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FINAL Report — Establishing External CFD Workflow for ERDL-HNEI

EXECUTIVE SUMMARY

EXECUTIVE SUMMARY

This report is the FINAL report on establishing the external CFD workflow process for and on selecting
the CFD software products to be used in the subsequent ERDL-HNEI CFD research project.

The first of the two main objectives of the report is to describe generic as well as software-specific
external CFD processes that will be used to simulate air movement and pressure distribution adjacent to
buildings in Hawaii’s climate. The second main objective is the selection of one or more CFD software
products that offer a favorable workflow process to the ERDL-HNEOI CFD research team.

Other objectives are:

e Review fundamentals of CFD calculations and modeling as it applies to buildings in Hawaii

e Review different approaches to build and adjust CFD meshing, evaluate different mesh
geometries and determine the best suitable geometries (including facade appurtenances) for air
flow and wind induced pressure phenomena around buildings.

e Evaluate required capabilities of the candidate CFD software products as they apply to CFD
applications in Hawaii climate

e Evaluate various ways to post-process (visualize) CFD data, both basic as well as more advanced
CFD visualization functions

For the selection of the preferred CFD software products out of an initial group of seven candidate CFD
software products, the ERDL-HNEI CFD research team has used a quantitative comparison and ranking
procedure. This quantitative evaluation uses a two-tiered ranking procedure. In the first step a generic
ranking framework is established that consists of a range of criteria which represent important
considerations and expectations of the CFD team towards a generic CFD workflow process.

In the generic framework each criterion has its own value proposition, with different individual overall
weights. The sum of all individual overall weights is 100%. In the second step of the ranking framework
the individual software products are assessed to what degree they are consistent with the value
proposition. For the determination to what degree the software product is consistent with the value
proposition a discrete rank of 1 through 5 is used.

While the original project scope intended to compare three CFD products, the CFD team made the
decision to compare seven candidate CFD software products. This initial selection of seven, instead of
three candidate CFD software products, was based on conclusions reached in the literature review
(Project deliverable No.1), existing CFD software licenses available at ERDL and internal discussions of
the CFD research team.
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EXECUTIVE SUMMARY

The work on this report was conducted in two phases. The first phase included a ranking of all seven
original candidate CFD software products, which was solely based on the review of documentation
available through the CFD software vendors. The result of the first phase was presented in the DRAFT
report. During the second phase six of the original seven candidate CFD software products were actually
tested in benchmarking to gain first-hand experience of specifics of the software workflow and the
quality of support by the vendor. The experiences of the second phase resulted in a modification of the
initial ranking which concluded in the selection of three CFD software products.

The selected CFD software products are:

1. Star-CCM+ by Cd-Adapco
2. scStream by Cradle USA Inc.
3. SC/TETRA by Cradle USA Inc.

The outcome of the final ranking is the basis for the selection of the three CFD software products. These
three CFD software programs will be used in subsequent CFD analysis on this project. The final ranking
reflects not only specific advantages in the software specific workflow and user interface features, but
also good experience with the vendor, which includes favorable pricing terms.

The CFD team expects that the subsequent CFD research work will be effectively executed with the
support of each of the selected software programs. Each offers specific features that will support the
CFD team to simulate externals and internal air movement and thermal properties.

Disclaimer: It should be noted that the selection of the CFD software product only reflects the CFD
software performance to very specific ranking criteria. The selection of the preferred CFD software
products is task oriented and the selection of the three CFD software products is in no way intended to
be a general software review and/or product endorsement by ERDL/HNEI.

Contract No.N000-14-13-1-0463 Project Deliverable No. 2.2: FINAL Report - Establishing External CFD Workflow
Hawaii Natural Energy Institute Environmental Research and Design Laboratory
School of Architecture, University of Hawaii

December 4, 2013 Executive Summary - B



DRAFT Report — Establishing External CFD Workflow for ERDL-HNEI

Table of Contents

TABLE OF CONTENTS:
EXECUTIVE SUMMARY ....cuieiiiiiiiiiiiiiiiiiiriirieiiseitseisesiresirassrassisesssesssasssassrassssssssssssnsssnsssnss A
Part 1 — Description of an External Generic Workflow ........c.ccceeeveierenciiennereeniereencereenceeennceenns 1
1.1 Assigning Project Phases and Project Team Responsibilities.......ccocveeecieeeiiiieeicciee e 1
1.2 Required Proficiency of CFD Team MEMDEIS ......ccuviieiiiieieeciieeectee et sveee e e svee e e ebe e e e 5
1.3 CFD Best Practice Guidelines to be FOIOWEM.........ccceiiieiiiniiniiiieceeeeeee e 5
1.4 Special Considerations for External CFD applications for Hawaii Climate........cccccoceevecieeeiiineeeenns 12
Part 2 — Framework for Ranking Candidate CFD Software Products.......cccccceeueerenncrrenncrennnnnes 14
2.1 Description of QUaNtitative ASSESSMENT.......cuviiiiciiiieeciiee e cciee e eree e estre e e esrre e e sbreeeeebaeeeesntaeeesanes 14
2.2 Description of RANKING Criteria ....ccccveiiiiiiii ettt e e e e e e rae e e erarae e e enees 16
Part 3 — Overall Ranking of CFD Software Based on Product Documentation Review............ 34
3.1 Introduction of Seven CFD Candidate Software Products ............cccceeverieenieneenieneeneenee e 34
3.2 RaNKING Of ANSYS-FIUBNT.....oeiiiiieee ettt e e et e e s etae e e sertaee e sntaeeesnbaeeesansaeassans 39
3.2.1 Criteria Group: Value of CFD software product for architecture.........cccccoveeeeiiiniciiiieeeeenennns 39
3.2.2 Criteria Group Support by Vendor / EXpert NetWork .........cocveeveeeieeeeiieeeeeeeee e 41
3.2.3 Criteria Group: Workflow - Ease 0f USE / GUI ......c..ooouieeereiieeeceee ettt ettt e 45
__3.2.4 Criteria Group: Workflow — Modeling / IMmport GEOMELIY ......c..coovvveecreeecreeeieeeereeeevee e 46
3.2.5 Criteria Group: WOorkflow - MEShiNg........cooouiiiiiiiiee et 48
3.2.6 Criteria Group: Workflow — Physics MOAEIS ......cccccuiiiiiiiiiiecciee ettt 51
3.2.7 Criteria Group: Workflow — POSt-pProCeSSING ....cceeeeiccciiiiiiieeieeccirteee e et e e e e e eevrere e e e e e e eannes 53
3.2.8 Criteria Group: Workflow — Customizable / Special FUNCLIONS.........cocvveeveeeiiecreeceeeeeeeee. 55
3.2.9 Criteria Group: Workflow — Support for validation.........cccceeecciiiieei e, 57
3.2.10 Criteria Group: Workflow — Cost of SOftWare .........ccccccieeiiiiieieccee e, 57
3.3 RaNKiNg Of StAar-COMH VB.02 ......ceeiii e eeciiiiieee e ettt e e e e e et te e e e e e s e esattaeeeeeseessasstaeeeeeeessnnssseeseeseennnnns 59
3.3.1 Criteria group: Value for the CFD Software Product for Architecture........ccocceeveveeencieeeennen. 59
3.3.2 Criteria Group Support by Vendor / EXpert NEtWOork: ......c..cceeevieerieerienieeieecreccreecree et 60
Contract No.N00O-14-13-1-0463 Project Deliverable No. 2.2: FINAL Report - Establishing External CFD Workflow
Hawaii Natural Energy Institute Environmental Research and Design Laboratory

School of Architecture, University of Hawaii
December 4, 2013 Pagei



DRAFT Report — Establishing External CFD Workflow for ERDL-HNEI

Table of Contents

3.3.3 Criteria Group Workflow-Ease 0f USe / GUL.........coovuveereieeeieeeeeetee ettt et 63
3.3.4 Criteria Group Modeling / IMpPort GEOMELIY .....eieivieeieeeeteeeee ettt ettt e eaee s 66
3.3.5 Criteria Group WOorkflow- MEShiNG :........ooeiiiiiieiiee et e e e 71
3.3.6 Criteria Group Workflow - Physics MOdels: .......c..eeeeiiiiieiiiieictee e 76
3.3.7 Criteria Group WOorkflow - POSt-ProCeSSiNg: .....cccveeeiiuieieeiiee ettt et e e e avee e e 81
3.3.8 Criteria Group Workflow - Customization / Special functions: .........ccccceevveevveeecreeeceeecreeennen. 84
3.3.9 Criteria group: Workflow - Support for Validation:........cccceeeciiiieiii i 88
3.3.10 Criteria group: Cost Of SOftWaAre: .....cciii oot e e e e e e e annees 88
3.4 Ranking of Autodesk Simulation CFD 2013-2014......cccoicciiiieeee e ecciitee e e e e eceirreree e e e e esrrreeeee e e eeannns 90
3.4.1 Criteria group: Value for the CFD Software Product for Architecture.......cccocceeveveeencieeeennen. 90
3.4.2 Criteria Group Support by Vendor / EXpert NEetWOrk: .......ccceeeieerieereeireenreenreeereeereesteeceeeeave e 91
3.4.3. Criteria Group Workflow-Ease 0f USE / GUl.....cc.ecoueeerieiuieiiieceeceecee et eeveeeve et ereas 95
3.4.4 Criteria Group Modeling / IMpPort GEOMELIY.......ecivieecree ettt e eeree e ereeenee s 96
3.4.5 Criteria Group WOorkfloW-MEShiNg ........coceuiiiiiiieii e 100
3.4.6 Criteria Group Workflow Physic MOdElS.........cooiiiiiiiciiiiiiee et 104
3.4.7 Criteria Group WOrkflow POSt-ProCESSING.....ccccciiiiieiiieeeiieee e ciiee e eeee e eetee e e svae e e e evee e e e 110
3.4.8 Criteria Group Workflow-Customization / Special FUNCEIONS .........ccvveveeirienrienrieneenteecreeeinns 113
3.4.9 Criteria Group: Support for Validation........cccceeieiiee i 117
3.4.10 Criteria group: Cost Of SOfEWAIE .....cceviiiiiciieieee e e e e rrae e e e 117
3.5. Ranking of CRADLE SCSTREAM : ....ccuiiiiiiieeieet ettt ettt sttt st beesreennee 118
3.5.1 Criteria Group: Value for the CFD software product to the Architecture and Building.......... 118
3.5.2 Criteria Group: Support by Vendor / EXpert NetWOrk: ........ccoeevvveeeeeeeieeeiree e eeteeeeree e 121
3.5.3 Criteria Group: WOrkflow-Ease 0f USE / GUL.......cccueeuiecrieireeireeireceteectee et eve v eve v 122
3.5.4 Criteria Group: Workflow-Modeling / Import GEOMELrY.......cceveeeveeeeeireereecreeereeereeereeereens 124
3.5.5 Criteria Group: WOorkflow-MeShiNg.........cccuuiiiiiiee e e e 125
3.5.6 Criteria Group: Workflow-Physics Models..........coooiiiiiiiieiicccceeee e 131
3.5.7 Criteria Group: Workflow- POSt PrOCESSING .....uvviieiiiiciiiiiiee ettt e e e e e 132
3.5.8 Criteria Group: Workflow-Customization / special functions..........cccecveeveevreeneeneeneeneennnns 136
Contract No.N000-14-13-1-0463 Project Deliverable No. 2.2: FINAL Report - Establishing External CFD Workflow
Hawaii Natural Energy Institute Environmental Research and Design Laboratory

School of Architecture, University of Hawaii
December 4, 2013 Page ii



DRAFT Report — Establishing External CFD Workflow for ERDL-HNEI

Table of Contents

3.5.9 Criteria Group: Workflow-Support for validation ..........cccceeeeeeciiiiee e, 138
3.5.10 Criteria Group: Ranking of Cost Of SOftWAre .........cc.cuuveeeeeeeicciiieeee ettt e e 138
3.6 RaANKING OF Cradle SC/TOLIA: ..occcueiiereeeeeeeetee ettt ettt eetee et e et e e et e ee e e eteeeebeeesaeeeeteeeeseeesareesnreeens 139
3.6.1 Criteria Group Value of CFD Software Product for Architecture........ccocceeeeveeeivcieeiecciee e, 139
3.6.2 Criteria Group Support by Vendor / EXpert NetWork .......c.coveveeieeiieiieeciecie e 140
3.6.3 Criteria Group Workflow - Ease 0f USE / GUI ......ceeeueieieericieeieeereeeteeete et eve v v 144
3.6.4 Criteria Group Workflow — Modeling / Import SeomMetry.......ccveeeeeeecveeecreeeeeeeeeeeevee e 145
3.6.5 Criteria Group WOrkflow - ME@ShING.......ccco it rrar e e 147
3.6.6 Criteria Group Workflow — Physics MOEIS .......cceeiieiiiiiiiie et 149
3.6.7 Criteria Group Workflow — POSt-proCeSSING.......cuvieieiiieeiiiiee e et eeere e e sree e e vee e e 151
3.6.8 Criteria Group Workflow — Customizable / special functions..........ccccveeveevieneeneenreneeennns 152
3.6.9 Criteria Group Workflow — Support for Validation .........ccccccveeeiiiiiiccieee e 153
3.6.10 Criteria Group Cost Of SOftWArE .....ccevii i e e e 154
3.7 Ranking of DeSIGN BUIIAET ....ciiiuiiieeciiiee ettt et e et e et e e e ta e e e e aae e e s s naaeeeensaeeesnreees 155
3.7.1 Criteria Group: Value for the CFD software product to the Architecture and Building.......... 155
3.7.2 Criteria Group: Support by Vendor / EXpert NetWOrk: ........cceecvveeeeeeeeeeiree e eeteeeeree e 156
3.7.3 Criteria Group: WOorkflow-Ease of USE / GUI .......c.covveeveecriereereereeeteeetee et e eveereeveeveens 159
3.7.4 Criteria Group: Workflow-Modeling / Import GEOMEtry .......cccuevveieeeeeeeiecreeereeereeereeeveeeiens 160
3.7.5 Criteria Group: WOrkfloW-IMEShiNgG.........ccoccuiiiiiiiiie et 161
3.7.6 Criteria Group: Workflow-Physics Models..........cooiioiiiiiiieiicccieeee e 164
3.7.7 Criteria Group: POSt PrOCESSING ... taretaaeaerereraessaeseesereesesesrararerererenerrnernrenes 164
3.7.8 Criteria Group: Workflow-Customization / special functions..........cccceeeeveeeeeecereeccreeceneeene, 166
3.7.9 Criteria Group: Workflow-Support for Validation..........ccceccveeiiiieiiiccieeeccee e 167
3.7.10 Criteria Group: Cost Of SOfEWAIe ....ccueeiiiiiiee e e 167
3.8 Ranking of OpenFOAM (Open Field Operation and Manipulation):........cccceeeciiieeiiieeecciiee e 169
3.8.1 Criteria Group Value of CFD Software Product for Architecture.......cccccoeeciieeeeeieeccciiienenen. 169
3.8.2 Criteria Group Support by Vendor / Expert NetwWork ........ccceeevveeeeeieeieecireeeeee e 169
3.8.3 Criteria Group Workflow - Ease 0f USE / GUIL.....c.ccoouieeireeeieeeciee ettt et 172
Contract No.N000-14-13-1-0463 Project Deliverable No. 2.2: FINAL Report - Establishing External CFD Workflow
Hawaii Natural Energy Institute Environmental Research and Design Laboratory

School of Architecture, University of Hawaii
December 4, 2013 Page iii



DRAFT Report — Establishing External CFD Workflow for ERDL-HNEI

Table of Contents

3.8.4 Criteria Group Workflow —Modeling / Import GEOMELrY......ccceeeeveeeeceeeereeeeee e 173
3.8.5 Criteria Group WOorkflow - MEShINg ........cueuiiiiiiiei e e e 175
3.8.6 Criteria Group Workflow — Physics MOEIS .......cccuveeiiiiiieicieee e 176
3.8.7 Criteria Group WOrkflow — POSt-ProCeSSING ...ccccccvieiiiiiieeiicieee et eeee et e e e evee e e 177
3.8.8 Criteria Group Workflow — Customizable / Special FUNCEIONS ........ccvvevveevvienreeniienreecteeereeeinnn 178
3.8.9 Criteria Group Workflow — Support for Validation ..........cccceeeeeiiiiiieiiceeee e, 179
3.8.10 Criteria Group Workflow — Cost of SOftWare ........cocccuviiieeeie e 180
3.9 Results of Initial Ranking for Seven Candidate CFD Software based on Vendor .......................... 181

Part 4 Benchmarking of Candidate CFD Products Workflow Performance for External CFD 185

4.1 Framework for Conducting the Benchmarking TeStS.......ccccveiiiiiiieiiiiiee e 186
4.1.1. Geometry File TYPe FOrmMat: ...coii i e e e e rrre e e e e e e e e nrreaeeaaeas 186
4.1.2 Wind AppProach DIir€CIONS: ......uviiieiieeeceieie et e ettt e eee e e eetee e e eare e e e s tee e e s eatee e e sateeeesnsaaeeennens 187
4.1.3 Atmosphere Boundary Layer (ABL): ......cueeeieciiee e e eciiee e ectee e eetre e e sstaee e ssvteeeesvreeessnsaeeesanes 187
A e YU Yo Vo - VA o o To [ 4o o ST 188
4.1.5 Boundary Layer CONAILIONS .....ceeieieeeciiiiiiee ettt e e e e e e e e e e e e e rae e e e e e e e e anrreaeeeaeas 188
A.1.6 SUMACE IMESNEIS: ..ottt st et e st e s bt e st e s b e sbe e e sneeesareeeanes 191
4.1.7 Structured and UnStructured Grid: ........cocueeeiieiiiieiiee et 191
4.1.8 Type Of SIMUIGTION....cciiiiiee i e e e e e e e e aae e e s eabe e e e e eataeeeeanes 193
4.1.9 TUrbUIENCE MO ...ttt s st s st b e e 194
A.1.10  MAtEIIAIST ettt st st e bt s b s he e st s ettt eereens 194
I I Yo V7Y Y Y ] =4 SRR 195
O A 00 T ¢ V=T = =] g Vol S @ ) =Y o - RS 195
4.1.13  POSE PrOCESSING.cciiiiiiiiiiiiieie ittt a bttt bbb ettt et atararaae 196

4.2 Benchmarking the External CFD Workflow for ANSYS — Fluent..........cccovveeeiiiicciiieeee e, 204

4.3 Benchmarking the External CFD Workflow of Cd Adapco STAR-CCMH+ .....ccvveeevvcviiieeeeeeeecivieeennn. 215

4.4 Benchmarking the External CFD Workflow of Autodesk Simulation CFD...........cccovvveveeieccnninnennn. 226

4.5 Benchmarking the External CFD Workflow of Cradle scStream .........cccovveeeeiiicciiiieee e, 235

4.6 Benchmarking the External CFD Workflow of Cradle SC/Tetra ......ccccevvueeeeeeeeeeeeeeeeree e 245

Contract No.N000-14-13-1-0463 Project Deliverable No. 2.2: FINAL Report - Establishing External CFD Workflow
Hawaii Natural Energy Institute Environmental Research and Design Laboratory

School of Architecture, University of Hawaii
December 4, 2013 Page iv



DRAFT Report — Establishing External CFD Workflow for ERDL-HNEI

Table of Contents

4.7 Benchmarking the External CFD Workflow of Design Builder .........ccccoeeevciiiiiccei e 256
Part 5 - Selection of CFD Software Products for ERDL — HNEI Project Work .......cccceceveneeenannns 264
5.1 Final Overall Ranking of Candidate CFD Software Products .........cccccueeeeiiieeeeciiee e 264
5.2 Selection of CFD Software Products for the EDL- HNEI CFD Research Project.........ccccceeeuveeeenneen. 270
REFERENCES .......iieiiiieiiiiiiiiiiiieiiieei it rea s raa s reas s raas s eaesesenssssanssssnssstensssnensssnnnsans 271
Contract No.N00O-14-13-1-0463 Project Deliverable No. 2.2: FINAL Report - Establishing External CFD Workflow
Hawaii Natural Energy Institute Environmental Research and Design Laboratory

School of Architecture, University of Hawaii
December 4, 2013 Page v



FINAL Report — Establishing External CFD Workflow for ERDL-HNEI

Part 1 — Description of an External Generic Workflow

Part 1 — Description of an External Generic Workflow

This section describes important generic steps and phases of the external CFD work flow procedures
that have been identified by the ERDL-HNEI CFD team.

1.1 Assigning Project Phases and Project Team Responsibilities

The proposed workflow for external CFD applications is illustrated in Figure A. The elements of the
generic workflow are depicted in Figure A. Figure A suggests two categories of process steps in the CFD

workflow:

Process steps (A) and (B) are decision steps in the work flow, which require setting of goals and
objectives of the CFD calculation process and determining how close these goals have been
achieved.

Process steps (1) through (4) are part of four sequential CFD steps in the workflow. This
workflow elaborates the computational solution of the CFD problem. The process steps (1)
through (4) are basically the “tool-set” of the CFD calculation workflow. The validity of the
process steps by themselves is not dependent on a suitably defined objective of the CFD project.
This means while the calculation procedure might be correct, a wrong input might create

inaccurate results.

There are several different team functions for different phases in the CFD workflow. The responsibilities
of the team members are described in this section.

Process step (A): At the start of the CFD workflow the first step (A) is to set objectives for the CFD
investigation, for example to determine the wind speed around building, the dispersion of exhaust
from buildings or the pressure distribution on the building envelope. Each objective requires
different physical settings and calculation requirements of the CFD analysis. The objectives also have
to be supported by the software code used for the CFD analysis. At the conclusion of the process
step (A) all relevant calculation parameters and requirements have determined.

Responsibilities of project team members for process step (A) are shared between the principal

investigator or project manager. The decision about the objectives has to be elaborated in close
cooperation with the CFD project team. The CFD investigation has to serve the design or
compliances objective at hand. The principal investigator needs to have a good understanding
about the overall CFD work process to translate the project objectives into a viable CFD project

approach.
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Setting Objectives
for bldg.
simulation

3D-modeling of Meshing of Solver settings to Post Processing /
numerical domain numerical domain Run simulation reporting of results

| Analysis
< - . Assessment of
results

=3 Normal sequential CFD workflow

= « == Remedial workflow with resetting of process parameters

—————— > Immediate adjustment of process parameters

Figure 1.1: Generic workflow for external CFD showing process steps involved

Process step (B): After the completion of a CFD calculation iteration the obtained results are examined
regarding their consistency with the objectives, and conclusions can be drawn. The analysis
assessment of results (B) can determine whether the results appear to be valid or whether CFD
results favorably compare to previous validation results. In case of a favorable review, the CFD
analysis is accepted and the results allow conclusions to answer the objectives and goals. If the
results appear to be questionable or a sensitivity analysis of certain parameter is needed, a new CFD
calculation iteration is initiated. If the assessment of CFD results suggests that the objectives have
not been answered in a consistent way, the objectives might have to be revisited. In the more likely
event a new CFD calculation iteration will be required along with changing parameters for the 3D-
modelling of the numeric domain, the meshing of the domain or the particular solver settings.

Responsibilities of project team members for process step (B) are shared between the principal

investigator or project manager. The results of the CFD calculation have to be adequate to allow
meaningful answers and results to the project objectives. The results of the CFD calculation
need an appropriate degree of validation and verification.

