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Abstract

The modelling of blast propagation in urban ervironmens generatedby explosions
allows prediction of blast loading on structures, which in turn has useful applications
like damageassessmdrand improvemert of structural design. Howewer sud an exercise
is often realizableonly with Computational Fluid Dynamics simulations, which can be
di cult to perform becauseof the geometriccomplexity of the blast ervironmert.

This thesis descrites the dewelopmen of the code OctVCEdesignedesgecially for
modelling shack and blast e ects in complexstructural geometries.This codeis designed
for practical engineeringusewherehigh resolutionis unnecessarylt usesa nite-v olume
formulation of the unsteady Euler equationswith 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 gasmodels can 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 memory usageis obtained by implemerting an octree-basedneshadaptation
shemein the code. The parallel implemenation of the code using the shared-memory
OpenMP paradigm is alsodescriked.

The code is veri ed to establishreliability of the numerical implemertation via test
casedike the method of manufactured solutions,an ideal shock tub e problem, supersonic
o w over wedgeand conegeometriesand a supersonicvortex problem. The codeis then
validated to demonstrateits reliability and usefulnessn simulating more realistic shack
and blast problems. Test casespresened increasein geometriccomplexity and include
unsteady shock interaction with wedgeand cylinder geometriesand blast interaction
with barriers, axisymmetric cortainers, simple arrangemeits of cuboidal structures and

complexcityscape buildings.

As part of a designexercisefor the dewvelopmen 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 nemert. It was not always easyto demonstrate
convergence especially along edgesand cornersof the geometry due to the coarseness
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of the grids employed in the simulations. Howeer, the impulse could still be computed
with fairly low error.

The serial and parallel performanceof the code is measuredfor someof thesecases.
The performancepro les indicate that substartial savzingsin storageand executiontime
is achieved on adaptive meshescomparedto equivalert uniform meshes. Execution
time is also considerably shortenedthrough the use of parallel processing. Howe\er,
code performancecan still be signi cantly enhanced,and seeral aspects of the code
are identi ed in the last chapter in which improvemens can be madein future work.
Theseinclude more e cien t parallel implemertation, better adaptation indicators, less
consenrative timestepping and importantly reduction of memory usage.
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Chapter 1

Intro duction

The reliable prediction of blast loading in urban environmens hasbecomean important

goal due to the heighened awarenessof terrorism in recen times, which usually take
the form of external bomb attacks in the presenceof nearby buildings forming street
geometrieg159. Sud predictions help in assessinglamage,estimating safety distances
and even improving structural designby providing insight into factors that cortribute

to the blast resistanceof structures [160]. Howe\er, 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 descrikes the dewelopmern and testing of the
Octree Virtual Cell Embedding (OctVCIE code, a CFD code written in the C program-
ming languagedesignedespecially for modelling blast propagation in complex geome-
tries. Important objectives behind the dewlopmen of the code include using simple
numerical methods (to reduce dewlopmern time and help with code maintainabilit y)
and implemening automated meshgeneration, meshadaptation and parallel process-
ing technology (to increasetime and storagee ciency of computations). It is deweloped
to be suitable for other shock propagation problemsand alsowith a view to making it
available in the CFCFD group'scodesin the University of Queenslandasthis isthe rst
code in the group that hasexploredadaptive gridding technology in three dimensions.

This chapter rst descritesin Section1.1 why CFD simulations are important for
blast propagation problemsin complex geometries. A review of previous commercial
and researt codesusedfor sud problemsis alsogivenin Section1.1.1. Somegeneral
badkground information into the major characteristics of explosion-generatedlast 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 ervironmert in a complex geometry ervironment [194]. Estimation of
blast pressurehistoriesis a complex problem as it dependson many factors including
charge size, distance, and the shape, size, orientation and spacing of obstacles. The
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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 courterintuitiv 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 experimertal and
numericalinvestigationsthe channelingand ampli cation dueto con nemernt of the blast
wave along a street can be very signi cant, with overpressuresbeing as much as give
times the unobstructedre ected pressurevalue[16Q 172,173 191, 195,194. Numerical
simulations canalsoaccourt for the varying topograpty of the ground terrain [212 and
are often the only alternative in caseswhereit is dicult to perform experimerts or
extract the required designinformation from them.

There are alsosomedisadwantagesin performing scaledexperimerts 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 responsetime, spatial averaging or transducer orientation
[156], and transducer vibration (occasionallydue to fast-moving stresswaves through
the ground or structure) often increasesobsened peak pressure[165].

Sensorgnight indicate a nite overpressurewell after the evert dueto shifting of the
record baseline[107, 171], which can a ect measuremen of the negative phaseof the
blast. The experimert must be performedse\eral timesto ensurestatistical repeatability
of resultsand to minimize errorsresulting from incompletedetonation [171]. This must
be repeatedfor eat case,which may be costly and tedious especially if pressure elds
over multiple surfacesin a complexgeometryernvironment are desired.

Simple semiempiricalmethods [19, 25, 43, 89, 92, 119 197 comnbine the results of
experimerts with an analytic componert. 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(represemed by a triangular shape) with
the assumptionof uniform loading.

Thesemethods also considerthe angle of incidenceand re ection of the blast wave.
The empirical approat might alsousecorrelationsdeterminedfrom a databaseof exper-
iments [103 213, making the extensionto scenariosnot correspnding to the database
dicult [173. The blast interaction with other structures (which can have a signi cant
e ect) isdicult 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 accourns for channeling via enhancemen factors. The Antiterrorist Planner soft-
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ware [13 usesscaledblast parameterswith empirical shielding algorithms to provide
structural damageewaluations. More recen attempts include useageof a large exper-
imental databaseto train arti cial neural networks to predict the blast environmert
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 usefuland
fast designtools, but limited in application and would not model the blast environmert
in generalcomplexgeometryadequately

Another more sophisticated semiempirical method are the Low Altitude Multiple
Burst (LAMB) shack addition rules[94]. Theserulesrequire path lengthsfor rays along
which waves travel. The ray paths describing multiple re ections are calculated and
the pressurehistory from ead 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 extert on empirical formulae and/or CFD
calculations, limiting their applicability to certain classesf simple geometry It is still
di cult to model multiple complexbuilding blast wave interactions[139 171],which is
why CFD is the preferredoption for sud problems.

1.1.1 Previous CFD Approac hes to Blast Mo delling

This section gives a brief overview of prominert CFD codes usedto model blast in
complexgeometries.Codesemploying unstructured grids have beenquite popular due
to automatic grid generation capability. A popular unstructured commercial code is
AUTODYN [104],designecespecially for blast propagationproblemsfrom high explosiwe
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 explosiwe certre and nearestsurfaceis performedbeforeremappingthe so-
lution to higher dimensions,removing the requiremern for highly resohed multidimen-
sional grids early in the simulation. AUTODYN has beenusedto model a variety of
blast propagation problemsin complexexternal and internal geometrieq7, 48, 74, 159.
Another commericalunstructured code implemerting the remapping capability is Chi-
nook [169 which hasbeenusedto model blast in urban scenarios.

A well known researt code is Lohner'sunstructured nite elememn FEM-FCT code
[131], which can also model coupled uid-structure interaction. This is a sophisticated
code which hasbeenpreviously usedto model explosionsin very complexgeometriedike
tanks and undergroundcarparksand airplanes[21, 22,23. A similar researb code has
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beendeweloped by Timofeevet al [211, 212,220 which uses nite-v olume unstructured
meshes.This has beenusedto compute blast wave propagation over complexterrains
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[13§. An-
other well known Eulerian meshcodeis CTH [93], which cansimulate complexproblems
involving uid-structure interaction like penetration, perforation and explosive detona-
tion. It does not appear to have beenusedto model blast propagation in complex
geometries.

Cieslaket al [54] deweloped 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 explosivesin complex geometrieslike o -
shoreinstallations. It usesa nite volume formulation within a structured, curvilinear
framework to solve the conseration laws, but doesnot explicitly represet sub-grid scale
structures, implementing a porosity model to accoun for the e ect of theseobstacles.

The code which hasthe most featuresin commonwith OctVCHs Air3d dewloped
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 extended concurrerlly with OctVCEto incorporate
more generalcomplexgeometriesand adaptive octree meshingin the ftt_air3d  code!
[174,177]. Air3d and ftt_air8d hasbeenusedextensiwely to model blast propagation
problemsin a variety of simple and complex urban building ervironmens [16Q 171,
172,173 174 175,178 193 194]. The dewlopmen of ftt_air3d and OctVCkEhasbeen
independert and has resulted in a number of di erent design decisionsbeing made.
Sections14.2 and 16.1 comparesomedi erences betweenthe ftt_airdd 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, 119 197.
An explosionis the phenomenonresulting from a rapid releaseof energy usually of
sud strength and occuring in sud1 a small volume as to produce an audible pressure

Ihttp://[go w.epsrc.ac.uk/ViewGrant.aspx?GrantRef=GR/S04 109/ 01, accessedMay 2008
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wave [19, 119. For high explosiwes, the energyreleases causedby chemical detonation
which is nearly all transferredto the blast wave [92, 192], and initially consistsmostly
of internal (rather than kinetic) energy[41].

The detonation products (commonly referredto asthe explosive reball) are quite
complex and formed by various processesncluding dissaiation and ionization [119.
Very quickly the densily in this reball becomedower than the surrounding air due to
a partial vacuum being createdfrom the outward momertum of the air induced by the
primary blast wave. Under the in uence of gravity the reball risesand draws debris
into its certre, 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 chemicalexplosivesare oxygen-
de cient [101]; the energyreleasedoesnot all occur at detonation becauseof insu -
ciert oxygento achieve completeoxidization, but alsooccurslater in conmbustion of the
explosiwe products asthey mix with air (afterburning). TNT hasa signi cant oxygen-
de ciency of 75%[101]but the e ect of afterburning on the incidert shock is small [12Q.
Howeer, afterburning cana ect ow speedand thus later parts of the blast wave.

It is well known that all blast wavesquickly dewelop a sphericalpro le [19 119 120,
ewven for non-sphericalcharges. As long as energyreleaseis su cien tly rapid the same
general con guration of the blast wave will result. The cortact surface between the
detonation products and ambiernt gas usually becomesirregular with a high level of
mixing [25], but the uniformity of the sphericalshack 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 conseration
equationsis the preferredmethod, and was rst attempted by Brode [40.

The blast wave is the dominant damagemedanism when the explosionoccursin
the vicinity of structures. Important features of this wave are shovn in Figure 1.1
which shaws 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 ervironment comprisingof structures.

The se\erity of blast loading is usually characterizedby the peakoverpressure.How-
ewer, 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 peakoverpressureas usually of the order of gigapascalsat the
explosionbut decreasesapidly asthe shack propagatesoutward, being quite well de-
scribed by the ideal gaslaw [119],and usually beingtoo weak for structural engineering
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Figure 1.1: Typical blast wave pro le

considerationsafter a scaleddistanceof 30 m=kg!=3 [171](scaleddistancesare explained
on page7).

A negative phaseoccurs due to a partial vacuum being created surrounding the
explosion. Evertually the displacedatmospherewill rushinward to Il 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 medanism,
although measuringit experimertally canbedicult [173. But it is the causeof much
broken glassbeing blown onto the streetsin an urban ervironment blast.

The relationship with distance of blast parameterslike peak overpressure,impulse
etc. for afree- eld TNT burst hasbeenmeasuredempirically and documerted in many
sources,sometimessupplied with curve ts [19 25, 92,103 119 197. Thesecurves
can also be dewloped from numerical simulation [41, 171] and correlations exist even
for di erently shaped charges[43]. Theserelationships have also beendocumerted for
hemisphericalbursts on the ground, which are di erent from free- eld burst because
realistic surfacesare not perfectly re ecting [201].

The prole in Figure 1.1 is not ertirely accurate as a wealker secondaryshack is
also produced after the explosion, which may have somecortribution to the positive
impulse [25, 41, 92]. The decelerationof the contact surface producesan 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 eat
time the shack decreasesn intensity. Thus only the secondaryshack is usually seen,
and it doesnot usually catch up to the incidernt shock. Becausethe secondaryshock is
much wealer 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 shovn in Figure 1.2. There are three types
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of re ections { normal re ection (directly underneaththe burst), obliquere ection (an-
gle of incidencelessthan 40 degrees)and Mach stem re ection for larger angles of
incidence. The overpressurein re ected waves may be much greater than the incidert
shack, especially behind the Mach stem[19, 193.

Incident
wave

3

Incident e
Reflected wave =z ‘. .
wave - Triple point

- trajectory

-

F

Oblique " Mach stem
reflection reflection

Figure 1.2: Height-of-burst scenario

1.2.1 Scaling Laws

When two spherical chargesmade of the sameexplosiwe are detonatedin the sameat-
mosphereand have the samegeometrybut are of di erent scalesHopkinson cube-root'
scalingapplies[119 120]. This scalinglaw is basedon fundamenals of geometricalsimi-
larity, and can eliminate chargemassasa parameterin describingblast wave properties.
Thesetwo chargeswill exhibit the sameproperty Q behind the primary shock (e.g.in
overpressure)at the samescaleddistance.

The scaleddistanceis Z = R=W?=2 where R is the distance from the certre of
the explosionand W the massof the explosive. Pressurehistory pro les will also be
idertical at the samescaleddistanceif time is also scaledi.e. ts. = t=W¥3. Impulse
can be scaledeither by a time scale(like positive phaseduration) or by W3, This
scalinglaw is approximate when comparingthe blast wavesbetweentwo di erent types
of explosives with di erent energy releaserates that exhibit afterburning [120. The
scalinglaw doesnot apply if the ow eld is sphericallyasymmetric[12(Q, but this is an
acceptablelimitation asdeparturesfrom sphericity only occur closeto the reball.

It is alsocommonto compareexplosie blast e ects in terms of equivalencyto the
burst from a spherical TNT charge, expressedas an equivalet massof 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 [10]]. 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

Chapter 2 reviewsdi erent CFD methods usedto model ows in complex geometries,
concludingin Section2.4with adiscussiorof 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 suitability of the VCE

gridding method in simulating blast propagation and loading in complex geometries.
Chapter 3 descrikes the mesh adaptation procedure implemented by OctVCE which

usesa recursi\e octree data structure asits basisfor re ning and coarseningcells. This

sectiondiscussepseudaode of important adaptation routines, degeneracieencourtered

and adaptation indicators.

Chapter 4 reviewsand descrikesvarious aspectsinvolved in the numerical method-
ology of the code including the scope, governing equations, ux solwers, equations of
state, initial and boundary conditions and point-inclusion queries. More detailed cover-
ageof theseaspects can alsobe found in the Appendix. Somediscussionwill certre on
potential instabilities with the code resulting from the conjuction of the VCE gridding
method with the numerical ow calculation methodology Chapter 5 reviews parallel
computing methods in generaland descrikes the shared-memoryparallel implemerta-
tion of the OctVCEcode in Section5.5. While the work in this thesis was being done,
the availability of multiple core processorsdoecamecommon. In the near-future all en-
gineeringworkstations are expectedto have multiple cores.Useful measuresof parallel
performancewill alsobe discussed.

Chapter 6 preseits four di erent veri cation test casedo demonstratethe reliability
of the numerical implemerntation { the Method of Manufactured Solutions(Section6.1),
ideal shack tube problem, supersonic o w over wedgesand conesand supersonicvortex
ow. Chapters7 to 14 cover validation test casedo determinethe credibility and accu-
racy of the codein solvingrealistic blast and shock propagationproblems. Examplesare
shock di raction over wedgesand cylinders (Chapters 7 to 8), explosiwe bursting sphere
problems (Chapters 9 and 10), blast in axisymmetric cortainers and in environmens
comprisingof simple rectangular prismatic geometries(Chapters 11to 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
establishits performancein serial and parallel execution. Chapter 15 focusseson an
application study of the code where an explosionin an internal geometryis modelled.
This showns the code being usedin a designprocesswherethe geometry although some-
what simpli ed, had to retain its essetially complex features. Finally all results are
summarizedin Chapter 16 and someimprovemeris to the code are also suggested.



Chapter 2

Meshes for Complex Geometries

The simulation of blast propagationin complexgeometriesusually requiresthe meshto
encompasghe domain. This can be time-consumingif performed manually, and thus
automated grid generation methods are preferred. To reduce code dewlopmen and
maintenancetime, simple methods are also preferred over complex ones. This section
givesan overview of the three main approates(body- tted, grid-freeand cartesiangrid
methods) usedto generategrids and perform numerical simulations in environments with
complex surfacegeometry

2.1 Body-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 transformationsto map the physical grid
into computational spacewhere ow equationsare solved. They are an e cient 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, 10§. Metric terms add some
additional complexity to the code, and the xed connectivity preverts implemertation
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 aroundead body. E ort still hasto be put into generatingstructured grids
around ead body [106] and there is the additional complexity of hole-cutting, stencil
identi cation, interpolation coe cien ts and inter-grid communication assaiated with
the chimera grid approad [72).

Unstructured grids are composed of 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-frort methods or tree-basedechniques(whereaninitial Carte-
sian meshadjusts boundary elemens beforeundergoingtessellation)[29, 79]. All these
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methods allow a high degreeof automation [45]. Unstructured grids can also be body-
tted, and for somegrid construction algorithms like the advancing-frort 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 cient at lling the domain [51] and have poorer shack-capturing ability [27]
due to irregular numerical interfaces causing somerefraction and scattering of waves
[64]. Generatingan appropriate surfacemeshcan alsobe challenging[1, 128, and may
still require a degreeof user-irteractivity [140. Researb into generatingquadrilateral
or hexahedralunstructured grids has also been undertaken [29]. Hexahedral meshes
have more regularity than tetrahedral meshesand are comparatively more accurate,
time-e cient and memory-e cient [1, 27, 29, 30.

Howewer, automated grid generationfor unstructured hexahedral mesheshas not
readed as advanced a stage comparedto tetrahedral meshes[29, 200]. Blacker [31]
provides a good overview of various methods for hexahedralmeshgeneration,including
useof primitiv es(applicableonly to a classof specializedgeometries) decomposition into
recognizablegorimitiv e shapes,advancing-frort techniquesand overlay grids. Advancing-
front techniques for hexahedral meshesinclude a whisker weaving stheme [207] and
plastering sheme[32 198. Thesemethods are still an active areaof researb and can
be quite complexto implemert and time intensive. A surface meshalso needsto be
speci ed.

One of the more widely usedhexahedralgrid generationsdhemesis the overlay grid
method [183]. The volumeto be mesheds initially overlayed with a meshof hexahedral
cellsand cell nodeson the body surfacesare adjustedto 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 someCartesian cell methods.

2.2 Grid-free and Particle Metho ds

Another method to solve ows in complex geometryis the “grid-free' approad [197.
This approadt essetially solvesthe conseration equationsusing leastsquarestting of
nodesin the domainto appraximate derivatives. This method is “grid-free'in the sense
that the nodescan be generatedusing any means[197]. Howewer thesemethods do not
guarartee global conseration and are slover than mesh-basedaourterparts, and needto
introducesomearti cial dissipation[133. The leastsquaresprocedurecan be complex,
requiring inversionof geometricmatricies and thus dependson the stencil of grid points
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2.3. CARTESIAN GRID METHODS

chosento prevert ill-conditioning. Other di cult degeneraciescludeinsu cien t nodal
density, surfacediscortinuities and thin bodies.

Particle methods discretizethe uid (a Lagrangianapproad) rather than the ow
domain (Eulerian approad). Thesealso can be meshed-basedlke the popular Arbi-
trary Lagrangian-Eulerian(ALE) methods[134],and thussu er from the disadwvantages
assaiated with unstructured grids. Lagrangianmesh-basedpproadescanresultin se-
vere meshdistortion and ertangling and thus require remapping, but this introduces
numerical di usion [84].

A well-known gridlessmethod is the Smaothed Particle Hydrodynamics(SPH) method
[137]in which the uid is represerted by a collection of uid pseduo-particles. This
method, originally appliedto astrophysical problems,is good for simulating o wswhere
uid interfacesare important, and has seenextensionto other applications in recen
times. However SPH is computationally expensive and o ers lower resolution compared
to contemporary nite-v olume methods [38], also requiring arti cial viscosiy. Particle
penetration problemsassaiated for shacked o ws exist and boundary conditions (even
just re ecting boundaries)are moredi cult to handlethan with nite-v olume methods
[143]. At least for blast propagation problems, Eulerian methods are still preferrable,

simpler to implemert 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 represetativ e set of particles which are tracked
in their collisionswith ead other and with boundaries. Sharmaet al have modi ed the
method to usea much larger timestep than the meancollision time. DSMC thus gives
appraximate resultsand is fasterthan cortinuum 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-aligned hexahedral (often cubical) nite-v olume
cells which treat solid geometriesas "'immersed'within the mesh. Cells that are com-
pletely obstructed or unobstructedare ignoredor treated normally respectively. Various
approatesexist to treat partially obstructedor intersectedcells[4, 45,65,106,121, 124
128,153,174]. Thesemethods vary in complexity and accuracy Becausehe number of
cellsis usually a small fraction of all the cells,the additional calculationson intersected
cellsusually involve small overhead[224.
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2.3. CARTESIAN GRID METHODS

Problemswith Cartesiangrids usually relate to awsin surfacerepresetation, thin
bodies or very small cells. Very small intersectedcellslead to ine encies asthe global
timestep needsto be drastically reducedto ensurestability of the ow update sthemefor
eat and ewery cell. Various methods have beendewloped to circumvert this problem
[77,143 but an easyapproad is simply to mergea small cell with a larger neighbouring
cell [59, 153.

Cartesiangrids have a high degreeof automation, canincorporate 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 beenusedfor aero-
dynamics applications [1], incompressible o ws [226] and blast propagation problems
in urban geometries[177, 194. The Cartesian grid approad is chosenfor this thesis
becauseof its past usageand advantagesover other methods.

2.3.1 Cut Cells

As bodies are usually surfacetriangulated, ead triangular facet might represen a wall
interface for the Cartesian nite-v olume cell intersectedby that facet. Cut cell meth-
ods presene with full delit y the surfacede nition for ead intersectedcell [4, 50, 54].
Howewer these methods are very complex, requiring tedious computational geometry
routines to perform intersectionsand possiblere-triangulations to extract the wetted
body surfacefor ead cell. Further work hasto go into accouriing for numerousgeo-
metrical degeneracieswhich arise becauseof oating point represetations of cell and
vertex positions.

2.3.2 Curv ature-Corrected Symmetry Technique

This method, deweloped by Dadone[64, 65], does not require the complextopological
description of intersectedcells, insteading relying on re ected ghost cells near surfaces.
An assumedo w- eld model represets the e ect of the surface;this model satis es the
normal momerium equation and accours for surfacecurvature e ects, consistingof a
vortex ow of constart ertropy and total erthalpy. Surfacevaluesare obtained through

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

geometries. It may still be more complicatedto implemert than other Cartesian cell
methods becausadt requiresre ecting ghostnodesthrough a body and calculating body

curvature.
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2.3.3 Surface Appro ximation

This method hasmany variants (varying in complexity) but generallyapproximatesthe
surfaceby represeting the portion of the body in an intersectedcell asa single planar
surface. Somemethods only admit certain typesof intersectedcells[66, 106 128 153.
By admitting more cell types, the body surfacecan be represeted more accurately
but this can be a cumbersomeexercise. Other methods allow the planar surfaceto
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) approad [45, 56, 78] where all (or just small-scale)obstaclesare not actually
resoled, but their e ect accouned for by introducing appropriate porosities and dis-
tributed resistancesinto the ow equations. This approad has been usedto model
heat exhangergeometriesand gas explosionsin petrochemical processinginstallations
[45], and is really only suitable for predicting global ow e ects. PDR parameterslike
resistanceterms are often empirically derived (or calculatedfrom high resolution simu-
lations), and can be di cult and expensi\e to extendto more complexcon gurations.

2.4 The Virtual Cell Embedding Metho d

The Virtual Cell Embedding (VCE) method, deweloped by Landsberg et al [124, 125
is chosenfor this thesis due to its simplicity and robustness. It is a general surface
appraximation method (Section 2.3.3) and is based purely on a point-inclusion test,
being equally suitable for corvex or concare 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 pressurevesseld129 and dispersion of
corntaminants over complexcity geometrieg37]. This thesisconmbinesthe VCE method
with hierardhical grid re nement (Chapter 3) and will explorethe suitability of the VCE
to model blast propagationin complexgeometries.

The rst stage of VCE involves subdividing an intersected cell into a lattice of
‘subcells' (Figure 2.1(a)) eah with its assaiated certroid. A subcell is labelled as
inside/outside a body if its certroid is inside/outside. In this mannera summation of
subcell volumeswill yield the appraximate unobstructed cell volume. Eacd cell face
is also divided into "sub-areas'to determine the approximate unobstructed face area.
These subcells are not stored in memory; they are simply courting aids to determine
the proper cell faceareasand volume. Clearly the more subcellsare usedthe better the
obstruction is appraximated.
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Figure 2.1: VCE method

In the secondstage,the surfacecutting through the cell is approximated as a single
planar wall using the cell's obstructed areas. This is achieved by calculating the net
obstructed faceareasalong eat axis. For example,in Figure 2.1(b) the net obstructed
areaalong the x axis is found by subtracting the “left' obstructed areafrom the ‘right'
obstructed areai.e. I, = Iy, ly. The averagewall surfacenormal n,q is then

X
Navg = bili,i=x,y,z (2.1)

iy is the unit vector alongaxisi. The correspnding wall surfaceareais

lavg = JiNavgli (2.2)

and the unit surfacenormal is Nayg=layg. Solid wall (i.e. re ection or symmetry) bound-
ary conditions are then implemerted for this surface. As the body represetation has
greater dependencyon obstructed interface areas,normally more subcells are usedon
the faceareasthan the cell volume. Landsberg [124 commonlyused10® subcellsfor the
cell volume and 2¢? subcells for ead cell face, but this thesis usually uses16® volume
subcellsand up to 64 face subcells.

2.4.1 VCE Resolution Issues

The VCE subcell subdivision potertially lets somecellsthat should be intersectedgo
undetectedin the presenceof small-scalegeometricalfeatures(e.g. a knife edgepene-
trating into a cell). Howewer for sud casesthe inaccuracywould consistem with the
grid resolution chosen,which would be too coarsein any caseto resole sudq 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 werefully immersed(a “solid' cell), and if any of its faceareasare or were previously
open, they are now closed.

A related degeneracyoccurswhena thin wall might be contained within a cell. The
VCE method doesnot “split' cells,andthus o w can leak’ acrosshe wall asits interfaces
are not properly obstructed. The simplestsolution is to choosea cell sizeto ensureany
walls in the domain are thicker than the longestlength within a cell (from corner to
corner) that would be usedat surfaces(if cell sizesvary, asfor adaptive meshes).This
may require having ner cellsat walls than elsewhere.

2.4.2 Dealing with Small Cells

As discussecearlier, very small cells are mergedwith larger cellsto prevent excessiely
small timesteps. In OctVCEa cell is regardedas small if its uid volume is 5{10%
of its basis Cartesian cell volume. The cell merging algorithm seartiesa small cell's
neighbours for candidatesto mergewith into a larger “cluster' cell (which storesthe
list of all sudh cells) treated as one cell by the ow solher. It seartes prefererially
for neighbouring large cells but if none are available recursively searties neighbouring
small cellsto form a cluster. The C pseuda@ode for the cell merging algorithm is given
in Figure 2.2.

merge_cell(Cell C) {
Search neighbours for unmerged
large cell ULC to merge with
if successful {
Add C and ULC to merged cluster list
return(TRUE)
}

Search neighbours for merged

large cell MLC to merge with

if successful {
Add C to MLC's merged cluster list
return(TRUE)

}

Search neighbours for small cell SC
not already marked to merge with
if successful {
Mark C /*Prevent returning to this cell*/
if merge cell(SC) is TRUE {
Add C to SC's merged cluster list
return(TRUE)
}
}

/*C cannot be in any merged cluster of
sufficiently large cells*/

Make C solid cell

return(FALSE)

Figure 2.2: Pseuda@ode of cell merging algorithm
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2.4. THE VIRTUAL CELL EMBEDDING METHOD

2.4.3 VCE Staircased Representation

A VCE 'staircased'surfacerepresetation is alsopossible,asin Figure 2.3. In this case
eat subcell comprising the “wetted' staircaseis a cell interface where solid boundary
conditions are set. But asthe ux through ead subcell interface is the samein eath
direction, the total o w through the solid portion in that direction is

X X
(Fwar b A) = (Fyar h) A (2.3)

subcells subcells
P
where A is simply the net obstructed areanormal to the axis normal b; in Figure 2.3
itis A=A" A .

'Staircased' surface representation

C( Q19
y T o X
+
lid hody. A,
o
Ay

Figure 2.3: StaircasedVCE represetation

The staircasedrepresetation is generallyinferior to the planar wall approximation
of Figure 2.1(b) asit will result in low ow velocities near surfaces. This is shavn in
Figure 2.4 where Mach 4 ow over a wedgeis simulated. There are about 100 cells
along the wedge surface. Note that the ow over the staircasedsurface producesa
thicker shack layer which noticeably deviatesfrom the analytical shack angle (upper
black line), and haslow ow 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 VCE Surface Noise

Note from Figure 2.4(a) the ow- eld is not entirely uniform behind the shack. This is
asthe approximated surfacenormal in ead intersectedcell doesnot always align with
the actual surfaceor with the surfacenormals of other intersectedcells. This essetially
numerically ‘roughens'the surface,which producessomenoisethere. This noisecan be
seenin Figure 2.5 where pressurecortours for the sameMach 4 ow problem over a
wedgeis shavn, and the data limits adjustedto better shav 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 shack and blast propagation problemsin com-
plex geometrycan still be simulated with reasonableaccuracydespitethis degeneracy

Figure 2.5: VCE-generatedsurfacenoisefor supersonicwedge ow

2.45 Geometric Evaluations

Depending on the grid resolution, the VCE method requiresthe evaluation of poten-
tially O(10°) to O(10°) point-inclusion tests for every subcell certroid. This may seem
expensiwe, but the number of intersectedcells is generally quite small relative to the
ertire grid [124]. Also, thesegeometriccomputations needonly be doneonceat startup
if cellsat surfacesare not adapted, which is a small fraction of the total executiontime.
Tree-basedadaptive meshesalso allow propagation of geometricalproperties from par-
ent cellsto children (e.g. unobstructed parerts 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 bounding boxesof all component bodiesand their assaiated surfacepanels
in the domain are also pre-processedand sorted into Alternating Digital Tree (ADT)
structures [36] (see Appendix ). 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. THE VIRTUAL CELL EMBEDDING METHOD

2.4.6 Example VCE-generated Mesh

An early demonstration of the versatility and robustnessof the VCE method in gener-
ating grids over very complex geometrieswas given in Reference20 and repeatedin

Figure 2.6. In this examplethe geometrycorrespndsto the buildings nearthe Medan-
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).

(&) Geometry

N

(c) Grid (d) Surfacepressurecorntours

Figure 2.6: Gridding UQ geometry
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Chapter 3

Mesh Adaptation

Mesh adaptation is a feature that adaptsthe grid to important ow features, allowing
more accuratesolutionsto be obtained with fewer cells, resulting in signi cant savings
in executiontime [174. One method of meshadaptation, r -re nement, involvesredis-
tributing a xed number of cells. For Cartesian cell approahcesthis 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 resohe important featuresaswell
as h-re nement [59.

This thesis implemerts isotropic re nement where only one type of re ned cell is
created. Anisotropic re nement allows di erent typesof cellsto be created depending
on the state of the local ow. This approad can result in even greater savings in cells
[3, 50] where ow is predominartly unidirectional, but blast propagation in complex
geometriesis a more multidirectional problem which is suited to isotropic re nement
[79]. Anisotropic re nement will alsoinvolve complicated data structures which would
be more tedious to implemert.

The Adaptive Mesh Re nemernt (AMR) method deweloped by Berger[24, 26] relies
on adding or deleting ertire patches of block-structured meshesrather than re ning
or coarseningindividual cells (a tree-basedmethod). Dierent timestepsare usedon
di erent patches(but are appropriately subcycledand interleaved to presenetime accu-
racy), and adaptation is guided by error estimation basedon Richardsonextrapolation.
Becauseentire patches are added, about 30% of added cells are usually unnecessary
[1, 11§ which might lead to large memory requiremens [177).

AMR might still be more memory e cient and faster than tree-basedapproades
becauseof structured meshusage which avoids the slower indirect addressing(pointers)
commonin tree-basedmesheg24]. Howewer, the AMR method is not usedfor this thesis
dueto its complexity [72, 81] in managinga dynamically changing collection of meshes,
which needperiodic rebuilding asthe solution ewlvesover time [11§.

