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The scienceddo not try to explain, they hardly eventry to inter-
pret, they mainly make models. By a model is meart a mathematical
construct which, with the addition of certain verbal interpretations,
describesobsened phenomena.The justi cation of sucd a mathemat-
ical construct is solely and preciselythat it is expectedto work.

John von Neumann

Make everything as simple as possible,but not simpler.

Albert Einstein
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ABSTRA CT 1

Abstract

Concurrent designis an emerging concept increasingly employed by systemsengi-
neersin spacemission analysis and design. At NASA's Jet Propulsion Laboratory the
Project DesignCenter (PDC) and the Center for SpaceMission Architecture and Design
(CSMAD) are setup, with unique capabilities, to deal with system designscenariosfor
future spacemissions. This ervironment is continuously improved to addressmission
critical designissuesfor Pre-Phase A and Phase A studies. In this researt project
an enhancemen to CSMAD is suggestedby incorporating Commercial O® The Shelf
Computational Fluid Dynamics (COTS CFD) software into the existing concurrert de-
sign ervironment. Initially , 83 COTS CFD software were evaluated using internet based
information from code developer web-sites. From this, 12 codeswere chosenand further
assessedising speci ¢ application relevant code selection criteria. The recommended
processenhancemen is demonstrated through two casestudiesin a partial implemen-
tation of a CFD related designcycle. In these analisesComputer Aided Design; Com-
putational Fluid Dynamics; and pre- and post-processingsoftware were used. The main
goal of the casestudies was a demonstration on how COTS CFD software can be ap-
plied in designsessions.This was achieved through full integration of the new design
tools into the existing environment. It was shavn that concurrert design sessionscan
bene t from such parametric studies, highlighting °uid dynamicsrelated trends evenon
coarselydiscretized domains, while obtaining results near-real-time. Then, theserough
estimatesand trends can be further evaluated and re ned betweendesignssessionaus-
ing the sameintegrated software tools and in consequenceeducing developmen time
and cost.



2 1 INTR ODUCTION

1 Intro duction

Throughout the history of mankind scciety ewlved with the help of technology
As Marshall McLuhan stated, "we shape our tools and they in turn shape us"
[Gri91]. From viking shipsto cathedrals, everything in our ervironment were
built usingthesetools. Besidethe necessaryequipmen, processesvere also sig-
ni cant parts of the dewelopmert set. In the beginning, group activity descriked
the processbest. Members of the group worked together simultaneously until a
consensusvasreaded. This collaboration cortinuedthroughout the whole design
and building cycle.

Since the industrial revolution our knowledgeincreasedin an exponertial way.

This resulted in a deeger and deeper specialization within ead scierti ¢ disci-
pline. By the middle of the 20th certury sciertists and researtiersfocusedon the
smallest details within their elds. At the sametime interconnectionsbetween
various elds extendedbeyond the reat of theseexperts. This had a major in°u-

enceon how processesvere executed. Instead of group activities, eat task was
broken down to sub-compnerts, while thesesub-taskswere executedby special-
ists. Computersalsofacilitated the batch processingapproad. Slowver computers
madeit necessaryto solve componert problemsindependerily and integrate the
resultsat later stagesof designand manufacturing. Roughinitial calculationswere
followed by multiple levelsof re nemerts, increasingthe processingime and cost.

In an attempt to resole this partitioning of knowledge the spotlight was fo-
cusedon new elds examining chaostheory, dynamic systemsand other multi-
disciplinary sciencedGle8§, by combining results from various elds. Similarly,
with the ewlution of computers,the time required to perform certain tasks was
reduced. This dewelopmen openedthe possibility to move away from batch pro-
cessingand to revisit time tested designapproades, basedon concurrency

A good examplefor this is JPL's Certer for SpaceMission Architecture and Design
(CSMAD). In this facility preliminary designis performedin real time addressing
various disciplines, sud as thermal, structural, CAD and telecomnunications.
This environmert is further deweloped on a cortinuousbasisby incorporating ad-
ditional analysis capabilities. The work outlined in this report documerts sut



an attempt, wherea CommercialO®the Shelf(COTS) Computational Fluid Dy-
namics (CFD) code is selectedand coupledto this ernvironment, using a typical
exampleof atmosphericre-ertry of a genericprobe.

After this introduction, the next section of the report (Section 2) provides the
problemde nition and givesa brief overview of concurrert design. It alsooutlines
the CFD challengefacedhere and the problemsassaiated with atmosphericre-
ertry. Section3 introducesthe methodology and assumptionsusedthroughout the
project. Section4 is dedicatedto the ndings. It documerts the code selection
processand the method to integrate the recommendedcode to the concurrert
designernvironment. After the conclusionsand recommendationsfor future work
(Sections5 and 6), Appendix A lists all of the examinedCFD codes. (Note that
the information provided there is not processedand it is purely basedon internet
resources.) The nalist codesfrom the full list were further evaluated basedon
criteria given in Appendix B.

Besidethe main project, my personal experienceswere further enriched by the
wealth of information and the diversity of researt topics encourtered. To provide
a fuller picture to the reader,AppendicesE & F detail theseadditional in°uences,
which helped to make my placemen at NASA's Jet Propulsion Laboratory even
more of a success.

2 Problem De nition and Background

2.1 Problem de nition

As mertioned in Section1 the CSMAD ervironmert is cortinuously re ned by
expandingits capabilities. Fluid dynamicsrelated analysisis one of the identi-
“ed elds, which was not addresseduntil now. To improve the process,it was
requestedto nd and introduce a Commercial O® The Shelf (COTS) Computa-
tional Fluid Dynamics (CFD) software to the current set of tools.

This software should enhancethe analysiscapabilities of CSMAD to model °uid
dynamics related scenariosfrom atmosphericre-ertry to landing of a probe. If
successfulthe new coupledtool will be testedon future Mars Lander designs but
oncevalidated it will be appliedto other planetary landing con gurations aswell.



4 2 PROBLEM DEFINITION AND BA CK GROUND

In addition to the initial challengeof nding an appropriatetool, it is requiredthat
the CFD codeintegratesseamlesslyvith the existing environment at CSMAD and
to help analysisto be performedin a near-real-timefashion.

2.2 Concurren t Design

2.2.1 General overview of Concurren t Engineering & Design

Concurrert Engineering (CE) is a product dewelopmen approad to reducethe
system/product dewelopmen cycletime through a better integration of activities
and processes.A more formal de nition has beenprovided by the Institute for
DefenseAnalyses(IDA) [fDAO2]:

\Concurrent Engineeringis the systematic approad to the inte-
grated, concurrert designof products and related processesincluding
manufacturing and support. This approad is intended to causethe
dewelopersto considerall elemens of the product life cycle from con-
ception through disposal, including quality, cost, schedule, and user
requiremerns."”

Concurrert design(CD) is the approad usedin CE. It integratesmethodologies,
processeshumans, tools and methods to support product dewelopmen. It is

multi-disciplinary in nature, including CAD/CAM, databases knowledge-based
systems,visual programming and specializedsoftware tools linked together in a

dedicatedervironmert.

Concurrert designintegratesa diversegroup of experts and enablese®ectiv and

completecommunication amongthem. In a concurrernt designprocessnformation

is shared, allowing simultaneousfocus on various phasesof the product dewelop-
ment cycle. It can be characterizedthrough a closeinter-relation betweenthe

people;executinga designprocess;using suitable tools. The goal is to compress
the designcycle from conceptto nal product, while improving quality. This ap-

proac can be illustrated through a matrix shavn in Figure 1

To make CD successfulthere must be a strong comnunication betweenthe group
memnbers which includesthe clients aswell, advocating an integrated and paral-
lel designapproad. Using concurrert design,errors are detected before product
integration is completed. All aspectsare addressedhrough a strong information
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Figure 1: Concurrert designPPT-Matrix [Oxn02]
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sharingsystem,usingan iterativ e processof redesignsmodi cations and trade-o®
analysisfor designoptimization. All parts of the designare documerted.

In a concurrert designsessiorthe stakeholdersperform interrelated activities to-
wards an overall goal. In such a closeworking environment a sessionleader is
requiredto direct the work-°ow and to help with con’ict resolution. The various
postsor domainsgeneratelocal information, but it is essetial to make surethat
knowledgeis sharedbetweendi®eren typesof users. Therefore, standardization
and clear speci cations are very important for presening the data. Consequetiy,
concurrert designfocusesmore on the infrastructure to support this cooperative
work.

The methodology of concurrert design,as de ned by Axnevad [Oxn00] [Oxn02],
is basedaround eight principles:

1. Analysis and designactivities are performed by a multi-disciplinary design
team;

2. The designteam menberswork togetherin concurren sessions;
3. \Customers" and team menbers participate in the concurrert sessions;

4. Analysis and designactivities take placein a concurrent and near real time
fashion;

5. Inter-linked high-end computer tools are utilized in the concurrent sessions
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by the team menbers;

6. Thesehigh-end computer tools are usedfrom the early parts of the design
cycle;

7. Common geometry data (CAD) is sharedelectronically betweenthe tools;
and

8. CAD, structural, thermal and optics data (and in the near future CFD) is
implemerted and exported to and from the designteam.

A total systemapproad is assuredby having a multi-disciplinary designteam in
a common ervironmert. The team covers all project relevant scienceand engi-
neeringareasin a concurren setting.

A great advantage of concurrert designis that the geometryand all relevant tech-
nical data from a sessioncan be carried forward to later design phases. This
reducestime, resourcesand costs, through the use of the samedesigntools be-
tweenthe phases. This can mean, for example, reduction in transfer time from
days to minutes.

Concurrert designat JPL is implemerted through the Project Design Certer
(PDC) and the Cener for SpaceMission Architecture and Design (CSMAD).
Thesecerters are discussedoelow in Sections2.2.2and 2.2.3.

2.2.2 Project Design Center (PDC)

The JPL Project DesignCenter (PDC), a concurrert engineeringteam erviron-
mert, was set up to facilitate system-leel mission design objectives, including
spacecraft,instruments and mission operation systems. It allows for a more de-
tailed investigation of future designs;for anin-depth exploration of trade-o®s;and
it signi cantly shortensthe designcycle.

The PDC was establishedin 1994to ful'll two major objectives, namely to re-
duce proposal costs and to improve quality for JPL advanced studies. At the
sametime, the tools and processesleweloped speci cally for the PDC can provide
real-time designand analysisof future spacestudiesconcepts.
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The tools in the PDC are computer-based. Until the emergenceof high-speed
client-server networks it was not possibleto achieve sud high level of functional-
ity and to provide an appropriate real-time designcollaboration. Designparam-
eters can now be computed and sharedamong network clients in near-real-time.
Therefore, designvariables, sud as geometry power, mass,comrmunication and
cost can be calculated and viewed simultaneously among all team menbers. In
addition, switchable video displays and specializedCommercial O®the Shelfsoft-
ware tools help to improve the designenvironmert.

Concurrert designteams are asserbled on a permanen basis, ead designing
many missions. This bene ts the projects and builds tacit knowledgewithin the
teams. It also stimulates the groupsto invert new tools and technologiesand
to explore innovative ways to improve the processand exciency. For example,
statistics show that projects completedwithin the PDC reducedtime and cost by
tree fold, increasedhe number of designprojects, while looked at a wider rangeof
trad-o®scenarios.It alsoimproved accuracyand communication betweenvarious
engineering elds.

The Tool Setusedat the PDC can be summarizedin three points:
2 Data exdhangerepreseis the main part of the process.It includes:

{ Microsoft Excel and usingits Publish-and-subscrile feature;

{ Thesedata exchangesare dictated by script and cortrolled by the team;
2 Report generationis important to documert and archive the ndings:

{ For this distributed word processoris used;

{ The team menbershave write accesgo their own sectionand summary,
read accesdo others;

{ The templatesare linked to parametersin designtools;
2 Componert and DesignDatabasesare set up to aid the process:

{ Theseare mostly Excel-basedwith pull-down merus;

{ Systemparameters(mass,power, data rate) and costlinked to Systems
and Cost stations

{ For tools requiring high-CPU usage,UNIX workstations are utilized.
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New missionsand instrument designsare deweloped by one of four permanen
designteams, TeamsX, I, In-Situ and G, demonstrating the succesof the con-
current engineeringervironmert and process.

Team X is JPL's AdvancedProject Design Team, supporting mission proposals.
In arapid turnaround it can producea completemissiondevelopmern plan, cover-
ing cost, shedule,risk assessmdnand technical performanceaspects. On average
it completesup to 85 missiondesignsand studiesa year.

Teaml is JPL's Optical Instrument Developmernt Team, providing real-time sup-
port for remote sensingoptical designs. It usesa combination of medianical
thermal and optical stations, while utilizing a common3D geometry

Team In-Situ, formed by the JPL In-Situ Certer of Excellence. It supports in-
depth conceptualdesignstudiesof in-site sciencepayloads. Theseinclude various
rovers, drills and life detection instruments.

Team G, JPL's Ground Operations SystemsDesign Team, specializesin ground
segmeh activities and componerts. It performssystemstudiesfor variousground;
°ight-ground; and end-to-endmission systems.

The conceptof PDC found a permanen place within NASA's mission and in-
strument designapproad. This real-time designenvironment is achieved through
‘Te and screensharing betweenvarious NASA Certers, utilizing computational,
audiovisual, video conferencingand other multimedia tools. Tool dewelopmen
and integration has high priority within the PDC and future funding is in favor
to support this e®ort.

2.2.3 Center for Space Mission Arc hitecture and Design (CSMAD)

The Certer for SpaceMission Architecture and Design (CSMAD) at JPL was
establishedin 1996/1997as a follow up concurrert designenvironment incorpo-
rating the lessondearnedfrom PDC.

CSMAD is housedin a dedicated facility with specialized software and hard-
ware con gurations, creating communication islands(seeFigure 2). Theseislands



2.2 Concurren t Design 9

Figure 2: Concurrert sessionwith commnunication islands[Oxn02]

addresspropulsion; avionics; guidance, navigation and cortrol; telecom; power;

payload; thermal; medanical and CAD; simulation; orbits; systemsand docu-
mertation. The sessionlead (\conductor”) is in charge of running the session.
Others attending are the costumer and additional external experts. The infor-

mation from the individual work stations can be switched and projected on the

wall, on one of the four large side screenspr on the 20ft screenat the badk of the

room. This large screencan alsobe divided into 3 sub-screenspr act asa HDTV

video-conferencingvall connectingCSMAD with external sites.

The timeliness of establishinga concurrent design certer can be attributed to
technology coming of age. It allowed the CD vision to be implemerted by using
the latest software and hardware tools. A good exampleto illustrate this is the
processor/sofvare developmen case. Pertium Il processorswvere very slow with
CAD programs, therefore, not very useful displaying real-time information. The
Pentium 4 processorjust a few yearslater able to process3D CAD imagesfast
enoughto allow for real time rotation and scalingof a more detailed model than
the onesof yesteryears.
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At presen, a set of software tools are usedon dedicatedworkstations to aid the
designe®ort. These Commercial O® The Shelf (COTS) programsare listed and
brie°y introducedbelow:

2 Windo ws 2000 SP-2: Windows 2000Professionalis the Windows operat-
ing systemfor businessdesktop and laptop systemsby Microsoft Corpora-
tion. It is usedto run software applications, connectto Internet and intranet
sites, and accessles, printers, and network resources.

2 Oxce 2000: ozxce productivity tool by Microsoft Corporation, including:
MS-Word, MS-PowerPoint, MS-Excel, MS-Access, (MS-PhotoDraw, MS-
Outlook, MS-FontPage,MS-Publisher)

2 Adob e Reader 5.0: is free software by Adobe Systemsincorporated to
view and print Adobe Portable Documert Format (PDF) les on all major
computer platforms, aswell as 1l in and submit Adobe PDF forms online.

2 Internet Explorer 6.0, 128 bit : an internet browserby Microsoft Corpo-
ration.

2 Netscap e Comm unicator 4.78: is a comprehensie set of componerts
that integrates browsing, email, web-basedword processing,and chat to
allow usersto easily commnunicate, share,and accessnformation.

2 Norton Antivirus : by Symartec Corporation providesfast, industry-certi ed
virus protection againstfast-spreading,email-borne or other viruses

2 WinZip : by WinZip Computing, Inc., brings the corvenienceof Windows
to the useof Zip les and other compressiorformats.

2 Exceed: by Hummingbird Ltd., permits desktop, Web, and remote usersto
easilyaccesJNIX applicationsfrom all Windows-basedbersonalcomputers

2 SSH: SecureShell for UNIX: is the de facto standard for remote logins. It
solvesthe most important security problem on the Internet: hadkers steal-
ing passvords. Typical applications include remote system administration,
automated le transfers,and accesgo corporate resourcesover the Internet.

2 MS-Pro ject: is a project managemeh software by Microsoft Corporation.

2 Multi-mission Power Analysis Tool 1.7.8: is anin-housecode to calcu-
late power requiremerts for various componerts.
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2 Auto desk Inventor Versions 4 and 5: by Autodesk,Inc., is a high per-
formance3D medanical designsystembasedon ground-breakingAdaptive
Tednology the industrys rst new 3D designtechnology since 1985.

2 Mechanical Desktop : by Autodesk,Inc., is a software for medanical de-
signerswho prefer to create 3D designsin native AutoCAD software. It
delivers improved designand detailing, enhancedwork-°ow and standards
compliance,and a built-in STEP translator.

2 Visual Nastran 4D 6.3: by MSC.Software Corporation is usedfor computer-
aided stress,vibration, heat-transfer,acoustic,and aercelasticity analysis.

2 ZEMAX Optical Design Program : by FocusSoftware, Inc., is a compre-
hensiwe software tool for optical design. ZEMAX integratesall the features
requiredto conceptualize design,optimize, analyze,tolerance,and documert
virtually any optical system.

2 SIND A: by Cullimore & Ring Tednologies,Inc., is a comprehensie nite-
di®erencelumped parameter (circuit or network analogy)tool for analyzing
complexthermal systems.

2 MODT ool: (Millimeter-w ave Optics Design), a designtool that exciently
integrates existing millimeter-wave optics designsoftware with a solid body
modeler, and with thermal and structural analysispadages.

2 CODE V: by Optical Researb Assciates, is a comprehensie program for
optical design,analysis,illumination calculations,and fabrication support.

2 SOAP v.1.1: isaSatellite Orbit AnalysisProgram (SOAP) by the Aerospace
Corporation.

2 AD AMS : by Medhanical Dynamics, Inc., is a virtual prototyping program
rapidly simulating the performanceof medanical systems.

2 Volo View Express: by Autodesk,Inc., is a free,downloadableapplication
that lets usersview and print basic designdrawing formats. It facilitates
designdata exchangewithin designteam menbers.

2 Microsoft Visio : by Microsoft Corporation, is a technical and business
drawing program, very usefulfor creating diagrams, charts, maps, and illus-
trations.

2 Additional software for MegaMac:
Photoshop 5: is an image processingprogram by Adobe Systemsincorpo-
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rated,

Tim buktu Pro 5.2.3: by Netopia, Inc., is a Remote Control and File
Transfer software which o®ersa scaleable,multiplatform solution for user
support, systemsmanagemenh telecomnuting, and collaboration acrossa
LAN, WAN, the Internet or dial-up connections;

Vin ux 5.9.1: is a Banyan VINES compatible client for the Linux operating
system;

During concurrernt designsessionsthe processis largely revolves around Com-
puter Aided Design(CAD) les. In addition to the usefulgeometrydata, sut a
format providesa graphical represemation of the designobject from a conceptual
perspective.

On the other hand, these CAD models do not cortain information on engineer-
ing, scieri ¢ or physical processessud as optical geometry and temperature
maps. Therefore, CAD geometriesare ported through open ervironments by ex-
porting and importing data in various e formats, such asSTEP and NASTRAN.

This transformed data is then usedby other software tools like ZeMax/Code V,
NASTRAN, SINDA or ADAMS, furthering the e®ortto achieve multi-disciplinary
resultsin a concurrert designernvironment [WBO01].

In thesedata formats, designmodelsare treated assingleobjects, but sub-divided
layersare assignedo them. Theselayerscanbe manipulated by either specialized
target software applications or can be removed to simplify further studieswhich
do not require the full data set.

The Concurrert Design Team conducted about 60 studies, building up its ca-
pabilities step by step. Following the rst design, addressingoptical, thermal,
medianical, system and cost issues,follow up designs,sud as the Loihi Deep
OceanVolcanicVent Probe (seeFigure 3) and DS(ST)/4 CIRCLE (seeFigure 4)
incorporated structural calculationsas well.

The lessondearnedfrom theseprojects were applied to the 11P/OSIRIS spinning
microwave antenna design(seeFigure 5).



2.2 Concurren t Design

13

Figure 3: Loihi DeepOceanVolcanic Vert Probe [Oxn02]

Figure 4: DS(ST)-4/CIR CLE [Oxn0Z
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Figure 5: 1IP/OSIRIS [Oxn02]

Further enhancemets to the ervironmernt, including simulation of end-to-endsys-
tems, were undertaken by the use of supercomputers,and by importing and ex-
porting of external Tes. Theseimprovemers wereimplemerted during the Mars
Outpost 07 design. Figure 6 shavs a rover designwith fuel cells for its nominal
50 km journey. The multi-disciplinary designapproad included an operational
simulation aswell, covering the deployment sequencethe rover con guration on
the lander and on the Martian surfaceand a simulation of the rover asit was
rolling o®the ramp asshawvn in Figure 7.

Within the Mars Outpost 07 project a drill wasalsoenvisioned,which could bore
down into the Martian soil asdeepas 200 meters (seeFigure 8).

The concurrernt sessionscovered both In-Situ and Orbital Entry scenarios. In-
Situ casedancluded the beforemertioned Mars Outpost rover and drill, Loihi and
DS(ST)-4/CIR CLE, while the Orbital Entry casescovereda Verus Probe on Ar-
iane VI PB (where the spacecraftand the probe wereintegrated - Figure 9); the
Europa Orbiter with Instrument (solving the problem of instrument designand
integration - seeFigure 10); and the IIP/OSIRIS spinning MW antenna (seeFig-
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Figure 6: Mars Outpost 07 Rover [Oxn02]

ure 5).

Experiencesfrom these categorieswere conbined during the designof a searh
camerafor the CNES Orbiter (seeFigure 11).

As shown, the ultimate goal of concurrert designis to compressthe designcycle
while improving quality to adieve better and faster spacesystem designs,ad-
dressingboth software and hardware issuesas demonstratedthrough the design
of the MDS-1 satellite showvn in Figure 12. Designsare done from conceptlevel
to hardware.

2.2.4 Concurren t design summary

Concurrert designis a collaborative and parallel designprocess. It correspnds
to the way we think and do things, thereforeit should be usedcreatively. Hence,
creative thinking is encouragedduring CD sessions.

Visualization is usedto build an external symbolic system,which helpsto improve
group communication and increasedtacit knowledge. In return, group memory,
drawn from a built up knowledgebase,can compressthe designprocessand im-
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Figure 7: Multi-disciplinary designof a Martian Rover [Oxn0Z]

Lander Configuration Deployment Sequence Surface Configuration

Operational Scenario Simulation



2.2 Concurren t Design

17

Figure 8: Mars Outpost 07 Drill [Oxn02]

Figure 9: Verus Probe [Oxn02]



18

2 PROBLEM DEFINITION AND BA CK GROUND

Figure 10: Europa Orbiter with instrument [Oxn0Z]

Figure 11: Searth Camerafor CNES Orbiter [Oxn02]
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Figure 12: MDS-1 satellite [Oxn0Z]

prove designmaturity on subsequet projects.

Customersand external experts are active participants of the design sessions.
All menbers of the team are required to cortribute input data, which is then re-
assessednd modi ed in-real time corvergingto a sharedconclusionby the group.
Thesedesignsare done from conceptto hardware in 200 minutes sessiongover-
ing various designstagesand disciplines. The 3.5 hours time period was found
to be the most suitable duration to avoid comnunication slovdown, burnout and
reduction in concenration.

The bene ts of CD speak for themsehes. For example,General Motors managed
to reducea product designcyclefrom 5 yearsto 18 months usingCD; also,analysis
and designtime at JPL was cut from months to weeksby this process.Gainslike
this point to an e®ortto port the processinto new areas. In the future, beside
designingthe hardware, it will be possibleto model the surroundings(e.g., the
terrain) and the °ight software and moreover, it will be also possibleto operate
the designobject within a realistic ervironment using virtual hardware.
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2.3 The CFD challenge

2.3.1 General overview of CFD

In the elds of engineeringand sciencessuid dynamicsis coveredwithin three dis-
tinct sub-disciplines,namely experimental; theoretical; and computational °uid
dynamics (CFD).

Experimental °uid dynamicsis very important, becausecertain data can only be
collectedusing this method. Howeer, there are many dixculties asseiated with
this approad. Full scaleexperimerts can be rather expensive. When they are
scaleddown, dimensionlessiumbers (e.g., Mach, Reynolds) are usedto establish
similarities betweenscalesand geometries put theseconditionsare quite often dif-
“cult to match. The number of data collection points shouldbe limited, otherwise
the probescould interfere with the measuremets making the results meaningless.
Someproblems,sud astwo-phase’ows, turbulence or reacting °ows are still rep-
resening a dizcult challengeto experimertalists.

Theoretical “uid dynamicsis sometimesthe only way to view trends, wherecom-
putational or experimertal work would take too much time or e®ort. This eld

on the other hand is becominga dying art. Fewer and fewer peopleare capable
of doing it. Due to the very complex mathematics involved, signi cant simpli -

cations are neededfor theoretical methods. Theseinclude linear theory, simple
geometries,inviscid or incompressible’ows.

Computational Fluid Dynamics (CFD) is a relatively new eld, it refersto the
computational solution of °uid dynamics problems. It deweloped following the
invertion of computersin the 1930's,and digital computersin the 1950's. While
computerscan be most usefulto solve °uid dynamic problems,they are oversold
to people. It is true that numerical methods lend themsehesto solve partial dif-
ferertial equations,still, modern software can not yet solve all occurring problems
related to °uid °ow.

At presen, CFD is usedfrom aeradynamicsto petroleum researt and weather
predictions. The pacing items of CFD are the dewlopmen of new computer
hardware, numericalalgorithms, turbulenceand in closeconnectionto this the dis-
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cretization of the domain. Other important areasare the pre- and post-processing
capabilities of the codes, promoting user friendliness.

All of theserequiremerts result in con’icting demandson the CFD software and

consequetly on the code deweloper. A modern code should be transportable be-

tweenvarious operating systems,exible to solve a wide rangeof problems,usable
without a long learning curve, a®ordable,reliable and maintainable, while being

cost e®ectie to dewelop. It is evidert from the list that certain compromises
should be madeto satisfy - at least partially - all of theserequiremerts.

