code's second-orderspatial accuracy(Section 4.3) is usedto advanceall cells

in time {

U
n+ 1

2
c = U n

c �
� t
2Vc

X

if

Fn
if � bn if A if (4.5)

U n+1
c = U n

c �
� t
Vc

X

if

F
n+ 1

2
if � bn if A if (4.6)

This requiresstorageof the cell 
o w state at both time n and n + 1=2 to obtain the cell

state at the next time n+ 1. It is possiblefor di�erent timestepsto be taken for di�erent

cell levelsin the adaptive mesh[118]in an interleaved mannerto preserve time accuracy.

For reasonsof simplicity and issueswith integration of OctVCEinto the MB_CNScode,

this approach is not taken here.

28



4.3. RECONSTRUCTION

To prevent instabilit y in the solution the timestep must be chosento be smallerthan

the minimum time taken for physical processesoperating in the solution domain, which

in this caseis the crossingof an acousticwave signal acrossa cell [62]. A conservative

timestep [50] for each cell c is

� tc

V
=

CFL
P

if A if (a + ju � bnif j)
(4.7)

where the CFL number [62] CFL � 1 (typically 0.5), a is the soundspeed in the cell

and u the 
uid velocity. A if is the interface area for a face of the cell, which varies

for Cartesian cells. It is quite conservative, taking into account intersectedcells which

might have smallervolumesand interfaceareasthan unobstructedcells,and requiresat

least 4 timestepsfor a wave to crossan unobstructed cell. The global timestep for the

whole solution with n cellswould be

min
n

(� t1; � t2; :::; � tn )

4.2.1 Axisymmetric V CE Metho d

For the axisymmetric Euler equations (Equation 4.3), the cell-centered �nite-v olume

discretization is given by

dU c

dt
= �

1
Ac

X

if

r if F if � bn if l if + Q (4.8)

wherethe volumeper radian Ac = Ar c, A is the cell areaand r c the cell's averageradial

co-ordinate. An axisymmetric extension to VCE has been developed as part of this

thesis [204] and is repeated in Appendix D.

4.3 Reconstruction

In �nite-v olume methods, the values of the 
o w variables in the vector of 
uxes F if

in Equation 4.4 are usually interpolated from the cell centre to the cell interface to

establishgreater than �rst order spatial accuracy. The interpolation processis limited

for 
o ws containing strong gradients or discontinuities as it can overshoot, causinghigh

frequencynoiseand even instabilit y and failure in the 
o w solution [97]. In regionswith

high gradients the limiter should causethe interpolation to revert to �rst order and in

regionsof smooth 
o w should allow normal interpolation to proceed.
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4.3. RECONSTRUCTION

Limiters must satisfy the Total Variation Diminishing (TVD) constraints [14, 97],

which is a minimum requirement for many CFD codes[171]. TVD schemesprohibit the

generationof newextrema,aremonotonicity preserving[97]and aregenerallyrestricted

to second-orderaccuracy[14]. However, becauseTVD schemessuppressnoisein solu-

tions, they may sometimescauseof lossof genuine extrema [14, 110]. The processof

interpolation and limiting is termed reconstruction and in this code is multidimensional

in nature [218]as the Cartesiancellsare not always aligned with the 
o w direction.

4.3.1 In terp olation

The most commoninterpolation procedureis linear interpolation of 
o w variables� , u

and e from the cell centre to cell interfaces,which achievessecond-orderspatial accuracy.

This requirescomputation of 
o w gradients, which can be an expensive step. Gradients

can be computedusing the Green-Gaussapproach [5, 66, 80] or least squaresapproach

[5, 20]. Both theseapproachesrequire a cloud of neighbouring points (usually valuesat

nearby cell centres) around the cell centre.

The least squaresgradient calculation is chosendue to its reliabilit y and somewhat

easierimplementation [5]. This scheme,alsodetailed in [50], is as follows. For each cell

c, over all its neighbours n (h-re�ned cellsmay have more than oneneighbour on each

interface), the di�erence in centroidal co-ordinatesis summedand placedin the inverse

(symmetric) reconstruction matrix {

R � 1 =

2
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P
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5 (4.9)

where � f � g = f � gn � f � gc. If two-dimensional
o w is simulated the third row and

column of this matrix is ignored. If the gradient of a 
o w quantit y Q is desired, the

3 � 1 vector r is calculatedas

r =
X

n

(cn � cc) ((Q)n � (Q)c) (4.10)

where c stands for a cell centroid and subscript c denotesthe cell centre. Then the

cell-centered gradient vector of Q would be

r (Qc) = Rr (4.11)

The 
o w quantit y Q can now be interpolated to any point p within the cell using the

expression
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4.3. RECONSTRUCTION

Q (p) = � � r (Qc) � (p � cc) (4.12)

Now � is a limiter value that ensuresno new extrema are createdand prevents spuri-

ous oscillations in the numerical solution. It is determinedaccordingto the procedure

described in Section4.3.2.

For reasonsof simplicity and e�ciency , interpolation to the centre of cell interfaces

is performedand only face-adjacent neighbours arechosenfor the reconstructionmatrix

(Equation 4.9); neighbours which only shareedgeor corner connectivity are ignored.

This meansthat the least squarescalculation collapsesto one-dimensionaldi�erencing

to obtain the gradients for uniform Cartesiancells.

4.3.2 Limiting

Whilst there exist several ways by which the limiter � can be determined [218], the

multidimensional min-mod type limiter of Barth [20] is chosenfor its simplicity. This

type of limiter is also usedin Rose'sAir3d code and has proven to be useful for many

blast simulations [171, 176]. This is a non-di�erentiable limiter which may hamper

convergenceof steady state solutions [218] but is adequatewhen modelling unsteady

blast waves.

For a 
o w quantitiy Q and looking over all a cell's neighbours n, let

Qmin = min
n

(Qc; Qn) (4.13)

and

Qmax = max
n

(Qc; Qn ) (4.14)

where subscript c denotes the cell-centred value. Then the unlimited value of Q is

interpolated to a point p coinciding with each cell corner j {

Qj = Qc + r (Qc) � (p j � cc) (4.15)

The limiter value for the 
o w quantit y q at cell corner j is thus � Q
j and is determined

by

� Q
j =

8
>>><

>>>:

min
�

1; Qmax � Qc
Q j � Qc

�
, if Qj � Qc > 0

min
�

1; Qmin � Qc
Q j � Qc

�
, if Qj � Qc < 0

1 , if Qj � Qc = 0

(4.16)

The global limiter (for a cubical cell there are 8 corners)for this cell is �nally

� = min
�

� Q
1 ; � Q

2 ; :::; � Q
8

�
(4.17)
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It is possibleto have multiple limiters for each 
o w variable, or a singlelimiter from the

minimum of each limiters, though it has beenfound that the extremegradients at the

start of a explosionsimulation will causethe code to fail unlessa single limiter is used.

After a while multiple limiters can be usedsafely.

4.3.3 No Reconstruction for In tersected Cells

Becausethe VCE method (Section2.4) doesnot actually store position vectorsof par-

tially obstructedcell interfacesfor intersectedcells,interpolation cannotbeperformedto

the wall surface.An averagingprocedure,much like in axisymmetric VCE extensionof

Section4.2.1canbe developed to computethe position vectorsof the interfacesbut this

is di�cult and potentially expensive to apply to the wall surfaceitself in three dimen-

sions. Thus for simplicity and e�ciency , no reconstruction is performedat intersected

cells,although the schemeis still globally second-orderaccurate. This may alsobe pre-

ferrable sincethe VCE method can generatespuriousnoiseat surfaces(Section 2.4.4)

which can be damped to an extent by reverting to a �rst-order schemethere.

4.4 Flux Solvers

Once the 
o w variables are reconstructedappropriately to the interface, the vector of


uxes F if (Equation 4.2) is calculatedwith a 
ux solver. The most common
ux solvers

are one-dimensional,where the 
ux convection speed is independent of the tangen-

tial interfacial velocity and 
uxes are computed through each interface independently.

This approach has worked well in practice [97, 170] and is adopted here becauseof its

widespreadusageand simplicity. Many 
ux solvers are upwind schemeswhich account

for the physically correct manner in which information propagatesbetweencells [199].

Upwind schemesbroadly include di�erence splitting schemeswhich solve the exact

or approximate Riemann problem [85, 154, 214], vector splitting schemeswith the 
ux

combining of forward and backward vectors [217], kinetic theory based[150] methods

or the very popular Advection Upwind Splitting Method (AUSM) type schemes[221]

which usedi�erent splittings for convective and pressureterms. Thesemethods vary in

computational expenseandaccuracy. Exact Riemannsolversareaccuratebut expensive,

approximate Riemann solvers are cheaper but require some�xes and su�er from odd-

even decoupling [154], kinetic theory methods are quite dissipative and AUSM-based

methods are fairly cheap, nearly as good as di�erence splitting schemes,but can have

pressureoscillations.

The main 
ux solver usedin this thesis is the AUSMDV scheme[221]. This scheme
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4.5. EQUATIONS OF STATE

resolves shock waves accurately without excessive dissipation and is also the solver of

choice in the MB_CNScode [109]. AUSM-basedschemesare also lessdependent on 
uid

thermodynamics, which is useful in this thesis as real gasmodels can be incorporated

(Section 4.5). It is quite simple to code, fairly e�cien t, and found to be suitable for

blast propagation problemsin the Air3d code [171].

The kinetic theory basedEquilibrium Flux Method (EFM) [150] is alsoimplemented.

This 
ux solver is especially usefulat shocks to damposcillations,which canleadto odd-

even decoupling(in which perturbations at a shock are aphysically ampli�ed, leading

to 
o w instabilit y) even for the AUSMDV method [110, 154]. An adaptive 
ux solver

(switching from AUSMDV to EFM at shocks) is also employed by the MB_CNScode

[109]. The AUSMDV and EFM 
ux solversare coveredin greaterdetail in Appendix F.

4.5 Equations of State

In the code, the ambient gas (usually initially at atmosphericconditions) is modelled

asan ideal, calorically perfect gas,and the detonation products can be modelled either

asan ideal gasor with the real gasJWL equation of state [127]. Despite the signi�cant

non-ideale�ects near the �reball, usingan ideal gasfor both the explosive products and

ambient gasis computationally faster and adequatefor many blast e�ects problemsin

which the main objective is the determination of blast loads[41, 144, 166, 174, 211].

4.5.1 Ideal Gas Equation of State

The ideal gasequation of state is P = P(�; e) = �e (
 � 1) whereP is static pressure,�

density and e intensive energy, and 
 is the ratio of speci�c heatsCp=Cv. It is assumed

the gasis calorically perfect with constant speci�c heats and internal energye = CvT.

Thus the temperature-dependent form is P = P(�; T) = �R T where the gasconstant

R = Cv(
 � 1). If there is a mixture of ambient gasand explosionproducts, the mixture

speci�c heat is givenby the massfraction-weighted expressionCv = f aCv;a+ f pCv;p where

f a and f p are the massfractions of the ambient gasand explosive products, f a = 1� f p.

A similar expressionfor Cp can be found for the mixture and thus 
 for the equation of

state.

4.5.2 JWL Equation of State

The JWL equation of state [127] is a popular real gasequation of state usedto model

explosive detonation. It is an empirical equationof statecalibrated basedon the cylinder
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expansiontest and has beenextensively usedto model other applications of explosives

[146]. Beingempirical, it alreadytakesinto account (to someextent) afterburning e�ects

[101]. The JWLB equationof state [17]is a moreadvancedversionwhich better describes

the gasbehaviour in other statesnot closeto adiabatic expansione.g. if the detonation

products are re-shocked. The JWL equation of state for the explosionproducts is

Pp = Pp (� p; ep) = A
�

1 �
!

R1ev

�
e� R1 ev + B

�
1 �

!
R2ev

�
e� R2ev + ! � pep (4.18)

whereev is the relative volumeof the explosionproducts ev = � 0;p=� p and � 0;p is the initial

undetonateddensity of the explosive. ep is the speci�c internal energyof the explosive

products, and A, B , R1, R2 and ! are expermentally-determined constants. All these

values(including � 0;p and ep) can be found in References[126, 127].

A temperature-dependent form has beendeveloped by Baker [17, 18] originally for

the JWLB equation of state, but applicable to the JWL form if the additional JWLB

terms are discounted {

Pp = Pp (� p; T) = Ae� R1ev + Be� R2ev + � p! Cv;pT (4.19)

ep = ep (� p; T) =
A

R1� 0;p
e� R1 ev +

B
R2� 0;p

e� R2ev + Cv;pT (4.20)

The speci�c heat of the explosionproducts Cv;p is assumedconstant, and is usually a

derived value (from Equation 4.19) if temperature and pressureat a given condition is

known (usually the initial explosive condition, like the Chapman-Jouguetcondition).

Mader [133] provides initial detonation temperatures for someexplosives. If the JWL

equation of state is used in simulations, a combined JWL-ideal gas equation of state

may be required near the �reball where there is somemixing of detonation products

and ambient gas. The derivation is left to Appendix G and G.1.

4.6 Initial Conditions

In OctVCEthe chargeor bomb is represented by a groupof high pressureand temperature

cellstuned to give the correct blast energywhich approximate the chargeshape, known

asthe `balloon analogue'or `isothermalbursting sphere'model [144,166, 174, 211]. This

approach has been found to be a simple and adequateinitial condition to use for the

mid- to far-�eld regimes,as the dominant variable a�ecting the primary shock intensity

is the initial energyreleased[19, 41, 144, 166, 171, 211]. This approach has produced
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very good correlation with experimental TNT blast distancecurvesfrom ascloseas0.3

m=kg1=3 to the charge[171], evenusingideal gasfor the charge. Afterburning alsoa�ects

the blast intensity [166],and the negative phaseand secondaryshock are moresensitive

to initial conditions [166], but thesee�ects are not sosigni�cant for many realistic blast

loading problems[171, 174].

The initial chargeshape canbe adjusted,which hasan e�ect on the early blast wave

[40, 211], although a spherical blast wave pattern develops fairly closeto the charge

(seeSection 1.2). To enablebetter resolution of the early stagesof the explosionon

expensive multi-dimensional meshes,a remapping strategy can be usedwhich maps a

highly resolved one-dimensionalsphericallysymmetric solution to higher dimensionsbe-

fore the blast passesany surface[104, 171, 174]. This requiressomee�ort to implement,

is inapplicable for non-sphericalcharges,and may be di�cult to perform if geometryis

closeto the charge. There is also somelossin resolution when solutions are remapped

to lower resolutionmeshes.Chapters10 to 14 explorethe accuracyof blast propagation

simulations whereremapping is not performed.

4.6.1 Calculating Correct Conditions

To ensurecorrect blast energy and charge mass, the density of the charge is set to

� = m=V whereV is the volume of the cells representing the chargeand m the charge

mass. The balloon gas intensive energy is equal to the intensive blast energy. The

pressureis then calculated via the equation of state. For the JWL equation of state

(Section 4.5.2), the value � 0;p can be adjusted to this value of � , although this is not

necessary. This is a simplistic use of the JWL equation as no simulation of �nite-

rate burning of the explosive material is performed, but this initial condition would

correspond roughly to the �nal state of the detonation products following a con�ned

explosion. In axisymmetric geometry, the volume V and massm are expressedas a

volume and massper radian respectively. The volume per radian of any axisymmetric

volume V is V=(2� ). The massper radian is obtained using the expression�V . The

volume per radian of a Cartesian cell is Ar c whereA is the cell's area and r c the cell's

averageradial co-ordinate.

4.7 Boundary Conditions

As only rigid structures are consideredin this thesis, allowable boundary conditions

are wall and in
o w/out
o w boundary conditions. All these boundary conditions are

implemented by fabricating appropriate state vector valuesU b at a givencell's interface.
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4.7.1 Wall Boundary Condition

Solid surfacesin intersectedcells are represented as a cell interface with an outward

normal vector bn (seeSection2.4). This wall boundary condition U b (which is identical

to the symmetry boundary condition) has the samestate of 
o w at the interface but

with a reversednormal velocity component to ensurezero mass
ux. Thus if u is the


o w velocity at the cell interfaceU b = [�; � (u � 2(u � bn) bn) ; �E ; � p]T .

4.7.2 In
o w/Out
o w Boundary Conditions

In
o w/out
o w boundary conditions are implemented at the boundariesof the compu-

tational domain where 
o w is permitted to 
o w in or out. In the code, individual 
o w

variablescan be set to �xed or extrapolated values. Usually the domain is su�cien tly

large to encompassthe entire blast environment and the exiting blast typically induces

out
o w. If the 
o w is supersonic,all variablescan be extrapolated [9] ascharacteristics

all point outward.

Problemswith boundary speci�cation arise when the out
o w is subsonic. For such

cases,non-re
ecting boundary conditions might be implemented which attempt to min-

imize boundary e�ects from in
uencing the solution within the domain. This topic has

been a subject of much research [61, 216]. Many non-re
ecting boundary conditions

involve linearization at the boundary about uniform conditionsand setting all incoming

wave amplitudes to zero [61]. Popular non-re
ecting boundary conditions are basedon

characteristic analysis [61], like the Thompson boundary conditions [209, 210]. These

methods are usually developed (and possibly exact) for one-dimensionalproblemsand

in multidimensionsusually prescribe a predominant direction of wave propagation, typ-

ically normal to the boundary. Somere
ections will occur for outgoing non-isentropic

or oblique waves[116,216].

More advanced approaches use bu�er zonesor absorbing layers near boundaries

wheresome�ltering or numerical damping is usually performed[61, 162]. This can be

doneby introducing arti�cial dissipation, increasingphysical viscosity or adding a linear

friction coe�cien t to the governing equations. The solution would be aphysical in this

region, and more complicated formulations of this damping (typically called Perfectly

Matched Layers) can be implemented which minimize the re
ectivit y of the absorbing

layer itself [61, 88]. Thesemethods can be ad hoc and involve parameterswhich require

manual tuning like the bu�er zonesize.

As many of thesemethods are computationally expensive and complicated to im-

plement, only Thompson's[210] non-re
ecting boundary conditions are implemented in

OctVCE. This method is simple and proven to be quite robust [61], and performs best
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when the outgoing wave is normal to the boundary. The selection of non-re
ecting

boundary conditions is not so crucial in any case;su�cien tly large numerical domains

can usually be set up becausemeshadaptation allows coarser(thus fewer) cells near

boundaries [211]. The implementation of the Thompson boundary conditions is de-

scribed in Appendix H. In the code, numerical oscillations at boundariesare further

suppressedby using the more dissipative EFM 
ux solver at border cells and cells ad-

jacent to border cells.

4.8 Numerical Instabilities

4.8.1 CFL cut-bac k Pro cedure

Numerical instabilit y or even failure of the solution can result in simulations of strong

explosions,due to the extreme discontinuities and conditions near the explosioncore

[116,211]; the pressurein this region can vary from about 5� 105 atmospheresto near-

vacuum levels [133]. This can be prevented by keeping �ne grids or simply using a

�rst-order schemethere e.g. Roseproposesa `switching-time' strategy [171] where no

reconstruction is performed until a scaledtime of about 1:2 � 10� 3 s=kg1=3 after the

explosion.

A CFL cut-back procedurecan also be implemented, which reducesthe CFL num-

ber to limit the maximum relative changein density and pressureeach timestep. This

procedure,originally developed for aerodynamic simulations [58], can be used in con-

junction with the switching-time strategy. At timestepk, �rst let the minimum timestep

be found for the maximum allowable Courant number CFLmax , and the valuesof the

density and pressureafter the �rst Runge-Kutta step k � is found. Then let

� � =
j� k � � � k j

� k
(4.21)

� P =
jPk � � Pk j

Pk
(4.22)

Then an acceptableCFL can be found for somecut-back fraction � cut using

C =
� cut

max (� � ; � P )

CFL = min (C; CFLmax ) (4.23)

� cut = 0:1 is usually a good default value. The CFL cut-back procedure is usually

required at the beginning of an explosion, but afterwards the CFL gradually ramps

back up to CFLmax .
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4.8.2 Axisymmetric Numerical Jetting

Aphysical numerical jetting along the symmetry axis can occur for axisymmetric blast

simulations, asin Figure 4.1wherethe density contours areshown. This resultsfrom the

axisymmetric correction term for degeneratecellsalong the axis of symmetry [44, 148].

Using an adaptive meshwould amplify the jetting. This glitch can be �xed if a small

core of cells around the axis is removed or the grid is radially stretched, but using a

dissipative 
ux solver like EFM (Section4.4) at the shock hasalsoworked for this case.

Figure 4.1: Example of numerical jetting for 2D axisymmetric blast simulation

4.9 Poin t-inclusion Queries

The VCE method is basedon a point-inclusion query which determinesthe location

of subcell centroids relative to solid objects. In OctVCEa polyhedral representation of

geometriesis chosenbecausepoint-inclusion queriesfor surfacesde�ned by non-linear

representations are di�cult and time-consuming. Moreover, many methods have been

developed for polygonal and polyhedral point-inclusion tests.

Point-inclusion tests are usually basedon (or conceptually related to) variants of

the ray-casting approach [100]. Assuming the point is reasonablycloseto the polygo-

nal/p olyhedral body, if a ray beginning at the point is cast in any direction to a su�-

ciently large distance,it will be inside the body if it intersectsit (i.e. piercesthe body's

boundary) an odd number of times, and outside if it never intersectsor intersectsan

even number of times. Degeneraciesneedto be accounted for e.g. ray intersectionwith

an edgeof vertex of the body. Many point-in-p olyhedron tests also require performing

point-in-p olygon tests.

Review articles on various point-in-p olygon algorithms can be found in [98, 100].

Other point-in-p olygonalgorithms includethe sum-of-anglesmethod, sum-of-areamethod

(similar to sum-of-angles,but for convexpolygonsonly), swath method (ray intersection-

based), sign-of-o�set method, orientation method (like sum-of-area,but without area

calculation ) and wedgemethod (similar to swath method, but only for convex poly-
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gons). Generally thosemethods that are basedon routine computation of trigonometric

quantities are lesse�cien t, which is why the ray casting method is still a popular and

e�cien t method [130, 223].

There have also beennumerouspoint-in-p olyhedron algorithms developed [75, 99,

111], which can vary in complexity. Many methods reducedimensionality of the prob-

lem by projecting planar imagesof the polyhedral facets along with an image of the

point being tested. This thesis implements the simple polyhedral point-inclusion test

by Linhart [130]which is alsoa ray intersection-basedprojection method. Degeneracies

are resolved by associating with each point of intersectiona certain positive or negative

weight. Linhart's method is also applicable for the point-in-p olygon test, which needs

to be performedfor polyhedron queries.This method is described in Appendix J.
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Chapter 5

Parallel Computing

Simulating blast propagationin threedimensionscaninvolve largemeshes,which usually

mean long execution times. More computing power can be achieved if processorsare

combined in parallel to solve a singleproblem. Another motivation for parallel solutions

is the increasedmemoryresourcesof a multi-pro cessorsystem,which might benecessary

for large simulations.

Ideally the parallelization strategy shouldbe fairly portable and scaleproportionally

with the number of processors.However parallel computing methodscanbecomplicated

to implement, ascan determining the theoretical code performance[95]. As most of the

computing time is usually spent in a relatively small portion of the code [147], the

optimal parallelization method requiresinsight into the underlying algorithms. Scaling

to more processorsusually results in scaling in memory resourceswhich can have an

adversee�ect on performance;e�cien t useof memoryis alsoan important consideration

for parallel solutions.

The most commonway of solution parallelization in CFD problemsis through do-

main decomposition, where the samecode is executedon di�erent sectionsof the nu-

merical domain. A brief survey of popular domain decomposition methods will be given

in Section 5.1. Section 5.2 outlines parallel computing architectures, and Sections5.3

and 5.4 respectively discussparallel programming methods and parallel performance

measures.Finally Section5.5 describes the shared-memoryparallelization strategy for

the OctVCEcode in particular.

5.1 Domain Decomp osition Metho ds

Domain decomposition is a challenging problem which involves partitioning the mesh

and assigningeach portion to a separateprocessor. Twin goalsare achieving a good

load balance(equal amount of computational work per processor)and minimizing the

edge-cutor interprocessorcommunication. This is a large �eld of research, and jour-

nals devoted to domain decomposition methods and other aspectsof parallel computing

include Concurrency, Journal of Parallel and Distributed Computing and Parallel Com-

puting. A number of review articles have also beenwritten [69, 215]. In many cases,

di�erent methods perform best for di�erent problems[215].
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A number of methodsvarying in sophisticationhavebeendeveloped. Oneof the more

simpleand popular methods is the recursive co-ordinatebisectionmethod [187,215] and

its variations. This method performs well for small numbers of processors[215] (eight

or less) and when the mesh is evenly spread over a simple domain [69]. It basically

partitions the domain according to the co-ordinatesof the verticies perpendicular to

the co-ordinatedirection to achieve an equal load on either side of the cut [215]. This

processis repeatedrecursively on each subdomain until the required number of subdo-

mains is obtained. This method can generatedecompositions e�cien tly [69] but does

not minimize the edge-cut as well as other methods. The edge-cut is important for

distributed-memory parallelism becauseit determines the amount of communication

required betweenprocessors.

Other methods involve mapping the mesh into an octree structure and basing the

partition on the octree representation [76]. Recursive bisection can also be applied to

this representation [135]. Octreepartitioning involvestraversalsof the tree structure to

accumulate octants or subtreesinto successive partitions. Like the recursive bisection

method, it is incremental in its dynamic load balancing; small changesin the mesh

(through meshadaptation) produce small changesin the partitions, resulting in little

migration or data movement betweenprocessors.This is an important goal of iterativ e

dynamic load balancingtechniques[219]asoverheadsinvolved with moving application

data can be high [69].

Other more complicated methods are graph-based,like the recursive spectral (or

eigenvalue) [187], multilevel [91] or di�usiv e [63]methods. Thesemethodsoften produce

the best quality partitions for mesh-basedpartial di�erential equation simulations [69].

The meshis seenasa graph whereverticiesrepresent data to bepartitioned. The goalof

graph partitioning is to assignequal total vertex weight to partitions while minimizing

the weight of cut edges[69]. Well known meshpartitioning tools include METIS [114,

115] and JOSTLE [222] which use multilevel iterativ e partitioning algorithms. These

libraries are very sophisticated, can be implemented in parallel and seekto minimize

data redistribution times during dynamic load balancing.

Another popular meshpartitioning method is the space-�lling curve (SFC) method

[69, 149]. This approach maps the multi-dimensional data to one dimensionalong the

SFC. An object's co-ordinatesare converted to a key representing its position along the

SFC through a physical domain; sorting the keysordersthe objects which are assigned

into weighted piecesfor each processor[69]. Like recursive bisection methods, SFC

methods generallyincur higher communication coststhan graph partitioners, but these

methods are alsodynamically incremental.
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5.2 Popular Parallel Arc hitectures

This sectionbrie
y overviewspopular computer architectures usedfor parallel comput-

ing. A more extensive survey of supercomputing methods can be found in References

[47, 73, 84, 151]. Many parallel programs executeon shared-memorysystemswhere

multiple processes(or threads) run by di�erent processorsoccupy a single sharedad-

dressspace.Communication and coherencyof elements in the data set are often done

implicitly via reads/writes of sharedvariables.

Symmetric Multi-Pro cessor(SMP) systemsare one such shared-memorysystemin

which processorsare connectedto the memory through a high speedbus and crossbar

switch [84]. All processorshave equally fast accessto the sharedmemory, but these

systemshave limited scalability due to limited memory bandwidth capability [47]. On

the other extreme are distributed-memory systemslike clusters, which are essentially

arrays of networked computers. The memory is distributed and not directly accessible

to all processors,necessitatingbroadcasting or messagepassingof data through the

interconnection network. Thesesystemsare highly scalableand easyto assemble but

hard to useand have long latencies[157].

Distributed-Shared-Memory(DSM) systems[47]area combination of the distributed

and shared-memoryapproaches(Figure 5.1). Thesesystems,which can be scalableto

thousandsof processors,createa shared-memorysystemimagebut with di�ering speed

of accessto the memory due to its physical distribution. The main computing facility

usedfor the simulations in this thesisis the SGI Altix 3700[105] which is a DSM system.

Such systemsarealsousually calledCache-Coherent Non-Uniform Memory-Access(CC-

NUMA) systemsdue to the di�ering memory accessspeedand the needfor coherence

of data acrosseach processor'scache when processorswrite di�erent copiesof variables

to one another. Highly scalablecode must be written exploiting locality of memory to

attain top performanceon thesesystems[47].

Figure 5.1: Non-Uniform Memory Accessarchitecture
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5.3 Parallel Programming

The MessagePassingInterface(MPI) standard [87,112,151]and the OpenMP standard

[34,47, 112, 151] arepopular application programminginterfacesfor explicit paralleliza-

tion (where the user controls the parallelization) on distributed and shared-memory

systemsrespectively. They consistof a set of compiler directives, library functions and

environment variables. In MPI, processescan communicate with other processesby

sending and receiving messages.The parallel implementation using OpenMP of the

OctVCEcode is discussedin greaterdetail in Section5.5, but OpenMP will be described

in somemore detail below.

An advantage with OpenMP (and shared-memoryparallel programming in general)

is its abilit y to support incremental parallelismwherean application can be parallelized

in stagesand usually require little modi�cation to the sourcecode [47, 151]. Parallel

regions like loops are speci�ed through the use of compiler directives which can be

ignored when the code is executedin serial. It usesa fork/join model of parallelism

wherea master thread (or process)is forked into a team of threadsof executionwhena

parallel construct is created,and the threads synchronized and joined again at the end

of the section. However due to limited 
oating-p oint representations, operations like

reductionsmay not yield preciselythe sameresult in parallel as those in serial [47].

Each thread usually correspondsto a processorand executeswithin the sameshared

addressspaceas the serial program, but it can have its own stack and copy of the vari-

ables. Co-ordination of the threads is important (under both sharedand distributed-

memory models) when they accesssharedvariables as they may simultaneously mod-

ify/read the samevariable, resulting in a race condition and incorrect values of the

variables. Raceconditions can be removed by restructuring the code or using explicit

synchronization of threads(a point whereeach thread must wait for all othersto arrive).

Synchronizations require communication betweenthreads,and along with their forking

and joining can have high overhead[28, 47].

5.4 Parallel Performance Measures

In most parallel applications the speedupscaleslessthan linearly with the number of

processorsbecausesomeportions of the code have not beenparallelizedand there are

additional overheadslike communication time, thread-related overheadslike barriers

and syncrhonization and load balancing [47]. Amdahl's law [8] is a simple but useful

formula that setslimits on the speedup. Let the inherently serial portion of the code be

� (n) and � (n) the parallel portion of the code for problem sizen. Assuming the serial
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percentage of the code � = � (n)
� (n)+ � (n) , and remainingpercentage 1� � canbe parallelized,

and neglecting other overheadslike memory contention, latencies etc. Amdahl's law

states

Sp �
1

� + 1� �
p

(5.1)

whereSp is the maximum speedupand p is the number of processors.This expression

shows the large e�ect of even a small serial portion in the code; even if 90%of the code

can be parallelized,the speedupwill be no larger than 4.7 for an 8 processorsimulation.

This derivation assumes� is independent of the problemsize,but it hasbeenobserved

occasionally that on some cache-friendly codes � decreasesas a function of problem

size [73, 112], increasingthe upper bound on Sp. This can sometimeslead to linear

speedup,and superlinear speedup(Sp > p) can be occasionallyobserved, although this

is usually due to poor memory accessor cache mismanagement on a single processor.

Amdahl's law ignores parallel overheads,which can be large, especially for memory-

intensive applications due to more communication time [73]. A more realistic limit to

the speedup thus requires knowledge of the overhead time, which can be di�cult to

ascertain. However, usually time spent in overhead has lower complexity than time

spent in execution(the Amdahl e�ect [151]).

The inverseof Amdahl's law can be usedto estimatethe experimentally determined

serial fraction of a code (serial portion plus parallel overhead) when it is run on p

processors.This is a very usefulformula and is often termedthe Karp-Flatt metric [113],

which states that given a parallel computation exhibiting speedupSp on p processors

wherep > 1, the experimentally determinedserial fraction e is

e =
1=Sp � 1=p

1 � 1=p
(5.2)

Now e = (� (n) + to) =(� (n) + � (n)) whereto is the overheadtime. This e would be an

upper bound to the actual serial code fraction, and if the samesimulation is performed

in parallel for increasingnumber of processorsp, an increasinge can give an indication

of the magnitude and increaseof parallel overhead. Alternativ ely, it might be possible

to extrapolate the e versusp graph back to a 1 processorresult to estimate the true

serial fraction � . More discussionon the Karp-Flatt metric is also found in Section7.3

whereit is alsousedto pro�le the parallel performanceof the code.
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5.5 Parallel Implemen tation

The parallel method of OctVCEimplements domain decomposition and OpenMP [34, 47,

151]for shared-memoryparallelism. This approach is chosenasit morefully utilizes the

capabilities of the main supercomputer at the University of Queensland,an SGI Altix

3700,which is a shared-memoryNUMA machine. There are alsosomeadvantagesthat

shared-memoryparallelism has over distributed-memory parallelism [131]. Distributed

memory systemsrequire extra development e�ort, debuggingtime and �le structures

to managethe inter-processordata communication. Ine�ciencies also result from load

imbalancesrequiring complex meshredistribution techniques,which can be tedious to

code, debug and maintain, and introduce overhead. Finally, the limited size for most

simulations limits the useful number of processors.

The parallelism implemented here is particularly simple, but not optimized for e�-

ciency. Although still conforming to the octree structure, all the leaf cells (more pre-

cisely, pointers to the leafcells)areplacedon a list which is then subdivided into smaller

`sub-lists' each of which is assignedto its processoror thread to work on, as shown in

Figure 5.2. These`sub-lists'correspond to numericalsub-domains.Each of thesesmaller

lists has its own local headand tail.

This method is slightly similar to octreepartitioning [76] exceptthat the tree struc-

ture is not traversed as only leaf cells are consideredfor partitioning. This simple

approach is also adopted in the unstructured code by Timofeev et al [220] wherecells

are uniformly distributed under a shared-memoryparadigm. Someoverheadexistsdur-

ing the forking, joining and synchronization of threads at the end of parallel sections,

but this decreasesfor larger problem sizes.

Figure 5.2: Domain decomposition from cell list

In OpenMP this is implemented by a parallel regionconstruct attachedto the body

of code that is to be executedconcurrently by multiple threads. The number of threads

is speci�ed by using the runtime library routine omp_set_num_threads(). An example

C code using this OpenMP directive is shown in Figure 5.3. A list of all local heads

and tails for each sub-list is stored in the arrays List_of_heads and List_of_tails .

Details of the list and cell data structures are shown in Appendix K. Each list node has

a pointer back to the cell which alsopoints to its list node.

Within the pragma ompparallel clausethread-private variables are declaredfor
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each list { the Head, Tail thread_numand the cell pointer C. This thread_numvariable is

assignedthe actual thread number to specify which sub-list the thread will be operating

on (denotedby its Headand Tail ), which utilizes the OpenMP runtime library function

omp_get_thread_num(). This list is then traversedfrom headto tail using the standard

while loop and the required operation is performedon the cell.

Figure 5.3: Example code for OpenMP parallel implementation

Note in the caseof serial execution the above body of code neednot be changed.

The OpenMP directiveswill simply be ignored and the lists' headand tail becomethe

headand tail of the list of all cells. This illustrates the e�ectivenessand simplicity of the

incremental sharedmemory approach in OpenMP where the sameblock of code (with

somemodi�cation) can be usedin both serial and parallel execution[47].