OctVCRhesisimplemerts the octree structure [51, 18]] for meshadaptation. This
involves an isotropic division of a parert cubical cell undergoing re nement to yield
eight children cells (and vice versafor the coarseningprocess),as shovn in Figure 3.1.
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The two-dimensionalanalogueis the quadtree. A cell correspndsto a tree node, and
are leaf cells(beinga 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
nodesmeansmaller children cellsfor this case). The root cell is the initial cell (without
a parern) that undergcesdivision. Parert cellsare not deallocated from memory during
re nement sothey can be quickly recovered during a coarseningphase.

Root cell

Figure 3.1: Re ning an octree

It is a simple data structure to implemert, but about 25% of the computing time
is dewted to nding neighbour cellsif meshconnectivity is not explicitly stored [66],
and there can be substartial memory overheadto maintain the tree structure [118.
Sections3.1to 3.5 discussvarious aspects of this adaptation procedureasimplemerted
in OctVCE More information on how to set up an adaptive mesh simulation with the
code can be found in the user manual [205].

3.1 Explicit Storage

Becauseof the overheadfrom meshtraversalin determining cell neighbour relationships
and the frequencywith which theseneighbours needto be accesseda decisionwas made
in the early stagesof code developmen for ead cell to explicitly store all face-adjacen
neighbour cells. The sacri cing of memory for speedfelt justied in lieu of the rapid
growth in memory of workstation classmacinesover the past few years. Also, the main
computing facility usedfor simulations in this thesisis the Altix supercomputerat the
University of Queenslandwhich hasa very large amourt of memory (120 GB).

Geometriccell propertieslike certroids, which canbeinferred from the tree structure,
are also stored explicitly. To further minimize meshtraversal, all current leaf cellsare
stored on a dynamically linked list structure (Appendix K). This approad is quite
memory-irtensive and perhapsnot feasiblefor smaller scalecomputing facilities.

A more memory-e cient tree structure is the Fully Threaded Tree (FTT) structure
[118]wherecellspoint to parerts of neighbours, thus requiring no extra alteration when
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neighbours are coarsened.Becauseof the better memory e ciency, this approac may
be ultimately more e cient than an explicit storageof all neighbours, and it has been
implemerted in Rose'sftt_air3d code [174 177](using about 0.25kilobytes per cell).

3.2 Enforcemen t of Grid Regularit y

Grid regularity is enforcedwhenthe level di erence betweencell neighboursis no more
than one. This is to prevent too great a disparity amongstneighbouring cell sizesand
minimize resultant noise. Mesh adaptation producesnoisein the ow to a degree,
particularly in the caseof a shack passingfrom a coarseto a ne mesh[58, 118,157,
due to local errorsin numerical uxes in the vicinity of a strong shock. For octree cells
this meansa cell interface can have at most 4 neighbours.

Howewer, the grid regularity is relaxedwhen adjacen neighbours are separatedby a
body like a solid wall, asin Figure 3.2. This preverts necessarye nement, especially
for cellscompletelyimmersedwithin bodies. Cells store at most 4 neighbours per face,
meaningthat during re nement or coarseningdownward or upward meshtraversalis
still required for connectivitiesto be updated.

Figure 3.2: Cell with multiple neighbours

3.3 Cell Renemen t and Coarsening Metho d

The cellre nement (and meshtraversal) processcan be performedrecursiwvely, asshowvn
in the pseudaode 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 traversingthe 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 parerts for coarseningif permissible. The list is re-traversed
and parernt cells are further chedked against grid regularity constraints. This step is
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Figure 3.3: Cell re ning pseudaode

performed recursiwely as sometimesneighbouring cells of di erent levels can be coars-
ened, despite the list of leaf cells being traversedsequetially and the grid regularity
constrairts being temporarily violated whilst cells are coarsened.The pseuda@ode for
this cheding algorithm is showvn in Figure 3.4. Coarseningparert cells can then be
performed quite easily asshawn in the cell coarseningpseudaode in Figure 3.5.

Figure 3.4: Cell coarsencheking pseud@ode

Figure 3.5: Cell coarseningpseuda@ode

When cells are adapted, conseration in mass, momertum and energy should be
presened. When parert cellsare coarsenedthis is simple;its ow state is the volume-
weighted averageof its children [20Q 228. When parert cells are re ned, the parert
cell-certered ow state is interpolated to children cell certres using the consenrativit y-
preservinginterpolation procedure[200, 228] of Section4.3. The cell pressureis then
calculatedvia the equation of state.

To enforce conseration of a quartity Q for partially obstructed parertal cells p
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3.4. DEGENERACIES DURING ADAPTATION

undergoingre nemernt, the quantity is calculatedwhich represets the degreeof non-
consenration where

X
= QoW QcVe (3.1)

c=1
V, isthe parert cellvolume,and V. is the child cell volume; summingover n children cells
Vp = 2:1 V.. Q¢ is the interpolated value of Q to child cell ¢ from the reconstruction
procedureof Section4.3. To presene consenation, the proper value of Q for the child
cellcis

Q=0Q+ VA (3.2)

Based on the consenrative timestepping criterion in Equation 4.7 it takes at least 4
timesteps for a shack to crossa cell, so adaptation ewery 5 timestepsis su cient to
ensureadapted ow featuresnewer leave a ne meshregion and loseresolution [118.
Interleaved timestepping for di erent cell levels is not implemerted. Cells adjacen
to those cells that are actually agged for re nement are also re ned to the highest
permissiblelevel to act asa bu er' layer.

3.4 Degeneracies during Adaptation

During adaptation geometric properties between cells must be consistem and airtight.
As cellgeometricpropertiesarederived from VCE subcell division (Section2.4), parertal
cells(having larger subcells) will not computeareasor volumesasaccuratelyaschildren
cells, and this must be accouried for. If adaptation of partially obstructed cells is
allowed, one degeneracyoccursduring the re nement stageas shown in Figure 3.6.

Here an intersectedparert cell is re ned but as a result of obstruction, one of its
children are made “solid’. Thus an interface area on the parert which was previously
unobstructed is now obstructed. This new information must be remenbered if the
parert is coarsenedand thus geometricinformation from children shouldbe usedduring
coarsening.Adaptation canalsobreak up mergedcell clustersthat wereformedbecause
of the small cell degeneracydiscussedn Section2.4.2. When this occurs, pointers and
assaiated data structures must be deallocated properly, and shouldsmall cellsstill exist
after adaptation, re-mergingwith new cells should be done at this stage.
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Figure 3.6: Solid cell re nement degeneracy
3.5 Adaptation Indicators

Adaptation indicators usedin this thesisare gradiert-baseddue to their simplicity and
e ectiveness[14]], especially for blast propagation problems|[118, 155,174, 211]. The
rst indicator only detectsshacks. It takesadvantage of the fact that the velocity gradi-
ert through a shack is always negative irrespective of the direction of shock propagation

{

= L@@ o103 (3.3)

Amin
L is alength scale typically the cell'sedgelength, and an, is the minimum soundspeed
from the cell and its neighbours. Typically if ; is smallerthan -0.01in any direction i

the cell can be re ned, or elseit can be coarsenedby default).

The other indicator is basedon Lehner's indicator [148 153 and usesthe second
derivative of density and a noise lter term (basedon the local meandensity) to prevert
needlesge ning around oscillationsin the solution. A similar form of this indicator is
alsousedin the unstructured code by Timofeevet al [211, 212,22(. It canre ne about
contact surfacesand also smaother ow regionslike the positive phasebehind a blast,
which might be important. It usesdensity di erences alongead axisi {

2= P— ..ij20_+Pj
iGc J+ti+ Dt 0 +2ct )
where ., + and arethe averagedensitiesat the cell certre, its right neighbour(s),
and its left neighbour(s) respectively. The usermust setthresholdson , for re nement
and coarseningand also for the noise Iter

(3.4)

Sometimesthe indicators ; and , are usedjointly asthe ; indicator re nes fewer
cells (resulting in faster solutions), but the , indicator might be more important in
the earlier stagesof the explosion. A simple pressuredi erence indicator (that can be
non-dimensionalized)can also be used[11§, but this hasnot beenimplemerted dueto
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its similarity with the ; indicator. Adaptation ‘regions',which allow oneto switch o
meshadaptation in someregionsof the solution domain (implemerted in the ftt_air3d
code [177]), is not implemerted here.
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Chapter 4

Flow Simulation Algorithm

This sectionreviewsand descrikesvariousimportant aspectsin the numerical method-
ology behind OctVCEincluding the governing equations,time integration stheme, ux
solvers used,equationsof state, implemertation of initial and boundary conditions, in-
terpolation or reconstruction method and point-inclusion query algorithm. It will be
useful rst to make somegeneralcommerts asto the scope of the methodology.

Firstly, where possible, simple methods or methods already implemented in the
MB_CN&de [109 (developed here at the University of Queensland)will be used. This
will help streamline the processof evertually incorporating OctVCEas a submadule of
MB_CN&nd also cuts down on code dewelopmernt time. Viscouse ects can be ignored
[160, 185] as blast propagation and loading problemsare dominated by corvection pro-
cesses.The code will thus solwe the unsteady Euler (compressible,inviscid) ow equa-
tions (Section4.1).

Very accuratemodelling of blast interaction with structureswould require modelling
uid-structure interaction and multi-material shack physics, which can be challenging
and tediousto code. This thesisconsidersonly thoseclassof blast propagation problems
wherestructures are consideredigid and non-deformingand the pressurdoad is desired
at some point(s) in space. This is a good assumptionto hold in many caseseven
when buildings are subjected to intenseloading becauseof the strength of modern-day
reinforcedconcreteor steel-framedstructures[160,193. The mostsigni cant damageto
buildings usually occur at glazedareaslike windows, and transfer of momerium to the
building is small, justifying rigid boundary condition implemenation and decoupling
blast-structure interaction.

Chemicalreactionsare not modelled asthis is computationally expensive and really
only neededfor accurate modelling of the explosive reball, which is not the focus
of this thesis. It has been demonstratedin numerousblast propagation simulations
[160,174 211, 217 that accurate chemical modelling of detonation is not required for
good results in the mid- to far- eld (seeSections1.2 and 1.1.1). The most important
quartity is the energyreleased19, 171, 211.

Due to the adoption of the VCE Cartesiangrid method (Section2.3) a nite-v olume
stheme[96] is favoredfor the discretization of the o w equations,asalmostall Cartesian
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4.1. GOVERNING EQUATIONS

grid methods are formulated on a nite-v olume approadr. Comparedto other methods,
the nite-v olume sthemeis also simple to implemert, inherertly conserative and can
capture shocks well. Other discretization methods, like the nite dierence [9, 96],
nite elemen [53, 96], spectral [10] and the morerecert CESE method [229]are not as
exible or ewlved as nite-v olume methods, may require relianceon unstructured grids
(thus subject to the disadwantagesdiscussedn Section2.1) or be di cult to implemert
in complexgeometry

4.1 Governing Equations

The three-dimensionalEuler equationsin integral form can be expresseds

Z7ZZ ZZ

© udv + F bdS=0 4.1)

@ v s

whereU isthe vector of consered quartities (perunit volume)U = [; u; v; w; E; IO]T
(in three dimensions),t is the time dimension, and , arethe total density and explo-
sive products (thus at most two gasspeciesare tracked) density, u, v and w are velocity
componerts in the x, y and z directions respectively. If , is the density of the ambiernt
gas(typically air), the total density is = ,+ .

E is the total intensive energywhereE = e+ (u?+ v?+ w?) =2, eis the intensive
(internal) energy b is the outward unit normal on the surfaceS which bounds the
cortrol volume V. In two dimensionsthe z componerts are neglected. The vector of
uxes is

2 3 2 3 2 3
u2+ P uv uw
uv vVZ+ P A
F= b+ + ) R (4.2)
uw YAV w<+ P
Eu+ Pu Ev+ Pv Ew+ Pw
pU pv pW

whereP is the absolutestatic pressure.The equation of state providespressurein terms
of energyand density, P = P(; e).

It is alsointended for the code to solve for ows 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 quartity assaiated
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4.2. FINITE-V OLUME DISCRETIZATION

with it); the axisymmetric Euler equationsrequire somemodi cation and in integral
form are expresseds

Z Z Z

Q@ Uda+ rF bdi=  QdA (4.3)

@ A | \%

whereU = [; u; v; E; IO]T and F are the samequartities (but without the third
dimension) in Equation 4.1. This time, b is the outward unit normal on the surfacel
which boundsthe cortrol 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]' whereP is the pressurein the cell.

4.2 Finite-V olume Discretization

A cell-cerntered nite-v olume discretization of the Euler Equations (Equation 4.1) is
given by

du. 1 X

at Ve Fir  bir Ais (4.4)

if

where the subscript if standsfor interface, V. is the cell volume, and U. is the cell-
certered state vector. The interface uxes Fj are calculated from the proceduresde-
scribed in Sections4.3to 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
shemesare simpleto code, easierto parallelizeand generallylessmemoryintensive than
implicit schemes[9]. The classicalsecond-orderRunge-Kutta [82 method, consisten
with the code's second-orderspatial accuracy(Section 4.3) is usedto advanceall cells
in time {

n+% — N t X n
Ues 2= U; A i bir Ag (4.5)
if
t X n+ 1
U2+l = Ug v Fif 2 bif Aif (46)
c

if

This requiresstorageof the cell ow 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 takenfor di erent
cell levelsin the adaptive mesh[118]in aninterleaved mannerto presere time accuracy
For reasonsof simplicity and issueswith integration of OctVCEnto the MB_CN&ode,
this approad is not taken here.
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4.3. RECONSTRUCTION

To prevert instability in the solution the timestep must be chosento be smallerthan
the minimum time taken for physical processe®perating in the solution domain, which
in this caseis the crossingof an acousticwave signal acrossa cell [62]. A conserative
timestep [5Q] for ead cell cis

te CFL

=P - - 4.7
\Y i Air (@+ ju by j) 47

where the CFL number [62] CFL 1 (typically 0.5), a is the soundsgedin the cell
and u the uid velocity. Aj is the interface areafor a face of the cell, which varies
for Cartesiancells. It is quite conserative, taking into accourt intersectedcells which
might have smallervolumesand interfaceareasthan unobstructed cells,and requiresat
least 4 timestepsfor a wave to crossan unobstructed cell. The global timestep for the
whole solution with n cellswould be

4.2.1 Axisymmetric VCE Metho d

For the axisymmetric Euler equations (Equation 4.3), the cell-cenered nite-v olume
discretization is given by

X

du. 1

rie Fie by lip + Q (4.8)
if
wherethe volume per radian A. = Ar¢, A is the cell areaandr. the cell's averageradial
co-ordinate. An axisymmetric extensionto VCE has been dewloped as part of this
thesis[204 and is repeatedin Appendix D.

4.3 Reconstruction

In nite-v olume methods, the values of the ow variablesin the vector of uxes Fj
in Equation 4.4 are usually interpolated from the cell certre to the cell interface to
establishgreaterthan rst order spatial accuracy The interpolation processis limited
for ows corntaining strong gradierts or discontinuities asit can overshat, causinghigh
frequencynoiseand ewen instability and failure in the ow solution [97]. In regionswith
high gradierts the limiter should causethe interpolation to revert to rst order and in
regionsof smaooth ow should allow normal interpolation to proceed.
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4.3. RECONSTRUCTION

Limiters must satisfy the Total Variation Diminishing (TVD) constrains [14, 97],
which is a minimum requiremer for many CFD codes[171]. TVD sdemesprohibit the
generationof new extrema, are monotonicity preserving[97]and are generallyrestricted
to second-orderaccuracy[14]. Howewer, becauseTVD sthemessuppressnoisein solu-
tions, they may sometimescauseof loss of geruine extrema [14, 11(. The processof
interpolation and limiting is termed reconstruction and in this code is multidimensional
in nature [218]asthe Cartesiancellsare not always aligned with the ow direction.

4.3.1 Interp olation

The most commoninterpolation procedureis linear interpolation of ow variables , u
and e from the cell certre to cellinterfaces,which achievessecond-ordespatial accuracy
This requirescomputation of ow gradierts, which canbe an expensiwe step. Gradierts
can be computedusing the Green-Gaussapproad [5, 66, 8(] or least squaresapproat
[5, 20]. Both theseapproadesrequire a cloud of neighbouring points (usually valuesat
nearby cell certres) around the cell certre.

The least squaresgradiert calculation is chosendue to its reliability and somewhat
easierimplemenation [5]. This scheme,alsodetailedin [50], is asfollows. For eat cell
¢, over all its neighbours n (h-re ned cellsmay have more than one neighbour on eath
interface), the di erence in certroidal co-ordinatesis summedand placedin the inverse
(symmetric) reconstruction matrix {

, P P 3
Xy a0 x 2
2 P g
N N (49)
2
X) n( z y) n( Z)

where f g=f g, f g.. If two-dimensional ow is simulated the third row and

(%
Pn

1 -

R _gpn(y
N

column of this matrix is ignored. If the gradiert of a ow quartity Q is desired,the
3 1lvectorr is calculatedas

r= (G ¢)((Q), (Q)) (4.10)

n
where ¢ stands for a cell certroid and subscript ¢ denotesthe cell certre. Then the
cell-certered gradiert vector of Q would be

r (Qc¢) = Rr (4.11)

The ow quantity Q can now be interpolated to any point p within the cell using the
expression
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4.3. RECONSTRUCTION

QP = 1 (Q) (P ¢ (4.12)

Now is a limiter value that ensuresno new extrema are created and preverts spuri-
ous oscillationsin the numerical solution. It is determined accordingto the procedure
descriled in Section4.3.2.

For reasonsof simplicity and e ciency, interpolation to the certre of cell interfaces
is performedand only face-adjacet neighbours are chosenfor the reconstruction matrix
(Equation 4.9); neighbours which only share edgeor corner connectivity are ignored.
This meansthat the least squarescalculation collapsesto one-dimensionaldi erencing
to obtain the gradierts for uniform Cartesiancells.

4.3.2 Limiting

Whilst there exist seweral 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 alsousedin Rose'sAir3d code and has proven to be useful for many
blast simulations [171 17§. This is a non-di erentiable limiter which may hamper
convergenceof steady state solutions [21§ but is adequatewhen modelling unsteady
blast waves.

For a ow quartitiy Q and looking over all a cell's neighbours n, let
Q™ = min (Qc; Qn) (4.13)

and

Q™ = max(Qc; Qn) (4.14)

where subscript ¢ denotesthe cell-certred value. Then the unlimited value of Q is
interpolated to a point p coinciding with ead cell cornerj {

Q =Qctr (Q) (pj ¢ (4.15)
The limiter value for the ow quartity q at cell cornerj is thus J-Q and is determined
by 8
gmln 1,Q Q° fQ Qc>0
2= : min 1,970 ifQ Q<0 (4.16)
1 ifQ Q.=0

The global limiter (for a cubical cell there are 8 corners)for this cell is nally
=min ¢ $un 8§ (4.17)
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4.4. FLUX SOLVERS

It is possibleto have multiple limiters for ead o w variable, or a singlelimiter from the
minimum of ead limiters, though it hasbeenfound that the extreme gradierts at the
start of a explosionsimulation will causethe code to fail unlessa singlelimiter is used.
After a while multiple limiters can be usedsafely

4.3.3 No Reconstruction for Intersected Cells

Becausethe VCE method (Section2.4) doesnot actually store position vectors of par-
tially obstructedcell interfacesfor intersectedcells,interpolation cannotbe performedto
the wall surface. An averagingprocedure,much like in axisymmetric VCE extensionof
Section4.2.1canbe dewloped to computethe position vectorsof the interfacesbut this
is di cult and potertially expensiwe to apply to the wall surfaceitself in three dimen-
sions. Thus for simplicity and e ciency, no reconstructionis performedat intersected
cells, although the schemeis still globally second-orderaccurate. This may alsobe pre-
ferrable sincethe VCE method can generatespurious noiseat surfaces(Section 2.4.4)
which can be damped to an extert by reverting to a rst-order sdemethere.

4.4 Flux Solvers

Oncethe ow variablesare reconstructedappropriately to the interface, the vector of
uxes Fi (Equation 4.2)is calculatedwith a ux solver. The mostcommon ux solers
are one-dimensional,where the ux corvection speed is independen of the tangen-
tial interfacial velocity and uxes are computed through ead interface independertly.
This approat hasworked well in practice [97, 170 and is adopted here becauseof its
widespreadusageand simplicity. Many ux solversare upwind sdhemeswhich accourt
for the physically correct mannerin which information propagatesbetweencells[199.

Upwind sdhemesbroadly include di erence splitting sdhemeswhich solwe the exact
or appraximate Riemann problem [85, 154 214, vector splitting sdhemeswith the ux
conbining of forward and badkward vectors[217], kinetic theory based[150] methods
or the very popular Advection Upwind Splitting Method (AUSM) type schemes[22]]
which usedi erent splittings for convective and pressureterms. Thesemethods vary in
computational expenseand accuracy Exact Riemannsolwersareaccuratebut expensiwe,
appraximate 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 sdhemes,but can have
pressureoscillations.

The main ux solwer usedin this thesisis the AUSMDV sdeme[221]. This stheme
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4.5. EQUATIONS OF STATE

resohes shack waves accurately without excessie dissipation and is also the solver of
choicein the MB_CN&xde [109]. AUSM-basedsdiemesare alsolessdependen on uid

thermodynamics, which is usefulin this thesis as real gasmodels can be incorporated
(Section 4.5). 1t is quite simple to code, fairly e cient, and found to be suitable for
blast propagation problemsin the Air3d code[17]].

The kinetic theory basedEquilibrium Flux Method (EFM) [15( is alsoimplemerted.
This ux solweris especially usefulat shacks to damp oscillations,which canleadto odd-
even decoupling (in which perturbations at a shock are aphysically ampli ed, leading
to ow instability) even for the AUSMDV method [110,154]. An adaptive ux solver
(switching from AUSMDV to EFM at shacks) is also employed by the MB_CN8ode
[109]. The AUSMDV and EFM ux solwersare 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 nearthe reball, usingan ideal gasfor both the explosiwe 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].

45.1 Ideal Gas Equation of State

The ideal gasequationof stateisP = P(; €) = e( 1) whereP is static pressure,
density and e intensive energy and is the ratio of speci ¢ heatsC,=C,. It is assumed
the gasis calorically perfect with constant speci ¢ heatsand internal energye = C,T.
Thus the temperature-dependent form is P = P(; T) = R T wherethe gasconstan
R=Cy( 1). If thereis amixture of ambient gasand explosionproducts, the mixture
speci ¢ heatis givenby the massfraction-weighed expressiorC, = f,C,.a+ f ,Cy., Where
fa and f, are the massfractions of the ambient gasand explosi\e products,f, = 1 f.
A similar expressiorfor C, can be found for the mixture and thus for the equation of
state.

45.2 JWL Equation of State

The JWL equation of state [127] is a popular real gasequation of state usedto model
explosiwe detonation. It is an empirical equationof state calibrated basedon the cylinder
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4.6. INITIAL CONDITIONS

expansiontest and has beenextensiwely usedto model other applications of explosives
[146]. Beingempirical, it alreadytakesinto accoun (to someexternt) afterburning e ects
[101]. The JWLB equationof state[17]is amoreadvancedversionwhich better describes
the gasbehaviour in other statesnot closeto adiabatic expansione.g.if the detonation
products are re-shaked. The JWL equation of state for the explosionproducts is

| !
Po=Po(p&)=A 1 —— ef®+B 1 —— e %4+ 4.18

p= Po( pi€p) R.e R,e € (4.18)
wheree is the relative volume of the explosionproductse = ¢,= , and o, is the initial
undetonateddensity of the explosiwe. e, is the speci ¢ internal energyof the explosive
products, and A, B, R;, R, and! are expermenally-determined constarts. All these

values(including o, and g,) can be found in Referenceg126 127.

A temperature-degendert form has beendeweloped by Baker [17, 1§ originally for
the JWLB equation of state, but applicableto the JWL form if the additional JWLB
terms are discourted {

Po= Po( pT)= Ae %+ Be R+ 1 C,pT (4.19)

B
efey _— Ry, T 4.20
R1 op R2 op P (4.20)

&=6(pT)=

The speci ¢ heat of the explosionproducts C,., is assumedconstart, 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 someexplosiwes. If the JWL
equation of state is usedin 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 OctVCEhe chargeor bomb is represeted by a group of high pressureand temperature
cellstuned to give the correct blast energywhich appraximate the charge shape, known
asthe "balloon analogue'or “isothermalbursting sphere'model [144,166 174 211]. This
approad has beenfound to be a simple and adequateinitial condition to usefor the
mid- to far- eld regimes,asthe dominarnt variable a ecting the primary shack intensity
is the initial energyreleased[19, 41, 144 166 171, 211]. This approad has produced
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4.7. BOUNDARY CONDITIONS

very good correlation with experimertal TNT blast distancecurvesfrom ascloseas0.3
m=kg'™ to the charge[17]], evenusingideal gasfor the charge. Afterburning alsoa ects
the blast intensity [166],and the negative phaseand secondaryshack are more sensitive
to initial conditions[164, 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 dewlopsfairly closeto the charge
(seeSection1.2). To enablebetter resolution of the early stagesof the explosionon
expensive multi-dimensional meshes,a remapping strategy can be usedwhich maps a
highly resolhed one-dimensionakpherically symmetric solution to higher dimensionsbe-
fore the blast passesany surface[104 171 174. This requiressomee ort to implemert,
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 resolution meshes.Chapters10to 14 explorethe accuracyof blast propagation
simulations whereremappingis 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 cellsrepreseting the chargeand m the charge
mass. The balloon gasintensive energyis 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 o, 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
correspnd 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 expressionV . The
volume per radian of a Cartesiancell is Ar. where A is the cell's areaand r. 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
implemerted by fabricating appropriate state vector valuesU , at a given cell'sinterface.
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4.7. BOUNDARY CONDITIONS

4.7.1 Wall Boundary Condition

Solid surfacesin intersected cells are represeted as a cell interface with an outward
normal vector b (seeSection2.4). This wall boundary condition U, (which is idertical
to the symmetry boundary condition) has the samestate of ow at the interface but
with a reversednormal velocity componen to ensurezeromass ux. Thusif u is the
ow velocity at the cell interfaceU,=[; (u 2(u b)b); E; p]T.

4.7.2 Ino w/Outo w Boundary Conditions

In o w/out 0 w boundary conditions are implemerted at the boundariesof the compu-
tational domain where ow is permitted to ow in or out. In the code, individual ow
variablescan be setto xed or extrapolated values. Usually the domain is su cien tly
large to encompasghe enire blast environment and the exiting blast typically induces
outow. If the ow is supersonic,all variablescan be extrapolated [9] as characteristics
all point outward.

Problemswith boundary speci cation arise when the out o w is subsonic. For suc
casesnon-re ecting boundary conditions might be implemerted which attempt to min-
imize boundary e ects from in uencing the solution within the domain. This topic has
been a subject of much researt [61, 216§. Many non-re ecting boundary conditions
involve linearization at the boundary about uniform conditions and setting all incoming
wave amplitudesto zero[61]. Popular non-re ecting boundary conditions are basedon
characteristic analysis[61], like the Thompson boundary conditions [209 21(. These
methods are usually deweloped (and possibly exact) for one-dimensionalproblemsand
in multidimensions usually prescribe a predominart direction of wave propagation, typ-
ically normal to the boundary. Somere ections will occur for outgoing non-iserropic
or oblique waves[116,216].

More advanced approadies use bu er zonesor absorbing layers near boundaries
where some Itering or numerical damping is usually performed[61, 162]. This can be
doneby introducing arti cial dissipation, increasingphysical viscosily or adding a linear
friction coe cient 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 implemerted 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 these methods are computationally expensive and complicatedto im-
plemert, only Thompson's[21(J non-re ecting boundary conditions are implemerted in
OctVCE This method is simple and proven to be quite robust [61], and performs best
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4.8. NUMERICAL INSTABILITIES

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 becausemesh adaptation allows coarser(thus fewer) cells near
boundaries[211]. The implemertation of the Thompson boundary conditions is de-
scribed in Appendix H. In the code, numerical oscillations at boundariesare further
suppressedy using the more dissipative EFM ux solwer at border cells and cells ad-
jacert to border cells.

4.8 Numerical Instabilities

48.1 CFL cut-bac k Pro cedure

Numerical instability or even failure of the solution can result in simulations of strong
explosions,due to the extreme discortinuities and conditions near the explosion core
[116,211]; the pressurein this regioncanvary from about 5 10° atmospherego near-
vacuum levels [133]. This can be preverted by keeping ne grids or simply using a
rst-order sdhemethere e.g. Roseproposesa switching-time' strategy [171] where no
reconstruction is performed until a scaledtime of about 1:2 10 3 s=kg'™ after the
explosion.

A CFL cut-back procedurecan also be implemerted, which reducesthe CFL num-
ber to limit the maximum relative changein density and pressureead timestep. This
procedure, originally deweloped for aeradynamic simulations [5§], can be usedin con-
junction with the switching-time strategy. At timestepk, rst let the minimum timestep
be found for the maximum allowable Courart number CFL ,ax, and the valuesof the
density and pressureafter the rst Runge-Kutta stepk is found. Then let

—le (4.21)

o= 1P P (4.22)

Then an acceptableCFL can be found for somecut-bad fraction . using

cut

max( ; p)
CFL = min (C; CFLmax) (4.23)

at = 0:1 is usually a good default value. The CFL cut-badk procedureis usually
required at the beginning of an explosion, but afterwards the CFL gradually ramps
badk up to CFL yax -
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4.9. POINT-INCLUSION QUERIES

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 are showvn. This resultsfrom the
axisymmetric correction term for degeneratecellsalong the axis of symmetry [44, 148.
Using an adaptive meshwould amplify the jetting. This glitch canbe xed if a small
core of cells around the axis is removed or the grid is radially stretched, but using a
dissipative ux solwer like EFM (Section4.4) at the shack hasalsoworked for this case.

Figure 4.1: Example of numerical jetting for 2D axisymmetric blast simulation

4.9 Point-inclusion Queries

The VCE method is basedon a point-inclusion query which determinesthe location
of subcell certroids relative to solid objects. In OctVCEa polyhedral represetation of
geometriesis chosenbecausepoint-inclusion queriesfor surfacesde ned by non-linear
represemations are di cult and time-consuming. Moreover, many methods have been
deweloped for polygonal and polyhedral point-inclusion tests.

Point-inclusion tests are usually basedon (or conceptually related to) variants of
the ray-casting approad [10J. Assumingthe point is reasonablycloseto the polygo-
nal/p olyhedral body, if a ray beginning at the point is castin any direction to a su -
ciertly 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 newer intersectsor intersectsan
even number of times. Degeneraciefieedto be accoured 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, 10Q.
Other point-in-p olygonalgorithmsinclude the sum-of-anglesnethod, sum-of-areamethod
(similar to sum-of-anglesbut for convex polygonsonly), 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 corvex poly-
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4.9. POINT-INCLUSION QUERIES

gons). Generallythosemethods that are basedon routine computation of trigonometric
guartities are lesse cient, which is why the ray casting method is still a popular and
e cient method [13Q 223.

There have also been numerous point-in-p olyhedron algorithms deweloped [75, 99,
111], which canvary 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 thesisimplemerts the simple polyhedral point-inclusion test
by Linhart [130]which is alsoa ray intersection-basedorojection method. Degeneracies
areresoled by assaiating with ead 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 polyhedronqueries. This method is descrited in Appendix J.
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Chapter 5

Parallel Computing

Simulating blast propagationin three dimensionscaninvolve large meshesyhich usually
mean long executiontimes. More computing power can be achieved if processorsare
conbined in parallel to solwe a singleproblem. Another motivation for parallel solutions
is the increasedmemoryresourceof a multi-pro cessoisystem,which might be necessary
for large simulations.

Ideally the parallelization strategy should be fairly portable and scaleproportionally
with the number of processors Howewer parallel computing methods canbe complicated
to implemert, ascan determining the theoretical code performance[95]. As most of the
computing time is usually spert in a relatively small portion of the code [147, the
optimal parallelization method requiresinsight into the underlying algorithms. Scaling
to more processorsusually results in scalingin memory resourceswhich can have an
adversee ect on performance;e cien t useof memoryis alsoanimportant 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 Section5.1. Section5.2 outlines parallel computing architectures, and Sections5.3
and 5.4 respectively discussparallel programming methods and parallel performance
measures.Finally Section5.5 descrikesthe shared-memoryparallelization strategy for
the OctVCEcode in particular.

5.1 Domain Decomp osition Metho ds

Domain decompsition is a challenging problem which involves partitioning the mesh
and assigningead portion to a separateprocessor. Twin goalsare acieving a good

load balance(equal amourt of computational work per processor)and minimizing the

edge-cutor interprocessorcomrmunication. This is a large eld of researf, and jour-

nals dewoted to domain decompsition 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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5.1. DOMAIN DECOMPOSITION METHODS

A number of methodsvarying in sophisticationhave beendeeloped. One of the more
simple and popular methods s the recursive co-ordinatebisectionmethod [187,215 and
its variations. This method performswell for small numbers of processord219 (eight
or less)and when the meshis evenly spreadover a simple domain [69]. It basically
partitions the domain accordingto the co-ordinatesof the verticies perpendicular to
the co-ordinate direction to achieve an equalload on either side of the cut [215. This
processis repeatedrecursively on ead subdomain until the required number of subdo-
mains is obtained. This method can generatedecompsitions e cien tly [69 but does
not minimize the edge-cutas well as other methods. The edge-cutis important for
distributed-memory parallelism becauseit determinesthe amourt of communication
required betweenprocessors.