Computer codes,while solving the right equations,are not necessarilycorrect by
default. One must pay attention to the proper boundary condition de nitions,
and test spatial and temporal corvergence. Boundary conditions are essetially
an interface betweenthe systemthat is being modelled and the outside world. In
other words, boundary conditions exist becausethe systembeing investigatedin
necessarily nite, and hasbounds. They provide the information about the out-
sideworld to the systemthat is being modelled. Most of the codesuserelaxation
and other numerical coexcients to help code corvergence.Thesevariables,while
help to read corverging solutions, may give non-physical results. Therefore, it is
imperativeto useexperimertal and theoretical modelswith CFD codesto validate
the results. A joint experimertal and computational work can be very e®ectie.
In light of these,a code veri cation and validation exercisels always necessaryto
gain con dencein the code predictions.

The main stepsof every CFD solution cycle are:
2 Pre-processingjncluding grid generationand boundary condition de nitions

2 Numerical solution of partial di®eretial equationsdescribingthe applicable
°ow physics,and

2 Post-processingfor visualizing the numerical results and for extracting other
usefulinformation from the code generateddata.

The status of computational aeradynamicsis outlined by Joslin [Jos97, stating
that by the late-1990sviscoustime averagedsolutions were possible,but the re-
sults weresstill cortroversial, unlesssimpli ed geometriesand low Reynoldsnum-
berswere used. As of now, still signi cant expertiseis requiredto interpret CFD
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Figure 13: Computer speedversusyear available [Cha7§
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results, highlighting the assumptionsand limitations of any given code. The com-
plexity of °uid dynamics problemssolved is closelyin®uenced by improvemers
to computer hardware, which is illustrated in Figure 13 plotting the computer
speedagainstchronologicaltime. Still, complexgeometriescoupledwith external
°ow conditions require ne discretization with sometimesmillions of elemerts.
Therefore, compromisesare made between complex geometriescalculated using
simpli cations - sud as potential or inviscid °ows - or simple geometriescalcu-
lated using the Navier-Stokesequations.

While the ultimate goal of CFD is to be e®ectiely usedin the computational
designoptimization cycle, one should be aware of the limitations. It is expected
that the cycle,shownn in Figure 14, will not be possiblein the forceablefuture due
to computational hardware and software limitations.

In computational °uid dynamics calculations the partial di®erenial equations
(PDE's) aresolvedusingvariousnumericalmethods. The mostemployed methods
are:

2 Finite Di®erenceMethod (FDM): wherethe PDE's are discretized using a
Taylor seriesexpansion,and solving it for the variables at discrete points
in spaceand time. The derivatives are written as functions of neighboring
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Figure 14: Computational Design Optimization Cycle

Initial Design

Aero Constraints
Optimization

Loop

Not Satisfied

Other Constraints
(Structural,

e Design Check
Mission etc.) 9

Satisfied

Optimized Design

points. This is usually done on structured grids It is very straight-forward
for simple geometries.

2 Finite Volume (FVM): In this method the governing equationsare not con-
vertedto PDE's, they are usedin their ‘consenation' form, which is actually
the more fundamertal form. The unknown quartities are usually stored at
the certers of small cells. The computationsinvolve nding how much "ux’
(of mass,momertum, or energy)is ertering or leaving the face of ead cell.
These methods work ne on unstructured or structured grids and can be
usedfor complex geometries. Howewer, it is ditcult to extendto accuracy
above 2nd order. This method is related to FEM.

2 Finite Elemert Method (FEM): is related to FVM. The FVM is actually a
subsetof FEM (can be viewed as the simplest FEM). Within ead elemert
it is assumedthat the unknowns can be modelled using polynomials (shape
functions). It is very good for complex geometriesand for higher order
accuracy Howewer, storing the resulting sparsematrices can be memory
intensive and problematic to manage.

2 Spectral Method: In this approad it is assumedhat the unknown functions
can be represeted by expansions(e.g. Fourier or Chebyshev) acrossthe
ertire domain. These expansionsare substituted into the governing equa-
tions, resulting in a new set of equations. This method is usually limited
to simple geometriesand not well suited to problemswith strong gradierts,
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sud as shackwaves. It is commonly usedfor incompressiblesimulations of
turbulencein cubical boxes.

2 Particle: it treats the °uid asindividual particles (e.g. moleculesor vortices)
and usesthe Lagrangian description of °uid. Mostly usedin rare ed °ows
or in denseliquids (low Reynoldsnumbers), howewer, newer codesusing the
Lattice-Boltzmann method demonstratedthe applicability for the full density
rangefrom rari ed to dense®uids.

2 Panel methods: is not usually consideredto be part of CFD. Linear PDE's
are corverted to integral equationsover a surface,using Green'sfunctions.
Then, theseintegral equationsare corverted to a systemof linear algebraic
equations and solved. Can be coupledto boundary layer methods. This
method is widely useddue to its executionspeed.

The next subsectionoutlines the code selectionrequiremerts for tasksto be per-
formedin a Concurrert DesignEnvironmert.

2.3.2 Code selection

As discussedn Section2.1, the objective of this project is to perform an assess-
mert on the usability of CFD software in a concurrent designervironmert, with
the main focus on near-real-timeanalysiscapability.

The main °ow physicsitems relevant to this study are shown in Figure 15. In

general,’ow can be classi ed as either steady or unsteady The simplest steady
°ow is uniform, wherethe °ow variablesare constart with respect of distanceand
time, while for unsteady°ow thesevariablescan change. For atmosphericre-ertry

caseghe °ow is consideredunsteady compressibleyiscousand turbulent. Based
on thesecriteria, the atmosphericre-ertry capsuledesceh phaseshe characterized
asfollows:

Initial entry occursat hypersonicvelocity. As the atmospherethickens,a shock-
wave dewelopsaround the noseof the probe. This shockwave transfersthe friction
generatedheat to the capsuleand to the surrounding air. Due to atmospheric
drag, the velocity of the capsuledecreasedo supersonic rst, then to transonic
and nally to subsonic.Oncethe desceh speedreacdes0:4M (40% of the speed
of sound) the °ow becomesincompressible. To calculate these conditions for a
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Figure 15: CFD physicsdomain
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viscous cortinuum regime, the Navier-Stokes equations can be used. (Numer-
ical simpli cation - for example the use of the Euler equations- can improve
code execution speed with certain compromisesto physical meaning.) In addi-
tion, modi cations to the Navier-Stokes equationscan accourt for complex °ow
physicsphenomenasud as multi-phase “ow and turbulence.

In light of these, to calculate atmosphericre-ertry of a planetary probe using
COTS CFD software, a suitable set of criteria is needed.Theserequiremens are
identi ed and documerted in Section3.3.

It shouldbe noted that all of the major CFD software dewelopers claim how their
general purpose code can handle most of the relevant °ow physics phenomena
listed in Figure 15. To test thesecommercialcodes, the Coordinating Group for
Computational Fluid Dynamics, of the Fluid EngineeringDivision of ASME spon-
soredand organizedtwo unique forums, allowing for independert ewaluations of
thesesoftware. In anarticle on bendimark testing resultsFreitas [Fre93 concluded
that many of the vendorsfailed even the simplest cases,not following protocol
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regardingspatial and temporal corvergenceesting, usingonly rst order methods
(which are no longer acceptedby journals) and often did not demonstratehaving
any insight into the solution of the problems. While vendors, driven by busi-
nessconsiderations,are trying to push their codesto, or sometimesbeyond the
limits of the applicability of the governing equations,the user should take these
claims with someskepticism, using critical judgemen. In addition, when using
these codes the end usersshould have reasonableexpectations about the code
prediction accuracyand a generalunderstandingof the main governing principles
employed.

2.3.3 CFD summary

The presern state of computational °uid dynamicsrevolvesaround geometryand
physics.

In general,we can solve complex CFD problemsover simple geometries.We can
alsosolve simple CFD problemsover complexgeometries.Howewer, we cannot do
both yet.

While this looks discouraging, it should be noted that with the improvemert
of computer hardware and with the dewlopmen of new and more excient al-
gorithms the complexity of both the geometry and the physicsincrease. What
wasnot possibleonly a decadeago,is now a routine problemin the world of CFD.

In light of these, the ultimate challengeis to nd a suitable CFD code, which
can perform complexand detailed °uid dynamicscalculations- from atmospheric
ertry to the landing of a probe on a planetary surface-, and executethesecalcu-
lations in a near-real-time Concurrert DesignEnvironment during a 200 minutes
Concurrert Design Session.

2.4 Brief overview of atmospheric re-entry

One of the challenging problems, which fascinated °uid dynamicists through a
signi cant part of the past certury wasthe problem of atmosphericre-erry.

When the trajectory and attitude of a re-ertry body needsto be determined, it
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is required to know the forcesand momers involved. The aeradynamics of a
re-ertry body can be determinedin one of four ways, through

1. Flight testing { the most accurate, however the most expensive. For at-
mosphericre-ertry casesit is only performedduring the nal stagesof the
project;

2. Wind tunnel testing { is lessexpensiwe, but it still requiressigni cant nan-
cial investmen and it can be labor intensive. Not many wind tunnels are
capablefor full scaletesting, therefore,often scalemodelsare usedby match-
ing non-dimensionalparameters(e.g., Mach or Reynoldsnumbers)which are
expectedduring ghts. The number of the facilities are limited and experi-
merts do not cover the full °ight envelope;

3. Analytical solutions{ are usedto solwe the governing equations. Thesenon-
linear Partial Di®erertial Equationsdo not have exactsolutions. Dueto this,
analytical solutions require numerical simpli cations and other assumptions
(e.g.,potertial °ow, inviscid °uid) which limit the applicability of the results;

4. Numerical methods{ for exampleComputational Fluid Dynamics,usecom-
puters to solve theseequationsexciently and quickly. Theseresults however
should always be validated against other experimertal or analytical data.

This subsectionaddressesomeof the relevant topics related to atmosphericre-
enry, sud the atmospheresthe various °ow regionsrelated to them, the govern-
ing equationsusedto describe re-ertry scenariosand the related heating e®ects.
While the list is far from complete,it givesa genericoverview of the mostimpor-
tant issues.

2.4.1 Atmospheres

While the overall behavior of the atmosphericdensity is well established,exact
properties are ditcult to determine due to high variability. Variations of the
density with altitude in the upper atmospherein®uencesthe orbital lifetime of
satellites, which is measuredin yearswith high uncertainty factors. The error in
forecastingsatellite lifetime can vary as much as 10% due to the imprecision of
the data and predictions related to various atmosphericfactors.

Various standard models are available for the variation of atmosphericproperties
with altitude. The simplestis de ned for the density pro le basedon hydro-
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Figure 16: Atmosphericlayers
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static equilibrium in conjunction with a speci ed temperature pro le. This was
determined from both analytical and empirical data. The temperature pro le is
modelled through strati ed layersbasedon either constart temperature of a con-
stant temperature gradiert.

According to the standard atmosphere,the atmosphericregion from the sealevel

to 11kmis known asthe troposphere.lt canbe shown that 63%o0f the atmosphere
lies below 6.7 km. The layer above the is called the stratosphere,with a dividing

line called the tropopause.lt extendsto the next isothermal layer, up to 47 km.

The regionabove is calledthe mesospherefrom 47kmto 86 km, with the dividing

line calledthe stratopause. Above the mesospherghe hydrodynamic equilibrium

assumptionis no longervalid. The thermospherelies between86km and 500 km,

above which the exosphereis de ned where the exospherictemperature remains
constart for the rest of the atmosphere.The simplerepresetation of theseatmo-

sphericlayers are shavn in Figure 16.

Howewer, thesecorrelation basedpredictions can vary from the averagerather ex-
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tensively on a periodic basis{ that is, daily, monthly, seasonallyor by the 11-year
solar cycle. The density can changeby a factor of 10 at 350km or by a factor of
5 at 800km.

The atmosphereabove 100 km has negligible importance from the point of the

dynamicsof re-ertry bodies. It should be alsonoted that planetary atmospheres
vary in composition, density, pressureand temperature, among other parame-
ters. Planetary probesare instrumental in providing insight into planetary atmo-

spheres.Once understood, atmosphericmodels can assistin accurate predictions
of orbital maneu\ers, sud as aerobreakingand aeracapture.

2.4.2 Flow regions

Any given volume of stationary gasconsistsof particles in constart and random
motion, whereintermolecular collisionstake place. If the meanfree path between
collisions, is small comparedto the characteristic °ow dimensionL, the gasis
consideredasa cortinuum. On the other hand, if | is signi cantly largerthan L,
the discrete particulate nature of the gasbecomesdominant. (Further details on
this will be givenin Section2.4.3.)

The cortinuum behavior of the gascanbeillustrated through the Knudsennumber
(Kn = ,=L), a dimensionlesgparameter which can be also usedto characterize
°ow regimes.(Further details on this will be givenin Section2.4.3.) Threedistinct

regimesof the atmosphereare discussedelow:

1. When Kn A 1, the °ow is dominated by molecule-surfacdnteractions. In
this region the °ow is called free molecular °ow. The upper atmosphereis
rare ed comparedto the cortinuum basedlower atmosphere,therefore the
interaction of individual moleculesonthe re-ertry body shouldbe considered.

2. When Kn ¢ 1, the °ow can be treated as a continuum, sincethe °ow is
dominated by intermolecular collisions. Although at low altitudes the atmo-
spherecan be considereda cortinuum, the temperature distribution in the
°ow eld is closelycomparedto the pressureand viscousstressdistribution,
signi cantly complicating the problem. In addition, at hypersonicvelocity
(v < Mach 5), the air heatsup to high temperaturesand it canno longerbe
considereda perfect gas. Also, chemical reactionsbetweenthe constituerts
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of the atmosphereand the re-ertry body surfacematerial must be takeninto
accour. If the °ow is not hypersonic,the air beharesas a perfect gas,and
the °ow regimecan be divided into three distinct parts, (a) the outer inviscid
region; (b) the boundary layer closeto the body and (c) the wake - a region
of recirculating air. If °ow separationdoesnot occur, this wake regioncanbe
neglected.In the inviscid region the °uid is non-conducting. The boundary
layer is a®ectedby the °ow viscosity and the heat conduction. When the
°ow is hypersonic,seeral issuesneedto be considered,sud as:

(a) High temperature e®ect,wherethe perfect gasassumptionis invalid,;

(b) Viscous interaction, where the outer °ow region is coupled with the
boundary layer;

(c) Entropy gradierts, where viscousinteraction occurs and the method of
characteristicsis more complicated;

(d) The thinning of the shack layer is signi cant. Viscousinteraction occurs,
howeer, the impact method can be usede®ectiely in calculations.

While viscous forces are not signi cant, comparedto other forces acting
upon the re-eriry body, the heat transfer induced outgassingand ablation
can in°uence the entry-tra jectory through the atmosphere. As the probe
descendshrough the atmosphere,the local conditions, expressedthrough
the Reynolds number, evertually changefrom laminar to turbulent, while
the transition point moves forward. The processof laminar to turbulent
transition represets a signi cant problem and is the basisfor many ongoing
researt projects.

. Betweenthesetwo regionslies a transitional regime, where both the inter-

molecular and molecular-surfacenteractions are important. The transition
regimemertioned before (betweenfree molecularto cortinuum regions)can
be further subdivided into another three regions. Theseare:

(&) Nearly free molecular °ow (0:1 < M=Re < 3): where the interaction
between the incident particles and particles emitted from the surface
becomesncreasinglysigni cant. This regionis next to the freemolecular
regime.

(b) Mergedviscousregion: Herethe density starts to increaseand the shock
and boundary layers begin to dewelops.
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(c) Slip°ow (0:1> M=(Re)*® > 0:01): asthe atmosphericdensity increases,
intermolecular collisions start to dominate the “ow. By this time the
shock and boundary layersare well developed, however, in the thin layer
nearthe wall the molecule-surfacénteractionsstill haveanin®uence,and
the macroscopicvelocity and temperature for the layer is still di®eren
than thoseat the wall. This slip °ow regionis adjacer to the cortinuum
regimeand it only di®ersfrom the cortinuum °ow near the surface.

2.4.3 Fluid °ow governing equations

A small set of equations, combined with a given set of boundary conditions can
be usedto determineany °ow eld. Thesegoverningequationsare:

1. Consenation of mass,expressedhrough the cortinuity equations

2. Consenation of momertum, descriked by Newton's SecondLaw of Motion,
F =ma
3. Consenation of energy de ned by through the First Law of Thermodynam-
icS.
A gascan be consideredas a cortinuum, if the relaxation distanceis small com-
pared to the characteristic dimension of the °ow eld. Here, the macroscopic
properties can be consideredto vary continuously The number of density and
hencethe inter-molecular collision frequencyis high. The relaxation time for a
particle moving through sudh a °ow eld is short and the assiated relaxation
distanceis small.

A rare ed °ow eld has a long relaxation time and hencea longer relaxation
distance. If this relaxation distanceis not small comparedto the characteristic
°ow eld dimension,the state of the individual particlesand their interaction with
other particles and the boundariesmust be considered. The relaxation distance
in a gascan be represered through the mean free path betweencollisions, , ,

L= P (1)

where,
n - is the number density of the gas,
Y- is the e®ectie diameter of the gasparticles (not assigni cant as density)
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Note that the meanfree path is de ned in a referencerame moving with the °ow,
with the velocity equalto the macroscopicvelocity of the gas.

The non-dimensionalparameter called the Knudsennumtber (Kn) can be usedto
characterizethe cortinuum nature of the °uid.

Kn = 2= mean free path
L  characteristic °ow eld dimension

(2)

The characteristic dimensionor length L is not the sameat all altitudes. It can
be the function of the °ow eld or the body. For a blunt coneis it the baseradius,
while for a lifting body it is the meanaeradynamic cord of the lifting surface. For
°ows past °at plates the boundary layer thicknessor distance from the leading
edgeis used.

As mertioned above, the re-ertry path can be broken down into three major sec-
tions. The atmosphereat high altitudes is described as the rari ed air region,
whereK n is high, the meanfree path is large, the density is low and the particu-
late nature of the °uid is important. Calculationsare performedusing Boltzmann
equationsbasedon molecular medanics.

Air at lower altitudes can be modelled using the Navier-Stokes equationswhere
the atmosphereis consideredas a cortinuum. Herethe Knudsennumber (K n) is
low. It hasbeenshown that for “owsfor whichKn! 1 | the Boltzmann equation
solution corvergesasymptotically to the Navier-Stokesequationssolution.

In betweenis the transitional region wherean interpolation betweenthe two sets
of equationscanbe used. A simpleand practical method of determining forcesand
momerts hereis to t a smooth curve betweenthe cortinuum regime(Kn! 0)
and the free molecularregime(Kn! 1 ) asa function of K n, basedon correla-
tion of available data for similar bodies.

The applicability or the governing equationsasa function of the Knudsennumber
is shown in Figure 17.

In the cortinuum regionthe motion of the °uid canbe described usingthe Navier{
Stokes equationstogether with the cortinuity equation, accourting for the con-
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Figure 17: Validity of convertional mathematical models as a function of local
Knudsennumber [Bir86]
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senation of momertum and the steady state consenation of massat every point
of the °ow eld. Theseequationsin their dimensionlesforms are simpli ed for
incompressible unsteady non-creeping®ows:

@

—+utru irzuirp+fin- (3)

@ Re

r¢u = 0in - 4)

for four unknowns (uq; uy; us; p), subject to the appropriate boundary conditions.
The convection term (u ¢r u) is non-linear (from u ¢u), non-symmetric, and
anisotropic. In this formulation the energyequationis not included, consequetly
the heat transfer is neglected. The gravitational term, turbulence models and
other °ow phenomenawill further increasethe complexity of these equations,
making the numerical analysisvery time, cost and computational intensive.

The velaocity of a re-ertry body can be de ned in relation to the speed of sound
using the dimensionlessMach number:
V  macroscopicspeedof gas

M= a - speedof soundin the gas ©)

wherea = Ps RT (for a perfectgas).

The Reynolds number, Re, is a dimensionlessnumber, relating the momerium
forcesin the °uid to the viscousforces.It de ned as

YoM | L = Re

Re = = ! oV (6)
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from kinetic theory the dynamic viscosily is

1 a 2
1 = Z1lsa 8 ! , = —4—— (7)
2 ha 8=14
after substitution the Knudsennumber can be re-written as
) P
1:25M
Kn = 2= ——
L Re (8)

At high Re (Re A 1), the characteristic dimensionis the boundary layer thickness
+ which is proportional to 1= Re for laminar boundary layers. ThusK n becomes

Kn | p (9)
Re

Both Egs. 8 and 9 indicate that the particulate nature of the gasis important if
the Mach number is high and/or the Reynoldsnumber is low.

At the lower speedsof atmosphericre-ertry bodies, the °ow eld primarily im-
pacts a distributed, shearand normal pressureload to the vehicle. Control is
then e®ectedby making local alterations to this pressure eld, often through con-
“guration changessud asthe de°ection of the °ap or changing the orientation
of the body by shifting the certer of gravity. At the much higher speedsof at-
mosphericre-ertry, the support and cortrol of thesedistributed loadsis a great
engineeringproblem. In addition, the °ow eld surroundingthe ertry object adds
a distributed thermal load . As explainedin the next subsection,coping with
this thermal load presers an even more dizcult engineeringchallengethan that
encourtered in sustainingthe pressureloads[RA93].

When the re-ertry body encourers the atmosphereit deceleratesdue to atmo-
sphericdrag. The magnitude of the deceleration,a, of the body is:

dv _ Myscy!

i 2 -h=H + Fre)
il o V<e gsin (10)

a =

where

Cp - is the drag coexcient
S - is the referencearea

° -isthe °ight path angle
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m - is the mass

g - is the acceleration

h - is the altimeter

Y - is the atmosphericparameter
H - is the atmosphericscaleheight

When the variable is changedfrom time t to altitude h and the gravitational
accelerationis neglected,the expressionfor the velocity magnitude can be re-
written as:
#
LpH i h=H

V. = Veexp i ——— 11
where
Vg - is the velocity at ertry
°e - is the °ight path angle (the angle the velocity vector makeswith the hori-
zonal) at ertry, and
~ - is de ned and then ewaluated for a spherical-shagd object as:
il

A !
_ m . Y% 4=3%R} ' 3=4C L
= y, ¥ LA D = (K sin®g)i? (12)

CoS CoYRZ % Ry

where

Y% - is the averagematerial density

Cp - is the drag coezxcient

K - is a parameterusedto characterizethe object's massand aeradynamic drag

1
K= _Sin°E (13)

which cortains both a shape/composition term (") and an operational term (°g).

Besideparticle dynamics,an entry vehicle can be fully characterizedby its L=D

and ballistic coexcient. The ballistic coetcient is a measureof the ability of an

object to penetrate atmosphericresistance. It is calculated as m=SCp, wherem

is the mass;S is the projected areanormal to °ight path; and Cp is the drag co-
excient. Typically valuesfor a spacecraftis around 1 100kg=m?, determining
the °ight trajectory and allows for assessmenof acceleration,dynamic pressure
loads,amongother parameters.
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Finally, a number of methods are mertioned which canreducenumerical complex-
ities. As explainedabove, the °ow aroundare-ertry body canbe decompsedinto
a boundary layer near the surface,where viscousstressesare signi cant; and an
outer inviscid °ow region, wherepressureforcesare dominarnt. This theory allows
an inviscid °ow analysisfor the outer region to be coupledwith an independen
analysisof the boundary layer, to predict both the lift and the drag on a moving
body, signi cantly simplifying the numerical analysise®ort.

Due to the complexitiesof the Boltzmann and Navier-Stokes equations,approxi-

mate methods can be usedto determinethe forcecoezxcients for a typical re-ertry

body in all three regimes.Having discussedhe dixculties facedin trying to deter-
mine the hypersonicforcesand momerts, it is evidert that simpleimpact methods
may provide acceptablepredictions. Impact methods predict the pressurebased
only upon the local °ow de’ection angleand free-streamconditions. Impact meth-
ods assumethat the pressureat any point dependsprimarily upon the shape of
the body at that point and the free-streamconditions. The mostwidely applicable
impact method is the modi ed Newtonian method. Lessrigorously derived meth-
ods that include empirical methods are also available. While they may be more
accuratethan Newtonian predictions for certain classef bodies, theseempirical
methods are se\erely limited in their applicability.

2.4.4 Heating e®ects

If all of the body's kinetic energywere converted into thermal energyand this en-
ergy were ertirely absorbed by the body, there would be enoughheat to vaporize
most materials. Howeer, not all of the kinetic anergyis corverted into thermal

energyand not all of the thermal energyis absorbed by the re-ertry body. It isa
major engineeringproblem to keepto a minimum the absorption of thermal en-
ergy by the body. The fraction of the energyabsorbed by the body dependsupon
materials (nosetip region), body shape and trajectory traversedduring re-ertry.

Looking at the re-ertry phenomenon,total heating is reducedby increasingthe

total drag coexcient Cp (assumingthat an increaseof Cp is not accompanied
by an increasein the skin friction coexcient C;). Therefore,the total heat load,

Q, is reducedby selectinga blunt shape. The heat, not absorbed by the re-ertry

body, is absorked by the atmosphere.
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Thermal protection of ertry vehiclesis a multidisciplinary designand analysis
problem, involving aeradynamics, chemistry, °ight medanics, structural analysis
and materials science.

Entry vehiclethermal cortrol or protection can be achieved in three basic ways:
1. Heat sink (e.g., large massof material with a high melting point)
2. Radiative cooling (e.g, the SpaceShuttle tiles)
3. Ablativ e shielding (e.g., b erglass-resimmatrix)

Thermal loads{ sud astotal heatload and instantaneousheating rate { acting
on the vehicle during ertry are also important. The total heat load in°uences
energyinput and consequetly the averagevehicletemperature. The heating rate
{ local or body averaged{ impacts the thermal gradiert, induced from the heat
°ux, and de ned by Fourier's law:

qg = ij-rT 14

where

q - power per unit area, W=m?

- - thermal conductivity, W=mK

r T - gradiert of temperature, K=m

This temperature gradiert can causedi®eretial expansionsand medanical stress
in the wall and other componerts of the spacecraft. While it is not always avoid-
ably, tradeo®sbetween the allowed heating rate and total heat load are often
required. A gliding high energyertry at high altitude reducesthe instantaneous
heating rate, but by extendingthe °ight duration it increaseghe total absorbed
heat. A high drag ertry reducesthe total energyinput but causessigni cant local
heating rate, and may result in enhanceddynamic loads.