In somecasesthe parallel work has to be partitioned into several sectionsto avoid

raceconditionse.g.if multiple threadscomputeinterface
uxes and time-integrate their

respective cell sub-lists. If threads �nish 
ux computation at separatetimes and one

thread proceedsto integrate its cells in time, some interfacial 
ux values from the

previoustimestep(assignedto an adjacent thread) may not have yet beenfully updated.

Parallel sectionsare declaredby barrier directives, which synchronizesall threads at

the barrier point.

5.5.1 Parallel Flo w Solution and Output

There are three placesin the solution computation processthat can be readily paral-

lelized without dangerof race condition. In thesesectionsthe code implementation is

very similar to the genericcode fragment in Figure 5.3. Thesesectionsare (1) Comput-

46



5.5. PARALLEL IMPLEMENT ATION

ing the minimum timestep (2) Gradient and limiter computation and (3) Computing

the adaptation criterion. These computations can be executedconcurrently without

racecondition as there is no changein cell 
o w statesor connectivity. The other major

sectionsof the code are the 
ux calculation and time integration stage,which areat risk

of racecondition if performedwithin the sameparallel section.

Flux computation

As 
uxes are sharedbetween cell interfacesthe 
uxes needonly be calculated in one

direction per axis per cell. Thus during traversal of the `sub-list' cellsassignedto each

thread, the 
ux calculation stageconsistsof {

1. Computing wall 
ux (if the cell is intersectedby a solid object)

2. Computing domain boundary 
ux (if the cell is a boundary cell)

3. Computing inter-cell interfacial 
uxes in east,north and upper direction

Time in tegration

The time integration stageinvolvessimply summingthe 
uxes (stored at cell interfaces

which have beenpreviously updated) and updating the current cell state vector from

each thread. A code fragment of this process(for oneRunge-Kutta step) including the

relevant OpenMP directives is shown in Figure 5.4.

Figure 5.4: Example code for OpenMP parallel 
o w update stage
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Solution output

The parallel solution output methodology depends on the �le format required by the

grid visualizer. In this casethe VTK �le format is used[15]wherea unique listing of cell

verticies alsoneedto be output. The necessitatedthe useof the vertex data structure

(shown in Appendix K) which storespointers to all leaf cells sharing the vertex (and

which is alsopointed to by thesecells). The verticies are stored in a global list and are

uniquely numberedfor each cell sub-domainin which they reside.All verticiesbelonging

to the sub-domainare �rst written into the corresponding �le. As each cell in the sub-

domain also points to thesenumbered verticies the meshconnectivity information for

them is then written as the code traverseseach sub-list. Finally the required 
o w

quantities are reconstructedto each vertex, averagedand written.

5.5.2 Parallel Mesh Adaptation

The mesh adaptation processrequiressigni�cant `house-keeping' code to managethe

changing grid e.g. updating intefacial and vertex connectivities, 
ux vectors etc. Im-

plementing this in parallel requireseven more code, and additional measuresmust be

adopted to avoid raceconditions. Thus it is more di�cult to straightforwardly usethe

sameserial adaptation code. Race conditions will exist as cell connectivity might be

read and written to concurrently.

That the cellmergingprocessis performedin serialfor simplicity asit may potentially

require cells from acrossseparatedomains. Any cells that require adaptation are no

longer members of the large merged cell cluster, and only after adaptation will cell

merging proceedfor remaining small cells and newly adapted cells. This section gives

an overview of the parallel meshadaptation process.

Adding cells to sub-lists in parallel

With the addition or deletion of cellsin each sub-domain(or sub-list), the newly formed

children cellsor parent cell areinsertedinto the sub-list at the location wherethe original

parent or children cells were respectively. This is done to ensuresub-domainsattain a

measureof contiguit y which would not occur if new cellsare placedat the front or back

of the list. Given the cell numbering scheme, in somecasessub-domainswill only be

diagonally contiguous and can occasionallybe spatially separated.

After adaptation thesesub-lists are all joined into the global list of cells which is

repartitioned to yield an equal number of cells for each sub-domain. This is done via

a simple counting technique. An exampleof the numerical sub-domainsfor the blast
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in a complexcityscape problem (Section 14) is shown in Figure 5.5. The simulation is

performedusing 4 processors,meaning4 sub-domains.It can be seenthat the domains

(cell clouds) are fairly contiguous.

(a) Sub-domain 1 (b) Sub-domain 2

(c) Sub-domain 3 (d) Sub-domain 4

Figure 5.5: Numerical sub-domainsfor blast in cityscape problem

Flagging cells for adaptation in parallel

The cells in each sub-list (Figure 5.2) are �rst traversed,and the adaptation indica-

tors (Section 3.5) computedand the relevant cells 
agged for re�nement or coarsening.

However, somecellsnot 
agged for re�nement still require re�nement becauseof mesh

smoothnessconstraints. Therefore, sub-lists are traversedagain and cells 
agged for

re�nement recursively 
ag their neighbours for re�nement if required. Recursive checks

may requirevisitation of neighbour cellsnot within the sub-domainin which the program

was originally executed,so there is someredundancyin this stage. The cell re�nement


agging stageis performed�rst as somecells taggedfor coarseningmight no longer be

suitable for it after this stage.

Sub-lists are then traversedand parent cells checked for coarseningeligibilit y. This

algorithm is essentially the sameas Figure 3.4, which is recursive. This ensuresthat
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the cell coarseningprocessitself can be performedin onestep rather than a number of

stages.As mentioned in Section3.2 this requiresthe code to handle adjacencyof cells

of very disparate levels, as meshsmoothnesswill only be ultimately enforcedwhen all

cellsare �nished coarsening.

Up dating mesh connectivities in parallel

The meshconnectivity update has to be performed in stagesto avoid race conditions.

Hence, interface connectivity updates must be performed on per-interface basis. As

the domain decomposition is on a per-cell basis,interfaceconnectivitiesshould �rst be

performedin onedirection per axis per cell in onestage,then in the opposite directions

in the next stage. This is similar to the parallel 
ux calculation routine in Section5.5.1,

and ensuresall interfacesare `visited' by one thread at a time. An example of this

two-stagedirectional interfaceconnectivity update is shown in Figure 5.6.

Figure 5.6: Interfaceconnectivity update for parallel adaptation

For vertex connectivity it is important to selectgroupsof verticies belongingto leaf

cellsso that at each parallel stage,each thread will uniquely visit this group of verticies

belongingto the cell during sub-list traversal. An adapted octree parent cell (whether

newly coarsenedor re�ned) has potentially 27 verticies, as shown in Figure 5.7. These

cell verticiescanbe placedinto 4 uniquegroupswhich will only be visited by onethread

at a time. Hencethe vertex connectivity update stageconsistsof 4 stages.
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Figure 5.7: Vertex groupsfor parallel adaptation

Parallel re�nemen t stages

Given the necessarystepsfor parallel connectivity update, the parallel re�nement stages

are enumeratedbelow. Each of thesestagesend in a synchronization barrier.

1. Allocate memory to children cellsand set their state vectorsaccordingly

2. Update interface connectivities in east, north, upper directions, and vertex con-

nectivities for group 1 verticies (from Figure 5.7)

3. Update interface connectivities in west, south, lower directions, and vertex con-

nectivities for group 2 verticies

4. Update vertex connectivities for group 3 verticies (Figure 5.7)

5. Update vertex connectivities for group 4 verticies

Parallel coarsening stages

Similar to (but performedafter) the re�nement stage,the parallel coarseningstagesare

enumeratedbelow. Each of thesestagesend in a synchronization barrier. Also, sub-lists

are slightly modi�ed prior to this step so that sibling leaf cells are not spreadacross

di�erent sub-lists.

1. Set parent state vector, update interface connectivities in east, north and upper

directions, and vertex connectivities for group 1 verticies (from Figure 5.7)
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2. Update interface connectivities in west, south and lower directions, and vertex

connectivities for group 2 verticies

3. Update vertex connectivities for group 3 verticies

4. Update vertex connectivities for group 4 verticies, de-allocate children cells

Code fragmen t for parallel adaptation pro cess

A code fragment of the adaptation processdescribed above including relevant OpenMP

directivesis shown in Figure 5.8. Note the pragma ompsingle directive which speci�es

that one thread only unmergescells to be adapted and modi�es the sub-lists so that

parallel coarseningcan be performed.

Figure 5.8: Example code for OpenMP parallel adaptation
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5.5.3 Problems with the Parallel Metho d

On NUMA machines like the SGI Altix, locality of data is important for good per-

formance[47]. Recalling the discussionin Section5.2, NUMA systemshave a shared-

memoryaddressspaceto all processorsbut memoryaccesstimes aresubstantially faster

if a data element is on a node's cache or in nearby memory. A well-structured code ex-

ploits locality so that the majorit y of requestsare to data residing on a node's local

memory and thus the majorit y of referencesare cache hits. Communication overheads

for referencingmemorynot connectedto the nodecanbequite high1, asmuch as20-50%.

The parallel adaptation method doesallocate cells to resideon the local memory of

each nodeof the cpuset. If the adaptation processwerenot parallelizedthere would bea

lessuniform distribution of data acrossnodes,leadingto increasedcommunication over-

head. This also meansa smaller parallel code fraction, further limiting the theoretical

speedup from Amdahl's law (Equation 5.1). However, the mesh repartitioning strat-

egy implemented via simple cell counting doesnot always lead to good locality as it is

problem-depedent; somesub-domainsmay undergomore re�nement and cellsallocated

by one thread may be assignedto remote threads that will needfrequent accessto the

data. A further complication is thread migration from processorto processor,leading

to a higher degreeof remote access.The dplace commandcan help tie threads to pro-

cessors,and the numactl commandallows interleaved (round-robin) memory allocation

to prevent bottlenecks. Thesewill only partly increasee�ciency .

The code alsomakessigni�cant storagedemands(seeAppendix K for the cell data

structure), requiring at a minimum 988bytes per cell, and a nominal operational storage

of 3 kB per cell (which includesother data structures like lists and pointers). This leads

to performanceine�ciencies with more cache missesand longer communication time.

In somecasescpusetsconsisting of several nodes neededto be requestedjust for the

memory, even if a singleprocessorsimulation was performed.

The parallel method relies on partitioning parallel sectionsinto several stagesvia

synchronization barriers, which can be quite expensive [47] and causethe parallelism to

becomesomewhat�ne-grained and thus ine�cien t. Sections10.4.1,14.2and 7.3 display

parallel performancestatistics of the code for di�erent simulations. They indicate that

considerableoverheaddoes exist for parallel simulations, but this occurs mainly from

communication and not barrier overheads. The results encouraginglysuggesta fairly

high parallel fraction of the code. OctVCEis likely to perform better on SMP systemsbut

this hasnot beeninvestigated. Further work would focuson reducingstorageand using

a more e�ective domain decomposition method exploiting locality on NUMA machines.

1http://nf.apac.edu.au/facilities/userguide/, accessedJune 2008
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Chapter 6

Veri�cation and Validation

To establish the credibility of the OctVCEcode it must be veri�ed and validated for a

rangeof test cases.Veri�cation is generallyunderstood to be the activit y of establish-

ing the reliabilit y and accuracyof the numerical methodology i.e. solving the equations

right [168,169]. It typically involvesevaluating the discretization error againsta known

solution (typically analytic) and establishingthe order of accuracythrough a grid con-

vergencestudy. Validation, which is usually done after veri�cation, is demonstrating

how well the mathematical model actually represents the physical system i.e. solving

the right equations[168].

Veri�cation can help demonstrate the stabilit y and robustnessof the numerical

scheme and provide good con�dence that no programming errors in the code exist

[142, 180], although it cannot identify errors that result in a loss of e�ciency [168].

The test casesusedin the veri�cation process,having generallyanalytic solutions, are

usually geometricallysimple and not related to problemsthat the code is normally de-

signedfor (in this caseblast propagation), and the observed order of accuracycan be

problem-speci�c [168] and in
uenced to an extent by boundary conditions [142]. For

CFD problems,veri�cation test casesusually involve smooth 
o ws asanalytic solutions

for shocked 
o ws are rare or do not exerciseall terms in the numerical scheme.

Validation test casesare typically those problems for which the code is designed,

and usually involve comparisonto experimental or previously veri�ed numerical data

[169]. Better con�dence in the code's predictive abilit y for such problemswill be gen-

erally establishedif a larger number and varied rangeof such test casesare chosen. In

simulations of validation casesand other complex problemsa popular method of esti-

mating the error is through Richardson extrapolation [163, 164], which is a technique

for combining solutionsfrom two di�erent grids to give a moreaccurateestimatefor the

exact solution. If f 1 is the �ne-grid solution and f 2 the coarser-gridsolution, the exact

(grid-independent) result can be estimatedas

f exact = f 1 +
f 1 � f 2

r p � 1
(6.1)

wherer is the re�nement factor (which would be2 if the grid is doubledin each direction)

and p the order of accuracy. This equation is generallyp+ 1-orderaccuratefor upwind
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methods [168]. The estimated fractional error to the �ne grid solution is thus

E = (f 1 � f 2) =(f 1 (r p � 1)) (6.2)

which is usually a good approximation if E << 1.

Richardson extrapolation may not consistenlywork in somesituations and is gen-

erally used with caution at those placeswhere the solution is not smooth e.g. peak

overpressureat a shock and in the presenceof non-linear 
ux limiters [168]. It can also

be di�cult to determine a value of r for non-uniformly re�ned meshes[167]. A con-

sistently decreasingvalue of E (as grids are re�ned) demonstratesa convergence(the

asymptotic rangeof solution convergencehaving beenattained) and thus at least three

di�erently-re�ned grids needto be employed to ascertainasymptoticity. The quantit y

GCI = 3jE j (6.3)

is the Grid ConvergenceIndex (GCI) proprosedby Roache [168, 179]which providesan

error band wherea safety factor of 3 (and the absolutevalue) is usedfor conservatism.

If the observed order of accuracymatchesthe formal order (typically for �ne-grid solu-

tions), the safety factor can be reducedto 1.25.

Sections6.1 to 6.4 of this chapter present four di�erent veri�cation test cases. In

Chapters 7 to 14, a number of di�erent validation test caseswill be presented. Not all

of theseare blast propagationproblemsfrom chargedetonations;some(like Chapters7

and 8) are more mundane shock propagation problems to demonstrate the versatility

and accuracyof the VCE method for di�erent 
o w problems. As mesh-convergent solu-

tions can be quite di�cult to obtain, especially for three-dimensionalblast propagation

problems[171], many of thesevalidation caseswill useRichardsonextrapolation to test

for convergencetrends and estimate the magnitude and sign of errors. Pro�ling of the

code will also be done for somesimulations to establish its performancein serial and

parallel executions.
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6.1 Veri�cation via the Metho d of Man ufactured

Solutions

The �rst veri�cation exerciseusesthe Method of Manufactured Solutions, which is a

generaland quite robust veri�cation methodology that allows all terms in the governing

equations to be exercised[142, 168, 180]. An analytic solution is chosen(or `manu-

factured') and passedthrough the 
o w equations,generatingsourceterms as a result.

Thesesourceterms are input into the solution procedureand comparedwith the an-

alytic solution for code veri�cation. This processis repeated on a seriesof uniformly

re�ned grids to obtain an order of accuracy.

The analytic solution bearsno relation to any physicalproblembut is simply usedfor

veri�cation purposes.It requiresthe code to specify arbitrary sourceterms and bound-

ary conditions, which can be di�cult to implement [83]. Guidelines for appropriate

choiceof manufactured solutionsinclude generality (so that all terms can be exercised),

smoothness,ensuringno derivativesvanish, and ensuringno predominanceof any one

particular term in the governing equations[180]. This method cannot be usedto detect

code de�cienciesa�ecting e�ciency or robustness;its only purposeis to highlight any

spatial discretization errors. Also, it relieson uniform re�nement of the grid to properly

obtain the order of accuracy.

The global discretization error for all meshpoints can be given by the L 2 or `root

meansquare'norm {

L2 =

 P N
n=1 jQnum;n � Qexact;n j

N

! 1
2

(6.4)

where N is the total number of cells, Qnum is the computed solution (e.g. in density

or energy) and Qexact the exact solution. The order of accuracyp calculated from two

meshlevels k and k + 1 is then

p = ln
�

L k+1

L k

�
=ln (r ) (6.5)

Alternativ ely, if a seriesof L 2 normsare obtained for several di�erent meshlevels,p can

be obtained by a power-law �t (in the form of L = c1 + c2r p, c1 and c2 being constants)

to the curve in the L 2 versusr graph (c1 should be theoretically zero). The observed

order of accuracyis comparedwith the formal order of accuracy, which for the code is

p = 2 due to implementation of reconstruction (Section4.3).
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The stepsfor the method of manufactured solutions are thus summarizedbelow {

1. Chooseform of governing equations

2. Chooseform of manufactured solution

3. Derive modi�ed governing equations,sourceterms and analytic boundary condi-

tions

4. Solve discreteform of modi�ed governing equationson multiple meshes

5. Evaluate global discretization error in numerical solution

6. Calculate order of accuracy

6.1.1 Man ufactured Solution for Tw o-Dimensional Geometry

Veri�cation will �rst be conductedin two-dimensionalgeometry. This is easilyachieved

with the code by constructing a single `layer' of cellsand preventing out-of-plane 
o w.

The manufactured solution chosenfor this sectionfollows the solution chosenby Roy et

al in their own veri�cation work [180], and has the following steady-stateform {

� (x; y) = � 0 + � x sin(a�x � x) + � y cos(a�y � y)

u (x; y) = u0 + ux sin(aux � x) + uy cos(auy � y)

v (x; y) = v0 + vx cos(avx � x) + vy sin(avy � y)

p(x; y) = p0 + px cos(apx � x) + py sin(apy� y) (6.6)

The constants � 0, � x , � y and � xy where � is the variable � , u, v or p are given in

Table 6.1. The analytic solutions for density, velocity and pressureof Equation 6.6 are

Table 6.1: Table of constants for 2D manufactured solution

Equation, � � 0 � x � y a�x a�y

� (kg/m 2) 1.0 0.15 -0.1 1.0 0.5

u (m/s) 800.0 50.0 -30.0 1.5 0.6

v (m/s) 800.0 -75.0 40.0 0.5 2/3

p (Pa) 1.0� 105 0.2� 105 0.5� 105 2.0 1.0

substituted into the governing Euler equations (Equation 6.7) to generatethe source

terms f m , f x , f y and f E . The energy is obained via the equation of state assuming

calorically perfect gas(
 = 1:4, R = 287J/(kgK)) asE = P=(� (
 � 1)) + (u2 + v2) =2.
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@y

= f E (6.7)

The source terms can be extremely lengthy to derive by hand and for this exercise

were generatedusing the symbolic mathematical manipulation tool maxima[68]. This

problem is solved on a squaredomain on the seriesof mesheslisted in Table 6.2. The

density �eld for the manufactured solution is shown in Figure 6.1.

Table 6.2: Meshesfor 2D manufactured solution

Mesh No. cells

1 8 � 8

2 16 � 16

3 32 � 32

4 64 � 64

5 128 � 128

Figure 6.1: Analytic density �eld of 2D manufactured solution

Simple extrapolated out
o w boundary conditions are used on the north and east

boundariesof the domain asthe solution is supersonicthere, whilst the analytic bound-

ary conditions are usedon the west and south boundaries(using Equation 6.6). Initial

conditions correspond to column one of Table 6.1 (the � 0 values), with the solution

marched into time from theseconditions until steady-stateconditions are reached i.e.

when L2 valuesappear constant.

58



6.1. VERIFICA TION VIA THE METHOD OF MANUFACTURED SOLUTIONS

6.1.2 Results from Tw o-Dimensional Metho d of Man ufactured

Solution

A comparisonof the computeddensity �elds on di�erent grids with the analytic solution

can be seenin Figure 6.2. These solutions were computed with the AUSMDV 
ux

solver. The trend of increasingagreement with the analytic solution asmeshresolution

is increasedcan be observed.

(a) 8 � 8 (b) 32 � 32

(c) 128 � 128 (d) Analytic solution

Figure 6.2: Comparisonof density �elds for 2D manufactured solution

The solutionsare determinedto be steadystate by observingwhen the L 2 norm no

longerchangeswith time, asin Figure 6.3(a) wherethe L 2 versustime curvesfor various

meshresolutionsare plotted. The trend of decreasingerror (i.e. smallerL 2 values)with

increasingmeshresolution is observed. Thesesteady-stateL 2 normsare plotted against

grid resolution in Figure 6.3(b) to obtain the order of accuracy p. This �gure plots

the norms from a low order (no reconstruction) and high order (with reconstruction)

solution for both the AUSMDV and EFM 
ux solvers.

As expected, the slope of the low-order curves are shallower than than the higher-

order curves,indicating lower order of accuracy. The order of accuracyfor the L 2 norms

in Figure 6.3(b) has beentabulated in the �rst and secondcolumnsof Table 6.3. It is

apparent that the low order solution exhibit ordersof accuracylower than 1, and high

order solutions have orders of accuracy greater than 1 but substantially less than 2.
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Figure 6.3: L2 density norms

The mismatch betweenthe observed and formal ordersof accuracyis strangegiven the

linear graphsin Figure 6.3(b).

Better solution convergencewas attempted using two further strategies. Firstly, as

it is known that limiters (especially of the min-mod variety) can inhibit convergence

[50, 110, 218], a high order AUSMDV solution was run without limiters. Secondly, a

di�erent reconstructionprocedure{ the piecewise-parabolic-method (PPM) { wasused.

This method, usedin the MB_CNScode [109], implements quadratic interpolation and a

modi�ed van Albada limiter [110] and should be third order accurate. This approach

was chosenas it could be comparedwith a previous veri�cation study [83] identically

on this problem using the MB_CNScode. The resulting ordersof accuracycan be seenin

columns3 and 4 of Table 6.3.

Table 6.3: Order of accuracyfor 2D manufactured solution

Flux solver Low order High order High order, unlimited High order, PPM

EFM 0.697632 1.29777 - 1.55609

AUSMDV 0.690081 1.32844 1.33298 1.53493

Interestingly, the elimination of limiters from the high order solution only slightly

improved the solution order, whilst the PPM method improved the convergenceorder

to slightly greater than 1.5. In either casethe ordersof accuracyare still signi�cantly

lower than 2 for the high order solutions. These�gures are fairly consistent with those

obtainedfrom the MB_CNScodein the sameveri�cation exercise[83]wherefor the AUSM

schemethe low order solution had a value of 0.71 and higher order solution was 1.62.

The PPM reconstructionschemedid demonstratethird-order accuracywhen tested on

a sine wave pro�le, and without the van Albada limiter exhibited a convergenceorder
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of 1.9. Although this is still substantially lessthan 3, the single-point quadrature of the


uxes in the solution integration scheme(Section4.2) implies truncation ordersof 2 at

best [82].

It will be shown in Sections6.1.4 and 6.4 that better matches between observed

and formal orders of accuracyresult for di�erent veri�cation problems. As mentioned

previously, observed ordersof accuracyseemquite dependent on both the nature of the

problem and the solution procedure[168].

6.1.3 Man ufactured Solution for Three-Dimensional Geometry

The manufactured solution in Equation 6.6 will now be extendedto fully test all terms

in the formulation of the three-dimensionalEuler equations. In steady-stateform, the

solution has the form {

� (x; y; z) = � 0 + � x sin(a�x � x) + � y cos(a�y � y) + � z cos(a�z � z)

u (x; y; z) = u0 + ux sin(aux � x) + uy cos(auy � y) + uz cos(auz � z)

v (x; y; z) = v0 + vx cos(avx � x) + vy sin(avy � y) + vz sin(avz � z)

w (x; y; z) = w0 + wx cos(awx � x) + wy sin(awy � y) + wz sin(awz� z)

p(x; y; z) = p0 + px cos(apx � x) + py sin(apy� y) + pz sin(apz� z) (6.8)

The constants for this solution are given in Table 6.4. Note that thesevalues in two

dimensionsare identical to those in Table 6.1 with additional valuesprovided for the

third dimensionalcomponent. Like in Section6.1.1, the sourceterms are generatedby

substituting the analytic solution into the Euler equations.

Table 6.4: Table of constants for 3D manufactured solution

Equation, � � 0 � x � y � z a�x a�y a�z

� (kg/m 2) 1 0.15 -0.1 0.12 1 1.5 2

u (m/s) 800 50 -30 20 1.5 0.6 0.5

v (m/s) 800 -75 40 -25 0.5 2/3 1

w (m/s) 800 40 -40 20 0.3 0.5 2

p (Pa) 1.0� 105 0.2� 105 0.5� 105 0.25� 105 2.0 1.0 0.5

The solution methodology is identical to the two-dimensionalveri�cation exercise

in Section 6.1.1. However, due to the large number of cells that would be required

in a three-dimensionalsolution, only three meshresolutionsare considered,which are

tabulated in Table 6.5.
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Table 6.5: Meshesfor 3D manufactured solution

Mesh No. cells

1 8 � 8 � 8

2 16 � 16 � 16

3 32 � 32 � 32

6.1.4 Results from Three-Dimensional Metho d of Man ufac-

tured Solution

L2 norms werecomputed in both density and total energyfor the AUSMDV and EFM


ux solvers. The PPM reconstruction schemewas also usedto observe the increasein

order of accuracywhen used with the AUSMDV scheme. The orders of accuracyare

shown in Tables6.6 and 6.7 respectively.

Table 6.6: Density-basedorder of accuracyfor 3D Method of Manufactured Solution

Flux solver Low order High order High order, PPM

EFM 0.820488 1.42164 -

AUSM 0.813862 1.43043 1.46816

Table 6.7: Energy-basedorder of accuracyfor 3D Method of Manufactured Solution

Flux solver Low order High order High order, PPM

EFM 0.874216 1.34335 -

AUSM 0.865135 1.35793 1.42389

The computed order of accuracyalso varies depending on the variable under con-

sideration, although the di�erences are not large. The convergenceorders for both

reconstruction-o� and reconstruction-onare higher than with the 2D veri�cation exer-

cise(Table 6.3), and thus closerto ideal behaviour. The PPM-basedorder of accuracy

is interestingly lower than the valuesin Table 6.3, and its improvement over the linear

reconstruction valuesis lesspronounced.

6.1.5 Performance of the Metho d of Man ufactured Solutions

The total number of cells in a squaremesh undergoing uniform re�nement scalesby

nx
2, wherenx is the number of cellsalong oneside. As the allowable time step per cell
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decreasesproportional to cell size,a scalingof nx
3 in two dimensionsis expected. The

scalingfor a three-dimensionalcubical meshis nx
4. Alternativ ely if the total number of

cells is N , the scalingwill go accordingto N 3=2 for two dimensionsand N 4=3 for three

dimensions.

Graphs of total execution time versusnx for the two- and three-dimensionalveri�-

cation exerciseof this section are shown in log-log plots respectively in Figures 6.4(a)

and 6.4(b). Power-law curve �ts are also shown. The linear nature of thesegraphs(at

least for larger nx values) and the valuesof their gradients are well predicted by the

scalingprinciple. Other aspects of the code executione.g. geometry interrogation, �le

output etc. may account for any non-linearities.
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Figure 6.4: Execution time vs meshsizefor Method of Manufactured Solutions

The GNU compiler gprof pro�ler tool wasusedto ascertainthe relative time spent

in executing reconstruction-relatedoperations (e.g. computing gradients, limiters and

reconstruction). The percentage of executiontime spent in this processis plotted with

respect to nx in Figures 6.5(a) and 6.5(b) for the two- and three-dimensionalproblem

respectively. Also plotted is the percentage of executiontime spent in simply advancing

the solution (computing 
uxes, time integration).

Theseresultsindicate that nearly half of the time spent executingthe code is usedin

reconstruction-relatedoperations,whilst around 30%is actually spent on 
ux computa-

tion and time integration. The cost of reconstructionmight be loweredfor this problem

if one-dimensionalinterpolation is usedasopposedto the generalizedmulti-dimensional

interpolation schemeimplemented in the code (Section4.3).

6.1.6 Concluding Remarks

As the results from the two- and three-dimensionaltests indicate convergence,it is

reasonableto assumeOctVCEhaspassedthis veri�cation test case.A convergenceorder
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Figure 6.5: Relative executiontime vs meshsizefor Method of Manufactured Solutions

lower than �rst-order was observed without reconstruction, and an order of accuracy

greater than 1 (but considerablylessthan 2) was seenwith reconstruction. The sub-

optimal performancecould in part be due to 
o w non-uniformities and misalignments

with meshedges[148]. Similar �gures for theseconvergenceordershave beenreported

for similar veri�cation problems of the two-dimensionalEuler equations on formally

second-ordercodes[50, 110, 148]. Removing the limiter, or using smoother limiters (as

investigatedin Section6.1.2) did not always improve the convergenceorder drastically.

Future work should alsobe given to reducing the cost of solution reconstruction, given

that it is the largest part of the computational e�ort.
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6.2 Veri�cation with Sod's Shock Tub e Problem

In this section the ideal shock tube problem based on Sod's initial conditions [196]

will be simulated. This relatively simple, unsteady, one-dimensionalproblem has a

well-known analytic solution that can be computed using iterativ e techniques (seefor

exampleReference[10]). The code can thus be comparedagainst this solution and also

run in two-dimensional,three-dimensional,adaptive meshand axisymmetric modesas

the solutions should all be equivalent.

The shock tube has a length of 1:0 m, and the high-pressureconditions to the left

of the imaginary diaphragm at x = 0:5 m are

u = 0; � = 1:0 kg=m3; P = 105 Pa; x � 0:5

and the conditions to the right are

u = 0; � = 0:125 kg=m3; P = 104 Pa; x � 0:5

For the two-dimensionalsimulations, the domain is a rectangleof 128cells length-wise

and3 cellsheight-wise (totalling 348cells)asshown in Figure 6.6. The three-dimensional

simulation has 3 additional cells width-wise (thus 1152 cells). The gas is calorically

perfect air (
 = 1:4), and solid wall boundary conditions apply to shock tube walls.

Only AUSMDV will be usedin this example.

Figure 6.6: Uniform grid for 2D Sod shock tube problem

The adaptive meshsimulation (done in two dimensions)has3 working levels (levels

7, 8 and 9) corresponding to cell sizes7:8125� 10� 3, 3:90625� 10� 3 and 1:953125� 10� 3

m. The density-basedadaptation indicator (Equation 3.4) was used with re�nement

threshold, coarseningthreshold, and noise�lter valuesof 0.08,0.05and 0.01.

This shock tube problem also provides a good testing ground for the e�ectiveness

of the Thompson non-re
ecting boundary conditions (Appendix H) which are applied

at the tube ends. The left end of the tube allows appliesthe subsonicin
o w boundary

conditions after the expansionwave exits the domain, and the right end applies the

subsonicout
o w boundary conditions following exit of the shock. This test was also

performed by Thompson [209] in which errors of lessthan 1% re
ection following the

outgoing shock were reported.
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6.2.1 Results for Sod's Shock Tub e Problem

The density solution at time 0.6ms is displayed in Figure 6.7wherethe two-dimensional

solutions in planar and axisymmetric geometryare displayed. Both higher-orderplanar

and axisymmetric calculations have better resolution of discontinuities and the expan-

sion fan comparedto the �rst-order solution.
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Figure 6.7: Two-dimensionalshock tube results (0.6 ms)

A comparisonof the planar two- and three-dimensionalhigher order solutions at

t = 0:6 ms is shown in Figure 6.8. There is very good agreement betweenboth solutions,

which is expected.
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Figure 6.8: Two- and three-dimensionalshock tube results (0.6 ms)

A �nal comparisonat 0.6ms is betweenan adaptive meshsolution and an equivalent

uniform grid solution with cellsat the minimum cell sizeof the adaptive meshsolution

(i.e. at 1:953125� 10� 3 m), shown in Figure 6.9. The resolution of discontinuities with

thesesolutionsis even sharper than previousgraphs(e.g.Figure 6.8, and both solutions

are very similar (the uniform mesh actually has slightly oscilliatory behaviour at the

contact surfacewhich is not evident with the adaptive meshsolution).
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Figure 6.9: Adapted meshand equivalent uniform meshshock tube result (0.6 ms)

Performancestatistics for the uniform and adaptive mesh solutions are shown in

Table 6.8. The adaptive meshsolution has time and spacesavings of around a factor

of 3 and 3.4 respectively. As mentioned in Section 6.3.4, time savings are typically

smaller than storagesavings asadditional work needsto be implemented to managethe

adaptation e.g.managingconnectivities,computing adaptation indicators etc. Savings

for this problemshouldbemoresigni�cant with �ner adaptation levelsand/or extension

to three-dimensional
o w.

Table 6.8: Performancestatistics for shock tube problem on uniform and adaptedmesh

Uniform grid Adaptive mesh

Max cells 6144 1815

Solution time (s) 457.595 153.517

To test the non-re
ecting boundarycondition implementation, the solution at t = 1:3

ms is output. This correspondsto a time after the shock hasexited the right boundary

but just before the expansion fan reaches the left boundary. The solutions for the

uniform two- and three-dimensionalresults and adaptive mesh solution are shown in

Figures6.10(a)and 6.10(b). It is evident that the subsonicout
o w boundary condition

seemsto be working well with minimal re
ection there.

At 2.0msboth the contact surfaceand expansionfan haveexited the domain,provid-

ing further opportunit y to test both subsonicin
o w and out
o w boundary conditions.

Solutions are shown in Figure 6.11. In Figure 6.11(a) there is a slight re
ection at

the subsonicoutlet end which is of the order of observed by Thompson [209]. The

non-re
ecting subsonicin
o w boundary condition appearsto work well with hardly any

observable re
ections.
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Figure 6.10: Shock tube results at 1.3 ms
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Figure 6.11: Shock tube results at 2.0 ms

The adaptive meshand equivalent uniform mesh(Figure 6.11(b)) likewisedisplays a

disturbanceat the out
o w end that appearsto be more noticeable(though still small)

than the coarsergrid solutions. Coarsergrids are more dissipative and thus tend to

damp these oscillations. At the subsonic inlet end, there are no re
ections but the

adaptive meshsolution overpredictsslightly the density whilst the uniform grid solution

performsas well as the coarser,uniform grid solutions in Figure 6.10(a).

The actual non-re
ecting implementation as described in Appendix H involves lim-

ited extrapolation, and switch to the more dissipative EFM at border cells (and cells

besidebordercells)to damposcilliatory behaviour. The linear extrapolation on di�erent

sizedcellsunder an adaptive schememay not be assmooth at the in
o w end compared

to a uniform grid. Limiters may alsodegradethe extrapolation slightly. In any casethe

non-re
ecting boundary conditions still perform quite well, and in real explosionmod-

elling the predominant non-re
ecting boundary condition should be subsonicout
o w.
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6.3 Veri�cation of Supersonic Wedge and Conical

Flo w

In this sectionsupersonic
o w over a wedgeand conegeometrywill be computed. This

is an important exercisefor two reasons.Firstly, analytic solutions to theseproblems

exist, and thus they constitute a more realistic veri�cation test casethan the Method

of Manufactured Solutions (Section 6.1). However, the simplicity of these solutions,

especially for wedge
o w, may not exerciseall termsof the code. Secondly, a convergence

study can be performed to observe the e�ect of the VCE surfacerepresentation when

both subcell and meshdensity are varied. As shown in Section2.4.4, the VCE method

e�ectively `numerically roughens'surfaces.Appendix E.1 alsodemonstratesthat further

noisecan occur for the axisymmetric VCE method. Measuring the solution errors at

the surfaceasthe grid and subcell resolution is increasedcan help ascertainthe severity

of thesesurfacee�ects.