Other methods involve mapping the meshinto an octree structure and basing the
partition on the octree represetation [76]. Recursiwe bisection can also be applied to
this represemation [135. Octree partitioning involvestraversalsof the tree structure to
accunulate octants or subtreesinto successi@ partitions. Like the recursiwe bisection
method, it is incremenal in its dynamic load balancing; small changesin the mesh
(through meshadaptation) produce small changesin the partitions, resulting in little
migration or data movemen betweenprocessors.This is an important goal of iterative
dynamic load balancingtechniques[219]as overheadsinvolved with moving application
data can be high [69].

Other more complicated methods are graph-based,like the recursive spectral (or
eigervalue) [187, multilevel [9]] or di usiv e [63] methods. Thesemethods often produce
the best quality partitions for mesh-basedartial di erential equation simulations [69].
The meshis seenasa graph whereverticiesrepresen data to be partitioned. The goalof
graph partitioning is to assignequaltotal vertex weigh to partitions while minimizing
the weigh of cut edges[69. Well known meshpartitioning tools include METIS [114
115]and JOSTLE [222] which use multilevel iterative partitioning algorithms. These
libraries are very sophisticated, can be implemerted 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 approat mapsthe multi-dimensional data to one dimensionalong the
SFC. An object's co-ordinatesare corverted to a key represeting its position alongthe
SFC through a physical domain; sorting the keysordersthe objects which are assigned
into weighted piecesfor eat processor[69]. Like recursive bisection methods, SFC
methods generallyincur higher comrunication coststhan graph partitioners, but these
methods are also dynamically incremeral.
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5.2. POPULAR PARALLEL ARCHITECTURES

5.2 Popular Parallel Arc hitectures

This sectionbrie y overviewspopular computer architectures usedfor parallel comput-

ing. A more extensiwe survey of supercomputing methods can be found in References
[47, 73, 84, 157]. Many parallel programs executeon shared-memorysystemswhere

multiple processegor threads) run by di erent processorsoccupy a single sharedad-

dressspace. Communication and coherencyof elemers in the data set are often done

implicitly via reads/writes of sharedvariables.

Symmetric Multi-Pro cessor(SMP) systemsare one sud shared-memorysystemin
which processorsare connectedto the memory through a high speedbus and crossbar
switch [84]. All processorshave equally fast accessto the shared memory, but these
systemshave limited scalability due to limited memory bandwidth capability [47]. On
the other extreme are distributed-memory systemslike clusters, which are essetially
arrays of networked computers. The memory is distributed and not directly accessible
to all processors,necessitatingbroadcastingor messagepassingof data through the
interconnection network. These systemsare highly scalableand easyto asserble but
hard to useand have long latencies[157.

Distributed-Shared-Memory(DSM) systemg47]area combination of the distributed
and shared-memoryapproades (Figure 5.1). Thesesystems,which can be scalableto
thousandsof processorscreatea shared-memorysystemimagebut with di ering speed
of accesgo the memory due to its physical distribution. The main computing facility
usedfor the simulations in this thesisis the SGI Altix 3700[103 which is a DSM system.
Sud systemsare alsousually called Cache-Cohereth Non-Uniform Memory-AccesgCC-
NUMA) systemsdue to the di ering memory accessspeedand the needfor coherence
of data acrosseadt processor'scade 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

5.3 Parallel Programming

The MessagdPassinginterface (MPI) standard[87,112,151]and the OpenMP standard

[34,47, 112 157 are popular application programminginterfacesfor explicit paralleliza-
tion (where the user cortrols the parallelization) on distributed and shared-memory
systemsrespectively. They consistof a set of compiler directives, library functions and

environmert variables. In MPI, processesxan comnunicate with other processedy

sending and receiving messages.The parallel implemertation using OpenMP of the

OctVCEcode is discussedn greaterdetail in Section5.5, but OpenMP will be descriked

in somemore detail below.

An advantage with OpenMP (and shared-memoryparallel programmingin general)
is its ability to support incremertal 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 masterthread (or process)is forked into a team of threads of executionwhena
parallel construct is created,and the threads syndironized and joined again at the end
of the section. Howewer due to limited oating-p oint represerations, operations like
reductions may not yield preciselythe sameresult in parallel asthosein serial [47].

Eadh thread usually corresppndsto a processorand executeswithin the sameshared
addressspaceasthe serial program, but it can have its own stadk 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. Race conditions can be removed by restructuring the code or using explicit
syndronization of threads(a point whereead thread must wait for all othersto arrive).
Syndironizations require commnunication betweenthreads, and along with their forking
and joining can have high overhead[28, 47].

54 Parallel Performance Measures

In most parallel applications the speedupscaleslessthan linearly with the number of
processordecausesomeportions of the code have not been parallelized and there are
additional overheadslike commnunication 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 inherertly serial portion of the code be

(n) and (n) the parallel portion of the code for problem sizen. Assumingthe serial
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5.4. PARALLEL PERFORMANCE MEASURES

percenage of the code = % and remaining perceriagel  canbe parallelized,
and neglecting other overheadslike memory cortention, latenciesetc. Amdahl's law

states

1

+
p

S (5.1)
where S, is the maximum speedupand p is the number of processors.This expression
shaws the large e ect of even a small serial portion in the code; even if 90% of the code
canbe parallelized,the speedupwill be no larger than 4.7 for an 8 processorsimulation.

This derivation assumes is independert of the problemsize,but it hasbeenobsened
occasionally that on some cade-friendly codes decreasesas a function of problem
size [73, 112], increasingthe upper bound on S,. This can sometimeslead to linear
speedup,and superlinear speedup(S, > p) can be occasionallyobsened, although this
is usually due to poor memory accesor cade mismanagemen 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 speedupthus requires knowledge of the overheadtime, which can be dicult to
ascertain. Howeer, usually time spert in overhead has lower complexity than time
spert in execution(the Amdahl e ect [157)).

The inverseof Amdahl's law can be usedto estimatethe experimertally 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 statesthat given a parallel computation exhibiting speedup S, on p processors
wherep > 1, the experimertally determinedserial fraction e is

_1=S 1=p

S (5-2)

Now e= ( (n)+ ty)=( (n)+ (n)) wheret, 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 processor, 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 badck to a 1 processorresult to estimate the true
serial fraction . More discussionon the Karp-Flatt metric is alsofound 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 OctVCEmMplemerts domain decomposition and OpenMP [34, 47,
151]for shared-memoryparallelism. This approad is chosenasit morefully utilizes the
capabilities of the main supercomputer at the University of Queensland,an SGI Altix
3700, which is a shared-memoryNUMA madine. There are also someadvantagesthat
shared-memoryparallelism has over distributed-memory parallelism [13]]. Distributed
memory systemsrequire extra dewvelopmert e ort, debuggingtime and le structures
to managethe inter-processordata commnunication. Ine ciencies alsoresult from load
imbalancesrequiring complex meshredistribution techniques, which can be tedious to
code, debug and maintain, and introduce overhead. Finally, the limited sizefor most
simulations limits the useful number of processors.

The parallelismimplemerted hereis 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 leaf cells) are placedon a list which is then subdivided into smaller
“sub-lists' ead of which is assignedto its processoror thread to work on, as shavn in

Figure 5.2. These sub-lists'correspnd to numerical sub-domains.Each of thesesmaller
lists hasits own local head and tail.

This method is slightly similar to octree partitioning [76] exceptthat the tree struc-
ture is not traversedas only leaf cells are consideredfor partitioning. This simple
approad is also adopted in the unstructured code by Timofeev et al [220] where cells
are uniformly distributed under a shared-memoryparadigm. Someoverheadexists dur-
ing the forking, joining and syndronization of threads at the end of parallel sections,
but this decreasesor larger problem sizes.

Figure 5.2: Domain decompsition from cell list

In OpenMP this isimplemerted by a parallel regionconstruct attachedto the body
of codethat is to be executedconcurrerlly by multiple threads. The number of threads
is speci ed by usingthe runtime library routine omp_set_num_threads() An example
C code using this OpenMP directive is shavn in Figure 5.3. A list of all local heads
and tails for ead sub-list is stored in the arrays List_of heads and List_of tails
Details of the list and cell data structures are shavn in Appendix K. Ead list node has
a pointer bad to the cell which also points to its list node.

Within the pragmaompparallel clausethread-private variables are declaredfor
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ead list { the Head Tail thread_numandthe cell pointer C This thread_numvariableis
assignedhe 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 usingthe standard
while loop and the required operation is performedon the cell.

Figure 5.3: Example code for OpenMP parallel implemenrtation

Note in the caseof serial executionthe 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
incremertal sharedmemory approad in OpenMP wherethe sameblock of code (with
somemodi cation) can be usedin both serial and parallel execution[47].

In somecasesthe parallel work hasto be partitioned into seeral 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 valuesfrom the
previoustimestep (assignedo an adjacen thread) may not have yet beenfully updated.
Parallel sectionsare declaredby barrier directives, which syndironizesall threads at
the barrier point.

5.5.1 Parallel Flow Solution and Output

There are three placesin the solution computation processthat can be readily paral-
lelized without danger of race condition. In thesesectionsthe code implementation is
very similar to the genericcode fragmert in Figure 5.3. Thesesectionsare (1) Comput-
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ing the minimum timestep (2) Gradient and limiter computation and (3) Computing
the adaptation criterion. These computations can be executed concurrerly without
race condition asthere is no changein cell ow statesor connectivity. The other major
sectionsof the code arethe ux calculation and time integration stage,which are at risk
of race condition if performedwithin the sameparallel section.

Flux computation

As uxes are sharedbetween cell interfacesthe uxes needonly be calculatedin one
direction per axis per cell. Thus during traversal of the “sub-list' cellsassignedio eat
thread, the ux calculation stage consistsof {

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 integration

The time integration stageinvolvessimply summingthe uxes (stored at cell interfaces
which have beenpreviously updated) and updating the currert cell state vector from
ead thread. A code fragmert of this process(for one Runge-Kutta step) including the
relevant OpenMP directivesis showvn 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 dependson the le format required by the
grid visualizer. In this casethe VTK le format is used[15]wherea uniquelisting of cell
verticies alsoneedto be output. The necessitatedhe 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 storedin a global list and are
uniguely numberedfor eat cell sub-domainin which they reside. All verticiesbelonging
to the sub-domainare rst written into the correspnding le. As ead cell in the sub-
domain also points to these numbered verticies the meshconnectivity information for
them is then written as the code traversesead sub-list. Finally the required ow
quartities are reconstructedto eadt vertex, averagedand written.

5.5.2 Parallel Mesh Adaptation

The mesh adaptation processrequires signi cant "house-keping' code to managethe
changing grid e.g. updating intefacial and vertex connectivities, ux vectorsetc. Im-
plemerting this in parallel requireseven more code, and additional measuresmust be
adoptedto avoid race conditions. Thus it is moredi cult to straightforwardly usethe
sameserial adaptation code. Race conditions will exist as cell connectivity might be
read and written to concurrerily.

That the cell mergingprocesss performedin serialfor simplicity asit may potertially
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 eat sub-domain(or sub-list), the newly formed
children cellsor parert cellareinsertedinto the sub-list at the location wherethe original
parert or children cells were respectively. This is doneto ensuresub-domainsattain a
measureof cortiguit y which would not occur if new cellsare placedat the front or badk
of the list. Given the cell numbering sdheme,in somecasessub-domainswill only be
diagonally cortiguous and can occasionallybe spatially separated.

After adaptation these sub-lists are all joined into the global list of cells which is
repartitioned to yield an equal number of cells for eath sub-domain. This is done via
a simple courting technique. An exampleof the numerical sub-domainsfor the blast
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in a complexcityscape problem (Section 14) is shovn in Figure 5.5. The simulation is
performedusing 4 processorsmeaning4 sub-domains.It can be seenthat the domains
(cell clouds) are fairly cortiguous.

(&) Sub-domain1 (b) Sub-domain 2

(c) Sub-domain3 (d) Sub-domain4

Figure 5.5: Numerical sub-domainsfor blast in cityscape problem

Flagging cells for adaptation in parallel

The cellsin eah sub-list (Figure 5.2) are rst traversed,and the adaptation indica-
tors (Section 3.5) computed and the relevant cells agged for re nement or coarsening.
Howewer, somecellsnot agged for re nement still require re nement becauseof mesh
smaothnessconstrains. Therefore, sub-lists are traversedagain and cells agged for
re nement recursively ag their neighbours for re nement if required. Recursiwe chedks
may requirevisitation of neighbour cellsnot within the sub-domainin which the program
was originally executed,sothere is someredundancyin this stage. The cell re nement
agging stageis performed rst assomecellstaggedfor coarseningmight no longer be
suitable for it after this stage.

Sub-lists are then traversedand parernt cells cheded for coarseningeligibility. This
algorithm is essetially the sameas Figure 3.4, which is recursive. This ensuresthat
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the cell coarseningprocessitself can be performedin one step rather than a number of
stages. As mertioned in Section3.2 this requiresthe code to handle adjacencyof cells
of very disparate levels, as meshsmaothnesswill only be ultimately enforcedwhen all
cellsare nished coarsening.

Up dating mesh connectivities in parallel

The meshconnectivity update hasto be performedin 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, interface connectivities should 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 interface connectivity update is shavn in Figure 5.6.

Figure 5.6: Interface connectivity update for parallel adaptation

For vertex connectivity it is important to selectgroupsof verticies belongingto leaf
cellssothat at eat parallel stage,ead thread will uniquely visit this group of verticies
belongingto the cell during sub-list traversal. An adapted octree parert cell (whether
newly coarsenedor re ned) has potertially 27 verticies, as shavn in Figure 5.7. These
cell verticies can be placedinto 4 unique groupswhich will only be visited by onethread
at a time. Hencethe vertex connectivity update stageconsistsof 4 stages.

50



5.5. PARALLEL IMPLEMENT ATION

Figure 5.7: Vertex groupsfor parallel adaptation

Parallel re nemen t stages

Giventhe necessarytepsfor parallel connectivity update, the parallel re nement stages
are erumeratedbelow. Ead of thesestagesend in a syndironization barrier.

1. Allocate memoryto children cellsand settheir 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 connectivitiesfor group 3 verticies (Figure 5.7)

5. Update vertex connectivitiesfor group 4 verticies

Parallel coarsening stages

Similar to (but performedafter) the re nement stage,the parallel coarseningstagesare
erumeratedbelov. Ead of thesestagesendin a syndironization barrier. Also, sub-lists
are slightly modi ed prior to this step sothat sibling leaf cells are not spreadacross
di erent sub-lists.

1. Set parert state vector, update interface connectivitiesin 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
connectivitiesfor group 2 verticies

3. Update vertex connectivitiesfor group 3 verticies

4. Update vertex connectivitiesfor group 4 verticies, de-allocate children cells

Code fragment for parallel adaptation pro cess

A code fragmert 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 unmergescellsto 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 madines like the SGI Altix, locality of data is important for good per-
formance[47]. Recallingthe discussionin Section5.2, NUMA systemshave a shared-
memory addressspaceto all processordut memoryaccesgimes are substartially faster
if a data elemen is on a node's cade or in nearby memory A well-structured code ex-
ploits locality sothat the majority of requestsare to data residing on a node's local
memory and thus the majority of referencesare cade hits. Communication overheads
for referencingnmemorynot connectedo the node canbe quite hight, asmuch as20-50%.

The parallel adaptation method doesallocate cellsto resideon the local memory of
eat node of the cpuset. If the adaptation processwerenot parallelizedthere would be a
lessuniform distribution of data acrossnodes,leadingto increasedcommunication over-
head. This also meansa smaller parallel code fraction, further limiting the theoretical
speedupfrom Amdahl's law (Equation 5.1). Howewer, the meshrepartitioning strat-
egy implemerted via simple cell courting doesnot always lead to good locality asit is
problem-depedern; somesub-domainsmay undergomore re nement and cellsallocated
by onethread may be assignedto remote threads that will needfrequen accesdgo the
data. A further complication is thread migration from processorto processor,leading
to a higher degreeof remote access.The dplace commandcan help tie threadsto pro-
cessorsand the numactl commandallows interleaved (round-robin) memory allocation
to prevent bottlenedks. Thesewill only partly increasee ciency.

The code also makessigni 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 cade missesand longer commnunication time.
In somecasescpusetsconsisting of se\eral nodes neededto be requestedjust for the
memory, even if a single processorsimulation was performed.

The parallel method relies on partitioning parallel sectionsinto se\eral stagesvia
syndironization barriers, which can be quite expensiwe [47] and causethe parallelismto
becomesomewhat ne-grained and thusine cien t. Sections10.4.1,14.2and 7.3 display
parallel performancestatistics of the code for di erent simulations. They indicate that
considerableoverhead does exist for parallel simulations, but this occurs mainly from
communication and not barrier overheads. The results encouraginglysuggesta fairly
high parallel fraction of the code. OctVCEs likely to perform better on SMP systemsbut
this hasnot beeninvestigated. Further work would focuson reducing storageand using
a more e ective domain decompmsition method exploiting locality on NUMA madines.

http://nf.apac.edu.au/facilities/userguide/, accessedune 2008
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Chapter 6

Veri cation and Validation

To establishthe credibility of the OctVCEcode it must be veri ed and validated for a
range of test cases.Veri cation is generallyunderstood to be the activity of establish-
ing the reliability and accuracyof the numerical methodology i.e. solving the equations
right [168,169. It typically involvesewaluating 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 represeis the physical systemi.e. solving
the right equations[16§.

Veri cation can help demonstrate the stability and robustnessof the numerical
stheme 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 [16§.
The test casesusedin the veri cation process,having generally analytic solutions, are
usually geometrically simple and not related to problemsthat the code is normally de-
signedfor (in this caseblast propagation), and the obsened order of accuracycan be
problem-speci ¢ [16§ and in uenced to an extert by boundary conditions [143. For
CFD problems,veri cation test casesusually involve smooth o ws asanalytic solutions
for shacked o ws are rare or do not exerciseall terms in the numerical scheme.

Validation test casesare typically those problemsfor which the code is designed,
and usually involve comparisonto experimertal or previously veri ed numerical data
[169]. Better con dencein the code's predictive ability for suc problemswill be gen-
erally establishedif a larger number and varied range of sud 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 gridsto give a more accurateestimate for the
exact solution. If f, isthe ne-grid solution and f, the coarser-gridsolution, the exact
(grid-independern) result can be estimated as

fi f,
re 1
wherer isthe re nement factor (which would be 2 if the grid is doubledin ead direction)
and p the order of accuracy This equationis generallyp+ 1-orderaccuratefor upwind

(6.1)

fexact = f1+

54



methods [16§. The estimated fractional error to the ne grid solution is thus

E=(f1 f2)=(f.(r" 1)) (6.2)

which is usually a good appraximation if E << 1.

Richardson extrapolation may not consistenlywork in somesituations and is gen-
erally used with caution at those placeswhere the solution is not smaooth e.g. peak
overpressureat a shock and in the presenceof non-linear ux limiters [16§. It canalso
be dicult to determine a value of r for non-uniformly re ned meshes[167]. A con-
sistertly decreasingvalue of E (as grids are re ned) demonstratesa corvergence(the
asymptotic range of solution corvergencehaving beenattained) and thus at least three
di erently-re ned grids needto be employed to ascertainasymptoticity. The quartity

GCl = 3jEj (6.3)

is the Grid Convergencelndex (GCI) proprosedby Roade [168 179]which providesan
error band wherea safely factor of 3 (and the absolutevalue) is usedfor conseratism.
If the obsened order of accuracymatchesthe formal order (typically for ne-grid solu-
tions), the safely factor can be reducedto 1.25.

Sections6.1 to 6.4 of this chapter presen four di erent veri cation test cases.In
Chapters 7 to 14, a number of di erent validation test caseswill be preserted. Not all
of theseare blast propagation problemsfrom charge detonations;some(like Chapters7
and 8) are more mundane shack propagation problemsto demonstratethe versatility
and accuracyof the VCE method for di erent o w problems. As mesh-conergen solu-
tions can be quite di cult to obtain, especially for three-dimensionalblast propagation
problems[171], many of thesevalidation caseswill useRichardsonextrapolation to test
for corvergencetrends and estimate the magnitude and sign of errors. Pro ling of the
code will also be done for somesimulations to establishits performancein serial and
parallel executions.

55
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6.1 Verication 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
equationsto be exercised[142 168, 18(0. An analytic solution is chosen(or "maru-
factured’) and passedthrough the ow equations,generatingsourceterms as a result.
These sourceterms 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 physical problembut is simply usedfor
veri cation purposes.It requiresthe code to specify arbitrary sourceterms and bound-
ary conditions, which can be dicult to implemert [83]. Guidelines for appropriate
choice of manufactured solutionsinclude generality (sothat all terms canbe exercised),
smaothness,ensuring no derivatives vanish, 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, or ‘root
meansquare'norm {

|
N - .
n=1 JQnum;n Qexact;n]

|_2 = N (64)

N[

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
meshlevelsk and k + 1 is then

p=In L =In (r) (6.5)
Lk

Alternativ ely, if a seriesof L, normsare obtained for se\eral di erent meshlevels, p can
be obtained by a power-law t (in the form of L = ¢; + c,rP, ¢; and ¢, being constarts)
to the curve in the L, versusr graph (c; should be theoretically zero). The obsened
order of accuracyis comparedwith the formal order of accuracy which for the code is
p = 2 dueto implemertation 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. Solwe 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 easily achieved
with the code by constructing a single “layer' of cellsand preverting 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 hasthe following steady-stateform {

(X;y) = o+ xsin(ax x)+ ycos(ay Y)
u(x;y) = U+ uysin(ax X)+ uycos(ay Y)
V(X;y) = Vo+ vgcos(ayx X)+ Vysin(a,y Y)
P(X;y) = Po+ PcCOS(ax X) + pySin(apy Y) (6.6)

The constarts o, «, y and ,, where is the variable , u, v or p are given in
Table 6.1. The analytic solutionsfor density, velocity and pressureof Equation 6.6 are

Table 6.1: Table of constarts for 2D manufactured solution

Equation, 0 X y ay ay

(kg/m 2) 1.0 0.15 0.1 1.0 05
u (m/s) 800.0 50.0 -30.0 15 0.6
v (m/s) 800.0 -75.0 40.0 05 2/3
p (Pa) 1.0 16 0.2 1 05 1 2.0 1.0

substituted into the governing Euler equations (Equation 6.7) to generatethe source
terms f,, fy, fy and fg. The energyis obained via the equation of state assuming
calorically perfectgas( = 1.4, R = 287J/(kgK)) asE = P=( ( 1))+ (u?+ v?) =2,
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%Jr@(&h@(@\;) f
@(u)+@(u2+p)+@(uv) - ¢
@ @ Q@ X
@v), @vu)  @v’+p _ £
@ @& @
@E) @UE +pu  @VE+pv) _
g " 3 + 8 = fg (6.7)

The sourceterms 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 meshedisted in Table 6.2. The

density eld for the manufactured solution is shavn 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 correspnd to column one of Table 6.1 (the  values), with the solution
marched into time from these conditions until steady-state conditions are readed i.e.
when L, valuesappear constart.
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6.1.2 Results from Tw o-Dimensional Metho d of Man ufactured
Solution

A comparisonof the computeddensity elds ondi erent grids with the analytic solution
can be seenin Figure 6.2. These solutions were computed with the AUSMDV ux

solver. The trend of increasingagreemet with the analytic solution as meshresolution
is increasedcan be obsened.

@8 8 (b) 32 32

(c) 128 128 (d) Analytic solution

Figure 6.2: Comparisonof density elds for 2D manufactured solution

The solutions are determinedto be steady state by observingwhenthe L, norm no
longerchangeswith time, asin Figure 6.3(a) wherethe L , versustime curvesfor various
meshresolutionsare plotted. The trend of decreasingerror (i.e. smallerL , values)with
increasingmeshresolutionis obsened. Thesesteady-statel , normsare plotted against
grid resolution in Figure 6.3(b) to obtain the order of accuracyp. This gure plots
the norms from a low order (no reconstruction) and high order (with reconstruction)
solution for both the AUSMDV and EFM ux solwers.

As expected, the slope of the low-order curves are shallover than than the higher-
order curves,indicating lower order of accuracy The order of accuracyfor the L, norms
in Figure 6.3(b) has beentabulated in the rst and secondcolumnsof Table 6.3. It is
apparert that the low order solution exhibit ordersof accuracylower than 1, and high
order solutions have orders of accuracy greater than 1 but substartially lessthan 2.
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Figure 6.3: L2 density norms

The mismatdch betweenthe obsened 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 corvergence
[50, 110, 218, a high order AUSMDV solution was run without limiters. Secondly a
di erent reconstructionprocedure{ the piecewise-parablic-method (PPM) { wasused.
This method, usedin the MB_CN&xde [109, implemerts quadratic interpolation and a
modi ed van Albada limiter [110]and should be third order accurate. This approat
was chosenas it could be comparedwith a previous veri cation study [83] idertically
on this problem usingthe MB_CN&xde. The resulting ordersof accuracycan be seenin
columns 3 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 cornvergenceorder
to slightly greaterthan 1.5. In either casethe orders of accuracyare still signi cantly
lower than 2 for the high order solutions. These gures are fairly consisten with those
obtainedfrom the MB_CN&de in the sameveri cation exercisg83]wherefor the AUSM
sthemethe low order solution had a value of 0.71 and higher order solution was 1.62.
The PPM reconstruction schemedid demonstratethird-order accuracywhen tested on
a sinewave pro le, and without the van Albada limiter exhibited a corvergenceorder
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of 1.9. Although this is still substartially lessthan 3, the single-pint quadrature of the
uxes in the solution integration stheme (Section4.2) implies truncation ordersof 2 at
best [82.

It will be showvn in Sections6.1.4 and 6.4 that better matches between obsened
and formal orders of accuracyresult for di erent veri cation problems. As mertioned
previously obsened ordersof accuracyseemquite dependert 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 hasthe form {

(X;y;2) = o+ xsin(ax x)+ ycos(ay y)+ cos@a, 2z)
u(x;y;z) = Up+ uxsin(ay X)+ uycos(a, Yy)+ u,cos(a, 2)
V(X;y;Z) = Vot vcos(ay X)+ vysin(ay Yy)+ v.sin(a,; z)
W(X;y;Z) = Wo+ Wy CoS(awx X)+ Wy sin(awy Y)+ W;sin(aw, z)
P(X;y;Z) = pPo+ PxCOS(apx X)+ pysin(ay Y)+ p,sin(ay, z) (6.8)

The constarts for this solution are given in Table 6.4. Note that thesevaluesin two
dimensionsare idertical to thosein Table 6.1 with additional values provided for the
third dimensionalcomponert. Likein Section6.1.1,the sourceterms are generatedby
substituting the analytic solution into the Euler equations.

Table 6.4: Table of constaris for 3D manufactured solution

Equation, 0 . y 5 ay ay a;
(kg/m?) 1 0.15 -0.1 0.12 1 15 2
u (m/s) 800 50 -30 20 15 06 05
v (m/s) 800 -75 40 -25 05 2/3 1
w (m/s) 800 40 -40 20 03 05 2
p (Pa) 1.0 1 0.2 106 05 1 0.25 1¢° 2.0 1.0 0.5

The solution methodology is idertical to the two-dimensionalveri cation exercise
in Section6.1.1. Howewer, 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
L, normswere computedin both density and total energyfor the AUSMDV and EFM
ux sohers. The PPM reconstruction schemewas also usedto obsene the increasein

order of accuracywhen usedwith the AUSMDV sdieme. 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 accuracy also 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 improvemen over the linear
reconstruction valuesis lesspronounced.

6.1.5 Performance of the Metho d of Man ufactured Solutions

The total number of cellsin a square mesh undergoing uniform re nement scalesby
n,2, wheren, is the number of cellsalong oneside. As the allowable time step per cell
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decreaseproportional to cell size,a scalingof n,2 in two dimensionsis expected. The
scalingfor a three-dimensionalcubical meshis n,*. Alternativ ely if the total number of
cellsis N, the scalingwill go accordingto N 32 for two dimensionsand N 4= for three
dimensions.

Graphs of total executiontime versusny for the two- and three-dimensionalveri -
cation exerciseof this sectionare shavn in log-log plots respectively in Figures 6.4(a)
and 6.4(b). Power-law curve ts are alsoshovn. The linear nature of thesegraphs (at
least for larger ny, values) and the valuesof their gradierts are well predicted by the
scaling principle. Other aspects of the code executione.g. geometry interrogation, le
output etc. may accourt for any non-linearities.

10000 — 10000 —
Execution time Execution time
Curve fit, 2.59 + 0.0015x"2.93 --------- Curve fit, 2.23 + 0.0024x"4.05 -

1000 ¢
1000 ¢

100 |

Total execution time (s)
Total execution time (s)

100
10 +

1

. . 10 .
1 10 100 1000 1 10 100

No. cells along mesh edge No. cells along mesh edge

(a) 2D veri cation time prole (b) 3D veri cation time pro le

Figure 6.4: Execution time vs meshsizefor Method of Manufactured Solutions

The GNU compiler gprof pro ler tool wasusedto ascertainthe relative time spert
in executing reconstruction-relatedoperations (e.g. computing gradierts, limiters and
reconstruction). The perceriage of executiontime spert in this processis plotted with
respect to ny in Figures 6.5(a) and 6.5(b) for the two- and three-dimensionalproblem
respectively. Also plotted is the perceniage of executiontime spernt in simply advancing
the solution (computing uxes, time integration).

Theseresultsindicate that nearly half of the time spert executingthe code is usedin
reconstruction-relatedoperations, whilst around 30%is actually spert on ux computa-
tion and time integration. The cost of reconstructionmight be loweredfor this problem
if one-dimensionalnterpolation is usedasopposedto the generalizedmulti-dimensional
interpolation shemeimplemerted in the code (Section4.3).

6.1.6 Concluding Remarks

As the results from the two- and three-dimensionaltests indicate corvergence,it is
reasonablgo assumeOctVCEhaspassedhis veri cation test case.A corvergenceorder
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Figure 6.5: Relative executiontime vs meshsizefor Method of Manufactured Solutions

lower than rst-order was obsened 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 ow non-uniformities and misalignmerns
with meshedges[148. Similar gures for thesecorvergenceordershave beenreported
for similar veri cation problems of the two-dimensional Euler equations on formally
second-ordercodes([50, 110 148. Remawing the limiter, or using smoother limiters (as
investigatedin Section6.1.2) did not always improve the corvergenceorder drastically.
Future work should also be given to reducingthe cost of solution reconstruction, given
that it is the largestpart of the computational e ort.
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6.2 Verication with Sod's Shock Tube Problem

In this section the ideal shack tube problem basedon Sad's initial conditions [199
will be simulated. This relatively simple, unsteady one-dimensionalproblem has a
well-known analytic solution that can be computed using iterativ e techniques (seefor
exampleReferencg10]). The code canthus be comparedagainstthis solution and also
run in two-dimensional,three-dimensional,adaptive meshand axisymmetric modesas
the solutions should all be equivalert.

The shack tube hasa length of 1:0 m, and the high-pressureconditions to the left
of the imaginary diaphragmat x = 0:5 m are

u=0; = 1.0kg=m3P =10 Pax 05
and the conditions to the right are
u=0; = 0:125kg=m®P = 10 Pa;x 05

For the two-dimensionalsimulations, the domain is a rectangle of 128 cells length-wise
and 3 cellsheigh-wise (totalling 348cells)asshavn in Figure 6.6. The three-dimensional
simulation has 3 additional cells width-wise (thus 1152 cells). The gasis calorically
perfectair ( = 1:4), and solid wall boundary conditions apply to shack tube walls.
Only AUSMDV will be usedin this example.

Figure 6.6: Uniform grid for 2D Sad shock tube problem

The adaptive meshsimulation (donein two dimensions)has 3 working levels (levels
7, 8 and 9) corresndingto cell sizes7:8125 10 3, 3:90625 10 ° and 1:953125 10 3
m. The density-basedadaptation indicator (Equation 3.4) was used with re nement
threshold, coarseningthreshold, and noise Iter 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 shack. 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 Tube Problem

The density solution at time 0.6 msis displayed in Figure 6.7 wherethe two-dimensional
solutionsin planar and axisymmetric geometryare displayed. Both higher-orderplanar
and axisymmetric calculations have better resolution of discortinuities and the expan-
sion fan comparedto the rst-order solution.