Process step (1)- 3D-Modelling: The initial step of the CFD workflow is the creation of a suitable
geometry of the computational domain. The computational domain represents the volume of fluid
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which is subjected to the designated physics and boundary conditions. The fluid body is confined by
the outer boundary of the virtual wind tunnel as well as inner domain boundaries (e.g. solid
structures inside the confinement of the outer domain boundaries). Typically the solid structures
represent objects around which the fluid movement or effects of the fluid movement has to be
determined. The geometry of the solid structures can either be created inside the CFD software or
imported from a third party 3D-CAD program. The advantage of using a third party 3D-CAD program
is that such programs typically allow the creation of a wide range of solid objects, which are
composed of either straight or curved outer surfaces. Importing the 3D-geometries into the CFD
program requires CAD interfaces that translate the CAD geometries into the format that can be used
in the CFD program.

Responsibilities of project team members for process step (1) are shared between the principal
investigator, the CAD operator and the CFD software operator. The CAD operator is responsible
to create an accurate 3D-solid CAD model of the structure (e.g. buildings or other structures)

around which wind movement will be investigate with the CFD calculation. The principal
investigator has to ascertain that the 3D-geometry is sufficient in detail but not too detailed to
ensure an effective use of computation resources. Both the CFD software operator and the
principal investigator need to ensure that the 3D-geometry is being correctly imported into the
CFD software.

Process step (2) - Meshing: The second step of the CFD calculation procedure is the creation a suitable
grid, or mesh, which represents the digitization of the numerical solution. For most of the high
performance CFD software codes, the meshing occurs in two phases. The first phase is the
preparation of an “impermeable” surface mesh where the surface has to be a continuous mesh that
surrounds the solid object. The mesh cannot “leak”; in other words, the entire mesh has to be a
continuous assembly of individual 3D-faces or other 3D-solid geometry definitions, without
discontinuities which would negatively affect the accuracy or convergence of the solution. The
surface mesh basically represents the outside surface of the objects around which the fluid motion
and other flow induced effects are analyzed. The second phase of meshing is the creation of the
volume mesh which encompasses the extent of the fluid that is analyzed in the computational
domain. The volume of the fluid is discretized into a large number of cells for which the governing
equations are solved.

Responsibilities of project team members for process step (2) are shared between the principal
investigator and the CFD software operator. The CFD software operator is responsible of placing
the 3D-geometry of the buildings and structures into the viral wind tunnel, which is the outer
extent of the computational domain. The CFD operator has to create the surface and the

volume mesh required for the simulation. The principal investigator needs to review of software
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analytical checks to make sure that the surface is completely wrapped and the volume mesh is
established in accordance to the CFD solver requirements (e.g. use the right type of cell
geometries).

Process step (3) — Solver & Simulation: The third step of the CFD calculation procedure is the solver
setting to initiate and run the simulations. It is crucial that appropriate parameters are used for the
simulation, otherwise the solution might not be precise or the solution might not converge. Important
parameters to define are boundary conditions including surface roughness and the type and detailed
parameters of the turbulence model. During the third step of the CFD workflow, the sensitivity of certain
parameters can be evaluated. If the solution does not show robust convergence, some changes of the
geometry, the mesh or the solver might have to be performed. Changes to the geometry of the numeric
domain could also include changes of the blocking ratio of the buildings in the virtual wind tunnel.
Changes to the mesh might include raising the mesh resolution (e.g. the number of the cells in the
computational domain). Changes to the solver might include using a different type of turbulence closure
or varying coefficients of the turbulence equations being used.

Responsibilities of project team members for process step (3) are shared between the principal

investigator and the CFD software operator. The CFD software operator is responsible for
entering all input variables which the principal investigator describes so that the physics of the
simulations along with other required software parameters represent appropriate settings. An
important solver setting is the choice of the turbulence model. The CFD operator and principal
investigator monitor the convergence of the solution. In case the results appear non-conclusive,
which could mean that the solution does not readily converge, the principal investigator and the
CFD operator will attempt to improve the stability of the simulation by adjustments of the grid,
a change in meshing or changing the solver settings. This means that the process steps (1), (2)
and (3) might be revisited, with changed input data.

Process step (4) — Post Processing:

The fourth and final step of the CFD calculation procedure is the post processing of the calculation
results in a way that can be easily interpreted to answer the objectives of the CFD calculation. The
significant advantage of using CFD simulations to describe a fluid flow field and related physical effects is
that for basically all points in the computational domain there is quantitative representation. A typical
way to CFD post-process involves defining surfaces on which the physical properties such as wind
velocity, pressure, temperature or derived properties such as predicted occupant comfort level are
visualized by colored contours. The post processing can also include other effective visualization means
such as velocity vector fields or static or animated particles streamlines. Other options are 3D-contours
of properties and integrating properties over a volume or area. While the results of CFD simulations
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typically represent many thousands or even millions of data points, a convenient visual representation
of the data facilitates interpreting the results of the CFD simulation.

Responsibilities of project team members for process step (4) are shared between the principal
investigator and the CFD software operator. The CFD software operator is responsible for
performing the required software function to visualize the CFD results so that the principle
investigator can determine the outcome of the simulation. The principal investigator might ask
the CFD operator to create a variety of contoured surfaces, 3D-grid data or vector graphics. Or
the principal investigator might ask for tables or other statistical representation of the CFD

simulation results.

1.2 Required Proficiency of CFD Team Members

This section describes the required proficiency for members of the CFD team to carry out external CFD
simulations. The different functions could potentially be carried out by the same person, such as for
smaller CFD investigations, where the principle investigator might also perform the software technical
aspects of the simulation. For larger projects, however, where CFD investigations are undertaken to
provide input for solving design or compliance projects, the different team functions will most likely be
carried out by different team members.

Table 1-1 shows function, responsibility and required proficiency of members of the CFD project team.

1.3 CFD Best Practice Guidelines to be Followed

Several versions of CFD Best Practice Guidelines (BPG) are available to support the CFD project team to
carry out effective and valid external CFD simulations. The project manager in conjunction with the
principal investigator should review what BPG is most beneficial for the project. The following lists four
exemplary BPGs for external CFD analysis, which have been developed by different authors. While the
main approaches and messages of each of the four listed BPGs are similar, the specific BPGs can give
valuable advice for each application involving external CFD applications.

e Franke,l. et al (2007), “Best Practice Guideline for the CFD Simulation of Flows in the Urban
Environment”, “COST”, May 2007

e Franke,J, Hellsten, A., Schluezen, H. and Carissimo,B. (2010) "Best Practice Guideline for the CFD
simulation of flows in the urban environment : an outcome of COST 732", The Fifth International
Symposium on Computational Wind Engineering

e Blocken B, Janssen WD, van Hooff T. (2012) "CFD simulation for pedestrian wind comfort and
wind safety in urban areas: General decision framework and case study for the Eindhoven
University campus", Environmental Modelling & Software 30: 15-34.
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e Tominaga,Y. et al (2008), “AlJ guidelines for practical applications of CFD to pedestrian wind
environment around buildings”, Elsevier, Journal of Wind Engineering and Industrial
Aerodynamics, Volume 96, Page 1749-1761

BPGs are continuously updated and it is best for project manager and principal investigator to consult
BPGs and select the one best suitable for the specific external CFD application.
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Table 1-1 Function, responsibility and required proficiency of members of the CFD project team

Role in project team

Responsibility in CFD workflow

Required Proficiency

Training needs

Project manager

Responsible to translate projects
needs to the type of CFD
simulations that can solve the
problems at hand. Responsible to
use the CFD results to arrive at
decisions that affect the design or
compliance project.

Needs a high proficiency in
overseeing project, setting project
objectives and identifying how CFD
can be used to satisfy project
objectives

Has to be highly trained in managing
complex projects that require
considerable technology (e.g.
projects that are in need of CFD
simulations usually represent
interdisciplinary solutions and
technology integrations )

Principal investigator

Responsible for the technical and
scientific approach used in the CFD
investigation. Supervises the CAD
and CFD operators. Assists and
consults the project manager in
decisions.

Needs a high proficiency in building
physics and a comprehensive and
detailed understanding of all
aspects of the CFD workflow. Needs
proficiency to supervise the CFD
team to produce reliable CFD results
and advise the project manager in
realizing the project objectives.

Has to be highly trained in the
scientific, technical and software
application details of CFD
simulations. Has to be trained in
building physics and how CFD
results can be used to serve specific
problems in architecture and urban
design.

CAD operator

Responsible for creating the 3D-CAD
geometry from plans or building
specifications, either within the CFD
software or in generic 3D-solid CAD

Needs high technical proficiency in
manipulating CAD geometry on the
basis of plans and specifications.

Needs to understand what level of

Has to be trained in operating 3D-
CAD systems and create 3D
drawings from plans.
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Table 1-1 Function, responsibility and required proficiency of members of the CFD project team

Role in project team

Responsibility in CFD workflow

Required Proficiency

Training needs

software and importing the
geometry into the CFD software.
Works under the supervision of the
principal investigator.

detail should be included. Needs
good application knowledge of the
CAD application used.

CFD operator - meshing

Responsible for validating 3D-
geomerties for use in surface mesh
and for creating volume mesh in
accordance with mesh
specifications. Works under the
supervision of the principal
investigator.

Needs proficiency to understand the
importance of geometric
representation of structures in the
numeric domain. Needs proficiency
to create effective meshes and
select most appropriate cell
geometries for the mesh. Needs
good application knowledge of the
CFD software.

Has to be trained to validate 3D-
geometries or to import 3D-
geometries from external CAD
applications. Has to be trained in
selecting and creating effective
surface and volume meshes for a
variety of CFD applications. Has to
be trained in the CFD software
product.

CFD operator - solver

Responsible to define all physical
properties and settings for the fluid,
boundary conditions and
turbulence. Responsible to run the

Needs high proficiency to
understand the multiple settings
and physical properties that have to
be selected to run effective CFD

Has to be trained in the solver
settings of the CFD simulation. Has
to be trained to understand the
physical properties and settings and
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Table 1-1 Function, responsibility and required proficiency of members of the CFD project team

Role in project team

Responsibility in CFD workflow

Required Proficiency

Training needs

simulation and monitor
convergence.

calculations. Needs good application
knowledge of the CFD software.

other required setting to run the
simulation. Has to be trained in the
CFD software product.

CFD operator — post
processing

Responsible to create the type of
CFD visualization, which is
requested and required by the
principal investigator and the
project manager.

Needs proficiency in creating
informative graphical
representations of the CFD results.
Needs flexible and good
communication skills to serve the
project teams with a variety of ways
to show the CFD results.

Has to be trained in operating the
post processor of the CFD software.
Should be trained in other graphics
software products that can
integrate CFD results into high
quality visualization.
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The recurring topics presented in the cited BPGs, which are important to a generic external CFD work
process, are presented below:

Identifying generic errors and uncertainties:

Simplification of physical complexity: CFD analysis should use simplification in the mathematical
description of the problem. Some wind movement around buildings and in the urban environment
are too complex, both in spatial and time domains, to be precisely modeled. And if the wind
phenomenon can be expressed with very complicated math, the required computational resources
would be prohibitively expensive for most technical CFD applications. These simplifications are used
to lower the complexity to an affordable level while still obtaining useful CFD results.

Physical boundary conditions: The computational domain typically contains only a part of the urban
area. Therefore the choice of the position of the boundaries of the computational domain influences
the results, which adds to the uncertainty and even errors of the simulation results.

Geometric boundary conditions: The appropriately defined computational domain for the CFD analysis
requires knowledge of the geometric details of the urban or industrial environment. This
information is often not available with sufficient accuracy. The missing information therefore adds
to the uncertainty of the simulation results. Furthermore, errors and uncertainties can result from
the simplification of the geometrical complexity used in the CFD analysis experiment. To reduce the
computational costs, geometric details are often omitted.

Identifying numerical errors and uncertainties:

Spatial and temporal discretization: The spatial and temporal discretization is described as probably the
most critical sources of numerical error. These errors are a result of the difference between the
exact solution of the basic system of partial differential equations and the numerical solution
obtained with finite discretization in space and time. With regard to the space discretization, it is not
only the degree of resolution that is important but also the distribution of the grid points. Therefore
the mesh used to discretize the space is of great importance for the accuracy of the results.

Iterative convergence: A non-linear algebraic system that is formed by discretization of the partial
differential equations is solved with an iterative method or by time integration towards a steady
state. If the iteration or time integration is stopped too early, an iterative convergence error is
introduced which is the difference between this intermediate solution and the exact solution of the
algebraic system of equations. Assessment of the iterative convergence is based on the residuals.
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BPG Recommendations to reduce errors and uncertainties:

Selection of target parameters: The first step in a CFD analysis should be the definition of the target
parameters, such as pressure and velocity, which are representative of the goals of the simulation.

Selection of approximate equations describing the physics of the wind movement: The selection of the
basic equations has significant impact on the simulation errors and uncertainties. The turbulent flow
within urban or industrial environments is generally modeled by Navier-Stokes equations. The most
widely considered equations are briefly mentioned below:

e Reynolds Averaged Navier-Stokes (RANS) equations are adequate representation of constant

wind flow conditions. Interestingly, no best practice advice for the choice of the turbulence
models is given here. Rather a validation strategy is proposed to evaluate the performance of
the different turbulence models.

e large Eddy Simulation (LES) uses partially filtered Navier-Stokes equations with the filtering
being performed over a small volume.
e The Detached Eddy Simulation (DES) is a widely known hybrid modeling strategy.

Selection of the geometrical representation of buildings and structures: Buildings and structures acting
as obstacles in the wind flow have the greatest impact on flow patterns and related physical
phenomena. Wind flow obstacles created by vegetation and other surface characteristics (e.g.
roads, grass, sand) have a lesser importance, though foliage can have significant effects on the wind
regime around buildings. The level of detail required for individual buildings and structures is
dependent on their distance from the central area of interest. The central area of interest should be
reproduced with as much detail as possible. Buildings further away may normally be represented as
simple blocks.

Selection of the computational domain: The size of the entire computational domain in the vertical,
lateral and flow directions depends on the area to be represented and on the boundary conditions
that will be used. The extent of the built area (e.g. buildings, structures or topography) that is
represented in the computational domain depends on the influence of the features on the region of
interest. The BPGs provide recommended extensions for the vertical, lateral and longitudinal
extension of the domain

Selection of boundary conditions: The boundary conditions represent the influence of the surroundings
that have been cut off by the computational domain. Their proper choice is very important since the
solution depends on the appropriate choices of the boundary conditions. The following boundary
conditions have to be identified:

e Inflow boundary conditions, where the velocity and turbulence profile have to be defined.
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e Wall boundary conditions, depending on the shear stress conditions either no-slip, viscous

sublayer or wall functions have to be defined.
e Top boundary conditions, usually defined constant shear stress

e lateral boundary conditions, is usually defined as a symmetry plane with lateral distance from

the built area of interest large enough to minimize effect of the boundary on the flow field.
e Outflow boundary conditions, are either outflow or constant static pressure boundary

conditions

Selection of the computational grid: The grid (or mesh) is created in such a manner that it does not
introduce errors that are too large. This means that the resolution of the grid should be fine enough
to capture the important physical phenomena like shear layers and vortices with sufficient
resolution. Also the quality of the grid should be high.

Selection of iterative convergence criteria: The iterative calculation process starts with an initial guess
of the flow variables and then recalculates these variables in each of the iterations until the
equations are solved up to a user-specified error. The termination criterion is usually based on
residuals of the corresponding equations. These residuals should tend towards zero.

1.4 Special Considerations for External CFD applications for Hawaii Climate

In order to create a more direct value of CFD, wind pattern predictions around buildings and through
neighborhoods in Hawaii are estimated, which then can be used for design or compliance decisions. The
generic workflow might need adjustments to accommodate specific climatic conditions that prevail in
Hawaii. This is specifically true when physical properties induced by wind movement around buildings
are concerned, such as in the case of the building of wind induced pressures on buildings.

The main physical phenomena which can affect CFD solutions significantly enough to warrant
considerations are thermally induced secondary wind motions. These secondary thermally induced wind
motions are be caused by buoyancy induced driving forces that are strong enough to alter the wind
pattern and to cause sizable variations in important wind induced phenomena, such as pressures on the
external building envelope. When non-neutral atmospheric stratification, small wind speeds and large
temperature gradients are present, thermal and possibly also humidity equations might have to be part
of the solution.

Three aspects have been initially identified that have the potential of affecting pedestrian comfort in
neighborhoods and around buildings as well as wind induced phenomena on the buildings themselves:

e Assumptions of the atmospheric boundary layer (ABL) conditions and approaches to model its

effects are important consideration for the CFD calculations. The atmospheric boundary layer
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comprises the lower layers of the atmosphere, within which wind flows are affected by
considerable shear stresses and induced eddies. High temperature gradients resulting from high
solar incidents can produce localized plumes of hot air rising under buoyancy forces. Hot air rising
from the heated ground influences the wind velocity profile and therefore might have to be
included in the boundary conditions. These kinds of thermally induced wind profiles are typically
not being modeled in wind tunnel tests since they include complicated physical phenomena and
equally sophisticated experimental challenges. There are certain CFD simulation options that can
use thermal equations to enhance the solution in the presence of thermal occurrences. While
some CFD software products can model thermally induced fluid motion for external CFD
applications, other CFD products restrict their simulation capabilities to isothermal numerical
approaches.

e Influence of thermal plumes generated by hot air rising around buildings can affect wind

movement and the resulting pressure distribution around buildings. Thermally induced external
plumes around buildings are not uniformly distributed around the building, but change with the
solar gain at the envelope and the adjacent ground. The CFD software needs capabilities to create
boundary conditions that can appropriately model localized buoyancy induced air movement
adjacent to the exterior building envelope. In addition to generic wind movement around
buildings that can be affected by thermally induced phenomena, wind induced pressures on the
buildings can also be affected. Since pressure differentials across the building envelope are
important driving forces for natural ventilation, even small pressure fluctuations as a result of
thermally induced air plumes might appreciably influence the ventilation effectiveness.

e Heatislands around the buildings affect pedestrian comfort. Typically pedestrian comfort is

negatively affected by higher wind velocities. It should be noted though that much of the wind
comfort standards have been defined for moderate climates where effects of heat islands are not
as prevalent as in Hawaii’s climate. In tropical climates, wind around buildings can improve
pedestrian comfort, since heat is expelled from the area and increased draft over the human body
positively affects the sensation of comfort. In addition, radiant heat from heated surfaces on
buildings or adjacent ground can increase the heat gain and level of discomfort for pedestrians.

e Humidity is an important aspect in the effectiveness of building occupant comfort. For external
comfort considerations, the effect of humidity might be less relevant than for internal building
applications. An important issue could nevertheless be the adsorption and desorption of humidity
at external building surfaces, as well as at internal surfaces or in building openings that serve
natural ventilation systems.

Contract No.N000-14-13-1-0463 Project Deliverable No. 2.2: FINAL Report - Establishing External CFD Workflow
Hawaii Natural Energy Institute Environmental Research and Design Laboratory
School of Architecture, University of Hawaii

December 4, 2013 Page 13



FINAL Report — Establishing External CFD Workflow for ERDL-HNEI

Part 2 — Framework for Ranking Candidate CFD Software Products

Part 2 — Framework for Ranking Candidate CFD Software Products

This section presents a framework for a quantitative ranking of candidate CFD software products.

2.1 Description of Quantitative Assessment

The ranking is performed with a two-tier approach. In the first step of the ranking process overall
ranking weights are assigned to a range of criteria, expressed as percentage of the sum of all overall
weights for all criteria, which is obviously 100%. The overall weights indicate how important the specific
ranking criterion is compared to the other criteria on an overall scale. In the second ranking step each
criteria for every candidate software is given a specific weight, expressed in percentage. The product of
software products specific weight per criterion and the generic overall weight for that specific criterion
results in the ranking percentage for the specific criterion and for the specific software. All resulting
weights for the ranking criteria for the software are then added and the resulting percentage represents
the overall result for that software, expressed as a percentage of the potentially achievable score.

The procedure of ranking the candidate software products and assessing the quantitative ranking for the
software for the particular criteria is explained in the Table 2-1. Table 2-1 only shows one criteria group
(Ease of use /GUI) to explain the basic steps of the two-tiered ranking process.

Table 2-1 Example for Assessing the Quantitative Ranking for Criteria

Ranking matrix for CFD software products for external CFD

A B [ | D | E F G H 1
No. overall weights levels CFD Software Product x
Number | Number | Number D iti weight weight weight weight K result. result.
first | second | third escription fist | second | third | overall ranking | contribution|  Points
3 Workflow 50%
1 Ease of use / GUI 15%
1 GUI is easy to use for trained operator 60% 4.5% 50% 2.3%
) User guide and online help is available for each 0% 3.0% 30% 2.4%
command
sum third level >>> 100%
sum of second level >>> X
sum of first level >>> X sum overall points >> X
CFD Software Product x
The ranking criteria is shown below:
ranking criteria
1 LUV This criteria is not achieved or is only achieved to a very limited extent'
2 C{ONOL M This criteria is somewhat achieved, but more than a little achievement
3 LS{ONOLZ N The criteria is achieved on an average (50%) level
4 tS{ONOLZ M This criteria is achieved to an above average level
5 ISHOLZM This criteria is totally achieved or to a very high extent
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Table 2-1 shows a highlighted (yellow) row with column numbers. The significance of the columns in
Table 2-1 is described below.

Column group A: This indicates the criteria number. Here the criteria 3.1.1. and 3.1.2 are described.

Column B:

Here a description of the criteria groups as well as the individual criterion is given.

Column group C through F: This column group defines the generic overall weight, which is applied to all

Column C:

Column D:

Column E:

Column F:

software products:

This is the first level overall weight. In our example the work flow group has 50% of
the entire overall weight of all ranking criteria.

This column represents the second level overall weight which is equal to a relative
weight within the first level criteria group. In our example the second level weight is
15%. It follows that all sub-criteria under the second level group (e.g. criteria 3.1.1 and
3.1.2) have an overall weight of 50% * 15% = 7.5%.

This column represents the relative weight within the second level criteria group. The
third level overall weight designates the relative weight of all criteria that fall under
the second level criteria group and assigns a percentage weight relative to the second
level criteria group.

This column represents the overall weight of the particular criteria. The percentage is
the product of columns C, D and E.

In our example, the criterion 3.1.1. has the following overall weight:

50% (Column C) * 15% (Column D) * 60% (Column F) = 4.5 % in overall weight.

Column group G, H and I: This group of three columns determines how well the specific software

Column G:

performs relative to the value proposition statement of the specific criterion.

This column represents the degree to which the particular software complies to the
definition, or value proposition, of the criteria. A discrete ranking scale of 1 through 5
is used. The discrete rank “1” means that the criterion is not at all fulfilled or only to a
rather limited extent. On the other side of the range a “5” means that the criterion is
fully fulfilled or at least to a high degree. The designations between 1 and 5 are
subjective and are based on a clear definition of value propositions as described in
Table 2-2.
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This column reflects the percentage value which is associated with the discrete ranks
1 through 5. The mappings of the discrete numbers 1 through 5 against percentage
of compliance with the criterion description or criterion value proposition is shown at
the lower portion of Table 2-1. By entering “2” into column G, for example, 30% is
automatically selected in column H. This percentage indicates to what degree the
particular software is consistent with the criterion value proposition.

This column indicates the actual contribution of the software to this criterion,
expressed in overall weight. Column | shows the product of the generic overall weight
of this criterion and the software specific contribution. In our example, the overall
weight of criterion 3.1.1 is 4.5% (column F) and the result of the ranking assigns 3
(column G) or 50% (column H). The result of 4.5% * 50% is 2.25%, or 2.5% rounded.

2.2 Description of Ranking Criteria

Table 2.2 lists the value proposition for all ranking criteria which are used for the ranking of the seven
software products.