The test casehere simulates steady-state 
o w of freestreamMach number M 1 =

2:5 over a 20� half-wedgeor half-cone. Analytic solutions to the post-shock 
o w for

the wedgecasecan be derived from the oblique shock relations, and for conical 
o w

can be computed from the method of Taylor and Maccoll [208] (in the steady-state

limit, constant property lines are generatorsfrom the conevertex). Published tables of

supersonicconical 
o w solutions [188] can alsobe used.

Initial conditionsare freestreamvalues,which areP1 = 104 Pa and � 1 = 0:1 kg=m3.

The solution is advancedin time until all errors appear constant. Simple extrapolated

supersonicboundary conditions are usedfor the outlet. Analytic surfacevaluesfor the

wedgeand conical 
o w casesare given in Table 6.9.

Table 6.9: Analytic solution for supersonic
o w past wedgeand cone

Wedge Cone

Shock angle 42:89� 32:581�

Ps=P1 3.211 2.309

� s=� 1 2.2 1.802

6.3.1 Program of Simulations

Only the density and pressuresolution on the surface of the wedge or cone will be

monitored, as errors are likely greatest here due to the VCE surfacee�ects. Also a

convergencestudy of the global solution error may not be sousefulasthe presenceof an

embeddedshock will lower the convergenceorder to at most �rst-order accuracy[179].
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A dimensionlessroot mean squareerror norm (the L 2 norm) is computed to quantify

the error over the whole surface{

L2 =

vu
u
t 1

N

NX

n=1

�
Qnum;n � Qtheor y;n

Qtheor y;n

� 2

(6.9)

where N is the number of cells along the surface, Qnum the computed solution and

Qtheor y the analytic solution.

Simulations will be performed for three di�erent mesh resolutions (levels 6, 7 and

8) and also for three di�erent subcell resolutions(32, 64 and 128subcellsalong the cell

edge). Mesh levels 6, 7 and 8 correspond to a basisCartesian cell length of 0.015625,

0.0078125and 0.00390625m respectively. Computational limits prevent more meshor

subcell density, although a level 9 meshjust for the 64 subcell casewill alsobe used.

An adaptive meshsimulation for 64 subcellswith three working levels (levels6 to 8)

is also performed. The meshis adapted to the �nest level at the surface. The density-

basedadaptation indicator (Equation 3.4) is usedwith re�nement threshold, coarsening

threshold, and noise �lter valuesof 0.3, 0.1 and 0.05 respectively for wedgesolutions,

and 0.2, 0.1 and 0.02 respectively for cone solutions. Thesevalues were judged from

trial runs to be su�cien t at capturing the shock. A low-order, reconstruction-o� mesh

re�nement study will be also run, just for the 64 subcell case.

Only thosecellssu�cien tly far from the wedgeor coneapex will be usedto compute

the error norm in Equation 6.9 as the shock is initially smearedover a few cells,giving

high error for cellscloseto the apex. This is seenin Figure 6.12,which plots the pressure

distribution over the conesurfacefor the three subcell resolutionsand alsothe analytic

surfacepressure. Note the oscillatory nature of the computed distribution due to the

numerical surfaceroughening,and the �nite distance over which the surfacepressure

risesbefore leveling near the analytic value. Also note that the error at a cell can be

abnormally high if the surfacenormal is computed quite inaccurately there e.g. if the

cell is only slightly intersected. Only those cells greater than a distanceof 0.25 m will

be used.

It will alsobe interesting to measureerrors in the evaluation of the integrated force

along the cone surface,since the oscillating noise on the surfacemay to someextent

`cancel' the errors occuring from overly high or low pressurevalues. Thus force errors

may actually be lower than other errors or even stay roughly constant, which is a

favourable result for practical engineeringpurposes. The force is calculated according

to the procedurein Appendix E. The error measurefor forcewill simply be the absolute

relative error i.e. jFnum � Ftheor y j =Ftheor y .
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Figure 6.12: Pressuredistribution over conesurface

6.3.2 Results for Supersonic Flo w past Wedge

Higher-order wedgesolutions for various grids (for the 64 subcell case)are shown in

Figure 6.13. Also shown are outlines of the meshes,with the wedgesurfaceand theo-

retical shock angledemarcatedby the thicker and thinner black lines respectively. The

diagonal elements in each cell are an artifcat of the grid visualizer Paraview [90].

(a) Level 6 mesh (b) Level 7 mesh

(c) Level 8 mesh (d) Adaptiv e mesh, level 6-8

Figure 6.13: Wedgepressurecontours for various grids, 64 subcells
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The agreement with the theoretical shock angle for all solutions is quite good, and

the increasingshock resolution with �ner meshesis obvious. The surface`noise'arising

from inexact surfacerepresentation can also be seen. Becauseof the lack of a length

scaleon this problem (the 
o w is essentially uniform before and after the shock), a

�ner meshcan be thought to simply yield the samesolution on a coarsermeshbut over

a larger distance of the surface,which could explain why the noise (a �ner scale
o w

structure) is better observed for �ner meshes(or larger domains). The shock resolution

on the adaptive solution appears just as sharp as the fully uniform level 8 solution,

whilst decreasingthe number of cellsusedby more than a factor of ten.

Error versus uniform grid resolution

The solution error versusuniform grid spacingfor the three di�erent subcell resolutions

is shown in Figure 6.14. Grid-convergent behaviour is not always expectedhereasonly

solution errors at the surfaceare considered.As metionedabove, a �ner grid yields the

samesolution only at a larger scale,so the surfacenoisefor this problem will decrease

only with better subcell, not grid, resolution (seeFigure 6.15).
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Figure 6.14: Wedgesolution error vs grid sizefor various subcells
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Note in Figure 6.14(a) the surfacepressurenorm is seento increaseslightly for �ner

grids using 32 subcells, whilst for �ner subcell resolutionsthe norms remain somewhat

constant. The low-order density norm is also lower than the higher-ordervalue at one

point (Figure 6.14(b)). Thesecounter-intuitiv e resultsmight be expected,asdepending

on how the surface intersects the mesh, it is possible that coarser mesh or subcell

resolutionsactually perform better for a given test case.The low-orderpressuresolution

closelycoincideswith the higher-order result; this may be expected given the absence

of reconstructionat surfaces(Section 4.3.3). However, it doesnot always coincide(e.g.

in the density or force solution) due to the presenceof reconstruction away from the

surface.All theseerrors are fairly low, typically much lessthan 2%.

The force errors (Figure 6.14(c)) seemto generally decreasefor �ner meshes. For

nearly all meshresolutions,theseerrorsdo not seemsodependent on subcell resolution

comparedto the pressureor density norm. The forceerrorsdo not exceed0.7%even for

the coarsestmesh. This result is quite encouraging,suggestingthat obtaining a quite

accurateforcevalue doesnot require a high grid or subcell resolution.

Error vs subcell resolution

This time the solution errors versusthe inverseof the number of subcells are plotted

for the three main uniform grid levels in Figure 6.15. Also shown are adaptive mesh

errors, just for the 64 subcell case. As better subcell resolution meansbetter surface

representation, it should be expected that thesegraphsshow decreasingerror for more

subcells.

The fairly linear decreaseof the pressuresurfacenorm with increasingsubcell res-

olution (for all meshes)can be seenin Figure 6.15(a). The adaptive pressureerror

is very closeto the �nest 64 subcell uniform grid result. The apparently superlinear

decreaseof density surfacenorm with increasingsubcell resolution is also observed in

Figure 6.15(b). However, the adaptive density error is signi�cantly lower than the 64

subcell uniform grid result.

The forceerrors(Figure 6.15(c))do not seemto display subcell-convergent behaviour

and seemto stay roughly constant. This is probably due to the partial cancellation

of surfacepressurenoise as described in Section 6.3.1. However, the errors seemto

increaseslightly for the 128 subcell case,but this may simply be the accidental result

of the numerical surfacerougheningdescribed above. The adaptive solution error again

is lower than the �nest uniform meshresult (it just may be that cancellation is not so

good for this subcell value).
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Figure 6.15: Wedgesolution error vs subcell resolution for various grids

Conclusions

The surfaceerrors for this subcell and meshre�nement study are shown to be quite low

despite the presenceof surfacenoise,showing that the VCE method doesnot result in

an excessively numerically roughenedsurface. It is encouragingto seethat solutions

generally display fairly good convergent behaviour (at least for surfacevalues) for in-

creasingsubcell resolution. The force errors seemto stay roughly constant as subcell

resolution is increased,due to partial cancellationof the pressurenoise. The adaptive

meshsolution consistently gave errors as low (or lower than) the �nest uniform mesh,

illustrating the e�ectivenessof adaptive meshesin producing accurate solutions with

fewer computational resources.

6.3.3 Results for Supersonic Flo w Past Cone

Higher-order cone solutions for various grids (for the 64 subcell case) are shown in

Figure 6.16. Like the wedgesolutions of Section6.3.2, agreement with the theoretical

shock anglefor all solutionsand increasingshock resolution with �ner meshesis readily
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observed. Surfacenoisearisingfrom VCE surfacee�ects canbeseenagain. The adaptive

solution seemsto producea solution of comparablequality to the �nest uniform grid.

(a) Level 6 mesh (b) Level 7 mesh

(c) Level 8 mesh (d) Adaptiv e mesh, level 6-8

Figure 6.16: Conepressurecontours for various grids, 64 subcells

Error versus grid resolution

The solution error versusuniform grid spacingfor the three di�erent subcell resolutions

is shown in Figure 6.17. Unlike the wedgesolutions in Section6.3.2, grid-convergence

for surfaceerrors should expectedherebecause�ner grids have cells closerto the cone

surface,and the solution heredoesvary betweenthe shock and the surface.Nonetheless,

occasionalcounter-intuitiv e results arising from the VCE surfacee�ects (described in

Section6.3.2) may occur.

In Figure 6.17(a)the somewhatlinear decreaseof pressureerror with cell sizecanbe

seen,which may be a result of the nominally �rst-order solution schemeat the surface

(Section 4.3.3). The �rst-order error is nearly the samemagnitude as the higher-order

error (for 64 subcells) for �ner cell sizes. Pressureerrors are all smaller than 4%.

Figure 6.17(b) plots the density norm, which generally decreasewith �ner cell size.

This time the �rst-order solution hasa consistently higher error. Errors are all smaller

than 2%.

The forceerrors (Figure 6.17(c)) display superlinear grid convergence.However, the

error behaves linearly for the �rst-order solution. Power law �ts of the higher-order
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Figure 6.17: Conesolution error vs grid sizefor various subcells

curves give convergenceorders between 1 and 2. This example shows an interesting

reversetrend that lower subcell resolutionsgive a more accurateforceresult. The force

errors hereare signi�cantly higher than the wedgecase(Figure 6.14(c)), although they

still are lower than 3%.

Error vs subcell resolution

The results of a previous study [204] are repeated here which show the decreaseof

solution noisewith increasingsubcell resolution in Figure 6.18. The surfacenoisecan

bequalitativ ely seento decreaseassubcell resolutionis increased.The graphsof solution

error versusthe inverseof the number of subcellsare shown in Figure 6.19. Also shown

are adaptive mesherrors, just for the 64 subcell case.

Pressurenorms for �ner meshesseemto decreasefairly linearly with increasingsub-

cell resolution (Figure 6.19(a)) although they are nearly constant for the coarsestmesh.

The adaptive 64 subcell pressureerror is very closeto the equivalent �nest mesh 64

subcell error. Decreasingvalues of the density surface norm are also shown in Fig-

ure 6.19(b). The density error on the adaptive 64 subcell solution is lower than the
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6.3. VERIFICA TION OF SUPERSONIC WEDGE AND CONICAL FLOW

(a) 32 subcells (b) 64 subcells

(c) 128 subcells

Figure 6.18: Conedensity contours for various subcells, level 8 mesh(from [204])
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Figure 6.19: Conesolution error vs subcell resolution for various grids
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equivalent �nest mesh64 subcell error.

The force errors (Figure 6.19(c)) apparently do not display subcell-convergent be-

haviour. There is a slight increaseof error with �ner subcell resolution. The consider-

ations of Section 6.3.2 would seemto apply, namely, that this could be an accidental

product of the numerical VCE surfaceroughening. In [204] a similar subcell conver-

gencestudy wasperformed,this time by recordingthe maximum valuesin pressureand

density relative error over the surface(rather than the root mean squareerror). An

additional subcell value of 256was included in the study. The resulting graph is shown

in Figure 6.20.
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Figure 6.20: Maximum errors vs subcell resolution for cone(From [204])

In this example,the integrated force relative error doesstay roughly constant with

subcell resolution, demonstratingthat despitegreaternoiseat lower resolutions,cancel-

lation betweenpositive and negative pressureamplitudes does occur. The force error

is quite low at around 1%. Power-law curve �ts for the pressureand density errors

have also been attempted to calculate an approximate `convergenceorder' for subcell

resolutions. These convergenceorders are 2:43 and 1:55 for the density and pressure

errors respectively, which is encouraginggiven that the underlying 
o w solver also has

greater than �rst-order accuracy.

Conclusions

Like with the wedgestudy of Section 6.3.2, surface errors are quite low despite the

presenceof surfacenoise and additional axisymmetric complications (Appendix E.1).

Nevertheless, there is still observable subcell- and mesh-convergent behaviour. The

decreasesin error as both subcell and mesh resolution are successively doubled (Fig-
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ures 6.17 and 6.19) seemto be of similar magnitude. The adaptive meshsolution for

the 64subcell caselikewiseconsistently gave errorsaslow (or lower than) the equivalent

�nest uniform mesh. The VCE method appears to produce quite satisfactory results

whenvery high resolutionsolutionsarenot requirede.g.for practical engineeringdesign

purposessay wherethe integrated pressureforcesare required.

6.3.4 Performance of Wedge and Conical Flo w Solution

The solution time versustotal number of cells (in turn related to mesh level) for the

wedgeand conesimulations is plotted in Figure 6.21. This is done for the 64 subcell

caseonly as the curve can be directly comparedwith the adaptive grid solutionswhich

were alsoperformedwith 64 subcells. All solutionsweremarched from the sameinitial

condition and terminated at the same
o w time.

 0

 5000

 10000

 15000

 20000

 25000

 30000

 35000

 40000

 45000

 50000

 0  10000  20000  30000  40000  50000  60000

T
ot

al
 s

ol
ut

io
n 

tim
e 

(s
)

Total no. cells

Uniform grid results
Curve fit: -58.18 + 0.00523x^1.47

Adaptive grid result

(a) Wedgesolution performance,64 subcells

 0

 5000

 10000

 15000

 20000

 25000

 30000

 35000

 40000

 45000

 0  10000  20000  30000  40000  50000  60000

T
ot

al
 s

ol
ut

io
n 

tim
e 

(s
)

Total no. cells

Uniform grid results
Curve fit: -179 + 0.012x^1.38

Adaptive grid result

(b) Cone solution performance,64 subcells

Figure 6.21: Performanceof wedgeand conesolutions on 64 subcells

A power-law curve �t through the uniform grid results is alsoseen,with the solution

time scalingwith the grid sizeaccordingto a power of 1.47and 1.38for the wedgeand

conesimulations respectively. These�gures are closeto the theoretical scalingof 1.5 on

a square,uniform mesh(Section 6.1.5), but due to the presenceof the wedgeor cone

geometrythe meshhere is not a perfect square.

The performanceof the adaptive solution is also shown on thesegraphs,where the

�nal (and maximum) number of cells for the adaptive simulation is reported. For the

wedgesolution, the number of cells in the adaptive meshis decreasedby nearly a factor

of 10 over the uniform grid, with time savings of a factor of 8.14. For the conecase,the

savings in storageand solution time are 9.3 and 7.1 respectively. Theseare signi�cant

savings in both time and storage, and adaptive mesh results are at least as accurate

as the equivalent �nest level mesh. In three dimensions,the time and storagesavings

should be even greater.
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6.4 Veri�cation of Supersonic Vortex Flo w

This two-dimensionaltest caseis an inviscid supersonicvortex boundedby two circular,

ninety-degreearcs,and is chosenbecauseit hasa smooth, analytic solution [6] and can

be comparedwith previoussolutions [110, 148]. This test caseis alsoworth performing

asa global order of convergencecan be computed,and this problem hasa slightly more

complex geometry compared to the wedgeand cone study of Section 6.3. The 
o w

conditions are chosento be identical to thoseof References[6, 110,148].

The initial 
o w condition chosenfor the domain is

� = 1:0; P = 1:0; u = v = 0

The inner arc radius is at r i = 1 and the outer arc radius at r o = 1:384. The analytic

density as a function of radius r for this 
o w�eld is

� (r ) = � i

�
1 +


 � 1
2

M i
2

�
1 �

� r i

r

� 2
�� 1


 � 1

(6.10)

where the inlet Mach number at the inner radius is M i = 2:25 and density � i = 1.

The pressurePi = 1=
 and it variesthroughout the 
o w�eld accordingto the isentropic

relation P = Pi � 
 . The in
o w (at x = 0) is distributed inversely proportional to the

radius i.e. u i = (M i =r)bi.

The global discretization error is computed two di�erent ways, a dimensionlessL 1

norm representing `average'error (Equation 6.11) {

L1 =
1
N

X �
�
�
�
Qnum � Qexact

Qexact

�
�
�
� (6.11)

whereN is the number of cells,Qnum is the computednumerical solution (in this caseit

will bedensity) andQexact the exactsolution. Another error measureis the dimensionless

root meansquarenorm already enunciated in Equation 6.9.

Like Section 6.1, the grid convergenceorder is obtained from simulations on three

successivly-re�neduniform grids. They are mesh levels 5, 6, and 7 corresponding to

cell sizesof 0.04325,0.021625,and 0.0108125m respectively. Three di�erent subcell

resolutionsarealsoused(32, 64,and 128subcells) to observe error behavior with subcell

re�nement.

The 
ux solvers are AUSMDV and EFM, and a �rst-order (no reconstruction) grid

convergencestudy will alsobe performedwith AUSMDV. As the circular walls are rep-

resented by polygons,carewas taken to position the points along the arc circumference

such that their distance was at least �v e times smaller than the smallest cell size, to

minimize errors from the geometryrepresentation itself.
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6.4.1 Results for the Supersonic Vortex Problem

The nine pressuresolutions (3 meshlevels, 3 subcell resolutions)with overlayed Carte-

siangrid outlinesareshown in Figure 6.22. The noisybehaviour at the surfaceis obvious

on coarsermeshes.Due to grid coarsenessand the 
o w visualizer behaviour, contours

can sometimesappear outside walls.

Figure 6.22: Pressurecontours for supersonicvortex simulations

Nonetheless,the generalsmoothnessof the solution shows that VCE doesrepresent

the surfacefairly well. The smoothnessbecomesmore evident with increasingmesh

re�nement. However, the improvement in quality is not as obvious for a �xed mesh

level and increasingsubcell resolution.

Grid convergence

The AUSMDV convergenceorders are shown in Table 6.10. An additional simulation

was performedwhereerrors only from surfacecellswere computed, to test convergence

for the locally `noisier' 
o w there. This simulation, and the �rst-order one,is performed

only for 64 subcells.
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Table 6.10: AUSMDV grid convergenceorders for supersonicvortex problem

No. subcells

Norms 32 64 128

First-order, L1 - 1.04416 -

First-order, L2 - 1.20606 -

L1 1.69724 1.72636 1.99776

L2 1.85416 1.90352 2.10717

SurfaceL1 - 1.63797 -

SurfaceL2 - 1.73622 -

The convergenceorders are even better than reported body-�tted grid values[110,

148], and are comparableto previous Cartesian grid values [2] of 1.82 to 2.11. Wall

boundary representations might improve much better on Cartesian grids undergoing

re�nement comparedwith body-�tted grids, partially explaining why theseconvergence

ordersare so high.

Thesevaluesare alsoconsiderablybetter than the observed orders in Sections6.1.2

and 6.1.4 (despite the smoothnessof both solutions), con�rming again the problem-

dependent nature of convergenceorders, and de
ating the suspicion that the poorer

convergencebehaviour in previousveri�cation studiesis the result of coding error. There

is alsoan apparent trend that convergenceorder increasesfor higher subcell resolution.

The convergenceis alsogood evenwhenonly surfacevaluesareobserved, demonstrating

good VCE representation of the curvedsurface.The EFM convergenceordersareshown

in Table 6.11,and the valuesare comparablewith thosein Table 6.10.

Table 6.11: EFM grid convergenceordersfor supersonicvortex problem

No. subcells

Norms 32 64 128

L1 1.58489 1.89283 1.97694

L2 1.75611 1.98967 2.0864

Subcell convergence

Alternativ ely `subcell convergence'orders can be obtained from curves that plot error

norm with respect to the inverseof the number of subcells(for a �xed meshresolution),

like in Figure 6.23 for the AUSMDV solution. Figure 6.23 shows the decreasingerror
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for increasingsubcell resolution for a given mesh. All error norms are fairly low, less

than 2.5%.
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Figure 6.23: Solution norm vs subcell resolution for supersonicvortex problem (AUS-
MDV)

The subcell `convergenceorders'areshown in Tables6.12and 6.13. It is encouraging

to seetheseconvergenceordersare similar in magnitude to the formal order of accuracy

for the numerical method, and that for this problem the solutionsconvergeconsistently

and roughly equally in both subcell and grid resolution.

Table 6.12: AUSMDV subcell convergenceordersfor supersonicvortex problem

Mesh level

Norms 5 6 7

L1 2.19552 1.42058 2.0398

L2 2.45689 1.71389 2.71342

Table 6.13: EFM subcell convergenceorders for supersonicvortex problem

Mesh level

Norms 5 6 7

L1 1.56195 1.99705 2.12797

L2 1.51753 2.21202 2.86945
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Chapter 7

Validation - Shock Di�raction Over Wedge

The unsteadydi�raction of a Mach 1.3 shock wave over a 55� wedgewill be simulated.

Theseresults can be comparedwith the simulations of Sivier et al [189] (which used

L•ohner'sFEM-FCT code [131])and canalsobe comparedwith Schardin's experimental

work [182], and is thus a validation test case.

Figure 7.1(a) shows Sivier's [189]density contours sometime after the initial shock

has di�racted over the wedge. Several 
o w�eld featurescan be observed { shocks, re-


ected shocks, a slip layer, Mach stems,expansionfan, vortex and entropy layer. There

also exists shock-vortex interaction. Figure 7.1(b) gives a schematic of 
o w measure-

ments associated with thesefeatures. Thesemeasurements include {

1. x { horizontal distancefrom the back of the wedgeto the primary shock

2. a { horizontal distancefrom wedgenoseto primary re
ected shock (feature `B ' in

Figure 7.1(a))

3. r { vertical distancefrom wedgemidline to highestpoint of primary re
ected shock

(B )

4. b { horizontal distancefrom the back of the wedgeto triple point formed at the

intersectionof di�racted Mach stem (D ) and its re
ected shock (H )

5. c { horizontal distance from the back of the wedge to the intersection of the

di�racted Mach stem's re
ected shock (H ) and the slip layer (C)

6. d { horizontal distancefrom wedgemidline to the highest point of the shock (I )

7. vcx { horizontal distance from back of the wedgeto the geometriccentre of the

vortex (F)

8. vcy { vertical distancefrom wedgemidline to the geometriccentre of the vortex

(F)

A goal of this validation exerciseis to match frame by frame the results of Sivier et

al and demonstrategood agreement in results. This is done by extracting their shock
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(a) Sivier's density contours at frame 11 (b) Diagram of measured
o w features

Figure 7.1: Flow featuresin shock di�raction over wedgeproblem (from [189])

speed,frame rate and initial shock location [189]. The Rankine-Hugoniotrelations [10]

can then be usedto calculatethe post-shock pressureand density ratios and 
o w speed.

Nonetheless,it is impossibleto fully replicate the simulations of Sivier et al [189] as

they usea �nite element schemeand unstructured grids. The ambient atmosphericand

post-shock conditions are given in Table 7.1. The present simulations assumeperfect

gasair (
 = 1:4) and will usethe AUSMDV 
ux solver.

Table 7.1: Initial 
o w conditions for shock di�raction problem

Ambient Post-shock

� 1.145144kg=m3 1.73569kg=m3

P 105 Pa 1:805� 105 Pa

U 0 154.653m/s

Figure 7.2: Numerical domain for shock di�raction over wedgestudy

In this study the computation domain is shown in Figure 7.2. Two di�erent adaptive

mesheswill be usedto test grid dependence.For the �rst case,�v e working meshlevels

(levels 5 to 10) corresponding to cell sizesranging from 4:38� 10� 3 to 1:37 � 10� 4 m

will be used. In the higher resolved case,grid levels 6 to 11 will be used,corresponding

to cell sizesfrom 2:19 � 10� 3 to 6:84 � 10� 5 m. Note the minimum cell sizeof Sivier

et al is 2:8 � 10� 5 m [189], so their results might be more resolved, but the goal of
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7.1. RESULTS FOR THE SHOCK DIFFRA CTION OVER WEDGE

this validation exerciseis to demonstrategood agreement, not exact correspondence.

The density-basedadaptation indicator (Equation 3.4) is used with 0.063, 0.035 and

0.004for the re�nement, coarseningand noise�lter thresholdsrespectively; Sivier et al

[189] also usethe sameindicator, but their choice of valueswas inappropriate for this

methodology as it resulted in excessive cell re�nement. The number of subcells are 64

and 10 for the cell areaand volume respectively.

7.1 Results for the Shock Di�raction Over Wedge

In this sectionthe computeddensitiesat di�erent framesare presented (the results are

from the higher resolution solution). The 
o w�eld corresponding to frame 2 of Sivier

et al [189] is shown in Figure 7.3. The current results seemto lag very slightly behind

the results of Schardin [182] and Sivier et al [189]. This is unfortunate, but the initial

conditions are basedon a best estimateon the initial incident shock location in Sivier's

paper [189]. However, generalgood agreement with previous results can be seen. The

slip layer can be clearly observed and very closeto the wedgesurface there appears

to be slight solution noise arising from the VCE approximate surface representation

(Section 2.4.4), but this is relatively small.

The adapted mesh in Figure 7.3(b) also superimposesthe schileren image of the


o w�eld; note the diagonallinesin the meshoutlinesarean artifact of the grid visualizer.

The grid hasadaptedwell to all major 
o w features,however not all cellsalong the slip

layer are at maximum level; an additional entropy indicator, as recommendedby Sivier

et al [189],would improve the adaptation there.

Figure 7.4 shows the results at Frame 4. Agreement with Sivier's results is quite

good, but the curled-up entropy fan is not as well resolved. This could be due to their

�ner minimum cell sizeand entropy adaptation indicator. Somecontours upstream of

the expansionfan exhibit more noisy behaviour comparedto Sivier's result; this could

be due to the lessdissipative AUSMDV schemebeing usedcomparedto the FEM-FCT

schemewith arti�cial viscosity and partly alsofrom the numerically roughenedsurface.

Also, the mesh is coarserin theseregions(from Figure 7.4(b)) and the contours pass

through di�erent sizedcells,which makesfor uneven visualization.

In Figure 7.5 (frame 6) the di�racted Mach stem hasre
ected from the bottom wall

(equivalent to the crossingof the Mach stemswith a symmetric boundary condition).

Both the still-deforming slip layer and the curled-up entropy fan are moving closerto

each other, in agreement with Sivier's result. Agreement in all major 
o w�eld features

with experimental and numerical results is quite good (although the computed results

seemto lag slightly in time, as discussedabove).
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(a) Density contours for frame 2 (b) Grid and schlieren for frame 2

(c) Schardin frame 2 (from [182]) (d) Sivier frame 2 (from [189])

Figure 7.3: Frame 2 results for shock di�raction over wedgestudy

(a) Density contours for frame 4 (b) Grid and schlieren for frame 4

(c) Schardin frame 4 (from [182]) (d) Sivier frame 4 (from [189])

Figure 7.4: Frame 4 results for shock di�raction over wedgestudy
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(a) Density contours for frame 6 (b) Schardin frame 6 (from [182])

(c) Sivier frame 6 (from [189])

Figure 7.5: Frame 6 results for shock di�raction over wedgestudy

In Figure 7.6 (frame 8) the re
ected Mach stem (H ) has been broken in two by

the vortex. The acceleratedend of this shock (I ) extendsfrom the back wedgefaceto

the vortex, and the remnant of the re
ected Mach stem (H ) is deceleratedbelow the

vortex. The slip layer and entropy layer continue to move closer to each other, but

these featuresare not as sharply resolved as Sivier's [189]. Unlike Sivier's simulation,

Kelvin-Helmholtz instabilities arising from the interaction of shocks I and H with the

vortex are not present, although they do develop at later times. This may be due to the

coarsergrid resolutionand the associated numerical di�usion becauseKelvin-Helmholtz

is sensitive to di�usiv e e�ects. In all other respects the resultsagreequite well with the

previouswork.

In frame 9 (Figure 7.7) the shock (I ) has passedthrough the vortex layer and is

growing into a cylindrical con�guration. What appearsto be the beginningsof a Kelvin-

Helmholtz instabilit y in the vortex layer can be seennear the wedgecorner. There also

appearsto be a triple point arising from interaction with the re
ected Mach stem (H )

and the vortex (also visible in Sivier's simulation).

The 
o w�eld results for the �nal frame, frame11,areshown in Figure 7.8. All major


o w featurespresent in Figure 7.8(b) agreewell with Sivier's simulation (Figure 7.8(d)).

The entropy layer (G) is more visible here than at other frames,and the shock (I ) is
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(a) Density contours for frame 8 (b) Schardin frame 8 (from [182])

(c) Sivier frame 8 (from [189])

Figure 7.6: Frame 8 results for shock di�raction over wedgestudy

(a) Density contours for frame 9 (b) Schardin frame 9 (from [182])

(c) Sivier frame 9 (from [189])

Figure 7.7: Frame 9 results for shock di�raction over wedgestudy
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now much more sharply resolved than in Figure 7.7(a). Also present (and observable

in Sivier's results) is the formation of a triple point at the intersectionof the di�racted

Mach stem (D ) and re
ected Mach stem (H ).

The adaptedmesh(with overlaid 
o w�le schlieren) is shown in Figure 7.8(c) and it

is clear that it continuesto re�ne over discontinuities. There seemsto be somespurious

re�nement at the top wall upstreamof the re
ected shock (B ) whosecauseis not exactly

known. However, given that the top wall is not exactly 
ush with the grid boundary

and the suppressionof reconstruction for intersectedcells, it is possiblethat slightly

aphysical disturbancesarise that trigger adaptation.

(a) Schardin frame 11 (from [182]) (b) Density contours for frame 11

(c) Grid and schlieren for frame 11 (d) Sivier frame 11 (from [189])

Figure 7.8: Frame 11 results for shock di�raction over wedgestudy

Most notably the schlieren in Figure 7.8(c)showsa moredevelopedKelvin-Helmholtz

instabilit y in the vortex layer. This is also observable from the experimental results in

Figure 7.8(a) and is more clearly seenin a closeupof the 
o w�eld at the vortex in

Figure 7.9. The coarserand �ner meshresolution is displayed to comparehow well this

instabilit y is captured. It is obvious that the dissipation inherent in the coarsermesh

simulation suppressedthe generationof the secondaryvorticies(evident in the �ner mesh

simulation), although the vortex layer is nonethelessslightly unstable and perturbed.

This demonstratesagain the highly grid-dependent nature of theseinstabilities [16, 84].

Quantitativ e 
o w�eld measurements from the 
o w featuresdescribedin Figure 7.1(b)
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7.1. RESULTS FOR THE SHOCK DIFFRA CTION OVER WEDGE

(a) Frame 11 closeup(coarserresolution) (b) Frame 11 closeup(�ner resolution)

Figure 7.9: Frame 11 closeupof Kelvin-Helmholtz instabilit y
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Figure 7.10: Flow�eld measurements for shock di�raction over wedgestudy
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are plotted in Figure 7.10, where results from the two grid resolutions are shown to

observe grid dependence.The primary 
o w structures (a, r and x) and the secondary


o w structures (b, c and d) are plotted in Figures 7.10(a) and 7.10(b) respectively.

Agreement with previousresults is quite good, with nearly grid-independent behaviour.

In Figure 7.10(c) the vortex position (vcx and vcy) is plotted. Agreement with

Sivier's result is quite good, and possibleexplanationsof discrepancieswith Schardin's

experiments include the di�cult y of locating the vortex and the complex interaction of

the re
ected Mach stem with the vortex [189]. Theseresults demonstratethat OctVCE,

despite the issueswith 
o w noiseat surfaces(Section 2.4.4), has the abilit y to provide

an accurateand fairly well-resolved simulation of this problem. Along with Sivier et al

[189], it is reasonableto assert that surfacewedgepressureswould also be estimated

well.

7.2 Serial Performance

The serial performanceof the simulations is pro�led using the GNU pro�ler gprof .

The relative percentagesof time spent in important portions of the code are shown in

Table 7.2 for the two di�erent resolution simulations. The important sectionsof the

code are {

1. Reconstruction-relatedoperations{ computing gradients, limiters, reconstruction

2. Solution advancement { computing 
uxes, timesteps,boundary conditions, time

integration

3. Adaptation { computing adaptation indicators, re�ning and coarseningthe mesh

4. Geometricoperations{ point-inclusion tests, calculating cell geometricproperties

5. Connectivity management { updating meshconnectivity, list operations

6. Output { writing solutions to output �les

It is clear that reconstruction-relatedoperationsare a large fraction of the computa-

tion time, and the relativedi�erence betweentheseoperationsand solution advancement

is quite similar to the performance�gures in Section6.1.5. It might be worthwhile for

future work to investigate more e�cien t ways to perform reconstruction. There ap-

pearsto be good e�ciency in the adaptation process,but connectivity management is

a necessaryoverheadon an adaptive scheme, meaning a net overheadof around 10%

for the entire adaptation process. This is actually a fairly signi�cant �gure that can
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7.3. PARALLEL PERFORMANCE

Table 7.2: Serial performancefor shock di�raction over wedgesimulations (reported

valuesin percentages)

Code portion Coarserresolution Finer resolution

Reconstruction-related 47.65 49.77

Solution advancement 27.66 32.46

Adaptation 3.36 3.86

Geometricoperations 14 9.1

Connectivity management 7.13 4.55

Output 0.2 0.26

Solution run time (hrs) 9.5 44.7

Max. no. cells 1:3 � 105 2:83� 105

further limit the Amdahl speedup(Section 5.4), so parallelizing adaptation might be

a worthwhile goal. There is very low cost associated with solution output, but this is

dependent on the �le output frequency.

Currently with OctVCEthe parallelization of adaptation, geometricoperations and

connectivity management for two-dimensionalproblems is not performed. Also, the

relatively high cost of geometric operations in Table 7.2 would probably be lower in

three-dimensionalsimulations as there is someredundancyin geometriccalculations in

two-dimensionalsimulations. It seemsthat geometric and connectivity management

operations reduce for the higher resolution simulation, showing that as grids become

�ner more time is spent in solving the actual 
o w equations.

7.3 Parallel Performance

The parallel performanceof this problem on 2 and 4 processorsis measured,and the

observed speedupsin executiontime for the coarserand �ner resolution simulations are

shown in Table 7.3. Thesesimulations wererun on the University of Queenslandowned

SGI Altix 3700supercomputing facility. It is clear that the speedupperformanceis not

very good, indicating a large serial code fraction and/or high parallel overheads.