Analytical
I 2nd order ----+--- |
” 1storder -~
2nd order, axisymmetric

0.8 -

0.6

Density (kg/m”3)

04l e iy,

o
0.2 - A

Figure 6.7: Two-dimensionalshack tub e results (0.6 ms)

A comparisonof the planar two- and three-dimensionalhigher order solutions at
t = 0:6 msis shown in Figure 6.8. Thereis very good agreemeh betweenboth solutions,
which is expected.

Analytfcal
2D ]
3D x

0.8 |

0.6 |

Density (kg/m”3)

04 r

0.2 r

0 0.2 0.4 0.6 0.8 1
x (m)

Figure 6.8: Two- and three-dimensionalshock tub e results (0.6 ms)

A nal comparisonat 0.6 msis betweenan adaptive meshsolution and an equivalert
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 discortinuities with
thesesolutionsis even sharper than previousgraphs(e.g. Figure 6.8, and both solutions
are very similar (the uniform meshactually has slightly oscilliatory behaviour at the
contact surfacewhich is not evidernt with the adaptive meshsolution).
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Figure 6.9: Adapted meshand equivalert uniform meshshack tube result (0.6 ms)

Performance statistics for the uniform and adaptive mesh solutions are shavn in
Table 6.8. The adaptive meshsolution hastime and spacesavings of around a factor
of 3 and 3.4 respectively. As mertioned in Section 6.3.4, time savings are typically
smallerthan storagesavings asadditional work needsto be implemerted to managethe
adaptation e.g. managingconnectivities, computing adaptation indicators etc. Savings
for this problem shouldbe moresigni cant with ner adaptation levelsand/or extension
to three-dimensional o w.

Table 6.8: Performancestatistics for shack tube problem on uniform and adapted mesh

Uniform grid Adaptive mesh
Max cells 6144 1815
Solution time (s) 457.595 153.517

Totest the non-re ecting boundary condition implemertation, the solutionatt = 1:3
ms is output. This correspndsto atime after the shack hasexited the right boundary
but just before the expansionfan reades the left boundary. The solutions for the
uniform two- and three-dimensionalresults and adaptive mesh solution are shovn in
Figures6.10(a)and 6.10(b). It is evidert that the subsonicout o w boundary condition
seemdgo be working well with minimal re ection there.

At 2.0msboth the cortact surfaceand expansionfan have exited the domain, provid-
ing further opportunity to test both subsonicin o w and out o w boundary conditions.
Solutions are showvn 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 obsened by Thompson [209]. The
non-re ecting subsonicin o w boundary condition appearsto work well with hardly any
obsenable re ections.
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Figure 6.10: Shock tube resultsat 1.3 ms
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Figure 6.11: Shock tube resultsat 2.0 ms

The adaptive meshand equivalert uniform mesh(Figure 6.11(b)) likewisedisplays a
disturbance at 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 subsonicinlet end, there are no re ections but the
adaptive meshsolution overpredictsslightly the density whilst the uniform grid solution
performsaswell asthe coarser,uniform grid solutionsin Figure 6.10(a).

The actual non-re ecting implemertation as described in Appendix H involveslim-
ited extrapolation, and switch to the more dissipative EFM at border cells (and cells
besideborder cells)to damp oscilliatory behaviour. The linear extrapolation on di erent
sizedcellsunder an adaptive shhememay not be assmaoth 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 predominart non-re ecting boundary condition should be subsonicout o w.
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6.3 Verication of Supersonic Wedge and Conical
Flow

In this sectionsupersonic o w over a wedgeand conegeometrywill be computed. This

is an important exercisefor two reasons. Firstly, analytic solutionsto these problems
exist, and thus they constitute a more realistic veri cation test casethan the Method

of Manufactured Solutions (Section 6.1). Howewer, the simplicity of these solutions,
especially for wedge o w, may not exerciseall terms of the code. Secondly a convergence
study can be performedto obsene the e ect of the VCE surfacerepresetation when
both subcell and meshdensity are varied. As showvn in Section2.4.4,the VCE method

e ectively ‘numerically roughens'surfaces.Appendix E.1 alsodemonstrateshat further

noise can occur for the axisymmetric VCE method. Measuringthe solution errors at

the surfaceasthe grid and subcell resolutionis increasedcan help ascertainthe se\erity

of thesesurfacee ects.

The test casehere simulates steady-state ow of freestreamMach number M, =
2.5 over a 20 half-wedgeor half-cone. Analytic solutions to the post-shak ow for
the wedge casecan be derived from the oblique shock relations, and for conical ow
can be computed from the method of Taylor and Maccoll [208] (in the steady-state
limit, constart property lines are generatorsfrom the conevertex). Publishedtables of
supersonicconical ow solutions[188 can alsobe used.

Initial conditionsare freestreamvalues,which areP; = 10* Paand ; = 0:1 kg=m3.
The solution is advancedin time until all errors appear constart. Simple extrapolated
supersonicboundary conditions are usedfor the outlet. Analytic surfacevaluesfor the
wedgeand conical ow casesare givenin Table 6.9.

Table 6.9: Analytic solution for supersonic o w past wedgeand cone

Wedge Cone
Shock angle| 4289 32581
Ps=P; 3.211 2.309
<1 2.2 1.802

6.3.1 Program of Simulations

Only the density and pressuresolution on the surface of the wedgeor 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
embeddedshaock will lower the corvergenceorder to at most rst-order accuracy[179.
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A dimensionlessoot mean squareerror norm (the L, norm) is computedto quartify
the error over the whole surface{

2
i X Qnum;n cheory;n
N cheor y;n

n=1

o<

Lo = (6.9)
where N is the number of cells along the surface, Q..m the computed solution and
Qtneory the analytic solution.

Simulations will be performed for three di erent meshresolutions (levels 6, 7 and
8) and alsofor three di erent subcell resolutions (32, 64 and 128 subcellsalong the cell
edge). Meshlewvels 6, 7 and 8 correspnd to a basis Cartesian cell length of 0.015625,
0.007812%nd 0.00390625n respectively. Computational limits prevert 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 adaptedto the nest level at the surface. The density-
basedadaptation indicator (Equation 3.4) is usedwith re nement threshold, coarsening
threshold, and noise Iter valuesof 0.3, 0.1 and 0.05 respectively for wedgesolutions,
and 0.2, 0.1 and 0.02 respectively for cone solutions. Thesevalueswere judged from
trial runs to be su cient at capturing the shock. A low-order, reconstruction-o mesh
re nement study will be alsorun, 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 asthe shack 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
rises before 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.qg. if the
cell is only slightly intersected. Only those cells greater than a distance of 0.25m will
be used.

It will alsobe interestingto measureerrorsin the evaluation of the integrated force
along the cone surface, since the oscillating noise on the surfacemay to someextert
“cancel'the errors occuring from overly high or low pressurevalues. Thus force errors
may actually be lower than other errors or ewen stay roughly constart, 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. jFrum  Fiheory] =Fiheory-
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Figure 6.12: Pressuredistribution over conesurface

6.3.2 Results for Supersonic Flow past Wedge

Higher-order wedge solutions for various grids (for the 64 subcell case)are shavn in
Figure 6.13. Also showvn are outlines of the mesheswith the wedgesurfaceand theo-
retical shack angle demarcatedby the thicker and thinner bladk lines respectively. The
diagonal elemetts in ead cell are an artifcat of the grid visualizer Paraview [9(].

(a) Level 6 mesh (b) Level 7 mesh

(c) Level 8 mesh (d) Adaptive mesh,level 6-8

Figure 6.13: Wedgepressurecortours for various grids, 64 subcells
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The agreemen with the theoretical shack anglefor all solutionsis quite good, and
the increasingshock resolution with ner meshess obvious. The surface noise'arising
from inexact surfacerepresetation can also be seen. Becauseof the lack of a length
scaleon this problem (the ow is essetally 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 ow
structure) is better obsened for ner mesheqor larger domains). The shack resolution
on the adaptive solution appears just as sharp as the fully uniform level 8 solution,
whilst decreasinghe 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 shavn in Figure 6.14. Grid-convergert behaviour is not always expected hereasonly

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
constart. The low-order density norm is alsolower than the higher-ordervalue at one
point (Figure 6.14(b)). Thesecourter-intuitiv e results might be expected,asdepending
on how the surface intersectsthe mesh, it is possiblethat coarsermesh or subcell
resolutionsactually perform better for a giventest case.The low-order pressuresolution
closely coincideswith the higher-orderresult; this may be expected given the absence
of reconstruction at surfaces(Section4.3.3). Howe\er, it doesnot always coincide(e.g.
in the density or force solution) due to the presenceof reconstruction away from the
surface. All theseerrorsare fairly low, typically much lessthan 2%.

The force errors (Figure 6.14(c)) seemto generally decreasefor ner meshes. For
nearly all meshresolutions,theseerrors do not seemsodependert on subcell resolution
comparedto the pressureor density norm. The force errorsdo not exceed0.7%even for
the coarsestmesh. This result is quite encouraging,suggestingthat obtaining a quite
accurateforce value 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 showvn are adaptive mesh
errors, just for the 64 subcell case. As better subcell resolution meansbetter surface
represemation, it should be expectedthat thesegraphsshown 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 apparenly superlinear
decreaseof density surfacenorm with increasingsubcell resolution is also obsened in
Figure 6.15(b). Howewer, 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-corvergen behaviour
and seemto stay roughly constart. This is probably due to the partial cancellation
of surface pressurenoise as descrited in Section 6.3.1. Howeer, the errors seemto
increaseslightly for the 128 subcell case,but this may simply be the accideral result
of the numerical surfacerougheningdescrited above. The adaptive solution error again
is lower than the nest uniform meshresult (it just may be that cancellationis not so
good for this subcell value).
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Figure 6.15: Wedgesolution error vs subcell resolution for various grids

Conclusions

The surfaceerrorsfor this subcell and meshre nement study are shavn to be quite low
despitethe presenceof surfacenoise,shaving that the VCE method doesnot result in
an excessiely numerically roughenedsurface. It is encouragingto seethat solutions
generally display fairly good corvergert behaviour (at least for surfacevalues) for in-
creasingsubcell resolution. The force errors seemto stay roughly constart as subcell
resolution is increased,due to partial cancellation of the pressurenoise. The adaptive
mesh solution consistetly gave errors aslow (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 Flow 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, agreemen with the theoretical
shock anglefor all solutionsand increasingshock resolutionwith ner meshess readily
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obsened. Surfacenoisearisingfrom VCE surfacee ects canbe seenagain. The adaptive
solution seemdo producea solution of comparablequality to the nest uniform grid.

(a) Level 6 mesh (b) Level 7 mesh

(c) Level 8 mesh (d) Adaptive mesh,level 6-8

Figure 6.16: Cone pressurecortours for various grids, 64 subcells

Error versus grid resolution

The solution error versusuniform grid spacingfor the three di erent subcell resolutions
is shawvn in Figure 6.17. Unlike the wedgesolutionsin Section6.3.2, grid-corvergence
for surfaceerrors should expected here becausener grids have cells closerto the cone
surface,and the solution heredoesvary betweenthe shock and the surface. Nonetheless,
occasionalcourter-intuitiv e results arising from the VCE surfacee ects (described in
Section6.3.2) may occur.

In Figure 6.17(a)the somewhatlinear decreasef pressureerror with cell sizecanbe
seen,which may be a result of the nominally rst-order solution schemeat the surface
(Section4.3.3). 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 consisterly higher error. Errors are all smaller
than 2%.

The forceerrors (Figure 6.17(c)) display superlinear grid corvergence.Howe\er, the
error behaves linearly for the rst-order solution. Power law ts of the higher-order
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Figure 6.17: Cone solution error vs grid sizefor various subcells

curves give corvergenceorders between1 and 2. This example shovs an interesting
reversetrend that lower subcell resolutionsgive a more accurateforceresult. The force
errors here are 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 shav the decreaseof
solution noisewith increasingsubcell resolution in Figure 6.18. The surfacenoisecan
be qualitativ ely seento decreasessubcell resolutionis increased.The graphsof solution
error versusthe inverseof the number of subcellsare shavn in Figure 6.19. Also shovn
are adaptive mesherrors, just for the 64 subcell case.

Pressurenormsfor ner mesheseemto decreasdairly linearly with increasingsub-
cell resolution (Figure 6.19(a)) although they are nearly constart for the coarsestmesh.
The adaptive 64 subcell pressureerror is very closeto the equivalert nest mesh 64
subcell error. Decreasingvalues of the density surface norm are also shavn in Fig-
ure 6.19(b). The density error on the adaptive 64 subcell solution is lower than the
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Figure 6.18: Conedensity cortours 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)) apparerily do not display subcell-corvergen be-
haviour. There is a slight increaseof error with ner subcell resolution. The consider-
ations of Section 6.3.2would seemto apply, namely, that this could be an accidenal
product of the numerical VCE surfaceroughening. In [204 a similar subcell conver-
gencestudy was performed,this time by recordingthe maximum valuesin pressureand
density relative error over the surface (rather than the root mean squareerror). An
additional subcell value of 256 was included in the study. The resulting graph is showvn
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 constart with
subcell resolution, demonstratingthat despitegreaternoiseat lower resolutions,cancel-
lation between positive and negative pressureamplitudes doesoccur. 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 appraximate “corvergenceorder' for subcell
resolutions. These corvergenceorders are 2:43 and 1:55 for the density and pressure
errors respectively, which is encouraginggiven that the underlying ow solwer also has
greaterthan rst-order accuracy

Conclusions

Like with the wedge study of Section 6.3.2, surface errors are quite low despite the
presenceof surfacenoise and additional axisymmetric complications (Appendix E.1).
Newertheless, there is still obsenable subcell- and mesh-cornergen behaviour. The
decreasesn error as both subcell and meshresolution are successiely doubled (Fig-

78



6.3. VERIFICATION OF SUPERSONICWEDGE AND CONICAL FLOW

ures 6.17 and 6.19) seemto be of similar magnitude. The adaptive mesh solution for
the 64 subcell caselikewiseconsisteily gave errorsaslow (or lower than) the equivalent
nest uniform mesh. The VCE method appearsto produce quite satisfactory results
whenvery high resolution solutionsare not required e.g.for practical engineeringdesign
purposessay wherethe integrated pressureforcesare required.

6.3.4 Performance of Wedge and Conical Flow Solution

The solution time versustotal number of cells (in turn related to meshlewvel) for the
wedgeand cone simulations is plotted in Figure 6.21. This is done for the 64 subcell
caseonly asthe curve can be directly comparedwith the adaptive grid solutions which
were also performedwith 64 subcells. All solutions were marched from the sameinitial
condition and terminated at the same o w time.
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Figure 6.21: Performanceof wedgeand conesolutions on 64 subcells

A power-law curve t through the uniform grid resultsis alsoseen,with the solution
time scalingwith the grid sizeaccordingto a power of 1.47 and 1.38for the wedgeand
conesimulations respectively. These gures are closeto the theoretical scalingof 1.50n
a square,uniform mesh (Section 6.1.5), but due to the presenceof the wedgeor cone
geometrythe meshhereis not a perfect square.

The performanceof the adaptive solution is also shovn on thesegraphs, wherethe
nal (and maximum) number of cells for the adaptive simulation is reported. For the
wedgesolution, the number of cellsin the adaptive meshis decreasedy 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 meshresults are at least as accurate
asthe equivalert nest level mesh. In three dimensions,the time and storage savings
should be ewven greater.
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6.4 Verication of Supersonic Vortex Flow

This two-dimensionaltest caseis an inviscid supersonicvortex boundedby two circular,
ninety-degreearcs, and is chosenbecausat hasa smooth, analytic solution [6] and can
be comparedwith previoussolutions[11Q 148. This test caseis alsoworth performing
asa global order of corvergencecan be computed, and this problem hasa slightly more
complex geometry comparedto the wedgeand cone study of Section6.3. The ow
conditions are chosento be identical to those of Referenceg6, 110, 148].

The initial ow condition chosenfor the domain is
=10P=10u=v=0

The inner arc radius is at r; = 1 and the outer arc radius at r, = 1:384. The analytic
density asa function of radius r for this ow eld is

1 .2 1
M2 1 "r—' (6.10)

(r)= i 1+

where the inlet Mach number at the inner radius is M; = 2:25 and density ; = 1.
The pressureP; = 1= and it variesthroughout the ow eld accordingto the isertropic
relation P = P; . The inow (at x = 0) is distributed inversely proportional to the
radiusi.e. u; = (Mi:r)lP.

The global discretization error is computed two di erent ways, a dimensionlesd. ;
norm represeting “average'error (Equation 6.11){

i X Q num Qexact
N Qexact

whereN is the number of cells,Qnum is the computednumerical solution (in this caseit
will bedensity) and Qexact the exactsolution. Another error measurds the dimensionless
root meansquarenorm already erunciated in Equation 6.9.

Ly= (6.11)

Like Section 6.1, the grid corvergenceorder is obtained from simulations on three
successivly-re neduniform grids. They are meshlewels 5, 6, and 7 correspnding to
cell sizesof 0.04325,0.021625,and 0.0108125m respectively. Three di erent subcell
resolutionsare alsoused(32, 64, and 128subcells)to obsene error behavior with subcell
re nemernt.

The ux solwersare AUSMDV and EFM, and a rst-order (no reconstruction) grid
corvergencestudy will alsobe performedwith AUSMDV. As the circular walls are rep-
reserted by polygons,carewastakento position the points alongthe arc circumference
sud that their distancewas at least v e times smaller than the smallestcell size, to
minimize errors from the geometryrepresetation 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 outlinesareshawvn in Figure 6.22. The noisy behaviour at the surfaceis obvious
on coarsermeshes.Due to grid coarsenessind the ow visualizer behaviour, cortours
can sometimesappear outside walls.

Figure 6.22: Pressurecortours for supersonicvortex simulations

Nonethelessthe generalsmoothnessof the solution shows that VCE doesrepresen
the surfacefairly well. The smaothnessbecomesmore evidert with increasingmesh
re nement. Howewer, the improvemen in quality is not as obvious for a xed mesh
level and increasingsubcell resolution.

Grid convergence

The AUSMDV corvergenceorders are shavn in Table 6.10. An additional simulation

was performedwhereerrors only from surfacecells were computed,to test corvergence
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 cornvergenceordersfor supersonicvortex problem

No. subcells

Norms 32 64 128
First-order, L, - 1.04416 -
First-order, L, - 1.20606 -

L1 1.69724| 1.72636| 1.99776
L, 1.85416| 1.90352| 2.10717
Surfacel ; - 1.63797 -
Surfacel , - 1.73622 -

The corvergenceorders are even better than reported body- tted grid values[110Q
148], and are comparableto previous Cartesian grid values|[2] of 1.82to 2.11. Wall
boundary represemations might improve much better on Cartesian grids undergoing
re nement comparedwith body- tted grids, partially explaining why thesecornvergence
ordersare so high.

Thesevaluesare also considerablybetter than the obsened ordersin Sections6.1.2
and 6.1.4 (despite the smaothnessof both solutions), con rming again the problem-
dependert nature of corvergenceorders, and de ating the suspicionthat the poorer
convergencebehaviour in previousveri cation studiesis the result of coding error. There
is alsoan apparert trend that corvergenceorder increasedor higher subcell resolution.
The convergencds alsogood even whenonly surfacevaluesare obsened, demonstrating
good VCE represetation of the curved surface. The EFM corvergenceordersare shovn
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
L, 1.58489| 1.89283| 1.97694
L, 1.75611| 1.98967| 2.0864

Subcell convergence

Alternativ ely “subcell corvergence'orders can be obtained from curvesthat 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 shavs 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'are shavn in Tables6.12and 6.13. It is encouraging
to seethesecorvergenceordersare similar in magnitudeto the formal order of accuracy
for the numerical method, and that for this problem the solutions convergeconsistetly
and roughly equally in both subcell and grid resolution.

Table 6.12: AUSMDV subcell cornvergenceordersfor supersonicvortex problem

Meshlevel
Norms 5 6 7
L, 2.19552| 1.42058| 2.0398
Lo 2.45689| 1.71389| 2.71342

Table 6.13: EFM subcell convergenceordersfor supersonicvortex problem

Meshlevel
Norms 5 6 7
Ly 1.56195| 1.99705| 2.12797
L, 1.51753| 2.21202| 2.86945

83



Chapter 7

Validation - Shock Diraction 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
Lohner'sFEM-FCT code [131])and can alsobe comparedwith Sdardin's experimertal
work [183, and is thus a validation test case.

Figure 7.1(a) shows Sivier's [189] density cortours sometime after the initial shock
has di racted over the wedge. Seweral ow eld featurescan be obsened { shacks, re-
ected shacks, a slip layer, Mach stems,expansionfan, vortex and ertropy layer. There
also exists shack-vortex interaction. Figure 7.1(b) gives a sthematic of ow measure-
merts asseiated with thesefeatures. Thesemeasuremets include {

1. x { horizontal distancefrom the bad 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 shack

(B)

4. b { horizontal distancefrom the badk of the wedgeto triple point formed at the
intersection of di racted Mach stem (D) and its re ected shack (H)

5. ¢ { horizontal distance from the bad of the wedgeto the intersection of the
di racted Mach stem'sre ected shock (H) and the slip layer (C)

6. d { horizontal distancefrom wedgemidline to the highestpoint of the shack (1)

7. vex { horizontal distancefrom badk of the wedgeto the geometriccertre of the
vortex (F)

8. vey { vertical distancefrom wedgemidline to the geometriccertre of the vortex

(F)

A goal of this validation exerciseis to match frame by frame the results of Sivier et
al and demonstrategood agreemen 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]
canthen be usedto calculatethe post-shak pressureand density ratios and o w speed.
Nonetheless,it is impossibleto fully replicate the simulations of Sivier et al [189] as
they usea nite elemen sdhemeand unstructured grids. The ambient atmosphericand
post-shak conditions are given in Table 7.1. The presen simulations assumeperfect
gasair ( = 1:4) and will usethe AUSMDV ux solwer.

Table 7.1: Initial ow conditions for shack di raction problem

Ambient Post-shak
1.145144kg=m?3 | 1.73569%g=m3
P 1¢° Pa 1:805 10 Pa
U 0 154.653m/s

Figure 7.2: Numerical domain for shack di raction over wedgestudy

In this study the computation domainis shovn 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) correswnding to cell sizesranging from 4:38 10 °to 1:37 10 *m
will be used. In the higher resoled case,grid levels6 to 11 will be used,correspnding
to cell sizesfrom 2219 10 3 to 6:84 10 ° m. Note the minimum cell size of Sivier
et al is 28 10 ° m [189, so their results might be more resohed, but the goal of
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7.1. RESULTS FOR THE SHOCK DIFFRA CTION OVER WEDGE

this validation exerciseis to demonstrate good agreemety not exact correspndence.
The density-based adaptation indicator (Equation 3.4) is usedwith 0.063,0.035and
0.004for the re nement, coarseningand noise Iter thresholdsrespectively; Sivier et al
[189] also usethe sameindicator, but their choice of valueswas inappropriate for this
methodology asit resultedin excessie cell re nement. The number of subcells are 64
and 10 for the cell areaand volume respectively.

7.1 Results for the Shock Diraction Over Wedge

In this sectionthe computeddensitiesat di erent framesare presered (the results are
from the higher resolution solution). The ow eld correspnding to frame 2 of Sivier
et al [189 is shown in Figure 7.3. The currernt results seemto lag very slightly behind
the results of Schardin [183 and Sivier et al [189. This is unfortunate, but the initial

conditions are basedon a best estimate on the initial incident shaock location in Sivier's
paper [189]. Howewer, generalgood agreemeh with previous results can be seen. The
slip layer can be clearly obsened and very closeto the wedge surfacethere appears
to be slight solution noise arising from the VCE approximate surfacerepreseiation

(Section 2.4.4), but this is relatively small.

The adapted meshin Figure 7.3(b) also superimposesthe sdileren image of the
ow eld; notethe diagonallinesin the meshoutlinesarean artifact of the grid visualizer.
The grid hasadaptedwell to all major ow features,however not all cellsalongthe slip
layer are at maximum level; an additional ertropy indicator, asrecommendedy Sivier
et al [189],would improve the adaptation there.

Figure 7.4 shows the results at Frame 4. Agreemem with Sivier's results is quite
good, but the curled-up entropy fan is not aswell resolved. This could be due to their
ner minimum cell sizeand ertropy adaptation indicator. Somecortours 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
sthemewith arti cial viscosily and partly alsofrom the numerically roughenedsurface.
Also, the meshis coarserin theseregions(from Figure 7.4(b)) and the contours pass
through di erent sizedcells, which makesfor unewven 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
eadt other, in agreemen with Sivier's result. Agreemen in all major ow eld features
with experimertal and numerical results is quite good (although the computed results
seemto lag slightly in time, asdiscussedabove).
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7.1. RESULTS FOR THE SHOCK DIFFRA CTION OVER WEDGE

(a) Density contours for frame 2 (b) Grid and sdlieren for frame 2

(c) Sdardin 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 sdlieren for frame 4

(c) Sdardin 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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7.1. RESULTS FOR THE SHOCK DIFFRA CTION OVER WEDGE

(a) Density contours for frame 6 (b) Sdhardin frame 6 (from [187)

(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 (1) extendsfrom the bak wedgefaceto
the vortex, and the remnart of the re ected Mach stem (H) is deceleratedbelov the
vortex. The slip layer and entropy layer cortinue to move closerto ead other, but
thesefeaturesare not as sharply resohed as Sivier's [189]. Unlike Sivier's simulation,
Kelvin-Helmholtz instabilities arising from the interaction of shacks | and H with the
vortex are not presen, although they do dewelop at later times. This may be dueto the
coarsergrid resolution and the assaiated numerical di usion becauseKelvin-Helmholtz
is sensitive to di usiv e e ects. In all other respectsthe results agreequite well with the
previous work.

In frame 9 (Figure 7.7) the shock (1) has passedthrough the vortex layer and is
growing into a cylindrical con guration. What appearsto be the beginningsof a Kelvin-
Helmholtz instability in the vortex layer can be seennearthe 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 ow eld resultsfor the nal frame,frame 11, are showvn in Figure 7.8. All major
o w featurespresen 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 shack (1) is
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7.1. RESULTS FOR THE SHOCK DIFFRA CTION OVER WEDGE

(a) Density contours for frame 8 (b) Sdhardin frame 8 (from [187)

(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) Sdchardin frame 9 (from [187)

(c) Sivier frame 9 (from [189)

Figure 7.7: Frame 9 results for shock di raction over wedgestudy
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7.1. RESULTS FOR THE SHOCK DIFFRA CTION OVER WEDGE

now much more sharply resohed than in Figure 7.7(a). Also presen (and obsenable
in Sivier's results) is the formation of a triple point at the intersection of the di racted
Mach stem (D) and re ected Mach stem (H).

The adapted mesh(with overlaid ow le sdlieren) is shaovn in Figure 7.8(c) and it
is clearthat it cortinuesto re ne over discortinuities. There seemgo be somespurious
re nement at the top wall upstreamof the re ected shock (B) whosecauseis not exactly
known. Howeer, 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.

(8) Sdhardin frame 11 (from [187) (b) Density contours for frame 11

(c) Grid and sdlieren for frame 11 (d) Sivier frame 11 (from [189)

Figure 7.8: Frame 11 results for shock di raction over wedgestudy

Most notably the sdilierenin Figure 7.8(c) shovs a moredeweloped Kelvin-Helmholtz
instability in the vortex layer. This is also obsenable from the experimertal resultsin
Figure 7.8(a) and is more clearly seenin a closeupof the oweld at the vortex in
Figure 7.9. The coarserand ner meshresolutionis displayed to comparehow well this
instability is captured. It is obvious that the dissipation inherert in the coarsermesh
simulation suppressedhe generationof the secondaryvorticies (evidert in the ner mesh
simulation), although the vortex layer is nonethelessslightly unstable and perturbed.
This demonstratesagainthe highly grid-dependernt nature of theseinstabilities [16, 84].

Quartitativ e ow eld measuremets from the o w featuresdescribedin Figure 7.1(b)
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Distance (cm)

(a) Frame 11 closeup(coarserresolution) (b) Frame 11 closeup( ner resolution)

Figure 7.9: Frame 11 closeupof Kelvin-Helmholtz instability
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Figure 7.10: Flow eld measuremets for shack di raction over wedgestudy
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7.2. SERIAL PERFORMANCE

are plotted in Figure 7.10, where results from the two grid resolutions are showvn to
obsene grid dependence.The primary ow structures (a, r and x) and the secondary
ow structures (b, ¢ and d) are plotted in Figures 7.10(a) and 7.10(b) respectively.
Agreemei with previousresultsis quite good, with nearly grid-independen behaviour.

In Figure 7.10(c) the vortex position (vcx and vcy) is plotted. Agreemen with
Sivier's result is quite good, and possibleexplanationsof discrepancieswith Sdardin's
experimerts include the di cult y of locating the vortex and the complexinteraction of
the re ected Mach stemwith the vortex [189. Theseresults demonstratethat OctVCE
despitethe issueswith ow noiseat surfaces(Section 2.4.4), hasthe ability to provide
an accurateand fairly well-resohed simulation of this problem. Along with Sivier et al
[189], it is reasonableto assertthat surfacewedge pressureswould also be estimated
well.

7.2 Serial Performance

The serial performanceof the simulations is pro led using the GNU pro ler gprof.
The relative percertagesof time spert 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 gradierts, limiters, reconstruction

2. Solution advancemem { 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 managemen{ updating meshconnectivity, list operations

6. Output { writing solutionsto output les

It is clearthat reconstruction-relatedoperationsare a large fraction of the computa-
tion time, andthe relative di erence betweentheseoperationsand solution advancemen
is quite similar to the performance gures in Section6.1.5. It might be worthwhile for
future work to investigate more e cient ways to perform reconstruction. There ap-
pearsto be good e ciency in the adaptation process,but connectivity managemen is
a necessaryoverheadon an adaptive shheme, meaning a net overhead of around 10%
for the ertire adaptation process. This is actually a fairly signi cant gure that can
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Table 7.2: Serial performancefor shack di raction over wedge simulations (reported
valuesin percenages)

Code portion Coarserresolution Finer resolution
Reconstruction-related 47.65 49.77
Solution advancemen 27.66 32.46
Adaptation 3.36 3.86
Geometric operations 14 9.1
Connectivity managemenh 7.13 4.55
Output 0.2 0.26
Solution run time (hrs) 9.5 44.7
Max. no. cells 1.3 10 283 10

further limit the Amdahl speedup (Section 5.4), so parallelizing adaptation might be
a worthwhile goal. There is very low cost ass@iated with solution output, but this is
dependert onthe le output frequency

Currently with OctVCEhe parallelization of adaptation, geometric operations and
connectivity managemen for two-dimensional problemsis not performed. Also, the
relatively high cost of geometric operations in Table 7.2 would probably be lower in
three-dimensionalsimulations asthere is someredundancyin geometriccalculationsin
two-dimensional simulations. It seemsthat geometric and connectivity managemen
operations reduce for the higher resolution simulation, shawving that as grids become
ner moretime is spert in solving the actual ow equations.

7.3 Parallel Performance

The parallel performanceof this problem on 2 and 4 processorss measured,and the
obsened 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 clearthat the speedupperformanceis not
very good, indicating a large serial code fraction and/or high parallel overheads.

Table 7.3: Obsened speedupsfor shack di raction over wedgesimulations

2 processory 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 giventhe speedup. This e ectiv e fraction incorporatesboth the actual serialand
parallel overheadcode fractions and! respectively. Usingthe Intel compiler with the
openmp-profile option also permits a degreeof parallel code pro ling, but although
total time spert in serial and parallel regionsis reported, theseimplicitly include over-
headsand so an accuratevalue of (n) cannot be computed. Nonethelesspther useful
reported measuresare the per-thread time spert in barrier (syndironization) regions
b(n; p) and the cumulative imbalancetime (the total sum in the courseof the simu-
lation of the time di erence betweenthreads for eah enry to the region). Only the
maximum valuesof the barrier and imbalancetimes will be reported, and thesevalues
should ideally be low.

Using the terminology of Section 5.4 for problem sizen let t, (n; p) be the parallel
overheadgiven p processorsthe important quartities are

(ip) = b(mp)=(C (n)+ (n))
e(mp) = ( (N)+t(np)=( (n)+ (n))
(m = M= (n+ (n)
L(nip) = to(mp)=( (n)+ (n)
E(p) = (n)+ (n)=p+te(n;p) (7.1)

(n; p) canbethought of asa barrier fraction of the code,and E (n; p) is the total elapsed
time of the simulation. As mertioned in Section5.4 the Karp-Flatt metric can be used
to plot the behaviour of e(n; p) for di erent numbers of processor®, and extrapolated
to yield an estimateof e(n;1)" (n) (no parallel overheadsexist for serial execution).
In many casesijt isdicult to determinethe actual valueof (n) dueto code complexity
and this extrapolation is the simplestway. It is thus possiblealsoto obtain an estimate
to! i.e.! (n;p) = e(n;p) e(n;1l). As a measureof the extrapolation's validity, the
elapsedtime on p processorgan be estimatedand comparedwith the measuredelapsed
time using the formula

E°= [e(n; 1)+ (1 e(n;1))=p+ ! (n;p)ts(n) (7.2)

wheret;(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 overheadspert in syndronizations (or
barriers), =! is alsoshawn.