Two heat transfer medanismsin®uence entry vehicleheating, suc as convective
and radiative heating. During corvective heating the air is heated through the
blow shack in front of the vehicle. When the air is heatedto a high enoughtem-
perature (at an ertry velocity of about 10 km=s), radiative heat transfer may also
occur.
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Maximum aeradynamic heating occursin stagnation point regions,for example
on blunt nosecones.Turbulent °ow alongand behind the vehiclecanalsoproduce
signi cant heat °ux, while delayed transition to turbulence can also delay body
heating. The heat must be dissipatedin order to avoid damageto the spacecratft.
A good designonly allows for a few percert of the heat to read the vehicle.

It is shown that accuratesolution for a high-speed°ow- eld around an ertry ve-
hicle with unknown surfacepropertiesis posinga signi cant challenge,in°uenced
by a chemically reacting, ionized and radiating gas,not in equilibrium state.

The approximation of air asa perfectgasbreaksdown at temperaturesmuch lower
than the stagnationtemperature. The concerrations depend on temperature and
pressure,therefore, the gascannot be appraximated even as a thermally perfect
gas. It isassumedhat the equilibrium concertrations arereadedinstantaneously
resulting in alocal equilibrium °ow. This assumptionis applicablewhenthe char-
acteristic chemical reaction time ¢, is much shorter than the °uid residencetime
¢ - This situation usually occurs at lower altitudes where a higher density and
shorter mean free path result in smaller reaction times. When an entry vehicle
spendslong periods of time in the low-density region, the shock layer may be in
chemical and thermodynamic non-equilibrium. In non-equilibrium °ow, when ¢,
is comparableto ¢, the concertrations of the various specieswill be functions of
time in addition to being functions of temperature and pressure.

In cortrast to equilibrium °ow, when ¢ A ¢ (i.e., reactionsare assumedo pro-
ceedextremely slowly), the speciesconceitrations may be assumedto be frozen
in time; this conditions is referredto asfrozen°ow. An exampleof frozen °ow
is the processin a shack. Even though the °ow properties change dramatically
in a shack, the thermodynamic and chemical properties of the °uid are essetial
unchangedsincethe width of the shock is sosmall that the residencetime is neg-
ligibly small,i.e., ¢ %O0.

The high temperaturesimpact both the °uid and the material properties of the
ertry body. The temperature in the stagnation point is higher than the melting
point of most material, therefore heat is removed through ablation unlessactive
cooling is applied. Controlled ablation is commonly usedin ertry bodies, where
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the rate of ablation is dependern on the material used. The ablated material in°u-
enceshe °ow eld, the chemicalreaction process,and the remaining shape of the
body, especially the nosetip in the stagnation region. The ablating particles and
outgassingalso e®ectthe boundary layer and consequetly the °ow eld. Further
complication to the °ight dynamics(e.qg., sideforces,momerts and yawing) occur
when the vehicleis spinning.

2.4.5 Atmospheric re-entry summary

The above subsectionsgave a genericoutline regarding the complexities assai-
ated with atmosphericre-ertry scenarios.

While it did not provide a full list of the phenomena,it outlined the structure
of a standard atmosphere;the various °ow regions;the heating e®ects;and the
governing equationsusedto calculate theseconditions.

Further details on the underlying theory of atmosphericre-ertry can be found in
books, dedicatedto this problem, sud asin [GF91], [RA93], [Han89, [VBC8(Q],
[Ely66], [Loh68], [Kur66a], [Kur66b], just to mertion a few.

3 Metho dology and Assumptions

3.1 Metho dology

The concurrent designprocessat CSMAD employs seweral high endtoolsto calcu-
late componert performanceand behavior of spacecrafton future missions. These
tools addressthermal, optical structural and communication issues,just to list a
few. Fluid dynamicsis not yet addressedn detail. Consequetly, the goal of this
project is to modify the processby introducing a high-end computational °uid

dynamicstool to the environmernt, thus enhancingCSMAD's analysiscapabilities
to perform tasksin a near-real-timefashion. To this end, CFD software selection
and evaluation was performedin three iteration steps:

1. First, 83 commercial computational °uid dynamics (CFD) software were
identi ed through internet hosted information [Onl02]. Preliminary ewal-
uation of these codeswas performed from compary web sites. A summary
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of the relevant ndings is provided in Section4.1- in an unprocessedormat
-, with a verdict stating if the code is suitable or not for further assessmen

2. In the seconditeration the selectedcodeswere further evaluated againstre-
quiremerts given in Appendix B. From this assessmen additional codes
were eliminated and for the remaining software evaluation versionswere re-
questedfrom the deweloper (seeSectionA.1).

3. In the nal stagethe process’ow wasdemonstratedby casestudies,following
through a partial designcycle. This includesa CAD designpadkage,a CFD
software and a pre- and post-processingsoftware. The assumptionsusedare
listed in Section3.3.

3.2 Software and hardw are

The casestudies were performedon an Intel Pertium 111 and IV basedsystems
with at least512MB of RAM memory, running Windows 2000 Professional.On
this platform variouscommercialo®the shelf(COTS) softwaretoolswereinstalled
to support all phasesf model developmert and °uid dynamicscalculations. These
included CAD modelling, pre- and post-processingand computational °uid dy-
namics (CFD) software.

For CAD modelling, AutoDesk Invertor wasused. Besidethe model developmen,
this code allowed for exporting out of the CAD model in ACIS (\*.sat"), IGES
and STEP formats.

Pre- and post-processingis required as an interfacetool for the CFD code, when
this environment wasnot provided by the deweloper. In addition, in certain cases
pre- and post-processorssud as ICEM CFD provided a faster and more user
friendly ervironment for importing CAD data to the mesh generator, for dis-

cretization of the domain - grid/mesh generation- and for post-processingthe

numerical results.

Fluid dynamicscalculationswereperformedusingtrial versionsof FLOTRAN (by
ANSYS, Inc.), and CFdesign(by Blue Ridge Numerics,Inc.).
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3.3 Assumptions

The main focus of the casestudies was to demonstrate the concurrency of the
processthrough seamlessntegration of the tools and by demonstratingthe near-
real-time calculation aspectsthrough a simple microprobe design.

In the calculationsthe following assumptionswere made:

2 A genericdesignmicroprobe erters Earth's atmosphereat supersonic/hypersonic
velocity. The probe is housedin an aeroshell.

2 The °ow is consideredsteady state, compressibleand viscous;

2 As for °ow phenomena: in addition to shack waves, vortices, stagnation
points may dewelop;

2 The 3D CAD geometriesare imported into a suitable meshgenerator. Due
to the simplicity of the aeroshellgeometry the de nition lossis considered
negligible;

2 The software solvesthe 3D Navier-Stokesequations,coupledwith the energy
equation for heating. (The code could also accour for turbulence through
suitable turbulence models.)

2 The CFD solutions were obtained for up to supersonic°ow velocities (v <
Mach 5).

4 Results and discussion

4.1 Codes selected for detailed evaluation

Following the initial assessménof 83 COTS CFD codes(seeAppendix A.1) 12
relevant CFD software were selectedfor further detailed evaluation. Thesecodes
are listed below:

1. Fluent by Fluent Inc.;

2. CFX-TASC°ow by AEA Tednology plc.;

3. CFD-FASTRAN and CFD-ACE by CFD Researt Corporation;
4. StarCD by Computational DynamicsLtd.;
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GASP & GUST by AeroSoft, Inc.;

FLOW3D by Flow Science|nc.;
ANSYS-FLOTRAN by ANSYS, Inc.;
FINE/Hexa by NUMECA International s.a.;

© © N o O

PowerFLOW by Exa Corporation;

10. ADINA-F by ADINA R & D, Inc.; and
11. CFD++ by Metacomp Tednologies,Inc.
12. CFdesignby Blue Ridge Numerics, Inc.

In addition to the CFD codes,CAD modelling and CFD pre- and post-processing
were performed using AutodeskInventor by AutodeskInc. and ICEM CFD by
ICEM CFD Engineering,respectively.

A detailed descriptionsof thesecodesare given in the following subsections.

4.1.1 FLUENT by Fluent Inc.

The code FLUENT by Fluent Inc. [IncO2 solves the governing consenration
equationsof °uid dynamicsby a nite-v olume formulation on a structured, non-
orthogonal, curvilinear coordinate grid systemusinga collocatedvariable arrange-
mert. It usesthree di®eren spatial discretization sdhemes,namely power-Law;
second-ordeupwind; and QUICK, a boundedthird-order accuratemethod. Tem-
poral discretization is achieved by a rst-order, implicit Euler scheme. Pres-
sure/Velocity coupling is achieved by the SIMPLEC algorithm resulting in a set
of algebraicequationswhich are solved usinga line-by-line tridiagonal matrix algo-
rithm, acceleratedby an additive-correctiontype of multigrid method and block-
correction. Note that if required, the user may use additional equation solvers.
FLUENT modelsturbulent “ows with the standard model, an RNG model, and
a second-momenclosureor Reynolds-stressnodel (RSM). In general, FLUENT
includes models of single or multi-phase °ow, with heat transfer and chemical
reactionsfor incompressibleand compressible’ows.

It usesthree standard stepsto solve CFD problems. First a model is built or
imported from a CAD padkagein addition to meshgenerationand data input.
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Figure 18: Entry of the Mars Path nder (with FLUENT) [dSdNIO1]

Pre-processingtools include GAMBIT, G/T urbo and TGrid. At this point FLU-
ENT, ageneralpurposesolwer is calledto perform the calculationsand to produce
the results. In the nal stepthe calculateddata is post-processedisingFLUENT's
own post-processoror other third party post processors.

FLUENT software was usedto simulate the entry of a planetary module into the
atmospheresurrounding Mars [dSdNIO1]. The temperature distribution around
the Mars Path nder during the ertry at 6 km/s is shown in Figure 18.

Through comparisonwith experimental data, FLUENT hasbeenvalidated for its
prediction of non-equilibrium e®ectghat occur at high temperaturesin hypersonic
wind tunnels like the Small Planetary Entry Simulator (SPES). Temperature and
streamlinesaround a capsulemodel in the SPEStest chamber in a Martian-lik e
atmosphereis showvn in Figure 19.

Conclusion:  SinceFLUENT hasbeenalreadytestedfor a Martian atmospheric
entry caseit is not necessaryto provide a detailed description of its applicability
for spacerelated mission designs. Howewer, it should be noted that there is no
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Figure 19: Capsulemodel in the SPEStest chamber (with FLUENT) [dSdNIO1]

information available on the code execution speedfor the conditions and con g-
uration described in [dSdNIO1]. It is recommendedo test the code for a similar
con guration as descriked above to ewaluate its performanceand suitability in a
concurrert designervironment. FLUENT is a well establishedand robust code
with many modules addressingvarious °uid °ow and heat transfer related phe-
nomena. Consequetly, besidethe capability and performanceissues,the cost
aspect should be alsotaken into accourt.

4.1.2 CFX-T ASC°0 w by AEA Technology plc.

TASC°ow by AEA Tednologyplc. [AEA02] is a 3D °uid °ow/heat transfer code,
using the Finite Volume Method.

Atmospheric entry of spaceprobes was investigated at the French-German Re-
seard Institute (ISL), Sairt-Louis, France [Ber9g, using TASC°ow. Flow solu-
tions were calculated for Mach numbers between 0:8 and 2:0 and for anglesof
attack up to 8 degrees. A comparisonof a shadavgraph and a numerical pre-
diction at M ¥4 2 is shown in Figures 20 (a) and (b). ISL plansto use CFX in

order to createaeradynamic databaseswhich canbe bene cial in the early stages
of spaceprojects. Sut a databasecan assistwith the understandingof dynamic
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Figure 20: Free °ight shadavgraph at M=2.05 (a); and Predicted Mach number
contours at M=1.997 (b) (with TASC°ow) [Ber9g

instabilities and with designoptimization.

At high Mach numbersthe high hypersonic’ow eld is distinctly di®erer from the
low speed°ow eld. Novel concepts,sut asaero-assistedreakingand interplan-
etary spacemissionsemploy large angleblunt conesfor maneuers. Aerodynamic
heating is a major problem related to these spacemissions. CFX-TASC°ow has
beenusedto perform steady state computational Navier-Stokes analysis of crit-
ical °ow eld features of a blunt cone with sharp edgesat Mach number 5.7
[JDDROQ]. Computed surfaceheat transfer over a blunt conewas comparedwith
shock tunnel experimertal measuremets. The results were within 8 9§ 12% of
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Figure 21: Computed Mach cortours around a blunt conemodel (with TASC°ow)
[JDDROO]

the experimerts. About 200 iteration time stepstook ¥ 10 hours of CPU time
on a R5000processorbasedSilicon Graphics workstation O2, running IRIX 6.3.
Computed sampleMach and temperature cortour distributions are shovn in Fig-
ures 21 and 22, respectively.

Conclusion:  Similarly to the conclusionsfor FLUENT, TASC°ow has been
testedfor atmosphericre-eriry caseslemonstratingthe usability of the code under
sud conditions. It is unfortunate that repeatedattempts to cortact to compary
for a trial version of the software failed. Howewer, basedon previous personal
experiencedt was found that the code is primarily designedfor turb o-madinery
related CFD calculations using a rotating frame of reference. A large number
of modules are included in the code for the various applications from subsonic
incompressibleto hypersoniccompressible’ows. Many of the code featuresare
not applicable to spacerelated simulations, therefore, the justi cation of using
this code should be weighted not only againstits usability but also against the
licensingcostsinvolved.
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Figure 22: Computed temperature distribution in the wake of a blunt cone(with
TASC°ow) [dSdNIO1]

4.1.3 CFD-F ASTRAN by CFD Research Corp oration

CFD-FASTRAN by CFD Researb Corporation [CFDO02] is a high accuracy -

nite volume compressible’ow solver, using unstructured, structured and hybrid

meshes.It is can address°ow velocities from subsonicthrough supersonicto hy-

personic(incompressibleand compressible) resolvingshock waveshby third-order

total-variation-diminishing (TVD) sdeme(seeFigures23and 24), in addition to

thermal buoyancy, conjugate heat transfer and radiative heat transfer. It models
turbulent °owswith a number of models,in particular, the standard k-e model, k-
w, Baldwin-Lomax and Spalart-Allmaras. Note that CFD-ACE, another product
from CFDRC for multi-blo ck structured meshesjs an advancedgeneralpurpose
CFD code using a fully implicit pressure-basedterative solver. The code can
be usedfrom low to supersonicvelocities, addressingturbulence, reacting “ows
and other complex °ow physics phenomena. The product family includesan in-
teractive 3D geometry/meshgeneratorsoftware (CFD-GEOM) for unstructured,
structured and hybrid grids. CFD-VIEW can be used for post-processingand
visualization of the results.
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Figure 23: Shadavgraphscomparingcomputational resultsfrom CFD-FASTRAN
with actual photographs[CFDO02]

Conclusion: It is recommendedio evaluate this code further in the follow-up
stageof the presen assessmdn

414 STAR-CD by Computational Dynamics Ltd.

STAR-CD by Computational Dynamics Ltd. is a generalpurpose, nite-v olume
algorithm which usesan unstructured grid systemto resole the conseration
equations. The unstructured grid allows for a rangeof optional cell shapes. These
cellsmay exhibit arbitrary deformation, have sliding internal interfaces,and per-
mit cell insertion and deletion. In addition, local meshre nement may be uti-
lized to locally enhanceaccuracy of solutions without encunbering the global
solution. Steady-stateand transiernt calculations can be performed using vari-
ous algorithms (SIMPLE and PISO), solving all variables on a collocated grid
system;i.e., all variablesare at the cell certer, including the Cartesian velocity
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Figure 24: Supersonic °ow over a missile body (CFD-FASTRAN simulation)
(Mach=1.6, Alpha=20 deg.,RE=500,000) [CFDO02]

componerts. Spatial di®erencingis second-orderand a fully-implicit rst-order

temporal di®erencingsthemeis used. STAR-CD models turbulent °ow using a
number of di®eren Reynolds-aeragedturbulent models, in particular, the stan-
dard two-equation k-e model, an RNG model, and LES. In general, STAR-CD

has extensiwe °ow, heat and masstransfer capabilities, including compressible,
multi-phase and chemical-reacting®ows. It can be usedfor incompressibleand
compressiblg(including transonic and supersonic) °ows, addressingheat transfer
by convection (with buoyancy) and conduction (in solidsand ba2es), and radia-

tion (including solar).

Conclusion: STAR-CD claimsto be a generalmulti-purp osecode, addressing
all aspects of °ow physics. Although someof the compary's brochures claimed
that simulation for °ows from subsonicto supersonicvelocities were performed
using this software tool, an intensive web-basedseard could not uncover any
simulation work in the supersonic/hypersonic velocity region. Therefore, this
code is consideredto be a lessercandidate for future assessmen unlessrelevant
analysiscan support its usability for high velocity regimes.
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Figure 25: GASP solution for a dual-nozzlemissileat Mach 5.72;altitude of 47.8
Km. [Aer0Z

415 GASP & GUST by AeroSoft, Inc.

Aerosoft CFD system[Aer02 has tree products consisting of GASP (structured
°ow solver), GUST (unstructured °ow solver and grid generator), and SENSE
(sensitivity analysistool). GASP is a structured, multi-block CFD °ow soler
which is applicableto compressibl€ow elds appraximately Mach 0.2and greater.
This would include °owswith “nite-rate or equilibrium chemistry, such ascombus-
tion problemsor reertry type °ows. It is a stableand validated product. However,
GASP doesnot include a meshgeneratorand the post-processingcapabilities are
alsosomewhatlimited, requiring additional software toolsto perform thesetasks.
An examplesolution at hypersonicvelocity is shavn in Figure 25.

GUST, in a nutshell is an unstructured versionof GASP. It too is a compressible
CFD °ow soler for anything from perfectgascalculationsup to nite-rate chem-
istry, with non-equilibrium thermodynamics. GUST will run a little slower than
GASP on the identical grid, but shouldgive the sameanswer. SENSEtakesa user
suppliedstructured multi-blo ck CFD solution, and will predict the variation about
that solution with respect to one or more designvariables. For example,it can
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Figure 26: GUST temperature pro le solutionsof a parachute at Mach 2 [Aer02]

tell how the entire solution at a given point would vary aswith the changeof the
angleof attack. A samplesolution of a paracute in a Mach 2 °ow eld is shovn
in Figure 26. The unstructured axisymetric grid cortains 18,028nodesand 17,601
cells. Shawvn in the “gure is temperature cortours with streamlines superimposed.

Conclusion: Thesecodeslook very promising in regardsto performing calcula-
tions relevant to atmosphericentry scenarios.Howewer, there Microsoft Windows
or Sunversionsof the codesare not available, making them ditcult to implemen
in the CSMAD ernvironmert. (Note that the codes are available only in SGl,
Intel/Lin ux and IBM RISC platforms.)

416 FLOW-3D by Flow Science, Inc.

FLOW-3D by Flow Sciencelnc. [Flo02], is a nite-di®erence,transient-solution
algorithm solvingthe corvertional, consenation equationsof °uid dynamics. The
principal algorithms are all basedon a combination of nite di®erenceand nite
volume perspectives. The staggeredgrid usedis non-uniform and Cartesian (po-
lar/cylindrical co-ordinate systemis also available) in one, two or three dimen-
sions. The VOF algorithm (Volume Of Fluid) tracks the movemert of °uid by the
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calculation of °uid fraction for eatc meshcell. FLOW-3D incorporates physical
models for porous media °ow, conjugate heat transfer, dynamic °uid-in terface
motion, surfacetension, wall adhesion,turbulent °ow, incompressibleand com-
pressible°ow, non-Newtonian °uids, non-inertial referenceframes, solidi cation
and melting, thermal buoyancy, and simpli ed bubble models. It models turbu-
lent °owswith eithera PRANDTL mixing length model, a standard two-equation
k-e model, an RNG model (re-normalizedgroup theory model, an extensionof the
standard k-e model), or a Large Eddy Simulation model with a Smagorinskysub-
grid scalemodel. FLOW-3D useseither a rst-order method or a second-order
method of spaceand time derivatives. FLOW-3D runs on all major computer
platforms including engineeringworkstations sud1 as DEC Alpha, SUN, IBM,
SGI, and HP, aswell asPertium [Il and above PCs.

Conclusion:  While Flow Sciencelnc. claimsthat FLOW-3D can be usedup
to supersonic speeds,there is no analysis available in public domain or on the
deweloper'swebsiteto con rm this capability for external °ow conditions, required
at CSMAD. Besidethe genericdescription of features,the code doesnot provide
options beyond any other genericCFD code. Basedon the available information
it is concludedthat this code should not be evaluated further.

4.1.7 FLOTRAN by ANSYS, Inc.

FLOTRAN by ANSYS Inc., is a nite-element based,general-purmpsealgorithm
which solvesthe Navier-Stokesand energyequationsusinga segregatedr sequen-
tial solution method on fully unstructured meshes.The velocity-pressureformu-
lation usesan equal-orderapproximation for velocity and pressure,and solves
for ead variable eld in an iterative manner similar to nite volume methods.
The solversemploy preconditionedconjugategradiert or residual methods. This
resultsin a method which is bandwidth independernt and thereby requiressignif-
icantly lessmemory than traditional nite-element methods. FLOTRAN usesa
monotonestreamline upwind technique to discretizethe advection terms and has
demonstratedimproved accuracy of corvertional upwind methods for nite ele-
merts. The e®ectof periodic boundary conditions, porousmedia°®ow, distributed
resistances,moving walls, conjugate heat transfer, thermal buoyancy, turbulent
°ow, incompressibleand compressible’ow, and rotating referenceframesmay be
simulated. FLOTRAN modelsturbulent °ow with the standard two-equationk-e
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model. A wide rangeof boundary conditions canbe speci ed for velocity, pressure
and thermal BC's, including external radiation and volumetric heat generation.
Constart of variable °uid propertiescanbespeci ed. FLOTRAN integratesseam-
lesslyinto the ANSYS ernvironmernt for multi-ph ysicsapplicationsand for pre-and
post-processing.It should be noted that the pre- and post-processing,including

meshgenerationcanbe alsoachieved usinganother ANSY S product, calledICEM

CFD.

Conclusion: FLOTRAN is selectedasa CFD code to demonstratethe recom-
mended processimprovemert to the concurrert designenvironment. This code
will be usedin conjunction with Autodesk Inverntor and ICEM CFD for CAD
designand pre- and post-processing respectively.

4.1.8 FINE/Hexa by NUMECA International s.a.

FINE/Hexa by NUMECA International s.a.,claimsto be a uniquefull-hexahedral
unstructured code for complexcon gurations, using automated meshadaptations
to accurately capture complex °ow physics (e.g., shack-waves). It's main com-
ponert, HEXA-NS is an auto-adaptive unstructured °ow solver, valid for incom-
pressiblesubsonicto supersonic®ows, re ning cellsin high-gradiert zoneswhile
coarseningcellselsewhere lts usesHEXPRESS asa meshgeneratorand CFView
as a post-processorfor °ow visualization.

Conclusion: FINE/Hexa will be releasedn the Fall of 2002. Sinceit is not yet
available for evaluation, the software should be re-visited at a later time.

419 PowerFLO W by Exa Corp oration

PowerFLOW by Exa corporation [Exa02 usesthe patented Digital Fluids (parti-
cle based)method to calculateinternal and external °uid °ow conditions. Further
information can be found on the compary's web site.

Conclusion:  Personaldiscussionswith a technical support specialist revealed
that at presen the code is only applicableup to M = 0:4, below the compress-
ibility limit. With somedewelopmen the range might be extendedto M = 1:2,
slightly over the supersoniclimit. Howewer, it was expressedoy the compary's
represemativ e that at the momert the driving force behind code dewelopmert is
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provided by commercialcustomers. Hypersonicvelocity applications are limited
to spacerelated scenarios.Thus deweloping this capability will not be a primary
focus in the foreseeablefuture. Therefore, it was found that PowerFLOW, at
its presen dewelopmen stage,is not suitable for predicting atmosphericre-ertry
conditions.

In addition, code performancestatistics shedlight on the feasibility of usingCOTS
CFD toolsin aconcurren designervironment. It wasstatedthat a codevalidation
study to model the external °ow eld around a tuck, employed 10 to 40 million
cells. Very Large Eddy Simulation (VLES) runs on a 32 processormulti-CPU
systemrequired 1 to 2 days executiontime. A 8 10% prediction accuracy case
was also performed with only 6 million cells, but still requiring up to a day of
CPU time.

4.1.10 ADINA-F by ADINA R & D, Inc.

ADINA-F by ADINA R & D, Inc. [ADIO2] providesstate-of-the-art nite elemern
and cortrol volume capabilities for incompressibleand compressible°ows. The
°ows may cortain free surfacesand moving interfacesbetweencuids, and between
°uids and structures. An arbitrary Langrangian-Eulerian(ALE) formulation is
used. The procedureusedin ADINA-F is basedon nite elemen and nite vol-
ume discretization schemes,with a most generaland excient solution approad.
General°ow conditionsin arbitrary geometriescan be solved.

Conclusion:  Similarly to other generalCFD codesADINA-F claimsto be appli-

cable for supersonicregimes. However, extensive seart could not nd reputable

solutions performedwith this code. Consequetly, ADINA-F is not recommended
for further evaluation.

4.1.11 CFD++ by Metacomp Technologies, Inc.

CFD++ by Metacomp Tednologies,Inc. [Met02] is a modern generalpurpose
Computational Fluid Dynamicssoftware built for accurateand excient °ow sim-
ulations in scieni ¢ applications, including the Aerospace eld, where CFD++

can be usedfor all velocity regimesfrom incompressiblesubsonicto compressible
hypersonic. A quick turn-around proprietary methodology (top ology-parameter-
free turbulence models) that can predict turbulent °ows on coarse(inviscid-type)
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Figure 27: CFD++ simulation of the X33 at Mach 3.0 [Met02]

gridsis alsoavailable for appropriate inclusionin the designiteration. Someof the
CFD++ featuresinclude: uni ed physics,grid and computing; Reynolds-aeraged
Navier-Stokes(RANS) equations;large eddy simulation (LES) modelsand hybrid
LES/RANS. Its advanceddiscretization and solution methodology employs a fast
and excient solver. CFD++ hasa user-friendly GUI and a large collection of pre-
and post-processingtools. The code's applicability for the Aerospace eld canbe
illustrated through two gures. Figure 27 shavsthe X33 RLV at Mach 3.0inviscid
°ow with a 2.0 degreeangle of attack. The model used500,000tetrahedral and
triangular prism elemens. The runs were performedon a 16 CPU SGI Origin
2000computer. The simulation required 2 hours CPU time, achieving four orders
of magnitude drop in the residualin roughly 200iterations. Figure 28 shows the
wall pressureand represemativ e streamlinesof the X38 RLV at Mach 6.0turbulent
°ow with 40.0degreeangle of attack. The meshconsistedof 385,000tetrahedral
elemens. The simulation accouned for compressibiliy and heat transfer e®ects.