Table 7.3: Observed speedupsfor shock di�raction over wedgesimulations

2 processors 4 processors

Coarserresolution 1.69 1.9

Finer resolution 1.59 2.05
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The Karp-Flatt Metric [113] (Equation 5.2) can calculate an `e�ective' serial frac-

tion e given the speedup. This e�ective fraction incorporatesboth the actual serial and

parallel overheadcode fractions � and ! respectively. Using the Intel compiler with the

openmp-profile option also permits a degreeof parallel code pro�ling, but although

total time spent in serial and parallel regionsis reported, theseimplicitly include over-

headsand so an accuratevalue of � (n) cannot be computed. Nonetheless,other useful

reported measuresare the per-thread time spent in barrier (synchronization) regions

b(n; p) and the cumulative imbalance time (the total sum in the courseof the simu-

lation of the time di�erence between threads for each entry to the region). Only the

maximum valuesof the barrier and imbalancetimes will be reported, and thesevalues

should ideally be low.

Using the terminology of Section5.4 for problem sizen let to (n; p) be the parallel

overheadgiven p processors;the important quantities are

� (n; p) = b(n; p) =(� (n) + � (n))

e(n; p) = (� (n) + to (n; p)) =(� (n) + � (n))

� (n) = � (n) =(� (n) + � (n))

! (n; p) = to (n; p) =(� (n) + � (n))

E (n; p) = � (n) + � (n) =p+ to (n; p) (7.1)

� (n; p) canbethought of asa barrier fraction of the code,andE (n; p) is the total elapsed

time of the simulation. As mentioned in Section5.4 the Karp-Flatt metric can be used

to plot the behaviour of e(n; p) for di�erent numbers of processorsp, and extrapolated

to yield an estimate of e(n; 1) ' � (n) (no parallel overheadsexist for serial execution).

In many cases,it is di�cult to determinethe actual valueof � (n) dueto codecomplexity

and this extrapolation is the simplestway. It is thus possiblealsoto obtain an estimate

to ! i.e. ! (n; p) = e(n; p) � e(n; 1). As a measureof the extrapolation's validit y, the

elapsedtime on p processorscanbe estimatedand comparedwith the measuredelapsed

time using the formula

E 0 = [e(n; 1) + (1 � e(n; 1)) =p+ ! (n; p)] t1(n) (7.2)

wheret1(n) is the measuredserial elapsedtime (t1(n) � � (n) + � (n)) and e(n; 1) is the

extrapolated serial fraction. The performancestatistics discussedabove are reported

in Table 7.4, which reports thesestatistics for the 1, 2 and 4 processorsimulations for

the coarserand �ner resolutions. The fraction of overheadspent in synchronizations (or

barriers), � =! is alsoshown.

A discussionof each performancestatistic is given below. Firstly, the e�ective serial

fraction e for both coarseand �ne resolutionsis quite signi�cant given the more limited
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Table 7.4: Parallel performancestatistics for shock di�raction over wedgesimulations

1 processor 2 processors 4 processors

Coarse Finer Coarse Finer Coarse Finer

Singleprocessortime (s) t1 34237 160903

`E�ectiv e' serial fraction e 0.183 0.26 0.367 0.316

Extrapolated serial 0.0915 0.231

fraction e(n; 1)

Overheadfraction ! 0.0919 0.028 0.276 0.0854

Barrier fraction � 0.009 0.0087 0.0793 0.0154

Barrier/o verhead� =! 0.104 0.306 0.288 0.18

Imbalancetime/elapsed time 0.0033 0.0029 0.0563 0.0106

Estimated elapsedtime (s) E 0 21831 103623 20347 81847

Measuredelapsedtime (s) E 20232 101364 17978 78402

parallelization of the two-dimensionalcode discussedin Section7.2, and it increasesfor

moreprocessorsdue to parallel overhead(time spent in processstartup, communication

or synchronization). The increase(between2 and 4 processors)is 0.184and 0.056for

the coarserand �ner grid results respectively. The increaseis smaller for the �ner grid

result, probably dueto the Amdahl e�ect [151] (Section5.4) wherethe parallel overhead

fraction typically decreasesfor larger problem sizesasto hasa lower complexity than � .

The extrapolated serial fraction e(n; 1) ' � appearsto be smallerfor the coarsergrid

result. Perhapsone causeof this stemsfrom the longer execution time in someserial

operations for larger problem sizeslike list traversalswhich utilize indirect addressing.

However the value of e(n; 1) is an estimate and the serial fraction � may be di�erent if

executedusing the resourcesof more processors.

The overhead fractions ! are basedon extrapolated � values and for the coarser

grid result are very sign�cant, being larger than its extrapolated serial fraction, and

increasingby about a factor of 3 between 2 and 4 processors.The overheadsfor the

�ner grid result are consistently smaller (the Amdahl e�ect) by about 70% and also

increaseby about a factor of 3. They are also smaller than its extrapolated serial

fraction. The barrier fractions � are smaller than the overheadfractions as expected,

and are generallysmaller for the �ner resolution simulation. The predominant parallel

overheadsappear to consistof communication overheads.

Imbalancetimes are quite small (demonstrating good load balancing), and appear

to increasefor more processors,and is lesssigni�cant for the �ner resolution, indicating
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better performancein parallel regions. Estimated elapsedtimes E 0 also comparequite

well with actual elapsedtimesE (indicating a reasonablysoundextrapolation of e(n; 1)),

but are somewhatlarger. Thus could be due to the conservatism in the ! estimates.

Also, the elapsed1 processortime t1(n) usedto computeE 0 in Equation 7.2 may have

beensmaller if it wererun with the increasedmemoryresourcesof a parallel simulation.

The performancestatistics suggesta fairly large fraction of the code remainsserial

for this problem, limiting parallel e�ciency . Moreover, parallel overheadsare alsoquite

signi�cant, and increaseconsiderablywith more processors.Synchronization times also

form a signi�cant portion of theseoverheads,although communication time is apparently

the dominant factor. This behaviour is expected for a NUMA machine like the Altix

and the minimal exploitation of locality of storage(and large memory requirements) of

the code as described in Section5.5.3.
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Chapter 8

Validation { Shock Di�raction Over

Cylinder

This two-dimensionalvalidation test casesimulatesinviscid shock wavedi�raction over a

circular cylinder, and wasalsopresented in References[202, 203]. Notable experimental

work on this problem wasperformedby Bryson and Gross[42] and past numerical work

included inviscid simulations on �nite di�erence [225], body-�tted structured [16, 230]

and adaptive Cartesian [153]grids.

The shock speedis Mach 2.81,and the pre- and post-shock gasconditionsare shown

in Table 8.1. The post-shock conditions were obtained from the Rankine-Hugoniot

relations. Perfect gasair (
 = 1:4) is assumed.The domain size is similar to Quirk's

domain [153]. The numerical results here will also compare solution contours with

Quirk's adaptive Cartesiancode [153]becauseof similarity in methodologyand because

Quirk's solution, which uses�ner grids, is more resolved.

Table 8.1: Initial 
o w conditions for shock over cylinder problem

Ambient Post-shock

� 0:1 kg=m3 0:3674kg=m3

P 104 Pa 9:04545� 104 Pa

U 0 765.21m/s

Two di�erent adaptive meshesare usedto observe grid dependence.In the coarser

grid simulation, �v e working mesh levels (level 5 to 10) corresponding to cell sizes

ranging from 0:2188r to 6:836� 10� 3r will be used,where r is the cylinder radius. In

the �ner grid simulation, grid levels 6 to 11 will be used. Thesemight be compared

with Z�oltak's body-�tted structured grid [16, 230], where the smallest circumferential

cell was 0:01304r , and Quirk's Cartesian grid [153], where the smallest cell was about

2:552� 10� 3r .

All simulations use the density-basedadaptation indicator (Equation 3.4) of 0.07,

0.04 and 0.0175for the re�nement, coarseningand noise�lter thresholdsrespectively.

The number of subcells are 64 and 16 for the cell area and volume respectively. The
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8.1. RESULTS FOR SHOCK DIFFRA CTION OVER CYLINDER

adaptive 
ux solver is implemented (Section 4.4) where EFM operatesat shocks and

AUSMDV is usedelsewhere.

Pressuretracesarerecordedat locationsaround the cylinder corresponding to angles

� = 0� , 30� , 40� , 60� , 90� , 120� , 150� and 180� . The traces record surfacepressure

normalizedby ambient pressureagainst nondimensionaltime tu=r wheret, r and u are

the time, cylinder radius and incident shock velocity respectively.

8.1 Results for Shock Di�raction Over Cylinder

Figure 8.1 comparesdensity contours from the �ner grid simulation with Quirk's con-

tours [153]. The comparisonis quite good, and all important 
o w featuresare resolved

well (the shock, contact discontinuity, vortex and vortex stem).

Figure 8.1: Shock cylinder density contours. Top �gure { current results, bottom �gure
{ Quirk's [153]

However, contours behind the bow shock are not smooth and exhibit noticeable

noise,which could be due to noisebeing generatedat the shock (AUSMDV is usedin

most of the 
o w). This results from a discretizedstepped representation of the curved

bow shock, creating arti�cal shearlayerswhich stream into the stagnation region. Also

Figure 8.2, which shows the corresponding grid, hasa lessuniform distribution of mesh

levels near this region, which makesfor a noisier visualization of contours.
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The current results also do not exhibit the developing Kelvin-Helmholtz instabilit y

seenin Quirk's result [153] at the contact discontinuity, perhapsbecausethe grids are

coarserand/or a moredissipative 
ux solver than Quirk's (who usesa Riemannsolver).

However the original experimental results [42] alsodid not seemto show this instabilit y

well. As di�usion regulatesthe rollup of Kelvin-Helmholtz instabilities and Quirk only

performs an inviscid simulation, it is possibleQuirk's simulation doesnot contain the

full physicsfor the shearlayers.

Figure 8.2: Adapted grid for shock over a cylinder

Figure 8.3 plots the computedpressurehistoriesat variouspoints along the cylinder

surfaceandcomparesit with previouswork [225, 230]. Agreement is generallyvery good,

especially for those positions at the cylinder front (smaller than 90� ), and traces from

the two di�erent meshresolutionsshow high similarity and thus grid independenceto

an extent. There are someminor di�erences at thosepoints at the back of the cylinder.

Somegrid-dependencein the post-shock pressurehistory at the separation point

(150� ) can be observed in Figure 8.3(f) wherethe initial pulseagreeswell with previous

results, but di�ers more noticeably at later times. The peak pressuresat the back

stagnationpoint (Figure 8.3(g)) arealsocomputedto behigher than the structured-grid

simulations, but this appearsto alsobe the casewith Z�oltak's adaptive meshsimulation

[230] which consistently gives higher peak pressures(probably becauseof the better

resolution) especially for the secondhalf of the cylinder. In general,the current results

agreewell with previouswork on this problemin spiteof the VCE surfaceapproximation.
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(b) Pressurehistory at 30�
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(c) Pressurehistory at 60�
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(d) Pressurehistory at 90�
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(e) Pressurehistory at 120�
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(f ) Pressurehistory at 150�
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(g) Pressurehistory at 180�

Figure 8.3: Shock cylinder pressurehistories
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Chapter 9

Validation - One-Dimensional Spherical

Blast Waves

This sectionsimulatessphericalblast wavesusingthe second-orderone-dimensionalcode

to solve the unsteadyEuler equationsin one-dimensionalsphericalgeometry(described

in Appendix B). This will help establishthe validit y of results obtained from the one-

dimensionalcodewhich, in turn, is usedto verify OctVCE. The test casewill becompared

with the numerical resultsof Ritzel and Matthews [166],who investigatedthe useof the

\ballo on analogue"model (Section4.6) to initiate explosions.

9.1 Description of Simulations

The initial chargeor balloon conditions are a pressureof 30,000atmospheresand tem-

perature of 3600K for the helium gas. The energyof the charge is equivalent to 0.25

kg of Pentolite with a speci�c energyof 6.55 MJ/kg [166]. The blast energyis related

to the balloon gaspressureand volume via the ideal gasrelation

E =
(P � P0) V


 � 1
(9.1)

where E is the total blast energy, P the initial gaspressure,P0 ambident pressure,V

volume and 
 ratio of speci�c heats. Using Equation 9.1, the initial charge radius and

density of around 0.0441m and 406.24kg=m3 are calculated respectively (
 = 1:667).

Assumedambient conditions for the air are P0 = 101:325kPa and � 0 = 1:2 kg=m3.

Ritzel and Matthews useda 
ux-corrected transport (FCT) schemewith an element

sizeof 5 mm [166]. To obtain exact correspondencein energythe number of cellswithin

the chargemust be an integer multiple of its radius and the closestcell sizeto Ritzel's

that can be usedis around 4.9 mm (9 cells in the charge). Further simulations are also

performedassumingthe sameblast energybut di�erent chargeconditions {

1. A �rst-order simulation without reconstruction,to demonstrateincreasedaccuracy

of the second-orderscheme.
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2. A second-ordersimulation usingthe TNT explosive and the JWL equationof state

(Section 4.5.2), also initiated using the balloon analoguemodel described in Sec-

tion 4.6. This tests what e�ect the di�erent initial condition and implementation

of the JWL equation has on the solution. JWL parametersfor TNT are taken

from Reference[127], wherethe initial density and energydensity are 1630kg=m3

and 7 � 109 J=m3 respectively. An initial pressureof 8:384� 109 Pa is calculated

from the JWL equation of state, and a charge radius of 0.03822m is computed;

the closestcell sizeto Ritzel's valuesis 4.778mm (8 cells in the charge).

3. A second-ordersimulation also using the JWL equation of state with TNT JWL

parameters,but now with the sameinitial chargevolumeand density asthe helium

charge, and hencethe energy density for this balloon gas is not 7 � 109 J=m3.

This soley tests the e�ect of the JWL equation on the solution. The pressureis

calculatedto be7:651� 109 Pa and Cv is backward-calculatedusingEquation 4.20.

This initial condition is more academicthan practical and is beyond the normal

limits of applicability of the JWL equation; the `solution order switching time'

strategy (Section4.8.1) was required to keepthis simulation stable.

9.2 Results

9.2.1 Comparison of Helium Charge Solutions

Figure 9.1 shows the computedpressurehistoriesat two sensorlocations for the helium

charge. The computed arrival time, peak overpressureand positive-phasebehaviour is

in very good agreement with the results of Ritzel and Matthews [166]. The arrival time

and magnitude of the secondaryshock is also in good agreement.
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Figure 9.1: Comparisonof computed tracesof one-dimensionalblast simulation
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The wave diagram comparingtra jectoriesof primary and secondaryshocks and the

contact surfaceis shown in Figure 9.2. Note for the sphericalshock problem the contact

surface'sposition is roughly constant [25]. Very good agreement betweencurrent and

past results can be observed. The results give good con�dence in the simple spherical

one-dimensionalcode.
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Figure 9.2: Comparisonof computedtra jectoriesof one-dimensionalblast simulation

9.2.2 Comparison of Di�eren t Charge Solutions

The second-orderhelium, �rst-order helium and two JWL solutions are comparedat

di�erent times in this section. The solutions at an early time of 1.5 ms are shown in

Figure 9.3. Note the \JWL alteredTNT equiv" line correspondsto the simulation where

the \altered" JWL equation of state is used but on a gas with the samevolume and

density asthe helium balloon gas,asopposedto the \prop er" TNT solution (with more

realistic TNT initial conditions), labelled as the \JWL TNT equiv" line.

As expectedthe �rst-order solution more poorly resolvesthe primary and secondary

shocks, and consequently underestimatesthe peak overpressure. The primary shock

strength and positive phase wave behaviour between all solutions are quite similar,

although primary shocks of the TNT solutionsseemto lag in arrival time slightly. The

main di�erence in solutions occur after the positive phase; the proper TNT solution

exhibits a much larger and delayed secondaryshock and even reverse
o w. It would

seemthis is mainly causedby the di�erent initial condition of the proper TNT solution,

sincethe altered TNT solution alsousesthe JWL equationbut is much more similar to

the helium solution.

Figure 9.4 shows the solutionsat 3 ms. The poorer resolution of the �rst-order solu-

tion is evident, especially of the secondaryshock. The agreement betweenall solutions
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Figure 9.3: One-dimensionalblast at 1.5 ms

in the positive phaseis alsomore pronounced,and, aswith Figure 9.3, the only signi�-

cant di�erence occurswith the proper TNT solution after the positive phase,which as

mentioned above is likely mainly due to its di�erent initial condition. The altered TNT

solution has an unusual discontinuity near the explosioncore that may be a numerical

artifact triggered by the suddenswitching of the solution order.

The solutions at 7.5 ms are shown in Figure 9.5. At this time there is very close

agreement with all solutionsin the positivephaseregion. The pressurenearthe explosion

coreappearsto be rising back to the ambient valueat this time. The contact surfacesof

the helium and proper TNT solutionsare alsovisible at around x = 0:5 m. This surface

is not captured well for the �rst-order or altered TNT solutions probably as a result

of being run �rst-order at earlier times. The proper TNT solution also has apparently

developed a tertiary shock, and its secondaryshock continuesto be larger in magnitude

and lag behind the other solutions. The �rst-order solution can no longer represent the

secondaryshock e�ectively.

The wave diagram of all solutions is shown Figure 9.6. Wave tra jectories amongst

all solutions agreevery well with each other except for the secondaryshock tra jectory

of the proper TNT solution. It appears the main causeof this di�erent secondary

shock tra jectory is due to the di�erent initial condition rather than usageof the JWL
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9.2. RESULTS
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Figure 9.4: One-dimensionalblast at 3 ms
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Figure 9.5: One-dimensionalblast at 7.5 ms
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9.3. NON-REFLECTING BOUNDARY CONDITION TEST

equation of state. On this scaleit is di�cult to notice the small di�erences in primary

shock arrival time betweenthe helium and TNT solutions.
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Figure 9.6: Computed tra jectories for one-dimensionalblast simulation

Theseresultsdemonstratethat mid- to far-�eld behaviour of the positive-phasewave-

form is nearly independent of chargeinitial conditions or equationof state usage.They

con�rm that the dominant parameterdetermining primary shock intensity and positive

phaseimpulse is the initial explosive energy(Section 4.6), and thus using a perfect gas

balloon model is an acceptableapproach for mid- to far-�eld regimes.Large di�erences

occur in the negative phase,which are also corroborated by Ritzel's numerical exper-

iments [166] which indicated that a denserballoon gascauseda more severe negative

phaseand stronger secondaryshock.

9.3 Non-re
ecting Boundary Condition Test

A �nal test casewill investigatethe performanceof the non-re
ecting outlet boundary

condition (Appendix H) after the primary shock exits the domain. The helium solution

is simulated on a truncated domain (8 m long) and comparedwith the solution on a

longer domain using the samecell size. The solution at 19.5ms is shown in Figure 9.7

after the primary shock has left the domain (but before the secondaryshock). No

re
ections can be observed in pressure,density or velocity. Note the velocity in the

positive phaseis lessthan 20 m=s meaningsubsonic
o w.

The solution at 22.5 ms is shown in Figure 9.8, which is after the secondaryshock

has left the domain. The pressureand velocity (Figures 9.8(a) and 9.8(c) respectively)

do not display re
ections, but there exists someupstream in
uence of the boundary

condition that causesthe negative phasesolution to deviate slightly.

The solution at 30 ms is shown in Figure 9.9 well after the negative phasehas left
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Figure 9.7: One-dimensionalblast at 19.5ms (non-re
ecting test case)
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Figure 9.8: One-dimensionalblast at 22.5ms (non-re
ecting test case)
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9.3. NON-REFLECTING BOUNDARY CONDITION TEST

the domain. This time the upstream in
uence from the boundary is more noticeable,

which extends leftward until the small inward-moving re
ection wave. The density

solution (Figure 9.9(b)) still seemsto display very good agreement with the longer

domain solution. The subsonicoutlet non-re
ecting boundary condition seemsto work

quite well even sometime after the secondaryshock hasexited the domain, although it

performs more poorly at later times. Similar performancemight be expected in multi-

dimensionalsimulations when a wave parallel to the boundary exits the domain. For

oblique exiting waves,there may be small re
ections [116, 210].
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Figure 9.9: One-dimensionalblast at 30 ms (non-re
ecting test case)
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Chapter 10

Validation { TNT Blast

The calculation of free-�eld blast parametersversusscaleddistancefollowing the explo-

sionof a sphericalTNT chargeis an important test casefor this codegiven the wealth of

data on this problem[19,25,40,119, 171,192]. The material for this sectionappearedin

Reference[206]by the author. Simulations are �rst performedwith the one-dimensional

spherical code and comparedwith data from the CONWEP program [103], Kinney's

explosivestext of [119]and the study by Cullis and Huntington-Thresher [101],and the

explosionsare initiated using the balloon gasapproach like in Chapter 9.

Simulations are also performed in two and three dimensionsand comparedwith

the one-dimensionalresult. They should ideally be identical to the one-dimensional

result, but this is not always attainable as the charge representation is asymmetrically

`discretized' in the radial direction by a Cartesian representation with the balloon gas

or bursting spheremodel (Section4.6). The blast alsodoesnot usually propagatealong

the meshdirection and will give slightly di�erent results depending on what direction

one is looking. Multi-dimensional simulations are also usually quite expensive and use

coarsergrids that may give solutions that are not grid-independent.

The simulations usethe JWL parametersfor TNT taken from Reference[127], like

in Section9.1. A chargemassof 1 kg is used,thus all reported distancesare alsoscaled

values. Assumedambient air conditions are P0 = 101:325kPa and � 0 = 1:2 kg=m3.

10.1 One-Dimensional TNT Blast

The initial JWL TNT conditions in Section9.1 are usedherefor the TNT charge,and

an initial temperature of 2900K is assumed[133]. A simulation is alsoperformedwhere

a mass-and energy-equivalent volume of perfect gas air is used for the balloon gas.

The results are shown in Figure 10.1;note Cullis' results [101]were only reported to a

distanceof 8 m=kg1=3. Grid-independenceis virtually attained with 40 cellsthrough the

charge. The impulse is normalizedby positive phaseduration, and CONWEP data was

not obtainabledirectly but extracted from Cullis' paper [101]. Error bars in Cullis' data

seriesare usedto cover their range of results and for the impulse plot the CONWEP

result lies within this range.
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10.1. ONE-DIMENSIONAL TNT BLAST
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Figure 10.1: One-dimensionalTNT blast parameters

In generalthe resultsagreewell with existing data, especially in pressureand impulse

(often the most important quantities), anddi�erencesbetweenthe JWL andair solutions

are very small. Theseresults indicate that a perfect gasbursting sphereapproach can

producegood correlation with experimental data of important blast parametersfrom as

closeas0.5 m=kg1=3, which hasalsobeenobserved by Rose[171]. The one-dimensional

solution can thus be usedto computethe error from multi-dimensional simulations (see

Section10.3).

Cullis and Huntington-Thresher mention that the �nite gaugerise time may have

causedtheir arrival time to beoverpredictedslightly, asappearsevident in Figure 10.1(b).

The greatestdiscrepanciesoccur with the positive phaseduration (Figure 10.1(d)), al-

though the current results follow Kinney's line fairly closely. Positive phaseduration

appears to be a di�cult quantit y to measure,and has been known to vary by more

than oneorder of magnitude in experimental results [146]. Poor agreement in computed

results and CONWEP values was also observed by Rose [171]. Cullis suggeststhat

CONWEP might overestimatethis value due to afterburning e�ects [101].

110



10.2. AXISYMMETRIC TNT BLAST

10.2 Axisymmetric TNT Blast

Simulations are performed in two-dimensionalaxisymmetric geometryand with adap-

tive quadtree mesheswith typically 4 working levels. To investigate convergence,�v e

di�erent meshesare usedwith minimum cell sizesof 0.1875,9.375� 10� 2, 4.688� 10� 2,

2.344� 10� 2 and 1.172� 10� 2 m (successive grid doubling). The coarserof thesegrids

canonly represent the chargein onecell, and thusnot all solutionsmay be in the asymp-

totic rangeof convergence(this is demonstratedbelow). The �nest cell sizeis chosento

correspond roughly with a common�ne cell sizeusedby Roseet al [171, 175] in their

three-dimensionalsimulations of blast interaction with buildings.

An example of an initial coarseCartesian cell charge representation is shown in

Figure 10.2. The curved line represents the spherical charge; cells intersected by or

within that volume are initiated to the charge or balloon conditions (again, diagonal

linesarean artifact of the grid visualizerParaview [90]). A planeof symmetry at x = 0 is

assumed.To save costs,smallercomputational domainsareusedfor �ner grids. Domain

sizesvary from 6 to 20 m; experiencehasshown thesedistancesare su�cien t for a blast

wave pro�le to develop. Sensorlocations are placedon the radial axis at around 0.2 m

increments closeto the charge,and around 1 m increments farther away.

Idealgasair is usedfor the balloon gas. The density of this gasdependson the volume

of the cells representing the charge and is adjusted for each grid (using the method in

Section 4.6.1) such that the charge has a massof 1 kg. The balloon gas pressureis

adjusted to give the correct blast energyequivalent to a 1 kg TNT charge. An adaptive


ux solver (Section 4.4) is used with EFM at shocks and AUSMDV elsewhere. The

density-based adaptation indicator (Equation 3.4) is used and typical values for the

re�nement, coarseningand noise �lter thresholds are 0.3, 0.02 and 0.008respectively.

However thesethresholdsare adjusted slightly for each meshas the indicators perform

di�erently for di�erent meshresolutions,and arechosento give a good but not excessive

degreeof re�nement in the region leading up to the primary shock.

Figure 10.2: Initial grid for 2D axisymmetric TNT blast simulation
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10.2. AXISYMMETRIC TNT BLAST

The calculated blast parametersare shown in Figure 10.3 and comparedwith the

one-dimensionalspherical result. The overpressureplot shows a trend of convergence

toward the one-dimensionalresult as the cell sizedecreases,and coarsergrids usually

underpredict the overpressure.At distanceslessthan about 1 m the di�erencesbetween

the solutions are not so consistent; this is probably a result of the near-�eld e�ect of

the initial explosive shape, which has a signi�cant e�ect on the blast waveform at this

range[40, 211]. The scaledimpulseplot alsoshows reasonableagreement betweenone-

dimensionaland axisymmetric solutionswith �ner grids generallygiving a better result.

However it is shown later that convergenceis not soeasyto demonstratefor (non-scaled)

impulse. Arriv al time is quite grid-independent, and positive phaseduration seemsto

be the most grid-dependent parameter (but its convergencecan still be observed).
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Figure 10.3: Two-dimensionalTNT blast parameters

An example pressurehistory at 11 m radial distance showing convergenceof the

axisymmetric solutionsis shown in Figure 10.4. The di�erencesbetweensucessive peaks

becomeincreasinglysmallerand the positive phasewaveform takesbetter shape. There

is a noticeable�nite risetime to peakoverpressureon coarsergrids becauseof the poorer

shock resolution. The secondaryshock is very di�cult to resolve even on the �ne grids,

but this feature is not so important.
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10.3. ERROR QUANTIFICA TION IN THE AXISYMMETRIC SOLUTIONS
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Figure 10.4: Example pressurehistory from TNT blast

10.3 Error Quan ti�cation in the Axisymmetric So-

lutions

This study takes the results of Section10.2 and quanti�es the di�erences between the

axisymmetric result and the virtually grid-independent one-dimensionalsphericalresult

(Section 10.1) for the di�erent axisymmetric grids1. As mentioned above, theseerrors

result from grid coarsenessand the discretization of the sphericalchargevolume into a

`staircased'Cartesianrepresentation.

Only the peak overpressureand peak impulse parameters(versusdistance) will be

consideredas theseare the most important quantities from an engineeringperspective.

Pressuresensorsare alsoplacedalong both radial and diagonal (parallel to bi + bj ) direc-

tions. Diagonalsensorsmight be expectedto yield leastaccurateresultsand su�er most

from numerical di�usion aswave propagation is most misalignedto the meshalong the

diagonal.

It is hopedthat this study will provide both a guideto the magnitudeof the errorsat

a givenscaleddistanceandan assessment of the quality of error estimatescomputedfrom

grid re�nement studies, which are basedon Richardson extrapolation (Equations 6.2

and 6.3). As a guide to the quality of an error estimate, it will be useful to produce

statements like `the estimated error has a x% chanceof being too large/small, and (i)

it will be too large/small by no more than value y 90% of the time, (ii) it will be too

large/small by an averageof z%'. This study might then also be applicable for more

complicated blast problemswhere �ne grid resolution is too costly to attain. A study

of the errors in the near-�eld may alsohelp determinethe scaledrangebelow which the

balloon gaschargerepresentation (and estimatederror) is unsuitable.

1This section is taken from Reference[206] and is a more condensedversion of that paper.
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10.3. ERROR QUANTIFICA TION IN THE AXISYMMETRIC SOLUTIONS

10.3.1 Actual Errors

At every sensorpoint, the relative error in blast parametersis computedas(f e � f ) =f e

where f e is the `exact' solution (the one-dimensionalresult) and f the axisymmetric

solution. These errors are plotted in Figure 10.5 along both sensorlines (radial and

diagonal). A discussionof the errors is given below.
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Figure 10.5: Actual axisymmetric TNT parameter relative errors vs distance

Overpressure

It is clearfrom the graph of overpressureerror alongthe radial axis (Figure 10.5(a)) that

after about 1 m the solutionsareconverging. Coarsergrids always tend to producelower

overpressuresbecauseof poorer shock resolution. Errors prior to 1 m are very largeand

do not behave so consistently becauseof the still-signi�can t e�ect of the initial charge

shape on the developing waveform which is forming into a more radially symmetric

pattern. This suggestsfor this rangeof cell sizesa `cut-o� ' distanceof 1-2 m at which

the balloon gasapproach is appropriate whenestimating error basedon grid re�nement

studies. The curves are not always smooth, and increaseslightly for larger distances

probably becauseof numerical di�usion.
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10.3. ERROR QUANTIFICA TION IN THE AXISYMMETRIC SOLUTIONS

The errors along the diagonal direction (Figure 10.5(b)) are quite similar to those

along the radial direction. Errors alsodo not behave consistently beforeabout 1 m, and

have steeper increasewith distanceafter 1 m asnumerical di�usion is moreseverealong

this direction. Although the solutionsare converging at thesedistances,the di�erences

betweenerrors for each grid are not always consistent, which will a�ect the Richardson

extrapolation-basederror estimator.

It is likely that this is at least partly due to the di�erent adaptation indicators

used. Although convergenceto the one-dimensionalwaveform is still generallyexhibited

(Figure 10.4), di�erent indicators are usedfor di�erent grids, and thesewere adjusted

(by trial and error) to be appropriate for that grid. If used on another grid it might

result in excessive or inadequatere�nement. Although the grid near the primary shock

is usually re�ned, the region leading up to it (i.e. positive phase)doesnot always have

the samedegreeof re�nement, which ultimately hasan e�ect on the solution.

Ideally in performing grid re�nement studiesthe grid shouldbe uniformly re�ned, or

at least the sameadaptation indicators used. But this canbecomputationally expensive

for many multi-dimensional blast problems. This study focusseson the quality of the

error estimation procedurein spite of this departure from ideality, and thus might be

morerelevant for practical purposes.It appearsthat a cell sizeof smallerthan the �nest

cell (length 0.0117m) is required to keeperrors lessthan 10%.

Impulse

Convergent behaviour is di�cult to observe with impulse (Figures 10.5(c)and 10.5(d)),

and the curvesare much lesssmooth than the overpressureerror curves. The absolute

value of the errors are taken becausethey are sometimesnegative and a logarithmic

scaleis usedfor the ordinate to better show the errors. The errorsare quite high within

1 m of the chargebecauseof the e�ect of the initial chargeshape, but within that range

it is generally the casethat �ner grids do give lower errors.

It appearsthat the selectedrangeof grid sizesis not within the rangeof convergence,

but it is still interesting to seehow well the Richardon extrapolation error estimators

work. Impulse might be a more di�cult quantit y to converge(perhapsrequiring very

costly �ner grids) as the areaunder the �nite rise time to the peak pressure(as shown

in Figure 10.4)may o�set the lossin arearesulting from a lower peak in coarsermeshes.

Despite the lack of convergent behaviour at larger distances,all errors for the di�erent

grids are around (or substantially less than) 10%, which is a much lower value than

coarser-gridoverpressureerrors. This is an encouragingresult as impulse is often the

most important engineeringquantit y.
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10.3. ERROR QUANTIFICA TION IN THE AXISYMMETRIC SOLUTIONS

10.3.2 Estimated Errors

The estimated errors for overpressureand impulse for each grid are computed based

on the GCI (Equation 6.3 p.g. 6) and comparedwith the actual error for every grid

resolution and at every sensorpoint. This is done with each graph in Figure 10.5.

Important summary statistics for each graph are the maximum over- and underestima-

tion (the maximum valuesof how much larger/smaller the GCI is relative to the actual

error), averagevalues of over- and underestimation, 90th over- and under-estimation

percentile (the value below which 90%of the over- and underestimationvaluesfall) and

fraction (out of all sensors)which overestimate. Overestimationsare preferred due to

conservatism in the designprocess.

The GCI error canbesignedin the caseof overpressure(i.e. 3E from Equation 6.3) as

it is alwaysunderestimatedbut giventhe erratic impulseerror behaviour (Figures10.5(c)

and 10.5(d)) should be taken as an absolutevalue for this quantit y (i.e. 3jE j, the stan-

dard de�nition of GCI). The assumedre�nement factor r = 2, and p = 1 for overpressure

(the schemereverts to nominally �rst-order at shocks) and p = 2 for impulseerrors (the


o w is nominally second-orderin the smooth positive phase). However only thosesen-

sorsafter 2 m from the charge are used,since it is found that this is the range where

the error estimatesstart to be more consistently conservative.

The error statistics are shown in Tables 10.1 and 10.2. These tables also display

the statistics for the p = 1:5 case,as it is proposedthat this rounded �gure may help

the overpressureand impulseGCI to be slightly lessand more conservative respectively

(whilst still attaining a good fraction of overestimations). Thesetables will hopefully

be a reasonableguide to the magnitude and probability of over- and underestimations

that occur when estimating error from grid re�nement (due to grid coarsenessand the

departure of the discretizedchargefrom the ideal sphericalshape).