A discussionof ead 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

Single processortime (s) t; 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/overhead =! 0.104 | 0.306 | 0.288 | 0.18
Imbalancetime/elapsed time 0.0033 | 0.0029 | 0.0563 | 0.0106
Estimated elapsedtime (s) E° 21831 | 103623| 20347 | 81847
Measuredelapsedtime (s) E 20232 | 101364| 17978 | 78402

parallelization of the two-dimensionalcode discussedn Section7.2,and it increasedor
more processorglue to parallel overhead(time spert in processstartup, comnmunication
or syndironization). The increase(between?2 and 4 processors)s 0.184and 0.056for
the coarserand ner grid results respectively. The increaseis smallerfor the ner grid
result, probably dueto the Amdahl e ect [15]] (Section5.4) wherethe parallel overhead
fraction typically decreasesor larger problem sizesast, hasa lower complexity than

The extrapolated serialfraction e(n; 1) ' appearsto be smallerfor the coarsergrid
result. Perhapsone causeof this stemsfrom the longer executiontime in someserial
operations for larger problem sizeslike list traversalswhich utilize indirect addressing.
Howeer 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 valuesand 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 consistetly 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 predominart parallel
overheadsappear to consistof comnunication overheads.

Imbalancetimes are quite small (demonstrating good load balancing), and appear
to increasefor more processorsand is lesssigni cant for the ner resolution, indicating
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better performancein parallel regions. Estimated elapsedtimes E° also comparequite
well with actual elapsedimesE (indicating areasonablysoundextrapolation of e(n; 1)),
but are somewhatlarger. Thus could be due to the conseratism in the ! estimates.
Also, the elapsedl processortime t;(n) usedto compute E®in Equation 7.2 may have
beensmallerif it wererun with the increasednemoryresourcef a parallel simulation.

The performancestatistics suggesta fairly large fraction of the code remainsserial
for this problem, limiting parallel e ciency. Moreover, parallel overheadsare also quite
signi cant, and increaseconsiderablywith more processors.Syndironization times also
form asigni cant portion of theseoverheads although comnunication time is apparertly
the dominart factor. This behaviour is expected for a NUMA macdine like the Altix
and the minimal exploitation of locality of storage(and large memory requiremernts) of
the code asdescrilked in Section5.5.3.
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Chapter 8

Validation { Shock Diraction Over
Cylinder

This two-dimensionalvalidation test casesimulatesinviscid shock wave di raction overa
circular cylinder, and wasalsopresetted in Reference$202 203. Notable experimertal
work on this problem was performedby Bryson and Gross[42] and past numerical work
included inviscid simulations on nite di erence [225], body- tted structured [16, 23(
and adaptive Cartesian[153]grids.

The shack speedis Mach 2.81,and the pre- and post-shak gasconditions are shovn
in Table 8.1. The post-shak conditions were obtained from the Rankine-Hugoniot
relations. Perfectgasair ( = 1:4) is assumed. The domain sizeis similar to Quirk's
domain [153. The numerical results here will also compare solution cortours with
Quirk's adaptive Cartesiancode [153]becauseof similarity in methodology and because
Quirk's solution, which uses ner grids, is more resohed.

Table 8.1: Initial o w conditions for shock over cylinder problem

Ambient Post-shak
0:1 kg=m® | 0:3674kg=m?
P 10* Pa 9:04545 10* Pa
U 0 765.21m/s

Two di erent adaptive meshesare usedto obsene grid dependence.In the coarser
grid simulation, v e working mesh levels (level 5 to 10) correspnding to cell sizes
ranging from 0:2188 to 6:836 10 3r will be used,wherer is the cylinder radius. In
the ner grid simulation, grid levels 6 to 11 will be used. Thesemight be compared
with Zoltak's body- tted structured grid [16, 230, where the smallest circumfereriial
cell was 0:01304, and Quirk's Cartesian grid [153], where the smallest cell was about
2:552 10 °r.

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 DIFFRACTION OVER CYLINDER

adaptive ux solwer is implemerted (Section 4.4) where EFM operatesat shocks and
AUSMDV is usedelsewhere.

Pressuretracesare recordedat locationsaround the cylinder correspndingto angles

= 0, 30, 40, 60, 90, 120, 150 and 180. The traces record surface pressure

normalizedby ambient pressureagainstnondimensionaltime tu=r wheret, r and u are
the time, cylinder radius and incidert shock velocity respectively.

8.1 Results for Shock Diraction Over Cylinder

Figure 8.1 comparesdensity cortours from the ner grid simulation with Quirk's con-
tours [153]. The comparisonis quite good, and all important ow featuresare resohed
well (the shack, cortact discortinuity, vortex and vortex stem).

Figure 8.1: Shack cylinder density cortours. Top gure { current results, bottom gure
{ Quirk's [153]

Howeer, cortours behind the bow shock are not smaooth and exhibit noticeable
noise, which could be due to noisebeing generatedat the shock (AUSMDV is usedin
most of the ow). This results from a discretizedstepped represetation of the curved
bow shaock, creating arti cal shearlayerswhich streaminto the stagnation region. Also
Figure 8.2, which shows the correspnding grid, hasa lessuniform distribution of mesh
levels near this region, which makesfor a noisier visualization of cortours.
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The currert results also do not exhibit the deweloping Kelvin-Helmholtz instability
seenin Quirk's result [153 at the cortact discortinuity, perhapsbecausethe grids are
coarserand/or a moredissipative ux solver than Quirk's (who usesa Riemann solwer).
Howeer the original experimertal results [42] alsodid not seemto shaw this instability
well. As diusion regulatesthe rollup of Kelvin-Helmholtz instabilities and Quirk only
performs an inviscid simulation, it is possibleQuirk's simulation doesnot cortain the
full physicsfor the shearlayers.

Figure 8.2: Adapted grid for shack over a cylinder

Figure 8.3 plots the computed pressurehistories at various points alongthe cylinder
surfaceand comparest with previouswork [225 230]. Agreemen is generallyvery good,
especially for those positions at the cylinder front (smaller than 90 ), and tracesfrom
the two di erent meshresolutionsshav high similarity and thus grid independenceto
an extert. There are someminor di erences at those points at the bad of the cylinder.

Some grid-dependencein the post-shak pressurehistory at the separation point
(150) canbe obsenedin Figure 8.3(f) wherethe initial pulseagreeswell with previous
results, but di ers more noticeably at later times. The peak pressuresat the bad
stagnation point (Figure 8.3(g)) are alsocomputedto be higherthan the structured-grid
simulations, but this appearsto alsobe the casewith Zoltak's adaptive meshsimulation
[230] which consistetly gives higher peak pressures(probably becauseof the better
resolution) especially for the secondhalf of the cylinder. In general,the current results
agreewell with previouswork onthis problemin spite of the VCE surfaceapproximation.
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RESULTS FOR SHOCK DIFFRACTION OVER CYLINDER
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Figure 8.3: Shack cylinder pressurehistories
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Chapter 9

Validation - One-Dimensional Spherical
Blast Waves

This sectionsimulatessphericalblast wavesusingthe second-ordeone-dimensionatode
to solwe the unsteadyEuler equationsin one-dimensionakphericalgeometry(described
in Appendix B). This will help establishthe validity of results obtained from the one-
dimensionalcode which, in turn, is usedto verify OctVCEThe test casewill be compared
with the numerical results of Ritzel and Matthews [166], who investigatedthe useof the
\ballo on analogue"model (Section 4.6) 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 energy of the chargeis equivalert to 0.25
kg of Perntolite with a speci ¢ energyof 6.55MJ/kg [166]. The blast energyis related
to the balloon gaspressureand volume via the ideal gasrelation

_(P_PgV

E
1

(9.1)

where E is the total blast energy P the initial gaspressure,P, ambident pressure,V
volume and ratio of speci ¢ heats. Using Equation 9.1, the initial chargeradius and
density of around 0.0441m and 406.24kg=m?® are calculated respectively ( = 1:667).
Assumedambiert conditions for the air are Py = 101:325kPa and = 1:2 kg=m®.
Ritzel and Matthews useda ux-corrected transport (FCT) sdhemewith an elemen
sizeof 5 mm [166]. To obtain exact correspndencein energythe number of cellswithin
the charge must be an integer multiple of its radius and the closestcell sizeto Ritzel's
that can be usedis around 4.9 mm (9 cellsin the charge). Further simulations are also
performedassumingthe sameblast energybut di erent charge conditions {

1. A rst-order simulation without reconstruction,to demonstrateincreasedaccuracy
of the second-orderscheme.
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9.2. RESULTS

2. A second-ordesimulation usingthe TNT explosive and the JWL equation of state

(Section4.5.2), alsoinitiated using the balloon analoguemodel descriked in Sec-
tion 4.6. This testswhat e ect the di erent initial condition and implemertation

of the JWL equation has on the solution. JWL parametersfor TNT are taken
from Referencg127, wherethe initial density and energydensity are 1630kg=m?
and 7 10° J=md respectively. An initial pressureof 8:384 10° 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 cellsin 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 gasis not 7 10° J=m3.
This soleytests the e ect of the JWL equation on the solution. The pressureis
calculatedto be 7:651 10° Paand C, is badkward-calculatedusing Equation 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 computed pressurehistories at two sensorocations for the helium
charge. The computed arrival time, peak overpressureand positive-phasebehaviour is
in very good agreemeh with the results of Ritzel and Matthews [166]. The arrival time
and magnitude of the secondaryshock is alsoin good agreemen
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Figure 9.1: Comparisonof computedtracesof one-dimensionablast simulation

102



9.2. RESULTS

The wave diagram comparing trajectories of primary and secondaryshacks and the
corntact surfaceis shovn in Figure 9.2. Note for the sphericalshack problemthe cortact
surface'sposition is roughly constart [25]. Very good agreemeh betweencurrent and
past results can be obsened. The results give good con dence in the simple spherical
one-dimensionakode.

10 F

Time (ms)

Ritzel primary shock —— -

Ritzel secondary shock ----x--
Ritzel contact surface -

Computed results

0 0.5 1 15 2 25 3 35 4
Dist (m)

Figure 9.2: Comparisonof computedtrajectories of one-dimensionablast simulation

9.2.2 Comparison of Dieren 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 shawvn in
Figure 9.3. Note the \JWL altered TNT equiv" line correspndsto the simulation where
the \altered"” JWL equation of state is usedbut on a gaswith the samevolume and
density asthe helium balloon gas,asopposedto the \prop er" TNT solution (with more
realistic TNT initial conditions), labelled asthe \JWL TNT equiv" line.

As expectedthe rst-order solution more poorly resohesthe primary and secondary
shacks, and consequetly underestimatesthe peak overpressure. The primary shock
strength and positive phase wave behaviour between all solutions are quite similar,
although primary shocks of the TNT solutions seemto 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 ow. 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 evidert, especially of the secondaryshock. The agreemenh betweenall solutions
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Figure 9.3: One-dimensionalblast at 1.5 ms

in the positive phaseis also more pronounced,and, aswith Figure 9.3, the only signi -
cart di erence occurswith the proper TNT solution after the positive phase,which as
mertioned above is likely mainly dueto its di erent initial condition. The altered TNT
solution has an unusual discortinuity near the explosioncorethat may be a numerical
artifact triggered by the suddenswitching of the solution order.

The solutions at 7.5 ms are shavn in Figure 9.5. At this time there is very close
agreemenwith all solutionsin the positive phaseregion. The pressurenearthe explosion
coreappearsto berising badck to the ambient value at this time. The cortact surfacesof
the helium and proper TNT solutionsare alsovisible at aroundx = 0:5 m. This surface
is not captured well for the rst-order or altered TNT solutions probably as a result
of beingrun rst-order at earlier times. The proper TNT solution also has apparerily
deweloped a tertiary shock, and its secondaryshack cortinuesto be larger in magnitude
and lag behind the other solutions. The rst-order solution canno longer represeh the
secondaryshack e ectively.

The wave diagram of all solutionsis shavn Figure 9.6. Wave trajectories amongst
all solutions agreevery well with eat other exceptfor the secondaryshock trajectory
of the proper TNT solution. It appearsthe main causeof this di erent secondary
shock trajectory is due to the di erent initial condition rather than usageof the JWL
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equation of state. On this scaleit is dicult to notice the small di erencesin primary
shack arrival time betweenthe helium and TNT solutions.
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Figure 9.6: Computed trajectoriesfor one-dimensionablast simulation

Theseresultsdemonstratethat mid- to far- eld behaviour of the positive-phasevave-
form is nearly independen of chargeinitial conditions or equation of state usage.They
con rm that the dominant parameterdetermining primary shock intensity and positive
phaseimpulseis the initial explosive energy(Section4.6), and thus using a perfect gas
balloon model is an acceptableapproad 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 gas causeda more se\ere 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 shack 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 shovn in Figure 9.7
after the primary shack has left the domain (but before the secondaryshack). No
re ections can be obsened in pressure,density or velocity. Note the velocity in the
positive phaseis lessthan 20 m=s meaningsubsonic o w.

The solution at 22.5ms is shavn in Figure 9.8, which is after the secondaryshaock
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 causeshe negative phasesolution to deviate slightly.

The solution at 30 ms is shawvn in Figure 9.9 well after the negative phasehas left
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9.3. NON-REFLECTING BOUNDARY CONDITION TEST

the domain. This time the upstreamin uence from the boundary is more noticeable,
which extends leftward until the small inward-moving re ection wave. The densily
solution (Figure 9.9(b)) still seemsto display very good agreemeh with the longer
domain solution. The subsonicoutlet non-re ecting boundary condition seemgo work
guite well even sometime after the secondaryshock has exited the domain, although it

performs more poorly at later times. Similar performancemight be expectedin multi-

dimensional simulations 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 animportant test casefor this code giventhe wealth of

data onthis problem[19,25,40,119 171,197. The material for this sectionappearedin

Referencqg206]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 gasapproad like in Chapter 9.

Simulations are also performed in two and three dimensionsand compared with
the one-dimensionalresult. They should ideally be idertical to the one-dimensional
result, but this is not always attainable asthe charge represetation is asymmetrically
“discretized'in the radial direction by a Cartesian represetation 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
oneis looking. Multi-dimensional simulations are also usually quite expensive and use
coarsergrids that may give solutionsthat are not grid-independer.

The simulations usethe JWL parametersfor TNT taken from Referenceg127], like
in Section9.1. A chargemassof 1 kg is used,thus all reported distancesare alsoscaled
values. Assumedambient air conditions are P = 101:325kPa and = 1:2 kg=m3.

10.1 One-Dimensional TNT Blast

The initial JWL TNT conditionsin Section9.1 are usedherefor the TNT charge,and
an initial temperature of 2900K is assumed133]. A simulation is alsoperformedwhere
a mass-and energy-equialert volume of perfect gas air is used for the balloon gas.
The results are shavn in Figure 10.1; note Cullis' results[101]were only reported to a
distanceof 8 m=kg'=3. Grid-independencss virtually attained with 40 cellsthrough the
charge. The impulseis normalizedby positive phaseduration, and CONWEP data was
not obtainable directly but extracted from Cullis' paper [10]]. Error barsin 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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Figure 10.1: One-dimensionalTNT blast parameters

In generalthe resultsagreewell with existing data, especially in pressureand impulse
(often the mostimportant quartities), and di erencesbetweenthe JWL and air solutions
are very small. Theseresults indicate that a perfect gasbursting sphereapproad can
producegood correlation with experimertal data of important blast parametersfrom as
closeas 0.5 m=kg'=3, which hasalsobeenobsened by Rose[171]. The one-dimensional

solution canthus be usedto computethe error from multi-dimensional simulations (see
Section10.3).

Cullis and Huntington-Thresher mertion that the nite gaugerise time may have
causedheir arrival time to be overpredictedslightly, asappearseviden 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
appearsto be a dicult quartity to measure,and has been known to vary by more
than oneorder of magnitude in experimertal results[144. Poor agreemehin computed
results and CONWEP values was also obsened by Rose[171]. Cullis suggeststhat
CONWEP might overestimatethis value due to afterburning e ects [101].
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10.2. AXISYMMETRIC TNT BLAST
10.2 Axisymmetric TNT Blast

Simulations are performedin two-dimensionalaxisymmetric geometry and with adap-
tive quadtree mesheswith typically 4 working levels. To investigate corvergence, v e
di erent meshesare usedwith minimum cell sizesof 0.1875,9.375 10 2, 4.688 10 2,
2.344 10 ? and 1.172 10 ? m (successig grid doubling). The coarserof thesegrids
canonly represen the chargein onecell, and thus not all solutionsmay be in the asymp-
totic rangeof corvergence(this is demonstratedbelow). The nest cell sizeis chosento
correspnd 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 represetation is shavn in
Figure 10.2. The curved line represets 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 symmetryat x = Ois
assumed.To save costs,smallercomputational domainsare usedfor ner grids. Domain
sizesvary from 6 to 20 m; experiencehasshown thesedistancesare su cien t for a blast
wave pro le to dewelop. Sensorlocations are placedon the radial axis at around 0.2 m
incremeris closeto the charge,and around 1 m incremerts farther away.

Ideal gasair is usedfor the balloon gas. The density of this gasdependson the volume
of the cellsrepreseting the charge and is adjusted for eat grid (using the method in
Section 4.6.1) sud that the charge has a massof 1 kg. The balloon gas pressureis
adjustedto give the correctblast energyequivalert to a 1 kg TNT charge. An adaptive
ux soler (Section 4.4) is usedwith EFM at shacks and AUSMDV elsewhere. The
density-based adaptation indicator (Equation 3.4) is used and typical values for the
re nement, coarseningand noise lter thresholdsare 0.3, 0.02 and 0.008 respectively.
Howewer thesethresholdsare adjusted slightly for eatc meshasthe indicators perform
di erently for di erent meshresolutions,and are chosento give a good but not excessie
degreeof re nement in the regionleading up to the primary shack.

Figure 10.2: Initial grid for 2D axisymmetric TNT blast simulation
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10.2. AXISYMMETRIC TNT BLAST

The calculated blast parametersare shavn in Figure 10.3 and comparedwith the
one-dimensionalspherical result. The overpressureplot shavs a trend of convergence
toward the one-dimensionalresult as the cell size decreasesand coarsergrids usually
underpredictthe overpressure.At distanceslessthan about 1 m the di erencesbetween
the solutions are not so consistem; this is probably a result of the near- eld e ect of
the initial explosive shape, which hasa signi cant e ect on the blast waveform at this
range[40, 21]. The scaledimpulse plot alsoshows reasonableagreemen betweenone-
dimensionaland axisymmetric solutionswith ner grids generallygiving a better result.
Howewer it is shavn later that convergences not soeasyto demonstratefor (non-scaled)
impulse. Arrival time is quite grid-independert, and positive phaseduration seemsto
be the most grid-dependernt parameter (but its convergencecan still be obsened).
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Figure 10.3: Two-dimensionalTNT blast parameters

An example pressurehistory at 11 m radial distance shaving corvergenceof the
axisymmetric solutionsis shavn in Figure 10.4. The di erences betweensucessig peaks
becomeincreasinglysmallerand the positive phasewaveform takesbetter shape. There
is a noticeable nite risetime to peakoverpressureon coarsergrids becauseof the poorer
shack resolution. The secondaryshack is very di cult  to resolve even on the ne grids,
but this feature is not soimportant.

112



10.3. ERROR QUANTIFICA TION IN THE AXISYMMETRIC SOLUTIONS

10

T T

1D solution

dx=2.34375e-2 m -

81 A dx=4.68756-2 m -~
) dx=9.375e-2 m

6 ‘ dx=0.1875 m ------ ]

Overpressure (kPa)
N

. . . . .
20 25 30 35 40 45 50
Time (ms)

Figure 10.4: Example pressurehistory from TNT blast

10.3 Error Quantication in the Axisymmetric So-
lutions

This study takesthe results of Section 10.2 and quarti es the di erences betweenthe
axisymmetric result and the virtually grid-independen one-dimensionakphericalresult
(Section 10.1) for the di erent axisymmetric gridst. As mertioned above, theseerrors
result from grid coarsenessnd the discretization of the sphericalchargevolumeinto a
“staircased'Cartesianrepresemation.

Only the peak overpressureand peak impulse parameters(versusdistance) will be
consideredas theseare the most important quartities from an engineeringperspective.
Pressuresensorsare alsoplacedalong both radial and diagonal (parallel to P+ E’) direc-
tions. Diagonal sensorsmight be expectedto yield leastaccurateresultsand su er most
from numerical di usion aswave propagationis most misalignedto the meshalongthe
diagonal.

It is hopedthat this study will provide both a guideto the magnitude of the errorsat
a givenscaleddistanceand an assessmerof 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 usefulto produce
statemernts like "the estimated error has a x% chance of being too large/small, and (i)
it will be too large/small by no more than valuey 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 errorsin the near- eld may alsohelp determinethe scaledrange belon which the
balloon gaschargerepresetation (and estimatederror) is unsuitable.

1This sectionis taken from Reference[206 and is a more condensedversion of that paper.
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10.3.1 Actual Errors

At ewery sensormoint, the relative error in blast parametersis computedas(fe f)=f,
where f¢ 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 errorsis given below.
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Figure 10.5: Actual axisymmetric TNT parameterrelative errorsvs distance

Overpressure

It is clearfrom the graph of overpressureerror alongthe radial axis (Figure 10.5(a)) that

after about 1 m the solutionsare corverging. Coarsergrids always tend to producelower
overpressuredecauseof poorer shack resolution. Errors prior to 1 m are very large and
do not behave so consistetly becauseof the still-signi cant e ect of the initial charge
shape on the deweloping waveform which is forming into a more radially symmetric
pattern. This suggestdor this range of cell sizesa "cut-o ' distanceof 1-2 m at which

the balloon gasapproad is appropriate when estimating error basedon grid re nemernt

studies. The curves are not always smaoth, and increaseslightly for larger distances
probably becauseof numerical di usion.

114



10.3. ERROR QUANTIFICA TION IN THE AXISYMMETRIC SOLUTIONS

The errors along the diagonal direction (Figure 10.5(b)) are quite similar to those
alongthe radial direction. Errors alsodo not behare consistetly beforeabout 1 m, and
have steeper increasewith distanceafter 1 m asnumerical di usion is more se\erealong
this direction. Although the solutions are corverging at thesedistances,the di erences
betweenerrorsfor eat grid are not always consistem, 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 cornvergenceo the one-dimensionalvaveformis 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 usedon another grid it might
result in excessie or inadequatere nement. Although the grid nearthe primary shack
is usually re ned, the regionleadingup 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 leastthe sameadaptation indicators used. But this canbe computationally expensiwe
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 requiredto keeperrorslessthan 10%.

Impulse

Convergen behaviour is di cult to obsene with impulse (Figures 10.5(c) and 10.5(d)),
and the curvesare much lesssmaooth 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 generallythe casethat ner grids do give lower errors.

It appearsthat the selectedrangeof grid sizesis not within the rangeof corvergence,
but it is still interesting to seehow well the Richardon extrapolation error estimators
work. Impulse might be a more di cult quartity to converge (perhapsrequiring very
costly ner grids) asthe areaunder the nite risetime to the peak pressure(as shovn
in Figure 10.4)may o set the lossin arearesulting from a lower peakin coarsermeshes.
Despite the lack of corvergen behaviour at larger distances,all errors for the di erent
grids are around (or substartially lessthan) 10%, which is a much lower value than
coarser-gridoverpressureerrors. This is an encouragingresult as impulse is often the
most important engineeringquartit 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 eat grid are computed based
on the GCI (Equation 6.3 p.g. 6) and comparedwith the actual error for ewvery grid
resolution and at ewery sensorpoint. This is done with ead graph in Figure 10.5.
Important summary statistics for ead 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
percerile (the value belonv which 90% of the over- and underestimationvaluesfall) and
fraction (out of all sensors)which overestimate. Overestimationsare preferred due to
conseratism in the designprocess.

The GCI error canbe signedin the caseof overpressurgi.e. 3E from Equation 6.3) as
it is always underestimatedbut giventhe erratic impulseerror behaviour (Figures10.5(c)
and 10.5(d)) should be taken as an absolute value for this quartity (i.e. 3jEj, the stan-
dard de nition of GCI). The assumede nement factorr = 2,andp = 1for overpressure
(the sdhemereverts to nominally rst-order at shocks) and p = 2 for impulse errors (the
ow is nominally second-ordelin the smooth positive phase). Howewer only those sen-
sorsafter 2 m from the charge are used, sinceit is found that this is the range where
the error estimatesstart to be more consistetly conserative.

The error statistics are shovn in Tables10.1 and 10.2. Thesetables also display
the statistics for the p = 1.5 case,asit is proposedthat this rounded gure may help
the overpressureand impulse GCI to be slightly lessand more consenrative 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 coarsenessnd the
departure of the discretizedcharge from the ideal sphericalshape).

Overpressure error summary

The overpressureerror summary statistics are shovn 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 excessiely conserative. Taking p =

1.5 reducesthe average overestimation (and its 90th percerile) 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
preferredin lieu of the smaller overestimation magnitude. Becauseof the low number
of underestimations,the 90th underestimation perceriile is computedto be the same
value asthe maximum underestimation value.
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Table 10.1: Overpressureerror summary statistics

Radial Radial Diagonal Diagonal
(p=1) (=15 (p=1) (p=15)
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 percertile 0.527328 0.147001 0.647733 0.220307
90th underestimationpercenile 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) (=15 (P=2) (p=15)
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 percertile  0.0573218 0.100296 0.0434746 0.0745365
90th underestimation percerile 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 shovn in Table 10.2and are for the absolute
error. Over- and underestimation magnitudesare substartially smaller than for over-

pressuresinceimpulse errors are lower. In somecaseghe error is reducedby nearly an

order of magnitude from the equivalert 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 axisymmetric simulations and an equivalert one-
dimensionalresult have beenstudied. The errorsbehave similarly alongboth radial and
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diagonal directions. Error estimatesbasedon grid re nement studies have also been
investigated. The absoluteerror should be taken for the impulse parameter becauseof
di cult y in convergenceof this quartity, but theseerrors are substartially lower than
overpressureerrors. Error estimation basedon the GCI with are nement factor ofr = 2
and solution order of p = 1.5 seemdo work reasonablywell, and data on the quality of
theseestimationshas beenprovided 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=kg'=® is chosenbecauseof the unreliability of error estimatessmaller than this
distance. It remainsto be seenif theseresults are also applicable for the much more
expensi\e 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 expensiwe than axisymmetric
simulations, and the convergenceresults computedin Section10.3might applicableto
this casetoo. The simulation has4 meshlevels with the coarsestand nest grid sizes
being 0.1875and 2.344 10> m respectively. "Quarter-space'symmetry is used where
the x, y and z planesall constitute symmetry planes. Figure 10.6 showns the solution
sometime after the initial burst; the left plane plots pressurecortours, the right plane
density cortours and the bottom plane the grid with superimposedsdlieren. There
seemdgo be excessiely 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 compared with
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the one-dimensionablnd axisymmetric solution (that usedthe sameminimum cell size).
Agreemen with the equivalernt axisymmetric solution is generallyquite good; the variant
trace readingsoften lie to either side of this result.
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Figure 10.7: Three-dimensionalblast parametersfor TNT blast

10.4.1 Parallel Performance of the Simulations

Likethe test casein Section7.3the simulations wererun on an SGI Altix 3700to obsene
the parallel performanceof the code for this problem. The three-dimensionalsimulation
was performed on up to 8 processors. Measuredspeedupsare shavn 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 overheaddecreaseselative to the parallel code portion for larger problem
sizes.

A table of performancestatistics can be constructed similar 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 shavn
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
Single processortime (hrs) 1.988
Max no. cells 4.2 10
'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 ectiv e serial fractions computedfrom the Karp-Flatt metric [113 for
all simulations are lower than those of Table 7.4, although there is a similar substartial
increasen this value between2 and 4 processorsndicating signi cant overhead. The ex-
trap olated serialfraction is quite low at 2%, but this may be an underestimate. Howe\er,
relative di erences betweenthe columns of this table still indicates the large increase
of overhead. The reasonsfor this high overheadare discussedn Section5.5.3and 7.3
and stem mainly from high comnunication cost on distributed-memory madines like
the Altix.

The performancestatistics for the three-dimensionalsimulation are shawvn 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 resourcegwhich is spreadover
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Table 10.4: Parallel performancefor 3D TNT blast simulations

1 processor| 2 processors 4 processors 8 processors
Single processottime (hrs) 137.68
Max no. cells 2.27 10°
'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) 8386 439 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 ectiv e fraction of 0.0918is used. This represeits an upper
bound to the actual serial fraction, and is consistem 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 processoiperformance. The estimated
elapsedtime is thus equalwith 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 also perhaps
the increasedcode parallelization.

The performancestatistics shov encouraginglythat the code appearsto be fairly
well parallelized (lessthan 10% of operationsare serial). Obviously, more work can still
be doneto increaseperformancee ciency. In terms of actual elapsedtime the code
can obtain results in an reasonabletimeframe on 8 processorsalthough it would be
advisableto do initial low resolution calculationsif rapid hazard analysisis required.
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Chapter 11

Validation - Blast Walls

Blast walls are a protective measurethat reducethe se\erity of the blast environment
behind the wall by re ecting badk someof the incoming blast energy[16]]. 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 heigh, wall
distancefrom charge, and distance of structures from the wall.

This problemhasbeenthe subject of past experimertal and numerical studies[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 environmert. To alleviate this lengthy
computational cost, past researb has focussedon investigating the predictive ability
of a much cheaper axisymmetric simulation [123, and on the dewelopmen of a fast
neural network basedtool constructedfrom a databaseof experimerts [161]. Howewer,
in unique geometricarrangemers, only full three-dimensionalsimulations (sud ascan
be doneby OctVCE will be reliable.

Figure 11.1: Blast wall con guration. Source[161]

As validation, OctVCHs 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 ervironmert, but also comparednumerical
with experimertal results. The comparisonswere favourable, indicating that despite
the planar geometry of the experimert, 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
wasthe equivalernt of 60 g of TNT, with a height of burst at 0.15m, a distanceto
the structure L1 = 1:05m and a distanceto the wall L2 = 0:6 m. The wall heigh
is 0.3 m and its thicknessis 0.02m. The only pressuretransducerwaslocated 0.3
m up the structure.

2. In the scenarioof Rice et al [123, the charge masswas 0.513g 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 thesereferencesIn both casesthe computa-
tional domainstretchesfrom the symmetry axisto the structure, asshavn in Figure 11.2.
This approad avoids the problem with axisymmetric obstructed corner cells (between
the structure and the o or) asdiscussedn Appendix E.1, although corner cellsexist at
the junction of the blast barrier and the ground. A non-re ecting boundary condition
is placed on the top boundary and its e ectivenesswill alsobe 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 usedto simulate the explosionproducts. Explosive
JWL parametersare taken from Referencg127. Howewer, given the balloon method of
chargeinitialization (Sections4.6 and 10.2), the charge balloon densitiesand pressures
have to be modied somewhatto 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 also performedto obsene 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 lIter
threshold of 0.017is used,and in the secondsimulation this valueis 0.04. AUSMDYV is
usedasthe ux solver and 64 subcells are 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 cortours at
various times are shown in Figure 11.3. Note at times somecortours 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 shovn in Figure 11.4. There is very
good agreemeh betweenthe solutionsin Figure 11.3and 11.4.
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(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 shovn 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 accourted for by the detonation time of the chargeif initiated from the certre.
Howewer 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 presen in Chapman'sresult, 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 solarge. Although Chapman
et al [48] did not explicitly state the blast energy there is su cient agreemeh in peak
overpressuresand positive phasebehaviour to suggestonly a small discrepancywith
their actual blast energy Perhapstheir results were somehav o set in time, but this
was not specied. In any case,arrival time is not a particularly useful engineering
quartity in blast wave modelling, sothis problemis not very serious.
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Figure 11.5: Pressurehistory for blast wall scenariol

11.1.1 Performance of the Simulation

A uniform meshsimulation with all cells at the samesize as the minimum cell sizein
the lower resolution adaptive meshsimulation was performedto 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 4.74and 4.59in storageand solution time respectively. With an increasing
problem sizein three-dimensionalmeshes,the savings would be expectedto 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 correspnding to

cell sizesof 6:25 10 3 m to 7:8125 10 * m. It is performed in “quarter-space’
i.e. assumingtwo symmetry planes,the “in-plane’' symmetry plane correspnding to the

structure centreline, and a "bad-plane' symmetry condition at the chargecertre parallel

with the barrier. Re ections from the bad-plane symmetry condition would arrive too

late to interfere with the presssurehistoriesin the positive phase.