Conclusion:  The code is widely usedin the Aerospaceindustry for both su-
personicand hypersonicsimulations. If no other suitable selectionis made after
the presern evaluation, then it is recommendedo asses<CFD++ further in the
follow up stageof the evaluation process.
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Figure 28: CFD++ simulation of the X38 at Mach 6.0 [Met02]

4.1.12 CFdesign by Blue Ridge Numerics, Inc.

Blue Ridge Numerics, Inc., recerily releaseda version of its code, CFdesign, for
Autodesk Invertor usersto perform °uid °ow and heat transfer simulations on
their native CAD geometry This breakthrough makesit possiblefor 3D CAD ge-
ometry built in Invertor to be seamlesslyisedin a simulation ervironment without

any type of translation or corversionprocess.Changesmadeto geometrywithin

Invertor are automatically re°ectedin CFdesign,eliminating the time-consuming
task of creating and managingmultiple geometrymodels during a project lifecy-
cle. With CFdesignthere is always only onemodel and it is updated and managed
within Inventor. The code includesits own tetrahedral meshgenerator, for two-
and three-dimensionaknalyses.The program handlesfrom subsonicto supersonic
laminar and turbulent “ows with conjugateheat transfer, conduction, convection,
with usermodi able °uid and solid properties.

Conclusion:  The code is speci cally suitable for JPL's concurrert designen-
vironment. It integrateswith the current tools and thereforeit is highly recom-
mendedfor further detailed evaluation.
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Figure 29: Flow chart for Casestudies1 and 2

Case 1 Case 2

| 1L

4.2 Case studies for code integration

Two casestudieswere performedto assessode integration to CSMAD's concur-
rent designervironmert. The main focus of these studieswas on demonstrating
the near-real-timeaspectsof the processwhile generatingusefulparametric stud-
iesand highlighting various trends related to °uid dynamics.

In these casestudies a generic Mars Microprobe Aeroshell design was adopted
from [BMMC97]. The °ow eld around the atmosphericentry probe was mod-
elled under supersonicconditions (belov Mach 5).

The calculations were performedwith COTS software tools, in a successiorout-
lined in Figure 29. Further information on thesecasesand tools are givenin the
following subsections.

421 Case 1: Inventor/ANSYS-FLOTRAN/ICEM CFD

For this study three COTS software tools were used, namely Auto desk Invertor,
ANSYS-FLOTRAN and ICEM CFD.
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Figure 30: Mars Microprobe Aeroshell (adopted from [BMMC97])

Autodesk Invertor is usedto generate2D and 3D CAD models of the required
geometries. FLOTRAN is usedto perform °uid dynamics calculations. It is a
FEM basedCFD code, part of the ANSYS padkage. ICEM CFD is usedfor pre-
and post-processingof the CAD models. This includedimporting the CAD model
into the pre-processorand generatinga mesh,which then wasusedin FLOTRAN.
Post-processingincluded output of the CFD resultsto further data visualization
programs.

In the rst step a CAD model was generatedwith Autodesk Invertor 5. The
reproduced Mars Microprobe Aeroshelldesignis shavn in Figures30and 31. A
more detailed version of the design,wherethe Aftshell, Heatshieldand the pay-
load is included are given in Figures 32 and 33. This step is usually performed
by CSMAD's Mechanical/CAD station during a designsession. Invertor is al-
ready part of the CSMAD designsoftware tool set. Therefore, it is not required
to justify its applicability in a concurrent designernvironment. Howewer, it can
be mertioned that the software is very userfriendly and an experiencedusercan
produce complicated CAD models practically within minutes.
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Figure 31: Mars Microprobe Aeroshell (Invertor Screenshot)

Figure 32: Mars Microprobe Aftshell, Heatshield, Payload (Inventor Screenshot)



60 4 RESUL TS AND DISCUSSION

Figure 33: Mars Microprobe Assenbly (Invertor CAD drawing)

In the secondstepthe CAD model wasimported into a meshgenerator{ in this
caseinto ICEM CFD in ACIS (\*.sat") format (seeFigure 34). Herethe far- eld

boundary is addedusingtoolsin ICEM CFD asshown in Figure 35. (The hemi-
spherecylinder was createdwith a radius of R=1200mm, relative to the probe's
R=165mm radius). The domain then was broken down to meshingregions. In a
top-down blocking approad C-grid and O-grid topologieswere usedfor the far-
“eld, and for in- and outside of the body, respectively (seeFigure 36). The nal

meshconsistedof 112,000nodesas showvn in Figure 37. Details of the meshnear
the probe are givenin Figure 38, showing the °uid zonesinside and outside of the
solid probe. The total time required to generatethe meshwas about 2.5 hours.
From this, it took 15 minutesto import the CAD geometriesand to createthe far-
“eld. The block topology wascreatedin 30 minuteswith ICEM HEXA, while ne
tuning the blocks took 90 minutes. The nal meshwas outputted in FLOTRAN

format, in another 15 minutes. While this meshingprocesstakeslonger then a
typical concurrent designsessionminor modi cations to the CAD geometrycan
be re-meshedn a much shorter time period. Therefore,if this meshgeneratoris
used,it is recommendedo generatean initial meshbeforethe concurrert design
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Figure 34: Geometryimported to ICEM CFD in ACIS format

Rendered as solid Rendered as wireframe

sessionwherethe meshre°ects the desiredgeometries.

In the third stepthe meshle is imported into FLOTRAN. Sincethe meshwas
exported from ICEM CFD speci cally for FLOTRAN, this step should have been
simple. Howewer, it was found that while FLOTRAN attempted to import the
‘Te, it did not recognizethe volumes. Consequetly, besidethe keypoints no other
meshinformation was set up. Sampleplots of the elemerts imported into FLO-
TRAN are shown in Figures39, 40 and 41.

Due to dixculties with the Te import and the shortnessof time available to
complete the project, it was not possibleto follow up on this problem at this
stageand to perform the remaining stepsof the analysis,namely running the “ow
solver and visualizing the results. For future referenceit should be noted that
ANSYS-FLOTRAN comeswith its own pre- and post-processor,but these are
less powerful then those of ICEM CFD, another member of the ANSYS family
of software tools. Thesetwo codes should be well integrated (not courting the
presen example), making it a worthwhile e®ortto usethe full featured ICEM
CFD around the CFD solver of ANSYS.
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Figure 35: Far eld boundary in ICEM CFD
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Figure 36: Hexagonalmeshingregionsusing ICEM CFD
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Figure 37: Final meshwith 112,000nodes(using ICEM CFD)
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Figure 38: Mesh details near the probe (using ICEM CFD)

Figure 39: Far eld elemen boundaries(with FLOTRAN)
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Figure 40: Far eld nodal boundaries(with FLOTRAN)

Figure 41: Nodal closeupof the probe (with FLOTRAN)
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Figure 42: Inventor model to be usedin Case2

4.2.2 Case 2: Inventor/CFdesign

In the secondcasestudy two COTS software tools were used, namely Auto desk
Invertor and CFdesign[Blu02]. CFdesignwaswritten from ground up by the two
initial dewelopers of FLOTRAN, following FLOTRAN's acquisition by ANSYS.
Basedon information obtained from the vendor, CFdesignwas deweloped beyond
the capabilities of FLOTRAN, making it particularly useful for fast prototyping
and parametric designstudiesin concurrernt designervironmerts.

The Inventor model usedin the rst step of the processwas similar to the one
explainedin Section4.2. The Inventor basedCAD designof the probe, payload
and the far eld is shavn in Figure 42.

In the secondstep the geometrywas imported directly to CFdesign'sthe geome-
try and meshgeneratortool, called CFdesign-Domain(seeFigure 43). This step
was instantaneous, since the latest version of CFdesigninstalls a link into In-
vertor (through a CFdesignadd-in) allowing it to transfer CAD les seamlessly
in their native format. In the domain, meshgenerationand boundary condition
de nition stepssimpli cations were madeto allow for quick turnaround analysis,
againin®uenced by the shortnessof time to completethe project. According to
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Figure 43: Domain de nition (in CFdesign-Domain)

this, (1) the domain far eld boundary was set too closeto the probe, resulting
in pressurereections; (2) the air properties (e.g., density) were set at sealevel,
basedon standard referencesourcesextendedup to 30 km; (3) the meshwastoo
coarseand the code wasnot run to a converging solution, making the results sus-
pectin accuracy The boundary condition de nition steprequiredonly 5 minutes.

In the third step the the meshis generatedwithin 9 minutes. It should be noted
that the nal meshgenerationwas proceededwith a few trial meshes,increas-
ing the actual meshingtime. The meshwas generatedutilizing the symmetry
of the probe. A 60,000node meshwith mesh enhancemets was generatedfor
the presen case. The meshresults are shovn in Figures 44 and 45 for the full
domain and zoomed in view, respectively. The code is very memory excient, it
requiresabout 1.5k/node, which translatesto 250,000nodeson a PC with 512MB
of memory,

Once the meshis generated,in the fourth step the solver was launched, called
CFdesign-Soler. For incompressiblecasesit is recommendedto run the code
for about 20 iterations for compressiblethen switch over to incompressible’ows.
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Figure 44: Mesh generated(with CFdesign-Domain)

Figure 45: Closeupof the meshedprobe (in CFdesign-Domain)
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Figure 46: Samplevelocity distribution (using CFdesign-Disply)

This stepresultsin a better numerical stability than trying to solveincompressible
°ow conditions directly. The total analysistime for this casewas 5.5 hours. For
analysisre nemert it is recommendedo run similar caseson a 150k-200kmesh
size. It is predicted that sud an analysiswould run on a 2GHZ PC within 16
hours.

In the nal fth step the analysis results were post-processedusing CFdesign-
Display. Sampleplots for velocity and temperature elds, Mach number isosur-
facesand particle traces are shown in Figures 46, 47, 48 and 49, respectively.
While the code is very easyto use,various discussionswvith other CFdesigncode
usersrevealedthat beyond the data visualization, it can be ditcult to extract
actual numerical valuesfrom the results.

It was found that CFdesignintegrated well with the presen concurrent design
ervironment through the Inventor-CFdesign add-in, consequetly enhancingthe
ervironment with computational °uid dynamics capabilities. The code is scal-
able, allowing for near-real-timeanalysison a coarsegrid (within 15-30minutes),
then for a follow-up analysisoutside the designsessiorto re ne the resultsin an
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Figure 47: Sampletemperature distribution (using CFdesign-Displg)

Figure 48: SampleMach number isosurfaceplot (using CFdesign-Displg)
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Figure 49: Sampleparticle trace plot (using CFdesign-Disply)

environment wheretime limitation do not apply. It should be noted that while
code executiontime reduceswith the increasedcoarsenessf the grid, it is done
at the cost of numerical accuracy

In addition to this analysis, Appendix C documerts a case(named Case?2.1),
which was performedby the author at JPL as part of the researt project. The
‘ndings con rmed the conclusionsoutlined above. Appendix D descrikesthree
bendmark casesnamely for lid-driven cavity °ow, for internal duct °ow and for
buoyancy-driven °ow. Theseruns further proved the usability of CFdesignin a
concurrert designenvironmert.

5 Conclusions

2 In this project, 83 COTS CFD codes were reviewed, using Internet based
resources.

2 Qut of these,12 COTS CFD codeswere evaluated in detail. These evalu-
ations were basedon information from compary web-sitesand discussions
with software dewelopers, to satisfy a set of requiremerts neededto perform
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spacerelated designand analysis.

2 All of these 12 codes were descrited by the dewelopers as generalpurpose
CFD designtools able to address°ow conditions up to supersonicor hy-
personic°ow velocities. Further investigation shoved that while the general
°ow physics may have beenimplemerted in the software, for someof the
codesthe focus and applicability were placedat lower velocity °ow regimes.
Consequetly, seven codeswere identi ed as potertial software tools to be
able to sutciently addressvelocities from subsonicto supersonicand some-
times hypersonic. Thesecodeswere: Fluent, TASC°ow, FASTRAN, GASP
& GUST, ANSYS-FLOTRAN, CFD++ and CFdesign.

2 |n light of these ndings, an improvemer to the concurrert designprocess
at CSMAD was recommended,by the addition of a Computational Fluid
Dynamics software.

2 This enhancedprocesswas demonstrated by linking CAD software, CFD
software and post-processorsoftware. The processalso allowed for further
data visualization and post-processingoy software toolsiderti ed in an eval-
uation project conductedparallel to this study.

2 Through two casestudiesit has been proven that CFD can be integrated
to the present concurrert engineeringervironment at CSMAD to help with
near-real-timeanalysistasks.

2 Usingthe samehigh-endsoftware tools from the earlieststagesof designcan
save signi cant amourt of time, moneyand resourceswhile standardizingthe
analysisprocess.It alsosimpli es documertation, archiving and information
tracking.

2 |t wasfoundthat in addition to the bene ts to the concurrert designerviron-
mert, high-end COTS CFD software canimprove other systemsengineering
designprojects as well.

It should be noted that the purpose of CSMAD is to facilitate rapid product
dewelopmen in a near-real-time concurrert designenvironment. Consequetly,
one should be aware of the trade-o®swhen using this designapproad. On one
hand prediction accuracyincreasesdue to the useof thesehigh end designtools,
on the other hand the near-real-timeaspect (and the shortnessof analysistime)
forcessimpli cations to the models. Therefore, high end CFD tools in a concur-
rent designernvironment can highlight trends and generalbehavior patterns, but
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the coarsespatial and temporal discretization can lead to numerical inaccuracies.
Thus, aslong asthis is takeninto due consideration,CFD tools canbe instrumen-

tal in near-real-time product dewvelopmern projects. Using the samedesigntools
throughout the dewelopmern cyclealsoallowsfor re nemerts to the resultsoutside
of the concurrent designsessionduring follow up analysisto validate preliminary

calculations.

6

Recommendations for future work

Basedon the conclusionsgiven in Section5 a number of recommendationsare
given below for future consideration.

2

Demonstratethe enhancedconcurrert designprocessduring a near-real-time
design session,while employing the tool sets recommendedin this report.
Evaluate the in-situ performanceincrease.

Evaluate additional COTS CFD software from the recommendedist of nal-

ists (i.e., other than CFdesign,ANSYS-FLOTRAN and ICEM CFD). These
comparisonstudies could further improve con dencein the processand in

the prediction accuracy

Before full integration of the code into the CSMAD ervironment, a code
validation exerciseshould be performed under relevant conditions. Sudt a
bendymarking exercisecan provide information on the code's performance
and accuracy

Onceintegrated into the ervironmert, it is recommendedo perform spatial
and temporal convergenceestsduring the designprojects. This isimportant
to demonstrategrid sizeand time step independenceof the results.

Investigate code performanceon multi-CPU and supercomputer systemsto
further evaluate near-real-timeconcurrency

Use COTS CFD software in other Pre-PhaseA and Phase A studies and
cortinue using the samesoftware tools throughout all designphases.
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App endix

A Initial evaluation of commercial codes

A.1 List of Commercial Codes and Developers

In recent years a large number of commercial Computational Fluid Dynamics
(CFD) codeswere deweloped for calculating °uid °ow and heat transfer condi-
tions. These codes vary in complexity, specialization, computational resource
requiremerts and consequetly in price. A comprehensie list of thesecommer-
cial codesis maintained on the \CFD-Online" internet web site (http://www.cfd-

online.com and http://www.ic emcfd.@m/cfd/CFD _codesc.html).

A list of the computer codesassessedhitially through the internet is listed below.
This rst evaluation helpedto narrow down the codesfrom 83to 12. Subsequetly,
these 12 codes were further ewvaluated in a more detailed manner as outlined in
the main documert.

ACRI

ARSoftware (TEP: a conmbustion analysistool for windows)
COSMIC NASA

Fluent Inc. (FLUENT v5)

Flowtech Int. AB (SHIPFLOW: analysisof °ow around ships)
Fluid Dynamics International, Inc. (FID AP)

AEA Tednology (CFX: 3D °uid °ow/heat transfer code)
ICEM CFD (ICEM CFD, Icepak)

© © N oo g & w0 DdhE

KIV A (reactive °ows)

[ERN
o

. CFD Researb Corporation (CFD-FASTRAN)

[ERN
=

. Computational DynamicsLtd. (STAR-CD)

[ERN
N

. Analytical Methods, Inc. (VSAERO, USAERO, OMNI3D)
. AeroSoft, Inc. (GASP and GUST)
. Ithaca Combustion Enterprises (PDF2DS)

I
NV
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15.
16.
17.
18.
19.
20.
21.
22.
23.
24,
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.

Flow Science|Inc. (FLOW3D)

ALGOR, Inc. (ALGOR)

EngineeringMechanicsResearb Corp. (NISA)

Reaction EngineeringInternational (BANFF/GLA CIER)
Combustion DynamicsLtd. (SuperSTATE)

AVL List Gmbh. (FIRE)

IBM Corp. catalogue(30 positions)

Sun Microsystemscatalogue(70 positions)

Cray Researb catalogue(100 positions)

Silicon Graphics, Inc. catalogue(75 positions)

Pointwise, Inc. (Gridgen - structured grids)

Simulog (N3S Finite Elemert code, MUSCL)

Directory of CFD codeson IBM supercomputerernvironment
ANSYS, Inc. (FLOTRAN)

Flomercisinc. (FLOTHERM)

Computational Mechanics Corporation

Computational Mechanics Compary, Inc. (COMCO)
KASIMIR (shock tube simulation program)

Livermore Software Tedinology Corporation (LS-DYNA3D)
AdvancedCombustion Eng. Researb Certer (PCGC, FBED)
NUMECA International s.a. (FINE, FINE/T urbo, FINE/Aero, 1GG, IGG/Autogrid)
Computational EngineeringlInternational., Inc. (EnSight, ...)
Blocon Software Agency (HEAT2, HEAT3)

Adaptive Researb Corp. (CFD2000)

Unicom Tednology Systems(VORSTAB-PC)

Incinerator Consultarts Incorporated (ICI)
PHOENICS/CHAM (multi-phase °ow, N-S, conmbustion)
Synergium'sCFD Tools (AVIA)
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43.
44,
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
S7.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.

Innovative Aerodynamic Tedinologies(LAMD A)
XYZ Scieni ¢ Applications, Inc. (TrueGrid)
South Bay Simulations, Inc. (SPLASH)
PHASES EngineeringSolutions

Amtec Engineering,Inc. (INCA, Tecplot)
EngineeringSciences|nc. (UNIC)

Catalpa Researb, Inc. (TIGER)

SwanseaNS codes(LAM2D, TURB)
Engineering Systemsinternational S.A. (PAM-FLO W, PAM-FLUID)
Daat Researt Corp. (COOLIT)

Flomericsinc. (FLOVENT)

Innovative Researb, Inc.

Certric EngineeringSystems,Inc. (SPECTRUM)
Blue Ridge Numerics, Inc.

WinPipeD

Exa Corporation (PowerFLOW)

Poly°ow s.a.

Flow Pro

Computational Aerodynamics SystemsCo.
Tahoe Design Software

ADINA-F

YFLOW

PSW

AdvancedVisual Systems

Flo++

KSNIS

Flowcode

Concert
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71. SMARTFIRE

72. VISCOUS

73. Polydynamics

74. Cullimore and Ring Tednologies,Inc. (SINDA/FLUINT, SINAPS)
75. Lin°ow (ANKER - ZEMER ENGINEERING)

76. PFDReaction

77. Airfoil Analysis

78. Institute of Computational Continuum Mecdhanics GmbH
79. CFD++

80. RADIOSS-CFD

81. VECTIS

82. MAYA Simulation

A.2 Assessment of Commercial Codes

Userrequiremerns wereidenti ed by the Concurrert EngineeringGroup at NASA's
Jet Propulsion Laboratories. Within this Group, Phase0O and PhaseA studies
are conductedas part of the preliminary designprocessfor future spacemissions.
While this designprocessis very thorough, addressingmost aspects of thesemis-
sions, one area not accourted for so far is related to issuesaddressablethrough
the useof Computational Fluid Dynamics (CFD) tools.

The codeslisted in A.1 are evaluated basedon the information and claims pro-
vided on the internet web-sitesof the code dewelopers. (It should be noted that
this sectionincludeslargely unprocessednformation from the internet.)

Upon this evaluation, were code capabilities are assessedgainst user require-
merts, the CFD programsare labeledas\not suitable” or \candidate for detailed
evaluation”.

A21 ACRi

Web site: http://www.acricfd.com/
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ANSWER GeneralPurposeComputational Fluid Dynamics (CFD)
PORFLOW Ground Water, Porous & Fractured media Simulator
TID AL Oceanographic& SurfaceWater Simulator

RADM Atmospheric Pollution and Transport Simulator

Note that: out of the four programit wasfound that only the rst oneis relevant
to the requiremerts, therefore, PORTFLOW, TID AL and RADM are not ewalu-
ated.

According to the description by the deweloper:

\ANSWER hasbeenusedto analyze problemsas diverseas low pressure Im
deposition, cooling of electroniccomponerts, automobile °uid dynamics, vertila-
tion of tunnels, HVAC designoptimization, analysisof processtanks, design of
ramjets and aircraft engines,and missile launch tube simulations, lubrication of
bearings,and performanceof high Mach number missiles."

Physics: A wide variety of physical modelsare alreadyimplemerted in ANSWER.
Transient or Steady state
Compressibleor Incompressible°uid

TurbulenceModels:

Near wall models: Launder-Sharma,Chien, So-Sarlar, Yeang-Shih
Standardk j 2

ki 2with RNG

Non-linear Quadratic k j 2 (Lumley-Shih)

Non-linear Cubic k j 2 (Lumley-Shih)

Di®erenial RSM (Craft-Ince-Launder)

LES (Implemented by UCLA/Northrop)

Wilcox's k j !

Mentor's blendedk j 2 !

Sources:

Functions of time, spaceor any depender or user-de nedvariable

Any number and mix of sourcesfor any variable

Boundary Conditions: Dirichlet, Neuman, Radiation and other derived types
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Heat Transfer:

Conjugate heat transfer with embeddedsolids

Sub-madelsfor Spray, Radiation, Regenerationand other physical phenomena
Built-in six-°ux radiation model

Interface with heat ordinate radiation model

Geometry:

Structured or Unstructured Meshes

Arbitrary quadrilateral or Hexahedralcortrol volumes

Specialized2D and/or Cylindrical modes

Specialized2D Cylindrical mode with a third swirl velocity componert

Built-in geometry and meshingfor geometrically and topologically simple prob-
lems

AEROSPACE & DEFENCE

Ramjet Performanceand Design Analysis
Aircraft Engine PerformanceAnalysis
Afterburner Analysis

Fuel Nozzle Design Optimization
Turbo-jet Di®userDesign

Aerofoil Analysis

Rocket Exhaust Flow Analysis

Missile Drag, Lift and Flight Performance
Torpedo Launch Tube Analysis

AUTOMOTIVE

Flow Distribution Around an Automobile Body
Aerodynamic Drag Aalysis

Interior Vertilation and Air Distribution

Clutch PerformanceAnalysis

acrSHELL
acrSHELL is a \w eb-based"Graphical User Interface (GUI) for ACRi CFD soft-
ware sudh as ANSWER, ANSWER Express, PORFLOW, PORFLOW Express
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Table 1: Perpetual End User Licensesfor ANSWER by ACRI

Sof tware Version | Number of Nodes| Price

AN SWER Express 10,000| $4995
AN SWER 16K 16,000, $99500
AN SWER 3K 32,000| $199500
AN SWER 64K 64, 000 | $299500
AN SWER 12& 128 000| $499500
AN SWER 50K 500 000 | $999500

and TID AL. This allows the usersto install the software on one madcine and use
an intranet or the internet via a standard commercialweb browserto setup and
run their CFD jobs remotely over a network. As a web-basedapplication, the
interface hastwo main parts; sener sideand client side. The sener side usesthe
leading edge Java(tm) Servlet technology, and complieswith the \W rite Once,
Run Anywhere" promise of Java. The client side usesa conbination of Hyper
Text Markup Language(HTML), JavaScript(tm), CascadingStyle Sheets(CSS)
and ActiveX(tm) utilizing the Visualization Tool Kit(tm) (VTK) technologies.
In order for the interface to work, the sener macdine must be running a \W eb
Sener". acrSHELL comeswith W3C's Jigsav(tm) web sener; also written in
Java. The installation proceduretakes care of the con guration of Jigsav. As
with any Java application, a Java Virtual Machine (JVM), in other words, a Java
Runtime Environment (JRE) needsto be installed on the sener madine. JRE
1.2.2is included with the acrSHELL distribution.

ANSWER Price List: ACRI hasrecerily provided a wider variety of selectionsto
make ANSWER more accessibldor userswith di®eren needsand budgets.

Download ANSWER Evaluation
30-day Evaluation copiesof ANSWER and PORFLOW areavailable at www.ACRICFD.com
for download. http://www.acricfd.com/soft ware/answer/ansdemo.im
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Compary address:
USA:

ACRI

1931 Stradella Road
Los Angeles,CA 90077
Tel: (1) 310-471-3023

The program was found to be not too corvincing. Howewer, the cheap price may
allow for a generalevaluation of the code or testing of the demoversion.

Verdict:  Not suitable (however, the demo version should be checked
out)

A.2.2 ARSoft ware

Web site: http://www.arsoftware.com/

WInSMAC is a prediction-simulation program which is basedon the original
SMAC. It completesthe reconstruction process. WinSMAC allows the user to
test assumptionsand validate solutions obtained by traditional reconstruction
techniques.

WInCRASH (formerly namedSLAM for Windows) is an improved versionof the
CRASH 11l program. With scenedata and damagepatterns for the vehiclesin-
volved in a collision, a linear momertum and damagemomertum solution can be
calculatedfor the original speedsof the vehicles.

The AIT ools Linear Momentumprogramwasdewelopedto provide the classicalso-
lution to the two vehiclecollision problem using consenration of linear momertum.

The AIT ools Equations program provides the solutionsto the equationsused by
IPTM in their investigation and reconstruction courses.The samenomenclature
is used.

The AIT rucks Brake Exciency programwasdewelopedto provide state of the art
analysisfor the overall braking exciency of S-Camair brake systems. The pio-
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neerwork of Ron Heussemwasimproved and correctedto provide the bestanalysis
method available for air-brake systems.

Verdict: Not suitable

A.2.3 COSMIC NASA

Note: COSMIC/NASA is no more: they closedthe summerof 1998.

Verdict: NON EXISTENT

A.2.4 Fluent Inc.

(FLUENT v5, FIDAP, POLYFLOW, GAMBIT, TGrid, Icepak,Airpak, MixSim)
Web site: http://www.°uent.c om/

Preprocessings the rst stepin building and analyzinga °ow model. It includes
building the model (or importing from a CAD padage), applying a mesh, and
ertering the data. We supply three preprocessingtools, GAMBIT, G/T urbo and
TGrid. Third-party preprocessingtools can also be used.