Overpressure error summary

The overpressureerror summary statistics are shown in Table 10.1 and are for the

signederror. With p = 1 the fraction of overestimationsis around 90%,but the average

overestimation value is 30-40%,which might be excessively conservative. Taking p =

1:5 reducesthe average overestimation (and its 90th percentile) by a factor of 2-4,

whilst keepingaverageunderestimation about the same. The overestimation fraction

is not as high, especially along the diagonal direction at 60%, but this might still be

preferred in lieu of the smaller overestimation magnitude. Becauseof the low number

of underestimations,the 90th underestimation percentile is computed to be the same

value as the maximum underestimationvalue.
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Table 10.1: Overpressureerror summary statistics

Radial Radial Diagonal Diagonal

(p = 1) (p = 1:5) (p = 1) (p = 1:5)

Maximum overestimation 0.587455 0.178413 0.676975 0.226954

Maximum underestimation 0.214859 0.262645 0.122117 0.201611

Averageoverestimation 0.303943 0.0798927 0.376296 0.152875

Averageunderestimation 0.114163 0.0802441 0.0480577 0.0665265

90th overestimation percentile 0.527328 0.147001 0.647733 0.220307

90th underestimationpercentile 0.214859 0.262645 0.122117 0.122851

Fraction of overestimations 0.941176 0.882353 0.85 0.6

Table 10.2: Impulse error summary statistics

Radial Radial Diagonal Diagonal

(p = 2) (p = 1:5) (p = 2) (p = 1:5)

Maximum overestimation 0.092165 0.157443 0.0452596 0.0767958

Maximum underestimation 0.0338829 0.031263 0.0517206 0.0513935

Averageoverestimation 0.0246888 0.0427211 0.0215482 0.0433587

Averageunderestimation 0.0132443 0.0134597 0.021764 0.0202336

90th overestimation percentile 0.0573218 0.100296 0.0434746 0.0745365

90th underestimationpercentile 0.0224399 0.031263 0.0439641 0.0513935

Fraction of overestimations 0.588235 0.764706 0.65 0.8

Impulse error summary

The impulse error summary statistics are shown in Table 10.2and are for the absolute

error. Over- and underestimation magnitudesare substantially smaller than for over-

pressuresinceimpulseerrors are lower. In somecasesthe error is reducedby nearly an

order of magnitude from the equivalent overpressureresult. If p = 2 the averageoveres-

timation is within 2.5%,and if p = 1:5 the averageoverestimation risesto within 4.5%

(with similar underestimationvalues),but the fraction of overestimationsalsoincreases

to closeto 80%in both radial and diagonaldirections.

10.3.3 Conclusions

Errors in blast parametersbetweenthe axisymmetricsimulations and an equivalent one-

dimensionalresult have beenstudied. The errorsbehave similarly alongboth radial and

117



10.4. THREE-DIMENSIONAL TNT BLAST

diagonal directions. Error estimatesbasedon grid re�nement studies have also been

investigated. The absoluteerror should be taken for the impulse parameterbecauseof

di�cult y in convergenceof this quantit y, but theseerrors are substantially lower than

overpressureerrors. Error estimation basedon the GCI with a re�nement factor of r = 2

and solution order of p = 1:5 seemsto work reasonablywell, and data on the quality of

theseestimationshasbeenprovided in terms of the probability and magnitude of error

over- and underestimations. For this range of grid sizes,a near-�eld limit of around

2 m=kg1=3 is chosenbecauseof the unreliabilit y of error estimates smaller than this

distance. It remains to be seenif theseresults are also applicable for the much more

expensive three-dimensionalsimulations.

10.4 Three-Dimensional TNT Blast

This problem will be �nally simulated in three-dimensionalgeometry. It is performed

only usingonegrid resolutionasit is morecomputationally expensive than axisymmetric

simulations, and the convergenceresults computed in Section10.3 might applicable to

this casetoo. The simulation has 4 meshlevels with the coarsestand �nest grid sizes

being 0.1875and 2.344� 102 m respectively. `Quarter-space'symmetry is usedwhere

the x, y and z planesall constitute symmetry planes. Figure 10.6 shows the solution

sometime after the initial burst; the left plane plots pressurecontours, the right plane

density contours and the bottom plane the grid with superimposedschlieren. There

seemsto be excessively densere�nement betweenthe two shocks.

Figure 10.6: Contours for 3D TNT Blast simulation

The blast parametersare plotted in Figure 10.7. Resultsare plotted for tracesalong

the vertical [0; 0; 1] direction and the [1; 1; 1] diagonal direction, and comparedwith
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10.4. THREE-DIMENSIONAL TNT BLAST

the one-dimensionaland axisymmetric solution (that usedthe sameminimum cell size).

Agreement with the equivalent axisymmetricsolution is generallyquite good; the variant

trace readingsoften lie to either sideof this result.
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Figure 10.7: Three-dimensionalblast parametersfor TNT blast

10.4.1 Parallel Performance of the Simulations

Like the test casein Section7.3the simulations wererun on an SGI Altix 3700to observe

the parallel performanceof the code for this problem. The three-dimensionalsimulation

was performed on up to 8 processors. Measuredspeedupsare shown in Figure 10.8.

The three-dimensionalsolution displays overall better parallel performancethan the

axisymmetric solution, probably due to the Amdahl e�ect (Section 5.4) which states

that parallel overheaddecreasesrelative to the parallel code portion for larger problem

sizes.

A table of performancestatistics can be constructedsimilar to that in Table 7.4 in

Section7.3. Further parallel code pro�ling using the Intel compiler was not performed

for thesesimulations. Performancestatistics for the axisymmetric simulation are shown

in Table 10.3 and are for the grid with minimum cell size4.688� 10� 2 m. It is note-
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Figure 10.8: Parallel speedupfor TNT blast simulations

Table 10.3: Parallel performancefor axisymmetric TNT blast simulations

1 processor 2 processors 4 processors

Singleprocessortime (hrs) 1.988

Max no. cells 4.2 � 104

`E�ectiv e' serial fraction 0.0896 0.2297

Extrapolated serial fraction 0.0195

Overheadfraction 0.07 0.21

Estimated elapsedtime (hrs) 1.153 0.9439

Measuredelapsedtime (hrs) 1.083 0.8394

worthy that the e�ective serial fractions computedfrom the Karp-Flatt metric [113] for

all simulations are lower than thoseof Table 7.4, although there is a similar substantial

increasein this valuebetween2 and 4 processorsindicating signi�cant overhead.The ex-

trapolatedserialfraction is quite low at 2%,but this may bean underestimate.However,

relative di�erences between the columns of this table still indicates the large increase

of overhead. The reasonsfor this high overheadare discussedin Section5.5.3 and 7.3

and stem mainly from high communication cost on distributed-memory machines like

the Altix.

The performancestatistics for the three-dimensionalsimulation are shown in Ta-

ble 10.4. It is obviously a much larger simulation with over 2 million cells. Unlike

the axisymmetric simulation, parallelization of adaptation routines is performed (Sec-

tion 7.2). Somewhatcuriously the e�ective serial fraction doesnot increaseuniformly

with more processors. The reasonfor this behaviour might stem from the 4 proces-

sor simulation bene�tting from increasedcomputational resources(which is spreadover
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Table 10.4: Parallel performancefor 3D TNT blast simulations

1 processor 2 processors 4 processors 8 processors

Singleprocessortime (hrs) 137.68

Max no. cells 2.27 � 106

`E�ectiv e' serial fraction 0.155 0.0918 0.1356

Extrapolated serial fraction 0.0918

Overheadfraction 0:0632� 0� 0:0438�

Estimated elapsedtime (hrs) 83:86� 43:9� 34:3�

Measuredelapsedtime (hrs) 79.51 43.9 33.54

dual-processornodes). Hence an extrapolation of the serial fraction cannot be per-

formed, and the minimum e�ective fraction of 0.0918is used. This represents an upper

bound to the actual serial fraction, and is consistent with the axisymmetric result.

Becauseof this the overheadfor the 4 processorjob is by de�nition zero, and thus

reported �gures of overheadare relative to the 4 processorperformance.The estimated

elapsedtime is thus equal with the actual elapsedtime if the overheadis zero (henced

the starred values). Relative increasesin overheadare considerablysmaller than the

axisymmetric valuesin Table 10.3,which is due to the Amdahl e�ect and alsoperhaps

the increasedcode parallelization.

The performancestatistics show encouraginglythat the code appears to be fairly

well parallelized(lessthan 10%of operationsare serial). Obviously, more work can still

be done to increaseperformancee�ciency . In terms of actual elapsedtime the code

can obtain results in an reasonabletimeframe on 8 processors,although it would be

advisableto do initial low resolution calculations if rapid hazard analysisis required.
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Chapter 11

Validation - Blast Walls

Blast walls are a protective measurethat reducethe severity of the blast environment

behind the wall by re
ecting back someof the incoming blast energy[161]. A typical

blast wall con�guration canbe seenin Figure 11.1. The di�erent factorswhich in
uence

the loading on the structure include charge weight, height of burst, wall height, wall

distancefrom charge,and distanceof structures from the wall.

This problemhasbeenthe subject of pastexperimental andnumericalstudies[48,49,

123,144,171],and despitethe simplicity of the geometry, accurateprediction of airblast

loadsbehind the wall is realizableonly from three-dimensionalnumerical computations,

due to the complexnature of the post-wall blast environment. To alleviate this lengthy

computational cost, past research has focussedon investigating the predictive abilit y

of a much cheaper axisymmetric simulation [123], and on the development of a fast

neural network basedtool constructedfrom a databaseof experiments [161]. However,

in unique geometricarrangements, only full three-dimensionalsimulations (such ascan

be doneby OctVCE) will be reliable.

Figure 11.1: Blast wall con�guration. Source[161]

As validation, OctVCEis usedto simulate two di�erent axisymmetric blast wall sce-

narios conductedby Chapmanet al [48, 49] and Rice et al [123]. Both referencesused

an axisymmetric code to model the blast environment, but also comparednumerical

with experimental results. The comparisonswere favourable, indicating that despite

the planar geometry of the experiment, good prediction of pressurehistories with the

axisymmetric code can still be obtained. Theseblast wall scenariosare {
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1. Referringto Figure 11.1,in the scenarioof Chapmanet al [48,49], the chargemass

was the equivalent of 60 g of TNT, with a height of burst at 0.15m, a distanceto

the structure L1 = 1:05 m and a distanceto the wall L2 = 0:6 m. The wall height

is 0.3 m and its thicknessis 0.02m. The only pressuretransducerwas located0.3

m up the structure.

2. In the scenarioof Rice et al [123], the charge masswas 0.513 g of PETN at a

height of burst of 0.0134m, a distance to the structure L1 = 0:167 m and a

distanceto the wall L2 = 0:1 m. The wall height was 0.0535m, and its thickness

is estimated to be about 0.01 m. Rice et al also performed a three-dimensional

simulation, which yielded a similar solution to the axisymmetric result. Three

pressuretransducerswere located at 0.04,0.08and 0.12m up the structure.

Cell sizeswerenot speci�ed in either of thesereferences.In both cases,the computa-

tional domainstretchesfrom the symmetryaxis to the structure, asshown in Figure 11.2.

This approach avoids the problem with axisymmetric obstructed corner cells (between

the structure and the 
o or) asdiscussedin Appendix E.1, although cornercellsexist at

the junction of the blast barrier and the ground. A non-re
ecting boundary condition

is placedon the top boundary and its e�ectivenesswill also be tested later. Standard

air at atmosphericconditions is usedfor the ambient gas.

Figure 11.2: Initial grid for blast wall simulation

The JWL equation of state is used to simulate the explosionproducts. Explosive

JWL parametersare taken from Reference[127]. However, given the balloon method of

charge initialization (Sections4.6 and 10.2), the chargeballoon densitiesand pressures

have to be modi�ed somewhat to ensure correct blast energy and mass. For both

scenarios,�v e working meshlevels (level 5 to level 9) are used,but a higher resolution

simulation with level 10 cell sizesare alsoperformedto observe grid dependence.Both

simulations usethe density-basedadaptation indicator (Section 3.4) of 0.3, 0.1 for the
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11.1. BLAST WALL SCENARIO 1

re�nement and coarseningthresholdsrespectively. In the �rst simulation, a noise�lter

threshold of 0.017is used,and in the secondsimulation this value is 0.04. AUSMDV is

usedas the 
ux solver and 64 subcellsare used.

11.1 Blast Wall Scenario 1

This sectiondisplays the solution to the blast wall problem of Chapmanet al [48]. This

test casewas also performed by the author in Reference[202]. Density contours at

various times are shown in Figure 11.3. Note at times somecontours appear to pass

through the blast barrier but this is due to the wall being so thin that no coarsecells

are actually fully immersedin it.

(a) Solution at 1.2 ms (b) Solution at 1.8 ms

(c) Solution at 2.4 ms (d) Solution at 3.0 ms

Figure 11.3: Solution to Chapman's[48] blast wall problem

To test the non-re
ecting boundary condition, a simulation with the sameminimum

and maximum cell size is performed, but with the upper boundary extended. The

solution on this extendedboundary simulation is shown in Figure 11.4. There is very

good agreement betweenthe solutions in Figure 11.3and 11.4.
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11.1. BLAST WALL SCENARIO 1

(a) Solution at 1.2 ms (b) Solution at 1.8 ms

(c) Solution at 2.4 ms (d) Solution at 3.0 ms

Figure 11.4: Solution to Chapman's[48] blast wall problem, longer domain

The pressurehistory is shown in Figure 11.5,and comparedwith Chapman'sresults

[48]. There appearsto be a discrepancyin primary wave arrival time, and it is too large

to be accounted for by the detonation time of the charge if initiated from the centre.

However peak pressures(especially for the �ner resolution mesh) and positive phase

behaviour agreewell with past results. There is alsoa large re
ection at around 2.8 ms

not present in Chapman's result, but this is due to re
ection from the symmetry axis

which Chapmanet al did not model.

It is not known why the discrepancyin arrival time is so large. Although Chapman

et al [48] did not explicitly state the blast energy, there is su�cien t agreement in peak

overpressuresand positive phasebehaviour to suggestonly a small discrepancywith

their actual blast energy. Perhapstheir results were somehow o�set in time, but this

was not speci�ed. In any case,arrival time is not a particularly useful engineering

quantit y in blast wave modelling, so this problem is not very serious.
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Figure 11.5: Pressurehistory for blast wall scenario1

11.1.1 Performance of the Simulation

A uniform meshsimulation with all cells at the samesizeas the minimum cell size in

the lower resolution adaptive meshsimulation wasperformedto seehow signi�cant the

savings in solution time would be. Both were run on 1 processor. The uniform mesh

simulation had 260830cells with an elapsedtime of 22.5 hours. The adaptive mesh

simulation had a maximum of 55000cells and took 4.9 hours. This meanssavings of

a factor of 4.74 and 4.59 in storageand solution time respectively. With an increasing

problem size in three-dimensionalmeshes,the savings would be expected to be even

larger.

11.2 Blast Wall Scenario 2

This sectiondisplays the solution to the blast wall problem of Rice et al [123]. As Rice

et al also performed a three-dimensionalplanar simulation, it also seemsappropriate

to perform one here. This simulation has four working mesh levels corresponding to

cell sizesof 6:25 � 10� 3 m to 7:8125� 10� 4 m. It is performed in `quarter-space'

i.e. assumingtwo symmetry planes,the `in-plane' symmetry planecorresponding to the

structure centreline, and a `back-plane' symmetry condition at the chargecentre parallel

with the barrier. Re
ections from the back-plane symmetry condition would arrive too

late to interfere with the presssurehistories in the positive phase.

Density contours at 146� s are shown in Figure 11.6and comparedwith the results

of Rice et al. Although there is generallygood agreement in major 
o w features,there

are still noticeabledi�erences,especially near the symmetry axis. Rice'ssimulations use

a much �ner resolution, so current results do not resolve certain featuresas well. The

126



11.2. BLAST WALL SCENARIO 2

di�racted shock behind the barrier is so weak that the adaptation criteria fail to re�ne

it. In the axisymmetric solution, apparent numerical jetting along the axis is seen,but

it is interesting to note that the shadowgraphresultsalsoshow that detonation products

above the chargehave apparently beenejectedaheadof the primary blast wave.

Density contours at 246 � s are shown in Figure 11.7. There are somenoticeable

di�erences, especially between the axisymmetric solutions. Unlike Rice's results the

current solutions seemto be at a more advancedstage; they show the re
ected shock

from the structure already interacting with the vortex slip layer. Also, the re
ections

behind the blast barrier aresoweakno grid adaptation is present thereand thusfeatures

there are not well-resolved.

The apparent time-wise di�erence in solutions is also re
ected in the pressurehis-

tories (Figure 11.8). Apart from this discrepancy, agreement in peak overpressureand

positive phasewave behaviour with the axisymmetric solution is good, particularly for

gauges2 and 3. The three-dimensionalresult, becauseof the coarsergrids and planar

symmetry, has a noticeably lower peak pressure,and a delayed re
ection in gauge2.

Somegrid-dependencein the axisymmetric solutions can still be seen.The di�cult y of

obtaining meshconvergent solutions in three dimensionsto this blast wall problem is

noted in [171].

The discrepancyin arrival time, like in Section11.1, is puzzling. There may again

be a time o�set in Rice's results. Perhaps the axisymmetric corner cell degeneracy

encountered at the barrier (Appendix E.1) may a�ect the solution and arrival time,

so it is worthwhile to perform two additional simulations { (a) one where the barrier

dimensionsare adjusted slightly to align exactly with the mesh lines (avoiding the

obstructed corner cell degeneracy),and (b) one without the barrier. The arrival times

at gauges1 and 2 are a�ected by the presenceof the barrier, but there is a direct

`line-of-sight' from the charge to gauge3, so the arrival time at that sensorshould be

independent of the barrier's presence.This result is con�rmed in Figure 11.8(d) which

shows the arrival times of the actual barrier, grid-aligned barrier and no barrier cases

to be nearly identical. Thus, it is likely that there is another explanation of the arrival

time discrepancy{ probably a misreporting of oneor moreof the modelling parameters.

11.2.1 Performance of the Simulations

The three-dimensionalsolution had a maximum of around 1.4 million cells with an

elapsedtime of 67.4hoursrunning on 4 processors.The �ner resolutiontwo-dimensional

solution had a maximum of 79000cells,running for 11.95hourson 2 processors.Clearly,

signi�cant savings in computation time can be made if the problem can be solved in
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(a) Rice 3D (from [123]) (b) Rice 2D (from [123])

(c) 3D contours (d) 2D contours

(e) 2D grid (f ) Shadowgraph (from [123])

Figure 11.6: Solution to Rice's [123]blast wall problem at 146 � s
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(a) Rice 3D (from [123]) (b) Rice 2D (from [123])

(c) 3D contours (d) 2D contours

(e) 2D grid (f ) Shadowgraph (from [123])

Figure 11.7: Solution to Rice's [123]blast wall problem at 246 � s
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Figure 11.8: Pressurehistories for blast wall scenario2

axisymmetric geometry.

11.3 Blast Wave Clearing Simulation

As further validation, the blast wave clearing simulation from Rose[171, 176] is per-

formed. This is a fully three-dimensionalproblem, and strictly not a blast wall simu-

lation as there is only one structure in the blast environment. Details of the problem

geometry are shown in Figure 11.9 and taken from [176]. The charge is equivalent in

energyto 27.26g of TNT, detonatedat a height of 0.1m and 0.15m from the structure.

The charge energydensity is 4:52 � 106 J/kg, and in the simulation is assumedto be

composedof high density air. In Rose'ssimulation, the charge is initially simulated

in a one-dimensionalsphericalcalculation and remapped to two and three dimensions

beforethe wave reachesthe structure. A uniform meshcell sizeof 1 cm was used,with

a numerical domain of 2.5 � 0.5 � 0.4 m.

In the simulations here, an adaptive mesh is used with four working levels corre-

sponding to cell sizesof 0:0172 to 0:1375 m. This mesh is so coarseit could only
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represent the initial charge with 3 cells. Another simulation is also performedwith an

additional re�nement level (cell sizeof 8:59� 10� 3 m) to observe grid dependenceand

similarity with Rose'sresult due to closenessof the cell sizes.Like Section11.2quarter-

spacesymmetry is used. A combined adaptation criterion is usedwith the density-based

adaptation indicator (Equation 3.4) of 0.3, 0.1 and 0.025for the re�nement, coarsening

and noisethresholdsrespectively, and 0.005for the velocity di�erence indicator (Equa-

tion 3.3). An adaptive 
ux solver is usedwith EFM at shocks and AUSMDV elsewhere.

The number of areaand volume subcells is 32 and 16 respectively.

(a) Clearing geometry. Source[176] (b) Clearing structure. Source[176]

Figure 11.9: Blast wave clearing geometryand structure

The pressurehistories at gauges1 and 3 are shown in Figure 11.10. Agreement is

generally good, especially for the higher resolution simulation. Note that the arrival

times correspond well with Rose'sresults, strengthening the suspicionof a time o�set

in the simulations of Sections11.1 and 11.2. Grid independencein solutions has not

beenfully achieved. Rose'snumerical result is still probably more accuratedue to its

use of the remapping method and �ne uniform mesh. Both Rose'sand the present

simulations do not seemto capture somepeaksrecordedin the experimental histories,

which suggeststhat the experimental results might be in error at thoselocations.

11.3.1 Performance of the Simulations

Both simulations were performedon 4 processorson the SGI Altix. The lower resolu-

tion simulation ran for 2.27 hours (maximum of around 220000cells), and the higher

resolution simulation for 28.78hours (maximum of around 1051000cells). Memory re-

quirements work out to be about 2.6 kB per cell (it is di�cult to calculate the exact

memorycost per cell asthere are numerousdata structures associated with an adaptive

meshthat may not always be allocated).
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Figure 11.10: Blast wave clearing trace results

This is much larger compared to Rose's ftt_air3d code of around 0.25 kB per

cell [175], but an adaptive grid necessitateslarger storage, and this code also stores

neighbour cell pointers and various list structures. This �gure has also not fared well

with the move to 64-bit computer architectures, as pointers are usedfrequently in the

cell and vertex data structures (seeAppendix K), so storagehas doubled with respect

to the older 32-bit computers. Certainly more work can be doneto reducecostse.g.by

using the fully threadedtree structure [118] insteadof storing neighbour connectivities.

This will alsoboost performance.
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Chapter 12

Validation - Explosion in Axisymmetric

Con tainer

This sectionattempts to reproducethe resultsof Lind et al [129] in simulating explosions

in a containment facility. This facility is usedfor safedisposal of unwanted munitions

via partially con�ned open-airburning and detonation. Lind's axisymmetricsimulations

also used VCE to represent the facility geometry, but they did not specify how the

extra axisymmetric terms wereaccounted for (Appendix D). They alsouseda uniform,

structured grid. Figure 12.1 shows a schematic of the containment facility. It consists

of two spherical endcaps,a cylindrical section, and a neck and lip section on the top.

The simulations here draw from two of Lind's simulations [129], (a) the R4 run (with

a sphericalcharge) and (b) the R7 run (cylindrical charge). This validation exerciseis

thus also a useful test of the usefulnessof the balloon analoguemodel (Section 4.6) in

representing di�erent initial chargeshapes.

Figure 12.1: Containment facility schematic. Source[129]

In the R4 run the chargeis composedof RDX explosive (assumedto have a yield of

2 � 106 J/kg) with a massof about 22.68kg (50 lb) and detonated at a height of 1.82

m above the bottom endcap. Like in Lind's simulation, perfect gasair is usedfor the

chargewith an assumeddensity of 1000kg=m3. In the R7 run the cylindrical charge is

1.22m in length, 0.26m in radius and hastwicethe masssat 45.36kg, with a detonation

height also at 1.82 m. The energeticyield is the same. Air at standard atmospheric

conditions is assumedfor the ambient gas.
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12.1. EXPLOSION IN CONTAINMENT FACILITY { R4 RUN

Both adaptive-meshsimulations use four working meshlevels (level 5 to 8), but a

higher resolutionsimulation (levels5 to 9) is alsoperformedto observe grid dependence.

Thesecorrespond to cell sizesof 0.0137m to 0.21875m for the �ner resolutionsimulation,

which hasa minimum cell sizearoundthe nominal �ne-grid cell sizein Lind's simulations

(1 cm). The density-basedadaptation indicator (Equation 3.4) is usedwith 0.3, 0.1 and

0.04for the re�nement, coarseningand noise�lter thresholdsrespectively. An adaptive


ux solver is implemented with EFM at shocks and AUSMDV elsewhere,and 64subcells

are used.

As the code cannot handle thin wall degeneracies,the facility's walls are set with a

wall thicknesslarger than the maximum distancewithin a cell (the diagonal spanning

a cell's corners). Thus at no point will a cell be split by the container walls and thus

`leak' somegas to the exterior. This is unlikely to a�ect the results much, since the

focusis on loadson the internal walls of the facility. However, cellsat the walls are kept

at the highest permissiblelevel both to increaseresolution and reducewall thickness.

Non-re
ecting boundary conditions are placedon domain boundaries.

12.1 Explosion in Con tainmen t Facilit y { R4 Run

Pressurecontours for the R4 run at selectedtimes areshown in Figure 12.2,and may be

comparedwith Lind's snapshots.A transparent outline of the adaptedmeshis overlaid

on top of the contours. Note the complexshock interactions, re
ections and focussing

that occur in theseplots. The top non-re
ecting boundary condition alsoseemsto work

well in supressingre
ections, as in Section11.

The pressureasa function of time and distancealongthe wall for both grids is shown

in Figure 12.3and is qualitativ ely comparableto Lind's result (Figure 12.4) in terms of

shock tra jectoriesand locations of maxima. Note the presenceof fairly noisy contours

even prior to the arrival of the primary shock. Thesepressurevariations stem from a

perturbed 
o w�eld becauseof the degeneraciesassociated with obstructedaxisymmetric

cells discussedin Appendix E.1. However, they are relatively very small, and do not

seemto have a debilitating e�ect on the contours above the primary shock.

Nonetheless,there is a considerabledi�erence in the maximum valuesbetween the

grids, indicating grid independencehasnot yet beenfully achieved. However Lind's runs

also did not aim for grid-independent solutions as, somewhatcuriously, their coarser

resolution simulations were more conservative in terms of overpressure.

It is possibleto give a more accurate estimate to the peak overpressureby using

Richardson-extrapolation [163, 164] (Equation 6.1). In this case,with an assumedorder
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12.1. EXPLOSION IN CONTAINMENT FACILITY { R4 RUN

Figure 12.2: Pressurecontours for R4 simulation of explosionin containment facility

of accuracyof 1 (as the schemereverts to �rst-order at shocks) and a grid re�nement

factor of 2, the estimated true solution f e is simply f e = 2f 1 � f 2, where f 1 and f 2

are the �ner and coarser resolution solutions respectively. Thus the estimated true

peak overpressurefor this simulation is 81.55atm, which is quite closeto Lind's �ne-

grid result of 83.3 atm. This is a good indication that the code can give reasonably

accuratesolutions in complexgeometryeven with all the attendant problemsinvolved

with axisymmetric VCE surfacerepresentation.

The local maximum near the bottom end of the lower endcapis due to shock fo-

cussingthere. The pressureat focus points is a particularly grid-dependent result [54]

as accordingto analytic theory the pressureis actually in�nite at theselocations [52].

Thus this pressureis an averagedvalue in the vicinit y of focus, which in turn depends

on grid resolution. However the �ne grid result of 48.45atm is fairly closeto Lind's

coarsegrid result of 55.4 atm. Simulations for the R4 run were run on 2 processorsin

parallel; the lower resolution simulation had an elapsedtime of 25 minutes (maximum
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12.2. EXPLOSION IN CONTAINMENT FACILITY { R7 RUN

(a) Coarser resolution (b) Finer resolution

Figure 12.3: Pressurecontours in the s-t plane for R4 simulation of explosionin con-
tainment facility

Figure 12.4: Lind's pressurecontours in the s-t plane for the R4 simulation [129]

9700cells), the higher resolution run had an elapsedtime of 58 minutes (maximum of

21000cells).

12.2 Explosion in Con tainmen t Facilit y { R7 Run

The pressure-timehistory along the wall for the cylindrical charge caseis seenin Fig-

ure 12.5. Theseresultsareagainqualitativ ely comparableto Lind's result (Figure 12.6),

although slight di�erences can be observed. Nonethelessthe location of peak overpres-

suresis predicted well. The magnitude of the peak overpressuresagain varies signi�-

cantly between the two resolution simulations. They all seemto occur at the bottom

of the endcapdue to shock focussingthere, which is sensitive to the grid resolution, as

mentioned in Section12.1.

Via the sameRichardson-extrapolation procedurethe estimated actual peak over-

pressuresfor the peaksat around2.5msand 9 msare188atm and 489atm respectively,
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12.2. EXPLOSION IN CONTAINMENT FACILITY { R7 RUN

which are quite closein value to Lind's result (186 atm and 496atm respectively). The

initial peakpressureat this focuspoint is the most problematic result; the extrapolated

peakpressurethere is only 162atm, which is much lower than Lind's result of 340atm.

It is not known why this disagreement is so severe when comparedto the other peaks.

Apart from the issuesat focus points, it is also possiblethat Lind's uniform grid may

have better preserved the peak pressurethan the adapted grid given its sensitivity to

chargeshape.

(a) Coarser resolution (b) Finer resolution

Figure 12.5: Pressurecontours in the s-t plane for R7 simulation of explosionin con-
tainment facility

Figure 12.6: Lind's pressurecontours in the s-t plane for the R7 simulation [129]

The simulations show that OctVCEseemsable to give comparably accurate results

to Lind's results [129]. It is possible,like with Lind [129], to feedthe pressure-timedata

from Figures 12.3 and 12.5 into a simpli�ed structural loading model to yield the wall

tension. Simulations for the R7 run wererun on 1 processor;the lower resolution simu-

lation had an elapsedtime of 86 minutes (maximum 10200cells), the higher resolution

run had an elapsedtime of 285minutes (maximum of 25000cells). This is signi�cantly

longer than the R4 run (even accounting for the 1 processor),but it is likely due to a

consistently larger number of cellsover a longer time.
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Chapter 13

Validation - Blast in Simple Street and

Obstacle Geometries

This section tests the abilit y of OctVCEto model the three-dimensionalblast environ-

ment in simple street and obstaclegeometries,which are essentially arragements of two

or more (typically grid-aligned) rectangular prismatic bodies. In the caseof street ge-

ometries,the obstaclesare arrangedand scaledto represent buildings in realistic street

layouts. Manually gridding the computational domain can still be tedious if the ar-

rangement of objects is complicated. The resulting 
o w-�eld can be quite complexwith

multiple shock interactions and re
ections, and formulation of simple semi-empirical

rules is di�cult [194], and can lead to drastic under- or over-predictions of pressures

and impulses.

Blast channelingand shielding in various street con�gurations hasbeenthe subject

of numerousinvestigations[74, 160, 172, 193, 195]. Signi�cant enhancement (as much

as a factor of four) to both peak overpressureand peak positive phase impulse was

observed, and sometimesthe e�ect of shielding can be reducedconsiderablyby blast

channeling. Reference[194]provides a good overview of thesestudies. In two-building

simulations, overpressureampli�cation in the rear wall of the front structure (due to

shock re
ection) of more than two times the incident value was observed [160, 191].

Simulations of two di�erent obstaclescenariosare performed here. The �rst is a

scaledstreet con�guration with a right angle bend which is taken from the blast sim-

ulations of Roseand Smith [173]. The basic layout, dimensionsand charge and gauge

locations can be seenin Figure 13.1. Further detail on this simulation is provided in

Section13.1.

The secondsimulation is the three-obstaclescenarioby Sklavounosand Rigas[190].

The basic geometry is shown in Figure 13.2,and further details on the dimensionsare

provided in Section13.2.

13.1 Blast in Street with Righ t Angle Bend

This simulation is basedon the one performedby Roseand Smith [173] wherea blast

propagatesaround a right angle bend in a street. The basic plan layout of the street
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13.1. BLAST IN STREET WITH RIGHT ANGLE BEND

Figure 13.1: Right anglebend street layout. Source[173]

Figure 13.2: Three-obstaclelayout. Source[190]

is given in Figure 13.1. The street is at 1=40th scalewith a constant width of 0.4 m.

The chargehasa massof 15.625g TNT and is located at the r 3 point in Figure 13.1at

37.5mm height of burst. Each of the street buildings are 0.6 m high and 0.15m thick.

Gauges1{6 are all 75 mm high up the buildings.

From the results in Reference[173]the sizeof the computational domain is chosenso

that any re
ections from the boundary would arrive too late to in
uence peak positive

impulse results. The adaptive-meshsimulation usesfour working meshlevels (level 4 to

7) corresponding to cell sizesof 18.75mm to 156.25mm. Cells at surfaceshad to be

kept at least at level 6 to avoid thin wall degeneracies.A higher resolution simulation

with level 8 cells is also performed to observe grid dependence,and also becausethe

minimum cell size (9.375 mm) roughly corresponds to the nominal uniform meshcell

size(10 mm) employed by Roseand Smith [173].

The AUSMDV 
ux solver is used. A combined adaptation criterion is used with

the density-based adaptation indicator (Equation 3.4) of 0.3, 0.03 and 0.015 for the

re�nement, coarseningand noise�lter thresholdsrespectively, and 0.005for the velocity

di�erence indicator (Equation 3.3). The number of interface area and volume subcells
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13.2. BLAST IN THREE-OBSTACLE ENVIRONMENT

is 32 and 16 respectively. Becauseall surfacesare rectangularand grid-aligned,a `stair-

cased'wall representation (Section2.4.3) is used.
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Figure 13.3: Results for blast in street with right anglebend

The pressurehistory at gauge6 is shown in Figure 13.3(a)and comparedwith Rose's

results. The comparisonis quite good, especially for the �ner grid in the positive phase

region (3{6 ms). Rose'sresults are probably more accurate due to their employment

of a multi-dimensional solution remapping technique in the early stagesof the blast

(Section 4.6) and a uniform grid. The multiple re
ections in the later time period

from 8 to 14 ms are weaker and are not always re�ned about at the maximum cell

level, so di�erences with Rose'ssolution are more prominent. The �ner grid result was

terminated prematurely becauseof computer systemmaintenance.

The peak positive impulse at each gaugelocation is shown in Figure 13.3(b). The

`distancealong the street' is the distance along the centreline of the street (from the

charge) to a location directly opposite the gauge. The comparisonis fairly good, and

there appears to be more grid-independenceof results at larger distances. At gauge

1 there is a noticeable discrepancybetween the coarserand �ner grids, but that is

likely due to initial charge shape e�ects. At gaugesafter 1.6 m the current results

underestimateslightly the impulse. It is likely the uniform grids usedby Roseand Smith

is still superior to the adaptive schemeeven when the minimum cell size is similar to

the uniform grid size.

13.2 Blast in Three-Obstacle Environmen t

This simulation is taken from Sklavounos and Rigas [190], who modelled blast wave

propagation over three successive obstacles. The basic layout of their experiment is

shown in Figure 13.2. The dimensionsare L1 = 1:7 m, A = H = 0:6 m, L2 = 1:2 m,
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13.2. BLAST IN THREE-OBSTACLE ENVIRONMENT

B = 8:5 m and L3 = 1:8 m. The charge is detonatedat the midpoint of the obstacles.

Gauges1 to 4 are positioned 0.3 m above ground along this central axis (except for

gauge3 at 0.9 m height) and gauge5 is at 0.3 m height, but o�set 2.215m to the side.

The total energyof the chargeis 1908kJ, with an explosive massof about 325g. High

pressureand density air is usedto model the charge.

The boundariesare placedat a su�cien tly far distanceto ensurere
ections do not

intefere with pressurehistories. The simulation utilized quarter spacesymmetry to im-

prove performance,with a symmetry plane parallel to the central axis, and another

symmetry plane parallel to the obstructions passingthrough the chargecentre. A min-

imum cell sizewas not speci�ed in [190], so the focus of this test caseis on matching

Skavounos' experimental result. Here the adaptive meshsimulation usesfour working

meshlevels(levels4 to 7) corresponding to cell sizesof 78.125mm to 625mm. A higher

resolution simulation with level 8 cells (39.0625mm) is alsoperformed.

An adaptive 
ux solver is usedwith EFM at shocks andAUSMDV elsewhere.A com-

bined adaptation criterion is usedwith the density-basedadaptation indicator (Equa-

tion 3.4) of 0.3, 0.035and 0.02for the re�nement, coarseningand noise�lter thresholds

respectively, and 0.005for the velocity di�erence indicator (Equation 3.3). A plot of the

contours and grid along the ground and two symmetry planesis shown in Figure 13.4.