Table 2-2: Criteria used in Ranking of Candidate CFD Software Products

Criteria Header Ranking Criteria

Number

Description of Ranking Criteria or Value Proposition
Matrix

1 Value for the CFD software product to the architecture and building market

1.1 Benefit for external CFD The benefit of the software is reflected in its direct

applications to architecture usefulness in external CFD applications. This means that the

software package is providing good results for external CFD
predictions where the modeling of the atmospheric
boundary layer is of importance. The benefit of the software
product is that it can add immediate value to the prediction
of external CFD simulation and therefore provide valuable
design support for external wind phenomena. A high
ranking would imply that the software product has the
required complexity and numerical capability to provide a
high level of confidence in predicting external wind
phenomena, thus providing reliable predictions to improve
design of buildings and neighborhoods. A low ranking would
imply that the software product is more applicable to
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Table 2-2: Criteria used in Ranking of Candidate CFD Software Products

Criteria Header Ranking Criteria Description of Ranking Criteria or Value Proposition
Number Matrix
internal CFD applications and lacks the sophistication to
reliably predict external wind phenomena.
1.2 Previous applications in The benefit of the software product is reflected in its

architecture / urban design

current use in the architecture or building industrial market.
With a high ranking, the software has a track record in
successful applications in not only academic institutions but
also in the commercial architecture and building industry.
There are already a significant number of professionals
being trained or proficient in the use of the software. For
companies, the benefit is while CFD might be new for the
company, an existing workforce can readily be employed to
use the CFD on a professional level. A high ranking would
imply that the software is in use in a significant number of
architecture and building companies. A low ranking would
imply that the software is in use in only a very small number
of companies or represents a very small niche market in
architecture and wind engineering.

1.3

Previous mentioning of
software product in scientific
or applied professional articles

The benefit of the software is reflected in the existing body
of knowledge in the open domain about application of the
CFD software; either for specific practical applications or for
specific components or parameter settings of the software.
This implies that the software is in wider use for different
sections of the building industry or in the academic field. A
high ranking would imply that the software product is being
mentioned to a larger extent in scientific papers or
professional articles. A low ranking would imply that the
software has not been mentioned to a significant extent.

1.4

Using graphics output for
architectural presentations

The value of the software is established by the fact that
results of the CFD are readily usable for illustration
purposes. This means that, in the most advantageous
application setting, the CFD software product would provide
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the input for external graphics and ray tracing renderings.
The ranking represents the ease of using the integrated
workflow for illustrating the wind movement around
building and/or through the buildings with advanced
graphics. A high ranking would imply that the software
product can be easily used to integrate airflow patterns with
3D-renderings of the building (and appurtenances). A low
ranking would imply that the software product would
require a complicated workflow to couple visual
representations of airflow movements in combination with
high quality external renderings of buildings.

Support by vendor / expert network

2.1

Technical support available

The value of the software product is reflected in a high
quality level of support by the software company. A high
ranking of the technical support refers to the
responsiveness of the technical support to assist the user. A
high ranking would imply being able to speak to technical
support and get immediate or at least timely responses and
suggestions to the problems. A low ranking would imply that
technical support can only be accessed through online
means, e.g. through email and responses would be available
after one or two days. Average technical support would be
that the user can chat with the support team in a more or
less real time talk mode.

2.2

Online tutorials available on
demand

The value of the software product is reflected in the wide
selection of online tutorials that can help the user to learn
the software workflow and understand a certain depth of
application knowledge. A high ranking would suggest that
the software package offers a significant cope and number
of CFD videos online (on demand) tutorials available
through their web site. A high ranking would also refer to a
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large number of YouTube videos available for certain
applications. A low ranking would infer that the software
product has only a few or no videos available online.

2.3 Online classes available (low The value of the software product is reflected in the

entry barriers)

availability of online courses for general product knowledge
or more specific (advanced) product knowledge. The value
of the software would furthermore be represented by low
entry barriers (i.e. low costs) to take the online course. A
high ranking would imply that a large number of on-demand
videos are available for viewing. A low ranking would imply
that there are no or only very few online course available. A
low ranking would further suggest that taking courses would
represent high entry barriers (i.e. high costs) for the ERDL-
HNEI team.

2.4

Network of CFD professionals
in architecture field Ease of
working with academic
support

The value of the software is reflected in the availability of an
existing network of users in the building industry as well as
in academia who are actively engaging in the sharing of
application knowledge. A high ranking implies that the
software products support its own network of professional
CFD practitioners or educators so they can share knowledge
and engage in discussion and forums. A high ranking would
also imply that the software product organizes official
events, either in person or online where CFD practitioners
who use the specific CFD software can exchange knowledge.
A low ranking implies that the software product would not
actively support a network or said events

2.5

Ease of working with
academic support

The value of the software product is reflected in the level of
support afforded to the academic community and/or user. A
high ranking would imply that the software products
actively support academic institutions, including faculty as
well as students, to acquire the means of using the software
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for teaching and basic research. A high ranking would also
imply that the software company is actively engaged to
lower entry barriers to using the software at academic
institutions. A high ranking would also suggest that the
software product provides students with the opportunity to
freely or at a much discounted costs use the software for
their academic endeavors. A low ranking would suggest that
the software product offers no academic program including
no incentives for academic community to use the software.
An average ranking would imply that the software product
has a basic academic program but does not actively support
academic users or make no active effort to lower entry
barriers for students and faculty.

2.6

User guide provides the
efficient information

The value of the software is reflected in the clarity and
comprehensiveness of the user guide and other product
documentation in regard to efficient information transfer.
The value is also based on whether the user manual
mentions generic CFD knowledge that goes beyond the
immediate need to operate the software interface, such as
providing basic information about turbulence modeling. A
high ranking would imply that the user guide offers a wealth
of application information (i.e. how to use software as well
as how to interpret the results of the software calculations).
A high ranking would also imply that topics in the user guide
are directly hyper-linked to specific task and GUI. A low
ranking would imply that the user guide has insufficient
clarity, lacks comprehensiveness and is cumbersome to
access online.
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3 Workflow (the work flow criteria group includes several sub-criteria groups)

3.1 Ease of use / GUI

3.1.1 GUI is easy to use for trained Most of the advanced CFD application workflow is complex
operator and unfamiliar in regard to process and key stroke
manipulation. Graphic user interface (GUI) benefits the user
with an intuitive and easy-to-use user interface. A well
designed GUI is very important for the effective
manipulation of both external and internal CFD analyses. A
high ranking would imply that the selected application has
efficiently organized all key elements for the CFD workflow.
The well designed GUI shows the workflow process steps in
obvious and sequential steps. An effective GUI is intuitive
and can be learned quickly. A low ranking would imply that
the software does not reliably guide users through the
simulation workflow. A GUI that is lacking clarity and user-
friendliness could possibly make it difficult to indicate what
the next steps are.

3.1.2 User guide and online help is There are many technical, physics, and definition for CFD
available for each command simulation, therefore user guides and online help are the
major significant support functions for the user. A high
ranking implies a user guide that is easily available online
and has hyper-link accessibility. Documentations and other
resources are highly descriptive and informative and are
also easy to find. A low ranking implies to the software only
has cumbersome access to help and no or very limited
online resources.

3.2 Modeling / Import geometry

3.2.1 Create geometry inside CFD Internal, or built-in CAD modeling tool inside the CFD
software is important to allow user to create, edit and
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application modify proper geometry before running the simulation. A
high ranking implies how the durability and convenience of
built-in CFD modeling tool. Especially for single building or
multiple buildings, it is important that the creating and
editing geometry tool is easy to modify the building shapes
and forms. A low ranking implies the lack of efficient
internal modeling capabilities for create, edit, and modify

geometry.
3.2.2 Import geometry / repair Users may prefer to use the third party 3D-modeling
surface before meshing application for building and structures. Therefore, effective

capabilities to import externally created 3D-CAD geometry
into CFD applications lead to a high ranking. The high
ranking also measures the availability of importing different
model or geometry different formats into CFD applications.
Imported CAD models should provide a well maintained
geometric model without distortion and missing faces.
Moreover, availability of repair surface, vertex, and edge
functions are provided. A low ranking would imply that
geometry from only very few CAD software products can be
imported into the CFD software.

3.2.3 Support Revit Architecture The majority of architecture students and professionals are
using Revit for building design and architectural
documentation. Therefore, the benefit of the CFD software
is represented by its capability to easily allow import of
Revit file formats (.rvt). A high ranking means that Revit files
can easily be imported. Additional a high rank also indicates
that the CFD software provides a seamless process to call
the Revit program from within the CFD application. A low
ranking would imply that lacking of support and file
transition from the Revit model to the CFD software.

3.24 Support CADD format and Inventor is one of the popular applications in the industrial
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Inventor

design and mechanical model study. A high ranking of the
CFD software indicates that the CFD software can readily
import CAD format or Inventor file formats (.ipt, .iam) or
geometry. A low ranking would imply that lacking of support
and file transition from and CAD format or Inventor to CFD
application.

3.25

Support Rhino

Rhino is a growing model application for the architecture
and design industry. A high ranking of the CFD software
would imply that the CFD application can readily import
Rhino file format (.stl, .iges, .iges, and etc) geometry. A low
ranking would imply lack or absence of support for Rhino
file format or any relevant to Rhino import/export file
format to CFD application.

33

Meshing

3.3.1

Surface meshers

An effective surface meshing tool is important to prepare a
high quality surface mesh before a volume mesh can be
generated. Depending on the initial quality of the geometry,
there are several surface meshing tools available in CFD
applications:

- Surface Wrapper
- Surface Remesher
- Automatic Surface Repair

The surface wrapper is used when the imported geometry is
of poor quality. A surface remesher would be used to
maintain the original features and improve surface meshes
from the surface wrapper or improve the quality of
imported tessellated geometry

A high ranking would imply that the CFD software has a
surface meshers tool. A low ranking would imply that the
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CFD software lacks such effective surface meshing tools.

3.3.2 Maximum cells and 2D-3D cell | Cells associated with mesh construction represent an
volume ordered collection of faces that define a closed volume in
space. A high ranking would imply that the number of
average mesh cells are 10 million cells or less. The
recommendation for 3D cells is polyhedral shape, and 2D
cell is polygon shape. A low ranking would imply that the
CFD software has notable impairment sin calculation
effectiveness with increasing cell number, already at a
relative lower cell number level.

333 Boundary types Specific boundaries types are required in CFD physics
models to define the primary variables of the simulation
(such as pressure, temperature, and velocity). Typical
boundary types are the following:

- Axis

- Flow split outlet

- Free-stream

- Mass flow inlet

- Pressure outlet

- Stagnation inlet

- Symmetry plane

- Velocity inlet

- Wwall

A high ranking would imply that CFD application provides
various boundary types for physics model purposes. A low
ranking implies only a limited number of boundary types

3.34 Structured and Unstructured This criterion assesses the availability of a wide range of
meshing meshing techniques from the given CFD application. The
advanced levels of these techniques are based on meshing
features such as their easiness to learn/use, time

consumption for meshing process, their capability to handle
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high levels of geometrical complexity and diversity, accuracy
levels, and convergence time. These meshing techniques
rank from less to more advanced as follows:

Structured meshing

Unstructured meshing (hexahedron)
Unstructured meshing (tetrahedron)
Unstructured meshing (polyhedron)

vk wnN e

Hybrid meshing (structured + unstructured)

The highest ranking level of this criterion will be applied for
the CFD application that provide the most advanced
meshing technique and vice versa.

3.35 Adaptive meshing capability This criterion is used to assess the ability of the given CFD
software to modify the existing mesh so as to accurately
capture the fluid flow features. This can be achieved by
improving the grid resolution of the flow features without
having to increase the grid resolution for the entire
computational domain. Other benefits are capabilities that
allow for modeling complex and diverse
geometries/buildings with high accuracy level without an
excessive increase in computational effort.

34 Physics Models

3.4.1 Solvers — Coupled / decoupled | This criterion is based on the capability of the given CFD
software to support coupled domain modeling or only
decouple domains. The coupled domain modeling is also
called “full-domain” simulation which allows for solving the
internal and external airflow simultaneously using
appropriate governing equations. The benefit of coupled
domain modeling lies in its representation of the continuum

Contract No.N000-14-13-1-0463 Project Deliverable No. 2.2: FINAL Report - Establishing External CFD Workflow
Hawaii Natural Energy Institute Environmental Research and Design Laboratory
School of Architecture, University of Hawaii

December 4, 2013 Page 25




FINAL Report — Establishing External CFD Workflow for ERDL-HNEI

Part 2 — Framework for Ranking Candidate CFD Software Products

Table 2-2: Criteria used in Ranking of Candidate CFD Software Products

Criteria
Number

Header Ranking Criteria
Matrix

Description of Ranking Criteria or Value Proposition

of indoor and outdoor airflows in natural ventilation. A
coupled domain can increase the accuracy of the ventilation
prediction. Decoupled domain modeling is the conventional
feature of most CFD applications, and therefore decoupled
domains represent a low ranking.

3.4.2

Solver-Finite Element Method
(FEV) / Finite Volume Method
(FVM)

This criterion is used to identify which numerical method for
discretization approach is employed in the CFD software.
Although FEM is flexible and capable to handle complex
geometries, FVM has volume controlled elements that
establishes flux properties in their numerical equations.
Therefore FVM typically allows better simulation of
incompressible flow (slow speed airflow). Furthermore, FVYM
is the center focus of improvement in many commercial CFD
applications. Therefore, CFD software that uses FVM will
have a higher ranking.

343

Steady state/Transient state

This criterion is used to check whether the given CFD
software can be used for steady state or transient state
simulations or both. The steady state simulation is used to
simulate the airflow with constant properties while
transient state simulation is used to simulate the airflow
with varying properties throughout the simulation. The
benefit of this criterion is that the CFD application capable
of transient state simulation will allow for study of time-
dependent airflows such as pollutant dispersion or humidity
simulations.

3.4.4

Turbulence models

This criterion is used to assess capacity of the CFD software
in terms of range of available turbulence models. The
advanced turbulence models allow for modeling the effect
of turbulence on airflow with higher level of accuracy, but
commonly requires more computational resources.
Turbulence models available in many CFD applications can
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be simply categorized as below arranging from low to high
for ranking:

1. Standard k-€ and variations

2. Standard k-w and variations

3. DES (Detach Eddy Simulation)

4. LES (Large Eddy Simulation)
The benefit of the software is represented in its range of
turbulence models available for the CFD calculations. A high
rank for the CFD software indicates not only the type of
advanced turbulence models, but also the number of
turbulence models that it can offer.

3.4.5 Materials This criterion is used to assess the availability of built-in
materials of a given CFD applications. The benefit of this
criterion is that it makes the set-up for the CFD analysis
easier and less time consuming if the software contains a list
of ready material properties. The ranking is based on the
combination of the following features:

- Available built-in generic materials

- Available AEC built-in materials

- Customable materials

- Distributed resistance materials
The high rank implies that a given CFD application offers a
wide range of the above features.

3.4.6 Customizable / special physics | This criterion is used to assess the availability of

models

customizable / special physics models of each CFD software.
These models allow for more advanced/supplemental
studying of airflow phenomenon in wind engineering field
such as buoyance effect, pollution dispersion, humidity
condensation, etc. The value of the software is represented
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by the availability of a wide range of special models and
therefore no need to require additional CFD code for
specific simulations. These special models include CFD
applications such as:

- Heat transfer

- Combustion and chemical reaction

- Humidity absorption / dispersion

- Customizable boundary condition profile (table,

formulas...)

A high rank implies that a given CFD application offers a
wide range of special models and provides the opportunity
to customize models.

3.5

Post-Processing

351

Visualization

This criterion is used to assess multiple visualization
features offered by a given CFD application for post-
processing. These features consist of:

- Surface distribution

- Vector/streamline display

- Implicit sections with gradient / contour display
- Particle trace

- Animation

The high ranking suggests a wide range of visualization
features offered by the CFD software, as well as the quality
of those outputs and the ease to the user to produce them.

3.5.2

Quantitative analysis
capabilities of components

This criterion is used to assess the availability of given CFD
software in offering the quantitative analysis capabilities of
certain nodes, line or grid within the computational domain.
The benefit of this criterion is that it provides resultant data
extracted for supplemental / customizable analyses. This
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capability can be described as:

- Resultant data at probes (points, line, grid)
- Resultant data in table / chart form
- Resultant data can be exportable into ASCII format

The high ranking indicates a wide range of features offered
by the CFD software, the quality of those outputs as well as
the ease for the user to produce them.

3.5.3

Comparative analysis (multi-
scenarios)

The benefit of this feature for post-processing is that it
allows for effectively comparative analyses of multi-
scenarios or testing different turbulence models in CFD
simulation. This not only helps to reduce significant time for
remodeling the whole model but also to allows for side-by-
side comparison of the same variable at the same location
of those computational domains.

3.6

Customization / special functions

3.6.1

Pedestrian comfort

Pedestrian comfort standards associate comfort rating with
wind velocity on the pedestrian and ground level. A high
ranking would imply that the CFD software is able to
determine atmosphere boundary layer or velocity profile
due to terrain roughness (height z). A high ranking would
imply that the CFD software has efficient meshing tools to
define the wind movement in the lowest parts of the
atmospheric boundary layer. Furthermore, a high ranking
implies the ability of the CFD software define the velocity
range for local wind comfort assessment and an
determination if maximum of mean or gust equivalent mean
(GEM). A low ranking would imply lacking the previously
defined functions.

3.6.2

Natural Ventilation

Natural ventilation is significant passive building design
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technology. A high ranking of the CFD software would imply
that a workflow specifically for natural ventilation is
available. This means that a high ranking infers a significant
capability to predict and simulate natural wind flow from
external environment through internal environment
respectively. A low ranking would imply that the CFD
software has no or few functions to simulate natural
ventilation

3.6.3

Wind-driven rain (WDR)

Wind-driven rain (WDR) or driving rain is rain that is given a
horizontal velocity component by the wind and that falls
obliquely. WDR over unleveled ground such as hills or
valleys results in a redistribution of raindrops by local wind
flow deformations that can cause large precipitation
variations. WDR is the most important moisture source
affecting the hydrothermal performance and durability of
building facades. A high ranking would imply that the CFD
software is capable in defining and simulating a multiphase
physics model, moisture, and humidity. A low ranking would
imply that the CFD software is not capable to achieve above.

3.6.4

Humidity

Humidity is a major physical property that contributes to the
definition of comfort condition. A high ranking would imply
that the CFD software can simulate condensation of dew or
the propagation of humidity in porous material. A high
ranking implies that the CFD software is able to calculate
the temporal and spatial distribution of relative humidity. A
high ranking implies that the condensed liquid is calculated
as a mixture fraction, i.e., the mass of the condensed liquid
divided by the total mass of the liquid, vapor and carrier gas.
A low ranking implies that the CFD software lacks
capabilities to readily define humidity transportation
processes.

Contract N

0.N000-14-13-1-0463

Hawaii Natural Energy Institute

December 4, 2013

Project Deliverable No. 2.2: FINAL Report - Establishing External CFD Workflow

Environmental Research and Design Laboratory
School of Architecture, University of Hawaii

Page 30




FINAL Report — Establishing External CFD Workflow for ERDL-HNEI

Part 2 — Framework for Ranking Candidate CFD Software Products

Table 2-2: Criteria used in Ranking of Candidate CFD Software Products

Criteria Header Ranking Criteria Description of Ranking Criteria or Value Proposition
Number Matrix
3.6.5 Wind load towards to building | Typically wind load from natural force and global wind force

structure

are predicted by wind pressure coefficient. Therefore, a high
ranking would imply that CFD software is able to
demonstrate and visualize wind pressure distribution on
building surface, and also provide tools of measurement at
node point, line, and grid on building fagcade. A low ranking
would imply that the CFD software is not able to visualize
and measure pressure coefficient.

3.6.6

Pressure distribution along
streamlines/pressure losses

CFD derived pressure losses are a significant investigation
on flow behavior in different obstruction or constrained
geometry. A high ranking would imply that the CFD software
can visualize pressure changes along streamlines. A low
ranking would imply that the CFD software lacks of these
built-in functions.

3.6.7

Conjugate heat transfer

Define the solid material conduction and the fluid
convection is analyzed simultaneously. The type of fluid
convection (natural, forced or mixed) determines the
analysis parameters. A high ranking would imply that the
CFD software can calculate simultaneous heat transfer in
both a solid and a fluid. A low ranking would imply that CFD
application is not capable to analyses and simulate heat
transfer from solid to fluids in one integrated calculation
process.

3.7

Support for validation

3.7.1

Validation document /
example

The benefit of this criterion is that it allows users to check
the accuracy levels of a given CFD application as well as the
experimental or real-world test set-up that the CFD
software used for the data validation. Any recommendation
from the validation process by the CFD software vendor is of
significant help to the user. The ranking for this criterion is
based on the availability of following validation
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document/support:

- Validation by CFD with reduced-scale model wind
tunnel measurement regarding to architectural /
wind engineering fields.

- Validation by CFD with full-scaled onsite
measurement regarding to architectural / wind
engineering fields.

Cost of software (Note: the ran

king for cost will only be finalized in the FINAL report

4.1

Commercial pricing model

The benefit of the software product is a good benefit to cost
ratio. The benefit to cost ration is established as the cost per
value added. The ranking of these criteria is established as a
continuous ranking scenario. The ranking value will be
determined as a number between 1 and 5.

4.2

Academic pricing

The value of the CFD software is reflected in the availability
of an academic pricing (discount) opportunity. A high
ranking implies that the cost of the academic version is
significantly lower than the commercial product pricing. The
ranking of these criteria is established as a continuous
ranking scenario. The ranking value will be determined as a
number between 1 and 5.

4.3

Software includes all modules
(no extra costs)

The value of the software is reflected in the extent at which
all functionality is included in the base software price. This
means that the software product should not require
additional modules for different applications. As an
example, the software should have a wide array of
turbulence models included or the software product should
be available to solve a wide array of CFD problems. A high
ranking would imply that the software product has a wide
array of all capabilities built-in the one software product

that is purchased. A high ranking implies that the CFD
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software contains all required modules at a “bundled price”.
A low ranking implies that the CFD software requires the
purchase of additional modules to solve a variety of CFD
problems; whereby each module would have to be
purchased separately, thereby increasing the final price of
the CFD software.

4.4

Option to acquire additional
seats at no extra or small costs

The value of the software product is the flexibility to acquire
additional seat at no or small extra costs. A high value would
imply that the CFD software (or vendor) offers academic
student licenses at very favorable conditions. When for
example a CFD product is used in a class by students a high
ranking implies that individual student licenses can be
acquired a very favorable conditions; suggesting the
academic pricing flexibility of the vendor. Therefore, a high
ranking would imply a high flexibility and very favorable
academic pricing for extra seats. A low ranking would imply
a lack of these.
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Part 3 — Overall Ranking of CFD Software Based on Product Documentation Review

In this part of the report seven candidate CFD software products are analyzed and ranked in accordance
to the ranking scheme and the definition of the criteria.

3.1 Introduction of Seven CFD Candidate Software Products

An initial research into CFD software products was conducted by the ERDL-HNEI CFD team. Seven
candidate CFD software products were identified. The seven candidate CFD software products are
briefly introduced in the following. The brief introductions of the software packages are based on
product descriptions by the vendor. (The software packages are listed in alphabetic order)

ANSYS Fluent

ANSYS Fluent, a commercial CFD software package from ANSYS Inc., provides powerful capabilities of
modeling a wide range of dynamic fluid problems from incompressible and compressible, laminar and
turbulent fluid flows, as well as related transport phenomena (heat transfer and chemical reactions) in
industrial equipment and processes. ANSYS Fluent’s featured capabilities include both steady-state and
transient analyses, robust turbulence models, complex geometry meshing tool as well as the integration
into ANSYS Workbench platform for productive workflow.

ANSYS Inc., the owner of ANSYS Fluent founded in 1970, is the world's largest CFD company, and is the
leading provider of CFD solutions to a wide range of industries, including aerospace, automotive,
electronics, energy, materials and chemical processing, turbo machinery, academia, civil engineering,
healthcare, sport, etc. Fluent was first developed by a group of researchers at Sheffield University in
England in collaboration with Creare Inc. Fluent was first released in 1983 before being acquired by
ANSYS, Inc in May 2006.