After preprocessing,the CFD solver doesthe calculations and producesthe re-
sults. We provide three general-purpse solvers: FLUENT and FIDAP, and
POLYFLOW. FLUENT is usedin most industries. FIDAP and POLYFLOW
are alsousedin a wide rangeof elds, with emphasisin the materials processing
industries.

Postprocessingis the nal step in CFD analysis, and involves organization and
interpretation of the data and images. All Fluent software includes full post-
processingcapabilities. Third-party postprocessorsan also be used.

Application-FocusedPadages

We also provide three software padages, which are highly-focused design and
analysistools tailored to speci ¢ application areas: Icepakis for electronicscool-
ing. Airpak isfor vertilation systemdesign,and MixSim is for mixing applications.

Verdict: Candidate for detailed evaluation
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A.25 Flowtech Int. AB

(SHIPFLOW: analysisof °ow around ships)
Web site: http://www.°owte ch.se/ SHIPFLOW: A special purpose software for
investigating the hydrodynamic properties of shipsand other marine vessels

Verdict: Not suitable

A.2.6 Fluid Dynamics International, Inc.

Producedthe code FID AP, which is now part of Fluent.

Web site: http://www.°uent.c om/software/ dap/

With its wealth of physical models and excient solution methods, FIDAP is the
°ow modeling tool of choicefor applications such aspolymer processingthin Tm
coating, biomedical, semiconductorcrystal growth, metallurgy, glassprocessing
and related elds. Basedon the nite elemen method, FIDAP o®erscomplete
mesh°exibilit y and robust and excient calculations. It is available for UNIX and
Windows/NT workstations and is optimized for parallel processing.

Verdict: Not suitable

A.2.7 AEA Technology

AEA Tednology producesCFX: 3D °uid °ow/heat transfer code
Web site: http://www.software.aeat.com/cfx/industry/aer osmce/index.html
http://www.aeat.co.uk/ctx/WT ASC°ow.html

See:Investigation of spaceprobes

http://www.isl.tm.fr/en/ac cueil_e.html

Basedon the information provided on the web site, including the above mentioned
analysis,this code seemdo be able to model the required conditions.

Verdict: Candidate for detailed evaluation

A.2.8 ICEM CFD (ICEM CFD, Icepak)

Web page: http://www.ic emcfd.@m/index.html
Mostly grid generatorsetc. not a CFD code, only interfacesto existing codes. A
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subsidiary of ANSYS, should be assessetbgether with ANSYS.

Verdict: Not suitable

A.2.9 KIV A (reactiv e °ows)

Web site: http://gnarly.lanl.gov/Kiva/Kiva.html

KIVA, a transiernt, three-dimensional,multiphase, multicomponert code for the
analysisof chemically reacting °ows with sprays has beenunder dewelopmen at
the Los Alamos National Laboratory for the past seweral years. The code uses
an Arbitrary Lagrangian Eulerian (ALE) methodology on a staggeredgrid, and
discretizesspaceusing the nite-v olume technique. The code usesan implicit

time-advancemenm with the exception of the advective terms that are castin an
explicit but second-ordemonotonicity-preservingmanner. Also, the corvection
calculationscan be subcycledin the desiredregionsto avoid restricting the time

step due to Courant conditions. The range of validity of the code extendsfrom

low speedsto supersonic °ows for both laminar and turbulent regimes. Arbi-

trary numbersof speciesand chemicalreactionsare allowed. A stochastic particle
method is usedto calculate evaporating liquid sprays, including the e®ectsof
droplet collisionsand aeradynamic breakups. Although speci cally designedfor
performing internal conmbustion engine calculations, the modularity of the code
allows it for easymodi cations for solving a variety of hydrodynamics problems
involving chemical reactions. The code hasfound a widespreadapplication in the
automotive industry. Usedmostly by universities

Not real interface, can be a pain, code distributed to cortributing partners only,

not a commercialcode.

Verdict: Not suitable

A.2.10 CFD Research Corp oration (CFD-F ASTRAN)

Web site: http://www.cfdr c.com/

CFD hascomea long way sincethe initial applications for the aerospacandus-
try. CFDRC o®ersa comprehensie set of analysistools for the rapid prototyping
of di®eren designconcepts,including completely integrated geometry/grid and
graphics°ow visualization software.



Xii A INITIAL EVALUA TION OF COMMER CIAL CODES

CFD-GEOM: Interactive 3D Geometry/Grid generation software for unstruc-
tured, structured, hybrid grids. Advancinglayersconceptusedfor building bound-
ary layer hybrid meshes.

CFD-FASTRAN: High accuracy compressible°ow soler, utilizing the density-
basedapproad, for unstructured, structured, hybrid meshes.Higher-orderaccu-
rate TVD sdemeshelp resohe shack waves and their interactions for subsonic,
supersonicand hypersonic°ows.

CFD-ACE: AdvancedgeneralpurposeCFD code, for multi-blo ck structured meshes.
This usesa fully implicit pressure-basederativ e solver and canbe usedfor a wide
range of °ow regimesfrom low speedto supersonic®°ows. Array of physical mod-
elsfor turbulence, reacting °ow chemistry, multi-phase sprays make it suitable for
analyzing °ows with complexphysics.

CFD-VIEW: Interactive °ow visualization using comprehensie set of graphics
tools.

CFD Researb Corporation
215Wynn Drive
Huntsville, AL 35805,USA.
Tel: (256)726-4800

Fax: (256)726-4806
Email: info@cfdrc.com

Verdict: Candidate for detailed evaluation

A.2.11 Computational Dynamics Ltd. (STAR-CD)

Web site: http://www.c d.co.uk/products/index.htm

In the US: http://www.c d-adamo.com/index.shtml

STAR-CD's Flow Modeling Capabilities

Steadyand Transiert, Laminar, Newtonian and non-Newtonian

Turbulent (using a range of state-of-the-art turbulence models, including LES)
Swirling and rotating °ows

Periodic °ows, with and without heat transfer
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Unsteady “ows causedby moving boundaries(e.g. for IC engine, mixers, sta-
tor/rotors)

Incompressibleand compressibleg(including transonic and supersonic)

Heat transfer by corvection (with buoyancy) and conduction (in solids and baf-
°es)

Radiation (including solar) in non-participating or participating °uid and solid
media

Masstransfer

Multiple heterogeneousnd homogeneoushemical reaction, including NOx
Built-in algorithms to calculate chemical equilibrium compositions

Distributed resistanceqe.g. porous media, heat exdhangers)

Multiple °uid streams

Lagrangianmultiphase (dispersedgas/solid, gas/liquid, solid/liquid, liquid/liquid)
Eulerian two-phase®ows

Free surfacemodelling and cavitation

Combustion of gaseousl|iquid and solid (e.g. coal) fuels

Special combustion capabilitiesfor internal combustion engines(petrol and diesel)

Verdict: Candidate for detailed evaluation

A.2.12 Analytical Metho ds, Inc. (VSAER O, USAER O, OMNI3D)

Web site: http://www.am-inc.com/

Desktop CFD in minutes - VSAERO couplesintegral methods for potential and

boundary layer °ows for low runtimes - a complete Boeing 727 in 300 seconds.
Flow eld properties are computed for o®-kody velocity surveys and on/o®-body

streamlines. The ability to calculate internal and external °ows, non-uniform

in°ow and body rotation, makes VSAERO applicableto °uid °ow problemsin

aerospaceautomotive and marine engineering.

VLAER O is a planar vortex lattice method for the aeradynamic analysisof sub-
sonic aircraft con gurations. It is ideally suited for the preliminary designervi-
ronmert whereit canbe usedto quickly produceloads,stability and cortrol data.
VLAER O is extremely simple to use and highly accuratewithin the limitations
of the governing equations.
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Aerodynamic preliminary designhasno better friend than MGAER O. The Carte-
sian Euler code allows you to rapidly model and analyzethe most complexcon g-
uration. Cartesian embeddedgrids simplify grid generationand automatic com-
ponert intersectionssimplify geometry de nition. Multi-stage Runge-Kutta in-
tegration with multi-grid accelerationyield an excient solution on Unix and PC
platforms.

INCA is auni ed °uid analysiscode for aeradynamicsand hydrodynamics.

Opinion: The code looks fast, but it seemdo have a limited application range.

Verdict: Not suitable

A.2.13 AeroSoft, Inc. (GASP and GUST)

Web site: http://www.aer osft.com/

GASP is a structured, multi-block CFD °ow solver which is applicableto com-
pressible’ow elds approximately Mach 0.2 and greater. This would include °ows
with “nite-rate or equilibrium chemistry, suc as combustion problemsor reertry
type °ows. GASP is our most stable, and validated product.

GUST , in a nutshell is an unstructured versionof GASP. It too is a compressible
CFD °ow solwer for anything from perfectgascalculationsup to nite-rate chem-
istry, with non-equilibrium thermodymics (like GASP). However, GUST operates
on unstructured, or arbitrary cortrol volumes. Currently the grid generatorsthat

interfacewith GUST generatetetrahedra, pyramids, prisms, and hexahedra(brick

elemert). So, you canrun on a GASP type structured grid, but also more grid

types. GUST will run alittle slower than GASP on the identical grid, but should

give the sameanswer. GUST is a newer code, and therefore not nearly as well

validated as GASP.

AeroSoft, Inc. 1872Pratt Drive, Suite 1275Blacksburg, VA 24060(540) 557-1900
Fax (540) 557-1919%mail questions@aerosft.com
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An evaluation versionis available for a 60 days trial!

Verdict: Candidate for detailed evaluation

A.2.14 Ithaca Combustion Enterprises (PDF2DS)

pdf2ds - 2D velocity, dissipation, composition pdf method for combustion cal-
culations. Author Stewe Pope. Available from Ithaca Combustion Enterprises.
Commercial.

Written in fortran 77; available on work-stations.
It is not available on the internet, 2D combustion only.

Verdict: Not suitable

A.2.15 Flow Science, Inc. (FLO W3D)

Web site: http://www.°ow3d.com/

FLOW TYPE OPTIONS

Internal and external “ows

One, two or three dimensions
Time-dependert

Cartesianor cylindrical coordinates
Navier-Stokes, Potential, or Euler Solvers
Non-inertial referenceframes
Discrete massand marker particles
Multiple scalarfunctions
Chemicalreactions
Two-phase®ows

THERMAL OPTIONS
Natural convection
Forced convection

Fluid and solid conduction
Fluid-solid heat transfer
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Conduction

Speci ed heat °ux

Speci ed temperature

Heat transfer to voids from °uid/obstacles
Distributed energysources/sinksin °uids or solids
Radiation by emissivity

Viscousheating

NUMERICAL OPTIONS

Volume-of-Fluid (VOF) method for °uid interfaces
Fractional areas/wolumes(FAVOR) for smaooth obstaclede nition
First or secondorder advection

Sharp interfacetracking

Implicit or explicit pressure-elocity coupling
Implicit or explicit viscous°ow

Implicit or explicit heat conduction

Point and line relaxation solers

Implicit °ow lossand solidi cation models
User-de nedvariables, subroutinesand output
Utilities for userinteraction during execution

FLUID MODELING OPTIONS

One incompressible’uid - con ned or with free surfaces
Two incompressible°uids - mixed or with sharp interfaces
Compressible°uid - subsonic,transonic or supersonic
Strati ed °uid

Acoustic phenomena

Massparticles

DISCRETE PARTICLE OPTIONS
Masslesamarker particles

Mass particles of variable size/mass
Linear and quadratic °uid-dynamic drag
Monte-Carlo di®usion

Coezcient of restitution
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Point or distributed particle sources

TURBULENCE MODELS

Prandtl mixing length
One-equation(turbulence energy)transport
Two-equationk-e transport

RNG (renormalizedgroup theory)

Large eddy simulation

FLOW-3D runs on all major computer platforms including engineeringworksta-
tions sudh asDEC Alpha, SUN, IBM, SGI, and HP, aswell as Pertium 111 PCs.

Flow Science/nc.

683 Harkle Rd, Suite A, Sarta Fe, NM 87505

Email: cfd@°ov3d.comPhone: 505.982.008%ax: 505.982.5551
Copyright 2001Flow Sciencelnc.

Ched CFD 101 on the web site
Verdict: Candidate for detailed evaluation

A.2.16 ALGOR, Inc. (ALGOR)

Web site: http://www.algor.com/products/Profes222/default.asp

Tradesof many, master of none. Watched the web-cast,claiming everything, de-
livering nothing important to us.

Verdict: Not suitable

A.2.17 Engineering Mechanics Research Corp. (NISA) NISA/3D-
FLUID

Web site: http://www.emr c.com/webpages/nisadisplay.html
Many codes for various uses,from electromagneticto whatewer, structural etc.
Large number of structural users. It seemsto be in its infancy still. Claims too
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many things, but it may not be able to deliver them.

Verdict: Not suitable

A.2.18 Reaction Engineering International (BANFF/GLA CIER)

Web site: http://www.r eaction-eng.om/
This is a reacting °ow code.

Verdict: Not suitable

A.2.19 Combustion Dynamics Ltd. (Sup erSTATE)

Web site: http://www.marte c.com/comidyn/cdl2.htm
http://www.marte c.com/comldyn/cdl.htm

Mostly for combustion problemsor related issues.

Verdict: Not suitable

A.2.20 AVL List Gmbh. (FIRE)

Web site: http://www.avl.com/

From Austria comesthis neat code. Unfortunately mostly enginerelated stu®.

Verdict: Not suitable

A.2.21 IBM Corp. catalogue

Web site: | cannot nd it.

Verdict: Not suitable

A.2.22 Sun Microsystems catalogue

Web site: http://solutions.sun.com/
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Nothing for aerospace.
Verdict: Not suitable

A.2.23 Cray Research catalogue

Web site: http://www.cr ay.com/PUBLIC/APPS/D AS/D AS4.html
Nothing onthe site, all codesfor CRAY canbefound through speci ¢ applications.

Verdict: Not suitable

A.2.24  Silicon Graphics, Inc. catalogue

Web site: http://www.sgi.com/

Verdict: Not suitable

A.2.25 Pointwise, Inc. (Gridgen - structured grids)

Web site: http://www.p ointwise.@m/
This is a grid generatorsoftware. Very nice.

Verdict: Not suitable as a CFD code, nice grid generator

A.2.26 Simulog (N3S Finite Element code, MUSCL)

Web site: http://www.simulog.fr/

Simulog o®ersa completeCFD software solution including Simail, structured/unstructured
meshgenerator, N3S ( nite elemen) and ESTET-ASTRID ( nite volume, two-
phase°ows) CFD solwers and EnSight, an advanced post-processorby Compu-
tational Engineering,Inc. Click for product information in Frend or in English.

For more information, pleasecorntact info@sinulog.fr.

In French only, couldn't nd out anything about it.
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Verdict: Not suitable

A.2.27 Directory of CFD codes on IBM supercomputer environmen t

A number of Princeton University deweloped codes from 2D potential to 3D
Navier-Stokes problems. It represeims a wide variety of programs, someof them
are usedat NASA. If time permits maybe worth a look, but it is not a real set of
commercialcodes.

Verdict: Not suitable

A.2.28 ANSYS, Inc. (FLOTRAN)

Web site: http://www.ansys.com/ansys/°otr an.htm

To answer questionsconcerninghow your designswill respond to the e®ectsof
steady-stateor transient °uid °ow and heat transfer, choosethe CFD software
padkagebadked by the ANSYS name. ANSYS/FLOTRAN allows you to produce
high-quality designsand reduce costly physical prototyping cycles. Featuring
automatic unstructured meshingtools, solid numerical algorithms, advancedtur-
bulence models, an extensiwe suite of powerful matrix solvers, and informative
graphicswith support for multiple graphic formatsANSYS/FLOTRAN o®ersthe
most comprehensie CFD simulation platform available for its price.

ANSYS/FLOTRAN Product FeaturesModeling:

2-D planar, polar, axisymmetric or axisymmetric with swirl systems;3-D Carte-
sian or cylindrical systems; Steady-state or transiert simulations; Incompress-
ible or compressible®ows with subsonicor supersonicinlets; Laminar or tur-

bulent °ow; Newtonian or non-Newtonian °ow; Heat transfer including free or
forced convection, conduction, and radiation; Conjugate solid/°uid heat trans-
fer; Multiple speciestransport of concertration; 2-D free surfaceboundariesusing
volume-of-°uid (VOF) method; Arbitrary-Lagrangian-Eulerian (ALE) dynamic
meshsdeme; Non-isotropic porous media model; Lumped parameter models for

fans and distributed resistances;lnertial (stationary) or non-inertial (rotating)

referenceframe models
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Meshing:

Quadrilateral, triangular, hexahedral,tetrahedral, prism (wedge), pyramid, and
mixed-elememh meshes;2-D boundary layer meshing; 2-D and 3-D local mesh
re nemert; 3-D automatic mesh-sweeping; Mesh-morphingof °uid mesh based
on structural displacemets;

Numerics:

Finite elemen method basedon fully unstructured meshesSecond-ordestreamline-
upwind/P etrov-Galerkin (SUPG); fully consenative collocated-Galerkin(COLG),
or monotonestreamline-upvind (MSU) discretization sthemes;Second-ordetim-
plicit time discretization; Pressure-basedsegregatedSIMPLEF or enhancedSIM-
PLEN solution algorithm

TurbulenceModels:

Standard k-e with wall functions; RNG k-e; Shihs k-e; Girimajis k-e; Shih, Zhu,
and Lumleys k-e; Zero-equation

Boundary Conditions:

Inlet velocity (Cartesian or cylindrical componert form); Inlet or outlet relative
static pressure;Inlet static or total temperature (absolute or o®set); Inlet con-
certration for multiple species;Inlet turbulent kinetic energyand dissipation rate
(with optional input of turbulence intensity and length scale); Tangenial and
normal wall velocities; Symmetric and periodic boundaries; Thermal boundary
conditions using temperature, heat °ux, external corvection, external radiation,
and volumetric heat generation;Global or local body forces

Material Properties:

Constart or variable °uid propertiesincluding temperature and speciescomposition-
dependence;User-mali able property database;Fluid property variations based
on functional or tabular input; Non-Newtonian°uid models,including power law,
Bingham, Carreau, or user-de nedlaw; Isotropic, orthotropic, and temperature-
dependent solid properties

Sohers:

Preconditionedconjugategradiert (PCG); Preconditionedconjugateresidual(PCCR);
Preconditionedgeneralizedninimum residual(PGMR); Preconditionedbi-conjugate
gradiert (PBCG); Tri-diagonal matrix algorithm (TDMA); Sparsematrix direct
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Graphics and Postprocessing:

Automatic plotting of convergencenormsduring solution; Animation of cortours,
vectors, isosurfacesslicing planes,and particle tracing; Automatic pressureand
shear stressintegration; Model query and results picking with 3-D annotation;
3-D graphical expansionof 2-D model; Translucencyand surfacetexturing for
clarity and realism; Support for BMP, EPS, TIFF, JPEG, VRML, WMF, and
EMF graphic formats

ANSYS/FLOTRAN New Features:
New enhancemets give ANSYS/FLOTRAN 6.0the power to deliver unparalleled
°uid °ow simulation results.

A more powerful elasticity-basedmeshmorpherreplacesthe Laplacian-smathing
morpherof previousversions. This newmorpherakey componert in ANSYS/FLOTRANS
ALE sdemefor solving CFD problemswith deforming meshescaraccommalate
greaterlevelsof meshdeformationwhile maintaining the integrity of the boundary

layer region mesh

A Collocated-Galerkin (COLG) nite elemen advection scheme enhancesaccu-
racy in thermal energybalancecomputations. Utilizing elemen-based velocities
(which satisfy consenation of mass)and nodal velocities (which satisfy conser-
vation of momertum), the new COLG sthemeis especially adept at maintaining
thermal energybalancewhen solving dixcult conjugate heat transfer problems.

A fully-consenative, pressure-basedsegregatedsolution algorithm (SIMPLEN)
acceleratesthe corvergencerate for many laminar- or turbulent °ow problems
due to its enhancedvelocity/pressure coupling characteristics.

Many ANSYS/FLOTRAN default solution settings have beenrevisedbasedipon
provensuccesseis obtaining well-cornvergedsolutionsandthesenewsettingsgreatly
improve ANSYS/FLOTRANSs overall solution robustness,allowing engineersto
perform CFD simulations with minimal userintervertion.

Verdict: Candidate for detailed evaluation
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A.2.29 Flomercis Inc. (FLOTHERM)

Web page: http://www.°omerics.c om/

A nice program for industrial applications, but not for aerospace.

Verdict: Not suitable

A.2.30 Computational Mechanics Corp oration

Looks vary much like a university code, cannot be found on the internet.

Verdict: Not suitable

A.2.31 Computational Mechanics Company, Inc. (COMCO)

Web site: http://www.c oma.com/

Altair HyperXtrude - An hp-adaptive nite elemen program for modeling com-
plex material °ow and heat transfer during polymer and metal extrusion. As a
primary areaof specialization, HyperXtrude focuseson three-dimensionalmodel-
ing and extrusion die design.

PHLEXsolid - an hp-adaptive nite elemen code for high-accuracy stressand
deformation analysis of structural componerts. In addition to the standard lin-
ear elasticity modeling options, PHLEXsolid can also handle large deformations,
normal modes, nonlinear materials, rigid body corntact and nonlinear dynamic
analysis.

PHLEXcrack - an hp-adaptive meshlessode baseon specializedversionof EPM
(Elemert Partition Method). A researt code for the excient analysis of static
and dynamic fracture models, including prediction of cradk growth (speed,direc-
tion) in dynamic impact analysis. Much faster and accuratethan traditional FE
fracture codesdue to the ability to analyzethe cradk surfacearbitrarily located
within the mesh(acrossthe discretization cells).
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ReSolution- simulation program for modeling underground multi-phase °ow in
oil resenoirs with complex geologicalstructure. Developed in cooperation with
Texaco, ReSolution has unique capabilities for accurately represeting near-well
°ow, multi-phase phenomena,and complexwells.

Verdict: Not suitable

A.2.32 KASIMIR (shock tub e simulation program)

No web site

Verdict: Not suitable

A.2.33 Livermore Software Technology Corp oration (LS-D YNA3D)

Web site: http://www.Istc.com/

LS-DYNA is widely used by the automotive industry to an analyze vehicle de-
signs. LS-DYNA accurately predicts a car's behavior in a collision and the e®ects
of the collision upon the car's occuparts. With LS-DYNA, automotive companies
and their supplierscan test car designswithout having to tool or experimertally
test a prototype, thus saving time and expense.

Verdict: Not suitable

A.2.34 Adv anced Combustion Eng. Research Center (PCGC, FBED)

Web site: http://www-acerc.byu.elu/

A CFD code for combustion models and calculations.

Verdict: Not suitable

A.2.35 NUMECA International s.a. (FINE/Hexa)

Web site: http://www.numeca.be/
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NUMECA introducesa unique full-hexahedraunstructured solution for complex
con gurations: FINE/Hexa. FINE/Hexa performsezcient and automated mesh
adaptationsto accurately capture complex°ow physicswhile maintaining reason-
able computer hardware requiremens. FINE/Hexa includes:

HEXPRESS - Mesh generator

Automated unstructured hexahedralgrid generator. The volume-to-surfaceap-
proach employs octree subdivision to generateregular cells within the domain
while maintaining constart aspect ratios. Bu®er cell insertion and optimisation
promote high quality surfacemesheswith limited userinput.

HEXA-NS - Auto-adaptive unstructured °ow solver

The unstructured, adaptive “ow solver. Valid for incompressiblesubsonicto su-
personic°ows, it bene ts from fully automatic solution-adaptive meshre nemert.
This unique feature enhancessolver e®ectivenessiy re ning cellsin high-gradiert
zoneswhile coarseningcells elsewhere.

HEXA-NS will be available in Spring 2002.

CFView - Post-processor

Powerful post-processorfor °ow visualisation. Qualitative and quartitativ e out-
puts canbe generatedeasilythrough a comprehensieinterface. A powerful macro
systemis available to quickly generateplots.

NUMECA International s.a.
Av. Franklin Rooseelt 5
B-1050Brussels,BELGIUM
Tel: +32 2 643.3570

Fax: +32 2 647.9398
mailto : info@mumeca.le

NUMECA USA, Inc.

1204E. BaselineRd., Suite 202
Tempe, AZ 85282,USA

Tel: +480/456-9662

mailto : STSommer@az.rmci.net
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Verdict: Candidate for detailed evaluation

A.2.36 Computational Engineering International., Inc. (EnSigh t)

Web site: http://www.c eintl.com/

It lookslike a very good visualizationtool. EnSight supports a number of common
data formats as well as interfacesto various simulation padkages. Can be used
with CFX, Fluent and many other codes.

For list ched: http://www.cein tl.com/platforms.html#soft ware

Verdict: Not suitable - but great for visualization

A.2.37 Blocon Software Agency (HEA T2, HEA T3)

Web site: http://www.buildingphysics.com/

Two-dimensionalheat transfer - HEAT2

Three-dimensionalheat transfer - HEAT3

CoupledHeat, Air and Moisture Transport in Multi-la yeredWall Structures- 1D-
HAM

Ground heat storage- EED

Verdict: Not suitable

A.2.38 Adaptiv e Research Corp. (CFD2000)

Web site: http://www.adaptive-resarch.com/
http://www.adaptive-resarch.cm/cfd2000frm.htm

CFD2000is an advancedcomputational °uids dynamics systemfor simulating a
wide range of °uid °ows. Componerts are available for steady state and tran-
siert processeslaminar and turbulent °ows, Newtonian and non-Newtonian °u-
ids, compressibleand incompressible’ows, subsonicthrough supersonicand heat
transfer.
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It claimsit can do the things we want, but it is a genericCFD code not used
for supersonicspeed applications besideNACA wing pro le simulations demon-
strated on the deweloper's web-site. Note that STORM/CFD2000 Trial License
& Demo CD is available in caseonewants to evaluate the code further.

Verdict: Not suitable

A.2.39 Unicom Technology Systems (V ORST AB-PC)

Web site: http://www.gr apevine.net/ unicom/

Old looking code for Windows 95. Not robust. Maybe good for hadking. Expen-
sive for the capabilities ($600).

Verdict: Not suitable

A.2.40 Incinerator Consultan ts Incorp orated (ICI)

A seriesof heat balanceprogramsfor analysisof the designand operation of in-
cineration systems.

Verdict: Not suitable

A.2.41 PHOENICS/CHAM (multi-phase °ow, N-S, combustion)

Web site: http://www.cham.co.uk/

It looksfun asa university project playing around, but not too corvincing for the
presen situation.