Theseresults were alsopresented by the author in Reference[202].

Figure 13.4: Contours for blast in three-obstacleenvironment

Pressurehistoriesat the �v e gaugelocationsare shown in Figure 13.5and compared

with Sklavounos'results. At gauge1, the agreement betweenthe current computational

and experimental results (especially with the �ner grid) is quite good, and seemsto be
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13.2. BLAST IN THREE-OBSTACLE ENVIRONMENT

better than Sklavounos' own computational results at times. The coarsergrid fails to

resolve the distinct peaksin the positive phaseperiod. There is also good agreement

betweencomputation and experiment at gauge2.

Gauge3 exhibits an overly high peak experimental pressurewhich may be due to

ampli�cation by ground shock and/or gaugevibration. This is a possibility because(a)

ground shock is also seenin the gauge4 trace and (b) this peak seemsisolated from

the pressuresin the rest of the positive phaseperiod. There is alsosomeapparent drift

in experimental results prior to the arrival of the blast. In other respects agreement

betweencurrent computational and experimental results is good, and Sklavounos'com-

putational result seemsto be relatively poor as it has a pronounced�nite rise time to

peak pressure(suggestingcoarsergrids) and a delayed arrival time.

Agreement betweenthe current results and Sklavounos'experimental result is poor-

est at gauge4. The positive phaseduration seemsto be underestimated. Interference

from ground shock may be partly to blame,but the more pronounced�nite rise time to

peak overpressuresuggestsgrid re�nement is no longer working aswell heredue to the

lower wave strength, and thus the positive phaseis not represented so well. However,

arrival time seemsto be calculated well. Note an apparent glitch at about 23 ms that

is too sharp (comparedto the initial pulse) to be a shock. The reasonfor this artifact

is discussedbelow. Gauge5 is at about the samehorizontal distance as gauge4, but

the computational results do agreebetter with experiment here. This suggeststhat the

moremarkeddisagreement in gauge4 might not bemainly dueto poor meshadaptation

there. Note again a sharp glitch at about 23 ms.

The reason for this glitch in Figures 13.5(d) and 13.5(e) is probably due to the

cell coarseningprocess.The cell adaptation method as discussedin Chapter 3 is only

conservative in density, momentum and energy. Thus there will be a discontinuity in

cell pressurebetweenchildren cells and their just-coarsenedparent cell, which will be

more pronouncedfor larger cells. At gauges4 and 5 the meshre�nement is no longer

as �ne as it was closerto the charge due to weaker shock strength, and cells here are

quite coarse,on the order of the obstacledimensions.

This phenomenoncan alsobe observed in simulations of free-�eld TNT burst (as in

Chapter 10). For example,Figure 13.6shows the free-�eld pressurehistory at a gauge

location somedistance from the charge, comparing a uniform mesh with an adapted

mesh. A glitch is present at about 16.4ms in the adaptive meshsolution, but not seen

in the uniform meshsolution. In this casethe glitch is not sonoticeableasthe adaptive

meshhas higher resolution. As long as cellsare kept su�cien tly �ne, the glitch can be

minimized.

The coarserresolutionsimulation had a maximum of 1:61� 105 cells(running for 18.5
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Figure 13.5: Results for blast in three-obstacleenvironment
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Figure 13.6: Example of adaptation-generatednoisein pressuretrace

hours) and the �ner resolution simulation had a maximum of 6:25� 105 cells (running

for 100.75hours). The elapsedtimes for thesesimulations are not a reliable indicator of

computational e�ort asthey wererun on a sharedinteractive Altix cluster with disabled

cpusets.
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Chapter 14

Validation - Explosion in Complex

Cit yscape

The ultimate goal of OctVCEis to simulate explosionsin complex three-dimensional

geometries.Brittle et al have investigatedin detail an explosionin a complexcityscape

geometrywith both scaledexperiments and the Cartesian-cellftt_air3d code [39,175,

194],making this an ideal validation test case.This test casewasalsoperformedby the

present author in Reference[203]. The plan geometry of the cityscape at 1=50th scale

is taken from Brittle [39] and shown in Figure 14.1 with someannotations. The 16 g

sphericalTNT charge is detonatedat the EC1location. Coordinates are given relative

to the origin at the lower left corner. The angle� canbe computedfrom the dimensions

of building 1.

Figure 14.1: Complex cityscape geometry. From [39]

The domain sizeis the sameasRose's[175] at 2.56m � 2.56m � 2.56m, and three

di�erent, increasingly �ner meshesare usedto observe grid dependence.The coarsest

resolution is a uniform mesh level 6 (40 mm cells), the next �ner grid is an adaptive

meshwith level 6 and 7 cells,and the �nest grid haslevel 6 to 8 cells(10 mm minimum

cell size). These mesh levels are the sameonesused by Brittle and Rose [39, 175].
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The coarsestmeshrepresents the charge as a cube becauseof the relatively large cell

sizes. Due to computational resourceconstraints, a level 9 meshsimulation could not

be performed.

The assumedspeci�c energyof the charge is 4520kJ/kg, which is represented with

the ballon analoguemodel (Section4.6), and thus its pressureand density is modi�ed to

represent correct blast energyand massdepending on the grid resolution. The ambient

gas is air at standard conditions (density of 1.2 kg=m3 and pressure101.325kPa). A

combined adaptation criterion is implemented with the density-basedadaptation indi-

cator (Equation 3.4) of 0.3, 0.05and 0.03for the re�nement, coarseningand noise�lter

thresholdsrespectively, and 0.01for the velocity di�erence indicator (Equation 3.3). An

adaptive 
ux solver is used(Section4.4) with EFM at shocks and AUSMDV elsewhere.

The number of interfaceareaand volume subcells is 32 and 16 respectively.

14.1 Results

Pressurehistoriesat gaugelocations1, 3, 11 and 21 are shown in Figure 14.2and com-

pared with the resultsof Brittle and Rose[39, 175]. There is generallygood agreement,

especially for the �nest resolution meshin the positive phase.Agreement in peak over-

pressureis poorest at gauge11. Theseresults demonstratethat the balloon analogue

model of chargerepresentation can produceacceptablepressurehistories, although the

remapping procedureimplemented by ftt_air3d [177] which remapsan initial highly

resolved one-dimensionalsolution to multidimensionswould still producemoreaccurate

results.

In lessmajor details there are more noticeable di�erences with Rose'sresult, like

the poorer resolution of secondarywavese.g. for gauge21 where the train of wavesat

around 6 ms are not captured well. This is probably partly due to the cruder balloon

analoguemodel, but alsobecauseof the time-dependent cell sizeat surfaces.Intersected

or partially obstructed cells were kept at the maximum level in Rose'ssimulation, but

this was not enforcedin OctVCE, which allows a varying cell sizeat surfacesfor faster

results. If the resolution of secondarydetails is not a priorit y, the current methodology

seemssu�cien t.

Increments betweenthe coarse,�ner and �nest meshsolutions in peak pressureand

impulse are shown in Tables14.1 to 14.6; increasinglysmaller di�erences suggestcon-

vergent behaviour. Gauge1 (Table 14.1), being the gaugeleast shieldedfrom the blast,

appears to demonstrate the best convergent behaviour in both pressureand impulse.

Coarserresolutionsin fact overpredict the peakimpulse,a result alsoobservedby Brittle

[39], which might be a useful result if conservatism is desired.
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Figure 14.2: Pressurehistories for blast in complexcityscape

Gauge3 (Table 14.2)doesnot appear to demonstrateconvergent behaviour in pres-

sure,and the increments in impulseactually changesign. This behaviour is alsorepeated

for gauges11 and 21 (Tables14.3and 14.5), however gauge21 hasconvergent pressure.

Rose'sdata [175]for gauges11 and 21 are shown in Tables14.4and 14.6. Rose'sgauge

21 results alsoshow apparent lack of convergencein overpressureand also impulse.

It is clear that meshconvergenceis not always easyto demonstrate,and dependson

the gaugelocation and quantit y under consideration.Convergencemay be hamperedby

the adaptive meshand complexnature of the wave interactions [175], or perhapsonly

consistently demonstrableon very �ne meshes.In the simulations here,constant cell size

at surfacesis also not enforced,which may hinder convergence.It may be particularly

di�cult to observe convergencein peak pressureas it is a shock-dependent quantit y

and thus quite sensitive to grid resolution and 
ux limiters. Perhapsthe coarsestmesh

is too coarseto be in the asymptotic convergencerange. Nonetheless,correspondence

with Rose'sexperimental results still seemsreasonablygood, even if meshconvergence

hasnot beenfully attained everywhere.

Figures14.3(a)and 14.3(c)show the peakpressureand impulsecontours respectively

on the entire surfaceof the left-end wall (on which is placed gauges3 to 11). They
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Table 14.1: Complex cityscape, gauge1 peak quantities

No. Pressure Impulse Inc. pressure Inc. impulse

levels (kPa) (kPa-msec) (kPa) (kPa-msec)

1 98 35.58 - -

2 130 29.89 31.9 -5.694

3 149 28.94 19.07 -0.949

Table 14.2: Complex cityscape, gauge3 peak quantities

No. Pressure Impulse Inc. pressure Inc. impulse

levels (kPa) (kPa-msec) (kPa) (kPa-msec)

1 21 17.12 - -

2 30.8 14.85 9.845 -2.27

3 43.6 15 12.7 0.1503

Table 14.3: Complex cityscape, gauge11 peak quantities

No. Pressure Impulse Inc. pressure Inc. impulse

levels (kPa) (kPa-msec) (kPa) (kPa-msec)

1 35.5 16.91 - -

2 39.4 16.07 3.83 -0.84

3 43.84 18.02 4.47 1.96

Table 14.4: Complex cityscape, Rose'sgauge11 peak quantities [175]

No. Pressure Impulse Inc. pressure Inc. impulse

levels (kPa) (kPa-msec) (kPa) (kPa-msec)

1 30.2 16.2 - -

2 44.3 19.3 14.1 3.1

3 53.9 19.7 9.6 0.4

Table 14.5: Complex cityscape, gauge21 peak quantities

No. Pressure Impulse Inc. pressure Inc. impulse

levels (kPa) (kPa-msec) (kPa) (kPa-msec)

1 46.9 38.4 - -

2 72.1 38.49 25.16 0.997

3 86.2 40.08 14.17 1.584
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Table 14.6: Complex cityscape, Rose'sgauge21 peak quantities [175]

No. Pressure Impulse Inc. pressure Inc. impulse

levels (kPa) (kPa-msec) (kPa) (kPa-msec)

1 47.6 40.4 - -

2 66.5 40.9 18.9 0.5

3 88.1 40.2 21.6 -0.7

were obtained by distributing about 1000trace points over the wall, and are shown for

the �nest resolution mesh. These contours are comparedwith Rose'sresult [175] in

Figures 14.3(b) and 14.3(c). There is generallygood agreement in the magnitude and

location of the various `hot spots', someof which are due to wave coalesence.Rose

comparedthesecontours to unshieldedCONWEP data to demonstratethe inadequacy

of simpleline-of-sight methods for blast problemsin complexgeometriesdueto multiple

shock re
ection and di�raction [175].

(a) Peak pressurecontours (b) Rose'speak pressurecontours [175]

(c) Peak impulse contours (d) Rose'speak impulse contours [175]

Figure 14.3: Contours on left-end wall of blast in complexcityscape

Although a meshconvergenceanalysiswas performed for individual gaugeresults,

it is also interesting to perform it for thesepressureand impulse contours. The incre-

mentals in peak pressureand impulse are computed for each sensoron the face and

comparedwith the next higher level mesh to yield an absolute relative error for the
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sensor.This quantit y is then summedover all sensorsto yield an averagerelative error

per sensorpoint on this face. A decreasingerror might indicate convergence. These

errors are shown in Table 14.7. Convergencein impulse is observed but apparently not

in pressure,although the di�erence is by lessthan 1%. This demonstratesagain the

di�cult y of obtaining convergenceconsistently for all quantities for the meshesusedin

this simulation. Note also that impulse errors are substantially smaller than pressure

errors, sometimesby an order of magnitude.

Table 14.7: Complex cityscape, averagerelative error for left-end wall

No. levels Avg. pressureerror Avg. impulse error

1{2 0.154 0.0347

2{3 0.163 0.0123

14.2 Performance

The performancefor the various meshresolution simulations are shown in Table 14.8

and compared to Rose's ftt_air3d results [175]. The current simulations were all

conductedon four processorsin parallel, and elapsedtimes cannot be directly compared

with Rose'sresults. Thus in the secondmajor column of Table 14.8the elapsedtime is

normalizedby the coarsestresolution elapsedtime.

OctVCEseemsto exhibit slightly poorer scaling in relative time. Rose'ssimulation

also usedlesscells especially for the �nest meshsimulation. The most signi�cant dif-

ferenceis in memory consumption, with the current code using as much as 15 times

more memory. Someof this overheadcomesfrom explicit neighbour connectivitiesand

also additional data structures for parallel processinge.g. lists. This larger memory

consumptionundoubtedly a�ects performance.

Table 14.8: Performancestatistics for di�erent meshlevels

Max no. cells Relative time Max memory (GB)

No. levels OctVCE ftt_air3d OctVCE ftt_air3d OctVCE ftt_air3d

1 2.57 � 105 2.62 � 105 1 1 0.528 0.058

2 5.8 � 105 4.3 � 105 3.42 3.29 1.33 0.088

3 2.06 � 106 1.44 � 106 23.15 18.67 4.65 0.317

A single processorsimulation using the �nest resolution (3 levels) was performed

for analysis of parallel performance,and this took 234.78CPU hours, which is much
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larger than Rose'sequivalent simulation at 12.47hours. Even allowing for the greater

number of cellswith the current simulation, the code is still slower than ftt_air3d by

around a factor of 10. The singleprocessorsimulation could only be performedon the

Altix cluster using a cpusetof at least two memory nodes,as the memory consumption

exceededthe capacity of one node. Thus a considerablenumber of memory requests

would not be to local memory, which can degradeperformanceas the Altix system is

fairly `NUMA-heavy', asmentioned in Section5.5.3. Rose'ssimulation was alsorun on

a single2 GHz Pentium 4 personalcomputer, which is slightly faster than an individual

Altix processor(an Intel Itanium 2) { this performancewas measuredon a similar

workstation and comparedwith the Altix installed at the University of Queensland.

Clearly more work needsto be done to improve performanceof the current code.

For example,many of the e�ciency-b oosting techniquesusedby ftt_air3d [177]canbe

implemented, likevariable timestepping,a lessconservative timestep, fully threadedtree

structure [118], solution remapping from lower dimensions,pressure-basedre�nement

criteria and better memory management. More attention should be given to reducing

storagerequirements, which was originally not a high priorit y as it was thought that

explicit storagee.g. of meshconnectivity would be more e�cien t. Theseperformance

gains might be outweighed by the performancelossesdue to memory overhead e.g.

increasedcache misses.

14.2.1 Parallel Performance

Parallel performancedata is obtained for the �nest resolution simulation on 1, 2, 4

and 8 processors. These simulations were done on the Altix 3700 cluster. Speedups

are shown in Figure 14.4,and are similar to thoseof the three-dimensionalsimulations

in Section 10.4.1. In this casethe 2 processorspeedupseemscloseto the ideal limit,

but as mentioned above the 1 processorsimulation may have su�ered a performance

degradationdueto spreadingits memoryusageover two nodes. The relative di�erences

betweenthe 2, 4 and 8 processorjobs are more reliable.

Performancestatistics like those in Section7.3 can be obtained from speedupdata

and also the code pro�ler (the Intel compiler's -openmp-profile 
ag), and are shown

in Table 14.9. The e�ective serial fraction is obtained from the Karp-Flatt metric

(Section5.4), but as in Section10.4.1it could not be extrapolated to estimate the true

serial fraction (on 1 processor)becauseit did not monotonically increasewith increasing

processors.

An explanation, alsogiven in Section10.4.1,is that the increasedmemory resources

of the 8 processorsimulation enabledbetter performance,but this may alsobe explain-
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Figure 14.4: Parallel speedupsfor blast in cityscape simulations

able from variations in memory accessdue to operation on the NUMA system. The

2 processore�ective serial fraction is also probably too low from the discussionabove.

Like in Section 10.4.1 the minimum fraction, 0.0466(a considerably lower bound) is

used,and performancestatistics are then relative to the 2 processorperformance.

Table 14.9: Parallel performancestatistics for complexcityscape simulations

No. processors{ 1 2 4 8

Singleprocessortime (hrs) 234.78

Max no. cells 2.063� 106

`E�ectiv e' serial fraction 0.0466 0.133 0.13

Extrapolated serial fraction 0:0466�

Barrier fraction 0.0174 0.052 0.0391

Overheadfraction 0:0174� 0.0864 0.0834

Barrier/o verhead 1 0.602 0.469

Max imbalancetime/elapsed 0.008 0.02701 0.02763

Many of the trends seenin Table 10.4 can also be observed here. In somecases

the valueshave similar magnitudes,but there are also noticeablediscrepancies.Some

of these are due to the lower estimate of the serial fraction. Although the overhead

fraction shouldbe de�ned to be zerofor the 2 processorsimulation, the barrier fraction

can still be obtained from the Intel pro�ler and thus for the 2 processorsimulation is

set identical to the overheadfraction. The imbalancefractions are quite low, indicating

fairly good load balancing.

Note that the barrier/overhead fraction decreaseswith more processorsindicating

that communication overheadbecomesincreasingly important. A reasonableestimate

for the code serial fraction is around 10% given upper bounds of 13% (the 8 proces-
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sor e�ective fraction in Table 14.9) and lower bounds of 4.7% (Table 14.9) and 9.2%

(Table 10.4) respectively. This is fairly good given the relatively crude parallelization

method (Section 5.5).

As a �nal demonstration that the code parallelization method is functioning prop-

erly, the pressurehistories at gauges1, 3, 11 and 21 from the 1, 2, 4 and 8 processor

simulations are shown in Figure 14.5. The parallelization should not a�ect the solution

and thus the pressurehistoriesfor all simulations shouldalign exactly, which is observed.

There is a very small discrepancyin solutionsat gauge1. The best explanation for this

might be from slightly divergent numerical roundo� errorsbecausethe compiledcode is

di�erent with and without the -openmp
ag. Other tracesexhibit exact alignment. The

code was analyzedwith the Valgrind memory checker application [67] and no memory

faults were apparent.
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Figure 14.5: Pressurehistories from parallel simulations (blast in complexcityscape)
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14.3 E�ect of Adjusting Adaptation Criteria

It was discovered that the adaptation criteria usedresulted in prolonged,needlessand

excessive cell re�nement near the explosioncentre, as shown in Figure 14.6(a) which

plots the schileren and overlaid grid for the medium resolutionmeshat an early stageof

the explosion(on the ground). This obviously hasa signi�cant e�ect on the simulation

performance.The adjustment of the adaptation parametersis experimented with to ob-

serve the e�ect on the solution and its elapsedtime. As it is known from Appendix A.1

that the density-basedre�nement criterion usually re�nes around the turbulent explo-

sion centre, only the simple velocity-di�erence basedcriterion (Equation 3.3) is used.

Figures 14.6(b) to 14.6(d) show the e�ect on the grid re�nement density as this

parameter is varied from 0.01 to 0.1 respectively. The schlieren and overlaid grids are

for the �nest resolution. The degreeof re�nement clearly decreasesas this parameter

is increased,and is virtually non-existent for a value of 0.1. For a value of 0.01 the

primary blast wave is still well-captured, but there appears still to be a considerable

degreeof re�nement near the explosion centre, probably due to the multiple shock

re
ections occuring there. However, this is still lessthan the original simulation using

the density-basedcriterion (Figure 14.6(a)).

The speedup(relative to the original grid), memory usageand maximum number of

cells for thesesimulations are shown in Table 14.10. It is clear that signi�cant reduc-

tions in storageand time can be made if the adaptation criteria are selectedproperly.

However, this is a di�cult exercisea priori . A valueof 0.01for the velocity-di�erence cri-

terion seemsto give a maximum number of cellsmoreconsistent with Rose'ssimulation.

However, the absolutesolution time is still much larger.

Table 14.10: Performancefor di�erent re�nement criteria (complex cityscape)

Original grid VD: 0.01 VD: 0.03 VD: 0.1

Speedup 1 1.76 5.81 12.8

Max memory (GB) 4.625 3.624 1.753 0.791

Max. no. cells 2:063� 106 1:431� 106 6:64� 105 3:49� 105
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(a) Original grid (b) VD: 0.01

(c) VD: 0.03 (d) VD: 0.1

Figure 14.6: Grids for di�erent adaptation criteria

The pressurehistories at gauges1, 3, 11 and 21 for thesesimulations are shown in

Figure 14.7and comparedwith the original simulation. The lesserre�nement causesa

deterioration in the solution quality, especially for secondaryfeaturesafter the positive

phase.However it is surprisingthat all solutionsgivegood peakoverpressureat gauges1

and 21,evenfor the very coarsegrid with 0.1asthe velocity-di�erence indicator. Gauges

3 and 11 show how resolution of the peak overpressurebecomespoorer as the indicator

is enlargened,and is particularly bad for the 0.1indicator (as little cell re�nement occurs

for this gaugelocation at this stage).

It appearsthat a value of 0.01 for the indicator producesresults quite closeto the

original simulations; somesecondarypeaksare not captured sowell but theseare not so

important. Fine-tuning this value between0.01 and 0.03 may result in further savings

with comparably low deteroriation in accuracy, but this is a costly exercise. Except

in special circumstances,this velocity-di�erence basedcriterion seemsthe most cost-
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Figure 14.7: Pressurehistories from di�erent adaptation criteria

e�ective, and for such blast simulations is preferrable. There is still someunnecessary

re�nement near the explosioncentre, soperhapsan additional pressure-di�erencecrite-

rion (used in ftt_air3d [177]) might be useful.
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Chapter 15

Application Study { Mo delling Explosion

in Shipping Con tainer Geometries

This application study was originally reported by the author in Reference[203] and

models an explosion in an internal geometry resembling a shipping container. The

stems from the recent considerationby the Centre of Hypersonics(The University of

Queensland)into the possibility of testing rocket motors in a con�ned facility, which is

a modi�ed shipping container with roof vents for the inlet and outlet. Open-air rocket

testing is not preferredbecausethe noisegeneratedfrom the turbulent plume is quite

high at 120-130decibels. This sectionpresents a very simpli�ed numerical simulation of

the worst-casescenariowhen the mainly nondetonablerocket propellant explodes,with

the goalof obtaining contours of peakoverpressuresand impulseson the (assumedrigid)

internal walls. This is essentially a designstudy and no opportunit y for a supplemental

experimental study could be performed.

The propellant for the proposedWagtail rocket [35] weighs20 kg and is predomi-

nantly composedof ammoniumperchlorate, which is normally very di�cult to detonate

[158]. In light of this fact and the inabilit y of the code to model propellant burning, a

conservative TNT equivalencevalue of 1 to 1 is assumed,and thus the charge in the

simulation consistsof 20 kg of TNT. Although an explosionof this massof TNT within

a shipping container with only 5 mm thick walls will result in failure of the facility,

the simulation can be thought to model the explosionin any rigid structure with the

sameinternal geometry, and it will still be interesting to observe the magnitudeof peak

pressures.This study is thus a study into blast con�nement e�ects.

A diagram of the testing facility is shown in Figure 15.1. The walls are modelled as

smooth, 
at surfaces.The explosive sourceis located along the container centerline, 3

m from the intake end and 1 m o� the 
o or. However, a plane of symmetry along the

container centerline is not used. An energydensity of 4520kJ=kg of TNT is assumed

[19]; the chargeis initialized with the balloon analoguemodel (Section4.6). It is assumed

to be composedof perfect gasair.

Three minimum adaptive grids are usedto observe grid dependence.The coarsest

resolution usesfour working levels (level 4 to 7) with cell sizes0.2344m to 1.875m, and

is denotedthe L7 mesh. Like in Section12 the cells are kept at level 7 at walls as the
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Figure 15.1: Diagram of rocket motor testing facility

code cannot handlethin wall degeneracies;the walls are themselvesset with a thickness

larger than the diagonalspanningthe cell corners.Computational resourceconstraints

prevent additionally �ner grids to be used. The medium resolution uses�v e working

mesh levels (levels 4 to 8) and is denoted the L8 mesh. The �nest resolution has six

working levels (levels 4 to 9, 0.0586m the minimum cell size) and is denoted the L9

mesh. The domain size(30 m) is chosento ensurethe primary blast wave can exit all

vents without any boundary e�ects on the pressurehistories.

A combined adaptation criterion is usedwith the density-basedadaptation indicator

(Equation 3.4) of 0.3, 0.1 and 0.09 for the re�nement, coarseningand noisethresholds

respectively, and 0.02 for the velocity di�erence indicator (Equation 3.3). An adaptive


ux solver is usedwith EFM at shocksandAUSMDV elsewhere.The number of interface

area and volume subcells is 32 and 16 respectively. 225 sensorpoints are distributed

uniformly over each interior wall to obtain peak impulse and pressurecontours.

As this is an internal blast scenario,it is expectedthat the high degreeof con�nement

will causemultiple wavere
ections andcoalesenceandproduceenhancements in corners,

edgesand other local constrictions [193]. Depending on the geometry and explosive,

quasi-staticgaspressurecanpersist for a long time (comparedto the wave length of the

initial pulse) due to buildup of hot gasfrom the detonation products, and can have a

singi�cant impact on structural loading.

15.1 Results

15.1.1 Selected Pressure Histories

Some pressurehistories at di�erent wall locations are shown in Figure 15.2. They

illustrate that convergencein peak pressureis not always attainable depending on the
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sensorlocation. Figures 15.2(a) to 15.2(d) are examplesof sensorslocated at either

corners or edgesin the geometry. These histories do not show convergencein peak

overpressure;however Figure 15.2(c)apparently shows convergencein the secondpeak.

Figures 15.2(e) and 15.2(f) show pressurehistories away from edges,and convergence

in peak overpressureis more demonstrable.
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Figure 15.2: Selectedtracesfor explosionin shipping container problem

Numerical convergencein peak overpressurewas also found to be di�cult in previ-

ous simulations [175] (seealso Section 14.1), and particularly with gaugereadingsat

structural cornersin an internal geometry[136]. Roseet al [175] state that convergence
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may be di�cult to demonstratewheninitial pulsesare comprisedof several (previously)

distinct waves, although secondarypulsesmight be easier to converge. In this case,

the inconsistent convergent behaviour might be becausea shock wave travelling into an

edgeor corner geometry is analogousto shock focussing,due to symmetry of the solid

boundary condition. As discussedin Section12.1the pressureat such focuspoints is a

particularly grid-dependent result and di�cult to resolve [54].

Henceconvergenceis more readily expected for sensorsaway from edges,which is

observed. Another factor in
uencing non-convergenceat edgesis that the �nest cell sizes

are not always usedat surfaces;dependingon the geometryand adaptation criteria the

grid may not be adapted to the �nest level at somesensorpoints, especially those far

from the charge. The range of grid sizesfor this study may not be in the asymptotic

convergencerange,which may needto bequite �ne. Also VCE `roundso� ' cornersunless

a staircasedrepresentation is used. The existenceof `smallcells' (Section2.4.2)at edges

and corners,and a locally �rst-order scheme,may also contribute to the deterioration

of accuracy.

15.1.2 Impulse and Pressure Wall Con tours

Contours of peak overpressureand impulse along the facility's interior walls are shown

in Figures 15.3 to 15.5. Figure 15.3 shows peak quantities along the south face, or

inlet-end wall. This �gure givesan exampleof the di�erent peakoverpressuresolutions

on di�erent resolutions, which do di�er noticeably, although general featuresare pre-

served. Thesedi�erences are used in computing averagewall errors in Section 15.1.3.

Peak overpressuresare of the order of tens of megapascals.Maximum values increase

with increasingresolution, and the solution is symmetrical about the centreline. It is

interesting that the local maxima in the higher resolution simulations are slightly away

from the cornersand do not correspond to the height of burst. The maximum impulse

occurs along the 
o or edgedue to the shock focussingthere and the charge height of

burst.

Figure 15.4 shows the peak quantities along the east face or long side wall for the

L9 grid. Note that peakvaluesoccur at the chargelocation, and are greatestat corners

and edgesdue to focussing.The impulse is nearly constant along the wall sectionfrom

the chargeto the outlet vent. The peakpressuresand impulseincreaseat the north face

(or outlet-end wall) due to shock re
ection there.

Figure 15.5shows contours for the L9 grid along the north face,or outlet-end wall,

which is farthest from the charge. By this stagethere might have beenmuch coalesence

of waves,and somenumerical di�usion hasoccured,so the contours are more smoothly
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(a) Peak ovepressure,L7 grid (b) Peak impulse, L7 grid

(c) Peak ovepressure,L8 grid (d) Peak impulse, L8 grid

(e) Peak overpressure,L9 grid (f ) Peak impulse, L9 grid

Figure 15.3: South facecontours for explosionin shipping container problem
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varying. Peak pressureoccurs at the facility 
o or and has attenuated to the order of

megapascals.Impulse valuesare alsogreatestat the 
o or.

(a) Peak ovepressure

(b) Peak impulse

Figure 15.4: East facecontours (L9 grid) for explosionin shipping container problem

(a) Peak ovepressure (b) Peak impulse

Figure 15.5: North facecontours (L9 grid) for explosionin shipping container problem

Figure 15.6 plots peak valuesfor the L9 grid along the interior ceiling, or top face.

There existsa local maximum in pressuredirectly above the chargeitself, although peak

valuesoccur at edges(at the charge location) due to focussing. The e�ect of venting

on reducing peak valuescan be seenon the impulse plot wherea marked decreasecan

be observed. The impulse is nearly constant along the section from the charge to the

outlet vent.
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(a) Peak ovepressure

(b) Peak impulse

Figure 15.6: Top facecontours (L9 grid) for explosionin shipping container problem

15.1.3 Av erage wall errors

Like in Table 14.7 an averageerror for the whole wall can be estimated by calculating

the relativeerror betweengrids to obtain an averagerelative error per sensorpoint. This

relative error is identical to the Richardson-extrapolated error if the re�nement factor

and solution order are 2 and 1 respectively. Decreasingerrors for higher resolutions

indicate convergence.Theseerrorsareshown in Table15.1. Note that errors in pressure

are quite high, and are as much as an order of magnitude higher than impulse errors.

This behaviour is also seenin Tables10.1 and 10.2 and 14.7. Although impulse errors

are quite low, convergencehas not beenachieved either in impulse or pressure(except

for the top facepressure).

As the greatestsourcesof error typically lie at cornersand edges,it might be inter-

esting to calculate this error excluding those sensorsat corners/edges.The results are

tabulated in Table 15.2. It is noteworthy that more wall facesdo display convergent

behaviour, although not always consistently in both the impulse and pressure.Conver-

genceseemsto depend on what quantit y is computed, and even how it is computed.

Pressureerrors have beenreducedby at least a factor of 2 comparedto Table 15.1and

no impulse error exceeds0.4%. The north face,being located farthest from the charge

and more a�ected by wave coalesence,interaction, focussingand numerical di�usion,

doesnot convergein either impulse or pressure.

As a �nal exercise,a simulation is performed on a seriesof much �ner grids by

reducing the domain size to only encompassthe inlet-end (south) wall and the charge
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Table 15.1: Estimated averagerelative errors for each face

Face Impulse error Pressureerror

East face(L7-L8) 0.00764954 0.139601

East face(L8-L9) 0.0086392 0.149198

South face(L7-L8) 0.00735129 0.169336

South face(L8-L9) 0.0102446 0.247718

North face(L7-L8) 0.00840221 0.0288078

North face(L8-L9) 0.0120841 0.150225

Top face(L7-L8) 0.00899833 0.17061

Top face(L8-L9) 0.0124166 0.140126

Table 15.2: Estimated averagerelative errors (excluding edges)for each face

Face Impulse error Pressureerror

East face(L7-L8) 0.00322188 0.075768

East face(L8-L9) 0.0031481 0.0710504

South face(L7-L8) 0.00212314 0.0719346

South face(L8-L9) 0.00175235 0.0649372

North face(L7-L8) 0.00289666 0.00655631

North face(L8-L9) 0.00440226 0.0627783

Top face(L7-L8) 0.00308275 0.0817211

Top face(L8-L9) 0.00315627 0.0409477

(with a symmetry boundary condition at the charge). Thus up until an early time

(around 5 ms) the solution on this wall can be comparedwith the larger domain runs,

until e�ects from the boundary causedivergencesin the solution. Minimum cell sizes

usedin theseadaptive-meshsimulations are0.00732m, 0.0146m and 0.0293m. Average

facial errors betweenthesesolutions are shown in Table 15.3. In this caseconvergence

for both impulse and pressureis observed, showing that these�ner resolutionsappear

to be within the asymptotic convergencerange.

Table 15.3: Smaller domain error estimateson south face

Grid Impulse error Pressureerror

Medium-coarsestgrid 0.00951 0.143

Finest-medium 0.00533 0.0964
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A better estimateof the larger-domainerrorscanbethuscomputedby comparingthe

solution to the �nest smaller-domaingrid (up until 5 ms). The resultsare in Table 15.4

and the estimated errors for the south face in Table 15.1 are reproduced here. These

better error estimatesshow that the larger-domainpeak impulse errors are around 3%

(even for the coarsestmesh), which is quite good, but peak overpressureerrors are no

smaller than 23%. The pressureerrors do in fact converge on this calculation, but

impulse doesnot convergemonotonically.

Table 15.4: Better estimateof larger domain errors on south face

Better estimate Previousestimate

Grid level Impulse error Pressureerror Impulse error Pressureerror

L7 0.0329 0.353 - -

L8 0.0345 0.33 0.00735 0.169

L9 0.0226 0.232 0.01 0.248

Thesesimulations demonstratethe di�cult y of obtaining convergencefor this prob-

lem, which is also noted in Section 14.1 and in Reference[171]. The simplest means

to obtain convergent solutions is to employ �ner meshes,but this can result in exces-

sive resourceusage(time and storage)for the current code. It is still encouragingthat

impulse errors have beenshown to be quite low (no larger than 3.5%).

15.1.4 Pressure Ampli�cation and Failure on the Outlet Wall

The e�ect of con�nement can be quanti�ed by observinghow much larger the overpres-

suresare at the far-end outlet wall and outlet vent comparedto a free-�eld air burst.

It is found that on the �nest resolution mesh(L9 mesh) the averagepeak overpressure

on the outlet wall (north face) and outlet vent is 1.66 MPa and 0.5 MPa respectively.

The peakoverpressureat the vent correspondsto a re
ected shock from the outlet wall.

Using scaledsphericalTNT free-�eld data from Kinney [119], at the samestraight-line

scaleddistance to the outlet wall the overpressureis around 0.024MPa. Assuming a

shock with this overpressureundergoes normal re
ection, the re
ected overpressureis

calculatedvia the Rankine-Hugoniot relations to be 0.053MPa. This meansampli�ca-

tion factors at the outlet wall and vent of at least 31 and 9.4 respectively.

Approximating the outlet wall as a simply-supported 
at plate of thickness5 mm

subject to the uniform load of 1.66 MPa, it is possibleto calculate the maximum wall

stress (located at the wall center) by a simple formula obtainable from a standard

solid mechanics text [227]. As the wall is a nearly squaresection, the stressis simply
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0:2874q(L=t)2 whereq is the load, L and t are the length and thicknessrespectively. It

is computedto be 110GPa; this is clearly much higher than the tensile strength of the

steelwall (which is on the order of hundredsof megapascals),making failure a certainty.