Source: Center for Computational Sciences, University of Kentucky
https://www.ccs.uky.edu/UserSupport/SoftwareResources/Fluent/; ANSYS Fluent 12.0 Theory Guide

Autodesk Simulation CFD

Autodesk Simulation CFD software (formerly CFdesign) provides accurate, flexible fluid flow and thermal
simulation tools to help predict and validate product behavior and optimizes designs before
manufacturing. Get additional fluid flow and thermal simulation functionality with Autodesk Simulation
CFD Advanced. With Autodesk Simulation CFD Motion software, examine how mechanical devices
components interact. The Autodesk Simulation family of products delivers a comprehensive set of
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software tools allowing engineers to predict mechanical stress, flow, thermal, plastic injection molding,
and more.

Autodesk Simulation CFD software provides comprehensive fluid flow simulation and thermal
simulation, extending Digital Prototyping to applications ranging from electronics cooling to valve
design, LED thermal management, thermal comfort, and product packaging. The company’s Design
Study Environment provides the tools needed to help make valid design decisions. One-Click Simulation
Autodesk Simulation CFD tools simplify and expand simulation to every engineer on the team. You can
set up automation to allow for just one-click to begin exploring flow and thermal design options. CAD-
Entity Groups provide a convenient way to automate the assignment of setting. The Design Study
Manager organizes and manages your CAD models for design studies directly inside your CAD tool.
Design Study Rules are associations between CAD entities and Simulation CFD settings.

Source: http://www.uscad.com/other-products/autodesk-simulation-cfd/
and http://www.autodesk.com/products/autodesk-simulation-family/features/simulation-moldflows.

DesignBuilder with CFD Module

DesignBuilder is a powerful and easy to use Graphical User Interface to EnergyPlus. DesignBuilder is a
complete 3-D graphical design modeling and energy use simulation program providing information on
building energy consumption, CO2 emissions, occupant comfort, daylighting effects, ASHRAE 90.1 and
LEED compliance, and much more.

DesignBuilder has an integrated CFD module that allows external as well as internal fluid flow analysis
and visualization. The CFD module interfaces with the Energy Plus multi-zonal ventilation calculation
process. It must be noted that the value of Design Builder is mostly in the ready integration of energy
simulations and CFD calculations, using the same geometry and other pertinent data entries. Design
Builder is not a stand-alone CFD software product.

DesignBuilder has been specifically developed around EnergyPlus allowing all of the EnergyPlus fabric
and glazing data to be input. Databases of building materials, constructions, window panes, window gas,
glazing units and blinds are provided.

Featuring an easy-to-use OpenGL solid modeler, which allows building models to be assembled by
positioning 'blocks' in 3-D space and realistic 3-D elements providing visual feedback of actual element
thickness and room areas and volumes. The user can import CAD data and there are no limitations on
surface shape. Source> http://www.designbuilderusa.com/
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CRADLE scTETRA

SC/Tetra is a general purpose unstructured mesh thermal-fluid analysis system. The CFD software is
usability-focused software with the specific goal of easily enabling calculation of complex geometries. It
provides both automatic mesh generation and a Wizard based interface that guides the user through
the set-up process step by step. In addition to simulating standard fluid flow and heat transfer
applications, SC/Tetra can calculate various phenomena such as Chemical Reactions, Arbitrary
Lagrangian Eulerian for moving and/or rotating boundaries (ALE), Human Body Thermoregulation (JOS),
Free Surfaces, and Acoustics

The SC/Tetra Pre-processor is used to prepare the geometry data for computation. It generates the

computational mesh and defines boundary conditions. SC/Tetra's pre-processor is equipped with an
intuitive graphical user interface (GUI) with Wizard based condition settings and CAD model repair
functionality.

Mesh Generation: SC/Tetra uses an octant to specify the mesh resolution for a geometry and creates

grids using the Advancing Front Method. It can create tetrahedron, pentahedron, and hexahedron
elements. Prism layers can be inserted at walls to provide fine grid resolution in the boundary layer.

Adaptive Mesh Refinement: The Adaptive Mesh Refinement function can automatically refine the

mesh resolution according to the calculation situation.

Condition Setting: SC/Tetra is general purpose CFD software that can simulate many different physical

phenomena. Usually, CFD software having many functional options tends to be complicated and
difficult to use.

CAD Data Repair Function: SC/Tetra can import 3D data in STL and DXF formats. If the 3D data has
defects in it, a computational mesh cannot be created. The SC/Tetra pre-processor contains

powerful geometry diagnostic and repair functionality that rival 3rd party grid generation software.
Cradle's CADthru software can also be used to automatically repair 3D models.

Solver: The input data (computational mesh, boundary conditions, and material properties) prepared
using the Pre-processor are read into the solver for computation of the thermal-fluid flow field. The user
only needs to specify the name and location of the input file. The solver is equipped with a monitoring
function that shows the status of the computation. In addition to solving basic fluid flow and heat
transfer problems, SC/Tetra is equipped with many physical models capable of simulating a wide variety
of industrial applications, such as:

e ALE (Moving and/or Rotating Boundaries) / Overset mesh / Dynamic ALE
e Free surface analysis (VOF method)
e Human Body Thermoregulatory Model (JOS)
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e Electric Current (Joule Heating) Analysis
e Cavitation
e Aeroacoustic Analysis

Post-Processor is a common tool used by many Cradle CFD programs and is used to visualize the data
calculated by the Cradle solver. It is equipped with a multitude of functions such as contour, vector, and
specifying values at specific points in the calculation domain which are important features for the design
engineer. The Cradle Post-Processor also contains many other advanced visualization functions.

Source: http://www.cradle-cfd.com/products/sctetra/

CRADLE scSTREAM

ScCSTREAM uses a structured mesh to provide extraordinary performance in both meshing and
computation speed. Its performance is maximized for applications that do not require precise
reproduction of fine geometrical curvature to predict accurate flow structures. The finite volume
method is used for discretization which is common for fluid/thermal analysis. sScSTREAM can solve a one
million mesh model using less than 300 MB of RAM. Various useful functions such as a VB interface and
a user function with tabular input are provided for customer user interfaces.

The scSTREAM Pre-processor is used to configure the data for calculation. It is used to create shapes,
generate meshes, and define boundary conditions and material properties. scSTREAM's Pre-processor
provides an easy-to-understand and use graphical user interface (GUI).

The scSTREAM Solver uses the input data defined in the Pre-processor to calculate the thermal-fluid
flow field. Besides standard CFD functions for solving basic structured grid thermal-fluid problems
scSTREAM provides a multitude of specialized functions for simulating highly complex thermal-fluid
phenomena. Some of them are mentioned below:

Free Surface Analysis

Moving Object Function

Panel Heat Conduction Radiation/Porous Solid
Particle Analysis Function

Dew Condensation / Evaporation Function
Large Eddy Simulation (LES)

Sky Solar Radiation

The scSTREAM Post-Processor is common for the suite of Cradle's CFD programs and is used to visualize
the data calculated by the solver. The Post-processor is equipped with a multitude of display functions
such as contour, vector and values at specific points. These basic functions along with other high-quality
graphical output functions provide all the tools necessary to visualize and communicate CFD output.
Source: http://www.cradle-cfd.com/products/stream/
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OpenFOAM

OpenFOAM (Open source Field Operation and Manipulation) is a free and open source CFD software
package as the library of applications written in C++ language. It consists of over 80 solvers and over 170
utilities to simulate specific problems in engineering mechanics covering a wide range of problems from
complex fluid flows involving chemical reactions, turbulence and heat transfer, to solid dynamics and
electromagnetics as well as perform pre- and post-processing tasking (e.g. meshing, data visualization,
etc.). By being under an open source license, OpenFOAM publishes its codes and allows users to
customize and extend its existing functionalities. This is the important support to academic and scientific
users who would like to write / modify codes for their mechanic problems, experiments or validations,
which will be impossible to most commercial CFD packages.

OpenFOAM is maintained and developed by OpenFOAM Foundation, which is sponsored by ESI Group
who is the owner of the trade mark to the name OpenFOAM. FOAM, the predecessor of OpenFOAM,
was first developed in the last 1980s at Imperial College, London and then was sold to UK company
Nabla Ltd before being released as open source in 2004. It was then bought by Silicon Graphics
International (SGI) in 2011 before being transferred to ESI Group in September 12, 2012.

Source: OpenFOAM Foundation http://www.openfoam.org/

CdAdapco Star CCM+

STAR-CCM+ provides the world's most comprehensive engineering physics simulation inside a single
integrated package. Much more than just a CFD solver, STAR-CCM+ is an entire engineering process for
solving problems involving flow (of fluids or solids), heat transfer, and stress. It provides a suite of
integrated components that combine to produce a powerful package that can address a wide variety of
modeling needs. These components include; 3D-CAD modeler, CAD embedding, Surface preparation
tools, Automatic meshing technology, Physics modeling, Turbulence modeling, Post-processing, and CAE
Integration.

STAR-CCM+ is based on object-oriented programming technology. It is designed to handle large models
quickly and efficiently using a unique client—server architecture that seamlessly meshes and
simultaneously solves and post-processes over multiple computing resources without requiring
additional effort from the user. STAR-CCM+ recently became the first commercial CFD package to mesh
and solve a problem with over one billion cells. The object-oriented nature of the code can be seen in
the user interface. An object tree is provided for each live simulation, containing object representations
of all the data associated with the simulation. The objects presented on the simulation tree reside on
the server, which can run as either a serial or a parallel process. A client interface connects to a server,
and displays the simulation objects available on that server.

Source: Star-CCM+ user guide version 8.02
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3.2 Ranking of ANSYS-Fluent

In this section the CFD software product ANSYS-Fluent is assessed. The software’s level of consistency
with the ranking criteria is determined. The result of ranking is presented in Section 3.9, along with the
results of the ranking of other the other candidate software products.

The criteria referred to are the criteria listed in the ranking matrix.

3.2.1 Criteria Group: Value of CFD software product for architecture

Criterion 1.1:  Benefit for external CFD ranking score =5

ANSYS-Fluent ( Fluent) offers many features capable to deal with most CFD applications, especially allow
for modeling external computational domain in external CFD study. These features include wide range
of robust turbulence models, unstructured meshing with wide range of mesh types to handle the
complexity of the buildings and surroundings: triangle, quadrilateral, tetrahedron, hexahedron, pyramid,
prism (wedge) and polyhedron, customizable capability to model atmosphere boundary layer.

Criterion 1.2:  Previous application in architecture / urban design ranking score =5

Fluent claims that its software code has been leading the CFD industry and Fluent and is presently being
used by half of CFD global market. CFD Fluent has been used in architecture and urban design practice.
For example, Fluent was used for studying the internal and external airflow pattern of the Allianz
Stadium (ANSYS, 2009). There are several consultants using Fluent as CFD simulation tool for their
service.

Criterion 1.3:  Previous mentioning of software product in scientific or applied professional articles
ranking score =5

Fluent software is the common CFD codes found in scientific and applied professional articles.
Particularly, among articles used as literature review for this project, the ERDL-HNEI CFD team found
that about 80% of all articles reviewed used Fluent as CFD simulation tool. Fluent also has been
established partnership with many academic institutions to apply CFD technology into research as well
as develop tutorials and improvement. Those academic institutions include University of St. Thomas in
Minnesota, University of Albert, Pennsylvania State University, Cornell University, Carnegie Mellon
University, University of Texas Arlington, University of Wisconsin, University of Manitoba, Rochester
Institute of Technology, University of lowa, Dartmouth College
(http://www.ansys.com/Industries/Academic/Tools/Curriculum+Resources)

Contract No.N000-14-13-1-0463 Project Deliverable No. 2.2: FINAL Report - Establishing External CFD Workflow
Hawaii Natural Energy Institute Environmental Research and Design Laboratory
School of Architecture, University of Hawaii

December 4, 2013 Page 39



FINAL Report — Establishing External CFD Workflow for ERDL-HNEI

Part 3 — Overall Ranking of CFD Software Based on Product Documentation Review

Figure 3.2.1A:  An example of modeling atmosphere boundary layer and high-resolution computational domain
grid of a campus using Fluent (Janssen et al., 2013)

BEE inc.

e oRe

tational Fluld Dynamics Services

Nl

Ruilding Simulations

[

Figure 3.2.1B:  Consulting companies use Fluent as CFD simulation tool for their service
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Figure 3.2.1C: Allianz Stadium simulated airflow pattern with closed and opened door scenarios (ANSYS, 2009)

Criterion 1.4:  Using graphics output for presentation ranking score = 4

CFD Fluent provides built-in visualization capabilities to deliver different graphical output formats for
presentation. Beside this, ANSYS also provides a CFD-Post application, which enables a variety of
enhanced features for post-processing such as surface and volume rendering options, texturing and
transparency, animations, etc. The quality of those graphics is appropriate for high-quality-demand
architectural presentation.

3.2.2 Criteria Group Support by Vendor / Expert Network

Criterion 2.1:  Technical support available: ranking score = 4

Based on the information available on its website, ANSYS (Fluent) provides a variety of forms of
technical support. For example, a customer portal is available where user-specific support and resource
are presented to a wide range of clients’ need; technical enhancements and customer support program
is another customer service for ANSYS license maintenance, updated software and searching Technical
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Support Knowledge Base. Moreover, ANSYS (Fluent), with its large number of staff, allows timely
delivery of technical support inquires.

CUSTUTET FOTEr FATITET THTETIC COMTECT UTIE STHES ¥ SEareh SiE -

Business Initiatives  Indusfries ~ Products ~ Support  Social@ANSYS  About ANSYS

Home = Support > Technical Enhancements and Customer Support

'suppurt
Customer Fortal Technical Enhancements and Customer Support
Academic Technical Support
cressiity The Technical Enhancements and Customer Support (TECS) program is one of the many customer service offerings that
address industry-wide engineering problems.
Consuting
It's more than just maintenance of an ANSYS license. The TECS program provides a multitude of value-added services
Demo Center Custamers receive priority service benefits for a yearly fee based on their license, including the following:

Documentation

Frequently updated software releases featuring enh: d and cutting-edge technology
beensine Ongoing customer suppart for the two most current releases of our praducts. Our technical expertise includes a glabal |
Flatform Support network of certified distributors and senior-level corporate support staff.
Quality Assurance Aworldwide call-tracking system that allows Technical Supportto build a knowledge base of crucial ANSYS information |
Resource Library Timely release of corrective and adaptive maintenance

Access to the ANSYS Customer Portal, where customers can search the Technical Support Knowledge Base, download
Technical Enhancements and
Customer Support senice packs, and view the latest ANSYS new features training material as well as documentation
Training Center TECS is a smart investment in your future. Companies today need to address long-term, corporate-wide requirements to
remain competitive in their industry. ANSYS helps companies to increase the value and usefulness of their products through
the TECS program.

Contact Sales
Mo other software vendor in the industry can come close to matching the combination of technology, usability and support that

the TECS program provides customers.

Figure 3.2.2A:  Technical support options through the ANSYS website

Criterion 2.2:  Online tutorials available on demand ranking score = 3

All of the company software’s tutorials, manuals, best practices are available through customer portal.
Therefore, obtaining the software license is necessary to access to this resource. Otherwise, many
tutorials, CFD curriculum resources, which were developed by many academic institutions having
partnership with ANSYS, are also available at those institutions’ website without license requirement.

The quality (ease, intuition...) of these online tutorials needs a further assessment.
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Added by Steve Weidner , |last edited by Chia-Hsun Hsieh on Feb 08, 2013 16:41

I
E

Labels: None

List of learning modules

Each learning module below contains a step-by-step tutorial that shows details of how to solve a selected problem using ANSYS FLUENT. The
pedagogical philosophy behind these modules is discussed in this article from the ANSYS Advantage magazine.

Introduction to CFD Basics

CED Discussion Forum

Laminar Pipe Flow ANSYS
FLUENT 12.1

Figure 3.2.2B: Fluent learning modules at Cornell University

Criterion 2.3:  Online classes available (low entry barriers): ranking score = 2

ANSYS Fluent offers a variety of training through Customer Training Center, including on-site training,
dedicated mentoring, jumpstart training, unlimited training and classroom training. Many of these
training types can be carried out through online. These training classes, however, require fee.

Criterion 2.4: Network of CFD professionals in architecture field: ranking score = 2

Despite ANSYS providing a variety of different social networks for the ANSYS user community
(Social @ ANSYS) such as YouTube, Facebook, Tweet, Blog, LinkedIn, XANSYS.org, ANSYSFORUM.com, etc.
there is also a dedicated section in CFD-ONLINE for ANSYS Fluent user. However, Fluent does not
support a user community network for CFD professionals in architecture field.
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Figure 3.2.2C: An example of ANSYS user forum
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Figure 3.2.2D: ANSYS user forum at www.cfd-online.com
Criterion 2.5:  Ease of working with academic support: ranking score =4

There is a dedicated academic support portal at ANSYS. Based on the information on its website, ANSYS
has established a strong outreach to academic institutions. ANSYS has also engaged in significant
collaboration with numerous universities and colleges worldwide in integrating ANSYS (Fluent) into their
curriculum. Moreover, there is an academic server license for school and students can purchase
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affordable student client license. However, an actual assessment on this criterion should be further
assessed when this study is going on.
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Figure 3.2.2E: Academic support options through the ANSYS website

Criterion 2.6:  User guide provides efficient and comprehensive information: ranking score =5

ANSYS (Fluent) provides many resources for users such as User guide with comprehensive learning
resources linked to the CFD application. Static (PDFs) user guides are available to explain all technical
solutions employed in the code. Those documentations are available at ANSYS.com at no cost.

3.2.3 Criteria Group: Workflow - Ease of use / GUI

Criterion 3.1.1: GUI is easy to use for trained operator ranking score = 4

Fluent’s GUI is organized accordingly to CFD workflow which allows for typical sequent procedures such
as importing models from CAD or preparing model in Design Model, meshing, running solvers and post-
processing.
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Geometry import from CAD -> Prepare model in Design Model -> Mesh geometry -> Inputs (boundary
conditions, material properties...) -> Solution -> Post-processing

Figure 3.2.3: ANSYS (Fluent) workflow illustration

Criterion 3.1.2: User guide and online help is available for each command ranking score =3

Although user guide and manual guide documentation is available online as well as other online tutorials
/ wiki can be found in numerous CFD user forums, such as Fluent FAQ (www.cfd-
online.com/Wiki?Fluent_FAQ), these resources however cannot be available at each command.

3.2.4 Criteria Group: Workflow — Modeling / Import Geometry

Criterion 3.2.1: Create geometry inside CFD application ranking score =4

ANSYS (Fluent) provides built-in geometry modeling tool called DesignModeler with flexible capabilities
to allow the creation of geometry as well as meshing, automatically creating meshes or hand-crafting
objects with high level of complexity.
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Figure 3.2.4A: DesignModeler as built-in geometry modeling tool in Fluent

Criterion 3.2.2: Import geometry / repair surface before meshing ranking score = 4

With DesignModeler, ANSYS (Fluent) provides also offers advanced repair tools for imported geometry
allowing partly or fully manual meshing.

Criterion 3.2.3: Support Revit Architecture ranking score =3

ANSYS (Fluent) does not directly support geometry from REVIT, it only accepts REVIT output (ACIS
format).

Criterion 3.2.4: Support CADD format and Inventor ranking score = 4

ANSYS (Fluent) does support CADD format and Inventor. However, the quality of the transition has not
been assessed in this study.
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IIS™ Geometry Interfaces

ANSYS Geometry Interface for Creo Parametric meEP\;Vr!ﬂ:ﬁi(?i?;:e;; ?:i?ég)écreo
ANSYS Geometry Interface for Creo Elements/Direct  Creo Elements/Direct Modeling 17.0, 18.0,
Modeling 18.1
ANSYS Geometry Interface for NX NX 6.0, NX 7.5, NX 8.0
CADNEXUS/CAPRI CAE Gateway for CATIA V5 CATIA V5 R19, R20, R21
ANSYS Geometry Interface for CATIA V5 CATIA VS R22
ANSYS Geometry Interface for Autodesk Inventor 2012, 2013; AutoCAD 2012, 2013
ANSYS Geometry Interface for SolidWorks SolidWorks 2011, SolidWorks 2012
ANSYS Geometry Interface for Solid Edge Solid Edge ST3, ST4
ANSYS Geometry Interface for JT JTOpen 8.0, 8.1
ANSYS Geometry Interface for ACIS ACIS R22
ANSYS Geometry Interface for Parasolid Parasolid 24.1
ANSYS Geometry Interface for Teamcenter Teamcenter 8.3

8 © 2011 ANSYS, Inc. February 12, 2013

Figure 3.2.4B: ANSYS Geometry interfaces; source:
http://www.ansys.com/staticassets/ANSYS/Conference/Confidence/Houston/Downloads/overvi
ew-145.pdf

Criterion 3.2.5: Support Rhino ranking score = 2

ANSYS (Fluent) does not directly support Rhino3d. A transition to other formats which are compatible to
ANSYS (Fluent) has not been investigated this study.

3.2.5 Criteria Group: Workflow - Meshing

Criterion 3.3.1: Surface meshers ranking score =1

ANSYS (Fluent) offers advanced surface meshers with automated and manual repairing tools for
meshing. A full range of different mesh types are supported in ANSYS (Fluent) for generating highly
complex geometries. However, other meshers’ capabilities such as Surface wrapper and Surface
Remesher could not be detected in Fluent and therefore this issue needs further investigation.
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Criterion 3.3.2: Maximum cells and 2D-3D cell volume ranking score =5

The ERDL-HNEI knowledge, there is no documentation from ANSYS other resource mentioning this
maximum allowable cells for Fluent application. However, many studies of external airflow using Fluent
by Dr. Bert Blocken at Eindhoven University of Technology, the cell number can reach 6 million.

Criterion 3.3.3: Boundary types ranking score =5

ANSYS (Fluent) provides 10 types of boundary zone types for the specification of flow inlets and exits:
velocity inlet, pressure inlet, mass flow inlet, pressure outlet, pressure far-field, outflow, inlet vent,
intake fan, outlet vent, and exhaust fan. These boundary condition types provide support for a wide
range of physics models.

Criterion 3.3.4: Structured and Unstructured meshing ranking score =5

ANSYS (Fluent) provides complete mesh flexibility, including the ability to solve flow problems using
unstructured meshes that can be generated about complex geometries with relative ease. Supported
mesh types include triangular, quadrilateral, tetrahedral, hexahedral, pyramid, prism (wedge) and
polyhedral.

2D Cell Tvpes

Triangle Quadrilateral

30 Cell Types

- "nllln---- ".-’I_.-._-
~.
Tetrahedron Hexahedron
- SR A
D
e -l

Prism/Wedge Pyramid Poly hedron

Figure 3.2.5A: 2D and 3D cell types supported by ANSYS Fluent
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Figure 3.2.5B: Polyhedral meshing example from ANSYS Fluent

Criterion 3.3.5: Adaptive meshing capability ranking score =5

ANSYS Fluent allows dynamic refinement or coarsening of the mesh based on the flow solution.
However, the ease of use as well as the amount of effort needed to achieve the accuracy and the high
refinement level at the flow features should be further investigated.

Figure 3.2.5C:  Turbine cascade mesh before (a) and after (b) adaption. Source: ANSYS Fluent User Guide (2009)
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3.2.6 Criteria Group: Workflow — Physics Models

Criterion 3.4.1: Solvers — Coupled / decoupled ranking score =5

With robust and flexible meshing tools, ANSYS (Fluent) provides capability to model “full-domain”
simulation solving the internal and external airflow simultaneously. Dr. Bert Blocken at Eindhoven
University of Technology has been using ANSYS (Fluent) for this approach.