Density cortours at 146 s are showvn in Figure 11.6and comparedwith the results
of Rice et al. Although there is generallygood agreemeh in major ow features,there
are still noticeabledi erences, especially nearthe symmetry axis. Rice'ssimulations use
a much ner resolution, so current results do not resole certain featuresaswell. The
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diracted shack behind the barrier is soweak that the adaptation criteria fail to re ne
it. In the axisymmetric solution, apparent numerical jetting alongthe axis is seen,but
it is interestingto note that the shadavgraph resultsalsoshawv that detonation products
above the charge have apparerily beenejectedaheadof the primary blast wave.

Density cortours 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 shav the re ected shack
from the structure already interacting with the vortex slip layer. Also, the re ections
behindthe blast barrier are soweakno grid adaptation is presen there and thusfeatures
there are not well-resohed.

The apparen time-wise di erence in solutionsis alsore ected in the pressurehis-
tories (Figure 11.8). Apart from this discrepancy agreemen 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 gaugeZ2.
Somegrid-dependencen the axisymmetric solutions can still be seen.The di cult y of
obtaining mesh corvergen 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. Perhapsthe axisymmetric corner cell degeneracy
encounered at the barrier (Appendix E.1) may aect the solution and arrival time,
soit 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) onewithout the barrier. The arrival times
at gaugesl and 2 are a ected by the presenceof the barrier, but there is a direct
‘line-of-sigh’ from the chargeto gauge3, sothe arrival time at that sensorshould be
independen 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 more of the modelling parameters.

11.2.1 Performance of the Simulations

The three-dimensionalsolution had a maximum of around 1.4 million cells with an
elapsedime 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 cortours
(e) 2D grid (f) Shadowngraph (from [123)

Figure 11.6: Solution to Rice's[123]blast wall problemat 146 s
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(a) Rice 3D (from [123)) (b) Rice 2D (from [123)
(c) 3D contours (d) 2D cortours
(e) 2D grid (f) Shadavgraph (from [123)

Figure 11.7: Solution to Rice's[123]blast wall problem at 246 s
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250

450
Rice 2D result (2000) —— " Rice 2D result (2000) ——
Rice 3D result (2000) - 400 Rice 3D result (2000) i
CFD 2D finer - CFD 2D finer -
200 CFD 2D coarser ) ] 350 CFD 2D coarser
CFD 3D ------ CFD 3D
= o < 300t
E: 150 - i ;.‘_’
=3 i <~ 250
o G e
2 100 . 2 200t
2 i IS
= ¢ S 150
2 st 2
© | S 100t
i
i
50
0 |-
0 L
50 . . . . . . . 50 . . . . . . . .
0 0.05 0.1 0.15 0.2 0.25 0.3 -0.1 -0.05 0 005 01 015 02 025 03 035
Time (ms) Time (ms)
(a) Gaugel (b) Gauge?
500 — : : 700 — . : :
Rice 2D result (2000) —— . Rice 2D result (2000) ——
450 + Rice 3D result (2000) - % 4 Rice 3D result (2000) ---------
CFD 2D finer - 600 | A Actual barrier p
400 - CFD 2D coarser 4 q A Grid-aligned barrier
—————— No barrier ------ |
350
T T
& 300r g
[
g 250t g
7] 7]
3 200 - 3
=3 =3
S 150 | g
o o)
100
50 -
0r —,
50 . . . . . . . 1100 L— . . . . . . . .
0 0.05 0.1 0.15 0.2 0.25 0.3 0.16 0.18 0.2 022 024 026 0.28 03 032 034
Time (ms) Time (ms)
(c) Gauge3 (d) Gauge3, barrier test

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 asthere is only one structure in the blast ervironment. Details of the problem
geometry are shovn in Figure 11.9 and taken from [17§. The chargeis equivalert in

energyto 27.26g of TNT, detonatedat a height of 0.1 m and 0.15m from the structure.

The charge energydensity is 4:52 10° J/kg, and in the simulation is assumedto be
composedof high density air. In Rose'ssimulation, the charge is initially simulated
in a one-dimensionalspherical calculation and remapped to two and three dimensions
beforethe wave reahesthe structure. A uniform meshcell sizeof 1 cm was used,with

a numericaldomainof 2.5 0.5 0.4m.

In the simulations here, an adaptive meshis used with four working levels corre-
sponding to cell sizesof 0:0172to 0:1375m. This meshis so coarseit could only
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11.3. BLAST WAVE CLEARING SIMULATION

represen the initial chargewith 3 cells. Another simulation is also performedwith an

additional re nement level (cell sizeof 859 10 * m) to obsene grid dependenceand

similarity with Rose'sresult dueto closenes®f the cell sizes.Like Section11.2quarter-

spacesymmetry is used. A conmbined 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 soleris usedwith EFM at shacks and AUSMDV elsewhere.
The number of areaand volume subcellsis 32 and 16 respectively.

(a) Clearing geometry. Source[17€] (b) Clearing structure. Source[176]

Figure 11.9: Blast wave clearing geometryand structure

The pressurehistories at gaugesl and 3 are showvn in Figure 11.10. Agreemer is
generally good, especially for the higher resolution simulation. Note that the arrival
times correspnd well with Rose'sresults, strengtheningthe suspicionof a time o set
in the simulations of Sections11.1and 11.2. Grid independencein solutions has not
beenfully achieved. Rose'snumerical result is still probably more accurate due to its
use of the remapping method and ne uniform mesh. Both Rose'sand the presen
simulations do not seemto capture somepeaksrecordedin the experimertal histories,
which suggestghat the experimertal 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-
quiremeris work out to be about 2.6 kB per cell (it is di cult to calculate the exact
memory cost per cell asthere are numerousdata structures assaiated 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 comparedto Rose'sftt_air3d code of around 0.25 kB per
cell [175], but an adaptive grid necessitatedarger storage, and this code also stores
neighbour cell pointers and various list structures. This gure hasalso not fared well
with the move to 64-bit computer architectures, as pointers are usedfrequertly 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 [11§ instead of storing neighbour connectivities.
This will alsoboost performance.
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Chapter 12

Validation - Explosion in Axisymmetric
Container

This sectionattempts to reproducethe resultsof Lind et al [129 in simulating explosions
in a cortainment facility. This facility is usedfor safedisposal of unwanted munitions

via partially con ned open-air burning and detonation. Lind's axisymmetric simulations
also used VCE to represen the facility geometry but they did not specify how the

extra axisymmetric terms were accourted for (Appendix D). They alsouseda uniform,

structured grid. Figure 12.1 shavs a shematic of the containment facility. It consists
of two spherical endcaps,a cylindrical section,and a ned& and lip sectionon 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 usefulnessf the balloon analoguemodel (Section 4.6) in

represeting di erent initial chargeshapes.

Figure 12.1: Containment facility sdhematic. Source[129]

In the R4 run the chargeis composedof RDX explosive (assumedto have a yield of
2 1P J/kg) with a massof about 22.68kg (50 Ib) 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=m?3. In the R7 run the cylindrical chargeis
1.22m in length, 0.26m in radius and hastwicethe masssat 45.36kg, with a detonation
heigh alsoat 1.82m. The energeticyield is the same. Air at standard atmospheric
conditions is assumedfor the ambient gas.

133



12.1. EXPLOSION IN CONTAINMENT FACILITY { R4 RUN

Both adaptive-meshsimulations use four working meshlevels (level 5 to 8), but a
higher resolution simulation (levels5 to 9) is alsoperformedto obsene grid dependence.
Thesecorrespndto cell sizesof 0.0137m to 0.21875m for the ner resolutionsimulation,
which hasa minimum cell sizearound the nominal ne-grid cellsizein Lind's simulations
(1 cm). The density-basedadaptation indicator (Equation 3.4) is usedwith 0.3,0.1and
0.04for the re nement, coarseningand noise Iter thresholdsrespectively. An adaptive
ux solerisimplemerted with EFM at shocks and AUSMDV elsewhereand 64 subcells
are used.

As the code cannot handle thin wall degeneraciesthe facility's walls are set with a
wall thicknesslarger than the maximum distance within a cell (the diagonal spanning
a cell's corners). Thus at no point will a cell be split by the cortainer walls and thus
‘leak’ somegasto the exterior. This is unlikely to a ect the results much, sincethe
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 Containmen t Facilit y { R4 Run

Pressurecortours for the R4 run at selectediimes are showvn in Figure 12.2,and may be
comparedwith Lind's snapshots.A transparert outline of the adapted meshis overlaid
on top of the cortours. Note the complexshack interactions, re ections and focussing
that occurin theseplots. The top non-re ecting boundary condition alsoseemgo work
well in supressinge ections, asin Section11.

The pressureasa function of time and distancealongthe wall for both gridsis shovn
in Figure 12.3and is qualitatively comparableto Lind's result (Figure 12.4)in terms of
shack trajectories and locations of maxima. Note the presenceof fairly noisy cortours
ewven prior to the arrival of the primary shock. These pressurevariations stem from a
perturbed ow eld becauseofthe degeneracieasseiated with obstructed axisymmetric
cells discussedin Appendix E.1. Howeer, they are relatively very small, and do not
seemto have a debilitating e ect on the cortours above the primary shock.

Nonethelessthere is a considerabledi erence in the maximum valuesbetweenthe
grids, indicating grid independencehasnot yet beenfully achieved. However Lind's runs
also did not aim for grid-independen solutions as, somewhatcuriously, their coarser
resolution simulations were more consenrative in terms of overpressure.

It is possibleto give a more accurate estimate to the peak overpressureby using
Richardson-extraplation [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: Pressurecortours for R4 simulation of explosionin cortainment facility

of accuracyof 1 (as the shemereverts to rst-order at shacks) and a grid re nement

factor of 2, the estimated true solution f¢ is simply fo = 2f; f,, wheref; and f,
are the ner and coarserresolution 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
accurate solutionsin complexgeometry even with all the attendant problemsinvolved
with axisymmetric VCE surfacerepresetation.

The local maximum near the bottom end of the lower endcapis due to shack fo-
cussingthere. The pressureat focus points is a particularly grid-dependen result [54]
as accordingto analytic theory the pressureis actually in nite at theselocations [52].
Thus this pressureis an averagedvalue in the vicinity of focus, which in turn depends
on grid resolution. Howewer 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 processorsn
parallel; the lower resolution simulation had an elapsedtime of 25 minutes (maximum
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(a) Coarserresolution (b) Finer resolution

Figure 12.3: Pressurecortours in the s-t plane for R4 simulation of explosionin con-
tainment facility

Figure 12.4: Lind's pressurecortours 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 Containmen t Facilit y { R7 Run

The pressure-timehistory along the wall for the cylindrical charge caseis seenin Fig-
ure 12.5. Theseresultsare again qualitativ ely comparableto Lind's result (Figure 12.6),
although slight di erences can be obsened. Nonethelesghe location of peak overpres-
suresis predicted well. The magnitude of the peak overpressuresagain varies signi -

cartly betweenthe two resolution simulations. They all seemto occur at the bottom
of the endcapdue to shock focussingthere, which is sensitive to the grid resolution, as
mertioned in Section12.1.

Via the sameRichardson-extramlation procedurethe estimated actual peak over-
pressuredor the peaksat around 2.5msand 9 msare 188atm and 489atm respectively,
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12.2. EXPLOSION IN CONTAINMENT FACILITY { R7 RUN

which are quite closein valueto Lind's result (186 atm and 496 atm respectively). The
initial peak pressureat this focuspoint is the most problematic result; the extrapolated
peak pressurethere is only 162 atm, which is much lower than Lind's result of 340atm.
It is not known why this disagreemenis so seere when comparedto the other peaks.
Apart from the issuesat focus points, it is also possiblethat Lind's uniform grid may
have better presened the peak pressurethan the adapted grid given its sensitivity to
charge shape.

(a) Coarserresolution (b) Finer resolution

Figure 12.5: Pressurecortours in the s-t plane for R7 simulation of explosionin con-
tainment facility

Figure 12.6: Lind's pressurecortours in the s-t plane for the R7 simulation [129

The simulations showv that OctVCEseemsable to give comparably accurate results
to Lind's results[129. It is possible,like with Lind [129, to feedthe pressure-timedata
from Figures12.3and 12.5into a simpli ed structural loading model to yield the wall
tension. Simulations for the R7 run wererun on 1 processorthe lower resolution simu-
lation had an elapsedtime of 86 minutes (maximum 10200cells), the higher resolution
run had an elapsedtime of 285 minutes (maximum of 25000cells). This is signi cantly
longer than the R4 run (even accourting for the 1 processor),but it is likely due to a
consistetly larger number of cellsover a longertime.
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Chapter 13

Validation - Blast in Simple Street and
Obstacle Geometries

This sectiontests the ability of OctVCEo model the three-dimensionalblast environ-

mert in simple street and obstaclegeometrieswhich are essetially arragemeits of two

or more (typically grid-aligned) rectangular prismatic bodies. In the caseof street ge-
ometries,the obstaclesare arrangedand scaledto represen buildings in realistic street
layouts. Manually gridding the computational domain can still be tedious if the ar-

rangemetn of objects is complicated. The resulting ow- eld can be quite complexwith

multiple shock interactions and re ections, and formulation of simple semi-empirical
rules is dicult [194], and can lead to drastic under- or over-predictions of pressures
and impulses.

Blast channeling and shieldingin various street con gurations has beenthe subject
of numerousinvestigations[74, 160 172,193 195]. Signi cant enhancemen (as much
as a factor of four) to both peak overpressureand peak positive phaseimpulse was
obsened, and sometimesthe e ect of shielding can be reducedconsiderablyby blast
channeling. Referencg194] provides a good overview of thesestudies. In two-building
simulations, overpressureampli cation in the rear wall of the front structure (due to
shack re ection) of more than two times the incident value was obsened [16Q 191].

Simulations of two di erent obstacle scenariosare 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 basiclayout, 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[19(Q.
The basicgeometryis shavn in Figure 13.2, and further details on the dimensionsare
provided in Section13.2.

13.1 Blast in Street with Right 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=40" scalewith a constart width of 0.4 m.
The chargehasa massof 15.625g TNT and is located at the r3 point in Figure 13.1at
37.5mm heigh of burst. Each of the street buildings are 0.6 m high and 0.15m thick.
Gaugesl{6 are all 75 mm high up the buildings.

From the resultsin Referencg173]the sizeof the computational domainis 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) correspnding to cell sizesof 18.75mm to 156.25mm. Cells at surfaceshad to be
kept at least at level 6 to avoid thin wall degeneraciesA higher resolution simulation
with level 8 cellsis also performedto obsene grid dependence,and also becausethe
minimum cell size (9.375 mm) roughly correspnds to the nominal uniform meshcell
size (10 mm) employed by Roseand Smith [173].

The AUSMDV ux soler is used. A combined adaptation criterion is used with
the density-based adaptation indicator (Equation 3.4) of 0.3, 0.03 and 0.015for the
re nement, coarseningand noise lter thresholdsrespectively, and 0.005for the velocity
di erence indicator (Equation 3.3). The number of interface areaand 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 represetation (Section2.4.3)is used.
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Figure 13.3: Resultsfor blast in street with right angle bend

The pressurehistory at gauge6 is shavn 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 employmert
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 wealker and are not always re ned about at the maximum cell
level, sodi erences with Rose'ssolution are more prominert. The ner grid result was
terminated prematurely becauseof computer systemmaintenance.

The peak positive impulse at eat gaugelocation is shovn in Figure 13.3(b). The
“distancealong the street' is the distance along the certreline of the street (from the
charge) to a location directly opposite the gauge. The comparisonis fairly good, and
there appearsto 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 sheme even when the minimum cell sizeis 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 successig obstacles. The basic layout of their experimert is
shown in Figure 13.2. The dimensionsareL1 = 1.7m,A=H = 06 m, L2= 1.2 m,
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B = 85mandL3= 1.8 m. The chargeis detonatedat the midpoint of the obstacles.
Gaugesl to 4 are positioned 0.3 m above ground along this certral axis (except for
gauge3 at 0.9 m height) and gauge5 is at 0.3 m heigh, 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 ciently 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 certral axis, and another
symmetry plane parallel to the obstructions passingthrough the chargecertre. A min-
imum cell sizewas not speci ed in [190, so the focus of this test caseis on matching
Skavounos' experimertal result. Here the adaptive meshsimulation usesfour working
meshlevels(levels4 to 7) correspnding to cell sizesof 78.125mm to 625mm. A higher
resolution simulation with level 8 cells (39.0625mm) is also performed.

An adaptive ux solwerisusedwith EFM at shocks and AUSMDV 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 shovn in Figure 13.4.
Theseresults were also preseried by the author in Referencg203.

Figure 13.4: Contours for blast in three-obstacleenvironment

Pressurehistoriesat the v e gaugelocationsare shovn in Figure 13.5and compared
with Sklavounos'results. At gaugel, the agreemeh betweenthe current computational
and experimertal results (especially with the ner grid) is quite good, and seemso be
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better than Sklavounos' own computational results at times. The coarsergrid fails to
resole the distinct peaksin the positive phaseperiod. There is also good agreemen
betweencomputation and experimert at gauge2.

Gauge 3 exhibits an overly high peak experimertal pressurewhich may be due to
ampli cation by ground shack and/or gaugevibration. This is a possibility becausga)
ground shock is also seenin the gauge4 trace and (b) this peak seemsisolated from
the pressuredn the rest of the positive phaseperiod. There is alsosomeapparert drift
in experimertal results prior to the arrival of the blast. In other respects agreemen
betweencurrent computational and experimertal resultsis good, and Sklavounos'com-
putational result seemsto be relatively poor asit hasa pronounced nite rise time to
peak pressure(suggestingcoarsergrids) and a delayed arrival time.

Agreemen betweenthe current results and Sklavounos'experimertal result is poor-
est at gauge4. The positive phaseduration seemsto be underestimated. Interference
from ground shack may be partly to blame, but the more pronounced nite risetime to
peak overpressuresuggestggrid re nement is no longerworking aswell heredue to the
lower wave strength, and thus the positive phaseis not represeted sowell. Howewer,
arrival time seemsto be calculatedwell. Note an apparert glitch at about 23 ms that
is too sharp (comparedto the initial pulse)to be a shock. The reasonfor this artifact
is discussedbelov. Gauge5 is at about the samehorizontal distance as gauge4, but
the computational results do agreebetter with experimert here. This suggestghat the
more marked disagreemenin gauge4 might not be mainly dueto poor meshadaptation
there. Note again a sharp glitch at about 23 ms.

The reasonfor this glitch in Figures 13.5(d) and 13.5(e) is probably due to the
cell coarseningprocess. The cell adaptation method as discussedn Chapter 3 is only
consenative in density, momerium and energy Thus there will be a discortinuity in
cell pressurebetween children cells and their just-coarsenedparert cell, which will be
more pronouncedfor larger cells. At gauges4 and 5 the meshre nement is no longer
as ne asit was closerto the charge due to wealer shack strength, and cells here are
quite coarse,on the order of the obstacledimensions.

This phenomenoncan alsobe obsened in simulations of free- eld TNT burst (asin
Chapter 10). For example,Figure 13.6 shavs the free- eld pressurehistory at a gauge
location somedistance from the charge, comparing a uniform meshwith an adapted
mesh. A glitch is presen 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 ciently ne, the glitch can be
minimized.

The coarserresolutionsimulation had a maximum of 1:61 1C° cells(running for 18.5
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Figure 13.5: Resultsfor blast in three-obstacleervironmert
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Figure 13.6: Example of adaptation-generatednoisein pressuretrace

hours) and the ner resolution simulation had a maximum of 6:25 10° cells (running
for 100.75hours). The elapsedtimes for thesesimulations are not a reliable indicator of
computational e ort asthey wererun on a sharedinteractive Altix clusterwith 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 scaledexperimerts and the Cartesian-cellftt_air3d code[39,175
194], making this an ideal validation test case.This test casewas alsoperformedby the
presem author in Reference[203. The plan geometry of the cityscape at 1=50" scale
is taken from Brittle [39] and shown in Figure 14.1 with someannotations. The 16 g
spherical TNT chargeis detonated at the EC1llocation. 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[179 at 2.56m 2.56m 2.56m, and three
di erent, increasingly ner meshesare usedto obsene grid dependence. The coarsest
resolution is a uniform meshlevel 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 meshlevels are the sameonesused by Brittle and Rose[39, 175.
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The coarsestmeshrepresets the charge as a cube becauseof the relatively large cell
sizes. Due to computational resourceconstrairts, a level 9 meshsimulation could not
be performed.

The assumedspeci ¢ energyof the chargeis 4520kJ/kg, which is represeted with
the ballon analoguemodel (Section4.6), and thus its pressureand density is modi ed to
represen correct blast energyand massdepending on the grid resolution. The ambient
gasis air at standard conditions (density of 1.2 kg=m?® and pressure101.325kPa). A
conbined adaptation criterion is implemenrted 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 soler is used(Section4.4) with EFM at shacks and AUSMDV elsewhere.
The number of interface areaand volume subcellsis 32 and 16 respectively.

14.1 Results

Pressurehistories at gaugelocations 1, 3, 11 and 21 are shovn in Figure 14.2and com-
paredwith the results of Brittle and Rose[39, 175. There is generallygood agreemet

especially for the nest resolution meshin the positive phase. Agreemet in peak over-
pressureis poorest at gaugell. Theseresults demonstratethat the balloon analogue
model of chargerepresetation can produce acceptablepressurehistories, although the
remapping procedureimplemerted by ftt_air3d [177]which remapsan initial highly

resohed one-dimensionakolution to multidimensionswould still producemore accurate
results.

In lessmajor details there are more noticeable di erences with Rose'sresult, like
the poorer resolution of secondarywavese.g. for gauge21 wherethe train of waves at
around 6 ms are not captured well. This is probably partly due to the cruder balloon
analoguemodel, but alsobecauseof the time-dependen cell sizeat surfaces.Intersected
or partially obstructed cellswere kept at the maximum level in Rose'ssimulation, but
this was not enforcedin OctVCEwhich allows a varying cell size at surfacesfor faster
results. If the resolution of secondarydetails is not a priority, the current methodology
seemssu cient.

Incremerts betweenthe coarse, ner and nest meshsolutionsin peak pressureand
impulse are shavn in Tables14.1to 14.6;increasingly smaller di erences suggestcon-
vergern behaviour. Gaugel (Table 14.1), beingthe gaugeleast shieldedfrom the blast,
appearsto demonstratethe best corvergen behaviour in both pressureand impulse.
Coarserresolutionsin fact overpredict the peakimpulse,aresult alsoobsened by Brittle
[39], which might be a usefulresult if conseratism is desired.
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Figure 14.2: Pressurehistories for blast in complexcityscape

Gauge3 (Table 14.2) doesnot appearto demonstratecorvergen behaviour in pres-
sure,andthe incremeris in impulseactually changesign. This behaviour is alsorepeated
for gaugesll and 21 (Tables14.3and 14.5), however gauge21 has corvergen pressure.
Rose'sdata [175]for gaugesl1 and 21 are shavn in Tables14.4and 14.6. Rose'sgauge
21 results also show apparert lack of corvergencein overpressureand alsoimpulse.

It is clearthat meshcornvergences not always easyto demonstrate,and dependson
the gaugelocation and quartit y under consideration. Convergencemay be hamperedby
the adaptive meshand complex nature of the wave interactions [175, or perhapsonly
consistetly demonstrableonvery ne meshes.In the simulations here,constart cell size
at surfacesis also not enforced,which may hinder cornvergence.Ilt may be particularly
dicult to obsene corvergencein peak pressureas it is a shack-dependen quartity
and thus quite sensitive to grid resolutionand ux limiters. Perhapsthe coarsestmesh
is too coarseto be in the asymptotic corvergencerange. Nonethelesscorrespndence

with Rose'sexperimertal results still seemsreasonablygood, even if meshcorvergence
hasnot beenfully attained everywhere.

Figures14.3(a)and 14.3(c)show the peakpressureand impulse cortours respectively
on the ertire surfaceof the left-end wall (on which is placed gauges3 to 11). They
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Table 14.1: Complex cityscape, gaugel peak quartities

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 quartities

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, gaugell peak quartities

No. | Pressure| Impulse | Inc. pressure| Inc. impulse
levels| (kPa) | (kPa-msec) (kPa) (kPa-msec)
1 35.5 16.91 - -
2 394 16.07 3.83 -0.84
3 43.84 18.02 4.47 1.96

Table 14.4: Complex cityscape, Rose'sgaugell peak quartities [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 quartities

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'sgauge2l peak quartities [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 shavn for
the nest resolution mesh. These contours are comparedwith Rose'sresult [175 in

Figures 14.3(b) and 14.3(c). There is generallygood agreemen in the magnitude and
location of the various "hot spots', some of which are due to wave coalesence.Rose
comparedtheseconours to unshieldedCONWEP data to demonstratethe inadequacy
of simpleline-of-sight methods for blast problemsin complexgeometriesdueto multiple

shack re ection and di raction [175].

(a) Peak pressurecontours (b) Rose'speak pressurecontours [175

(c) Peakimpulse contours (d) Rose'speak impulse contours [175

Figure 14.3: Contours on left-end wall of blast in complexcityscape
Although a mesh cornvergenceanalysiswas performedfor individual gaugeresults,
it is alsointeresting to perform it for these pressureand impulse cortours. The incre-

mertals in peak pressureand impulse are computed for ead sensoron the face and
comparedwith the next higher level meshto yield an absolute relative error for the
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sensor.This quartity is then summedover all sensordo yield an averagerelative error
per sensorpoint on this face. A decreasingerror might indicate corvergence. These
errors are showvn in Table 14.7. Convergencein impulseis obsened but apparertly not
in pressure,although the di erence is by lessthan 1%. This demonstratesagain the
di cult y of obtaining convergenceconsistetly for all quartities for the meshesusedin
this simulation. Note also that impulse errors are substartially 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 shavn in Table 14.8
and comparedto Rose'sftt_air3d results [175]. The current simulations were all
conductedon four processorsn parallel, and elapsedtiimes cannot be directly compared
with Rose'sresults. Thusin the secondmajor column of Table 14.8the elapsedtime is
normalized by the coarsestresolution elapsedtime.

OctVCEseemsto exhibit slightly poorer scalingin 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.qg. 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 OctVCH ftt_air3d OctVCE ftt_air3d
1 257 100|262 100 || 1 1 0.528 | 0.058
2 58 10°¢ (4.3 10 3.42 3.29 1.33 0.088
3 206 10°|1.44 10° || 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'sequivalert simulation at 12.47hours. Even allowing for the greater
number of cellswith the current simulation, the code is still slover than ftt_air3d by

around a factor of 10. The single processorsimulation could only be performedon the

Altix cluster using a cpusetof at leasttwo memory nodes,asthe memory consumption
exceededthe capacity of one node. Thus a considerablenumber of memory requests
would not be to local memory, which can degradeperformanceas the Altix systemis
fairly "NUMA-heavy', as mertioned in Section5.5.3. Rose'ssimulation was alsorun on
a single2 GHz Pentium 4 personalcomputer, which is slightly fasterthan 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 doneto improve performanceof the current code.
For example,many of the e ciency-b oosting techniquesusedby ftt_air3d [177]canbe
implemerted, like variable timestepping, a lessconsenrative timestep, fully threadedtree
structure [118], solution remapping from lower dimensions,pressure-basede nement
criteria and better memory managemeh More attention should be given to reducing
storagerequiremerts, which was originally not a high priority asit was thought that
explicit storagee.g. of meshconnectivity would be more e cient. Theseperformance
gains might be outweighed by the performancelossesdue to memory overhead e.g.
increasedcade 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 shavn in Figure 14.4,and are similar to those of the three-dimensionalsimulations
in Section 10.4.1. In this casethe 2 processorspeedupseemscloseto the ideal limit,
but as mertioned 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 thosein Section 7.3 can be obtained from speedupdata
and alsothe code pro ler (the Intel compiler's -openmp-profile ag), and are shovn
in Table 14.9. The e ective serial fraction is obtained from the Karp-Flatt metric
(Section5.4), but asin Section10.4.1it could not be extrapolated to estimate the true
serialfraction (on 1 processor)ecauseat did not monotonically increasewith increasing
processors.

An explanation, alsogivenin Section10.4.1,is that the increasedmemory resources
of the 8 processorsimulation enabledbetter performance,but this may alsobe explain-
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Ideal
Measured speedup -—---+--

Speedup

No. Cpus

Figure 14.4: Parallel speedupsfor blast in cityscape simulations

able from variations in memory accessdue to operation on the NUMA system. The
2 processore ectiv e serial fraction is also probably too low from the discussionabove.
Like in Section 10.4.1the minimum fraction, 0.0466(a considerablylower bound) is
used,and performancestatistics are then relative to the 2 processormperformance.

Table 14.9: Parallel performancestatistics for complexcityscape simulations

No. processorg 1 2 4 8

Single processortime (hrs) 234.78

Max no. cells 2.063 10°

"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 obsened here. In somecases
the values have similar magnitudes, but there are also noticeable discrepancies.Some
of these are due to the lower estimate of the serial fraction. Although the overhead
fraction should be 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
setidertical to the overheadfraction. The imbalancefractions are quite low, indicating
fairly good load balancing.

Note that the barrier/overheadfraction decreasesvith more processorsndicating
that communication overheadbecomesncreasinglyimportant. 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 (Section5.5).

As a nal demonstrationthat the code parallelization method is functioning prop-
erly, the pressurehistories at gaugesl, 3, 11 and 21 from the 1, 2, 4 and 8 processor
simulations are showvn in Figure 14.5. The parallelization should not a ect the solution
and thusthe pressurehistoriesfor all simulations shouldalign exactly, which is obsened.
There is a very small discrepancyin solutionsat gaugel. The best explanation for this
might be from slightly divergen numericalroundo errorsbecausehe compiledcodeis
di erent with and without the -openmp ag. Other tracesexhibit exactalignmert. The
code was analyzedwith the Valgrind memory chedker application [67] and no memory
faults were apparer.
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Figure 14.5: Pressurehistories from parallel simulations (blast in complexcityscape)
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14.3 Eect of Adjusting Adaptation Criteria

It was discovered that the adaptation criteria usedresultedin prolonged, needlessand
excessie cell re nement near the explosioncertre, as shavn in Figure 14.6(a) which
plots the sdhileren and overlaid grid for the medium resolution meshat an early stageof
the explosion(on the ground). This obviously hasa signi cant e ect on the simulation
performance.The adjustmert of the adaptation parametersis experimerted with to ob-
sene 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 certre, only the simple velocity-di erence basedcriterion (Equation 3.3) is used.

Figures 14.6(b) to 14.6(d) shov the e ect on the grid re nement densily as this
parameteris varied from 0.01to 0.1 respectively. The sdlieren and overlaid grids are
for the nest resolution. The degreeof re nement clearly decreasess 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 appearsstill to be a considerable
degreeof re nement near the explosion certre, probably due to the multiple shock
re ections occuring there. Howeer, 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 shavn in Table 14.10. It is clear that signi cant reduc-
tions in storageand time can be made if the adaptation criteria are selectedproperly.
Howeer, this isadi cult exercisea priori. A valueof 0.01for the velocity-di erence cri-
terion seemgo give a maximum number of cellsmore consisten with Rose'ssimulation.
Howe\er, the absolute solution 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 2063 10° | 1:1431 10° | 664 10°| 349 10
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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 gaugesl, 3, 11 and 21 for these simulations are shavn in
Figure 14.7 and comparedwith the original simulation. The lesserre nement causesa
deterioration in the solution quality, especially for secondaryfeaturesafter the positive
phase.Howeer it is surprisingthat all solutionsgive good peakoverpressureat gaugesl
and 21, evenfor the very coarsegrid with 0.1asthe velocity-di erence indicator. Gauges
3 and 11 shov how resolution of the peak overpressurebecomegpoorer asthe indicator
is enlargenedandis particularly bad for the 0.1indicator (aslittle cellre 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 between0.01and 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 sud blast simulations is preferrable. There is still someunnecessary

re nement nearthe explosioncertre, soperhapsan additional pressure-di erencecrite-
rion (usedin ftt_air3d [177]) might be useful.
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Chapter 15

Application Study { Mo delling Explosion
In Shipping Container Geometries

This application study was originally reported by the author in Reference[203 and
models an explosionin an internal geometry resenbling a shipping cortainer. The
stemsfrom the recen considerationby the Certre of Hypersonics(The University of
Queensland)into the possibility of testing rocket motors in a con ned facility, which is
a modi ed shipping cortainer with roof verts for the inlet and outlet. Open-air rocket
testing is not preferred becausethe noise generatedfrom the turbulent plume is quite
high at 120-130decibkels. This sectionpresens a very simpli ed numerical simulation of
the worst-casescenariowhen the mainly nondetonablerocket propellant explodes,with
the goal of obtaining corntours of peak overpressuresnd impulseson the (assumedrigid)
internal walls. This is essetially a designstudy and no opportunity for a supplemetal
experimertal study could be performed.