If wall failure aloneis beinginvestigated,it is unnecessaryto usenumericalsimulation

as hand calculation via Kinney's free-�eld scaleddata [119] is su�cien t to demonstrate

this. As the re
ected overpressureis calculated to be 0.053MPa (basedon Kinney's

curve), the computed stressis 3.5 GPa, which is still too high. In reality the walls are

corrugated, e�ectively raising sti�ness, and are not simply supported at their edges.

More detailed modelling of the wall responseis best obtained via a �nite element simu-

lation.

15.1.5 Performance

All simulations for the longer-domainsimulations (usedto generateTables15.1and15.2)

were run in parallel on the SGI Altix cluster using 8 processors.The L7 meshhad a

maximum of about 106,000cells, running for 2.5 hours and required about 0.3 GB of

memory. The L8 mesh had a maximum of 452,000cells, elapsedtime 9.6 hours and

required 1.2 GB memory. The L9 mesh had a maximum of 2,120,000cells, elapsed

time of 69.13hours and required 5.6 GB memory. Basedon these�gures the memory

requirements are at most 2.95 kB per cell, which is slightly more than the value of 2.6

calculated in Section11.3.

15.2 Explosion in a More Complex Facilit y

A more complicated geometry for the motor testing facility was consideredin which

the facility is partially buried on a hill side,with the outlet being a duct to enclosethe

rocket plume to reducenoise. A simulation was brie
y performed mainly to test how

well the code can handle this more complex geometry. A diagram of this geometry is

shown in Figure 15.7. Also shown are the density contours and the superimposedgrid

on the vertical plane along the duct. The charge in this caseis equivalent to 60 kg of

TNT (a larger motor size)and three adaptive meshsimulations were performedwith a

minimum cell sizeof about 20 cm (level 7), 10 cm (level 8) and 5 cm (level 9).

The resultsshow that no `leakage'of the gasfrom insideof the duct to the surround-

ing atmospherehas occured, becausethe cells are re�ned to the highest level at the

walls. The focussingof the shock in the duct has resulted in a stronger blast wave at

the duct exit, evident from the better meshadaptation comparedto the blast escaping

from the inlet and entryway. It appearsfrom Figure 15.8that the overpressuredirectly
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15.2. EXPLOSION IN A MORE COMPLEX FACILITY

above the duct can be aligned with the standard free-�eld overpressurecurve obtained

from Kinney's data [119]. In this casethe free-�eld curve is scaledto the chargeweight

and o�set by 2.9 m (or 0.74kg=m1=3). This meansthat the blast exiting from the duct

outlet can be treated essentially like a free-�eld blast, but o�set by 2.9 m (a relatively

small distance, indicating strong con�nement). The behaviour of this o�set free-�eld

curve might be worth exploring for di�erent explosivesand geometries.

(a) Initial geometry

(b) Density contour on 2D plane

Figure 15.7: Initial geometryand contours for more complexmotor testing facility
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Chapter 16

Summary , Conclusions and Future Work

This thesishasdescribed the designand testing of the CFD code OctVCEto model the

problemof blast propagationin complexgeometries.The main designintent behind this

code is reliableprediction of blast loading in complexenvironments which is fast enough

to be usedin a designprocess.This in turn can aid assessment of critical damagezones

and improve designof public spacesand structures. The code validation processhasled

to a better insight into its accuracyand limitations and has helped identify a number

of areasand problemswith the code that can be improved as future work.

Chapter 1 gave reasonswhy numerical simulation is in many casesthe superior or

even necessaryapproach, comparedto empiricial or semiempiricalmethods, for solving

this problem. An overview of previousattempts and codesalsousedin modelling blast

propagation in realistic geometrieswasprovided, and the basiccharacteristicsof explo-

sive blastswasdiscussed.Chapter 2 then presented di�erent CFD methods which could

be usedto simulate 
o ws in complexgeometries,concludingwith a discussionon di�er-

ent Cartesiancell methods and their advantages. A detailed discussionwasprovided of

the VCE method and its associated shortcomings.

Chapter 3 then discussedthe octreedata structure and how it couldbeutilized asthe

basisfor meshadaptation in the code. Somealgorithms in the form of pseudo-code were

presented to demonstratethe recursive nature of the meshadaptation process. Some

measuresthat could be taken to increasespeed (by sacri�cing memory) and handle

degeneracieswere also discussed,and the two di�erent adaptation indicators used in

the code (basedon velocity and density di�erences) were presented.

Chapter 4 centered on the numerical methodology of the code. The governing equa-

tions being solved, their method of discretization and integration, 
ux solvers used

(the AUSMDV [221] and EFM [150]schemes),reconstructionmethod and equationsof

state were described. This section also reviewed the boundary conditions used in the

code and described how initial explosionsor chargesare represented in the numerical

simulation using the `balloon analogue'or isothermal bursting sphereapproach. Some

point-inclusion query methods were alsoreviewed.

Chapter 5 provided a review of parallel computing, parallel programming methods

and parallel performancemeasures,like Amdahl's law [8] and its inverse (the useful
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Karp-Flatt metric [113]). Section5.5 described the shared-memoryparallel implemen-

tation of the code.

Chapter 6 proceededto the veri�cation stageof code testing to establish the reli-

abilit y of the code programming in its implementation of the numerical methodology.

Four di�erent test caseswere considered.The �rst case,the Method of Manufactured

Solutions (Section 6.1), demonstratedhigher-order behaviour of the code (between 1

and 2). In the secondcase(Section 6.2), the code was shown to provide solutions in

good agreement with the classicSod shock tubeproblem,and an adaptive meshsolution

had a factor of savings of up to 3 in time and storagecomparedto the uniform grid

result. The non-re
ecting boundary conditions were also tested with this problem and

shown to work well.

Section6.3 demonstratedconvergenceas both subcell and grid resolution increased

for supersonic
o w over simple wedgeand conegeometry. Importantly, the surfaceso-

lution noise arising from the approximative nature of the VCE method (discussedin

Section2.4.4) was shown not to be signi�cant for practical engineeringpurposese.g. if

integrated pressureforcesare desired. Adaptive meshsolutions resulted in savings of

up to 9 times in storageand 7 times in time comparedto comparableuniformly-re�ned

meshsolutions,demonstrating the large gains in e�ciency obtainable from meshadap-

tation. Section 6.4, which dealt with supersonicvortex 
o w, demonstratedvery good

grid convergence(sometimesas high as the formal order of accuracy)of the numerical

result to the analytic solution.

Chapters 7 to 14 then described the numerousvalidation tests undergoneby the

code to establishhow well it can solve realistic blast and shock propagation problems.

In Chapter 7 the shock di�raction over a wedgewas simulated, and good agreement

with previous experimental and numerical data was shown. The code performance

wasalsopro�led for this simulation. Serial pro�ling showed that reconstruction-related

operations dominated the calculation, suggestingthat future work should target this

area to improve e�ciency . However, fairly good e�ciency in the adaptation procedure

was achieved. Parallel pro�ling (using the Karp-Flatt metric) showed a serial fraction

for this calculation of approximately 10-20%,and signi�cant overheadsdue to execution

of the code on a NUMA system and the non-local nature of parallelization and work

distribution among threads. This suggeststhat if any future development of the code

is to occur, it should focuson more complexparallel implementations and importantly

on improving the code's memory e�ciency .

Chapter 8 presented a simulation of shock interaction with cylindrical geometry

which showed good agreement with previousnumericalwork on this problem. Chapter 9

validated the one-dimensionalspherical solver and demonstrated the accuracy of the
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isothermal bursting spheresolution with previousexperimental and numerical data. It

con�rmed the �ndings of previousstudies[166,171] that the initial energyreleaseis the

most important factor whenpeakoverpressureor postive impulsein the mid- to far-�eld

regimesis desired.Non-re
ecting boundary conditionswerealsotestedfor this problem

and shown to work well. Chapter 10 proceededto simulate spherical TNT blast for

both the one-, two- and three-dimensionalsolvers. Convergenceof the two- and three-

dimensionalsolvers to the one-dimensionalresult wasdemonstrated,and the errorsdue

to discretization and staircasingof the charge were measured.Parallel pro�ling of the

simulations showed large parallel overhead,but around 10%serial fraction to the code.

Chapter 11concernedsimulations of blast nearsinglebarrier structures. Good agree-

ment with previousdata wasshown, although there wasa puzzling discrepancyin blast

arrival times. Simulations employing the non-re
ecting boundary conditions performed

well when comparedwith larger-domainsimulations. Savings of up to 5 times in time

were observed between adaptive and uniformly-re�ned mesh solutions. However, the

code was shown to be quite memory ine�cien t, which can impact performanceconsid-

erably. Chapter 12 demonstratedthe code's abilit y to simulate well explosionsin com-

plex axisymmetric containers. The current results were somewhatinferior to previous

numerical results of commensurateresolution, but comparableaccuracywas obtained

when Richardsonextrapolation [163, 164] of the results was performedusing solutions

from di�erent meshes.

Chapter 13 testedthe code in simulations of blast in three-dimensionalenvironments

consistingof simplegrid-aligned rectangular-prismaticgeometries,and the resultscom-

pared well with previous experimental and numerical data. Chapter 14 focussedon

simulations of blast in a more complexurban environment, and fairly good agreement

with past results wasachieved without the needfor multi-dimensional remappingof an

initial one-dimensionalspherical result [171]. Parallel pro�ling of the code showed a

serial portion of around 10%as before,and signi�cant parallel overheads.

It wasalsoobserved that for this simulation, unnecessaryand excessive re�nement of

the meshoccurednear the �reball due to the adaptation criteria employed, and future

work might alsoconsiderusinga pressure-di�erencebasedindicator to prevent needless

re�nement in this region. It is di�cult to know a priori what valuesof the adaptation

indicators areoptimum for the simulation; only guidelinescanbeprovided. Convergence

of solutions was not always demonstrable,although there were reliable trends. The

previousdata for this problem wassuppliedfrom Rose'sftt_air3d code [174], which is

alsoan octree adaptive mesh,Cartesiancell code developed concurrently with OctVCE.

Comparisonof the codes'performancefor this problem showed that ftt_air3d is much

more e�cien t time-wiseand storage-wise.
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16.1. COMPARISON WITH A SIMILAR CODE

Chapter 15 focussedon an application study of the code in simulations of internal

blast in a shipping container geometry. Regrettably there was no opportunit y for ex-

perimental work to supplement the numerical study, but the work was part of a design

processwhich helped in the evaluation of options for the rocket test facility. Conver-

genceof solutionswasnot always easyto demonstratedueto the coarsenessof the grids,

and shock focussingat the edgesand cornersof the geometry. Nonethelessthe simu-

lations demonstratedvery large ampli�cation of pressuresand positive impulseswithin

the structure due to con�nement of the blast.

Many of the validation simulations demonstrated that acceptable(but still some-

what inferior) solutions can be obtained without the need for �rst remapping a one-

dimensionalresult beforethe blast passesthe nearestsurfacefeature. It would appear

that the OctVCEcode hasbeenshown to be a reliable tool in simulating blast propaga-

tion in complexgeometries,as per the aims of the thesis, and more generally that the

VCE method and octree meshadaptation appearssuitable for such problems.

16.1 Comparison with a Similar Code

The ftt_air3d codeof Roseet al [174] is similar to, moreadvancedthan and developed

at about the sametime asthe OctVCEcode,and hasgreatertime and memorye�ciency .

It may be instructive to compareand contrast the two codes in casefuture work in

improving or extending OctVCEis undertaken.

The ftt_air3d code[174,177]is written in FORTRAN anddueto implementation of

the Fully ThreadedTree(FTT) structure [118](discussedin greaterdepth in Section3.1)

is much more memory-e�cient than OctVCE, which storesmeshconnectivity, geometric

data and other information explicitly. Lower memoryrequirements contribute to overall

better performancedue to fewer cache misses. ftt_air3d also appears to use a one-

dimensionalform of reconstructionwhilst OctVCEusesmulti-dimensional reconstruction

requiring inversionof matricies. In OctVCEthis forms a signi�cant portion (50%) of the

calculation code (as mentioned above) and given the successof ftt_air3d , it may be

that multi-dimensional reconstruction is not required for such problems.

Another very signi�cant time-saving strategy usedin ftt_air3d is the useof local

but interleaved timestepping (depending on cell level) and an apparently lessconserva-

tive timestep. ftt_air3d seemsto usea timestep basedon the expression

� t =
� x

max (a + jui j)
(16.1)

with the maximum taken over the three directions i = x; y; z [176]. If this expressionis
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comparedwith Equation 4.7 and assumingthe (a + u) term is constant, Equation 4.7

gives a timestep which is 6 times smaller than Equation 16.1 in three dimensions. As

it is very simple in OctVCEto increasethe timestep e.g. by increasing the CFL or

adopting Equation 16.1,this might be worth exploring for future simulations. To ensure

stabilit y and proper shock tracking, the meshadaptation frequencycanbe increasedand

more aggressive cell merging undertaken to ensurelarge cells everywhere. Also, a less

conservative CFL \cut-back" procedure (Section 4.8.1, page 37) might be used e.g.

setting a larger value of � cut .

The adaptation indicators in OctVCEwere chosenbecauseof past success[148,155,

211],capability to re�ne cellsabout other discontinuities like slip layersand provision of

somere�nement in the positive phaseregion of the blast. This can sometimesresult in

excessive re�nement about relatively unimportant regionslike the explosive products.

This problem may not be present in ftt_air3d , which usesa simplepressuredi�erence

indicator. It also provides for somedegreeof re�nement behind the blast by testing if

the number of times a cell is consideredfor coarseningreaches somethreshold value.

ftt_air3d also allows speci�cation of regionswhere meshre�nement can be switched

o�, which is not implemented in OctVCE.

Unlike OctVCE, ftt_air3d also supports remapping of one-dimensionalspherical

solutions to multi-dimensions, which can produce well-resolved blast pro�les and save

save solution time in the early stagesof the explosion. Compared to OctVCEwhich

allocated or deallocated memory (corresponding to re�ning or coarseningrespectively)

on a per cell basis, ftt_air3d appearsto be more e�cien t in its handling of memory

by allocating or deallocating stacks of cells. Codesthat frequently allocateor deallocate

memory do su�er from performanceine�encies due to memory management overhead

[105, 174], and the memory in OctVCEmight becomemore fragmented over time than

with ftt_air3d [177].

However, OctVCEdoeshave parallel processingcapability, unlike ftt_air3d , and it

can handle geometry constructed of arbitrary surfacepolygons instead of just convex

polygons(requiredby ftt_air3d ) dueto the generality of the VCE method. A disadvan-

tageis possiblymoretime spent in computinggeometricaloperationslikepoint-inclusion

queries. Due to the axisymmetric extensionto the VCE method, OctVCEcan also sim-

ulate axisymmetric 
o ws in complexgeometryin addition to the simple height-of-burst

problem. A parallel OctVCEsolution conjoined with a lessconservative timestepping

strategy discussedabove might be competitiv e with a ftt_air3d run. The parallel im-

plementation (Section 5.5) seemsto perform well given the inherently serial portion of

the code, but still could be more e�cien t, due to the large memory requirements and

locality issueswhen executedon a NUMA machine (as discussedabove).
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Further work might thus �rst focus on reducing memory usagewithout comprimis-

ing the basic numerical methodology. It may still be possibleto achieve performance

competitiv e with ftt_air3d despite the relatively simple parallelization method, ex-

plicit storageof neighbouring connectivity and useof list structures to accesscells. For

example,somerelatively simple improvements to the cell data structure (Figure K.4

in Appendix K) can be madewithout requiring too much alterations to the code.

The gradient and limiters structures could be combined into a single limited

gradient quantit y, as in ftt_air3d , and geometric data like interface areas,volumes

and surfacenormalsreally only requirestoragefor intersectedcells,beingeasilyderived

for unobstructed cells basedon cell level. Theseadditional complexitiesarise because

intersectedcells in OctVCEare not always at the �nest level (unlike ftt_air3d ), which

requiremorestorageto handlethesespecial cases.Given the accuracyof the method, it

may alsobe su�cien t to usea singleinterface
ux vector, even if the interface is shared

by two or more cellsat �ner level.

16.2 Access to the Source Code

The OctVCEprogram sourcecode and usermanual can be found in

http://www.mech.uq.edu. au/s taff /ja cobs/cfc fd/ .
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Appendix A

Mixing at the Explosion Core

As discussedin Section1.2 the contact surfacebetweenthe detonation products and air

can be very unstable. In multi-dimensional simulations, this instabilit y is triggered

numerically due to the perturbed (radially asymmetric) charge representation on a

Cartesian mesh [122] when initiated using the balloon gas approach. Very early in

the explosionthis uneven contact surfaceis swept outwards from lighter to heavier gas,

resulting in Rayleigh-Taylor type instabilities alsoobserved in other simulations of blast

propagation[71,139]. Implosion of the secondaryshock results in further mixing of this

surface.

A typical sphericalexplosionsimulation is performedby OctVCEand the schlieren of

the early stagesof the processis shown in Figure A.1, which shows the instabilit y at the

contact surfacebeforeand after implosion of the secondaryshock. In this simulation,

the balloon gasis perfect gashelium with a pressureof 30,000atmospheres.Note the

asymmetry of the mixing.

Figure A.1: Schlieren of 2D axisymmetric blast in its early stages

This instabilit y has the unfortunate e�ect of triggering excessive re�nement in that

regionfor density-basedadaptation indicators (Section3.5), but it doesnot signi�cantly
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A.1. ADAPTATION PARAMETERS FOR BLAST SIMULATION

a�ect the blast wave and positive phase(Section1.2). It may be advantageousto usea

pressure-basedindicator to avoid this needlessre�nement.

A.1 Adaptation Parameters for Blast Simulation

As discussedin Section 3.5, OctVCEimplements two types of adaptation indicators {

(a) a density-basedindicator and (b) velocity-basedindicator. Default values for the

re�nement threshold are 0.3 and 0.01 for indicators (a) and (b) respectively. Lowering

thesethresholdsallow better shock-capturing at larger distancesfrom the blast, but at

the cost of excessive cell re�nement nearer the explosion. Indicator (a), which can also

re�ne the positive phasebehind the shock, requirecoarseningand noise�lter thresholds

to be set, and a small test of di�erent valuesfor thesethresholdsis shown in Figure A.2,

which simulates the sameblast problem above.

Five adaptive mesh levels are used. The numbers beside the letters R, C and F

stand for re�nement, coarseningand noise �lter thresholds respectively. The primary

shock is at a scaleddistanceof about 13.3m=kg1=3 and it is di�cult to re�ne about the

secondaryshock without resulting excessive re�nement elsewhere.The resolution of the

positive phasewas not found to be so dependent on the re�nement threshold, so only

the coarseningand noise�lter valueswerevaried.

Note the turbulent core region is always re�ned about, which can be wasteful. The

degreeof re�nement shows a dependenceon the noise �lter threshold and coarsening

threshold. Decreasingthe coarseningthreshold is more likely to con�ne re�nement to

the positive phasebehind the blast, whilst decreasingthe noise �lter also tended to

result in more re�nement in the core region. For this problem, the simulation with a

coarseningand noise �lter threshold of 0.03 and 0.005 respectively seemsto produce

the best degreeof re�nement at the shock and positive phase,which persisted until

a scaleddistance of around 25 m=kg1=3. Selectionof optimal adaptation parameters

requiressometrial and error, but this is characteristic of any adaptive method. In the

simulations of this thesis,the coarseningthreshold rangesfrom 0.01to 0.1and the noise

�lter threshold from 0.001to 0.1.
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A.1. ADAPTATION PARAMETERS FOR BLAST SIMULATION

Figure A.2: Experimentation with adaptation parametersfor blast simulation
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Appendix B

One-dimensional Spherical Code

This section brie
y describes key featuresof the simple one-dimensionalcode written

for validating OctVCEfor thosetest caseswith radial symmetry (e.g. chapters9 and 10).

This code allows an accurate �ne-grid spherically symmetric one-dimensionalsolution

to be obtained with little cost. The sphericalintegral Euler equationscan be expressed

as
@
@t

Z

V
U r 2dr +

Z
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wherebr is the unit vector in the radial direction, in reality a one-dimensionalvector like

the interface outward-normal bn. The sourceterm is Q = [0; 2PrL; 0; 0] whereL is the

cell length. The cell-centered �nite volume discretization is simply

dU c

dt
r 2

cL = �
X

if

r 2
if F if � bn if + Q (B.3)

The solution marching procedure is essentially the same that used by OctVCE(Sec-

tion 4.2) reducedto onedimension. Hencea second-orderRunge-Kutta time integration

procedureand the AUSMDV 
ux solver is used(Appendix F.1). In performing these

simulations care must be taken to have the correct charge radius (represented by the

balloon gas) and have an integral number of cells within the charge to obtain exact

correspondencein blast energy.

Roserecommendsaround 50 computational cells through the explosive charge for

grid-independent solutions[171]. The initial time might alsobe o�set by the detonation

time (time for the detonation wave, starting from the chargecentre, to engulf the whole

constant-volume charge). As the detonation speedis usually very high (of the order of

O (103) m/s), this o�set is normally very small and noticeableonly for trace points close

to the charge.
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The CFL cutback procedure(Section 4.8.1) is also usedto prevent instabilit y, and

thus the solution order `switching-time' schemedescribed in Section4.8.1is unnecessary.

The one dimensionalcode employs an upwind biasedthird-order interpolation scheme

with MINMOD-t ype limiter [110, 148] and also in the MB_CNScode [109]. This scheme

shouldbesuitable for unsteadyone-dimensionalblast wave problemsand is summarized

below.

Supposereconstructionof a quantit y Q is desiredfor interfacevalue Qi +1 =2. On this

reconstruction schemecell-centered valuesfrom four cells are required, Qi � 1, Qi , Qi +1

and Qi +2 . Let � �
i = Qi � Qi � 1 and � +

i = Qi +1 � Qi . To reconstruct Q to the left side

of the interface, the formula is used{

QL
i+1 =2 = Qi +

1
4

�
(1 � � ) M I N M OD

�
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i ; b� +
i

�
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��

(B.4)

where b is a biasing parameter and � a blending parameter. To reconstruct Q to the

right sideof the interface the formula is

QR
i+1 =2 = Qi +1 �
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� �

i +1 ; b� +
i+1
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Default valuesof b= 2 and � = 1=3 are used. The MINMOD function is given by

M I N M OD (x; y) = sign (x) max (0; min [jxj ; y � sign (x)]) (B.6)

Re
ecting (solid wall) boundary conditions are usedfor the ghost cells at the left and

right endsof the domain. Two ghost cells are used,and the outermost ghost cell uses

re
ected conditions from the cellsadjacent to the border cells.
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Appendix C

Finite Energy Release in Cylindrical

Charges

An extension to the code was consideredin this thesis to incorporate a �nite rate of

energy releasefrom ignition points within the charge in a very simpli�ed model of

detonation, much like the approach of Timofeev et al [211, 212]. In this `�nite-rate-

release'model, detonation proceedsradially at a preset speed from speci�ed ignition

points until all the explosive is consumed. This can be readily implemented in the

code as it already represents the initial chargeas a group of high pressurecells. Thus,

cells representing the charge are essentially treated as solid objects until activation to

appropriate gasconditions when the detonation wave passestheir centroids.

With this approach an additional degreeof realism in modelling the blast waveform

and overpressuresmay be obtainable for near-�eld modelling, although this extension

may prove inadequate as the complex chemistry of the explosive detonation and af-

terburning is not taken into account. It would probably be more suitable for cheaper

two-dimensionalsimulations asthis increasedrealismmay only be noticeableon highly-

resolved meshes.

To observe the di�erences in solution comparedto the `instantaneous-release'det-

onation model where all cells are initially active and �lled with high pressuregas, an

axisymmetric simulation of cylindrical warhead detonation is performed. This draws

from the experimental and numerical study of Andersonet al [11], whoseaxisymmetric

simulations alsoassumedperfect gas,instantaneousenergyreleaseof the explosion,but

incorporated a simple afterburning model. Becauseof the radially asymmetricalcharge

shape, free-�eld overpressureand energydistribution near the charge is dependent on

charge orientation and even location of initiation [108] and thus makes an interesting

test casefor this study.

A diagram of the numerical domain and pressuresensorlocations is shown in Fig-

ure C.1. The warheadis positionedat a height of 2015mm. This domain and minimum

cell size (10 mm) is chosento be the sameas Anderson's [11] but an adaptive mesh

simulation is usedwith coarsestallowable cell sizeof 160mm. Actual sensorlocations

are given in Table C.1.
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Figure C.1: Cylindrical warheadnumerical domain and sensorlocations (from [11])

Table C.1: Sensorlocations for cylindrical warheadexplosion(from [11])

Sensornumber X location (mm) Y location (mm)

1 1010 1000

2 1980 2010

3 2520 2000

4 2950 2040

5 3550 2000

6 2010 2610

7 2560 2600

8 2960 2590

The initial conditions for the charge are given in Table C.2 and have also been

taken from Anderson [11]. The simulation applies the JWL equation of state to the

explosionproducts (Composition B explosive, like in Anderson'sexperiments) with JWL

parametersprovided by Reference[127]. As the charge is discretizedby �nite-v olume

cells its actual diameter and length are slightly di�erent from the reported nominal

values,but the density and pressureof the cells is adjusted to give the correct energy.

The simulation is performed with an adaptive 
ux solver (EFM at shocks, AUSMDV

elsewhere)and density-basedadaptation indicator (Equation 3.4) of 0.3, 0.1 and 0.013

for the re�nement, coarseningand noisethresholdsrespectively.

Figure C.2 shows a progressionof temperature and grids in the early stagesof the

explosionwhen initiated from three points along the charge centreline (which can be

seenin the initial plot, Figure C.2(a)). Thesepoints at located at heights of 1939mm,

2015 mm (charge centre) and 2091 mm. The consumption of the explosive is nearly

completeat about 14.4ms (Figure C.2(d)).
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(a) 0 ms (b) 9.48 ms

(c) 11.5 ms (d) 14.4 ms

(e) 17.8 ms (f ) 35.5 ms

(g) 64.9 ms

Figure C.2: Temperature and grid for cylindrical warheaddetonation
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Table C.2: Initial conditions for cylindrical warhead(taken from [11])

Diameter 360mm

Length 720mm

Blast energy 4.00925� 107 J

Ambient Pressure 101.325kPa

Ambient Temperature 298K

Pressurehistories from the various sensorlocations are shown in Figure C.3 and

comparedwith Anderson'sresults. A simulation is alsoperformedassumingthe instan-

taneousdetonation model for comparison.The results show that observable di�erences

exist between the �nite-rate-release and instantaneousdetonation solutions, which in

turn di�er with Anderson'spressurehistories. This is to be expectedasAndersontook

into account afterburning which was not implemented here.

There is also a lag in blast wave arrival time relative to the experimental results.

Modelling accurately the actual detonation processmight yield better arrival time re-

sults, but this is not so important. Except for sensor1, the �nite-rate-release model

hasan arrival time either earlier than or equalwith the instantaneousmodel. The det-

onation speedthrough the charge is too rapid relative to the scaleof the waveformsto

make much di�erence in arrival time here. At sensors6 to 8, arrival times from both

solutions are nearly coincident.

At sensors1, 3 and 8 the �nite-rate-releasemodel seemsto give slightly better peak

overpressuresrelative to experimental resultscomparedto the instantaneousdetonation

model. However, the decay rate for the initial pulse is much sharper for the �nite-rate-

releasemodel than the instantaneousone. It is also interesting that the current results

seemon the whole to yield better peak overpressures(and comparably good positive

phase) as Anderson's numerical results, comparedto experiment. However, in some

casesthe experimental pressurehistories are not very good (particularly with sensor

6), presumablybecauseof sensorvibration. Also, in many casesthe numerical simula-

tions display secondaryshocks which are not clearly distinguishablein the experimental

pressurehistories.

The results show that whilst there is a notable di�erence between�nite-rate-release

and instantaneousdetonation models, the �nite-rate-releaseapproach doesnot produce

consistently better solutions (when comparedto experimental results) in either peak

overpressureor positive phasewaveform, at least for this problem. It may still be a

usefuloption to have in somecases,but herethe instantaneousdetonation model seems

to yield fairly good results even in the near-�eld (discounting the arrival time discrep-
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Figure C.3: Pressurehistories for cylindrical warheaddetonation
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ancy). Better correspondencewith experimental results is probably only achievable in

the near-�eld through detailed modelling of the chemistry of the detonation process.

This extensionto the code requiresfurther development and exploration.
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Appendix D

Axisymmetric Virtual Cell Em bedding

(V CE) metho d

The baseVCE scheme(Section2.4) is unsuitable for axisymmetric 
o w as the axisym-

metric Euler equations (Equation 4.8) require additional information { the radial co-

ordinatesof the cell center r c and its 
uid interfacesi.e. the unobstructedsidelengthsr l

and wall surfacerw . How thesequantities arecalculatedhasbeendescribed in Reference

[204] (a derivative paper from the current thesis) and is repeatedbelow.

D.1 Obtaining cell-cen tre and in terface radial co-

ordinates

The VCE subcell division can be used to calculate r c (the cell's average radial co-

ordinate) and r l (the averageradial co-ordinate of its unobstructed interfaces) if the

radial co-ordinatesof each subcell are stored and then averagedin the summation i.e.

r c=l =
P

N r sc=l
=N , wherer s is the radial co-ordinateof a subcell and N the total number

of 
uid subcells i.e. unobstructed subcells.

D.2 Obtaining the wall radial co-ordinate

The wall radial co-ordinate r w can be found by noting that VCE always givesstraight

surfacerepresentations. With the help of Figure 2.1(b) (page14), �rst shift the origin to

the lower left cell corner,and assumethe cell is squareof length lc. In a similar manner

to �nding r l now the averageobstructed radial coordinates on the east and west faces

r xr and r xl respectively are found.
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D.3. EULER EQUATIONS IN AXISYMMETRIC GEOMETRY

(a) Downward surfacenormal (b) Upward surfacenormal

Figure D.1: Two surfacenormal con�gurations

Now consider two cases{ (1) when the surface normal is pointing downward or

sideways (i.e. its radial co-ordinate is negative or zero respectively) and (2) when it is

pointing upward.

1. Downward or sidewayssurface normal

With the help of Figure D.1(a), note that r xr and r xl represent the midpoint of

obstruction on a side,so that very simply r w = r xr + r xl .

2. Upward surface normal

With the help of Figure D.1(b), this casecan also been seenas case(1) if the

origin is shifted to the top right cell corner and the transformation r 0 = lc � r is

applied. However if either r xr or r xl are zero, then likewiser 0
xr or r 0

xl respectively

are zero(no obstruction is present). Then r 0
w = r 0

xr + r 0
xl , and �nally transforming

back, rw = lc � r 0
w .

Thus

r 0
x(l=r ) =

8
<

:

0 when r x(l=r ) = 0

lc � r x(l=r ) when r x(l=r ) > 0

Then rw = lc � (r 0
xr + r 0

xl ).

It should be noted from FiguresD.1(a) and D.1(b) that it is equally possibleto use

the averageunobstructed radial coordinates er xr and er xl instead of r xr and r xl . This

extended VCE scheme can now handle complex axisymmetric geometry, and has an

accuracyconsistent with and limited by the basicVCE paradigm [204].

D.3 Euler Equations in Axisymmetric Geometry

The axisymmetric Euler equations(Equation 4.3) and the axisymmetric VCE method

(Appendix D) assumethat for the axisymmetric cell {
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D.4. VOLUME PER RADIAN EXPRESSION

1. The volumeper radian Ac = Ar c, whereA is the cell'sareaand r c the cell'saverage

radial co-ordinate

2. The areaper radian of each interfacecanbegivenby r if l if , wherer if is the average

radial co-ordinateof the interface,and l if is the interface length

Theseexpressionswill bederivedmorefully below, with the help of the axisymmetric

cell illustration in Figure D.2. Note this is a partial view of the axisymmetric cell as

it in reality extendsa full circle around the axis of symmetry. The red surfaceis an

examplesurfacee.g.of a conecutting through the cell.

Figure D.2: Axisymmetric cell illustration

D.4 Volume per radian expression

Consider a volume element of the axisymmetric cell of Figure D.2. In reality it is an

annulus with a length dx, with an inner radius of r i;s and outer radius of r o;s. The

volume elements are chosenare such that dx = r o;s � r i;s . This annulus hasa volume of

Ve = �
�
ro;s

2 � r i;s
2
�

dx = � dx (r o;s + r i;s ) (ro;s � r i;s ) = � dx2 (ro;s + r i;s ) (D.1)

Note that the two-dimensionalareaof the volumeelement, Ae = dx2. With N elements,

the area of the cell can be expressedas A = N Ae. The sum of thesevolume elements

givesthe total volume of the axisymmetric cell {

V = � dx2
NX

i =1

(ro;s + r i;s ) (D.2)

The volume per radian of the axisymmetric cell is then

V
2�

= Ac = dx2
NX

i =1

(ro;s + r i;s )
2

= Ae

NX

i =1

ravg (D.3)
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whereravg is the averageradial co-ordinateof the volumeelement. Assumingthe volume

per radian of the cell is its areaA = N Ae multipled by someradial value r , then

Ar = N Ae = Ae

NX

i =1

ravg (D.4)

which meansthat r =
P

ravg=N = r c i.e. the averageradial co-ordinateof the cell from

the volume elements.

D.5 Area per radian of in terfaces

D.5.1 In terfaces normal to radial axis

For any unobstructed interfacesnormal to (i.e. piercedby) the radial axis, the interface

area is simply that of the cylindrical area of the annulus (the cell length). This is

A = 2� r l , wherer is the annulus radius, and l is the (axial) length of the cell. Thus the

areaper radian is A= (2� ) = r l . Thus for examplethe top faceof the cell is r ol .

D.5.2 In terfaces normal to axial axis

The interfacesnormal to the axial axis are the cross-sectionalareaof the cell annulus.

Thus the area is

A = �
�
r2

2 � r1
2
�

= � (r2 + r1) (r2 � r1) = � l if (r2 + r1) (D.5)

where r2 and r1 is the outer and inner radius of the annulus. The interface length

l if = r2 � r1. In the caseof an unobstructed interface like the axisymmetric cell of

Figure D.2 the front and back interfaceshave area of � (r o
2 � r i

2). Thus the area per

radian is

A= (2� ) = l if (r2 + r1) =2 = l if ravg (D.6)

whereravg is the averageradial co-ordinateof the interface.