(a) Coupled approach (b) Decoupled approach
W TH,
——— i
Qutdoor wind flow Qutdoor wind flow Indoor air flow
Indoor air flow

Figure 3.2.6A:  Coupled and decoupled approach for analysis of wind-induced cross-ventilation buildings
(Ramponi and Blocken, 2012)

Criterion 3.4.2: Solver-Finite Element Method (FEV) / Finite Volume Method (FVM) ranking score =5

The ANSYS Fluent numerical method for discretization approach is based on Finite Volume Method
(FVM), and therefore this application receives the highest ranking for this criterion.

Criterion 3.4.3: Steady state/Transient state ranking score =5

ANSYS (Fluent) offers not only steady state but also transient state solution which allows for simulating a
wide variety of time-dependent external airflow phenomena such as vortex shedding and other time-
periodic phenomena, transient chemical mixing and reaction in combustible dispersion simulation.

Criterion 3.4.4: Turbulence models ranking score =5

ANSYS (Fluent) delivers cutting-edge turbulence models, including several versions of the k-epsilon and
k-omega models as well as the Reynolds stress model for highly anisotropic flows. Advanced scale-
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resolving turbulence models are also available: large eddy simulation (LES), detached eddy simulation
(DES) and scale adaptive simulation (SAS).

Criterion 3.4.5: Materials ranking score =4

ANSYS (Fluent) software provides a wide range of material modeling options. ANSYS (Fluent) comes with
a comprehensive list of material properties for liquids, gases, and solids. For any other material or
material property not already included in the material database, ANSYS (Fluent) users can take
advantage of the flexibility of the user environment to easily define any number of new materials or
dependencies of material properties on flow conditions such as pressure, temperature, shear-strain rate
and more.

r

& FLUENT Database Materials

FLUENT Fluul Malerias Sl eteriatpe
cdFZoo-1-chlzro-sercxevathehradical fodh2an) A | FhiC ¥
ch3ezlah-G-chloro-ethy -akcahol {ch2ockch) i B

| frcer Makarials by
(@ harre
) cherica Toimula

Prcpetties
R f k=] o 28
T iaperlfe Heakd (fka-<) FE—————— w || vew. .
Moleclar twi=igt Jkaikarali E'rnr-:-anr 7]
| 206415
Srancard Szate Erthalpe (fkorol © - |
|3.:1c521:|03
Standard State Entropy ilkarol-< [ I
| 335275,1
£ ot
[ Copy ] [Cbse ] | Help |

Figure 3.2.6B:  ANSYS Fluent Database material dialog Source: ANSYS Fluent User Guide (2009)

Criterion 3.4.6: Customizable / special physics models ranking score = 4

ANSYS Fluent software features the latest technology for combining fluid dynamics solutions using
conjugate heat transfer, combustion and chemical reaction in simulating combustion for assessing fire
safety. In addition, users can enter any algebraic expressions for such custom models directly in the
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ANSYS Fluent GUI using the simple syntax or user-defined functions. However, ANSYS Fluent does not
support special models for humidity sorption in wall materials.

Figure 3.2.6C: Computational mesh and internal model for smoke study at Frankfurt Airport ANSYS 2009.

3.2.7 Criteria Group: Workflow — Post-processing

Criterion 3.5.1: Visualization ranking score =4

Post-processing tools for ANSYS (Fluent) can be used to generate a full range of graphical formats
consisting of shaded and transparent surfaces, pathlines, vector plots, contour plots, particle trace and
custom field variable definition as well as animations to convey fluid dynamics results.

Criterion 3.5.2: Quantitative analysis capabilities of components ranking score =4

ANSYS (Fluent) provides tools for computing and reporting integral quantities at surfaces and
boundaries. ANSYS (Fluent) can directly produce the quantitative analysis capabilities of certain nodes,
line or grid within the computational domain. However, solution data can be exported to ANSYS CFD-
Post, third-party graphics packages or CAE packages for additional analysis.
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Figure 3.2.6C: Some examples of visualization outputs Source: ANSYS Fluent User Guide (2009)
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Criterion 3.5.3: Comparative analysis (multi-scenarios) ranking score =4
ANSYS CFD-Post offers capabilities to visually and quantitatively comparing different solution scenarios
of a design without re-meshing requirement.

A

A% 2+ o CERE#50FVD s a@Law DR &M ORiNieC

— | o— | | T Tt R L

Figure 3.2.7: Different designs can be compared directly in ANSYS CFD-Post, both visually and quantitatively.
Source: ANSYS ©

3.2.8 Criteria Group: Workflow — Customizable / Special Functions
Criterion 3.6.1: Pedestrian comfort ranking score =5

With flexible and user-defined functions, ANSYS (Fluent) provides capabilities to model wind velocity
related pedestrian comfort.

Criterion 3.6.2: Natural Ventilation ranking score =5

Fluent provides robust and flexible meshing tools, capability to model coupled computational domain
and heat transfer — conduction, convection (natural and forced), radiation (solar, thermal), conjugate
heat transfer, indoor air quality (mean age of air, thermal comfort (PMV, PPD)). Fluent allows solving
wind-driven and buoyance-driven natural ventilation.
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Criterion 3.6.3: Wind-driven rain (WDR) ranking score =3

With flexible and user-defined functions, ANSYS (Fluent) provides capabilities to model any wind driven
airflow phenomena. However, since this criterion also requires multiphase physics models including
moisture and humidity which is not available or dedicated in ANSYS (Fluent). The ranking for this
criterion is at an average.

Criterion 3.6.4: Humidity ranking score =1
Humidity analysis is not available and there are no special models for humidity analysis in buildings in
ANSYS (Fluent). Humidity modeling could be accomplished by using user define function (DUF).

Criterion 3.6.5: Wind load towards to building structure ranking score =5

ANSYS (Fluent) allows for external wind simulation as well as computed building surface pressure
distribution used for wind loading analysis.

Figure 3.2.8A:  Pressures on the surfaces of Bishops-gate Tower (London) and some surrounding buildings

ANSYS (2009)
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Criterion 3.6.6: Pressure distribution along streamlines/pressure losses ranking score =5

ANSYS (Fluent) allows for setting pressure loss coefficients of different obstruction or constrained
geometries such as porous objects, radiators. In addition, Fluent has ready functionalities to visualize
the pressure losses along the streamline.

Criterion 3.6.7: Conjugate heat transfer ranking score =5

ANSYS (Fluent) provides conjugate heat transfer which allows for simultaneously simulating solid
material conduction and fluid convection which can be seen in buoyance-driven ventilation.

Figure 3.2.8B:  Floor temperature and thermal stratification in a conference room with displacement ventilation
by ANSYS (2009)

3.2.9 Criteria Group: Workflow — Support for validation

Criterion 3.7.1: Validation document / example ranking score =4

ANSYS (Fluent) has been validated against reduced-scale model wind tunnel measurement as well as
full-scale onsite measurement. However, the availability of these validation documents from office
ANSYS website could be verified at this time.

3.2.10 Criteria Group: Workflow — Cost of software

Criterion 4.1: Commercial pricing model ranking score =3
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Criterion 4.2:  Academic pricing ranking score =4

ANSYS offers very low academic pricing which cost only $25/year (at 2013) to U.S. engineering students
who are associated with academic institutions which have purchased the ANSYS Academic Teaching or
Research license.

On-the-Go for Students

ANSYS multidisciplinary engineering simulation is now at your fingertips in the

convenience of your dorm room — or wherever, really. The days of scheduling $ *

time at the CAD lab or having to work within restricted hours are over. ANSYS 2 5 j
Academic Student gives you access to CFD, FEA, and more - all under the
state-of-the-art ANSYS Workbench user environment, and right on your personal al
computer or laptop. il

ANSYS Academic Student bundles ANSYS Mechanical, Multiphysics, Fluent,
CFX and Autodyn solutions, plus core ANSYS Workbench components such as
DesignModeler, ANSYS Meshing and ANSYS DesignXplorer — the same solvers
and user environment in ANSYS' industry products.

Students:
Visit ANSYS.COM/Student to take advantage of this special offer.

Figure 3.2.10: Academic license support at ANSYS website

Criterion 4.3:  Software includes all modules (no extra costs) ranking score =5

To the knowledge of the ERDL-HNEI CFD team, ANSYS Academic Student bundles include all modules
from ANSYS Mechanical, Mutiphysics, Fluent, CFX , Autodyn solutions and ANSYS Workbench (Design
Modeler, ANSYS Meshing and ANSYS DesignXplorer).

Criterion 4.4:  Option to acquire additional seats at no extra or small costs ranking score =5

Based on the requirement of this criterion, ANSYS meet the highest ranking for its supports on academic
student licenses for extra seats.
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3.3 Ranking of Star-CCM+ V8.02

This section provides a description of the capabilities of Star-CCM+ software.

3.3.1 Criteria group: Value for the CFD Software Product for Architecture

Criterion 1.1:  Benefit for external CFD applications to architecture ranking score =5

STAR-CCM+ is a well validated CFD software to the study of airflow through a room, conference hall, or
entire building, using real world ventilation grates and examining the exchange of the entire body of air
within a certain time frame. STAR-CCM+ can model solar radiation within a building, including
simulation of window glazing to reflect solar radiation. Up to 50% of the heat transfer in an environment
can be attributed to solar radiation, making it a crucial design study. In addition, a well-designed
ventilation system will greatly improve occupant comfort, a good bonus for any building. Of particular
interest to the present CFD research project and also for the design of sustainable buildings in Hawaii,
the is the examination of airflow patterns around a building, specifically examining the stress on a
building caused by wind, and calculating the wind speed for pedestrians walking near the building. As
more and more high buildings are built, and they are packed in more densely design neighborhoods,
these structures begin to dramatically affect wind patterns around the buildings. This can create
dangerous situations, such as high wind speeds on a building, causing significant stress on a building’s
primary load beams and high wind speeds for pedestrians walking in between them. STAR-CCM+ is well

validated to perform all types of wind speed simulations.
(http://www.cd-adapco.com/industries/building-services)

£ ey

enﬁ £oma 16727

L1

Figure 3.3.1A:  STAR-CCM+ for Building Services Analysis, 2011 and CD-Adapco, Building Service

Criterion 1.2:  Previous applications in architecture urban design: ranking score =3

CD-adapco is the world's largest independent CFD-focused provider of engineering simulation software.
For more than 30 years the company has provided support and services for industrial strength
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engineering simulation. The scope of activities extends well beyond software development to
encompass a wide range of CAE engineering services in both CFD and FEA. There are over 7000 users of
the software, working at 3000 different companies and institutions.

Criterion 1.3:  Software product in scientific or applied professional articles:  ranking score = 2

There are a few academic articles from Star CCM+ on CFD in building design and performance. The
company is currently expanding its reach into the building industry. The company has extended
considerable interest to the ERDL-HNEI CFD team to support the CFD work in building related work.

Criterion 1.4:  Using graphics output for architectural presentations ranking score =1

Figure 3.3.1B: CFD Simulation for the Building Environment, 2013

Star CCM+ lacks high quality graphics tools to showcase the result of CFD simulation, such as wind
behavior on both pressure distribution on building facade and wind velocity. The visualization tools that
StarCCM+ provides do not include architectural rendering images, such as ray-tracing renderings. The
standard visualization that is provided by StarCCM+ shows basic shaded 3D geometry, without any
advance lighting function. On the other hand, the software can provide graphics output that can be
integrated into external advanced graphics tools.

3.3.2 Criteria Group Support by Vendor / Expert Network:

Criterion 2.1:  Technical support available: ranking score =5

The technical support offers a full range of support services. The technical issue and problem to be
answered by the support team is submitted through “The Steve Protocol”. In addition the ERDL-HNEI
has been using direct communication (e.g. calling the support desk) with support staff. The quality of
the overall service is in high. The account executive for the ERDL-HNEI CFD team, Dr. Lisa Mesaros has
always interacted and responded quickly. The company has been fully supporting the team in both
academic and technical issues.
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Figure 3.3.2A:  Technical support option through the CD Adapco website

Criterion 2.2:  Online tutorials available on demand: ranking score =5

CD Adapco offers full documentation online, which includes tutorials, manual guide, and best practice
measures. Star CCM+ has shown a large number of YouTube videos available for certain applications.
The quality of the online tutorial offerings is high.

©‘
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Figure 3.3.2B: Online user guide document of CD Adapco website
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Criterion 2.3:  Online classes available (low entry barriers): ranking score =5

On line classes are fully available and accessible from service representative. The company does offer
free webinar and some discount for academic clients, and also there is no barrier to access any
resources. Of particular benefit to the ERDL-HNEI CFD team, the company offers free attendance to all
online training courses. This is unparalleled to any other CFD software products that the team has
reviewed.

Training
FEATURED TRAINING NEAR YOU | Y UPCOMING COURSES | MY PAST COURSES
COURSE NAME LOCATION DATE/TIME
STAR-Tutor Interactive/ 1-hr Introduction Cther Sep 09, 2013

to STAR-CCM+ - 9501

Basic /STAR-CCM+ 3 Day Training - 9101 Detroit Sep 09, 2013
Computational Engineering/ Cther Sep 10, 2013

Aeroacoustics - 9312

Computational Engineering/ Effective Seattle Sep 12, 2013
Heat Transfer Modeling - 9305

Computational Engineering/ Process Other Sep 12, 2013

Automation through JAVA Scripting -
9306

Figure 3.3.2C: Example of training schedule from CD Adapco website

Criterion 2.4: Network of CFD professionals in architecture field: ranking score =5

The ERDL-HNEI CFD team could identify a high-level supporting network of academics or professionals in
architecture which uses Star CCM+ for external CFD applications. The STAR-CCM+ website offers an
online forum where users address issues which are then answered by the technical support or are
discussed by other users especially building service.

Criterion 2.5:  Ease of working with academic support: ranking score =5

Star CCM+ is strongly supporting academic institutions, including faculty as well as students, to acquire
the means of using the software for teaching and basic research. The company endeavors is actively
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lower entry barrier of using the software at the academic institutions. Star CCM+ provides faculties and
students with free or a much discounted access to the software for their academic endeavors.

Q&mm Home  Products  Industries  Events  Support ~ Company _m

BUILDING SERVICES

Virtual prototyping leads to more energy Multimedia
efficient and safer buildings

STAR-CCM+ is a well-validated multi-physics simulation tool for modernizing existing structures )
or designing new buildings including ensuring proper ventilation, assessing structural loads or
evacuation of dangerous pollution.

STAR-CCM+ v8.04 Features
Webcast

Dirty or Not, Taking CAD
Directly to CFD Simulation...
The Easy Way!

Energy efficiency is the new buzzword
for building construction. Gone are the
days when a building's energy usage
was barely considered ; new buildings
are required to adhere to strict usage
guidlines in support of a greener
environment. One of the easiest ways
to do this is by studying and improving
the ventilation system of a building.

STAR-CCM+ has well validated
applications to the study of aiflow

Combination of CFD Results
@ with Empirical Techniques 1o
Predict Long-Term Boiler
Operational Characieristics

Get the most from CFD
Simulation

Figure 3.3.2D:  Building service page from CD Adapco website

Criterion 2.6:  User guide provides efficient and comprehensive information: ranking score =5

Star CCM+ user guide offers a wealth of application tutorial information and best practice guide in both
how to use software and interpret the results of the software calculations. Any issues in the user guide
are directly hyper-linked to specific task and GUI.

3.3.3 Criteria Group Workflow-Ease of Use / GUI:

Criterion 3.1.1: GUI is easy to use for trained operator: ranking score =4

Star CC+ object tree or root tree provides a simply GUI of interface in Java script code. Star CCM+ avoids
any complicated GUI element on the main tool bar or browser. However there are lots of background
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data input and manipulation in the advance CFD application like Star CCM+, which doesn’t demonstrate
clearly on workflow. There is some level of difficulty for the less-than-expert user to find where to start
and where to input numerical values for the hundreds of parameters, beyond the default set up.
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Figure 3.3.2E: Navigating Help from Star CCM+ user guide version 8.02
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Figure 3.3.3A:  Star CCM+ GUI from user guide version 8.02
Criterion 3.1.2: User guide and online help is available for each command: ranking score =5

STAR-CCM+ launches an HTML browser at the title page of the online Help. User can also jump directly
to other parts of the online Help using the same menu (Figure 4.3H). Users navigate directly to help
topics that relate to specific objects in the simulation tree by pressing <F1> while the object is selected.
For example, you could press <F1> on the Realizable K-Epsilon Two-Layer model node within the Models
manager of a physics continuum and get the appropriate information.
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Figure 3.3.3B:  Star CCM+ browsing online help from user guide version 8.02
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Figure 3.3.3C:  Accessing context sensitive help from user guide version 8.02

3.3.4 Criteria Group Modeling / Import Geometry:

Criterion 3.2.1: Create geometry inside CFD application: ranking score =4

The fully integrated CAD tool of StarCCM+ allows the user to build geometry from scratch within the
STAR-CCM+ environment. 3D-CAD is tailored to suit the needs of a CFD analysis and allows the user to
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change the geometry quickly and easily, before rerunning the simulation. 3D-CAD is a feature-based
parametric modeler within STAR-CCM+ that allows the user to create geometries from scratch. The
geometries that the user creates with 3D-CAD are stored as 3D-CAD models, which can be converted to
geometry parts for integration with the meshing and simulation process. However, there is some level of
difficulty for the internal 3D-CAD which does not renders the geometry as the most comfortable to
model building. Star CCM+ 3D-CAD modeling tool is using CAD modeling interface tool similar to
Inventory and Solid work which the modeling interface are designed for object or machine. 3D-CAD
navigator is not the most sophisticate tool. The CFD team found it a bit difficult to control view and
rotate view., to name some examples of difficult CAD operations within Star-CCM+.

[/ 3D-CAD Viewl x || 3D-CAD View1 l=| A *][=][O]

Figure 3.3.3D:  3D-CAD modeling tool from user guide version 8.02
Criterion 3.2.2: Import geometry / repair surface before meshing: ranking score =5

Star CCM+ 3D-CAD allows user to import geometry from many different formats and modify it ahead of
running a simulation. This ability facilitates the simulation process by allowing the user to define
complicated geometries, extract an internal or external volume, and set up boundary names on the CAD
model. At the heart of STAR-CCM+ is an automated process that links a powerful surface wrapper to CD-
adapco’s unique meshing technology. The surface wrapper significantly reduces the number of hours
spent on surface cleanup and, for problems that involve large assemblies of complex geometry parts,
reduces the entire meshing process to hours instead of days.
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ace from user guide version 8.02

x_t/ .x_b - Parasolid Transmit files
iges/.igs - IGES files

step/ .stp - STEP files

wvda - VDA files

prt/.asm - Pro/ENGINEER files
model/.exp/ .session - CATIA V4 files
catpart/.catproduct - CATIA V5 files
sldprt/ .sldasm - SolidWorks tiles

prt - Unigraphics NX files

3D-CAD supports the following CAD file formats:

Servers Starl :

I simulation scene!plul. 3D-CAD |
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Figure 3.3.3F:

Importing 3D-CAD file types from user guide version 8.02
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Criterion 3.2.3: Support Revit Architecture: ranking score =1

Star CCM+ doesn’t provide direct Revit architecture import. It possibly needs to export Revit model to
CAD Inventor file exchange format and then import the Inventor file into Star CCM+. However the
quality of geometry surfaces still unclear.

Criterion 3.2.4: Support CADD format and Inventor: ranking score =5

The type of native CAD file that can be readily imported into Star-CCM+ is dependent on the hardware
that the user is using for running the STAR-CCM+ client. All the below listed CAD file formats support
single or multiple region definitions in a single file. When importing multiple files as regions, the choice
of generating either a single region per file or multiple regions is provided. None of the native CAD
formats support feature curves (line cells) but these can be automatically created based on an angle or
all feature edges during the import process if desired.

File Format File Extensions gztp':s;g?tsed Add-on Required | Type of Import
CATIA Graphics |.cgr R4 to R22 CAD Exchange B-rep
Representation
CATIA V4 model, .exp, Upto4.25 CAD Exchange B-rep
.3ession
CATIA VS CATPart, R4 to R21 CAD Exchange |B-rep
.CATProduct
3D XML SDXML Up to 2012 CAD Exchange Triangulated
Data
SolidWorks sldprt, .sldasm | Up to 2012 CAD Exchange B-rep
JT Open jt Up to 9.5 JTOpen Reader & | Triangulated
CAD Exchange |Data & B-rep
NX prt Up to NX 8.0 CAD Exchange B-rep
Parasolid 2 t, ot txt, Up to v25 None B-rep

x_b, xmt_bin

Pro/E .asm, .prt Up to Wildfire5 | CAD Exchange |B-rep

Inventor ipt, dam Up to 2013 CAD Exchange Triaulgulated
Data

IGES igs, iges 51,52,53 None B-rep

STEP stp, .step AP 203 E1/E2, None B-rep

AP 214

Stereo stl None Triangulated

Lithography Data

VDA-FS vda 1.0& 2.0 CAD Exchange B-rep

Figure 3.3.3G:  Supported file formats and corresponding version numbers from user guide version 8.02
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STAR-Inventor provides the user with straightforward access to CD-adapco’s STAR-CCM+ solver from
within the Inventor environment. Standard physics models, including turbulence, ideal gas, heat transfer
and gravity are supported for single body cases. Multiple body simulations involving conjugate heat
transfer, rotating reference frames and porous media are also supported. Advanced physics models can

be added to the simulation by

either launching STAR-CCM+ and selecting them directly, or by

implementing additional Java macro commands.

FF E = ExhaustM... Tvpe 3 keyword or phrase A O (7]
Y Model Inspect Tools Manage View Envionments Get Started AR-Inventor o -
3@ Units System 2{: @ i .-_-E( v ()
% Solut I o f : o Mo = am-
L\; S Comtels Preferences | Volume Mesh S o Build and Run @ Export ®
&2 Clear Al : Depth=Default ~| (7 )
Seftings Preferences | Solution Model | Export | Other

STAR-Inventor v
El 443 STAR-Inventor
& Continuum
[=-# Region
=3 Boundaries
"8 Default
=% Mesh Pipeline
[ Mesh Contrals

- 0 X

STAR-Inventor Ribbon

STAR-Inventor Object Tree

Pan the curment view [click to cancel)

Figure 3.3.3H:  STAR-Inventor interface from user guide version 8.02

Criterion 3.2.5: Support Rhino: ranking score = 4

Star CCM+ does not allow direct import of Rhinoceros models. There is possibility that export
Rhinoceros to “.igs or .stl” file format then import into Star CCM+. However the quality of geometry

surfaces still unclear.
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3.3.5 Criteria Group Workflow- Meshing ison

Criterion 3.3.1: Surface meshers: ranking score =5

Star CCM+ provides several surface mesher types (i.e. Surface Wrapper, Surface Remesher, and
Automatic Surface Repair) To decide which surface meshing approach to use in preparation for volume
meshing, weigh up the level of fidelity that is required against the acceptable level of manual effort. For
example, in cases where it is important that there is little or no loss of surface detail, the surface
remesher would be used to maintain the original features. In cases where a significant level of de-
featuring is required, and there are many gaps and mismatches between surfaces and parts, the surface
wrapper would be used.

The automatic surface repair tool provides an automatic procedure for correcting a range of geometric
type problems that can exist in the remeshed surface once the surface remeshing process is complete.
Up to three different metrics are used to determine if automatic fixes are required:

- Pierced Faces (surface intersections including opposing intersections)

- Surface Proximity

- Surface Quality

Import CAD

surface wrapper surface mesher
Figure 3.3.31: Comparison of surface wrapper and surface meshers from user guide version 8.02
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Criterion 3.3.2: Maximum cells and 2D- 3D cell volume: ranking score =5

STAR-CCM+ is based on object-oriented programming technology. The CFD code is designed to handle
large models quickly and efficiently using a unique client—server architecture that seamlessly meshes
and simultaneously solves and post-processes over multiple computing resources without requiring
additional effort from the user. STAR-CCM+ recently became the first commercial CFD package to mesh
and solve a problem with over one billion cells.
http://www.isc-events.com/cloud13/cfd-in-the-cloud-recent-activity-with-star-ccm.html

In STAR-CCMH+, cells can have any number of faces as long as there are enough faces to create a closed
cell volume. The faces of a cell cannot intersect each other, except where they touch along the common
edges. In three dimensions, cells of arbitrary polyhedral shape are permitted. In two dimensions, cells of
arbitrary polygons are permitted.