The propellant for the proposedWagtail rocket [35] weighs 20 kg and is predomi-
nantly composedof ammonium perdhlorate, which is normally very di cult to detonate
[158]. In light of this fact and the inability of the code to model propellant burning, a
consenative TNT equivalencevalue of 1 to 1 is assumed,and thus the chargein the
simulation consistsof 20 kg of TNT. Although an explosionof this massof TNT within
a shipping cortainer 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 obsene the magnitude of peak
pressures.This study is thus a study into blast con nemern e ects.

A diagram of the testing facility is shavn in Figure 15.1. The walls are modelled as
smaoth, at surfaces.The explosive sourceis located along the cortainer certerline, 3
m from the intake endand 1 m o the o or. Howewer, a plane of symmetry along the
container certerline is not used. An energydensity of 4520kJ=kg of TNT is assumed
[19]; the chargeis initialized with the balloon analoguemodel (Section4.6). It isassumed
to be composedof perfect gasair.

Three minimum adaptive grids are usedto obsene 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 asthe
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Figure 15.1: Diagram of rocket motor testing facility

code cannot handlethin wall degeneracieshe walls are themselhessetwith a thickness
larger than the diagonal spanningthe cell corners. Computational resourceconstrairts
prevert additionally ner grids to be used. The medium resolution uses v e working
meshlewvels (levels 4 to 8) and is denotedthe L8 mesh. The nest resolution has six
working levels (levels 4 to 9, 0.0586m the minimum cell size) and is denotedthe L9
mesh. The domain size (30 m) is chosento ensurethe primary blast wave can exit all
vens 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 0.09for the re nement, coarseningand noisethresholds
respectively, and 0.02for the velocity di erence indicator (Equation 3.3). An adaptive
ux solwerisusedwith EFM at shocks and AUSMDV elsewhere.The number of interface
area and volume subcells is 32 and 16 respectively. 225 sensorpoints are distributed
uniformly over ead interior wall to obtain peakimpulse and pressurecortours.

As this is aninternal blast scenario|it is expectedthat the high degreeof con nemert
will causemultiple wavere ections and coalesencand produceenhancemets in corners,
edgesand other local constrictions [193]. Depending on the geometry and explosiwe,
guasi-staticgaspressurecan persistfor 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 pressure histories at di erent wall locations are shavn 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
cornersor edgesin the geometry These histories do not shov corvergencein peak
overpressurehowewer Figure 15.2(c) apparerly shows corvergencein the secondpeak.
Figures 15.2(e) and 15.2(f) shov pressurehistories away from edges,and corvergence
in peak overpressureis more demonstrable.
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Numerical corvergencein peak overpressurewas also found to be di cult
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in previ-

ous simulations [175] (seealso Section 14.1), and particularly with gaugereadingsat
structural cornersin an internal geometry[136]. Roseet al [175 state that cornvergence
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may bedi cult to demonstratewheninitial pulsesare comprisedof se\eral (previously)
distinct waves, although secondarypulsesmight be easierto converge. In this case,
the inconsisten convergen behaviour might be becausea shock wave travelling into an
edgeor corner geometryis analogousto shack focussing,due to symmetry of the solid
boundary condition. As discussedn Section12.1the pressureat sud focuspoints is a
particularly grid-dependen result and di cult to resolhe [54].

Hencecorvergenceis more readily expected for sensorsaway from edges,which is
obsened. Another factor in uencing non-corvergenceat edgess that the nest cell sizes
are not always usedat surfaces;depending on the geometryand adaptation criteria the
grid may not be adaptedto the nest level at somesensorpoints, especially those far
from the charge. The range of grid sizesfor this study may not be in the asymptotic
convergenceaange,which may needto be quite ne. AlsoVCE ‘roundso ' cornersunless
a staircasedrepresetation is used. The existenceof ‘'smallcells' (Section2.4.2) at edges
and corners,and a locally rst-order stheme, may also cortribute to the deterioration
of accuracy

15.1.2 Impulse and Pressure Wall Contours

Contours of peak overpressureand impulse along the facility's interior walls are shavn
in Figures 15.3to 15.5. Figure 15.3 shawvs peak quartities along the south face, or
inlet-end wall. This gure givesan exampleof the di erent peak overpressuresolutions
on di erent resolutions, which do di er noticeably, although generalfeaturesare pre-
sened. Thesedi erences are usedin computing averagewall errorsin Section15.1.3.
Peak overpressuresare of the order of tens of megapascals.Maximum valuesincrease
with increasingresolution, and the solution is symmetrical about the certreline. It is
interesting that the local maxima in the higher resolution simulations are slightly away
from the cornersand do not correspnd to the height of burst. The maximum impulse
occurs along the o or edgedue to the shack focussingthere and the charge height of
burst.

Figure 15.4 shaws the peak quartities along the eastface or long side wall for the
L9 grid. Note that peakvaluesoccur at the chargelocation, and are greatestat corners
and edgesdue to focussing. The impulseis nearly constart along the wall sectionfrom
the chargeto the outlet vent. The peakpressuresand impulseincreaseat the north face
(or outlet-end wall) dueto shock re ection there.

Figure 15.5shaws corntours 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,sothe cortours are more smoothly
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(a) Peak ovepressureL7 grid (b) Peakimpulse, L7 grid
(c) Peak ovepressurel 8 grid (d) Peakimpulse, L8 grid
(e) Peak overpressure,L9 grid (f) Peakimpulse, L9 grid

Figure 15.3: South face contours for explosionin shipping cortainer problem
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varying. Peak pressureoccurs at the facility o or and has attenuated to the order of
megapascalsimpulse valuesare alsogreatestat the o or.

(a) Peak ovepressure

(b) Peakimpulse

Figure 15.4: East face cortours (L9 grid) for explosionin shipping cortainer problem

(a) Peak ovepressure (b) Peakimpulse

Figure 15.5: North facecortours (L9 grid) for explosionin shipping cortainer 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 verting
on reducing peak valuescan be seenon the impulse plot where a marked decreasecan
be obsened. The impulse is nearly constart along the sectionfrom the chargeto the
outlet vert.
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(a) Peak ovepressure

(b) Peakimpulse

Figure 15.6: Top facecortours (L9 grid) for explosionin shipping cortainer problem

15.1.3 Average wall errors

Like in Table 14.7 an averageerror for the whole wall can be estimated by calculating

the relative error betweengrids to obtain an averagerelative error per sensoipoint. This

relative error is idertical to the Richardson-extramlated error if the re nement factor

and solution order are 2 and 1 respectively. Decreasingerrors for higher resolutions
indicate corvergence.Theseerrorsare shovn in Table 15.1. Note that errorsin pressure
are quite high, and are as much as an order of magnitude higher than impulse errors.
This behaviour is also seenin Tables10.1and 10.2and 14.7. Although impulse errors
are quite low, corvergencehas not beenadhieved either in impulse or pressure(except
for the top facepressure).

As the greatestsourcesof error typically lie at cornersand edges,it might be inter-
estingto calculate this error excludingthose sensorsat corners/edges.The results are
tabulated in Table 15.2. It is noteworthy that more wall facesdo display cornvergen
behaviour, although not always consistely in both the impulse and pressure.Conver-
genceseemsto depend on what quartity is computed, and even how it is computed.
Pressureerrors have beenreducedby at leasta factor of 2 comparedto Table 15.1and
no impulse error exceed9.4%. The north face, being located farthest from the charge
and more a ected by wave coalesenceinteraction, focussingand numerical di usion,
doesnot cornvergein either impulse or pressure.

As a nal exercise,a simulation is performed on a seriesof much ner grids by
reducing the domain sizeto only encompasghe inlet-end (south) wall and the charge
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Table 15.1: Estimated averagerelative errors for eat 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 ead 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 causedivergencesn the solution. Minimum cell sizes
usedin theseadaptive-meshsimulations are 0.00732m, 0.0146m and 0.0293m. Average
facial errors betweenthesesolutions are shovn in Table 15.3. In this caseconvergence
for both impulse and pressureis obsened, shoving that these ner resolutionsappear
to be within the asymptotic corvergencerange.

Table 15.3: Smallerdomain 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-domainerrorscanbethus computedby comparingthe
solution to the nest smaller-domaingrid (up until 5 ms). The resultsarein Table 15.4
and the estimated errors for the south facein Table 15.1 are reproduced here. These
better error estimatesshaw 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 corverge on this calculation, but
impulse doesnot converge monotonically.

Table 15.4: Better estimate of larger domain errors on south face

Better estimate Previous estimate
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 corvergencefor this prob-
lem, which is also noted in Section 14.1 and in Reference[17]. The simplest means
to obtain corvergen solutionsis to employ ner meshesput this can result in exces-
sive resourceusage(time and storage)for the currernt code. It is still encouragingthat
impulse errors have beenshavn to be quite low (no larger than 3.5%).

15.1.4 Pressure Amplication and Failure on the Outlet Wall

The e ect of con nemert canbe 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 vert is 1.66 MPa and 0.5 MPa respectively.
The peakoverpressureat the vent correspndsto are ected shack from the outlet wall.
Using scaledspherical TNT free- eld data from Kinney [119, at the samestraight-line
scaleddistanceto the outlet wall the overpressureis around 0.024 MPa. Assuming a
shack with this overpressureundergaes normal re ection, the re ected overpressureis
calculatedvia the Rankine-Hugoniotrelations to be 0.053MPa. This meansampli ca-
tion factors at the outlet wall and vert 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 certer) by a simple formula obtainable from a standard
solid medanicstext [227. As the wall is a nearly squaresection, the stressis simply
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15.2. EXPLOSION IN A MORE COMPLEX FACILITY

0:2874y(L=t)? whereq s the load, L andt are the length and thicknessrespectively. It
is computedto be 110 GPa,; 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 unnecessaryo usenumericalsimulation
as hand calculation via Kinney's free- eld scaleddata [119]is su cient to demonstrate
this. As the re ected overpressureis calculatedto 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 elemen simu-
lation.

15.1.5 Performance

All simulations for the longer-domainsimulations (usedto generateTables15.1and 15.2)
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 meshhad a maximum of 452,000cells, elapsedtime 9.6 hours and
required 1.2 GB memory The L9 meshhad a maximum of 2,120,000cells, elapsed
time of 69.13hours and required 5.6 GB memory Basedon these gures the memory
requiremerns are at most 2.95kB per cell, which is slightly more than the value of 2.6
calculatedin Section11.3.

15.2 Explosion in a More Complex Facility

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 briey performed mainly to test how
well the code can handle this more complex geometry A diagram of this geometryis
shown in Figure 15.7. Also shown are the density cortours and the superimposedgrid
on the vertical plane along the duct. The chargein this caseis equivalernt to 60 kg of
TNT (a larger motor size)and three adaptive meshsimulations were performedwith a
minimum cell size of about 20 cm (level 7), 10 cm (level 8) and 5 cm (level 9).

The results shav that no “leakage' of the gasfrom inside of 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 hasresultedin a stronger blast wave at
the duct exit, evidernt from the better meshadaptation comparedto the blast escaping
from the inlet and ertryway. 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 chargeweigh
and o set by 2.9m (or 0.74kg=m*=3). This meansthat the blast exiting from the duct
outlet can be treated essetially like a free- eld blast, but o set by 2.9 m (a relatively
small distance, indicating strong con nemern). 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 cortours for more complex motor testing facility
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Figure 15.8: Overpressureabove duct exit of motor testing facility
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Chapter 16

Summary , Conclusions and Future Work

This thesis has descrited the designand testing of the CFD code OctVCHo model the
problem of blast propagationin complexgeometries.The main designintent behind this
codeis reliable prediction of blast loading in complexernvironmerts which is fast enough
to be usedin a designprocess.This in turn canaid assessmenof 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 necessaryapproad), comparedto empiricial or semiempiricalmethods, for solving
this problem. An overview of previous attempts and codesalsousedin modelling blast
propagationin realistic geometrieswas provided, and the basic characteristicsof explo-
sive blasts wasdiscussed.Chapter 2 then presertied di erent CFD methods which could
be usedto simulate owsin complexgeometriesconcludingwith a discussionon di er-
ernt Cartesiancell methods and their advantages. A detailed discussionwas provided of
the VCE method and its assaiated shortcomings.

Chapter 3 then discussedhe octreedata structure and how it could be utilized asthe
basisfor meshadaptation in the code. Somealgorithms in the form of pseudo-cde were
preseited to demonstratethe recursive nature of the meshadaptation process. Some
measuresthat could be taken to increasespeed (by sacri cing memory) and handle
degeneraciesvere also discussed,and the two di erent adaptation indicators usedin
the code (basedon velocity and density di erences) were preseied.

Chapter 4 certered on the numerical methodology of the code. The governing equa-
tions being solved, their method of discretization and integration, ux solwers used
(the AUSMDV [22]] and EFM [150] schemes),reconstruction method and equationsof
state were descriled. This section also reviewed the boundary conditions usedin the
code and described how initial explosionsor chargesare represeted in the numerical
simulation using the “balloon analogue'or isothermal bursting sphereapproad. 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 establishthe reli-
ability of the code programmingin its implemertation of the numerical methodology.
Four di erent test caseswere considered.The rst case,the Method of Manufactured
Solutions (Section 6.1), demonstrated higher-order behaviour of the code (between 1
and 2). In the secondcase(Section 6.2), the code was shovn to provide solutionsin
good agreemehwith the classicSad shock tub e problem, 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
showvn to work well.

Section 6.3 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 shavn not to be signi cant for practical engineeringpurposese.g. if
integrated pressureforcesare desired. Adaptive meshsolutions resulted in savings of
up to 9times in storageand 7 times in time comparedto comparableuniformly-re ned
meshsolutions, demonstrating the large gainsin e ciency obtainable from meshadap-
tation. Section 6.4, which dealt with supersonicvortex ow, demonstratedvery good
grid corvergence(sometimesas high asthe formal order of accuracy) of the numerical
result to the analytic solution.

Chapters 7 to 14 then descrilked the numerousvalidation tests undergoneby the
code to establishhow well it can solwe realistic blast and shock propagation problems.
In Chapter 7 the shock diraction over a wedgewas simulated, and good agreemen
with previous experimertal and numerical data was shavn. The code performance
wasalsopro led for this simulation. Serial pro ling shawved that reconstruction-related
operations dominated the calculation, suggestingthat future work should target this
areato improve e ciency. Howewer, fairly good e ciency in the adaptation procedure
was achieved. Parallel pro ling (using the Karp-Flatt metric) shoved a serial fraction
for this calculation of appraximately 10-20%,and signi cant overheadsdueto execution
of the code on a NUMA systemand the non-local nature of parallelization and work
distribution amongthreads. This suggestghat if any future dewlopmen of the code
is to occur, it should focus on more complex parallel implemenations and importantly
on improving the code's memory e ciency.

Chapter 8 preserted a simulation of shock interaction with cylindrical geometry
which shoved good agreemehwith previousnumericalwork on this problem. Chapter 9
validated the one-dimensionalspherical solver and demonstratedthe accuracy of the
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isothermal bursting spheresolution with previous experimertal and numerical data. It
con rmed the ndings of previousstudies[166,17]] that the initial energyreleases the
mostimportant factor whenpeakoverpressureor postive impulsein the mid- to far- eld
regimesis desired. Non-re ecting boundary conditions were alsotestedfor this problem
and shavn to work well. Chapter 10 proceededto simulate spherical TNT blast for
both the one-, two- and three-dimensionalsolvers. Cornvergenceof the two- and three-
dimensionalsolersto the one-dimensionalesult was demonstrated,and the errorsdue
to discretization and staircasing of the charge were measured. Parallel pro ling of the
simulations showed large parallel overhead,but around 10% serial fraction to the code.

Chapter 11 concernedsimulations of blast nearsinglebarrier structures. Good agree-
mert with previousdata was shown, although there was a 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 obsened between adaptive and uniformly-re ned mesh solutions. Howewer, the
code was shavn to be quite memory ine cien t, which canimpact performanceconsid-
erably. Chapter 12 demonstratedthe code's ability to simulate well explosionsin com-
plex axisymmetric cortainers. The currert results were somewhatinferior to previous
numerical results of commensurateresolution, but comparableaccuracywas obtained
when Richardson extrapolation [163 164 of the results was performed using solutions
from di erent meshes.

Chapter 13testedthe codein simulations of blast in three-dimensionalernvironmens
consistingof simple grid-aligned rectangular-prismatic geometries and the results com-
pared well with previous experimertal and numerical data. Chapter 14 focussedon
simulations of blast in a more complexurban ervironmernt, and fairly good agreemen
with past results was achieved without the needfor multi-dimensional remappingof an
initial one-dimensionalspherical result [171]. Parallel pro ling of the code shoved a
serial portion of around 10% as before,and signi cant parallel overheads.

It wasalsoobsenedthat for this simulation, unnecessarynd excessie re nement of
the meshoccurednearthe reball dueto the adaptation criteria employed, and future
work might alsoconsiderusing a pressure-di erencebasedindicator to prevent needless
re nement in this region. It is di cult to know a priori what valuesof the adaptation
indicators are optimum for the simulation; only guidelinescanbe provided. Cornvergence
of solutions was not always demonstrable, although there were reliable trends. The
previousdata for this problemwas suppliedfrom Rose'sftt_air3d code[174, which is
alsoan octree adaptive mesh, Cartesian cell code deweloped concurrerily with OctVCE
Comparisonof the codes' performancefor this problem shaved that ftt_air3d is much
more e cien t time-wise and storage-wise.

170



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 opportunity for ex-
perimertal work to supplemen the numerical study, but the work was part of a design
processwhich helped in the ewaluation of options for the rocket test facility. Conver-
genceof solutionswasnot always easyto demonstratedue to the coarsenessf 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 nemert of the blast.

Many of the validation simulations demonstratedthat acceptable(but still some-
what inferior) solutions can be obtained without the needfor rst remapping a one-
dimensionalresult beforethe blast passeghe nearestsurfacefeature. It would appear
that the OctVCEcode hasbeenshown to be a reliable tool in simulating blast propaga-
tion in complex geometries,as per the aims of the thesis, and more generally that the
VCE method and octree meshadaptation appearssuitable for suc problems.

16.1 Comparison with a Similar Code

The ftt_air3d code of Roseet al [174 is similar to, more advancedthan and deweloped
at about the sametime asthe OctVCEcode, and hasgreatertime and memorye ciency.
It may be instructive to compareand cortrast the two codesin casefuture work in
improving or extending OctVCHs undertaken.

Theftt_air3d code[174,177]iswritten in FORTRAN and dueto implemenation of
the Fully ThreadedTree(FTT) structure [118](discussedn greaterdepthin Section3.1)
is much more memory-e cient than OctVCEwhich storesmeshconnectivity, geometric
data and other information explicitly. Lower memoryrequiremerns cortribute to overall
better performancedue to fewer cade misses. ftt_air3d  also appearsto usea one-
dimensionalform of reconstructionwhilst OctVCHisesmulti-dimensional reconstruction
requiring inversionof matricies. In OctVCRhis forms a signi cant portion (50%) of the
calculation code (as mertioned above) and given the successf ftt_air3d , it may be
that multi-dimensional reconstructionis not required for sud problems.

Another very signi cant time-saving strategy usedin ftt_air3d is the useof local
but interleaved timestepping (depending on cell level) and an apparertly lessconsera-
tive timestep. ftt_air3d seemdo usea timestep basedon the expression

X
= - 16.1
t max (a+ juj) (16.1)

with the maximum taken over the three directionsi = Xx;y;z [176]. If this expressionis
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16.1. COMPARISON WITH A SIMILAR CODE

comparedwith Equation 4.7 and assumingthe (a+ u) term is constart, Equation 4.7
gives a timestep which is 6 times smaller than Equation 16.1in three dimensions. As
it is very simple in OctVCEto increasethe timestep e.g. by increasingthe CFL or
adopting Equation 16.1,this might be worth exploring for future simulations. To ensure
stability and proper shack tracking, the meshadaptation frequencycanbe increasedand
more aggressie cell merging undertaken to ensurelarge cells everywhere. Also, a less
consenative CFL \cut-back" procedure (Section 4.8.1, page 37) might be used e.qg.
setting a larger value of ;.

The adaptation indicators in OctVCEwere chosenbecauseof past succes$148,155
211],capability to re ne cellsabout other discortinuities like slip layersand provision of
somere nement in the positive phaseregion of the blast. This can sometimesresult in
excessie re nement about relatively unimportant regionslike the explosive products.
This problem may not be presen in ftt_air3d , which usesa simple pressuredi erence
indicator. It also provides for somedegreeof re nement behind the blast by testing if
the number of times a cell is consideredfor coarseningreades somethreshold value.
ftt_air3d alsoallows speci cation of regionswhere meshre nement can be switched
0, which is not implemerted in OctVCE

Unlike OctVCE ftt_air3d  also supports remapping of one-dimensionalspherical
solutions to multi-dimensions, which can produce well-resoled blast pro les and save
save solution time in the early stagesof the explosion. Comparedto OctVCEwhich
allocated or deallocated memory (correspnding to re ning or coarseningrespectively)
on a per cell basis, ftt_air3d appearsto be more e cient in its handling of memory
by allocating or deallocating stadks of cells. Codesthat frequertly allocate or deallocate
memory do su er from performanceine encies due to memory managemenh overhead
[105, 174, and the memory in OctVCEmight becomemore fragmerted over time than
with ftt_air3d [177.

Howewer, OctVCEdoeshave parallel processingcapability, unlike ftt_air3d , and it
can handle geometry constructed of arbitrary surfacepolygonsinstead of just convex
polygons(required by ftt_air3d ) dueto the generality of the VCE method. A disadwan-
tageis possiblymoretime spernt in computing geometricaloperationslike point-inclusion
gueries. Due to the axisymmetric extensionto the VCE method, OctVCEcan also sim-
ulate axisymmetric owsin complexgeometryin addition to the simple heigh-of-burst
problem. A parallel OctVCEsolution conjoined with a lessconsenative timestepping
strategy discussedabove might be competitive with a ftt_airSd  run. The parallel im-
plemertation (Section5.5) seemsto perform well given the inherertly serial portion of
the code, but still could be more e cient, due to the large memory requiremerts and
locality issueswhen executedon a NUMA madine (as discussedabove).

172



16.2. ACCESSTO THE SOURCE CODE

Further work might thus rst focuson reducing memory usagewithout comprimis-
ing the basic numerical methodology. It may still be possibleto achieve performance
competitive with ftt_air3d  despite the relatively simple parallelization method, ex-
plicit storageof neighbouring connectivity and useof list structures to accessells. For
example,somerelatively simple improvemeris 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 conmbined into a single limited
gradiert quartity, asin ftt_air3d , and geometric data like interface areas, volumes
and surfacenormalsreally only require storagefor intersectedcells, being easily derived
for unobstructed cells basedon cell level. Theseadditional complexities arise because
intersectedcellsin OctVCEare not always at the nest level (unlike ftt_air3d ), which
require more storageto handlethesespecial cases.Given the accuracyof the method, it
may alsobe su cient to usea singleinterface ux vector, evenif the interfaceis 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.uqg.edu. au/staff /ja cobs/cfc fd/ .
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Appendix A

Mixing at the Explosion Core

As discussedn Sectionl.2the contact surfacebetweenthe detonation products and air
can be very unstable. In multi-dimensional simulations, this instability is triggered
numerically due to the perturbed (radially asymmetric) charge represetation on a
Cartesian mesh [122 when initiated using the balloon gas approad. Very early in
the explosionthis unewen cortact surfaceis swept outwards from lighter to heavier gas,
resulting in Rayleigh-Taylor type instabilities alsoobsened in other simulations of blast
propagation[71,139. Implosion of the secondaryshock resultsin further mixing of this
surface.

A typical sphericalexplosionsimulation is performedby OctVCEand the sdlieren of
the early stagesof the processs shavn in Figure A.1, which shavs the instability 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: Sdlieren of 2D axisymmetric blast in its early stages

This instability hasthe unfortunate e ect of triggering excessie re nemernt 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(Section 1.2). It may be advantageousto usea
pressure-basedhdicator to avoid this needlesse nemert.

A.1 Adaptation Parameters for Blast Simulation

As discussedin Section 3.5, OctVCEImplemerts two types of adaptation indicators {
(a) a density-basedindicator and (b) velocity-basedindicator. Default valuesfor the
re nement threshold are 0.3 and 0.01 for indicators (a) and (b) respectively. Lowering
thesethresholdsallow better shack-capturing at larger distancesfrom the blast, but at
the cost of excessie cell re nement nearerthe explosion. Indicator (a), which can also
re ne the positive phasebehind the shack, require coarseningand noise lter thresholds
to be set,and a small test of di erent valuesfor thesethresholdsis shovn in Figure A.2,
which simulates the sameblast problem above.

Five adaptive mesh levels are used. The numbers besidethe letters R C and F
stand for re nement, coarseningand noise Iter thresholdsrespectively. The primary
shock is at a scaleddistanceof about 13.3m=kg'=® and it is di cult to re ne about the
secondaryshock without resulting excessie re nement elsewhere.The resolution of the
positive phasewas not found to be so dependert on the re nement threshold, so only
the coarseningand noise Iter valueswere varied.

Note the turbulent coreregionis always re ned about, which can be wasteful. The
degreeof re nement showvs 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 Iter also tended to
result in more re nement in the core region. For this problem, the simulation with a
coarseningand noise lIter 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=kg*™3. Selectionof optimal adaptation parameters
requiressometrial and error, but this is characteristic of any adaptive method. In the
simulations of this thesis,the coarseninghreshold rangesfrom 0.01to 0.1 and the noise
Iter threshold from 0.001to 0.1.
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A.1. ADAPTATION PARAMETERS FOR BLAST SIMULATION

Figure A.2: Experimertation with adaptation parametersfor blast simulation
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Appendix B

One-dimensional Spherical Code

This sectionbriey descrikes key features of the simple one-dimensionalcode written
for validating OctVCHor 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 @Z Z
= Ur%dr+ r°F b=0Q (B.1)
@ v s
whereU = [; u; E; ,]' and the vector of uxes is
2 3
u
F=g8 " b (B.2)
Eu+ Pu
pu

whereb is the unit vector in the radial direction, in reality a one-dimensionalector like
the interface outward-normal b. The sourceterm is Q = [0; 2PrL; 0; 0] wherelL is the
cell length. The cell-certered nite volume discretization is simply

du.
dt

riL = X raFy by +Q (B.3)
if

The solution marching procedureis essetially the samethat used by OctVCE(Sec-
tion 4.2) reducedto onedimension. Hencea second-ordeRunge-Kutta time integration
procedureand the AUSMDV ux solwer is used (Appendix F.1). In performing these
simulations care must be taken to have the correct charge radius (represered by the
balloon gas) and have an integral number of cells within the charge to obtain exact
correspndencein 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 chargecertre, to engulfthe whole
constart-volume charge). As the detonation speedis usually very high (of the order of
O (10%) m/s), this o set is normally very small and noticeableonly for trace points close
to the charge.
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The CFL cutbadk procedure(Section 4.8.1) is alsousedto prevert instability, and
thusthe 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 [11Q 148 and alsoin the MB_CN&xde [109. This stheme
shouldbe suitable for unsteadyone-dimensionablast wave problemsand is summarized
below.

Supposereconstructionof a quartity Q is desiredfor interfacevalue Qj+;-. On this
reconstruction scheme cell-certered valuesfrom four cells are required, Q; 1, Qi, Qi1
and Q2. Let . =Q Qi 1and [ = Qs Q. ToreconstructQ to the left side
of the interface, the formula is used{

QiL+1=2:Qi+%1 (1 )MINMOD ;b { +(+ )MINMOD b ;; ;
(B.4)

where b is a biasing parameterand a blending parameter. To reconstruct Q to the
right side of the interface the formula is

1
Q122 = Qi i (1 JMINMOD  ,;;b [\; +(1+ )MINMOD b [\; iy
(B.5)

Default valuesof b= 2 and = 1=3 are used. The MINMOD function is given by

MINMOD (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 cellsadjacen to the border cells.
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Appendix C

Finite Energy Release in Cylindrical
Charges

An extensionto the code was consideredin this thesisto incorporate a nite rate of
energy releasefrom ignition points within the charge in a very simplied model of
detonation, much like the approad of Timofeev et al [211 217. In this " nite-rate-
release'model, detonation proceedsradially at a preset speed from speci ed ignition
points until all the explosiwe is consumed. This can be readily implemerted in the
code asit already represets the initial chargeasa group of high pressurecells. Thus,
cellsrepreseting the charge are essetially treated as solid objects until activation to
appropriate gasconditions when the detonation wave passegheir certroids.

With this approad an additional degreeof realismin modelling the blast waveform
and overpressuregnay 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 accour. It would probably be more suitable for cheaper
two-dimensionalsimulations asthis increasedrealismmay only be noticeableon highly-
resolhed meshes.

To obsene the di erences in solution comparedto the “instantaneous-releasetet-
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 experimertal 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 chargeis dependen on
charge oriertation and even location of initiation [10§ and thus makes an interesting
test casefor this study.

A diagram of the numerical domain and pressuresensorlocations is shovn in Fig-
ure C.1. The warheadis positionedat a height of 2015mm. This domainand minimum
cell size (10 mm) is chosento be the sameas Anderson's[11] but an adaptive mesh
simulation is usedwith coarsestallowable cell sizeof 160 mm. Actual sensorlocations
are givenin Table C.1.
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Figure C.1: Cylindrical warhead numerical domain and sensorlocations (from [11])

Table C.1: Sensorlocations for cylindrical warheadexplosion(from [11])

Sensomumber | 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 appliesthe JWL equation of state to the
explosionproducts (Composition B explosiw, likein Anderson'sexperimerts) with JWL
parametersprovided by Reference[127. As the chargeis 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 cellsis adjusted to give the correct energy
The simulation is performedwith an adaptive ux solver (EFM at shacks, 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 shaws a progressionof temperature and grids in the early stagesof the
explosionwhen initiated from three points along the charge certreline (which can be
seenin the initial plot, Figure C.2(a)). Thesepoints at located at heights of 1939mm,
2015 mm (charge certre) and 2091 mm. The consumption of the explosiwe is nearly
completeat about 14.4ms (Figure C.2(d)).
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(& Oms (b) 9.48ms

(c) 11.5ms (d) 14.4ms

(e) 17.8ms (f) 35.5ms

(g) 64.9ms

Figure C.2: Temperature and grid for cylindrical warhead detonation
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Table C.2: Initial conditions for cylindrical warhead (taken from [11])

Diameter 360mm
Length 720mm
Blast energy 4.00925 10 J

Ambient Pressure 101.325kPa
Ambient Temperature | 298K

Pressurehistories from the various sensorlocations are shovn in Figure C.3 and
comparedwith Anderson'sresults. A simulation is alsoperformedassumingthe instan-
taneousdetonation model for comparison. The results shaov that obsenable di erences
exist betweenthe nite-rate-release and instantaneous detonation solutions, which in
turn di er with Anderson'spressurehistories. This is to be expectedas Andersontook
into accoun afterburning which was not implemerted here.

There is also a lag in blast wave arrival time relative to the experimenal results.
Modelling accurately the actual detonation processmight yield better arrival time re-
sults, but this is not soimportant. Except for sensorl, the nite-rate-release model
has an arrival time either earlier than or equalwith the instantaneousmodel. The det-
onation speedthrough the chargeis 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 coinciden.

At sensorsl, 3 and 8 the nite-rate-release model seemgo give slightly better peak
overpressureselative to experimertal resultscomparedto the instantaneousdetonation
model. Howeer, the decy rate for the initial pulseis much sharper for the nite-rate-
releasemodel than the instantaneousone. It is alsointeresting that the current results
seemon the whole to yield better peak overpressuregand comparably good positive
phase) as Anderson's numerical results, comparedto experimert. Howewer, in some
casesthe experimertal pressurehistories are not very good (particularly with sensor
6), presumably becauseof sensorvibration. Also, in many caseshe numerical simula-
tions display secondaryshocks which are not clearly distinguishablein the experimertal
pressurehistories.

The results shav that whilst there is a notable di erence between nite-rate-release
and instantaneousdetonation models, the nite-rate-release approad doesnot produce
consistetly better solutions (when comparedto experimertal results) in either peak
overpressureor positive phasewaveform, at least for this problem. It may still be a
usefuloption to have in somecasesput herethe instantaneousdetonation model seems
to yield fairly good results even in the near- eld (discourting the arrival time discrep-
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Figure C.3: Pressurehistoriesfor cylindrical warhead detonation
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ancy). Better corresppndencewith experimenrtal results is probably only achievable in
the near- eld through detailed modelling of the chemistry of the detonation process.
This extensionto the code requiresfurther dewelopmen and exploration.
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Appendix D

Axisymmetric Virtual Cell Embedding
(V CE) metho d

The baseVCE sdeme(Section 2.4) is unsuitable for axisymmetric o w asthe axisym-
metric Euler equations (Equation 4.8) require additional information { the radial co-
ordinatesof the cell certer r, andits uid interfacesi.e. the unobstructedsidelengthsr,
and wall surfacer,,. How thesequartities are calculatedhasbeendescrikedin Reference
[204] (a derivative paper from the current thesis) and is repeated below.