D.5.3 Wall in terface

An examplewall interface of a conical surfacecan be seenby the red surfacein Fig-

ure D.2. An areaelement of this interface is dA = 2� rdl wherer and dl are the radius

and length of area element respectively. In VCE the variation of the interface radius

207



D.5. AREA PER RADIAN OF INTERFACES

can be described by the linear relation r = r 1 + mx (recall VCE only represents planar

surfaces).Thus if dl =
p

dr2 + dx2 = dx
p

m2 + 1. Thus

dA = 2� (r 1 + mx)
p

m2 + 1dx (D.7)

The areaelements are integrated from x1 to x2 (the axial length of the cell is x2 � x1)

to give the total area{
Z x2

x1

dA = 2�
p

m2 + 1
Z x2

x1

(r1 + mx) dx (D.8)

= 2�
p

m2 + 1
�
r1x +

mx2

2

� x2

x1

(D.9)

= 2�
p

m2 + 1(x2 � x1)
�
r1 + m

x1 + x2

2

�
(D.10)

= 2�
p

m2 + 1(x2 � x1) (r1 + mxavg) (D.11)

= 2�
p

m2 + 1(x2 � x1) ravg (D.12)

where ravg is radial midpoint of the interface line length. Note that the slant length of

the interface l = (x2 � x1)
p

m2 + 1. Thus A = 2� lr avg. The area per radian is thus

A= (2� ) = lr avg. Thus for all interfacesthe areaper radian is r if l if .
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Appendix E

In tegrated Pressure Force Over a Cone

The forceon a portion of the conesurfaceis calculatedfrom the integral
R

PsdA, where

Ps is the pressureon the surfaceand A the area. As dA = 2� rdl, wherer is the radius

and dl the length increment along the conesurface(FigureE.1), the forceper radian is

F =
Z

Psr dl (E.1)

Figure E.1: Diagram of cone

Now dl can be computed in terms of x and the gradient of the line m (m = tan� ) {

dl =
p

dr2 + dx2 =
p

m2dx2 + dx2 (E.2)

Thus from Equations E.1 and E.2 the force per radian F is

F =
Z

Psr
p

m2 + 1dx = Psm
p

m2 + 1
�

x2

2

� x1

x0

(E.3)

wherex0 and x1 are starting and ending points of integration. By the samereasoning

the force per unit length along a wedgesurfaceis

F =
Z

Ps

p
m2 + 1[x]x1

x0
(E.4)

Note alsothat for CFD simulations, the approximate form of Equation E.1 can be used

to obtain the force for each cell i.e. if Ps, r and � l is known for each intersectedcell,

then the surfaceforce in that cell is F = Psr � l .
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E.1. DEGENERACIES WITH THE AXISYMMETRIC CODE

E.1 Degeneracies with the Axisymmetric Code

There are someproblemsassociated with the axisymmetric VCE method. To illustrate,

consideran initially quiescent state in a squarecorner cell shown in Figure E.2. All


ux terms would be zero, except for pressurein the momentum 
uxes in the x and r

directions. The VCE method (Section 2.4) constructs a singleplanar surfacefrom the

two obstructed interfaceswith an radial coordinate of r c.

However the cell is in fact unobstructed and thus the sourceterm Q for the radial

direction in the axisymmetric equation (Equation 4.3), P=r alsousesa value of r = r c.

In the cell update for axisymmetric 
o w (Equation 4.8) this meansthat Q does not

entirely cancelwith the sumof 
ux terms (1=A)
P

if r if F if � bn if l if leadingto production

of momentum in the radial direction proportional to P=(2r ). This production of mo-

mentum arisesfrom this basic mathematical or geometrical inconsistencybetween the

radial valuesof the cell interfacesand cell volume.

Figure E.2: Axisymmetric corner cell

This problem is not present in the planar situation as there is no sourceterm and

interfacial and cell radial coordinates are not used. This degeneracyis avoided if the

corner cell is represented correctly i.e. with two obstructed interfaces.This is basically

the staircasedsurfacerepresentation (Section2.4.3) and is implemented in the code for

axisymmetric corner cells. Unfortunately, if a corner cell doeshave someof its volume

obstructed, it is di�cult apart from visual inspection to identify it as such as only cell

areaand volume fractions are stored. Thus this degeneracyis not always treated.

Also, inconsistenciesbetweencell interfacial and volume radial coordinates will ex-

ist even for non-cornercells. ConsiderFigure E.3 where an axisymmetric cell with 64

subcells is obstructed by a conical surface. There will still be a slight geometrical in-

consistencybetweenthe cell radial coordinate r c (obtained by averaging,r c =
P

N r s=N

where r s is the radial coordinate of a subcell) and the computed wall radial coordi-

nate r i computed from the interface obstruction (Section 4.2.1). r c is computed only
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Figure E.3: Axisymmetric cell cut by cone

from wholly unobstructed subcells, but for consistencythe contributions of partially

obstructed subcells to this value are also needed.Momentum in the radial direction is

still produced.

To investigatethe severity of this problem a simulation is �rst conductedof initially

quiescent air at standard conditions (with a fairly coarsegrid) in an obstructed corner

cell situation as shown in Figure E.4. The domain is a simple squarewith walls on the

left and bottom border, and non-re
ecting out
o w boundary conditionson the right and

top border. It was found that due to the boundary conditions steady-statebehaviour

was apparently produced,and Figure E.4 shows the solution at steady-state.

The solutions show that a very strong wind can be produced at this corner cell,

although e�ects seemlocalizedthere. As there is production of radial momentum some

wind is produced in the radial direction, which is mainly con�ned to the vertical wall.

A strong in
o w into the corner cell along the horizontal wall is also induced to replace

masslost in the radial direction. Clearly, the solution at this corner is very di�erent

from the ambient condition.

The 
o w of initially quiescent air over a conicalsurfaceis alsosimulated. This simu-

lation usesthe geometryand grid of the supersonicconical 
o w study in Section6.3. It

wassimulated to the sametime that producedsteady-statebehaviour in the simulations

of Section 6.3, but steady-statebehaviour was not observed here, even long after this

time. Figure E.5 shows the solution at this late time. Extrema in the solution seemto

increasein magnitude.

Clearly the radial momentum generatedalong the numerically roughenedsurface

(Section2.4.4) leadsto a very complicatedand noisy solution. The density and pressure

solutions seemto behave best, as there is overall small deviation from ambient values.

Signi�cant velocity is produced, although it very low comparedto the supersonicve-
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(a) Density (b) Pressure

(c) x velocity (d) y velocity

Figure E.4: Axisymmetric corner cell degeneracy

(a) Density (b) Pressure

(c) x velocity (d) y velocity

Figure E.5: Axisymmetric conical degeneracy
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locities studied in Section 6.3. A vortex-like feature also appears present at the cone

tip, and this is wherethe extrema in velocity occur; it may have initially risen with the

inducing of horizontal 
o w into an obsturcted cell at the conetip to replacemassloss

in the radial direction.

The e�ects of this axisymmetric degeneracyon solutionswith initial quiescent state

(in addition to numerical surface roughening) can be quite signi�cant. Divergent or

convergent solutions seemto both be possibledepending on the boundary condition

and geometry. It is di�cult to predict the e�ect this degeneracyhason 
o ws with more

interesting initial conditions. However, thesee�ects may not always prove detrimental

to solutions in simulations of practical interest. For example,it is shown in Section6.3

that convergent and accurate solutions of supersonic conical 
o w can nonethelessbe

produced. In the axisymmetric blast wall simulations of Section11, good overpressure

tracescanbecomputeddespitethe presenceof problematiccornercells. Perhapsrelative

to much stronger or suddenfeatures like a blast or shock wave, the e�ect on the 
o w

producedby such degeneracies(which do not increaseso fast) is minimal.
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Appendix F

Flux Calculation Schemes

This sectionsummarizesthe algorithms for the AUSMDV and EFM schemesto calculate

the interface 
ux F if � bn if in Equation 4.4. More detailed descriptionsof the schemes

can be found in References[110,148, 150, 221].

F.1 A USMD V Scheme

This schemecombines
ux di�erencing and vector splitting. At an interfacethe left state

has 
o w parametersdensity � L , explosionproducts density � p;L , velocity uL , pressure

PL and total enthalpy HL , and the right state � R , uR , PR and HR . To begin, the normal

velocity components at the left and right of an interface are obtained (in an interface

frame of reference){

uL = uL � bn if (F.1)

uR = uR � bn if (F.2)

Tangential velocity vectorsrelative to the interfaceare

vL = uL � uL n if (F.3)

vR = uR � uRn if (F.4)

Functions � L and � R are designedto avoid dissipation at contact discontinuities {

� L =
2PL =� L

PL =� L + PR=� R
(F.5)

� L =
2PR=� R

PL =� L + PR=� R
(F.6)

De�ne the interfacesoundspeedat the interfaceam as

am = max (aL ; aR ) (F.7)

and individual splitting terms

u+
L =

8
<

:

� L

h
(uL + am )2

4am
� uL + juL j

2

i
+ uL + juL j

2 , if juL j
am

� 1
uL + juL j

2 otherwise
(F.8)

u�
R =

8
<

:

� R

h
� (uR � am )2

4am
� uR �j uR j

2

i
+ uR �j uR j

2 , if juR j
am

� 1
uR �j uR j

2 otherwise
(F.9)
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Second-orderpressuresplittings are given by

P �
L=R =

8
<

:

1
4PL=R

�
uL=R

am
� 1

� 2 �
2 �

uL=R

am

�
, if

uL=R

am
� 1

PL=R
uL=R � juL=R j

2uL=R
otherwise

(F.10)

and the interfacepressureterm is

P1=2 = P+
L + P �

R (F.11)

The switching factor s is basedon the pressuredi�erence acrossthe interface {

s =
1
2

min
�
1;

K jPR � PL j
min (PL ; PR)

�
(F.12)

with sensitivity constant K set to 10. The mass
ux is given by the vector splitting

G = u+
L � L + u�

R � R (F.13)

For explosionproducts the mass
ux of the explosionproducts would similar be Gp =

u+
L � p;L + u�

R � p;R . The AUSMV momentum 
ux (vector splitting) is

LV = � L uL u+
L + � RuRu�

R (F.14)

and the AUSMD momentum 
ux (
ux di�erencing) is

LD =
1
2

[G (uL + uR) � jGj (uR � uL )] (F.15)

and the normal momentum 
ux is a mixture of the AUSMV and AUSMD momentum


uxes

Ln =
�

1
2

+ s
�

LV +
�

1
2

� s
�

LD + P1=2 (F.16)

The tangential component of the momentum 
ux is

L t =
1
2

[G (vL + vR ) � jGj (vR � vL )] (F.17)

and thus the interfacemomentum 
ux is

L = Ln bn if + L t (F.18)

The total enthalpy 
ux is

H =
1
2

[G (HL + HR) � jGj (HR � HL )] (F.19)

Thus the 
ux F if � bn if is

F if � bn if =

2

6
6
6
6
4

G

L

H

Gp

3

7
7
7
7
5

(F.20)
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The glitch at the sonicexpansionpoint is �xed by modifying the 
ux for two cases(1)

whenuL � cL < 0 and uR � cR > 0 and (2) whenuL + cL < 0 and uR + cR > 0. For case

(1)

F if � bn if =

2

6
6
6
6
4

G � C� (u � a) � �

L � C� (u � a) � (� u)

H � C� (u � a) � (H )

Gp � C� (u � a) � (� p)

3

7
7
7
7
5

(F.21)

where� () = ()R � ()L and the constant parameterC hasa value of 0.125. For case(2)

F if � bn if =

2

6
6
6
6
4

G � C� (u + a) � �

L � C� (u + a) � (� u)

H � C� (u + a) � (H )

Gp � C� (u + a) � (� p)

3

7
7
7
7
5

(F.22)

F.2 EFM Scheme

As with the AUSMDV scheme, at the interface left state the 
o w parametersare � L ,

explosionproducts density � p;L with massfraction f L , velocity uL , pressurePL , total

enthalpy HL , speci�c heat Cv;L and temperature TL . The right state similarly has

parameters� R , � p;R , f R , uR , PR , HR , Cv;R and TR . To begin, the gas `constants' are

derived for each state {

RL =
PL

� L TL
(F.23)

RR =
PR

� RTR
(F.24)

The normal velocity components at the left and right of an interface uL and uR are

obtained from Equation F.1 and F.2. An averagingfunction is de�ned

� =
p

� L
p

� L +
p

� R
(F.25)

The averagedgasconstants for the interfaceare

Cv = � Cv;L + (1 � � ) Cv;R (F.26)

R = � RL + (1 � � ) RR (F.27)

Cp = Cv + R (F.28)


 = Cp=Cv (F.29)
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Now de�ne the values

C =
1
2


 + 1

 � 1

(F.30)

CL =
p

2RL TL (F.31)

CR =
p

2RRTR (F.32)

WL =
1
2

(1 + erf (uL =CL )) (F.33)

DL =
1

2
p

�
e� u2

L (F.34)

WR =
1
2

(1 � erf (uR=CR)) (F.35)

DR = �
1

2
p

�
e� u2

R (F.36)

The mass
ux from the left state is

mL = WL � L uL + DL CL � L (F.37)

and the mass
ux from the right state

mR = WR � RuR + DRCR � R (F.38)

The total interfacemass
ux is thus

G = mL + mR (F.39)

For the explosionproducts the mass
ux Gp depends on which direction the wind is

blowing, and is f L m if m > 0, elsef Rm otherwise. The momentum 
ux is

L = mL uL + mRuR + bn if (WL PL + WRPR ) (F.40)

and the enthalpy 
ux is

H = WL � L uL HL + WR � RuRHR + DL CL � L

 
juL j2

2
+ C

PL

� L

!

+ DRCR � R

 
juR j2

2
+ C

PR

� R

!

(F.41)

The 
ux F if � bn if is the sameexpressionasgiven by Equation F.20.
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Appendix G

Mixture Equation of State

A combined equation of state is required for cells closeto the �reball with a mixture

of explosion products (when modelled by the JWL equation of state, Section 4.5.2)

and ambient gas (modelled by the ideal gas equation of state). However given the

insensitivity of the blast wave in mid- to far-�eld on initial condition (Section 4.6) it is

not always necessaryto obtain a fully realistic thermodynamic model of this mixture.

A common, simple approach is to obtain an averageratio of speci�c heats from

the two gases,
 avg, to be used in a 
̀ -law' ideal equation of state P = �e (
 avg � 1)

[24, 86, 177]. A harmonic averageis usedto calculated 
 avg {


 avg = 1 +
1

f 1

 1 � 1 + f 2


 2 � 1

(G.1)

where f 1 and f 2 are the massfractions of the two gases,f 2 = 1 � f 1 and 
 1 and 
 2

their respective ratio of speci�c heats. A di�erent harmonic averagemay be used for

the soundspeedformula [24] a =
p

� aP=� where

� a =
1

f 1=
 1 + f 2=
 2
(G.2)

The harmonic averagefor the gas
 is usedin multi
uid volume-of-
uid algorithms [86]

which are designedto track interfacesand treat di�erent speciesas thermodynamically

distinct entities. Pressureand internal energywithin a cell is assumedto be at equi-

librium amongstthe species.For the JWL equation of state the gas
 of the explosion

products may be approximated asan e�ective value [177] basedon comparisonwith the

ideal gaslaw


 p = 
 p (� p; e) =
P (� p; e)

� pe
+ 1 (G.3)

where P (� p; e) is the JWL equation of state (Equation 4.18) for pressureand e the

internal energy. Additiv e partial pressureis not assumed;the JWL equation of state

in Equation G.3 is usedjust to obtain an appropriate 
 value. Brode [40] notes that a

constant 
 assumptionis also reasonablebecauseof a fairly low range of 
 behaviour

[60]. Another simple analytical expressionfor the adiabatic JWL 
 is also derived by

Baker [17].
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Another, perhapsmore thermodynamically consistent approach is to assumether-

mal equilibrium and Dalton's law of additive partial pressuresof each species. This is

approximate for real gasesdue to intermolecular forces,but canbe usedwith reasonable

accuracywhencombined with a real gasequationof state [46]. This approach is simple

due to the linear dependenceof pressureon temperature for both the JWL and ideal

gases. In a mixture the pressureconsistsof the sum of the partial pressuresfor the

ambient gasPa and explosionproducts Pp {

P = Pa (� a; T) + Pp (� p; T) (G.4)

The combined internal energy is the mass-fractionweighted averageof each species'

internal energies

e = f aea (� a; T) + f pep (� p; T) (G.5)

Given the equation of state expressionsin Section 4.5.1 and Equations 4.19 and 4.20

the mixture pressureis

P = Ae� R1ev + Be� R2ev +
�

! Cv;p

v0ev
+ � aRa

�
T (G.6)

and the mixture internal energyis

e = f p

�
Av0

R1
e� R1ev +

Bv0

R2
e� R2 ev

�
+ Cv;mix T (G.7)

where the relative volume of the explosion products ev = � 0;p=� p, f a and f p are the

massfractions of the ambient gasand explosionproducts respectively, and the mixture

speci�c heat Cv;mix = f aCv;a + f pCv;p. A derivation of soundspeedbasedon this mixture

equation of state is given in Appendix G.1.

To minimize JWL equation of state evaluations, the strategy of L•ohner et al [131,

155]is usedto treat asambient gasthosemixtures with only a small amount of explosive

products. If � p is small (or vp large) ! =(Ri ev) � 0 which appear in the JWL equation

(Equation 4.18). Then the term with the lowest valueof R is chosen(given this vanishes

last) and ambient gasis assumedwhenCe� R l ev < � where� is a small threshold value of

order O (10� 3) and C the JWL constant corresponding to the exponential term in the

JWL equation with the lowest value of R, Rl . When this occurs, pressurehas linear

dependenceon density, as in an ideal gas.

G.1 Sound Speed

In this section, the sound speed a of a mixture of detonation products and ambient

gaswill be derived given the equation of state for JWL and ideal gasesin Appendix G
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assumingadditive partial pressures.This expressionwould be particularly simple if an

averagedgas
 avg wereused(a = 
 avgP=� ), and for mixtures of ideal, calorically perfect

gasesthis is obtained from the mass-fractionweighted averageof the speci�c heats. For

the more complicatedcase,the derviation usesthermodynamic principles. The general

expressionfor a in either real or ideal gases[55] is

a2 =
@P
@�

�
�
�
s;f i

(G.8)

where subscripts s and f i meansentropy and massfractions are held constant, thus

@� i =@� = f i . It is commonto eliminate entropy in the expressionby using the energy

form of the equationof state, e = e(�; P), taking its di�erential, de= @e
@� jP d� + @e

@P j� dP

and for an isentropic process(as in an in�nitely weak sound wave) de = � Pdv, thus

after further derivation

a2 =
v2

�
P � � 2 @e

@� jP
�

� 2 @e
@P j �

(G.9)

Thus it is necessaryto derive the quantities @e
@� jP and @e

@P j � for the mixture.

Now the mixture internal energy is the mass-fraction weighted average of each

species'internal energy, e =
P

i f i ei , thus

@e
@�

�
�
�
P

=
X

i

f i
@ei

@�

�
�
�
P

(G.10)

Now assumingan energyform of the equation of state with temperature as a variable

for each species,ei = ei (� i ; T), the chain rule for partial di�erentiation gives

@ei

@�

�
�
�
P

=
@ei

@� i

�
�
�
T

@� i

@�

�
�
�
P

+
@ei

@T

�
�
�
� i

@T
@�

�
�
�
P

(G.11)

But the speci�c heat of each speciesCv;i = @ei =@T j � i by de�nition and @ei =@� i jT can

be derived from each species'equation of state. It remainsfor the derivative @T=@� jP

to be found.

Using a pressureform of the equationof state with temperature dependencyand ad-

ditiv epressuresfrom each species,P =
P

i Pi =
P

i Pi (� i ; T) wheretemperatureequilib-

rium is assumed.Fortunately for many real gasequationsof state like the van der Waals,

virial and JWL equationof state the temperature dependencyis often linear and hence

inversion of the pressuresummation is usually possible,with T = T (P; � 1; � 2; :::; � n ).

Thus
@T
@�

�
�
�
P

=
X

i

f i
@T
@� i

�
�
�
P

(G.12)
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G.1. SOUND SPEED

Hencethe �nal expressionfor @e=@� jP is

@e
@�

�
�
�
P

=
X

i

f i
2 @ei

@� i

�
�
�
T

+ Cv

X

i

f i
@T
@� i

�
�
�
P

(G.13)

where Cv is for the mixture, Cv =
P

i f i Cv;i . Given the energyand pressureforms of

the mixture and JWL equation of state in Section4.5.2,the derivatives@ep=@� p jT and

@T=@� p jP can be analytically derived and are

@ep

@� p

�
�
�
T

=
A

� p
2
e� R1 ev +

B
� p

2
e� R2 ev (G.14)

@T
@� p

�
�
�
P

= � (� aRa + ! � pCv;p)� 1
�

AR1� 0

� p
2

e� R1 ev +
BR2� 0

� p
2

e� R2ev + ! TCv;p

�
(G.15)

For the ambient, calorically perfect and ideal gas, ea = ea (T), @ea=@� a jT = 0, and

easily @T
@� a

jP = � TRa=(� aRa + ! � pCv;p).

As beforethe mixture internal energye =
P

i f i ei , thus

@e
@P

�
�
�
�

=
X

i

f i
@ei

@P

�
�
�
�

(G.16)

In this caseas � is held constant then given the assumptionin Equation G.8 that f i is

constant, all � i are alsoconstant. Thus @� i =@� j � = 0 and with ei = ei (� i ; T) the chain

rule for partial di�erentiation gives

@ei

@P

�
�
�
�

=
@ei

@T

�
�
�
� i

@T
@P

�
�
�
�

(G.17)

Note again that @ei =@T j � i = Cv;i , and oncemore assumingthe mixture temperature

T = T (P; � i ) then

@e
@P

�
�
�
�

= Cv
@T
@P

�
�
�
�

(G.18)

The derivative @T=@P j � is readily obtained from the mixture equation of state (Ap-

pendix G) sinceall � i are held constant, and for a mixture of JWL and ideal gasesis
@T
@P j� = (! � pCv;p + � aRa)� 1.
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Appendix H

Non-re
ecting Boundary Conditions

This section brie
y describes the implementation of the non-re
ecting boundary con-

ditions of Thompson [210] for subsonic 
o w. Along a given co-ordinate axis x i the

non-re
ecting conditions are implemented slightly di�erently dependingon whether the

boundary is the left faceA or right faceB, illustrated in Figure H.1.

Figure H.1: Diagram for non-re
ecting BC illustration

H.1 Out
o w

For out
o w at the left faceA, the following condition must be satis�ed {

@P
@x i

+ �a
@ui

@x i
= 0

wherea is the cell soundspeed. For out
o w at right faceB, the condition is

@P
@x i

� �a
@ui

@x i
= 0

This condition canbe implemented by giving the extrapolated pressureon the boundary

a value consistent with the non{re
ecting boundary condition given above (other 
o w

quantities can just be extrapolated). For example,through the right face

Pb = Pc + � � cac
@ui

@x i
� x i (H.1)

where � x i is half a cell length (from the cell centre to the border face), Pb is the

extrapolated boundary pressure,and subscript c denotesthe cell-centred values. � is

the limiter for the velocity component ui and its inclusion is necessaryin Equation H.1

as the extrapolated pressurePb can sometimesgo negative (if � = 1 always) if there is

a strongly negative gradient e.g.when a shock crossesthe boundary.
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H.2. INFLOW

H.2 In
o w

Subsonicin
o w is a rarely-used boundary condition for the type of simulations con-

sideredin this thesis as out
o w boundary conditions are typically enforcedat domain

boundariesfor exiting blast waves. For in
o w at the left faceA, theseconditions must

be satis�ed {

a2 @�
@x i

�
@P
@x i

= 0

@u2

@x i
= 0

@u3

@x i
= 0

@P
@x i

+ �a
@ui

@x i
= 0

For in
o w at the right B , the conditions become

a2 @�
@x i

�
@P
@x i

= 0

@u2

@x i
= 0

@u3

@x i
= 0

@P
@x i

� �a
@ui

@x i
= 0

Thesefour equationsmeanthat four extrapolated 
o w variablesmust be set to satisfy

the non-re
ecting boundary condition.

223



Appendix I

Alternating Digital Tree (ADT) structures

This sectiondescribesthe Alternating Digital Tree (ADT) structure, which is a spatial

binary tree data structure like the octree but designedespecially to speedup geometric

searching and intersectionproblems[1, 36]. Geometric searching refershereto obtaining

from a set of n points those that lie within a given hyper{rectangular (i.e. rectangular

or hexahedral)region of space,whilst geometric intersection refersto obtaining from a

set of hyper{rectangular n objects those that intersect with a given hyper{rectangular

object. Sequential geometricsearching is of O(n) complexity; ADT searching reduces

this to O (log(n)) tests, which is signi�cant when there are many bodies.

As an example of geometric searching, considera set of points A{E in 2D space,

as in Figure I.1. The �rst point A corresponds to the root of the binary tree and the

whole space.The next point B is placedaseither the left or right child of A depending

on whether it is to the left or right of the bisector of the region on the x0 axis. The

corresponding region of B is thus the right half of A's domain.

Figure I.1: Constructing an ADT

Point C then tests if it lies to the left or right of the bisectorof the x0 axis. It lies to

the right, but sinceB hasalready beenassignedto this region,point C tests if it should

be the left or right child of B by now testing if it lies to the left or right of the bisector

along the x1 axis of B's region. This procedureis repeated for the other points D and

E.
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The ADT is thus recursively built up by traversingthrough the list of all points and

cyclically partitioning the axesto test if a given point P lies to the left or right of the

bisectorof the subregionon this axiswhich a previouspoint P 0 is associatedwith. P will

then be assigndthe left or right child dependingon this outcome,but if a child already

existscorresponding to another point P 00, the samebisection test is now applied on the

subregioncorresponding to P 00, and so forth until P is �nally assigneda partitioned

subregionof its own. The cyclical axis bisection is given by

j = mod(l; N ) (I.1)

Thus the x j th axis is bisectedwhereN is the spacedimensionand l is the level of the

node on the ADT (the root is level 0) corresponding to the subregioncurrently being

bisected. For example,point C above would be B's child, and B is a level 1 point/no de

and N = 2, sothe x1 axisshouldbebisectedfor the subregioncorresponding to B. These

subregionsare hyper-rectangularbecauseof the axial bisection. The generalalgorithm

for adding a point to a node on the ADT is given in Figure I.2.

Figure I.2: ADT building algorithm

As points areuniquely assignedsubregionsof their own it is not necessaryto linearly

test each point to seeif it lieswithin a hyper{rectangular regionof space.A wholebranch

of points lying within a subregionon the ADT can be discardedif the subregiondoes

not lie within the given space.To obtain a fully balancedADT, the bisectionof a given

regioncanbe donethrough the medianof points [1], but this requiressorting the points

along each axis. This hasnot beenimplemented in the code.

The intersectionof hyper-rectangularregions(i.e. bounding boxes) is a simple test.

Referring to Figure I.3 if the bounding box of one region k is given by [x k;min ; xk;max ]

and the bounding box of another region o is given by [xo;min ; xo;r ight ], the regionswill

intersect if and only if

x i
k;min � x i

o;max

x i
k;max � x i

o;max (I.2)
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wherex i are the vector components of the verticies and i = 0; : : : ; N � 1

Figure I.3: Bounding box illustration

The generalalgorithm for using the ADT for geometric searching can be written

simply and recursively as shown in Figure I.4.

Figure I.4: Generalgeometricsearching algorithm for ADTs

Geometric intersectionproblemscan alsobe handled using ADTs via a mapping of

Equation I.2 into 2N hyperspace.Note that Equation I.2 can be written as

x0
min � x0

k;min � x0
o;max � x0

max

...

xN � 1
min � xN � 1

k;min � xN � 1
o;max � xN � 1

max

x0
min � x0

o;min � x0
k;max � x0

max

...

xN � 1
min � xN � 1

o;min � xN � 1
k;max � xN � 1

max (I.3)
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Note [xmin ; xmax ] denotesthe bounding box of the wholedomain. Let [x k;min ; xk;max ] be

an object whilst [xo;min ; xo;max ] be the target object. Then represent object k asa point

in 2N spaceby writing its co{ordinates in a singlearray {

xk =
�
x0

k;min ; : : : xN � 1
k;min ; x0

k;max ; : : : xN � 1
k;max

� T
(I.4)

Then intersectioncondition of Equation I.3 becomes

ai � x i
k � bi ; i = 0; : : : ; 2(N � 1) (I.5)

with

a =
�
x0

min ; : : : ; xN � 1
min ; x0

o;min ; : : : ; xN � 1
o;min

� T

b =
�
x0

o;max ; : : : ; xN � 1
o;max ; x0

max ; : : : ; xN � 1
max

� T
(I.6)

Therefore,the geometricintersectionproblemof Equation I.2 canbeequivalently thought

of asa geomericsearching problem in Equations I.5 and I.6, wherenow x k is tested for

lying within the 2N spaceregion [a; b] described in Equation I.6. The bounding box of

the hypercube corresponding to the whole domain likewisebecomes

l =
�
x0

min ; : : : ; xN � 1
min ; x0

min ; : : : ; xN � 1
min

� T

u =
�
x0

max ; : : : ; xN � 1
max ; x0

max ; : : : ; xN � 1
max

� T
(I.7)

For intersectionproblemswhereout of k objects thosethat intersecteda region o need

to be returned, each individual object x k is thus placed on the ADT using the same

generalalgorithm asin Figure I.2, and this binary search tree is again traversedand the

objects 
agged if they are inside the region given by Equation I.6.

For intersectionproblemsinvolving more complexgeometry, the bounding boxesof

the bodies(the lower and upper verticieswhich uniquely de�ne the boundson each axes

which the body occupies)are placed in the ADT. This still speedsup the searching

problem as it quickly obtains candidatesfor the more expensive intersection test. For

point-inclusion problems, the body facetscan be further placed in a separateADT to

more quickly identify candidatesfor the ray intersection test, which is important for

complexbodieswith many surfacepanels.
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Appendix J

Linhart's Poin t-inclusion Queries

J.1 Polygon Query

Linart's polygon inclusion test [130] is quite simple. With the help of Figure J.1, a

hal
ine from any given point is drawn (here the lines go downward to somevery large

negative number). A line enters an edgeif the dot product betweenthe unit vector in

the line's direction and the outward normal to the edgeis negative, and conversely it

leaveswhen the dot product is positive.

Let there be a sum S, such that if the line enters the polygon count � 1 elsecount

+1. If the line meetsa vertex, count � 1=2 for each of the 2 edgessharing the vertex

depending on whether the line is leaving or entering. This way S = 0 if and only if the

point lies outside the polygon, elsethe point is inside or on the polygon. If the hal
ine

is collinear with an edgethe edgeis ignored, sincethe hal
ine will meet a vertex.

Figure J.1: Polygon hal
ine illustration

J.2 Polyhedron Query

To demonstrateLinhart's polyhedron query [130], use is made of Figure J.2 where a

hal
ine is alsodrawn from the point in question. To each polyhedral faceF met by the

hal
ine a number s is assigned.The sum of each of thesenumbers S will then 0 if and

only if the point lies outside the polyhedron,elsethe point is inside or on it.
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J.2. POLYHEDRON QUERY

Figure J.2: Polyhedron hal
ine illusration

Let u be the unit vector in the direction of the hal
ine H , and F a faceintersecting

H in a point X . Let v be the outward normal of F . To determine if H intersects

F , the polygon query of Appendix J.1 must be utilized. First project F onto a plane

perpendicular to H , asin Figure J.3. Then H will intersectF if and only if it intersects

the projection of F (ignoring the caseswhereF is in the plane of H ).

Figure J.3: Polygon projection

Dependingon whetherH intersectsthe interior of F , an edgeor a vertex, s is de�ned

as follows:

1. If X is in the interior of F :{

s = sign (u � v)

2. If X lies on an edgeof F :{

s = 1
2sign (u � v)

3. If X coincideswith a vertex of F :{

Let � be the inner angle of the normal projection of F in the direction of the

hal
ine at this vertex (0 < � < 2� ). Then

s = �
2� sign (u � v)
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J.2. POLYHEDRON QUERY

To illustrate how the algorithm works, �rst considerpoint P1 in Figure J.2. It is

inside the polyhedron, and the hal
ine intersectsonly one face. Thus S = 1 and P1 is

indeed inside. Point P2 intersectstwo faces,but enters one and leaves another. Thus

the individual numbers s for each facerespectively are � 1 and +1, and S = 0 i.e. P2 is

outside.

P3 intersects the bottom face and an edge formed from two upper faces. Thus

s = � 1=2 for the two upper facesand for the bottom faces = 1, so the sum S = 0 i.e.

P3 is outside. Finally P4 actually lies on face in the plane of its hal
ine, but this face

is ignored,sincethe hal
ine will eventually intersect an edgeor vertex, in this casethe

bottom face's. Thus S = 1=2 and P4 is inside (technically on) the polyhedron.

In the casewhere the hal
ine intersectsa vertex, considerFigure J.4. There are

three facessharing this vertex. Thesefacesare projected onto onto the plane normal

to the hal
ine; the right diagram shows the faces from the point's `point of view'.

The inner angleson theseprojected faces are � 1, � 2 and � 3, but given the algorithm,

the numbers s associated with each faceare thus � � 1=2� , � � 2=2� and + � 3=2� . But

� 3 � � 2 � � 1 = � 2� , thus the sum of these three numbers give � 1. As the line also

leaves a face `behind' the vertex the �nal sum S = � 1 + 1 = 0 indicates the point is

outside.

Note the special casein Figure J.5 wherethe algorithm will give a �nal sum S = k,

where0 < k < 1. Hencethe generalrule that if S = 0 the point is outside, but if S is

anything elseit will be insideor on the polyhedron. As far asVCE is concernedthough,

both `on' or `inside' the polyhedron can be regardedas `inside'.

Figure J.4: Hal
ine passingthrough polyhedron vertex

Figure J.5: Hal
ine passingthrough edgeand vertex
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Appendix K

OctV CE Data Structures

This sectionbrie
y discussesimportant data structures in the OctVCEcode. Basic 
o w-

related data strucutres can be seenin Figure K.1. The state vector structure alsostores

the explosionproducts density rho_products . Limiters for each 
o w variable arestored

in the limiters data structure. The mass
ux of the explosionproducts alsoconstitute

the flux_vector structure.

Figure K.1: Basic 
o w-related data structures

The list data structure (Figure K.2), mentioned in Section 3.1 is a generic list

structure that storespointers to cells(the cart_cell structure) or verticies(the vertex

structure). It is a doubly-linkedlist that points to previousandnext list nodes(which are

NULL if empty) in a recursive de�nition of the structure. There is also a thread_num

variable to identify which thread the this list node belongsto in parallel processing

(Section 5.5).

The vertex (Figure K.3) structure stores the position of the vertex and a vertex

number that is neededfor parallel solution output (Section 5.5.1). It contains pointers

to the cells sharing the vertex (as many as 8), and also a pointer to its location on the

list of verticies (the vertex_list_loc pointer).
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Figure K.2: List data structure

Figure K.3: Vertex data structure

The Cartesiancell data structure is shown in Figure K.4. This shows only a portion

of the entire cart_cell structure. It storesthe 
o w-relatedvariables(from Figure K.1),

but only pointers to the 
ux vectors,asnot every interfaceneedsa 
ux vector.

In a recursive de�nition that de�nes the octree data structure, a cart_cell points

to its parent, children and potentially 24 neighbours (6 faces,4 quadrants per face),and

storespointers to its 8 verticies. It also points to its location on the list of cells, and

the list of mergedcells (if part of a mergedcluster of cells). There are somenecessary

extra variablesstoring geometricproperties and adaptation 
ags.

Figure K.4: Cell data structure

In total, the cell data structure hasa sizeof 988bytes,and in actual practice(because

of memory allocation of list, 
ux, vertex etc. structures) the e�ective memory per cell

can rangefrom 3 to 4 kilobytes. This is substantial and much larger than an equivalent

cell size in Rose's ftt_air3d code [174, 177]. Large memory overheadsdo lead to

performanceine�ciencies such as cache misses. Explicit storageof neighbouring cells

contributes to this overhead,and further work may be to make OctVCEmore memory-

e�cien t e.g.with the fully threaded tree structure [118] like that usedby ftt_air3d .
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