Criterion 3.3.3: Boundary layer types: ranking score =5

Boundaries are surfaces (or lines in a two-dimensional case) that completely surround and define a
region. The figure below shows a simple region where the lines surrounding the region represent the
boundaries. In this example, the region could be surrounded by a single boundary or multiple
boundaries. The choice depends on what conditions and values need be assigned. Star CCM+
demonstrates well on boundary types which is the significant important to assigned the surface
function.

Region 't Boundaties Region 2 Boundaries
Boundary
Region 2
, ' -
Region i
Region 3
Region 3 Boundaries

Figure 3.3.3J: Concept of boundaries from user guide version 8.02
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Criterion 3.3.4: Structured and Unstructured meshing:

Part 3 — Overall Ranking of CFD Software Based on Product Documentation Review

The axis of an axisymmetric region.

The two icons are for a tluid and
solid region respectively.

A flow split outlet boundary.
A free-stream boundarv.

A mass flow inlet.

A pressure outlet.

A stagnation inlet.

A symmetry plane.

A velocity inlet.

A wall.

A solid stress displacement bound-
ary

A solid stress traction boundary
A solid stress tixed boundary

A solid stress free boundary

A solid stress pressure boundary

A solid stress normal displacement
boundary

A solid stress force boundary

Boundary types and sample of assigned boundaries from user guide version 8.02

ranking score =5

A mesh is the discretized representation of the computational domain, which the physics solver uses to
provide a numerical solution. STAR-CCM+ provides meshers and tools that can be uses to generate a
quality mesh for various geometries and applications. STAR-CCM+ provides several meshing strategies
that are suitable for different applications. STAR-CCM+ provides a high ranking in both structured and
unstructured meshing strategies for user purpose.

Unstructured mesher
- Trimmed Mesher:
Generates a volume mesh by cutting a hexahedral template mesh with the geometry surface.
- Polyhedral Mesher:
Generates a volume mesh that is composed of polyhedral-shaped cells.
- Tetrahedral Mesher:
Generates a volume mesh that is composed of tetrahedral-shaped cells.
- Prism Layer Mesher:
Adds prismatic cell layers next to wall boundaries. The mesher projects the core mesh back to

the wall boundaries to create prismatic cells.
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- Advancing Layer Mesher:
Creates a volume mesh composed of prismatic cell layers next to wall boundaries and a
polyhedral mesh elsewhere. The mesher creates a surface mesh on the wall and projects it to
create the prismatic cell layers.

- Extruder Mesher:
Generates an extruded mesh region from a boundary that one of the core volume meshers has
meshed.

- Thin Mesher:
Generates a prismatic layered volume mesh for thin geometries.

- Generalized Cylinder Mesher:
Generates a volume mesh appropriate for elongated cylindrical regions.

Structured mesher
- Directed Meshing:
Generates a mesh by creating a two-dimensional patch mesh on a surface and sweeping it
through the volume along a specified guide surface.

Tetrshedral Mesher

Genaralized cylindes mesher  Directed m

Figure 3.3.3L: Example of meshing strategies from user guide version 8.02

Criterion 3.3.5: Adaptive meshing capability: ranking score =5

STAR-CCM+ does not provide a special function of “Adaptive meshing” but the functionality of Star-
CCM+ Advancing Layer Mesher can provide the same functionality. The advancing layer mesher
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generates layers of prismatic cells around the surfaces of regions and fills the remaining void with
polyhedral cells. This mesher first generates a polygonal surface mesh and then advances this mesh into
the region volume to form cell layers. Some advantages of this approach are a conformal match on
either side of an interface, and the ability to generate thicker and more uniform cell layers.

© Mesh Scene 1 x [4]»][>][T]

Figure 3.3.3M:  Example of an advanced layer mesh shows the prismatic layers are colored blue and the core
mesh is colored pink from user guide version 8.02.
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Figure 3.3.3N:  Example of an advancing layer mesh shows the prismatic layers generating process from user
guide version 8.02.
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In the first step, the advancing layer mesher generates a surface mesh from the triangulated surface in
Figure 4.3.3N-Left (provided by the Surface Remesher or Surface Wrapper). The advancing layer mesher
takes this surface and generates the surface mesh using triangles, quadrilaterals, or polygons as
specified in the surface element type property. An example of a polygon surface mesh is shown in figure
4.3.3N-Right. There is no instruction and description regarding a capability to maintain or handle
complexity of model and geometry without excessive increase in computational effort.

However, STAR-CCM+ has described on the Parallel Meshing which is a Multiple processors can be used
to speed up the volume mesh generation. As a prerequisite, the simulation in which the user wishes to
use parallel meshing must be started in parallel mode. For an average mesh (10 million cells or less), the
user can gain most advantage by using 4 - 8 processors. Using a high number of processors for a
relatively small mesh reduces scalability and results in slower performance. As a general guideline, 1 - 2
million cells per core gives good performance for parallel meshing. Generally, the user might opt for a
higher number of cores for running the simulation—a distribution of 250,000 cells per core is
appropriate. This difference means that the user can restart the parallel server with a higher number of
cores before running the simulation. “Reduce geometry preparation and meshing time from months to
hours” http://www.cd-adapco.com/products/advanced-meshing

3.3.6 Criteria Group Workflow - Physics Models:

Criterion 3.4.1: Solvers — Coupled / decoupled: ranking score =5

STAR-CCM+ has uses different terms to describe coupled and decoupled domains. The StarCCM+ refers
to them as coupled flow model, coupled energy model, and coupled Species model in the solvers.

The Coupled Flow model solves the conservation equations for mass and momentum simultaneously
using a time- (or pseudo-time-) marching approach. The preconditioned form of the governing
equations that the Coupled Flow model uses makes it suitable for solving incompressible and isothermal
flows. One advantage of this formulation is its robustness for solving flows with dominant source terms,
such as rotation. Another advantage of the coupled solver is that CPU time scales linearly with cell
count; in other words, the convergence rate does not deteriorate as the mesh is refined.

The Coupled Energy model is an extension of the Coupled Flow model. Together they solve the
conservation equations for mass, momentum, and energy simultaneously using a time- (or pseudo-time-
) marching approach. This formulation is robust for solving compressible flows and flows with dominant
source terms, such as buoyancy. Due to the preconditioned form of the governing equations that the
Coupled Flow and Coupled Energy models use, convergence rate is effectively independent of Mach
number, ranging from incompressible through to supersonic regimes.
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The Coupled Species model is an extension of the Coupled Flow model. Together with the Coupled
Energy model, it solves the conservation equations for mass, momentum, and energy of a multi-
component fluid mixture simultaneously using a time- (or pseudo-time-) marching approach. For a
mixture of N components, the Coupled Species model introduces N-1 transport equations into the
system. Together with global mass continuity, these equations provide a means for updating the field of
N mass fractions defining the mixture composition. Inter-equation coupling is fully maintained between
all equations in the system, including species transport with respect to momentum and energy, and vice
versa. For isothermal simulations of multi-component fluid mixtures, it is possible to omit the Coupled
Energy model, in which case the Coupled Species model, together with the Coupled Flow model, solves
the conservation equations for mass and momentum simultaneously.

Criterion 3.4.2: Solver-Finite Element Method (FEV) / Finite Volume Method (FVM): ranking score = 5

STAR-CCM+ uses the finite volume method, where the solution domain is subdivided into a finite
number of small control volumes, corresponding to the cells of a computational grid. Discrete versions
of the integral form of the continuum transport equations are applied to each control volume. The
objective is to obtain a set of linear algebraic equations, with the total number of unknowns in each
equation system corresponding to the number of cells in the grid. (If the equations are non-linear,
iterative techniques that rely on suitable linearization strategies must be employed.) The resulting linear
equations are then solved with an algebraic multigrid solver.

Criterion 3.4.3: Steady state/Transient state: ranking score =5
Modeling Capabilities CTAR-CCM* | sTAR-CCM+
Parametric geometry
modeling v v
3D-CAD Native CAD import
(requires an appropriate v v
add-on license)
2D/ Axisymmetric
v v
Cyeclic/ periodic sym-
Space metry v v
3D
v v
Steady state
. v v
Time
Transient
v v

Figure 3.3.4A:  The relative capabilities of STAR-CCM+ and STAR-CCM+ Lite are given from user guide version

8.02.
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STAR-CCM+ has solved steady-state as well as transient calculations. When the steady-state model is
activated, the concept of a physical time-step is meaningless. Therefore, for those objects that offer a
choice between Iteration or Time-Step for a trigger (such as Monitors or Scenes), the Time-Step option
should not be activated since it will result in no-update occurring.

In most situations, the physics being simulated will clearly indicate the choice between the Steady and
Unsteady (Implicit or Explicit) models. Simulations that are obviously time-dependent, and hence
require the Unsteady model include:

- Time-varying boundary conditions

- Sliding or deforming mesh problems

- Free surface (VOF) problems

- Transient heat transfer

Transient analysis in STAR-CCM+ is used to solve time-accurate problems, including initial value

problems. Two different time integration schemes are available for transient analysis:
- Implicit Unsteady
- Explicit Unsteady

Criterion 3.4.4: Turbulence models: ranking score =5

In addition to its provision for invisid and laminar flow, STAR-CCM+ has a comprehensive range of
turbulence models:

- k-epsilon (Standard, V2F, Realizable, Two-layer)

- k-omega (Standard, SST and BSL)

- Reynolds Stress (RSM — linear and quadratic)

- Spalart-Allmaras Turbulence models

- Boundary-layer transition

- Large Eddy Simulation (LES)

- Detached Eddy Simulation (DES, in the new Delayed Detached Eddy Simulation or DDES

formulation)

Criterion 3.4.5: Materials: ranking score =5

The material model is responsible for managing the material, that is, substance or substances, being
simulated in the continuum. The material, in turn, is responsible for managing the various
thermodynamic and transport properties relevant to that material and to the physical processes being
modeled in the continuum. There are three general types of material models available in STAR-CCM+:
single-component, multi-component, and multiphase mixture. These material models each manage one
specific type of material: a pure substance, a multi-component mixture, or a multiphase mixture.
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Figure 3.3.4B: STAR_CCM+ material properties from user guide version 8.02.

In STAR-Works each continuum in the model is assigned a material. This defines the material
properties used by the CFD solver when the case is run. The choice of material will affect the
options available for the model physics. For example, a material from the Gases or Liquids lists is
selected, and the user is offered the opportunity to specify whether the flow is turbulent or laminar. By
default the material type is set to Air, and this can be changed to any one of a number of predefined
solids, liquids or gases that are available in STAR-Works. If necessary, it is possible to define an entirely
different material by entering different material properties.

Criterion 3.4.6: Customizable / special physics models: ranking score =4

STAR-CCM+ offer some special physics modeling include:
Compressibility
- ldeal Gas
- Real Gas
Heat transfer
- Conjugate Heat Transfer (CHT)
- Multiband and gray thermal surface to surface radiation
- Solar radiation
- Discrete ordinates radiation (DOM) including participating media
Multiphase
- Lagrangian particle tracking
- VOF (incompressible and compressible)
Cavitation & boiling
Eulerian multiphase
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- De-icing & De-fogging
- Melting & solidification
Moving Mesh
- Dynamic Fluid Body Interaction (DFBI or 6DOF)
Rigid body motion
- Mesh morphing
Multiple reference frames (MRF)
Combustion & chemical reaction
- Reaction kinetics
- Eddy break up (EBU)
- Presumed probability density function (PPDF)
- Complex chemistry
- Ignition
- NOx modeling
Distributed Resistance (Porous media)
- Anisotropic
- Orthotropic
- User defined
- Porous baffles

Combustion Thermal comfort

Figure 3.3.4C: Example of STAR_CCM+ special physics models from user guide version 8.02.
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STAR-CCM+ does not offer a Humidity absorption / dispersion model; rather the user can opt to assess
relative and absolute humidity in the advance calculation process for thermal comfort set up.

3.3.7 Criteria Group Workflow - Post-Processing:

Criterion 3.5.1: Visualization: ranking score =5

Derived parts are used in STAR-CCM+ for the purposes of displaying, analyzing, and reporting simulation
data. This section includes general information on working with derived parts, as well as specific
information for the following derived parts:

- Implicit sections

- Scalar value-based parts

- Vector value-based parts

- Streamlines

- Vortex cores

- Separation/Attachment Parts

- Probes

- Topological parts

Pressure (Pa)
R e R

Figure 3.3.5A: Post processing / visualization on surface distribution and display streamline
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Figure 3.3.5B: Post processing / visualization on section display streamline from STAR-CCM+ user guide 8.02.

STAR-CCM+ has a comprehensive suite of post-processing tools designed to enable the user obtaining
maximum value and understanding from the CFD simulation results. The visualization tools include
scalar and vector scenes, streamlines, scene animation, numerical reporting, data plotting, import, and
export of table data, and spectral analysis of acoustical data.

Servers intake

simulation scenelplot

¢ @ Scenes
? Geometry Scene 1
o~ (@ Displayers
¢ @ Attributes
[@] Model Window
o~ [ Background Color
@ View
o~ =& Update
H
K Axes
o~ (@ Lights

o= Clip Planes =~ Velocity Streamiines rmmuftd"

Colored mith Vel

o~ @ Annotations
¢~ (@ Representations

Figure 3.3.5C: Post processing / visualization on animation from youtube search engine
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Criterion 3.5.2: Quantitative analysis capabilities of components: ranking score =5

STAR-CCM+ provides derived parts that take samples of data in a region based on coordinates or
intervals that the user specifies. These parts are Point, Line-probe, Presentation grid, and Arbitrary
probe. Users are able to create Plots which provide line graphs of information supplied from monitors,
extracted simulation data, tables, or derived data sets. These can be customized with different line and
point properties, axis scales, titles, and so on. The plotting features in STAR-CCM+ allow the user to

create two kinds of two-dimensional plots:
- Monitor plots that display data from the simulation as it steps through the solution in two
varieties:
a. Monitor plots based on monitored quantities
b. Residual plots (described elsewhere)
- XY plots that use solution data from the simulation and/or table data
- Histogram plots that display data, typically for particles or parcels

Criterion 3.5.3: Comparative analysis (multi-scenarios): ranking score =3

STAR-CCM+ reports on consultants finding that STAR-CCM+ is unusually flexible. The user can easily
make quick changes to the geometry, which enables the user to run multiple scenarios in a short period
of time. If, as in the present CFD project, the user is studying labs and he has to make a change—say
selecting a different diffuser—the process is very quick. StarCCM+ does not offer an actual interface to
show multi-scenarios approach to visualize and compare different models result at the same time.

g SOy . Pamt “Uneprche

Arbitrary probe

XY Plot 1

o crme T

. 2 ® .
P = (_,/ E e
T 11 - - .
e \ a 0.1 0.2 03 0.4 05 0.6 0.7
o h Position [1.9, 0.0, 0.0
e 2
resentation grid = Presentation grid Oline-probe 1
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Figure 3.3.5D: Example of quantitative analysis capabilities from STAR-CCM+ user guide 8.02
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3.3.8 Criteria Group Workflow - Customization / Special functions:

Criterion 3.6.1: Pedestrian comfort: ranking score =5

STAR-CCM+ provides functionality regarding to the assessment of pedestrian comfort. The process
basically emphasizes on wind velocity at ground level and defining a terrain factor.

Criterion 3.6.2: Natural ventilation: ranking score =5

STAR-CCM+ is able to provide Building Services to examine the airflow patterns around a building,
specifically examining the stress on a building caused by wind, and calculating the wind speed for
pedestrians walking near the building. As more and more skyscrapers get built, and they are packed in
more densely neighborhoods, these buildings begin to dramatically affect wind patterns through the
neighborhood. The results of high winds in the urban environment can create dangerous situations, such
as high wind speeds on a building, causing significant stress on a building’s primary load beams and high
windspeeds for pedestrians walking in between them. STAR-CCM+ is well validated to perform all types
of wind speed simulations.

Type of terrain ?:‘;?‘:'::?:1]
Cities, forests 0.7

Suburbs, wooded countryside 03

Villages, countryside with trees, hedges 0.2

Open farmland, few trees 0.03

Flat desert, rough sea 0.001

Comfort (maximum of mean or gust equivalent mean (GEM') wind speed exceaded 5% of the time)

4-6m/s | 9- 13 mph |Pedestrian Standing (or sitting for a short time or exposure)

6-8m/s |13 - 18 mph|Pedestrian Walking

8- 10 m/s | 18- 22 mph |Business Walking (objective walking from A to B or for cycling)

Distress (for safety assessment)

Figure 3.3.6A: Example of Pedestrian comfort from STAR-CCM+ from Building Services Analysis, 2011
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Criterion 3.6.3: Wind-driven rain (WDR):

Figure 3.3.6B: Example of Natural ventilation of STAR-CCM+ CFD simulation (Kruger, 2006)
ranking score =5

STAR-CCM+ involves a special function to model a substance such as air, water or aluminum, or several

substances such as a combusting mixture of gases, or a sloshing mixture of air and water. Water is a
liquid for, and the liquid material represents a single pure liquid substance. The Liquid model manages
the material as outlined in the section describing single-component material models. The screenshot

below shows the liquid model node and its “child” node H,0 which represents the pure liquid material

(water) being modeled.

Servers intake  [an] (%]

¢ @ Continua i

¢ @& Physics1 B

¢ @ Models
T Three Dimensional 3
¢ ¥ Liquid
o 0 B
¥ Coupled Flow
¥ Constant Density

@ Steady

¥ Turbulent

Liquid model mode of STAR-CCM+ user guide version 8.02

Figure 3.3.6C:
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Figure 3.3.6D:  Modeling rain water / mist (CD-Adapco by Frederick J. Ross)

Criterion 3.6.4: Humidity: ranking score =3

STAR-CCM+ doesn’t offer the Humidity absorption / dispersion rather than take both in relative and
absolute humidity in the advance calculation process for thermal comfort set up.
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¢ @ Models -
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o l:j Air Temper zturs Lmiter (deg &3 |2
'-53 K-Epsilon Turbulence Humigdety Model. I & Relative humidity well be computed vong vapor fraction dats from St
¥ Realizable K-Epsilon Two-Layer Relathve humidity will be held constam 1 &) 20 0
Reynolds-Averaged Navier-Stoke 1M output frequency (numder ef TIM time steps per oUWl for generating out®.cstfiles 10
T g
ﬁ Segregated Flow Kumber of STAR iteratons before initial call 1o T (steady-state). |50
3 Segregated Fluid Temperature Mumber of STAR itersmons aftsr subsequentcais to TIM: 2 |
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Figure 3.3.6E: Advance settings of STAR-CCM+ user guide version 8.02
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Criterion 3.6.5: Wind load towards to building structure: ranking score =3

STAR-CCM+ can determine and visualize wind velocity and wind pressure distribution on the building
envelope. The software also has a tool to determine scalar measurement at node point, line, and grid on
building facade. For example, Figure4.3.6F shows the velocity of air inside the gap, depending on the
exterior wind around the building by considering a velocity of air exterior and perpendicular to fagade.
Figure 4.3.6G shows wind velocity and pressure distribution on building facade.
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Figure 3.3.6G: Velocity and pressure distribution of STAR-CCM+ for Building Services Analysis, 2011

Criterion 3.6.6: Pressure distribution along streamlines/pressure losses: ranking score = 2

STAR-CCM+ doesn’t provide the visualization of pressure losses distribution and streamlines. However
there is the analysis manager on pressure loss.
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Figure 3.3.6H: Analysis manager on pressure loss of STAR-CCM+ user guide version 8.02

Criterion 3.6.7: Conjugate heat transfer: ranking score =5

STAR-CCM+ can obtain solutions in both the solid and the fluid, or STAR-CCM+ can obtain the flow and
thermal solution in the fluid only and pass thermal information to another application that solves for the
thermal solution in the solid. An example of this arrangement is where STAR-CCM+ exchanges thermal
data with Abaqus in a coupled simulation.

3.3.9 Criteria group: Workflow - Support for Validation:

Criterion 3.7.1: Validation document / example: ranking score =1

It is difficult to find references and sources of the validation from CFD application, wind tunnel, and on
site measurement on the StarCCM+ web-site. STAR-CCM+ may be not well known in the building and
wind engineering yet.

3.3.10 Criteria group: Cost of Software:

Criterion 3.8.1: Commercial pricing mode ranking score =3
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Criterion 3.8.2: Academic pricing: ranking score =5
STAR-CCM+ has charged $1,450 for one academic / commercial (for University of Hawaii at Manoa) seat
per year, which included the full webinars and some other online trainings.

Criterion 3.8.3: Software includes all modules (no extra cost): ranking score =5
STAR-CCM+ is a comprehensive and complex single CFD module which does not require any additional
modules for advanced CFD analysis, including turbulence models.

Criterion 3.8.4: Option to acquire sufficient seats at no extra cost: ranking score =5

STAR-CCM+ has fully supported academic research and is opening a new market in building science;
therefore in additional seats will be at low or no cost.
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3.4 Ranking of Autodesk Simulation CFD 2013-2014

This section provides a description of the capabilities of Autodesk Simulation CFD software, and
specifically the external CFD module that is part of the overall software package.

http://www.youtube.com/watch?v=9-9DsWDQXSc
3.4.1 Criteria group: Value for the CFD Software Product for Architecture

Criterion 1.1:  Benefit for external CFD applications to architecture: ranking score =5

Autodesk Simulation CFD provides a benefit direct to architectural engineering (AEC). AEC analyses can
be classified into three major categories:

e Mechanical Ventilation

e External Flow or Wind Loading

e Natural Ventilation

The typical objectives of most AEC analyses include:

e Understand temperature distribution through an occupied zone to ensure interior comfort and
improving efficiency

e Quantify and account for occupant-dissipated heat

e Reduce air changes per hour and operational costs by optimizing air distribution system
efficiency

e Examine diffuser throws and flow patterns to evaluate effectiveness in custom HVAC
installations

Wind loading

)

N
Z
ax

Figure 3.4.1A: Example of AEC analysis from Autodesk Simulation CFD user help
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Criterion 1.2:  Previous applications in architecture urban design: ranking score =1

Autodesk Simulation CFD is a new application under Autodesk operating. There has been only limited
documented professional contribution and collaboration.

Criterion 1.3:  Software product in scientific or applied professional articles:  ranking score =1

Autodesk Simulation CFD is a new application under Autodesk operating. There has been only limited
documented professional comment. Therefore, technical articles and reviews about using Autodesk
Simulation are very limited, beside internal training and tutorial offered by Autodesk, for example;
http://sustainabilityworkshop.autodesk.com/buildings/simulation-cfd-detailed-fluid-and-heat-studies
http://www.autodesk.co.uk/adsk/servlet/pc/item?sitelD=452932&id=19609897

Criterion 1.4:  Using graphics output for architectural presentations ranking score =5

Autodesk provides very powerful opportunity to integrate CFD applications with near-photorealistic
graphics to produce images and videos of simulation results. These functions also allow visualizing
animated depiction of results and the associative exchange of Building Information Modelling (BIM)
data. Autodesk Showcase Interoperability for Photorealistic Visualization Interoperability between
Autodesk Simulation CFD software and Autodesk® Showcase® 3D presentation and visualization
software enhances design assessment through the examination of near-photorealistic renderings of
digital prototypes and the related computational fluid dynamics simulation results. The ability to include
simulation results, such as flow traces and cut planes, within photorealistic images and videos enables
users to share simulation results in a new and powerful way. The Autodesk web-site offers several
examples to show application of these visualization tools to architectural presentations.