D.1 Obtaining cell-centre and interface radial co-
ordinates

The VCE subcell division can be usedto calculate r. (the cell's average radial co-
ordinate) and r, (the averageradial co-ordinate of its unobstructed interfaces)if the
radial Ig:)o-ordinatesof eadh subcell are stored and then averagedin the summationi.e.
res = sy =N, Wherers is the radial co-ordinateof a subcelland N the total number
of uid subcellsi.e. unobstructed subcells.

D.2 Obtaining the wall radial co-ordinate

The wall radial co-ordinater,, can be found by noting that VCE always gives straight
surfacerepresemations. With the help of Figure 2.1(b) (pagel14), rst shift the origin to
the lower left cell corner,and assumethe cell is squareof length I.. In a similar manner
to nding r, now the averageobstructel radial coordinates on the eastand west faces
I« andry respectively are found.
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D.3. EULER EQUATIONS IN AXISYMMETRIC GEOMETRY

(a) Downward surface normal (b) Upward surfacenormal

Figure D.1: Two surfacenormal con gurations

Now considertwo cases{ (1) when the surface normal is pointing downward or
sidevays (i.e. its radial co-ordinate is negative or zero respectively) and (2) whenit is
pointing upward.

1. Downwad or sidewayssurfae normal

With the help of Figure D.1(a), note that ry, and ry represeh the midpoint of
obstruction on a side,sothat very simply ry, = ry + ry.

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®= I, r is
applied. Howewer if either ry, or ry are zero,then Iikewiserf(’r or rf(’l respectively
are zero(no obstruction is presert). Thenr? = rd +r%, and nally transforming
bak, ry, =1, r2.

Thus 8

0 <0 whenry-y = 0
Mea=r) = .
e Fx(1=r) when Fx(i=r) = 0

Thenry, =1c (% +r2).

It should be noted from FiguresD.1(a) and D.1(b) that it is equally possibleto use
the averageunobstructed radial coordinates e, and g, instead of r,, and ry. This
extended VCE sdieme can now handle complex axisymmetric geometry and has an
accuracyconsistem 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 volumeperradian A; = Ar, whereA isthe cell'sareaandr the cell'saverage
radial co-ordinate

2. The areaper radian of ead interfacecanbe givenby ri I , whererj; isthe average
radial co-ordinate of the interface,and I; is the interfacelength

Theseexpressionsvill be derived morefully 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 elemen of the axisymmetric cell of Figure D.2. In reality it is an
annulus with a length dx, with an inner radius of ri.s and outer radius of r,s. The
volume elemerts are chosenare sud that dx = ro.s  ris. This annulus hasa volume of

Note that the two-dimensionalareaof the volumeelemen, A, = dx2. With N elemerts,
the areaof the cell can be expressecas A = NA.. The sum of thesevolume elemens
givesthe total volume of the axisymmetric cell {

b\
V= dx* (ros+ ris) (D.2)

i=1
The volume per radian of the axisymmetric cell is then

= Ac= dx (s * Tis) . "is) 2 A" g (D.3)

=1 i=1
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D.5. AREA PER RADIAN OF INTERFACES

wherer 5,4 is the averageradial co-ordinateof the volumeelemen. Assumingthe volume
per radian of the cell is its areaA = N A multipled by someradial valuer, then

X
Ar = NAc= Ay oy (D.4)

i=1

P
which meansthat r = r,4=N = r. i.e. the averageradial co-ordinate of the cell from
the volume elemetts.

D.5 Area per radian of interfaces

D.5.1 Interfaces normal to radial axis

For any unobstructedinterfacesnormal 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 rl, wherer is the annulus radius, and | is the (axial) length of the cell. Thusthe
areaper radian is A=(2 ) = rl. Thus for examplethe top faceof the cellis rl.

D.5.2 Interfaces normal to axial axis

The interfacesnormal to the axial axis are the cross-sectionahrea of the cell annulus.
Thus the areais

A= 12 1?2 = (ra+ry)(ra ry)= g (ra+ry) (D.5)

wherer, and r; is the outer and inner radius of the annulus. The interface length
li = ro rq. In the caseof an unobstructed interface like the axisymmetric cell of
Figure D.2 the front and bad interfaceshave areaof (ro,> r;?). Thus the areaper
radian is

A=(2 )= lif (ra+ry)=2= lif rayg (D.6)

wherer 44 is the averageradial co-ordinate of the interface.

D.5.3 Wall interface

An examplewall interface of a conical surfacecan be seenby the red surfacein Fig-
ure D.2. An areaelemen of this interfaceis dA = 2 rdl wherer and dI are the radius
and length of area elemen respectively. In VCE the variation of the interface radius
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D.5. AREA PER RADIAN OF INTERFACES

can be descriked by the linear relation r = r; + mx (recall VCE only represeis planar

surfaces).Thusif dl =

to give the total area{
Z

X2
dA

X1

dA=2 (ry+ mx)pm2+ 1dx

dr2+ dx2=dx m2+ 1. Thus

(D.7)
The areaelemelts are integrated from x; to x, (the axial length of the cellis x,  Xx3)
p 72 X2
2 m2+1 (ry + mx)dx (D.8)
pP—— N 2 X2
2 mZ2+1rix+ — (D.9)
2
— +
2 mZ+ 1(X, X1) ri+ mXLT X2 (D.10)
P
2 m?2+ 1(Xz Xq1)(r1+ MXayg) (D.11)
p___
2 m2+ 1(Xz X1)lavg (D.12)

wherer ,q is radial midpoint of the interfaceline length. Note that the slart length of

the interfacel = (x;

X1) M2+ 1. Thus A = 2 Irag. The areaper radian is thus

A=(2 ) = Irag. Thusfor all interfacesthe areaper radian is rj ljs .
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Appendix E

Integrated Pressure Force Over a Cone

R
The forceon a portion of the conesurfaceis calculatedfrom the integral PsdA, where
Ps is the pressureon the surfaceand A the area. As dA = 2 rdl, wherer is the radius

and dl the length incremen along the conesurface(FigureE.1), the force per radian is
Z
F=  Pgrdl (E.1)

Figure E.1: Diagram of cone

Now dl can be computedin terms of x and the gradiert of the linem (m = tan ) {

d="arrac=" mads e (E.2)

Thus from Equations E.1 and E.2 the force per radian F is
Z
P—u— p—— x? ™
F= Pg m2+1dx=Psm m2+1 XE (E.3)
Xo
where xo and x; are starting and ending points of integration. By the samereasoning

the force per unit length along a wedgesurfaceis
z p
F= P, m2+ 1[x] (E.4)

Note alsothat for CFD simulations, the appraoximate form of Equation E.1 can be used

to obtain the force for eadh celli.e. if Ps, r and | is known for ead intersectedcell,
then the surfaceforcein that cellis F = Pgr 1.
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E.1. DEGENERACIES WITH THE AXISYMMETRIC CODE

E.1 Degeneracies with the Axisymmetric Code

There are someproblemsassaiated with the axisymmetric VCE method. To illustrate,
consideran initially quiesceh state in a squarecorner cell shovn in Figure E.2. All
ux terms would be zero, exceptfor pressurein the momerium uxes in the x and r
directions. The VCE method (Section 2.4) constructs a single planar surfacefrom the
two obstructed interfaceswith an radial coordinate of r.

Howewer 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 valueof r = re.
In the cell update for axisymmetric ow (EquaF;[ion 4.8) this meansthat Q does not
ertirely cancelwith the sumof ux terms(1=A)  riq F, bj |y leadingto production
of momertum in the radial direction proportional to P=(2r). This production of mo-
mertum arisesfrom this basic mathematical or geometricalinconsistencybetweenthe
radial valuesof the cell interfacesand cell volume.

Figure E.2: Axisymmetric corner cell

This problem is not presen 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 represeted correctly i.e. with two obstructed interfaces. This is basically
the staircasedsurfacerepresetation (Section2.4.3)and is implemerted 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 assud asonly cell
areaand volume fractions are stored. Thus this degeneracyis not always treated.

Also, inconsistenciedbetweencell interfacial and volume radial coordinates will ex-
ist even for non-cornercells. Consider Figure E.3 where an axisymmetric cell with 64
subcells is obstructed by a conical surface. There will still be a slight geomstricalin-
consistencybetweenthe cell radial coordinate r. (obtained by averaging,re = | rs=N
where g is the radial coordinate of a subcell) and the computed wall radial coordi-
nate r; computed from the interface obstruction (Section 4.2.1). r. is computed only

210



E.1. DEGENERACIES WITH THE AXISYMMETRIC CODE

Figure E.3: Axisymmetric cell cut by cone

from wholly unobstructed subcells, but for consistencythe cortributions of partially
obstructed subcellsto this value are also needed. Momertum in the radial direction is
still produced.

To investigatethe se\erity of this problem a simulation is rst conductedof initially
quiesceh air at standard conditions (with a fairly coarsegrid) in an obstructed corner
cell situation asshown 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-state behaviour
was apparenly produced,and Figure E.4 shavs the solution at steady-state.

The solutions shav that a very strong wind can be produced at this corner cell,
although e ects seemlocalizedthere. As there is production of radial momertum some
wind is producedin 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 alsoinducedto replace
masslost in the radial direction. Clearly, the solution at this corner is very di erent
from the ambient condition.

The ow ofinitially quiescen air over a conical surfaceis alsosimulated. This simu-
lation usesthe geometryand grid of the supersonicconical ow study in Section6.3. It
was simulated to the sametime that producedsteady-statebehaviour in the simulations
of Section 6.3, but steady-statebehaviour was not obsened here, even long after this
time. Figure E.5 shaws the solution at this late time. Extrema in the solution seemto
increasein magnitude.

Clearly the radial momerium generatedalong the numerically roughenedsurface
(Section2.4.4)leadsto a very complicatedand noisy solution. The density and pressure
solutions seemto behave best, asthere is overall small deviation from ambient values.
Signi cant velocity is produced, although it very low comparedto the supersonicve-
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E.1. DEGENERACIES WITH THE AXISYMMETRIC CODE

(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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E.1. DEGENERACIES WITH THE AXISYMMETRIC CODE

locities studied in Section6.3. A vortex-like feature also appears presen at the cone
tip, and this is wherethe extremain velocity occur; it may have initially risenwith the
inducing of horizortal ow into an obsturcted cell at the conetip to replacemassloss
in the radial direction.

The e ects of this axisymmetric degeneracyon solutionswith initial quiescen state
(in addition to numerical surface roughening) can be quite signi cant. Divergen or
convergent solutions seemto both be possibledepending on the boundary condition
and geometry It isdicult to predict the e ect this degeneracyhason owswith more
interesting initial conditions. Howewer, thesee ects may not always prove detrimental
to solutionsin simulations of practical interest. For example,it is showvn in Section6.3
that corvergern and accurate solutions of supersonic conical ow can nonethelessbe
produced. In the axisymmetric blast wall simulations of Section11, good overpressure
tracescanbe computeddespitethe presencef problematic cornercells. Perhapsrelative
to much stronger or suddenfeatureslike a blast or shack wave, the e ect on the ow
producedby sud degeneraciegwhich do not increaseso fast) is minimal.
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Appendix F

Flux Calculation Schemes

This sectionsummarizeghe algorithms for the AUSMDV and EFM sdhemesto calculate
the interface ux Fji b in Equation 4.4. More detailed descriptions of the schemes
can be found in Referenceg110,148 15Q 221.

F.1 AUSMD V Scheme

This shemeconbines ux di erencing and vector splitting. At aninterfacethe left state
has ow parametersdensity |, explosionproducts density ., velocity u,, pressure
P_ andtotal erthalpy H_, andthe right state r, ur, Pr and Hg. To begin, the normal
velocity componerts at the left and right of an interface are obtained (in an interface
frame of reference)
U, = up bif (Fl)
Ur = UR bif (FZ)
Tangertial velocity vectorsrelative to the interface are
Vi = UL U N (F3)
VR = UR Ur Nis (F4)

Functions | and g aredesignedto avoid dissipation at cortact disconinuities {

2P =
= F.5
- PL=1L + Pr=r (F.5)
2Pr=
L= R”R (F.6)

PL=1+ Pr=rRr

De ne the interface sound speedat the interfacea,, as

am = max (a,; ar) (F.7)
and individual splittirég terr]ms _
[
< (U +am)® UL tjul oy ouctjulf e U
Jif =1
ueE L i i - (F.8)
ool otherwise
8 h i
< (Ur_am)®  URJ UR] 4 UR] UR]  jf JUR]
R )
Ug = i i - (F.9)
+ rLUR] otherwise

2
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F.1. AUSMDV SCHEME

Second-ordepressuresplittings are given by

8 2
< ;P _ UL=r 1 2 UL=R if Ui=R
L=R y

Pir=." - A am (F.10)

L=R : P U=r JUL=R | th .

L=R ™ Zu o otherwise
and the interface pressureterm is

P = P + Py (F.11)

The switching factor s is basedon the pressuredi erence acrossthe interface{

1 . KijPr P.j
s= —min 1, —
2 ! min (P_; Pr)

with sensitivity constart K setto 10. The mass ux is given by the vector splitting

(F.12)

G= Ut L+ Ug R (Fl3)

For explosionproducts the mass ux of the explosionproducts would similar be G, =
U pL * Ug pr- The AUSMV momertium ux (vector splitting) is

LV = LULU: + RURUR (Fl4)
and the AUSMD momertum ux (ux dierencing) is
1 .
Lp = E[G (UL +ug) JGj(ur uL)] (F.15)

and the normal momertum ux is a mixture of the AUSMV and AUSMD momerium
uxes
1 1
Ln = E + S LV + E S I—D + P]_:2 (F16)

The tangertial componert of the momertum ux is
1 e
Ly = > [G(vL +Vr) jGj(VR VL] (F.17)

and thus the interface momertum ux is

L = Lnbif + L (F18)
The total enthalpy ux is
1 .
H = E[G(HL + Hg) JGj(Hr HL)I (F.19)
Thus the ux Fi bif is
2 3
G

Fir by =§
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F.2. EFM SCHEME

The glitch at the sonicexpansionpoint is xed by modifying the ux for two caseq1)
whenu, ¢ <0O0andur ¢ > 0and(2) whenu, + ¢, < 0andur + cg > 0. For case
1)

2 3
G C (u a

e b.:gL c 3 (“)é (F.21)
T H C (u a (H) '

Gp C (u a (p

where () = () (), andthe constart parameterC hasa value of 0.125. For case(2)

2 3
G C (u+a
Eob ZE L C (u+a (u) % (F.22)
o H C (u+ta) (H) '

Gy C (u+a (p

F.2 EFM Scheme

As with the AUSMDV stheme, at the interface left state the ow parametersare |,
explosionproducts density |, with massfraction f, velocity u,, pressureP,, total
erthalpy H_, specic heat C,., and temperature T_. The right state similarly has
parameters g, or, fr, Ur, Pr, Hr, Cyr and Tg. To begin, the gas constars' are
derived for ead state {

P

R, = F.23

L= (F.23)
P

RR= —= (F.24)
RTR

The normal velocity componerts at the left and right of an interface u. and ugr are
obtained from Equation F.1 and F.2. An averagingfunction is de ned

Pp—
LT R

The averagedgasconstaris for the interface are

C.= Cu+(1 )Cyr (F.26)
R= R.+( )Rg (F.27)
C,=C,+R (F.28)

= C,=C, (F.29)
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F.2. EFM SCHEME

Now de ne the values

1 +1
C=—- )
> 1 (F.30)
p
C|_ = 2R|_T|_ (F31)
p
CR = ZRRTR (F32)
1
W, = §(1+ erf (u.=C)) (F.33)
1
D, = p=e u (F.34)
1
Wg = E(1 erf (UrR=CR)) (F.35)
1
Dgr = 5|9—_e Ug (F.36)
The mass ux from the left state is
m_ = W|_ LuL + D|_C|_ L (F37)
and the mass ux from the right state
Mg = Wr rUg + DRCRr r (F.38)
The total interface mass ux is thus
G = m_ + Mg (F39)

For the explosion products the mass ux G, dependson which direction the wind is
blowing, and is f_ m if m > 0, elsef ym otherwise. The momertum ux is

L = m_u, + mgug + by (W PL + WRPR) (F.40)

and the erthalpy ux is
I !

: -2 ’ . )
u P u P
H=W_ (uH_.+Wg gugHr+D_ C_ U o +DgrCr g JUrl | <R
L R
(F.41)

The ux Fi by 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). Howewer given the
insensitivity of the blast wave in mid- to far- eld on initial condition (Section4.6) it is
not always necessaryto obtain a fully realistic thermodynamic model of this mixture.

A common, simple approad is to obtain an averageratio of specic heats from
the two gases, ayq, to be usedin a = -law' ideal equation of state P = e ( ag 1)
[24,86, 177. A harmonic averageis usedto calculated g {

ag = 1+ (G.1)

1 1 2 1

wheref,; and f, are the massfractions of the two gasesf, = 1 f, and ; and ,
their respective ratio of speci c heats. A di erent harmonic averagemay be used for
the soundspeedformula [24]a = aP= where

1
e 2
The harmonic averagefor the gas is usedin multi uid volume-of- uid algorithms [86]
which are designedto track interfacesand treat di erent speciesasthermodynamically
distinct ertities. 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 ectiv e value [177 basedon comparisonwith the

ideal gaslaw

p= p(p;e)=7p(‘ge)+1 (G.3)
p

where P ( ,;€) 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] notesthat a
constart assumptionis also reasonablebecauseof a fairly low rangeof behaviour
[60]. Another simple analytical expressionfor the adiabatic JWL is also derived by
Baker [17].
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G.1. SOUND SPEED

Another, perhapsmore thermodynamically consisteh approad is to assumether-
mal equilibrium and Dalton's law of additive partial pressuresof ead species. This is
appraximate for real gasedue to intermolecularforces,but canbe usedwith reasonable
accuracywhen combined with a real gasequation of state [46]. This approad 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 gasP, and explosionproducts P, {

P=Pa(asT)+Po( p;T) (G.4)
The conbined internal energy is the mass-fractionweighted average of ead species’

internal energies
e=fa€a( aT)+ fpe( piT) (G.5)

Given the equation of state expressionsn Section4.5.1 and Equations 4.19 and 4.20
the mixture pressureis

| .
P=peRerpeRes “ V0, poT (G.6)
Vo@

and the mixture internal energyis

Av Bv
e= fp — g Ruiey Do Ree 4 Cuimix T (G.7)
R1 R2 '
where the relative volume of the explosion products @ = ¢,= ,, fo and f, are the

massfractions of the ambient gasand explosionproducts respectively, and the mixture
speci ¢ heatCy.mix = faCy.at fCy,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 Lehner et al [131,
155]is usedto treat asambient gasthosemixtures with only a smallamourt of explosive
products. If , is small (or v, large) ! =(Rjg) 0 which appear in the JWL equation
(Equation 4.18). Then the term with the lowestvalue of R is chosen(giventhis vanishes
last) and ambient gasis assumedvhenCe R® < where is asmall threshold value of
order O (10 %) and C the JWL constart corresmnding to the exponertial term in the
JWL equation with the lowest value of R, R,. When this occurs, pressurehas linear
dependenceon density, asin 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 gasesn Appendix G
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G.1. SOUND SPEED

assumingadditive partial pressures.This expressiorwould be particularly simpleif an
averagedgas .4 Wereused(a= ,,4P= ), and for mixtures of ideal, calorically perfect
gaseghis is obtained from the mass-fractionweighted averageof the speci ¢ heats. For
the more complicated case,the derviation usesthermodynamic principles. The general
expressionfor a in either real or ideal gaseq55| is

@
2 —
&= @ sifi (G.8)

where subscripts s and f; meansenropy and massfractions are held constan, thus
@i=@ = f;. It iscommonto eliminate entropy in the expressionby using the energy

form of the equationof state,e = e( ; P), taking its di erential, de= %jp d + %j dP
and for an isertropic process(asin an in nitely weak soundwave) de = Pdv, thus
after further derivation
V2 P 2@jp
@
a? = 1@ (G.9)
@

Thus it is necessaryto derive the quartities %jp and %j for the mixture.

Now the mixture internal energy is the mass-fraction weighted average of eadh
species'internal energye=  ;f;e, thus
e X @
= = fi— G.10
o-- '@ (G.10)
Now assumingan energyform of the equation of state with temperature as a variable
for ead species,g = e ( i;T), the chain rule for partial di erentiation gives
@ @ @ @ a
— == = o+ = = G.11
@r @QT@PF @ @°vF ( )
But the speci ¢ heat of ead speciesC,; = @,=@ j , by de nition and @ =@; jr can
be derived from ead species'equation of state. It remainsfor the derivative @ =@ jp
to be found.

Using a pressureform of the equaticl):n of state with temperature dependencyand ad-
ditive pressuresrom ead speciesP = ;P; =, P ( i; T) wheretemperature equilib-
rium is assumed.Fortunately for many real gasequationsof state like the van der Waals,
virial and JWL equation of state the temperature dependencyis often linear and hence

inversion of the pressuresummation is usually possible,with T = T (P; 1; 2;:5 n).
Thus a X a
= = fi— G.12
@ p @; P ( )
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G.1. SOUND SPEED

Hencethe nal expressionfor @=@jp is

e _X ,@ X @

— = fi'— +C fi— G.13

@ p i | @i T vV i I@i p ( )
where C, is for the mixture, C, = .
the mixture and JWL equation of state in Section4.5.2,the derivatives @,=@, jv and

@=@,jr canbe analytically derived and are

fiCy.i. Given the energyand pressureforms of

@ _ Aeriey B o (G.14)
@p 7 p p
AR BR

@—p P o> o>
For the ambient, calorically perfect and ideal gas, e, = e,(T), @,=@,jr = 0, and
: P
As beforethe mixture internal energye= ;f;g, thus
e X @

In this caseas is held constart then given the assumptionin Equation G.8 that f; is
constant, all ; arealsoconstart. Thus @;=@] = Oandwith ¢ = ¢ ( i;T) the chain
rule for partial di erentiation gives

@ @ a
= = = G.17
@ @ o (G.17)
Note againthat @ =@ j, = C,,, and once more assumingthe mixture temperature
T=T(P; ;) then
@ a
— =C,— G.18
@ @ (G.18)

The derivative @ =@ j is readily obtained from the mixture equation of state (Ap-
pendix G) sinceall ; are held constart, and for a mixture of JWL and ideal gasesis
%J = (! pCupt aRa) g
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Appendix H

Non-re ecting Boundary Conditions

This sectionbriey descrikesthe implemertation of the non-re ecting boundary con-
ditions of Thompson [21Q for subsonic ow. Along a given co-ordinate axis x; the
non-re ecting conditions are implemernted slightly di erently dependingon whether the
boundary is the left face A or right faceB, illustrated in Figure H.1.

Figure H.1: Diagram for non-re ecting BC illustration

H1l Outo w

For out o w at the left face A, the following condition must be satis ed {

@ @
—+a—=0
@; @;
wherea is the cell soundspeed. For out o w at right faceB, the condition is
@ @i
— a—=0
@; @

This condition canbe implemerted by giving the extrapolated pressureon the boundary
a value consistem with the non{re ecting boundary condition given above (other ow
guartities can just be extrapolated). For example,through the right face

@i
@
where x; is half a cell length (from the cell certre to the border face), Py is the
extrapolated boundary pressure,and subscript ¢ denotesthe cell-certred values. is

the limiter for the velocity componert u; and its inclusion is necessaryn Equation H.1
asthe extrapolated pressureP, can sometimesgo negative (if = 1 always) if there is
a strongly negative gradiert e.g.whena shock crosseghe boundary.
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H.2. INFLOW

H2 Ino w

Subsonicin ow is a rarely-used boundary condition for the type of simulations con-
sideredin this thesisas out o w boundary conditions are typically enforcedat domain
boundariesfor exiting blast waves. For in o w at the left face A, theseconditions must

be satis ed {

: @ @ _

a@i @; 0
@
_=0
@;
@iz
_=0
@i

%+ a%zo

For in o w at the right B, the conditions become

2@ @ _

—=0
@ @
@P
_—~=0
@i
@3 _
@—0
Q a@:O
@i @i

Thesefour equationsmeanthat four extrapolated ow variablesmust be setto satisfy
the non-re ecting boundary condition.
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Appendix |

Alternating Digital Tree (ADT) structures

This sectiondescrikesthe Alternating Digital Tree (ADT) structure, which is a spatial
binary tree data structure like the octree but designedespecially to speedup geometric
searting and intersectionproblems[1, 36]. Geometric searching refershereto obtaining
from a set of n points thosethat 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 thosethat intersect with a given hyper{rectangular
object. Sequetial geometricsearding is of O(n) complexity; ADT searding reduces
this to O (log(n)) tests, which is signi cant whenthere are many bodies.

As an example of geometric seartiing, considera set of points A{E in 2D space,
asin Figure I.1. The rst point A correspndsto the root of the binary tree and the
whole space.The next point B is placedas either 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 x° axis. The
correspnding region of B is thus the right half of A's domain.

Figure I.1: Constructing an ADT

Point C then testsif it liesto the left or right of the bisectorof the x° axis. It liesto
the right, but sinceB hasalready beenassignedo this region, point C testsif it should
be the left or right child of B by now testing if it liesto the left or right of the bisector
along the x* axis of B's region. This procedureis repeatedfor the other points D and
E.
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The ADT is thusrecursiwely 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 axis which a previouspoint Pis ass@iated with. P will
then be assigndthe left or right child dependingon this outcome,but if a child already
exists correspnding to another point P % the samebisectiontest is now applied on the
subregioncorrespnding to P and so forth until P is nally assigneda partitioned
subregionof its own. The cyclical axis bisectionis given by

j = mod(l;N) (1.2)

Thus the xI th axis is bisectedwhereN is the spacedimensionand | is the level of the
node on the ADT (the root is level 0) correspnding to the subregioncurrerntly being
bisected. For example,point C above would be B's child, and B is a level 1 point/no de
andN = 2, sothe x! axis shouldbe bisectedfor the subregioncorrespndingto B. These
subregionsare hyper-rectangularbecauseof the axial bisection. The generalalgorithm
for adding a point to a node on the ADT s givenin Figure 1.2.

Figure 1.2: ADT building algorithm

As points are uniquely assignedsubregionsof their own it is not necessaryo linearly
test ead point to sedf it lieswithin ahyper{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
regioncan be donethrough the medianof points [1], but this requiressorting the points
along eat axis. This hasnot beenimplemerted in the code.

The intersection of hyper-rectangularregions(i.e. bounding boxes) is a simple test.
Referring to Figure 1.3 if the bounding box of oneregionk is given by [Xk:min ; Xk:max ]
and the bounding box of another region o is given by [Xo:min ; Xoright], the regionswill
intersectif and only if

i
Xk;min X

X:(;max Xo;max (|2)



wherex' are the vector componerts of the verticiesandi = 0;:::;N 1

Figure 1.3: Bounding box illustration

The generalalgorithm for using the ADT for geometric seardiing can be written

simply and recursively as shown in Figure 1.4.

Figure 1.4: Generalgeometricsearding algorithm for ADTs

Geometricintersection problemscan also be handled using ADTs via a mapping of
Equation 1.2 into 2N hyperspace.Note that Equation 1.2 can be written as

0 0
Xmin Xk;min X

N 1 N 1 N 1
Xmin Xk;min Xo;max
0 0 0

Xmin Xo;min Xk;max
N 1 N 1 N 1
Xmin Xo;min Xk'max
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Xmax

Xmax. (1.3)



Note [Xmin ; Xmax ] denotesthe bounding box of the whole domain. Let [Xk:min ; Xk:max ] D€
an object whilst [Xo.min ; Xo:max ] D€ the target object. Then represem object k asa point
in 2N spaceby writing its co{ordinatesin a singlearray {
T
Xk = X(k);min re :XE;mii ;X(Iz;max e :XE' ; (|-4)

;max

Then intersection condition of Equation 1.3 becomes

i i TP S
a x, B;i=0::5;2(N 1) (1.5)
with
_ 0 ..... N 1.,0  ..... N 1 T
Xmin""’xmin ’Xo;min""’xo;min
_ 0 ... N 1.,0 ..... N 1T
Xo;max’ =t ’Xo;max 1 Xmax LA ’Xmax (|6)

Therefore,the geometricintersectionproblemof Equation .2 canbe equivalertly thought
of asa geomericsearting problemin Equations 1.5 and I.6, wherenow X is tested for
lying within the 2N spaceregion[a; b] descrited in Equation I.6. The bounding box of
the hypercube correspnding to the whole domain likewisebecomes

— L0 ... N 1.,0 ..... N 1T
| = Xmin’ "’Xmin ’Xmin’ "Xmin
— L0 ..., N 1.0 ..... N 1T
u-= Xmax""’xmax ’Xmax""’xmax (|7)

For intersection problemswhereout of k objects thosethat intersecteda region o need
to be returned, ead individual object xy is thus placed on the ADT using the same
generalalgorithm asin Figure 1.2, and this binary seard tree is againtraversedand the
objects agged if they are inside the region given by Equation 1.6.

For intersection problemsinvolving more complexgeometry the bounding boxes of
the bodies(the lower and upper verticieswhich uniquely de ne the boundson ead axes
which the body occupies)are placedin the ADT. This still speedsup the searting
problem asit quickly obtains candidatesfor the more expensiwe intersection test. For
point-inclusion problems,the body facetscan be further placedin a separateADT to
more quickly idertify candidatesfor the ray intersection test, which is important for
complexbodieswith many surfacepanels.

227



Appendix J
Linhart's Point-inclusion Queries

J.1 Polygon Query

Linart's polygon inclusion test [13Q 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, sud that if the line erters the polygoncourt 1 elsecoun
+1. If the line meetsa vertex, court 1=2 for eat of the 2 edgessharing the vertex
depending on whether the line is leaving or ertering. 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 meeta vertex.

Figure J.1: Polygon hal ine illustration

J.2 Polyhedron Query

To demonstrate Linhart's polyhedron query [13(, useis made of Figure J.2 where a
hal ine is alsodrawn from the point in question. To ead polyhedral faceF met by the
hal ine a number s is assigned.The sum of eat of thesenumbers S will then 0O 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
perpendicularto 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
asfollows:

1. If X isin the interior of F:{
s=sign(u v)

2. If X lieson an edgeof F :{
s= isign(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= 5sign(u v)
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J.2. POLYHEDRON QUERY

To illustrate how the algorithm works, rst considerpoint P; in Figure J.2. It is
inside the polyhedron, and the hal ine intersectsonly oneface. ThusS = 1 and P, is
indeed inside. Point P, intersectstwo faces,but erters one and leaves another. Thus
the individual numberss for eat facerespectively are 1 and+1, andS= 0i.e. P, is
outside.

P; 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, sothe sumS = O i.e.
Ps is outside. Finally P, actually lies on facein the plane of its hal ine, but this face
is ignored, sincethe hal ine will evertually intersectan edgeor vertex, in this casethe
bottom face's. Thus S = 1=2 and P, 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 haline; the right diagram shows the facesfrom the point's "point of view'.
The inner angleson theseprojected faces are ;, , and 3, but given the algorithm,

the numbers s asseiated with ead face are thus 1=2 =2 and + 3=2 . But

3 2 1 = 2, thus the sum of thesethree numbers give 1. As the line also
leaves a face "behind' the vertex the nal sumS = 1+ 1= 0 indicatesthe point is
outside.

Note the special casein Figure J.5 wherethe algorithm will givea nal sumS = Kk,
where0 < k < 1. Hencethe generalrule that if S = 0 the point is outside, but if S is
anything elseit will beinside or on the polyhedron. As far asVCE is concernedhough,
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 discussesmportant data structuresin 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 eah o w variable are stored
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), merioned in Section 3.1 is a generic list
structure that storespointersto cells(the cart_cell structure) or verticies(the vertex
structure). It isadoubly-linkedlist that points to previousand next list nodes(which are
NULL if empty) in a recursive de nition of the structure. There is alsoa thread_num
variable to identify which thread the this list node belongsto in parallel processing
(Section5.5).

The vertex (Figure K.3) structure storesthe position of the vertex and a vertex
number that is neededfor parallel solution output (Section5.5.1). It cortains pointers
to the cellssharing the vertex (as many as 8), and alsoa 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 shovn in Figure K.4. This shows only a portion
of the ertire cart_cell structure. It storesthe o w-relatedvariables(from Figure K.1),
but only pointers to the ux vectors,asnot ewery interface needsa ux vector.

In a recursive de nition that de nes the octree data structure, a cart_cell  points
to its parer, children and potertially 24 neighbours (6 faces,4 quadrarts per face),and
stores pointers 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 variables storing 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
canrangefrom 3 to 4 kilobytes. This is substartial and much larger than an equivalert
cell size in Rose'sftt_air3d code [174, 177. Large memory overheadsdo lead to
performanceine ciencies sud as cade misses. Explicit storageof neighbouring cells
cortributes to this overhead,and further work may be to make OctVCEmore memory-
e cient e.g.with the fully threadedtree structure [11§ like that usedby ftt_air3d
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