Verdict: Not suitable

A.2.42 Synergium's CFD Tools (AVIA)

AVIA is a powerful 3-D Aero/Hydro interactive analysis& designsystembased
on panel methods. Aplications range from 2-D pro le analysis& generationto
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integrated 3-D body/wing/tail analysis.with boundary layer interaction. Also ap-
plicable to Sail design.

Verdict: Not suitable

A.2.43 Innovativ e Aero dynamic Technologies (LAMD A)

Laminar Airfoil Designand Analysis
Limited capabilities. University developmeri under NASA's Small businessde-
velopmert program.

Verdict: Not suitable

A.2.44 XYZ Scientic Applications, Inc. (T rueGrid)

Web site: http://www.xyzsa.com/

TrueGrid is a commercialcode designedto build large, complex °uid and struc-
tural meshesusing hexahedronbrick elemeits, quadralaterial shell elemerts, and
beam elemerts. We support both linear and quadratic elemens. The meshis
block structured and builds quality meshess a short period of time. It is avail-
able on UNIX workstations and the PC.

Verdict: Not suitable - it is a good mesh generator

A.2.45 South Bay Simulations, Inc. (SPLASH)

Web site: http://www.p anix.com/ brosen/
For °ow simulation and performanceprediction for yadts and ships.
Verdict:  Not suitable

A.2.46 PHASES Engineering Solutions

PHASES s a generalpurposesoftware padkagewhich numerically simulates °uid
°ow and heat - masstransfer processedn engineeringapplications. PHASES
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featuresinclude: (i) incompressible,two-phaseand multiconstituent °ow mod-
els, (i) Windows95, Windows 3.1 and Windows NT compatibility, (iii) 32 bit
compiler sourcecode execution, (iv) realtime simulations, (v) powerful graphics
libraries and data editors, (vi) nite elemen meshgenerationwith mouse-driven
commandsand (vii) seweral numerical analysisutilities.

Verdict: Not suitable

A.2.47 Amtec Engineering, Inc. (INCA, Tecplot)

Web site: http://www.amtec.com/
Very good °ow visualization padkage.
Verdict: Not suitable - but great for post-pro cessing

A.2.48 Engineering Sciences, Inc. (UNIC)

Web site: http://www.esi-al.com/home.htm

UNIC (Uni ed CFD) is a robust and accuratethermal-°uid computational tool
basedon nite-v olume solution methods with high-order numerical schhemes.The
basedmodel includes 2-D and 3-D all-speed (incompressible,subsonicto hyper-
sonic) solution capability, two-equation turbulence models, real gas properties,

“nite-rate chemistry model, porous media models and user friendly GUI-based
pre- and post-processors.

It claimsto do it all, with somepretty pictures.
Verdict: Not suitable

A.2.49 Catalpa Research, Inc. (TIGER)

Web site: http://www.c atalpa.net/

Tiger - turb o-madiinery grid generator



XXX A INITIAL EVALUA TION OF COMMER CIAL CODES

Started with turb omadinery grid generationsoftware dewvelopmer, Catalpa Re-
seart is now a leading CAE software deweloper compary specializedin CFD, grid
generation,scieni ¢ visualization, GUI designand systemintegration. Our con-
sulting clients and commercial software usersspreadaround the globe, utilizing
our software/servicesfor their designsusedunder the ocean,on the earth, in the
air, or beyond this world to the outer space.

Our special expertise on turb o-madinery grid generationwins us the reputation
of "... Your code comeshighly recommendedby others in the turb o-madinery
CFD community ..." Visit our Turbo-madinery Gallery to seethe reasonsand
how we can help to turb o-charge your designprocesswith our expertise.

Verdict: Not suitable

A.250 Swansea NS codes (LAM2D, TURB)

Web site: not available

TURB aretwo FORTRAN codes(in 2-D and 3-D) which usedk-l, k-epsilonand
an ASM model of turbulence to solwe the Reynolds Equations, coupled with a
pseudo-transien time-steppingthermal equation solution. The solution usesthe
“nite elemen method, and the codesarethe result of over twenty yearsreseart by
ProfessorCedric Taylor at the Departmert of Civil Engineeringhereat Swansea.

There is also an older code called LAM2D which solvesthe Navier-Stokes equa-
tions by the nite elemen method without any turbulence models.

Verdict: Not suitable

A.2.51 Engineering Systems International S.A. (PAM-FLO W, PAM-
FLUID)

Web site: http://www.esi-group.@m/

The PAM-FLOW solvers usean edgebased,explicit time marching, tetrahedral
‘nite elemen method. Solvers are o®eredfor three-dimensionalcompressibleor
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incompressible’ows and coupled‘uid/structure interaction

A fully integrated automatic mesh generator provides automatic unstructured
initial meshes,solution adaptive meshre nemert/de-re nement and automatic
remeshingfor moving boundaries.

Compressible’ow solver for transonic and super/hypersonic°ow simulations Sim-
ulation resultsincluding whole energybalanceincluding total energy momerum,
massand thermal elds For transonic, or super/hypersonic°uid °ow simulations
sudh as steady or unsteady aeradynamics for aircrafts, °ying objects, etc Accu-
rate capture of strong shock waves due to adaptive remeshingcapability. JWL
explosion model for simulation of detonation of explosive and resultart shock
propagation. Can be usedin an open eld or con ned space. It is restricted to
single phase,single species°ows up to PAM-FLO W V2000.

French compary, doesn't do anything that other US programscannot do.

Verdict: Not suitable

A.2.52 Daat Research Corp. (COOLIT)

Web site: http://www.daat.com/

Coolit 4.0,computational °uid dynamics(CFD) softwarefor thermal managemen
of electronics. Coolit taps the latest technology to deliver the world's easiest-to-
use,lowestcostCFD padkageavailable for solvingthermal problemsin electronics.

Innovative, intuitiv e and powerful, Coolit guidesthe novice, yet imparts full con-
trol to the thermal expert.

Verdict: Not suitable

A.2.53 Flomerics Inc. (FLO VENT)

Web site: http://www.°omerics.c om/

Flomerics provides simulation tools and services,primarily to the electronicsin-
dustry, to acceleratethe designprocess. Products: FLOTHERM, FLO/MCAD,
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FLO/ED A, FLOPACK, FLOSTRESS,TDS, FLOVENT, FLO/EMC, Micro-Stipes

Verdict: Not suitable

A.2.54 Inno vativ e Research, Inc.

Web site: http://www.inr es.om/

Innovative Researb, Inc. wasfoundedby Dr. S.V. Patankar in 1987for providing
guality software and consulting servicesfor °uid °ow, heat transfer, conmbustion,
turbulence, and related processes.

Over the past 12 years,the COMPACT programshave beenusedextensiwely for
modeling °uid °ow and heat transfer processesn industrial applications and for
basicreseartr and dewelopmen. Someof the application areaswhere COMPACT
programshave beenusedare: Metallurgical processinggElectronicscooling; Heat-
ing, vertilation and air conditioning; Environmental °ows; Chemical processes;
Nuclear acciden scenariosBiomedicalequipmen; Crystal growth; Particle sepa-
rators; Heat exchangers;Industrial °ow and heat transfer equipmert.

Verdict: Not suitable

A.2.55 Centric Engineering Systems, Inc. (SPECTR UM)
Purchasedby ANSYS in March 1999

Verdict:  Not suitable

A.2.56 Blue Ridge Numerics, Inc.

Web site: http://www.cfdesign.com/
CFdesign,Pro/ENGINEER, I-DEAS

CFdesignis a high-powered engineering simulation tool deweloped speci cally
for multi-faceted, multi-tasking product dewelopmen and medanical engineer-
ing teams. With CFdesignyou only build your model once- inside your MCAD
system. Simply openyour 3D part or asserbly and you're readyto go. Anytime a
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changeis madein the MCAD system,the changeis immediately seenin CFdesign.

This integrated CFdesignsolution was developed speci cally for companiesdedi-
catedto using Pro/ENGINEER. The software featuresa true parametric relation-
ship with part geometryand assemblies, and automatically producesthe optimal
meshrequired for accurate CFD simulations.

CFdesignTednical Features:
Soler Tednical Features:

Flow Regimes:
Laminar and turbulent °ow regimes;Internal and external “ows; Incompressible;
Subsonic,Transonic,and SupersonicCompressible;Steady State and Transiert

TurbulenceModels:

k-epsilon; RNG; Constart eddy-viscosiy; Wall Functions in k-epsilonand RNG
Heat Transfer:

Conjugate heat transfer (simultaneous conduction and cornvection); Conduction;
Convection [Natural; Mixed; Forced];Internal surfaceto surfaceradiation; Auto-
matic Im coezcient calculation; Boundary conditions[Temperature; Convection;
Heat Flux; Radiation; Heat Source]

Property Variations:

Units property databasefor air and water; Variable °uid and solid properties;
Multiple °uid capability; User-madi able °uid and solid property data bases;
Solidi cation-lik e properties; Property variations with user-selectedndependert
variable; User-de nedlook-up tablesfor functional form of properties; Non-Newtonian
power law, Carreau, and HershelBuckley non-Newtonianformulations

Additional Physical Models:

Cartesian, cylindrical, and axisymmetric coordinate systems; Rotating Frame;
Two-phase®ows (humid gasand steam/water mixtures); Scalar Transport equa-
tion [Property variation with scalar concertration; Simulate mixing of multiple
°uids]; Distributed Resistanceand Porous Media elemetts; Simulation of lossel-
emens by specifying a free arearatio; Speci cation of Pressure-Flov Rate loss
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curve; Internal fans with fan/pump head-capaciy curve; Chedk Valve condition;
Fan/Pump head-capaciy curve boundary condition

Unique Featuresof CFdesign:

Mathematical Formulation [Finite elemen formulation]; Intelligent Algorithms
[Automatic Turbulent Startup Algorithm; Boundary MeshEnhancemety Bound-
ary Mesh Adaptation; Automatic Wall speci cation; Automatic results interpo-
lation to new mesh];Run-Time Resultsvisualization; Interactive Graphical Con-
vergenceAssessmein

Applications
AerospacefuselageAerodynamics; Wind Tunnel Flow; Avionics; Solid-Fuel Rocket
Motors; Thrust Rewersers;Aircraft "Hush-Houses";Aircraft Engine Test Cells

| am not corvinced that this would work for our problem.

Verdict: Not suitable

A.2.57 WinPip eD

Web site: http://www.neosoft.com/ dshaw/winpiped.html
WinPip eD is a full-featured multiphase hydraulics analysistool for Windows

Verdict: Not suitable

A.2.58 Exa Corp oration (PowerFLO W)

Web site: http://www.exa.com/

Exa Corporation dewelopsand markets PowerFLOW, a °uid °ow simulation soft-
ware for engineersto analyzecomplex©uid °ow problems. The compary's prod-
ucts, basedon Exa's patented DIGIT AL PHYSICS technology, are marketed to
engineersworldwide. Fluid Flow analysisis the study of how °uids, sud as air,
liquids, and gasesmove in and around solid objects, suc as airplane wings, au-
tomobile bodies, or petroleum pipelines. PowerFLOW and DIGIT AL PHYSICS
will leadto a new classof designengineering- Digital Fluid Dynamics (DFD) for
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the marketplace.

In an era of increasedreliance on concurrert engineeringand use of simulation,
PowerFLOW is very much a part of the businessand technology trend toward
greater design productivity for companieswhose products require accurate and
excient modeling of °uid °ow. Exa PowerFLOW is a unique approad that, at a
fraction of the cost, allows for systemsthat are dramatically faster than currently
available solutions and which deliver unprecedeted accuracy Exa Corporation
is committed to the succes®f PowerFLOW, and to the growth of the Computa-
tional Fluid Dynamics (CFD) market.

Our Market: Designengineersworldwide faces®uid °ow problemsin their work.

These °uid problems range from air°ow over automobile and airplane surfaces
measuringlift, drag, yaw, and friction; to °ows in plastic injection molding; to

the movemern of °uids and heat transfer in nuclearreactors;to spray cooling and

humidi cation. Fluid °ow measuremenfor theseand many other applicationsis

missioncritical for designengineersrepreseting an annual market of $1.9billion

basedon existing and potential market uses.

Our Competitors: Exa Corporation's Digital Fluids method cortrasts with tradi-
tional Computational Fluid Dynamics(CFD) toolswhich are basedon the Navier-
Stokesdi®erettial equations. Typically, traditional tools areinternally deweloped
software solutions (found mostly in the Automotiv e, Aerospaceand Governmen
segmets) and third party vendors'solutions. Sud methods yield answers that
arenot suxciently accuratefor real world designproblemsbecausehey rely upon
approximations to di®eretial equationsrun on digital computers. In addition,
thesemethods are costly to apply, time consumingto compute,and require highly
skilled practitioners to use.

Our Origins: Exa Corporation was founded in 1991 by Dr. Kim Molvig who
initiated the dewelopmen of DIGIT AL PHYSICS while on sabbatical from the
Massadbwusetts Institute of Tecdnology (MIT). The Compary's investorsinclude
Boston Capital Verntures, Edelson Tednology Partners, Fidelity Verntures, Ford
Motor Compary, ITOCHU/CTC, Massatusetts Capital ResourcesCorporation
and private investors. Early technology dewvelopmen was underwritten, in part,
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through a cost-sharingcortract with the Advanced Researb Projects Agency
(ARPA) of the Departmert of Defense.

Applications: Fluid °ow designapplications exist in a broad array of industries
for a variety of applications including automotive, aerospacepetroleum, chemi-
cal processingervironmental engineeringmaterial processingpower generation,
and HVAC.

A True Model of Fluid Behavior

Exa Corporation's PowerFLOW solution is a new, inherertly scalablesystemfor
°uid simulation and analysisthat eliminatestraditional problemswith °uid anal-
ysis, and promisesdramatic improvemerns in accuracyandcomputational power.
First, PowerFLOW does not directly solve the set of partial di®eretial equa-
tions, known as the Navier-Stokes equations,that represem cortinuum °uid be-
havior. Instead, it modelsthe microscopicphysics of the particles that compose
the macroscopic®uid. Complete reproduction of the dynamics of all the com-
ponert moleculesis much too computationally expensive. Consequetly, it is
necessaryto simplify the microscopicdescription, while still achieving the desired
macroscopicbehavior, in order to make the method practically useful.

The key to accomplishingthis is discretization of the phase-spacen which the
particles move (time, space velocity) and appropriate microscopicdynamics. Col-
lectionsof particles arerepreseted asa distribution amongstthe possiblevelocity
directions available at a given discretespatial location voxel. The ertire °uid vol-
ume s discretizedinto a regular grid, or lattice, of thesevoxels. In PowerFLOW,
the discretization necessaryor computation is doneautomatically. The dynamics
of these particle distributions mimic the dynamics of a physical °uid; they un-
dergoboth a 'move' and 'collide’ step. In a given timestep, the particles in eah
voxel move one step in the direction of their microscopicvelocity, which lands
them completely in another voxel. All particlesin a given voxel then 'collide’ in
order to approad a local equilibrium distribution with the idertical mass, mo-
mertum and energy The distributions are represeted with integerswhich allows
the above dynamicsto be processedexactly on digital computers. Despite the
simplicity of the microdynamics, it can be theoretically shovn that sud a sys-
tem recovers the desiredcortinuum °uid behavior, i.e. the system"solves" the
Navier-Stokes equations indirectly, rather than directly as in traditional CFD.
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SinceExa Corporation's technology is compatible with digital computersat the
most basic(bit) level, PowerFLOW algorithms canavoid classic"round o®" error
while improving computing exciency, increasingthe level of simulation accuracy
and reducingthe time-to-solution dramatically.

How Doesit Work?

PowerFLOW is a new paradigm for computational °uid dynamics and an out-

growth of lattice gas/lattice Boltzmann technologies. The term Digital Fluid

(TM) refersto the fact that integersare usedto represem a discreteuid. These
integerscan be preciselyprocessedn a digital computer and, hence,the method

is truly digital. In order to simulate a °ow, the volume of a °uid is divided

into millions of volume elemerts, or voxels, and hundredsof thousandsof surface
elemerts, or surfels. The surfaceelemens are formed by intersecting the solid
surfaceof the body to be simulated with an underlying cubic lattice. Within ead

voxel the particle distributions move from onevoxel to anotherand achieve a local
thermodynamic equilibrium through a collision processthat precisely consenes
mass,momertum, and energy In addition, particles can collide with a solid sur-
face by interacting with surfelsin suc a way asto enforceboundary conditions
on the mass,momertum and energy °uxes. This simple systemimbues Power-
FLOW with the power to accurately solve real world °uid problemswithout the
complexity of grid setup and iteration requiredwith moretraditional approades.
Furthermore, the PowerFLOW systemis inherertly time accurate and three di-

mensional. This allowsaccuratesimulation of complextransient three-dimensional
phenomenathat is prevalert in industrial °uid °ow applications. PowerFlow can
be usedeither as a direct simulation of a °ow scenarioif all physical time and
length scalescan be captured with the computational resourcesavailable, or, if

this is not feasible,unsimulated scalesof the °ow can be modeledby incorporated
turbulence modelsthat are ideally suited to the PowerFLOW method.

How DoesDIGIT AL PHYSICS compareto other lattice technologies?

There are two well known lattice-based technologies: Lattice Gas Automata
(LGA) and the Lattice Boltzmann method (LBM). LGA methods are generally
basedon very simple particle dynamicsthat allow only a single particle of a spec-
i ed velocity and direction to resideat a given lattice site. That is, the number of
particles of a given "state” that resideat a lattice site canbe represeted with one
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bit in a computersimulation. A particle's state is de ned by its velocity and direc-
tion. For example,a lattice gasthat has6 possibledirections per site and particle
velocities of 1 or 2 lattice sites per time step has 12 possiblestates. As a result,
the "p opulation” of a lattice site can be represeted with 12 bits. The movemert
and collision of particlesin this simple systemscan be preciselycomputedwith in-
tegerarithmetic. As aresult, mass,momertum, and energyare strictly consened
and it canbe shavn that the ensuingcomputation is unconditionally stable. Un-
fortunately, these simplistic represemations only yield qualitativ e simulations of
°uid °ow. The macroscopicequationsthey represem look like the Navier-Stokes
equationsbut are corrupted by the presenceof "artifacts” of the discrete nature
of the system. Howewer, by introducing slightly more sophisticatedcollision dy-
namics, it is possibleto remove theseartifacts and produce accuratesolutionsto
°uid °ow problemsusingthe lattice gasmethod but, other problems,which make
it very dizcult to apply the method to practical problems, remain. LB meth-
ods replacethe integer particle populations with °oating point numbers and the
collision processwith the computation of an imposedequilibrium distribution.

The bene t of this approad is greater cortrol over the properties of the °uid

and easyremoval of discretenessartifacts. Howewer, the conseration of mass,
momertum, and energyis now limited by the precisionof °oating point math on
digital computers. As a result, LB methods su®erfrom potential stability prob-
lems. In addition, the number of bits per state is usually a minimum of 32, so
the memory and processingrequiremers for LB methods are signi cantly larger
than the LGA approad; this limits the resolution of practical LB simulations.
PowerFLOW's DIGIT AL PHYSICS technology is an outgrowth of LGA models,
but eliminates the problemsinherert with the LGA approad. With DIGIT AL

PHYSICS a discrete®uid hasa small number of possiblestates (lessthan 50) and
the population of eat state is represeted using integers. Proper choice of the
collision processremovesthe discretenesartifacts from the macroscopidoehavior
of the systemand producessimulations which are qualitativ ely and quartitativ ely
accurate. The viscosity of the systemcan be computedfrom the form of the col-
lision processusedand has signi cant °exibility. In addition, the treatment of
the surfacein DIGIT AL PHYSICS is a proprietary innovation which replacesthe
stair-stepped surfacesof LGA methods with a smaoth and accurate represema-
tion. Howewer, unlike LB sthemes,PowerFLOW retains the strict consenration of
mass, momertum, and energywithin the °uid and avoids the numerical pitfalls
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of °oating point arithmetic. As a result, like LGA methods, Exa's PowerFLOW
is an extremely robust °uid solver. This meansthat you are always guararteed
to get an answer which is physically consisten with the applied resolution and
boundary conditions.

For moreinformation and/or papersregardingPowerFLOW, pleaseemailinfo@exa.com.
Verdict: Candidate for detailed evaluation

A.2.59 Poly°ow
Web site: http://www.°uent.c om/worldwide/poly°ow/
See°uent, POLYFLOW software code, which leadsthe “eld in simulations of the

processingof complexmaterials in industrial “ows whereviscousand visceelastic
°ows play a major role.

Verdict: Not suitable

A.2.60 Flow Pro
Web site: http://www.wiz.uni-kassel.de/kww/irrisoft/c anal/°owpro.html

FLOW PRO 2.0 for Windows 95 and Windows NT
(Open Channel Design,Water SurfacePro les, Ori ces, Weirs, Under°ow Gates)

Verdict: Not suitable

A.2.61 Computational Aero dynamics Systems Co.

Web site: http://c ebit.on.ru/cebit98/compaero.htm

Computational Aerodynamics SystemsCo.
4-1-29,Novogireevskya St.,

Moscav, 111123,Russia

Tel.: +7-095-1584074

Fax: +7-095-1761834
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E-mail: alko@casys.msk.su

AeroShape-3D - advancedCFD

3.1.2.3.1- completesolutionsfor cortinuous computer simulation / processsimu-
lation / computational °uid dynamics

3.2.2.3.1- application software for cortin uouscomputer simulation / processsim-
ulation / computational °uid dynamics

The AeroShape-3D is new CFD software which is usedfor 3D °ows simulation
in: aerospacendustry; automotive industry; power industry; HVAC; medicine;
education

The core of AeroShape-3D is basedon the nite volume Rectangular Adaptive
Mesh(RAM) technique for complexsteadyand transiernt 3D °ow simulation. The
main advantage of RAM technique is high accuracyand reliability together with

unique °exibilit y in the adaptation to complex3D geometryof the body and °ow
structure. Advancedcharacteristicsof RAM technique are ensuredby: completely
unstructured re nement-unre nement rectangular mesh; 3rd order monotonous
stheme

AeroShape-3D includes a system for the de nition of complex 3-D multi-b ody

con gurations, an automatic generatorof the meshadaptedto the arbitrary body

shape and °ow eld singularities. At presen, in various engineeringversions
of AeroShape-3D the following physical models are used: standard K-E turbu-

lence model; K-E turbulence model with curvature correction; Reynolds stress
turbulence model; Low Reynoldsnumber turbulence model; Equilibrium or non-
equilibrium chemicalreactions; Two phase°ows

The calculations can be performed for incompressible,sub-, trans-, super- and
hypersonic®ows.

Platforms: IBM PC (Windows'95 or NT) or Work Stations (under X-Windows,
UNIX).

In addition to purchasingor renting the existing AeroShape-3D versions,we pro-
poseco-operation in: Calculations, results analysisand developmen of technical
recommendationgconsulting); Educational applications
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It doesnot do anything above US codesand it is Russian.

Verdict: Not suitable

A.2.62 Tahoe Design Software

Web site: http://www.tahoesoft.om/

Codes: HYDROFLO, Pumpbase,Hydronet
Piping designand network analysissoftware.

Verdict: Not suitable

A.2.63 ADINA-F

Web site: Web site: http://www.adina.com/products.shtml

The ADINA-F program provides state-of-the-art nite elemen and cortrol vol-
ume capabilitiesfor incompressibleand compressibl€ows. The °owsmay cortain
free surfacesand moving interfacesbetweencuids, and between°uids and struc-
tures. An arbitrary Langrangian-Eulerian(ALE) formulation is used.

The procedureusedin ADINA-F is basedon nite elemen and nite volumedis-
cretization schemes,with a most generaland excient solution approad. General
°ow conditions in arbitrary geometriescan be solved.

Basic assumptionsusedin modeling °uid °ows:

Full Navier-Strokesor Euler equations.

Incompressibleor fully compressible’ows.

Steady-stateor transiert analysis.

Laminar or turbulent °ows.

Flows with or without heat transfer.

Mass transfer. Seeexampleon right. Masstransfer in “ow device- Top shavs
deviceand bottom shaws results (rotated 90 degrees)

Material modelsfor compressible’ows:
Sutherland formulae for viscosity and thermal conductivity, constart heat capac-
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ity.

Temperature-dependert viscosity, heat capacity and thermal conductivity.
Pressure-depndert viscosity, heat capacity and thermal conductivity.
Temperature-pressure-depnden viscosily, heat capacity and thermal conductiv-
ity.

Flows with high Mach numbers.

Material modelsfor incompressible’ows:

Constart viscosity, heat capacity and thermal conductivity.
Temperature-degendert viscosity, heat capacity and thermal conductivity.
Time-dependen viscosity, heat capacity and thermal conductivity.

Turbulence models: Prandtl mixing-length model, K-Epsilon model, RNG K-
Epsilon model, and K-Omegamodel.

Non-Newtonian models.

Porous material model.

A 900 node version is available for US$120,working until the end of the year.
LOOKING GOOD, A MAYBE

Verdict: Candidate for detailed evaluation

A.2.64 YFLO W

Web site: http://www.mrl.itri.or g.tw/y°ow/english.htm

The computational °uid dynamic code and technologiesare deweloped to fulll
researt works. By the properties of the °ow eld and/or the computation tech-
niques,the introductions and applications are catalogedas following:

Rota (Rotation Machinery Flow) Fans, Pumps, Turbines, Laser Scanners...

FSI (Fluid-Structure Interaction) Air Floating Dryer, Tube Buddle Heat Ex-
changer...

Film (Thin Film Lubrication Flow) Hard Disk Head, Air Bearing...

Multi (Multi-phase/In terface Flow) Inkjet, Liquid Coating...

A code from Taiwan.

Verdict: Not suitable



A.2 Assessment of Commercial Codes xliii

A.2.65 PSW

Web site: http://www.aer ologic.com/

PSW - PersonalSimulation Works

PSW is a streamline-body designand analysis padkage for the PC, comprising
programs for surfacede nition, °ow analysis, and data visualization. Its three
principal elemens are Loftsman/P, Cmarc, and Postmarc.

Loftsman/P is a lofting program for wings, fuselagesand hulls. Cmarcis a low-
order panel method inviscid °uid °ow analysiscode. It is an enhancedversion of
NASA's Postmarcis a graphic postprocessoifor Cmarc and Pmarc-12output Ies.

Download

Loftsman/P

Download Demo Executable (0.9M) (4/2001)

Fully functional DEMO versionof the Windows version of Loftsman/P.

Cmarc

Download Demo Executable (0.5M) (4/2001)

Fully functional DEMO Cmarc. The DEMO version of Cmarc will only process
one geometrywhich is included. Digital Wind Tunnel

Download Demo Executable (1.5M) (4/2001)

Fully functional DEMO Digital Wind Tunnel. The DEMO version of DWT will
only processone geometrywhich is included.