3.4.2 Criteria Group Support by Vendor / Expert Network:

Criterion 2.1:  Technical support available: ranking score =1

There is no direct technical service line that the ERDL-HNEI CFD team was able to call and there is no
dedicated support service system that can contribute to solve problems for the user. However, there is a
community or forum board that all users can post questions and comments.

Criterion 2.2:  Online tutorials available on demand: ranking score =5

All Autodesk products provide wiki site base information, tutorial, training, and video for public and
user. Online tutorials is fully available as long as they are up on the web and available to access.
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Figure 3.4.1B: Example of Revit and Autodesk Simulation CFD interoperability for photorealistic visualization.
(http://www.autodesk.co.uk/adsk/servlet/pc/index?sitelD=452932&id=17336394)
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Figure 3.4.2A:  Autodesk communities for user
(http://www.autodesk.com/products/autodesk-simulation-family/features/simulation-cfd)
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Figure 3.4.2B:

Criterion 2.3:  Online classes available (low entry barriers):

Autodesk WikiHelp web interface; (http://wikihelp.autodesk.com/Simulation_CFD/enu/2014)

ranking score =5

Online tutorials are fully available as long as they are posted on the Autodesk wiki help site. There are

also many tutorials as youtube video.
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Autodesk” WikiHelp

Search Simulation CFD Q| v ‘ Simulation CFD v ‘ |2m4 v

Home - Simulation CFD > English > 2014 Print¥ Lists v Share of

AUTODESK" SIMULATION CFD

-
Community Learning Ll
Browse Help Add Knowledge Videos 8536 views
New User Quick Start 6633 views
1 Find and share information * What's New O A Tutorials 6176 views
« MNew User Quick Start « Links & Resources . )
2 Contribute knowled - Essential Skills Videos - Tips & Tricks Welcome to Project Falcon! 3824 views
ontribute knowledge « Tutorials * Tutorials Whats New in Simulation 2689 views
+ Leaming Guide * Videos CFD 2013
How to add your knowledge s Users Guide s Labs Manifold Resulis Tutorial 3522 views
+ Installation and Licensing Results Visualization in 2024 views
a
Guide Simulation CFD 2013
Hewest Videos Recent Updates
= - q Property Class 820/2012
: 1‘[ I Rotating Region Material 8/30/2013
: s Boundary Conditions 821/2013
Exteriar Thermal

Essential-Skills-- Visualize valve flow Visualize the valve

Thermal Cominrt (202011

Figure 3.4.2B: Autodesk Simulation additional video tutorials in youtube;
http://www.youtube.com/user/AutodeskSim360/videos
Criterion 2.4: Network of CFD professionals in architecture field: ranking score =1

Autodesk Simulation CFD supports networking of professional CFD practitioners or educators can share
knowledge and engage in discussion and forums therefore, users are able to exchange knowledge.

Simulation

and Licensing

[User Interface

Workflow Fundamentals

[Design Study Automation
[The CAD Connection
[Setup the scenario

[Run the simulation
Visualize the results Autodesk

Step-by-Step Examples
Self-Paced Fundamentals Training

|Application Best Practices
[Simulation Guidelines

[Theoretical Background
[Verification Models

Figure 3.4.2C:  Autodesk Simulation CFD group discussion (http://forums.autodesk.com/t5/Autodesk-
Simulation-CFD/bd-p/330)
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Criterion 2.5:  Ease of working with academic support ranking score =5

Autodesk Simulation CFD fully supports academic institutions, including faculty as well as students.
There is Simulation CFD community and the Autodesk University to help and facilitate user, usually there
is no charge to access the site for students and faculty.

Criterion 2.6:  User guide provides efficient and comprehensive information:  ranking score =5

Autodesk Simulation CFD provides comprehensive information for user guide and help.

3.4.3. Criteria Group Workflow-Ease of use / GUI

Criterion 3.1.1: GUl is easy to use for trained operator: ranking score =5

Autodesk Simulation CFD has an effective GUI that significantly guides users to simulation workflow.
Both Ribon (2) and Design study bar (10) are the helpful indicators that provide the sure with guidance
on what is the next step.

Figure 3.4.2D:  Autodesk Simulation CFD user help interface
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i — ‘
¥ | Type a keyword or phrase L o Materials - 3
@ = Property settings
Material Edit...
Material DB Name Default
Type Fluid
Name Air
©00 |3 Solver Manager @ Direct ~ B Environment Set...
Solve Solution Menitor @ Surface [y Select All &
Notifications Edge E‘; Select Previous Eﬁ
Solve
Specify the physics, analysis parameters, and mesh adaptation
settings.
Press F1 for more help

Figure 3.4.3A:  Autodesk Simulation CFD user interface

Criterion 3.1.2: User guide and online help is available for each command: ranking score =5

Autodesk Simulation CFD provides an easy user guide and accessible help command in every part of

o

component.

Edge Merging

Small object removal

Figure 3.4.3B:  Autodesk Simulation CFD help indicator and browser

3.4.4 Criteria Group Modeling / Import Geometry

Criterion 3.2.1: Create geometry inside CFD application: ranking score =1
Autodesk Simulation CFD does not provide an internal geometry modeling capability. The software

requires import of geometry from external CAD models or the software directly integrates with the Revit
model.
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Criterion 3.2.2: Import geometry / repair surface before meshing: ranking score =5

Autodesk Simulation CFD requires that the CAD geometry be modified before the simulation can be run.
In some cases, problematic entities such as sliver surfaces or extra edges can greatly complicate
meshing. In other cases the simulation model requires additional parts to simulate the flow. These can
be either inside a cavity or a flow volume that completely surrounds the original model.

Geometry Tools provide a way to modify the CAD model for simulation.

- Edge Merging: Connect edges that share a vertex with an inflection less than a specified tolerance.

- Small Object Removal: Remove very small surfaces and edges that are typically too small to see, but
can greatly affect meshing.

- Void Fill Creation: Fill an internal cavity with a meshable volume to simulate the flow.

- External Volume Creation: Immerse the model in a flow volume to simulate external flow.

Criterion 3.2.3: Support Revit Architecture: ranking score =5

Enhanced Autodesk Revit Interoperability of Autodesk Simulation CFD 2013, an enhanced CAD
connection with Autodesk Revit software, provides associative exchange of BIM data for computational
fluid dynamics simulations. Users can now use the rule manager to assign settings automatically to
frequently recurring CAD components and BIM data, providing faster and more accurate set-up of
computational fluid dynamics simulations and helping building professionals to design, build and
maintain higher-quality, more energy-efficient buildings.

Figure 3.4.3C:  Example of geometry repairs and modifies tool from Autodesk Simulation user guide
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Figure 3.4.3D:  Example of Autodesk Revit with Autodesk Simulation CFD 2013
(http://wikihelp.autodesk.com/Simulation CFD/enu/community/Videos/Autodesk Simulation CFD con
nection with Revit)

Criterion 3.2.4: Support CADD format and Inventor: ranking score =5

Autodesk Simulation CFD requires input from CAD system and model. After completing the model

in CAD, the first step is to transfer the geometry into Autodesk Simulation CFD. There are several ways
to do this, but the process originates in the CAD system. The following CAD systems use a CAD
Connection that is based on an Autodesk® Simulation CFD menu or icon in their user interface:

- Autodesk® Inventor

- Autodesk® Inventor Fusion

- Autodesk® Revit

- Pro/Engineer Wildfire 4 and higher

- Solid Edge

- UGNX

- One Space Designer (CoCreate Modeling)
- SpaceClaim

- Solid Works
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Other CAD systems, including the following, use a CAD Reader (Autodesk® Inventor Fusion) to transfer
geometry:

- Pro/Engineer Wildfire 3 (and earlier)

- CATIA VS

e = B

Launch Launch CAD Entity Groups
Active Model iParts/iAssemblies

Autodesk Simulation CFD 2013

Figure 3.4.3E: Launch CAD model to Autodesk Simulation CFD from Autodesk Inventor

Criterion 3.2.6: Support Rhino: ranking score =1

Autodesk Simulation CFD has very strong ties to the leading CAD tools used in industry. By using the
same geometry engines as the CAD systems, Autodesk Simulation CFD reads the native model without
the need for STEP or IGES translations. Parametric changes to the geometry are read directly

into Autodesk Simulation CFD (as Designs are updated within the Design Study), and model settings
from similar analyses are automatically applied when Designs and Scenarios are cloned.

This functionality delivers two significant benefits:

- Multiple designs and scenarios are easily studied without having to go to great lengths to fix IGES or
Step translations for each design alternative.

- Corporate PLM/PDM initiatives are supported because geometry manipulation occurs ONLY in the
CAD system, where it can be tracked and archived. When geometry is manipulated in a third party
system (such as many of the other CFD tools), changes often are lost, or have to be re-created back
in the CAD system.
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3.4.5 Criteria Group Workflow-Meshing

Criterion 3.3.1: Surface meshers: ranking score =3

Autodesk Simulation CFD does not provide a tool for complex surface meshing; therefore, it mainly
concerns automatic size and refinement.

Meshing AEC Applications

A basic guideline for a high-quality analysis model is that the mesh distribution is sufficient to resolve
the flow and temperature gradients efficiently. In regions where the flow circulates or experiences large
gradients (such as in wakes, vortices, and separation regions), a finer mesh is required.

Automatic Sizing

For most models, use Autosizing to define the mesh distribution. It may be necessary to locally refine
the mesh on geometric features that are highly detailed. In some cases, it may be necessary to adjust
the Minimum Refinement Length to reduce their effect on the overall mesh count. To locally refine

the mesh in high-gradient flow regions, adjust the mesh distribution on geometric volumes and surfaces.

Mesh Refinement

Create refinement regions in areas where large flow and thermal gradients are expected:
- Diffuser throw areas

- Heat dissipating items

- Wake regions on downstream side of flow obstructions

- Sources of smoke & chemical contaminants

Standard Autosizing
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Figure 3.4.3F: Surface Refinement is only available for 3D Acis-, Parasolid-, and Granite (Pro/Engineer)-based
models, Autodesk Simulation CFD user guide.
Criterion 3.3.2: Maximum cells and 2D- 3D cell volume: ranking score =3

Autodesk Simulation CFD does not provide a maximum number of mesh cells. Autodesk Simulation

CFD demonstrates that the geometry is broken up into small pieces called elements. The corner of each
element is a node. The calculation is performed at the nodes. These elements and nodes make up

the mesh. In three dimensional models, most elements are tetrahedral: a four sided, triangular-faced
element. In two dimensional models, most elements are triangles:

Figure 3.4.3G: 2D and 3D mesh cell model from Autodesk Simulation CFD user guide.

Criterion 3.3.3: Boundary layer types: ranking score =5

Autodesk Simulation CFD has described the surface boundary conditions that typically represent a
quantity or flux that enters or leaves the model (flow, temperature, or heat, for example). For 3D
models, surface conditions are available when the selection type is Surface. For 2D models, Edge must
be the selection type.

Boundary conditions define the inputs of the simulation model. Some conditions, like velocity and
volumetric flow rate, define how a fluid enters or leaves the model. Other conditions, like film
coefficient and heat flux, define the interchange of energy between the model and its surroundings.

Boundary conditions connect the simulation model with its surroundings. Without them, the simulation
is not defined, and in most cases cannot proceed. Most boundary conditions can be defined as either
steady-state or transient. Steady-state boundary conditions persist throughout the simulation. Transient
boundary conditions vary with time, and are often used to simulate an event or a cyclical phenomenon.

Criterion 3.3.4: Structured and Unstructured meshing: ranking score =4

Autodesk Simulation CFD provides unstructured meshing system. The software uses both automatic and
refinement meshing models for the three dimensional model. Most elements are tetrahedral: a four
sided, triangular-faced element. In two dimensional models, most elements are triangles:
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Welocity is typically used as an inlet boundary condition.

Specify either normal to the selected surface or in Cartesian components.
Velocity

A velocity can be applied to an outlet, if the direction is defined as out of the model.

To define a fully developed flow profile to 2 velacity condition, check Fully Developed.

Apply to planar inlets (and sometimes outlets).

Volume Flow Rate This is most useful if the density is constant.

To define a fully developed flow profile to 2 volume flow rate condition, check Fully Developed.

Maostly applied to inlets (planar only).
Mass Flow Rate by 2ppl ® ¥

A mass flow rate can be applied to an outlet, if the flow direction is out of the model.

The Pressure boundary condition is typically used as an outlet condition.

Pressure The recommended {and most convenient) outlet condition is a static, gage pressure with a value of 0.

No other conditions are needed at an outlet.

If the pressure drop through a device is known, specify the pressure drop at the inlet (as a static gage pressure), and a value of 0 static gage at the outlet.

The slip condition causes the fluid to flow along a wall instead of stopping at the wall, which typically occurs along a wall.

Slip/Symmetry Fluid is prevented from flowing through the wall, however.

Slip walls are useful for defining symmetry planes.

The symmetry surface does not have to be parallel to a coordinate axis.

Figure 3.4.3H:  Boundary condition types from Autodesk Simulation CFD user guide.

4 E Scenario 1
> & Material
4 %) Boundary Conditions
Velocity Normal(1000 mmy/s) )
%) Initial Conditions
> &> Mesh Size (auto)
.‘? Motion
‘& Groups

D Ll

== Solve

Figure 3.4.31: Assigning the boundary condition types from Autodesk Simulation CFD user guide.
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Automatic Mesh Slzing Mesh Enhancement

Automatlc Mesh Slzing - Surface growth rate

Figure 3.4.3J: Unstructured meshing - automatic and refinement meshing models from Autodesk Simulation
CFD user guide.

Criterion 3.3.5: Adaptive meshing capability: ranking score =5

Mesh Adaptation uses solution results to progressively improve the mesh definition. The simulation is
run several times. Each time the results in the previous cycle are used to improve the mesh in the next
cycle. The result is a mesh that is optimized for the particular simulation. The mesh is finer for high
gradient regions and coarser elsewhere.

Limitations
Mesh Adaptation does not support the following simulation types or settings:
e Transient simulations (including Motion and Rotating)
e Quick Convection (including both Forced and Natural/Free)
e 2D models
e Surface parts
e Extruded meshes
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e Models launched from Pro/Engineer with the Mechanica method.
e The following material types:
o Distributed Resistance
Internal Fan
Centrifugal Pump /Blower
Check valve
Rotating Region
Compact Thermal Model (CTM)
Themoelectric device (TEC)
LED device

O O ©0O 0O O O

3.4.6 Criteria Group Workflow Physic Models

Criterion 3.4.1: Solvers — Coupled / decoupled: ranking score = 4
Autodesk Simulation CFD provides solving solution in both coupled and decoupled.

Coupled: The partial differential equations governing fluid flow and heat transfer include the continuity
equation, the Navier-Stokes equations and the energy equation. These equations are

intimately coupled and non-linear making a general analytic solution impossible except for a limited
number of special problems, where the equations can be reduced to yield analytic solutions.

remperature fl

Adapted meshing

Figure 3.4.3K:  Adapted Meshing from Autodesk Simulation CFD user guide.
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Decoupled: In a forced convection analysis, the flow and heat transfer can be solved separately because
the flow does not depend on the temperature distribution. An often used technique is to compute the
flow solution prior to computing the thermal distribution. Unlike a buoyancy-driven solution, the flow
and heat transfer solutions are decoupled from one another.

Criterion 3.4.2: Solver-Finite Element Method (FEV) / Finite Volume Method (FVM): ranking score = 5

Autodesk Simulation CFD has described that the partial differential equations shown earlier in this
section must be discretized or transformed into a set of algebraic equations which can be solved
digitally. There are numerous methods available to do this discretization. The three most popular (based
on the number of commercial computational fluid dynamics (CFD) codes available) are:

Finite difference method, the partial derivatives are replaced with a series expansion representation,
usually a Taylor series. The series is truncated usually after 1 or 2 terms. The more terms are included,
the more accurate the solution. However, more terms in the expansion causes the complexity and
number of discrete points or nodes of the solution to increase dramatically. Applying this method to a
regularly shaped geometry is straightforward. However, for irregularly shaped geometries, the
equations must be transformed before the Taylor series can be applied. This transformation introduces
all sorts of problems in terms of additional cross-coupling of equations, mesh generation and general
convergence.

Finite volume method, the governing equations are integrated over a volume or cell assuming a piece-
wise linear variation of the dependent variables (u, v, w, p, T). The piece-wise linear variation
determines both the accuracy and the complexity. Using these integrations, you essentially balance
fluxes across the boundaries of the individual volumes. The flux is calculated at the mid-point between
the discrete nodes in the domain. Hence, you must calculate a flux between all neighboring nodes in the
domain. In a topologically regular mesh (same number of divisions in any one direction), this flux
calculation is quite straightforward. In an irregular mesh (as in an automatically generated tetrahedral
mesh), this calculation will lead to an excruciating amount of fluxes and a major bookkeeping effort to
make sure all the fluxes have been calculated properly.

Finite element method, Galerkin's method of weighted residuals is used. In this method, the governing
partial differential equations are integrated over an element or volume after having been multiplied by a
weight function. The dependent variables are represented on the element by a shape function, which is
the same form as the weight function. The shape function may take any of several forms. Autodesk®
Simulation CFD uses linear for 2D triangular elements, bi-linear for 2D quadrilateral elements, linear for
3D tetrahedral elements, tri-linear for 3D hexahedral elements and a mix for the 3D 5 and 6 sided
elements. The main advantage as well as the main disadvantage of finite elements is that it is difficult to
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put any physical significance on the terms in the algebraic equations. In the finite volume method, you

are always dealing with fluxes - not so with finite elements. However, the application of finite elements
on any geometric shape is the same. Also, the boundary conditions which must be added after the fact
for finite volume methods are an integral part of the discretized equations.

Methed Advantages Disadvantages
I. More mathematics involved

2. Natural boundary conditions (for fluxes)

3. Master element formulation

4. Any shaped geometry can be modeled with the same effort

Finite Element |. More mathematics involved - less physical significance

Finite Volume and

. - I. Fluxes have more physical significance I. Irregular geometries require far more effort
Finite Difference phy g gular gt q

Figure 4.4.3M: Summarizes the advantages and disadvantages of the various methods from Autodesk
Simulation CFD user guide.

Criterion 3.4.3: Steady state/Transient state: ranking score =5

When the Results Output Interval is set to the default value of 0, results are saved only when the
analysis stops (either completing the specified number of iterations or because the Stop button was
pressed). For complicated analyses, it is recommended to set a non-zero Results Output Interval. (Be
careful that your Results Output Interval is not so small as to exceed your hard-drive capacity.) These
saved results sets/time steps can be used for continuing the analysis from an earlier result set if there is
a problem--in effect returning to an earlier saved state of the analysis without having to run it out again
from the beginning. Results from saved result sets or time steps can also be animated. The intermediate
summary information is available in the summary file (analysis-name.sum). Summary information from
intermediate iterations is appended to the summary history file (analysis-name.smh). This information is
useful for tracking the progress of an analysis.

Steady state: indicate the interval of Steps to be saved as a constant value or enter a table.

Transient state: For transient analyses, results can now be saved at either a specified interval of
time steps or at a specified interval of seconds. The principal reason for this feature (besides greater
flexibility) is that when Intelligent Solution Control varies the time step size (as described above) for
transient analyses there is no way to ensure that results are saved at the desired times. This feature
provides the ability to save transient results at exactly the desired times.
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Figure 3.4.3N:  Time step setting (Steady state / transient state) from Autodesk Simulation CFD user guide.

Criterion 3.4.4: Turbulence models:
ranking score =5

K-epsilon: This is the default turbulence model. It is typically more accurate than the constant eddy
viscosity model, but more computationally intensive and slightly less robust. It is not as resource
intensive as the RNG model, but still gives good results. It is a general purpose model that performs well
across a large number of applications.

Eddy Viscosity: The constant eddy viscosity model is slightly less rigorous than the k-epsilon model, but
more numerically stable. This is a good choice for lower speed turbulent flows and some buoyancy
flows. This model is useful if divergence occurs with one of the other models.

RNG: The RNG turbulence model is more computational intensive, but sometimes slightly more accurate
than the k-epsilon model, particularly for separated flows. This model works best for predicting the
reattachment point for separated flows, particularly for flow over a backward-facing step. When using
the RNG model, it is often recommended to start with the k-epsilon model and after this model is fairly
well converged, enable the RNG model.

Mixing Length: The Mixing Length turbulence model is primarily designed for internal natural
convection analyses. Use of the mixing length model, in some cases, has been shown to reduce run
times and provide better accuracy than the default turbulence model for internal buoyancy-driven
flows. Note that the Mixing Length model is designed for gas flows (such as air), and will not produce
good results when the working fluid is a liquid (such as water).
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Low Re k-epsilon: This model is well suited for low speed, turbulent flows. The Reynolds number of such
flow is typically between 1,500 and 5,000. Typical applications include pipe flows and external
aerodynamic flow transitioning between laminar and turbulent, as well as flow situations that have both
high speed and low speed areas.

Criterion 3.4.5: Materials: ranking score =5

Air is the primary physical material used in most AEC applications. Each application topic

(Mechanical, Natural Ventilation, and External) describes the specific details about how Air should be
used for specific application types. Solid materials are often frequently used to simulate

building materials and other physical solids. Material devices such as Internal Fans and Distributed
Resistances provide a convenient way to simulate complex devices (fans, filters, baffles, etc.) with simple
geometry. This topic describes the details of using Solid materials, Internal Fan devices, and Distributed
Resistance devices for AEC models.

Solid materials: The Default material database includes a wide variety of solid materials. The following
are often used in AEC applications:

- Brick

- Gypsum Board

- Hardwood and Softwood

- Steel

- Glass

Custom materials: Several additional material types are also typically used in AEC applications, but due
to the large number of varieties, are not included in the Default Material library. Examples of such solids
include:

- Concrete

- Soil

- Insulation

- Composites

Resistance applications in AEC simulations: There are numerous occasions to use distributed
resistances in AEC applications. They are extremely useful for applications involving HVAC systems,
Datacenters, and Lab spaces. Some specific model elements include:

- Screens

- Filters

- Baffle assemblies

- Heating and cooling elements

- Crowds of people (seated or standing)

- Trusses

- Exterior landscaping
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Figure 3.4.3N:  Material settings from Autodesk Simulation CFD user guide.

Criterion 3.4.6: Customizable / special physics models: ranking score =5
Heat transfer:

There are several variations of heat transfer analyses that can be performed using Autodesk® Simulation
CFD. Some of these can occur co-currently within the same analysis. For example, in most electronics
analyses, heat is conducted through solid objects as well as convected by the flow. The following
transfer modes can be simulated:

- Conduction

- Forced Convection

- Mixed Convection

- Conjugate Heat Transfer

- Natural Convection

- Radiation

The Smoke visibility:

Output quantity indicates how far away a sign is visible at every location in the model. The visibility
distance near the burn source is typically very small because of heavy smoke. The visibility distance
away from the burn source is usually significantly higher, indicating a reduced smoke concentration, and
greater visibility.

Contract No.NO00-14-13-1-0463
Hawaii Natural Energy Institute

Project Deliverable No. 2.2: FINAL Report - Establishing External CFD Workflow
Environmental Research and Design Laboratory
School of Architecture, University of Hawaii

December 4, 2013 Page 109



FINAL Report — Establishing External CFD Workflow for ERDL-HNEI

Part 3 — Overall Ranking of CFD Software Based on Product Documentation Review

$moke visibility

Figure 3.4.30:  The smoke visibility from Autodesk Simulation CFD user guide.