Postmarc

Download Demo Executable (1.1M) (4/2001) (need.dll's below to run)

Fully functional Postmarc. Demoresults Ie includedin binary form. The DEMO
version of Postmarc will only processresults from the demo model. Download
DLL's neededfor Postmarc and Digital Wind Tunnel.

SystemRequiremerts

PSW runs on the IBM/PC. It requiresa fast CPU and (preferably a Perntium
or better), at least 16 Mb of RAM (preferably 64 megsor more), a fair amourt
of freehard disk space(preferably morethan 100Mb), and Windows 95, 98, or NT.



xliv A INITIAL EVALUA TION OF COMMER CIAL CODES

Verdict: Not suitable

A.2.66 Adv anced Visual Systems

Web site: http://www.avs.com/

AVS createsdata visualization software and solutionsthat sene the needsof busi-
nessdecisionmakers, software dewelopers and ISVs in every industry.

AVS was one of the rst dewelopers of visualization technology for the scierti c,
engineeringand technical industries. With an 11-year reputation of leadership
and breakthrough technology, we o®era completeline of technical software prod-
ucts and servicesthat empower high-performancevisualization on a wide range
of computing platforms.

A nice looking powerful visualization padage.
Not suitable - howewver, maybe for data visualization.
Verdict: Not suitable

A.2.67 Flo++

Web site: http://www.soft°0.c om/°opp _.home.htm
Flo++ is a computational °uid dynamics program for the solution of industrial
°uid °ow and heat transfer processeslt solvesthe basic conseration equations

of °uid dynamics and producesresults in the form of colour plots of velocities,
pressurestemperaturesand other °ow variables.

The software is deweloped for Windows 95/98 or Windows NT and is intended to
be practical and accessibldo practicing engineersand analysts.

An evaluation versionis available on the downloadspage.
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Grid Generation: Global Cartesian and cylindrical co-ordinate systems;De ni-
tion of local Cartesianand cylindrical co-ordinate systems;Manual or automatic
creation of vertices, cells and boundary cells; Choosefrom hexahedralor prism
cells; Body- tted, non-orthogonal unstructured meshes;One-, two-, and three-
dimensionalinterpolation routines for grid points; Cubic splines; Unstructured
local meshre nement and enmbedding to locally enhancethe accuracy of solu-
tions; Arbitrary meshcoupling: Couple any two meshesby simply projecting one
surfaceonto the other; Importation of CAD data

Fluid Flow Types: Incompressibleto highly compressibldransonic °ow; Laminar
and turbulent °ows. In the turbulent casea high Reynolds k-e, model is em-
ployed; Steady and unsteady °ow. Modi ed versionsof the SIMPLE and PISO
algorithms are usedfor steady and unsteady solutions; Heat transfer. Convection
and conduction heat transfer, also conbined °uid-solid heat transfer; Multiple
°uid streams;Masstransfer. Mixtures of gasesor liquids cortaining di®erert in-
dividual chemical species;Thermal buoyancy. Other typesof body forcesmay be
incorporated through usercoding; Porousmedium °ow. Volume and planar resis-
tancemodelling are provided for handling °ow through heat exdhangersor padked
bed reactors; Dispersedmulti-phase °ow model. A generalframework is provided
for handling di®eren conmbinations of gas-solid,gas-droplet,and °uid-bubble dis-
persed phase situations; User-de ned options for programming °uid properties
such asdensity, viscosity, speci ¢ heat, etc.; Two-°uid with free surfacecapability

Boundary Conditions; Inlet boundariesfor mass,energy turbulence and chemical
species;Pressureboundaries; Stagnation boundariesfor total pressureand total

temperature; Supersonicinlet boundaries;Zero gradiert outlet conditions; Sym-
metry planes; Periodic/cyclic boundary conditions; Wall boundarieswith ~xed,

°ux or adiabatic conditions for temperature and chemical species;Ba2e bound-
arieswith xed, °ux or adiabatic conditions for temperature and chemicalspecies,
also speci cation of °uid °ow and heat transfer resistancecoezcients

Moving Meshes:Flo++ utilizes its arbitrary meshcoupling capabilitiesto enable
arbitrary sliding meshesDynamic cell addition/removal

Visualization
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The visualization facility of Flo++ is a powerful tool for viewing, inspecting the
integrity of the meshand aiding in the analysesof “ow results. During post pro-
cessingthe geometry can be colouredwith scalarvaluesof the °ow variables.

The user can interact with the geometry displayed using the render window in-
teractor. Interaction includesrotation, scaling, panning, spin, and vertex picking.
Interaction with the window takesplacethrough mouseand keyboard operations.

Di®eren plot typescanbe usedto represen your geometrythe bestway possible.
The following options are available in forming combinations to get the desiredplot
characteristics:

Plot types: Hidden surface,Hidden wireframe, Wireframe, Plane
Plot options: Geontry, Contour, Vector, Iso-lines,Iso-surfaces

Plot attributes: Edges, Mesh lines, Numbers, Labels, Colours, Shading, Vector
scaling

Software:
The following operating systemsare supported (Intel processornly - cortact us
for Risc processors):Windows 95/98; Windows NT 4.0 - SP3or higher

In order to view the HTML Online Help you will need: Internet Explorer 4.01
SP1; hhupd.exe- located in the Utils directory of the Flo++ installation CD. If
you have installed a higher versionthan Internet Explorer 4.01SP1, you will not
needto run hhupd.exe.

To compile and link the Flo++ executablesin order to increaseor decreasehe
data structures for optimum memory usage,as well asto compile and link user-
de ned sourcecode, you will need: Microsoft Visual C++ 6.0; The Standard
Edition will do.

Hardware: A personalcomputer with a Pertium or higher processor;At least
64MB RAM which will provide for a meshsizeof about 40000cells. Beyond this,
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every 1MB installed will provide for roughly 1700 additional cells without disk
swapping; Hard disk with at least 15MB free disk spacefor the software. Addi-
tional disk spaceof about 50MB will be neededio setupand solve a caseinvolving
100000cells

Download Page: This page contains the download instructions for Flo++; The
evaluation version of Flo++ is available for download. The evaluation versionis
basically the full commercialversionbut limited to 3000cells. With the ewalua-
tion versionof Flo++ you can run almost 90% of the examplesincluded in the
documertation. This will give you ample opportunity of evaluating Flo++. The
full versionis enabledby a lock code provided by Soft°o.

Code from South Africa. It looks nice for a Windows software, but there is a
limited application range and the location makesit not too bene cial.

Verdict: Not suitable

A.2.68 KSNIS

A Russiancode from Prof. Vitaly Bulgakov,
Dept. of Applied Mathematics,

Moscav State University of Civil Engineering,
129337Moscav, Yaroslarskoe Shosse26
RUSSIA

tel. +7 (095) 183-59-94/282-80-00
E-mail: bulgakov@Itm.uni-erlangen.de
vbulgakov@glasnet.ru

Verdict: Not suitable

A.2.69 Flowcode

Web site: http://www.°owc ode.f2s.om/

From Denmark, can't accesghe site.
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Verdict: Not suitable

A.2.70 Concert

Web site: http://www.numerite c.com/

CONCERT is a multi-physics CFD code which helps engineersand researbers
analyze°uid °ow, heat transfer and chemical reactionsin engineeringsystems

Web site is not working.
Verdict:  Not suitable

A.2.71 SMAR TFIRE

Web site: http://fse g.gre.ac.uk/smart re/home.html
Academicsoftware for re related calculations.
Verdict: Not suitable

A.2.72 VISCOUS

Web site: http://www.air°owsciences.om/

VISCOUS is a cortrol volume based CFD code capable of modeling a general
°ow eld simulation. Problemsmay be 2D or 3D, steadystate or time depender,
and laminar or turbulent. Conjugate heat transfer and the corvection/di®usion
of an arbitrary number of eld variablesmay be modeled. Additional modulesto
handle radiation, combustion and a variety of other phenomenaare available.

Over the past ten years, VISCOUS has beenusedto solve problemsin a wide
variety of elds including power generation,transportation, food technology and
manufacturing.

Thereis no detailed information on this code on the compary's web site. It seems
that they are using Fluent and Exa in conjunction with this code.



A.2 Assessment of Commercial Codes xlix

Verdict: Not suitable

A.2.73 Polydynamics

Web site: http://www.p olydynamics.om/
They have a large number of codes,none of them are suitable.

Verdict: Not suitable

A.2.74 Cullimore and Ring Technologies, Inc. (SIND A/FLUINT, SINAPS)

Web site: http://www.crte ch.com/

SINDRA and FLUINT are genericCFD codes,SINDA/FLUINT is a comprehen-
sive nite-di®erence,lumped parameter(circuit or network analogy)tool for ana-
lyzing complexthermal/°uid systems.lt is usedat over 500sitesin the aerospace,
electronics,petrochemical, biomedical,and automotive industries, and in over 25
courtries. Available for Sun and HP workstations and PC (Windows 95, 98, NT,
and 2000).

Verdict: Not suitable

A.2.75 Lin°o0 w (ANKER - ZEMER ENGINEERING)

Web site: http://www.lin®ow.c om/lin°owl1.html

The BEM (Boundary Elemert Method) program LINFLO W is a program for lin-
ear steady and unsteady °uid °ow calculationsin 3D. Since all structures are
descrilked by surfacesonly, the analysistime when solving problems using LIN-
FLOW is reducedto only a few percen of the time required by standard software
using the full Navier-Stokesequations.

Verdict: Not suitable
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A.2.76 PFDReaction

Web site: http://www.iahp c.ie/documents/group_pages/pfd.html
PerformanceFluid Dynamics (PFD) Limited

40 Lower LeesonStreet
Dublin 2/ Ireland

tel : +353 16612131
fax : +353 16612132
E-mail : info@pfd.ie
http://www.pfd.ie

PFDReaction : an add-onto generalpurposeCFD programsenabling chemical
kinetics to be included correctly in turbulent °ow simulations.

Verdict: Not suitable

A.2.77 Airfoil Analysis

Web site: http://airfanalysis.hyp ermart.net/

Airfoil Analysis is a professional-leel airfoil analysissystem padkagefor the Mi-
crosoft Windows 95, 98 and Windows NT environmert. It is deweloped for use

by anyonewho needsfast, accuratewing airfoil analysisand wants the power and
°exibilit y a®ordedby Windows95/98/NT.

Verdict: Not suitable

A.2.78 Institute of Computational Contin uum Mechanics Gm bH

Web site: http://www.ic cm.de/

COMET is multi-purp oseCCM-Software for the solution of continuum medianics
problems(both °uid and solid medanics). It is a self-conained padkageincorpo-
rating mathematical models of a wide range of thermo-°uids and solids phenom-
ena, powerful solvers enablingfull complex-geometrycapabilities, highly excient
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and stable set of numerical solution algorithms, °exible pre-processingand post-
processingfacilities tailored for both expert and novice users.

COMET s deweloped by professionalsvho have beenat the forefront of both the
researb and the commercialsoftware developmert in the eld of computational
cortinuum medanicsin the last 15 years. The code is basedon the authors' own
pioneeringwork in the elds of discretisation by arbitrary (moving) meshes.er-
ror detection, full multigrid accelerationtechniques,parallel computing and nite
volume stressanalysis.

Aerospaceengineering; External aeradynamics of aircrafts and missiles; Ther-
mal managemet] Flow-induced vibrations; Inlet and exhaust nozzles;Flows in
propulsion systems

Comet allows us to simulate °uid °ows at all speeds(subsonic,transonic, super-
sonic). This feature makesit suitable for applications in aerospacesngineering.
The “gure right shavs pressureand streamlinesabout a passengerircraft. The
“gure left-below shows cortours of Mach number in the caseof a supersonic°ow
about a slenderddiamond-shaped airfoil. One can obsene a systemof compres
sion and expansionwaves.

The gure right-below shaws a transonic °ow about a NACA airfoil. The picture
is coloredwith Mach number, and one can obsene how initially subsonic®ow is
acceleratedon the upper side of the airfoil, becomessupersonicand eventually
goesthrough a shack wave.

A German compary, looking like a smaller code, not robust enough.
Verdict:  Not suitable

A2.79 CFD++

Web site: http://www.metacomptech.com/

CFD++ is a thoroughly modern general purpose Computational Fluid Dynam-
ics software for accurate and excient °ow simulations. Its uni ed-grid, uni ed-
physics and uni ed-computing methodology appliesto ALL °ow regimes,ALL
types of meshand cell topologies,and ALL computing platforms and o®ersex-
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ceptional e®ectivenessand value. Let CFD++ and Metacomp Tednologieshelp
you achieve the most out of CFD technology

Aerospace:

CFD++ canbe usedfor all speedregimesfrom low speedto hypersonics( cover-
ing all typesof aircraft including rotorcraft, xed wing aircraft, re-ertry vehicles,
missiles, etc). It can be usedfor both aeradynamics and propulsion (including
reacting °ows, turb ojets, ramjets, scramjets, pulse-detonationengines,conbined
cycle engines). Other aerospaceapplications include store separation, turb oma-
chinery including the ability to model rotor stator blade rows using sliding inter-
faces. A quick turn-around proprietary methodology that can predict turbulent
°ows on coarse(inviscid-type) grids is also available for appropriate inclusion in
the designiteration.

CFD++: Uni ed physics,uni ed grid and uni ed computing
Reynolds-aeragedNavier-Stokes(RANS) equations,large eddy simulation (LES)
modelsand hybrid LES/RANS

Compressible°uid °ows with high- and low-speedspecializations
Incompressible’ow

Singleand multi-speciesreacting “ows

Integrated uni ed-grid treatment for all grid and cell topologiesincluding patched-
nonalignedand oversetgrids

Advanceddiscretization and solution methodology

Fast, excient solver

Topology-parameter-fregurbulence models

Advancedwall function treatment and/or solve-to-the-wall

Turbulent °ow- eld prediction capability on coarsegrids

Versatile boundary conditions

User-friendly Graphical User Interface and a rich collection of pre- and post-
processingtools

Seamlessiseof single-CPUand multi-CPU computersand networks

CFD++ Padages
- CFD++CP (Compressibleperfect gas)
- CFD++CR (Compressible multi-speciesreal gases)
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- CFD++IF  (Incompressible®uid)

All thesepadkagesare usefulfor solving both unsteadyand steady inviscid, lam-
inar and turbulent °ows and include a full uni ed grid and solution capability.
Pricing will depend on the choice of padage, choice of edition and the number
of CPUs to be used. Inviscid °ow versionscan be made available at a discourt.
Combined padkagesare also available. Examples:

- CFD++CP+IF

- CFD++CR+IF

Address: Metacomp Tednologies,Inc.650HampshireRd. #200Westlake Village,
CA 91361

Phone: (805)-371-8750

Fax: (805)-371-8751

Email: info@metacomptels.com

www: www.metacompted.com

A.2.80 RADIOSS-CFD

Web site: http://www.mcube.fr/

The RADIOSS-CFD systemincludesseeral modules:

-M-Explicit is a compressible,coupled°uid structure, explicit solver. The main
useof tis module is aeroacousticsimulations of automotive componerts (Intakes,
Exhausts, Air conditionning, fans) and also full vehicle models. It is usedworld-
wide by clients like Ford, Toyota, Case,...

-M-Implicit is anincompressiblamplicit Navier Stokessolver. This module brings
unprecedeted robustnessand accuracyin the implicit solvers domain thanks to
the use of Galerkin/Least-Squaresalgorithms and a proprietary algebraic solver
addressingthe coupledpressure-elocity systemasa whole.

Nice results for a NACAO0012 pro e, howewer, it was not yet applied for super-
sonic/hypersonic°ows.

MCube
54 rue Montgrand
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BP 232- 13178Marseille Cedex20
FRANCE

Tel: +33 (0) 491599210

Fax: +33 (0) 491599212

Verdict: Not suitable

A.2.81 VECTIS

Web site: http://www.ric ardo.com/index.htm?pages/vetis.htm

Sinceits rst usein industry more than 10 yearsago and its commercialrelease
in 1994, VECTIS has gained widespreadacceptancein the powertrain industry
ashighly versatile and excient software for nite-v olume CFD analysis. VECTIS
featuresa range of engine-sgci ¢ physical models which are subject to rigorous
application-focusedvalidation, together with high levels of integration with CAD
and other CAE systems. It also featuresa unique, fully automatic meshgener-
ation technology capableof providing a meshaccurately conformingto virtually
any °‘ow domain geometry

VECTIS is a three-dimensionalcomputational °uid dynamics program from Ri-
cardo Software. VECTIS solwesthe three-dimensional®’ow equationsgoverning
conseration of mass, momertum and energy and can treat incompressibleand
compressible’ows. Laminar or turbulent °ow can be modelled.

Typical Application:

In-cylinder °ow, looking at the intake and compressionstroke

There is no limitation on the complexity of the engine

In-cylinder combustion, using fuel injection and conmbustion

Catalyst performancestudy, steadystate or directly linkedto WAVE for time step
exdangeof boundary conditions

Underhood °ows, including radiator models and fans

Coolant °ow analysis,with heat transfer exdhangeto FEA

Verdict: Not suitable
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A.2.82 MA YA Simulation

Web site: http://www.mayahtt.com/

MAYA is aleadingprovider of thermal and structural simulation toolsto the space
and aircraft industry. MAYA's TMG Thermal Analysis software is extensiwely in

the aerospacendustry for spacecraftthermal designand analysis. MAYA's NAS-

TRAN interface to/from |-deas FEM pre/p ost processingis used extensiwely in

the aerospacendustry asthe standard meansof sharing FE data betweenl-deas
and NASTRAN.

AerospaceExamples

MAYA's customersuseESCand TMG to simulate spacecraftand aircraft thermal
and °uid °ow engineeringchallenges.MAYA's aerospaceexperienceand simula-
tion expertise come together to help our customerssolve complex engineering
problems. MAYA is a leaderin thermal simulation of spacecratft.If you have any
guestionsor would like more information about any of these applications then
pleasecontact MAYA. Aerospaceapplications of MAYA thermal and °uid °ow
tools...

Satellite environmental heating and thermal cortrol
Spacecraftand launch vehiclethermal behavior
Avionics, instrumentation

Aircraft brake systems

Engine/propulsion systems

Instrumentation/ligh ting thermal managemen

Corporate Headquarters,Canada
Montreal, Quebec

MAYA Heat Transfer TedinologiesLtd.,
4999St. Catherine St. West

Suite 400

Montreal, Quebec

CanadaH3Z 1T3

Telephone:514-369-5706
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Fax: 514-369-4200
eMail: info@maahtt.com

A good thermal program, widely usedin many industries, including aerospace.
Verdict: Not suitable

A.2.83 Onera

Web site: http://www.onera.fr/english.html
A Frend code, it doesthe samethings as other US codes.

Verdict: Not suitable

A.3 Codes selected for detailed evaluation

Basedon the above assessmen the following codesare selectedfor detailed eval-
uation:

1. Fluent by Fluent Inc.;
Web site: http://www.°uent.c om/

2. CFX-TASC°ow by AEA Tednology plc.;
Web site: http://www.software.aet.com/cfx/industry/aer osmce/index.html
Web site: http://www.aeat.co.uk/cfx/WT ASC°ow.html
Web site: http://www.software.aet.com/cfx/pr oducts/cfx-tasc®ow/spec.htm

3. CFD-FASTRAN and CFD-ACE by CFD Researt Corporation;
Web site: http://www.cfdr c.com/

4. StarCD by Computational DynamicsLtd.;
Web site: http://www.c d.co.uk/products/index.htm
In the US: http://www.c d-adamo.com/index.shtml

5. GASP & GUST by AeroSoft, Inc.;
Web site: http://www.aer osft.com/
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10.

11.

12.

. FLOW3D by Flow Science|nc.;

Web site: http://www.°ow3d.com/

. ANSYS-FLOTRAN by ANSYS, Inc.;

Web site: http://www.ansys.com/ansys/°otr an.htm

. FINE/Hexa by NUMECA International s.a.;

Web site: http://www.numeca.bke/

. CFdesignby Blue Ridge Numerics, Inc.;

Web site: http://www.cfdesign.com/

PowerFLOW by Exa Corporation;
Web site: http://www.exa.com/
Using a particle method (Boltzmann)

ADINA-F by ADINA R & D, Inc,;
Web site: http://www.adina.com/products.shtmland

CFD++ by Metacomp Tednologies,Inc.
Web site: http://www.metacomptech.com/

A.4  Grid generators
A.4.1 XYZ Scientic Applications, Inc. (T rueGrid)

Web site: http://www.xyzsa.com/

TrueGrid is a commercialcode designedto build large, complex °uid and struc-
tural meshesusing hexahedronbrick elemeits, quadralaterial shell elemerts, and
beam elemerts. We support both linear and quadratic elemens. The meshis
block structured and builds quality meshess a short period of time. It is avail-
able on UNIX workstations and the PC.

Verdict: Not suitable - it is a good mesh generator

A.4.2 Pointwise, Inc. (Gridgen - structured grids)

Web site: http://www.p ointwise.com/

Verdict:  Not suitable as a CFD code, nice grid generator
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A.5 Post pro cessing/data visualization

TecPlot by Amtec
Web site: http://www.amtec.com

FieldView
Web site: http://www.ilight.c om/

EnSight by Computational EngineeringlInternational., Inc.

Web site: http://www.c eintl.com/

Supporting all major platforms for both client and sener. In addition, EnSigh
supports a number of commondata formats aswell asinterfacesto various simu-
lation padages.

For another list of CFD codesched:
http://dt.fme.vutbr.cz/ cfd/Cfdpro du.htm
http://www.researc hinindia.com/cfd.html

Pre- and post-pro cessors:
http://www.metacomptec h.com/compary_pro le/partners.html

ICEM CFD

Web site: http://www.ic emcfd.@m/index.html

A good grid generatorfor pre- and post-processingof other CFD codes. A sub-
sidiary of ANSYS.
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B Finalist code evaluation form

The ewaluation form for the nalist codesis given below:

| Code name | |
Compary:

Web site:
Address:
Contact person:
Contact number:
Contact e-mail
Price:

Trial software available: YES( ) NO ( )
Compary history
(since; market position)

\ Physics and °ow typ e options:

Flow type Internal () External ()

Compressible( ) Incompressible( )
Subsonic( ) Supersonic( ) Hypersonic( )
1D () 2D () 3D ()

Cartesiancoord. () Cylindrical coord. ()

Navier-Stokes YES () NO ()
Potential YES () NO ()
Euler Solers YES () NO ()
Laminar YES () NO ()
Turbulent YES () NO ()
Newtonian YES () NO ()
non-Newtonian YES () NO ()
Steady State YES () NO ()
Transient (time dependen) YES () NO ()
Periodic “ows, with and

without heat transfer YES () NO ()
Heat transfer by corvection (with buoyancy)

and conduction (in solidsand ba2es) YES () NO ()

Radiation (including solar) in
non-participating or participating °uid

and solid media YES () NO ()
Masstransfer, Mass particles YES () NO ()
Acoustic phenomena YES () NO ()
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Thermal options: |

Natural convection YES () NO ()
Forced convection YES () NO ()
Fluid and solid conduction YES () NO ()
Fluid-solid heat transfer YES () NO ()
Speci ed heat °ux YES () NO ()
Speci ed temperature YES () NO ()
Heat transfer to voids

from °uid/obstacles YES () NO ()
Distributed energysources/sinks

in °uids or solids YES () NO ()
Radiation by emissivity YES () NO ()
Viscousheating YES () NO ()

Numerical options:

Numerical Method:

FEM () FDM () FVM () Spectral ()
Lattice-Boltzmann () Other: _______

First or SecondOrder Advection 1st () 2nd ()
Implicit vs Explicit Implicit () Explicit ()
Pressure-elocity coupling Implicit () Explicit ()
Viscous°ow Implicit () Explicit ()
Heat conduction Implicit () Explicit ()
User-de nedvariables, subroutines,output YES () NO ()
Utilities for userinteraction during execution YES () NO ()

| Sources:
Functions of time, spaceor any dependen YES () NO ()
or user-de nedvariable
Any number and mix of sourcesfor any variable YES () NO ()

Boundary Conditions

Dirichlet ( ) Neuman( )

Radiation and other derived types( )

Userde ned function or variables YES () NO ()
(run-time changefor density)

| Heat Transfer: |
Conjugate heat transfer with embeddedsolids YES () NO ()
Sub-madelsfor Spray, Radiation, Regeneration YES () NO ()
and other physical phenomena
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Pre-pro cessor & Post-pro cessor

Grid generator YES ()
Structured Mesh YES ()
Unstructured Mesh YES ()
Adoptive Mesh YES ()
Mesh Re nemert YES ()

NO ()
NO ()
NO ()
NO ()
NO ()

CAD GeometryImport | From AutoDesk Inventor ()

IGES() STEP () DWG/()
Other: _______

Post processor YES () NO ()

Export of the results YES () NO ()
Details: _______

Turbulence Mo dels:

Prandtl mixing length

One-equation(turbulence energy)transport
RNG (re-normalizedgroup theory)

Near wall models: (Launder-Sharma,
Chien, So-Sarlar, Yeang-Shih)

~
N

Standard two equationk j 2

ki 2with RNG

Di®erenial RSM (Craft-Ince-Launder)
Wilcox's ki !

Mentor's blendedk j 2 !

AN NN NN
N N N N N

Large Eddy Simulation (LES)

Direct Numerical Simulation (DNS)

System options:

Single-or multi-pro cessors Single() Multi ________

Machines/ Operating systems| Windows NT ( )/2000 () / XP ()
SGI() SUN ()

Commerts:
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C Addendum: Case 2.1

In addition to the runs described in the main documert, further hands-oneal-
uation was performed using the Autodesk Invetor 5 / CFdesign software tool
combination.

While Case2 was performed by the vendor, basedon discussionson the con g-
uration, this case(named Case?2.1) was performed ertirely here as part of this
evaluation.

The CAD model wasbasedon the sameMars Microprobe shelldesignasdescrited
for Casel, howeer, the shellwas not divided into a heat-shieldand aft-shell. In
addition, the payload was also simpli ed.

In the rst step a CAD model was created using Autodesk Invertor 5. The
domain was divided into 4 componerts, resulting in 5 sub-domainvolumes. The
componerts were:

1. Payload { simulating the instruments to be delivered by the probe,;

2. Shell{ the part of the probe interacting with the atmosphereduring re-ertry
and housingthe payload, including the heat-shieldand the aft-shell;

3. Near eld { during meshgenerationit is desirableto generatea morere ned
meshcloseto the probe, this part of the domain covers the boundary layer
which require higher discretization;

4. Far eld { further away from the probe, where inviscid conditions apply, a
coarsergrid can be used.

Thesecomponerts include oneadditional sub-domain,the volumeinsidethe shell,
but not including the payload. Thesecomponerts wereindividually createdwith
Inventor and assermbled componert by componert, as shavn in Figure 50. The
dimensionsare given in Figure 51. Generatingthe CAD drawing took about 20-
30 minutes from previous drawings. This time was required due to the inclusion
of the near- and far- eld domains. Oncethe CAD model was generated,it was
exported out in ACIS (\*.sat") format. ACIS is a general CAD format, which
is universally usedin CAD and CFD programs, making it very usableas an ex-
port/imp ort Te format.
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Figure 50: Microprobe Assenbly (in Invertor)

In the next stepthe ACIS CAD e wasimported into CFdesign'spre-processor,
called CFdesign-Domain. The pre-processoris usedto set up the required dis-
cretization (seeFigure 52) and to assignthe boundary conditions (BC's) (see
Figure 53). The meshsizefor the far eld was set to 0:05 m, for the inside air

volume and the near eld 0:025 m was used, while elemen size for the payload

and the shell was setto 0:015m. The rationale for this division is given in the

main part of the report. The inlet velocity was de ned on the far eld inlet half-

sphereand the side cylinder as V, = 500 m=s, parallel with the probe's axis.
The outlet pressurebehind the domain at the exit plane of the far eld domainis
setto p = 0 Pa. Due to symmetry, slip BC's were assignedon all °at sidesof
the model parallel with the probe's axis. This step took appraximately an hour,

howewer, with experiencethis step can be reducedto seeral minutes, especially
if re-meshingis not required. The better view of the domain (in wireframe mode)

and the generatedvolumetric mesh, both within CFdesign-Domainis given in

Figures 54 and 55, respectively.

In the following step the solver is called, where rst the °uid and solid proper-
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Figure 51: Microprobe Assenbly Drawing (in Invertor)

Figure 52: Meshsizede nition beforediscretization (in CFdesign-Domain)
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Figure 53: Boundary conditions (in CFdesign-Domain)

Figure 54: Computational Domain (in CFdesign-Domain)
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Figure 55: Computational Mesh (in CFdesign-Domain)

ties are de ned. For simplicity the air properties were set at sealevel, while the
probe and payload materials were de ned as copper and aluminum, respectively.
While is is an assumptionfor the presen analysis,it should be noted that beside
a properties database,userde ned properties are alsoavailable. The soler inter-
faceallows for the veri cation of the mesh. According to this, the presert model
included 25459°uid nodes, 244 solid nodes,129529°uid elemerts and 4031solid
elemerts, with oneinlet and one outlet region.

Various solver input and Te output options can be set at this stage. Theseinput
options include selectionsfor laminar or turbulent °ows, compressibiliy and heat
transfer. Besidethe default setting various corvergenceand initialization param-
eterscan be de ned. The solwer allows for new analysisor restart from previous
results. Following recommendationdrom the vendor, 20 iteration stepswere per-
formed using incompressible’uid and an additional 80 iterations were performed
after switching over to compressible°uid. During the analysisthe corvergence
can be monitored from a display and the results from the last successfuiteration
step are visualizedreal-time. The presen 100-iteration steady-statesolution re-
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Figure 56: Computational Mesh (in CFdesign-Disply)

quired around 30-40minutes of CPU time.

In the nal stepthe resultsarevisualizedusingthe post-processorcalled CFdesign-
Display. Sampleplots are provided belov. The meshis shavn in Figure 57, this
plot is similar to the one generatedin CFdesign-Domain(Figure 56). Another
view is givenin Figure 55.

As the °ow bypasseghe probe at supersonicspeed,the °ow separateslownstream
from it and createsa lower speedrecirculation zone,showvn in a vector plot (Figure
58). The isosurfacein Figure 59 illustrates the zonewhereM ach= 1:5.

As the air bypasseshe probe at supersonicvelocity, it heatsup. The tempera-
ture distribution is showvn in Figure 60. The temperature gradiert indicatesareas
where the temperature changeis the the most prominert (seeFigure 61), while
theseareascorrespndswell with the high shearstressareas,shown in Figure 62.

In Case2.1, it wasdemonstratedthat quick analysison a coarsegrid can be per-
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Figure 57: Computational Mesh{ di®eren view (in CFdesign-Displg)

Figure 58: Velocity distribution (in CFdesign-Disply)
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Figure 59: Isosurfacesat Mach 1.5 (in CFdesign-Disply)

Figure 60: Temperature distribution (in CFdesign-Disply)
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Figure 61: Temperature gradiert (in CFdesign-Disply)

Figure 62: ShearStress(in CFdesign-Disply)
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formed even within the time limitation of a concurrert designsession.The goal
of this exercisewasto demonstratethe processwhich canbe implemerted within
the concurrert designenvironment, and not to produce a high quality validated
analysis. It should be noted that theseresults were not tested and they are quite
Susect.

It was found that the program is very user friendly, the interfacesare designed
in a way that usersexperiencedwith CFD analysiscan navigate e®ectiely even
for the rst time { asit wasthe caseduring this analysis. Howewer, one should
be aware that experienceis important to use the code e®ectiely and a large
number of input parametersrequire familiarity to produce cornverging solutions.
As mertioned in the main documen, quick analysison a coarsegrid should be
interpreted with caution. Evenif the solution is corvergen, spatial and temporal
convergenceests must be performedin addition to proper bendimarking exercise.
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D Addendum 2: Benchmark Cases

To test the capabilities of CFdesign,it is recommendedo perform code valida-

tion. Validation exerciseis usually performedusing bendimark geometrieswhere
°ow physicsis limited to singlephenomenonor simple °ow conditions. Theseare

selectedbecausethe results are easyto test not only intuitiv ely but alsothrough

analytical solutionsor experimerts. In this sectionthree of thesebendimark cases
are documerted, for backward facing step, lid driven cavity °ow and buoyancy
driven cavity °ow conditions.

It shouldbe notedthat only onerun wasperformedfor eat con guration and the
results were chedked qualitativ ely but not quartitativ ely againstexpectedbend-
mark results.

The analysiswas performed using the AutodeskInventor 5/ CFdesignsoftware
combination. In the rst stagethe CAD model was generated,and in the second
step the CFD code was usedto pre-process,solve and post-processthe data.

D.1 Backward facing step
D.1.1 Description

Laminar °ow over badkward facing step is frequertly used as a standard test

problem for numerical methods. A typical con guration is shavn in Figure 63.

The left boundary is an in°ow and the right boundary is out°ow. The other sides
around the channel are solid walls. This problem is easyto test, mainly because
certain benign features of the °ow, e.g., the position of the reattachmert point

behind the step, scaleswith the Reynoldsnumber. The duct length was set to

L = 80mm, with a duct height of h = 14mm. The inlet sectionbeforethe step
was Li, = 20mm, while the step height was hgep = 6mm. The width of the 3D

channelwassetto w = 10mm.

D.1.2 Sample results

At low Reynoldsnumbersthe °ow closelyfollows the duct geometries.Similar to
Stokes°ow conditions, the °ow pattern doesnot exhibit recirculation regions. At
high Reynoldsnumbersre-circulation zonesappear and with the increaseof “ow
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Figure 63: Badkward facing step geometry (Inventor)

velocity the zonelength increases.

In the calculation the inlet velocity was setto U = 0:0lm=s, with an outlet
pressureof pot = OkPa. On the channel walls slip boundary conditions were
assumed. The air dynamic viscosity was* = 1:817 | 05kg=ms, the density
Y= 1:204%kg=m?, and for characteristic length twice the duct height (2D) was
used,resulting in a Reynoldsnumber of Re = 18.

The volume meshsizewas set to 0:001m, resulting in 42189nodes and 179364
elemerts (seeFigure 64).

As the °ow enters the channel, from the uniform inlet it dewelopsa parabolic
velocity pro le, similar to a Poiseuille°ow. At the suddenexpansionof the badk-
ward facing step “ow separationoccurs. Howewer, due to the small velocity the
recirculation zoneat the bottom of the stepis small. The U velocity componerts
is shawn in Figure 65. The pressuredistribution is alsofollows the expectedlinear
changebetweenthe inlet and the outlet (seeFigure 66). It was found that the
°ow distribution followed the expected trend for both velocity and pressurefor
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Figure 64: Badkward facing step mesh(CFdesign)

low Reynoldsnumber cases.In steady state mode the code reated a corverging
solution within 25 iteration steps.

D.2 Lid driven cavity °ow

D.2.1 Description

Considerthe laminar °ow of viscous,incompressible’uid in a squarecavity (L =
160mm) boundedby three motionlesswalls and a lid moving at a constart velocity
in its own plane. The third dimensionis setto w = 20mm, and due to the
symmetry boundary condition on thesefacesit is assumedo resultin a 2D plane
°ow casewithout the e®ectedby the third dimension. Along all walls exceptthe
top one,the velocity is requiredto vanish. Along the top wall the normal velocity
componert vanishesand the tangertial componerts are prescribed constarts. The
CAD drawn geometries{ generatedwith Invertor 5 { are shovn in Figure 67.
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Figure 65: BFS: U velocity distribution (CFdesign)

Figure 66: BFS: static pressuredistribution (CFdesign)
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Figure 67: Lid driven cavity geometry (Invertor)

D.2.2 Sample results

The Reynolds number for the °ow and a °uid with a given dynamic viscosity,
is determined by the size of the domain (cavity) and the magnitude of the non-
vanishing velocity componert of the boundary. Singularities exist at ead corner
wherethe moving lid meetsa xed wall. In spite of theseditculties, the driven
cavity problemis an easytest for algorithms for the numerical simulation of vis-
cousincompressible’ows. The reasonfor this is that it is rather easyto generate
solutionsthat have global featuresonewould expectin sud a “ow. Furthermore,
sincethe problem is for the most part not physically realizable,one cannot com-
pare the numerical solution with meaningful experimertal data.

The domainwasdiscretizedusing CFdesigh-Domain resulting in 77971nodesand
401238elemerts. The meshis shavn in Figure 68. Besidesthe symmetry BC on
the front and badk panels,the bottom and the two sidewalls wereassignedo-slip
BC's.

The water viscosity was 2= 9982kg=m? and the dynamic viscosity was ! =



D.3 Buoyant-driv en °ow [Xxvii

Figure 68: Lid driven cavity mesh(CFdesign)

0:00100&%g=ms. The resulting Reynolds number was Re = 2650,usingL asa
characteristic length. The steady state analysiswas run for 50 iteration steps.
The viscous forces, created by the sliding top lid, resulted in a vortex which
shifted its certer to the top right cornerof the domain. At this Reynoldsnumber
is wasexpectedto obsene secondaryvorticesin the bottom left and right corners.
Howewer, thesewere not captured by the code.

D.3 Buoyant-driv en °ow
D.3.1 Description

The three ways by which heat can be transferred are conduction, convection and
radiation. Conjugateheattransferisthe conbination of theseheattransfer modes.
Looking at corvection, the heat transfer can be natural, mixed or forced. In natu-
ral convection, °uid motion is generatedor dominated by temperature di®erences.
Thesein turn a®ectthe °uid properties, e.g.,the density, resulting in a buoyant-
driven °ow. Herethe gravity term or buoyancy term in the momertum equation
dominatesthe °ow. For this bendimark caseit is assumedthat a cylinder with
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Figure 69: LDCF: Streantraces(CFdesign)

a diameter of D = 100nm and a thicknessof w = 10mm was Illed with water.
A heating elemen with a width of L = 20mm and a thicknessof w = 10mm was
attached to the bottom of the cylinder. The geometriesare given in Figure 70.
A heat °ux of 100/W=m? from the heating elemen transferred heat to the water
in the cylinder. Simultaneously 30W=m? was removed from the cylinder's (no-
slip boundary) wall. On the front and bad facesof the cylinder slip/symmetry
conditions were assigned.

D.3.2 Sample results

The cylinder wasdiscretizedfor 22454°uid nodesand 100212°uid elemerts. The
heaterwasdivided into 6028solid nodesand 34154solid elemerts (seeFigure 71).
Inside the cylinder buoyant water properties were speci ed, while the heater ele-
mert was assumedto be made out of copper. The thermal analysisrequired the
input of the gravitational vector, which in turn wassetto g, = | 9:81m=s? (point-
ing downward). A transient run was performed for 50 iteration steps, however,
the results were stable after about 25 iteration steps.
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Figure 70: Heated cylinder geometry (Invertor)

Figure 71: Heated cylinder mesh(CFdesign)
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Figure 72: Velocity vectorsof buoyant-driven °ow (CFdesign)

As the heaterelemen heatedthe °uid domainthe density changeresultedin the
rise of the °uid along the vertical axis of the cylinder, while the heat removed
from the cylinder's wall cooled the °uid and density increasemoved it downward
along the wall. It was obsened in experimertal studiesthat the °ow pattern is
not fully symmetrical on the two sidesof the cylinder. This wascon rmed in this
numerical simulation aswell. To demonstratethis, the velocity vectors and the
velocity magnitude corntours are shown in Figures 72 and 73, respectively.

D.4 Summary

It was proven through 3 simple bendimarking casesthat CFdesigncan produce
resultsquickly and exciently. Howewer, it shouldbe notedthat further bendimark
testing is neededto gain con dencein the code. Also, results using coarsemeshes
should be interpreted with caution. Keeping this in mind, the code can be still
very usefulin a concurrent designervironmert, to analyzetrends and to perform
quick qualitative analyses.
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Figure 73: Velocity magnitude cortours for buoyant-driven °ow (CFdesign)
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E Project Supporting Activities

Besidethe project work, | had an opportunity to learn about other researt con-
ducted at JPL. This appendix will highlight the mostimportant areasand activ-
ities | was exposedto.

E.1 Weeksl1l & 2

| attended a personalmeetingwith Cagatay Basdogan,whosereseart on 3D vi-
sulization with heptic feedba& wasvery interesting and usefulfor my future work.

E.2 Weeks3 & 4

Dr. Axnevad gave us (Yvesand myself) an introduction to the philosopty of con-
current designand to the work performedby his designteam. We were alsogiven
atour of the concurren designfacility, wherea brief explanation was provided on
the hardware and software con guration usedthere.

A secondmeetingwith invited guestsfrom private and academicsectors,suc as
Intel, Stanford University, Bedhtel and General Motors, provided further insight

to the concurrert designervironment. An extended"Question & Answer" session
exploredthe issueof \real time" and \concurrency" beyond the boundsof JPL's

CSMAD (Center for SpaceMission Architecture and Design) ervironment. This

forum advanced my understanding of the framework in which my project is a

cortributing componert.

| alsoattended a group meeting, where an external compary demonstratedtheir
software tool usingthe XML protocol. It wascapableof linking various computer
codeshy requestingthe necessarynput data from oneor more codesand passing
thesedata-setsto the next program in the form of asserbled data dedks. While
the ideais not new, using thesetypesof tools and protocols may further simplify
code connectivity in the future.
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E.3 Weeks5 & 6

Dr. Axnevad lead a weeklong concurrert designsessionfor undergraduatestu-

derts from the University of Michigan. All of us, ISU studerts, had the oppor-

tunity to obsene the nal presetation of their weeklong designproject. It was

interesting to seethe similarities betweenthis and our ISU assignmen presena-

tions. While the UofM studert team bene ted from a full weekof designsessions
with a 3 JPL sciertists per studert help-ratio, and from a state of the art design
ervironment, the quality of the nal project was not signi cantly di®eren from

our own at ISU. In fact many areas,sud as law, policy and ethics, were not

addressedat all, while other areas,sud as various aspects of business,were not

very accurateor detailed. | am very happy to say that if all of the high-tedh tools

are removed, the level of a 1-day ISU assignmeh was comparablein detail and

quality to the 5-days University of Michigan sessiorand in certain aspectsproved

to be even more multidisciplinary.

| alsoattended a group meeting, where a presenation was given on the e®ortat
JPL in conjunction with other industry partners (e.g., Boeing, Airbus, Lockheed
Martin) to adoptthe STEP data format. This format could pave the way towards
better interaction betweenvarious application software, allowing simple and ez+-
ciert data transfer amongthem. While this approad was di®erern from the one
given to the group in a previous presenation it highlighted the importance of;
and industry trend towards code connectivity.

E.4 Weeks7 & 8

No activity during Weeks7 & 8.

E.5 Weeks9 & 10
No activity during Weeks9 & 10.

E6 Weeks 1l & 12
No activity during Weeks11 & 12.
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F Other experiences

There is more to my JPL placemen than working through the assignedproject.
This appendix providesdetails to the readerabout my personalexperienceswithin
JPL; PasadenalLA; and California.

Sightseeingis de nitely a major part of spending free time in LA. Our group
of ISU studerts exploredmany famouslocations, which are highly recommended
to our successorsn forthcoming years. An incomplete list would include the
following: VeniceBead (inline-skating), Sarta Monica, Hollywood sign, Grixth
Obsenatory, the Autry Museum of Western Heritage, Walk of fame, Gruman's
ChineseTheatre, California ScienceCenter (with IMAX), Mount Wilson Obser-
vatory, hike to Inspiration Point, Old Town Pasadena,J. Paul Getty Museum,
PetersenAutomobil Museum,Rando La Brea Tar Pits, the Los AngelesCounty
Museum of Art, Chinatown, Koreatown, downtown LA, and the Huntington Li-
brary, Art Collections,& Botanical Gardens. Further advertures are listed below,
broken down on a bi-weekly basis.

F.1 Weeksl & 2

Due to delays, the nal internship approval from NASA HQ arrived on Mon-
day, February 25, which meart that | wasableto °y to Los Angeleson Tuesdy
morning. My plane arrived in the afternoon. This allowed me to report to Linda
Rodgers (the University Program Administrator at Jet Propulsion Laboratory)
on Wednesdg morning. Linda welcomedme and gave me a quick tour of the JPL
campus. JPL is a very impressiwe ervironmert, the world's leaderin unmanned
spaceexploration.

My mertor, Knut Oxnewvad, was not available to meet me at this time. He was
in Japan on a businesstrip. His appointed substitute, Craig Peterson, was not
aware of my arrival on this day. Therefore,the oxce space,computer and paper-
work was not arrangedyet. All the necessarystepswere initiated immediately,
but expectedly sometime-delay was foreseerbeforethe resolution. Due to recen
ewverts high security required me to be escortedall the time while on site, until
my accesdadgewas issued. In the meartime, Linda arrangedse\eral meetings
for me with former ISU alumni at JPL to give me more insight into the type of
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work JPL is doing. This gave me the opportunity through the next few days to
sit in for a concurrert engineeringsessionand to visit other laboratory facilities
aswell.

The rest of the ISU classmatesarrived over the weelend and on Monday morning
(March 4) we reported for our secondweek. Still being escortedand without

computers, | spernt all Monday reading from the two books | brought over from
ISU and worked on the introduction sectionof my report. The security brie ng

was set up for Tuesdg, after which we got our security badges.This gave us full

accesgo JPL facilities. While everyone we met tried to help us, the paperwork
was still not sorted by the end of the weekand internet accesswvas only possible
from the JPL Library. On a positive note, | received my PC and | was able to

useit in a stand alonemode, although it still requiresfurther con guration. After

installing the necessarysoftware (e.g., IATEX), it becamepossibleto start working
on the introductory part and appendicesof my report. This preliminary work is
mostly basedon researt conductedbeforearriving to JPL.

F2 Weeks3 & 4

Linda Rodgersarrangedthe rst of our weekly Laboratory visits in an e®ortto
give usthe bestpossibleunderstandingof JPL and the type of researt performed
here. The tour included an initial look at the SpaceFlight Control Certer, the
Mars Rover Visitor's Viewing Ded, various asserbly roomsand cleanrooms. In
subsequenh weekswe will have an opportunity to re-visit theselLaboratories and
learn about them in more detail through organizedmini-lectures by peoplework-
ing at thesesites.

In addition to our JPL placemen activities | attended three rather interesting
lectures. The rst one on data visualization algorithms, which can be usedon
future Martian Roversto processstereoscopidanformation and consequetly to
reducethe amourt of date transmitted badk to Earth. The secondlecture at the
von K&rm&n Auditorium demonstrated Autonomous Urban Robots. The third
lecture at Caltech's Backman Auditorium was given by ProfessorStephenHawk-
ing on the last chapter of his latest book, addressingthe past, presen and future
of our Universein multiple dimensions.
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Figure 74: High quality imageby a Mars Rover

We alsohad an eveningout with a group of local ISU Alumni at a very nice Italian
restaurart in Old Town Pasadena.lt was interesting to hear the successstories
and meet more than 10 other ISU graduatesactively promoting the spirit of 3I's.

F.3 Weeks5 & 6

Linda Rodgersarranged another of our regular Laboratory visits. It introduced
usto Martian Rovers(e.g.,Rocky 7 and 8) at the Mars Yard, which is an open-air
\garden" recreation of the rocky Martian terrain. We were given a mini-lecture
on autonony and navigation and being photographedby the camerasof the rover
in this stony yard. It wasvery exciting to watch asthe rover manceuveredaround
obstacles,and to learn how onboard processingidenti ed theserocks by creating
a picture from stereoscopidmages. A high quality picture of us (me, Ben, Yves,
Dongaeand Eric in front), taken by the rover's camera,is shavn in Figure 74. A
lower resolutionimage (on the right) combined with a stereoscopiégmage (on the
left), processedby the rover's on-board computer and displaying our outlines in
relation to an ele\ation scaleis preserned in Figure 75.

| attended a \Leadership Forum" lecture at the von K&rm&n Auditorium, or-
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Figure 75: Stereoscopi& low resolutionimagesby a Mars Rover

ganizedby the Caltech Managemeh Asscaiation, ertitled "Entertaining Risk".
The presenation was given by Mark Ordesky Executive Producer of \Lord of
the Rings" and SeanAstin Actor, Sanwise'Sam’' Gamgeein \Lord of the Rings".
The lecture gave me aninsight of the complexity of managinglarge scape projects
with a budget of $270Million and with thousandsof peopleinvolved.

We wereinvited for an Easterdinner by Lloyd and Gindi Frendh. Lloyd is an ISU
Alumnus working at JPL. Over dinner we exdhangedstories and memoriesfrom
our mary joyful ISU experiences.

F4 Weeks7 & 8

In an e®ortto maximize my exposureto various researt activities, | attended a
JPL oceanograply seminarertitled: An integrated apprach to the scienti ¢ and
technical challengesof deriving a glotal climate-quality SST analysisfrom satelite
data. The talk was given by Dr. Andy Harris, UCAR Senior Visiting Sciertist,
NOAA/NEDIS Ozxce of Researb & Applications.

Dr. Firouz Naderi gave an update at the von K&rmé&n Auditorium on the current
status of the Mars Exploration Program, as well as prospectsfor the next sewen
years. He gave details on the various projects, including the statng and nancial
projections. It wasvery usefulto seethe larger picture and the policy driving the
projects.

Brother Guy Consolmagno(PhD), who is the Curator of the Vatican Meteorite
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Collection gave a very interesting presenation { also at the von K&rm&n Audi-
torium { entitled \Brother Astronomer: Adventures of a Vatican Sciertist". His
stories took us from the Tower of the Winds to the wind-swept East Antarctic
Plateau. He introduced us to the history of the Vatican Obsenatory and pre-
seried a unique perspective on the Vatican's role in astronony and the journey
to understandthe solar system.

Dr. RossSalawitch, a researt sciertist in the atmospheric chemistry group at
JPL, gave a lecture on how industrial emissionsof chloro°uorocarbons deplete
the ozonelayer and how recert researth by JPL and elsewherereveals subtle
climate changes,which may also causeozonedepletion. This lecture provided
an interesting addition to the topic coveredat ISU in the past year by our own
Michael J. Rycroft.

F5 Weeks9 & 10

Dr. Alberto Behar from the Robotic Vehicle Group gave a very interesting pre-
sertation on his work and eld testing experiences.ertitled: \The Antarctic Ice
Borehole Probe". In this project a probe was tested in the Antarctic, equipped
with cameras,determining ice strati cation from the surfaceto the oceanbase.
It shouldbe noted that Dr. Beharis an ISU alumni and a Summer Sessionleam
Project Chair person. Heis alsothe mertors of oneof our ISU classmatepresenly
working at JPL.

Dr. Ulvi Yurtsewver of JPL's Quantum Computing TednologiesGroup, gave a
presertation entitled \Heisernberg's Toolbox: The Fantastic Promise of Quantum

Tednologies". He preserted an overview of new quantum technologies,as well

as of the novel physicsthat is the sharedfoundation underlying them. Dr Unvi

also discussedsomeof their ernvisioned applications in metrology, computation,

and securecommunications, along with someexciting new ideas for harnessing
guartum technologiesto probe mysteries of fundamenal physics. According to

his presenation, NASA and JPL could be in a prime position to bene t from

these scierti ¢ breakthroughsthat harnessnovel quartum phenomenasud as
guartum coherenceand nonlocal entanglemert, the samephysical resourcesun-

derlying the rapidly expanding elds of quartum information technology, quartum

optics, quartum atomics, and coherem quantum electronics.
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Figure 76: SealLaunch launch and commandships

F.6 Weeks1ll & 12

Dr. Roger Gibbs, Mars Odyssey Project Manager, gave a lecture at the von
K®rm&n Auditorium ertitled: \The Odysseyto Mars". In his presenation Dr.
Gibbs described the challengesfacedby the Mars Odysseyteam through the past
year in the shadav of two failed Mars missionsand ended up with an orbiter
only launching from the eastcoast. The talk focusedon the lessondearnedfrom
mistakes and how the program ts with the broader Mars Exploration Program
objective to \follow the water", seekingto determineif life ever aroseon Mars.

Jim Burke from JPL, a sponsorand long time supporter of ISU, invited us for a
sailingtrip to SanPedro, wherewe had an opportunity to obsene the two shipsof
Sealaunch, from a uniqueverntage point - from the harbor while sailing. (The Sea
Launch consortium cortains Boeing (40%), Energia (25%), Yuzhnoye and Yuzh-
mash(15%) and NorwegianKvaerner(20%).) Figure 76 shavs the commandship
on the right and the launch platform on the left.

Linda Rodgerspreserted us with a fantastic farewell gift, by organizinga trip to
Goldstone,home of the Deep SpaceNetwork (seeFigure 77). Goldstoneis one of
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Figure 77: Goldstone

the three DSN sites around the world besidesCanberra and Madrid. We had an
opportunity to visit all of the antennas,including the large 70m antenna shown in
Figure 78. After an outstanding day, our small group of 5 happy ISUersboarded
NASA7 again (seeFigure 79) for a return °ight to LA's Burbank Airp ort.
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Figure 78: Goldstone's70m antenna

Figure 79: Leaving Goldstoneon board of NASA7