Humidity:

Autodesk Simulation CFD can simulate the condensation of liquid from a moist gas. Evaporation,
however, is not supported. Select Humidity to simulate moist gas. Both the relative humidity and the
condensed water can be visualized. Note that the condensation of a moist gas can be modeled
by Autodesk Simulation CFD, but the evaporation of water into a gas stream cannot.

3.4.7 Criteria Group Workflow Post-Processing

Criterion 3.5.1: Visualization: ranking score =5

Visualization of results is required in every CFD simulation. The visualization reveals the performance of
your design. They tell the user if the design satisfies its objectives. Results are essential for making
informed design decisions. The Autodesk Simulation CFD results visualization environment contains a
diverse assortment of tools designed to help you view, extract, and share your simulation results
quickly, easily, and efficiently. The environment presents your results in multiple ways, including
graphically-rich images, plots, and tabular data files. The results visualization environment is available
both during and after the simulation. This seamless feedback keeps you informed at every stage of your

simulation.
e Global
e Planes

e |so Surface

e Wall Calculator

e Part

e Point

e Filter (in the drop-down menu)

e FEA Mapping (in the drop-down menu)
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View  Get Started

r@‘ [63 Dynamic Image @ @ j"'ll 58 Status File 9 (Last) -

[ed Static Image

g Summary File
Summary Global|Planes Iso Surfaces.  Wall Parts Points | Decision [:E} Y NN
Image &g Animation Calculator Center | [Efy Setup File = Solve
Image | Results Tasks « | Compare | Review ~ |  Iteration/Step

Figure 4.4.3P: Results tool bar from Autodesk Simulation CFD user guide.

‘b Autodesk Smmilation Viewes

Figure 3.4.3Q:  Examples of post-process from Autodesk Simulation CFD user guide.

Figure 3.4.3R:  Examples of particle trace from Autodesk Simulation CFD user guide.
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Criterion 3.5.2: Quantitative analysis capabilities of components: ranking score =5

Autodesk Simulation CFD provides quantitative analysis through data queries and through special
visualization tools, as such as below figures;

Plane Functionality: Planes provide a wide array of visualization functionality:
- Planes graphically present results on cross-sections.

- Planes provide a starting point for particle traces.

- Planes allow extraction of bulk data through planar cross sections.

- Planes serve as a basis for XY-plots.

Criterion 3.5.3: Comparative analysis (multi-scenarios): ranking score =5

Autodesk Simulation CFD provides the post visualization in multi scenarios on the Decision Center where
is a simple yet powerful environment for comparing design alternatives. Use it to identify the design that
satisfies your design objectives. It is a powerful tool for:

- Extracting specific results values

- Comparing results from multiple scenarios

T

Pick on plane

Cylinder

Figure 3.4.3S: Examples of plane functions and particle trace-seeding method from Autodesk Simulation CFD
user guide.
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Figure 3.4.3T: Examples of Decision center from Autodesk Simulation CFD user guide.
3.4.8 Criteria Group Workflow-Customization / Special Functions

Criterion 3.6.1: Pedestrian comfort: ranking score =3

Autodesk Simulation CFD does not provide a special functionality for pedestrian comfort assessment.
However, pedestrian comfort refers to wind velocity at ground level, which Autodesk Simulation is able
to predict and measure the velocity condition at grade level.

External Compressible Flow

External compressible flow can be classified into two categories:

- Aerodynamic applications that are in open air (either at altitude or sea-level)
- Aerodynamic applications in a wind-tunnel.

Criterion 3.6.2: Natural ventilation: ranking score =5

Air movement in natural ventilation applications is generally the result of density gradients caused by
temperature variations throughout the structure. Fans and other mechanical devices may be present,
but do not dominate air movement. Many structures exhibit the combined contributions of ambient air
passing through doors and windows with buoyancy-driven natural ventilation.
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Figure 3.4.3W: Examples of velocity cut plane at ground level
10y to 20y =]V
-
10x 0 X
i == Unknown
Figure 3.4.3X: Compressible Open air flow from Autodesk Simulation guide line.

e To define the inlet of the air volume, assign the wind speed as a Velocity boundary condition.

e To define the outlet of the air volume, assign Static Gage Pressure = 0.

e If the air region simulates a free-space environment (not a wind-tunnel), assign Slip/Symmetry
to the top and sides of the region. (Do not specify a condition on the ground plane, because the
air does not physically move along the ground plane.)

e Do not assign boundary conditions to windows and doors. Air flows in and out of the building
based on the effects of wind and buoyancy.

Contract No.N0O00-14-13-1-0463
Hawaii Natural Energy Institute

December 4, 2013

Project Deliverable No. 2.2: FINAL Report - Establishing External CFD Workflow
Environmental Research and Design Laboratory
School of Architecture, University of Hawaii

Page 114



FINAL Report — Establishing External CFD Workflow for ERDL-HNEI

Part 3 — Overall Ranking of CFD Software Based on Product Documentation Review

\$

z
=

.. ——
-

Fim\
)
|

Natural Flow nd Thermal Phenomena, typically involving buoyancy-driven flow

el |
le— 2d —>}e— d —>je— 30 ———3)| le w 3|
€ Sw
Build the environment geometry using these recommended relative dimensions
Slip/Symmetry

v

Velocity, Pressure =0

Temperature
_ﬁ_r@ G
N

Combined internal and external flow

Figure 3.4.3Y: Natural ventilation feature from Autodesk Simulation guide line.

Criterion 3.6.3: Wind-driven rain (WDR): ranking score =1

Autodesk Simulation CFD does not provide a ready to use wind-driven rain model.

Criterion 3.6.4: Humidity: ranking score =5

Autodesk Simulation CFD can simulate the condensation of liquid from a moist gas. Evaporation,
however, is not supported. Autodesk Simulation CFD is able to demonstrate the amount of liquid
condensed and the calculated field values of relative humidity can be viewed as results. The condensed
liquid is calculated as a mixture fraction, i.e., the mass of the condensed liquid divided by the total mass
of the liquid, vapor and carrier gas. The available results quantities for a humidity analysis

are Relative Humidity and Percent Liquid. The Percent Liquid is plotted over a range from0to 1. A
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value of 0 corresponds to completely dry air. A value of 1 indicates that liquid is condensing. Physically, a
value of 1 indicates a liquid mist within the carrier gas.

Criterion 3.6.5: Wind load towards to building structure: ranking score =5

Wind loading analyses simulate the air flow and resultant structural loading on buildings, large signs,
and other structures. Examples include:

Wind flow over and ar;und the building Result réction ' Wind Load ing an wind ows, signs, light boards,
amd facades
3h
-_I-h J_
fe— 2d —>}e— d —>|e— 30 ———) ke w o
€ Sw >
Build the environment geometry using these recommended relative dimension
Figure 3.4.3Z: Example of wind load from Autodesk Simulation guide line.
Criterion 3.6.6: Pressure distribution along streamlines/pressure losses: ranking score =1

Autodesk Simulation CFD guide does not provide any readily usable function or model to quantify
pressure losses along streamlines.

Criterion 3.6.7: Conjugate heat transfer: ranking score =5

For conjugate heat transfer analyses, the solid material conduction and the fluid convection are
analyzed simultaneously. The type of fluid convection (natural, forced or mixed) determines the analysis
parameters.

Natural convection occurs as a result of buoyancy-driven flow caused by density gradients due to
temperature variations. Typical applications of natural convection include electronic systems that are
either vented or completely sealed. These devices generally do not have fans or blowers. Instead, they
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are cooled by buoyancy-driven flow that convects heat from heated components and conducts through
the outer casing.

Natural convection within a sealed device is considered Internal. Natural convection around a device in
a large enclosure or open environment is considered External. The analysis techniques for these two
physical situations are a little different, and are explained in the Related Topics, below. Natural and free
convection flows are largely dominated by buoyancy forces. The buoyancy forces are generated by
density gradients which vary primarily with temperature since pressure gradients are relatively small in
these flows. Natural convection flows may be laminar or turbulent.

Mixed convection: In many electronic cooling applications, the heated or cooled air is blown but may
contain local temperature gradients that will cause some appreciable buoyancy effects. This type of heat
transfer is known as mixed convection, since it has features of both natural and forced convection.
There is not a good way to tell prior to the analysis if the heat transfer is mixed or forced.

3.4.9 Criteria Group: Support for Validation

Criterion 3.7.1: Validation document / example: ranking score =1

It is difficult to find some Autodesk Simulation CFD references and sources of the validation from CFD
application, wind tunnel, and on site measurement beyond Autodesk tutorials.

3.4.10 Criteria group: Cost of Software

Criterion 3.8.1: Commercial pricing model: ranking score =3

Based on US.CAD commercial pricing model will cost $9,445 / per seat

Criterion 3.8.2: Academic pricing: ranking score =5
Autodesk Simulation CFD 2014 will be charged about $250 per seat per year for one academic /
commercial site license under ultimate suite from University of Hawaii at Manoa.

Criterion 3.8.3: Software includes all modules (no extra cost): ranking score =5

Even though, there are different features of Autodesk Simulation, all turbulence models are supplied
with the CFD software package.

Criterion 3.8.4: Option to acquire sufficient seats at no extra costs: ranking score =1

Based on US.CAD there is one seat per price if there is any additional seat will be charged by amount of
required seats.
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3.5. Ranking of CRADLE ScSTREAM:

This section provides a description of the capabilities of SCSTREAM software, and specifically the
capabilities that are related to external CFD calculations.

3.5.1 Criteria Group: Value for the CFD software product to the Architecture and Building market

These ranking criteria are listed under Number 1 in the ranking matrix:
Criterion 1.1:  Benefit for external CFD applications to architecture ranking score =5

ScSTREAM offers a comprehensive functionality for external CFD applications. ScCSTREAM offers a high
quality simulation output for a relatively easy to understand GUI. The grid is a structured and self-
adjusting grid and the requirements to obtain results follow a well-defined workflow in the GUI. The CFD
results offer data of pressure and velocity distribution around the building, as well as other properties,
such as the prediction of flow and thermal interactions and transport of particulate or dissolved matter.

ScSTREAM provides the practitioners in architecture or building industry as well as students high quality
guantitative design assistance for common and more sophisticated flow and thermal problems that are
relevant to the design and operation of buildings. The benefit to the building industry is that results of
flow occurrences around building are readily obtainable. There appears to be an increasing readiness of
the building and architecture industry to use scSTREAM for simulation of high-performance buildings.

Criterion 1.2:  Previous applications in architecture / urban design ranking score =5

The use of scSTREAM in external CFD applications appears to be well established, considering the
currently relative small range of CFD allocations to architecture and buildings. The project team could
identify several reported cases where the software has been used to investigate various technical issues
related to building performance. Below are three cases for external CFD work that have been provided
by CRADLE.

Example 1 of external CFD around buildings or in
neighborhoods: The image on the left shows high rise
communities for which wind patterns were analyzed to
ensure good pedestrian comfort.
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Example 2 of external CFD around buildings or in
neighborhoods: The software analyzed the diffusion of
plant stack gas and the exhaust heat from a building to
the surrounding environment. The CFD analysis was used
to predict the gas concentration at different altitudes in
order to evaluate the efficiency of a specific cooling tower
arrangement or the performance of exhaust of exterior
air conditioning unit.

Example 3 of external CFD around buildings or in
neighborhoods: The software analyzed wind conditions
in valley-shaped terrains prior to construction. The
software can import terrain geography from map data
and calculate wind pressures on buildings and
structures=.

Figure 3.5.1A: Example of wind pattern in external CFD (source: scStream web-site).

It must be noted, however, that external CFD applications in architecture are only at the beginning
phase of wider use. The visualization of wind movement around buildings has been increasingly used in
presentations by practitioners in the building industry. Besides these qualitative descriptions the use of
guantitative means to describe fluid motion and resulting physical phenomena in or around buildings is
experiencing a growing need. This increased interest of the architecture and building industry in high
performance is supported by software packages, such as scSTREAM, that combine a high level of fluid
analysis performance with a limited complexity of operating the software. Therefore the software offers
a high benefit to the architecture field.
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Criterion 1.3:  Previous mentioning of software product in scientific or applied professional articles
ranking score =3

The software has been in use in Japan and Asia for a longer period than in the US. The project team
received a list of articles that contain scSTREAM case studies where most of these articles were written
in Japanese. There seems to be a limited availability of translation of these professional ad scientific
articles into English. But the very fact that the software has received a sizable mention in technical and
scientific publications speaks for the fact that scSTREAM appears to be well established for use by
architecture and building professionals.

Criterion 1.4: Using graphical output for presentations ranking score =4

scSTREAM has a ready to use graphical interface that presents visual images of the distribution and
quantity of external flow and thermal related phenomena around buildings. The software has a feature
where high quality renderings of buildings can be overlaid by vector description of wind velocity and
contoured slices for velocity and pressure. The handling of these graphics representation is easy and
with some effort the “graphic-savvy” user can fuse other graphics presentations with the renderings
produced by scSTREAM. Of particular interest is the import of streamlines into a graphical
representations that were produced by other visualizations (and non CFD) applications.

Figure 3.5.1B:  Visualization of pressure distribution and overlaid streamlines around a highly variable geometry.
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3.5.2 Criteria Group: Support by Vendor / Expert Network:

These ranking criteria are listed under Number 2 in the ranking matrix:
Criterion 2.1:  Technical support available: ranking score =5

The technical support offered by CRADLE to the ERDL-HNEI CFD project team so far has been
outstanding. Within the first weeks of cooperation the technical support has been very responsive in
providing information, ranging from sending comprehensive training material and technical
documentation to long support sessions on the phone.

CRADLE

MomefEnguan)  Meroer  Procus ey

Known Defects.

The defects of fhe program and the st of the
revson e

Figure 3.5.2: Technical support option through the Design Builder website

Criterion 2.2:  Online tutorials available on demand: ranking score =2

The software company offers a limited number of online tutorials. The tutorials, usually recorded
webinars, can be obtained from the company. The tutorials are not posted on the support web-site at
this moment.

Criterion 2.3:  Online classes available (low entry barriers): ranking score =4

Online classes (synchronous training classes) are available. The online webcast are offered by the
company on demand basis
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Criterion 2.4: Network of CFD professionals in architecture field: ranking score =3

We could not identify a standing network of academics or professionals in architecture which uses
scSTREAM for external CFD applications. Communication with US-CRADLE has indicated that the
professional network in the US is in its initial stage. The software has had a US office for only 5 years
(starting in 2008). The US-office has grown in the past years and with more use of CRADLE software in
the US it is anticipated that the professional network will grow likewise.

Criterion 2.5:  Ease of working with academic support: ranking score = 5

The project team could not identify a specific academic technical support. The administrative academic
support is accommodating and provides expeditious and very friendly service. The US manager of
CRADLE has personally taken initiative to support our CFD team in acquiring a trial license for an
unusually long period of two months. Usually trials are 1 or 2 weeks long.

Criterion 2.6:  User guide provides efficient and comprehensive information:  ranking score =4

The user guide of the software is very effective and comprehensive. The user guides are in static forma.
An object hyper-liked user guide would be preferable, which means that every command is directly
linked to the specific issue in the user guide. The CRADLE support has indicated that the object linked
help is under development, but could not specify a time when a comprehensive object linked help
function would be finally be available. The user guide contains all pertinent information to the level that
is required to operate the external CFD module as well as some useful background information about
the CFD process.

3.5.3 Criteria Group: Workflow-Ease of Use / GUI
These ranking criteria are listed under Number 3.1 in the ranking matrix:
Criterion 3.1.1: GUI is easy to use for trained operator ranking score = 5

The GUI is easy and intuitive to use by the trained operator. The program utilizes a so-called “Kicker” as
the central gateway to all subsequent GUIs.

Figure 3.5.3A: scSTREAM Kicker GUI, first level controls and gateway to subsequent GUIs
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The different process steps are controlled by the high-level buttons on the Kicker. For example:

Click ﬁ icon to launch Pre.

scSTREAM Kicker GUI, button to initiate preprocessing

The preprocessing process initiates the geometry, setting up the computational domain and other tasks
that have to be completed in preparation of running the simulation. Once the pre-processing process
step is initialized, a wizard with a series of interactive menus collects the required data for the flow
problem. Two of the wizard menus are depicted below:

Setting Up the Computational Domain

Initial Wizard Computational Domain [ 2/6 ) step
Sets coordinate system, unit, and computational domain.

Cartesian conidnate =] @ |

Coordinate value unit (display only) | mm -

Rectangular box subdomain

Coordinate system

Note] S fle is output in meters.

b Y Z

Mavamum vahse 6000 5000 2500 Preview

Material of computational domain
< Incompeessible fad »

0 Confgue.| 2|
¥ Grid of the sketch plane it sutomatically adjusted

™ Save geometiy data ntemally in ﬂ

ccBack | Mes>>

My [P P [0 ;
. ’L‘,

Firish

scSTREAM pre-processing wizard menu; here setting up the computational domain

Criterion 3.1.2: User guide and online help is available for each command

ranking score = 3

The user guide and online help are effective. The subject linked help option is not implemented for all
commands. According to
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Analysis Type Options

Initial Wizard  Analysis Type ( 4/7 ) step
Sets analysis type.

Fluid type

Solves incompressible fluid

% yancy effect
u
Flow type Radation
& G xl @
Turbulence model Solar radiak
*
Standard k-eps model - ﬂ iyl

Note]More detalled settings will be available in Condition Wizard

<«<Back | Net> | Frish |

Figure 3.5.3D: scSTREAM pre-processing wizard menu; Analysis Type Options

3.5.4 Criteria Group: Workflow-Modeling / Import Geometry

These ranking criteria are listed under Number 3.2 in the ranking matrix:

Criterion 3.2.1: Create geometry inside CFD application ranking score = 4

The geometry modeler inside scSTREAM offers an effective way to create simple geometries. Since
external CFD requires some degree of simplification of external geometry the internal modeler is
sufficient and in the same way effective for simple and straight geometries. The software geometry
modeler is not suitable for complex and especially curved building geometries. Standard roof forms can
be created with entering a limited set of parameters. More complicated roof forms can be created with
cubic elements that are combined (Boolean, merging of forms). DFX functions can greatly assist the
geometry building.

Criterion 3.2.2: Import geometry / repair surface before meshing ranking score = 3

Importing 3D-geometry from external CAD programs follows a straight forward process. There is no
repair tool in scSTREAM. As for analyzing the geometry, it is easy to check if the model is solid or sheets
by using the parts icons in the parts tree in the Preprocessor interface (“Pre”). Also, if an error is
detected in an imported file, an error message will be presented in the Message Window.
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Criterion 3.2.3: Support Revit Architecture Import geometry / repair surface before meshing
ranking score = 5

ScCSTREAM can readily import Revit files. In addition scSTREAM can import geometries from Solid Works
and AutoCAD.

Criterion 3.2.4: Support CADD format and Inventor: ranking score = 1

CAD geometry created with Inventor cannot be readily imported into scSTREAM

Criterion 3.2.5: Support Rhino: ranking score = 1

CAD geometry created with Rhino cannot be readily imported into scSTREAM

3.5.5 Criteria Group: Workflow-Meshing

These ranking criteria are listed under Number 3.3 in the ranking matrix:
Criterion 3.3.1: Surface mesher ranking score =4

scSTREAM does not have a surface mesher function. The surface created in scSTREAM cannot be
automatically improved and there are no analysis and /or surface editing functions to repair the surface.
scSTREAM does not create a surface mesh. In scSTREAM the solution is discretized in a finite volume
grid. Moreover, scSTREAM uses a non-uniform rectilinear Cartesian grid, which means that the grid
lines are parallel with the major axes and the spacing between the grid lines enables non-uniformity.

Due to the strict rectilinear nature of the grid, grid cells that lie in regions outside of the domain
required for calculation are , blocked-off" in order to cater for irregular geometries. The advantage of
the Cartesian grin function of scSTREAM is the reported very good calculation performance, in regard to
required time to reach a solution and the stability of the convergence. SCSTREAM has multiblock and
zooming which allow the setting of different resolutions used in the computation domain. The higher
resolution in areas where more precise flow phenomena are preferred creates a convenient, yet
accurate and effective computational process. The illustrations below show the multi block and zooming
functions.

The Multiblock meshing method is capable of increasing grid density in desired regions without using
unnecessary elements in other regions, resulting in reductions in running time. But the aspect ratio of
cells (between multi blocks) should not exceed a certain value, unique for the simulation in order to
avoid performance of convergence and calculation accuracy.
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E Solution for Previous Problem
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Specify boxes around small parts; regenerate finer mesh
inside these boxes.

= Dense mesh can be used only where necessary.

Figure 3.5.5A:  scSTREAM Multiblock option

Figure 3.5.5B:  scSTREAM Multiblock option

The image below shows that several blocks can be nested to achieve successively higher resolution
around the specific building to be modeled, while preserving an appropriate resolution outside the
specific area of interest.
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[using the Multiblock function]
Mubizck
[k

[~ [0 ReatBlock.

Figure 3.5.5C: scSTREAM Multiblock option

The Zooming (or mapping) function enables the user to link field parameters of different mesh sizes; it
can link global large-scale analysis and local small-scale analysis. Zooming is a versatile function to
calculate local occurrence in the context of larger fluid flow phenomena.

Supported conditions :

e Flow boundary
e Thermal boundary
e Initial Condition

Model variables :

e Velocity (componentsin X, Y, Z)
e Pressure

e Temperature

e Turbulent kinetic energy

e Turbulent dissipation rate

e Diffusive species concentration
e Heat transfer coefficient

e External temperature

When using the Multiblock and Zooming functions the user has to consider certain advantages and
disadvantages. For example, Zooming is very efficient for changing a building geometry, since the
changes require only a partial re-run of the simulation to get an update of the flow phenomena adjacent
to the building. Zooming does not re-calculate the effects of the building on the far downstream; e.g.
the effect of the building outside the zooming region. The Multiblock function requires a re-run of the
entire simulation for the changed building geometry, while a re-run of the entire model also correctly
shows effects of building on the far downstream regions.
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Figure 3.5.5D: scSTREAM Zooming function

Criterion 3.3.2: Maximum cells and 2D-3D cell volume ranking score = 5

ScCSTREAM can use a large number of cells. The vendor indicated that 0 to 40 million cells usually do not
create convergence and runtime problems.

Criterion 3.3.3: Boundary layer types ranking score =5

ScSTREAM offers several very versatile functions to describe boundary layer types that are of interest in
the building industry. The following mentions some of these useful functions. The GUI to invoke the
different boundary conditions for external CFD analyses is straightforward and the simplicity of setting
the external boundary conditions has the advantage of being very user friendly. The boundary
conditions for the computational domain can be set at different stages in the work flow.

At the initial stage the selection of the boundary conditions is performed with the initial wizard in pre-
processing. The image below shows the standard types of the computational domain.

ScCSTREAM has the capability to import land and building geometry to define the boundary layer close to
the ground. Elevations of the site as well as building geometry are imported through appropriate CAD
and GIS data exchange protocols. The building and the site geometry is then merged into one
continuous geometry.
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Initial Wizard  Purpose of Analysis ( 6/7 ) step

Sets basic lypes of computational doman boundary. ﬂ

& No specification [Settings are considered in Condition Wizard) g

" Intemnal flow [enclosuie heat releass]
" Estemal flow [natural convection)
" Estemal flow [forced convection)

" Extemal flow [winds blowing through buldings)

<< Back Nexd >3 I Finish |

Figure 3.5.5E: scSTREAM Types of Computational Domain Boundaries

Site elevations

-

o

o

Merged geometry

Geometry of buildings on flat surface

Figure 3.5.5E: scSTREAM Land and Building Geometry function to describe ground conditions of the

computational domain

scSTREAM has a Power Law function to describe the inflow boundary condition as vertical profiles of
velocity and turbulence density. For wind flowing in an urban area, the velocity profile can be expressed
by a vertically displaced power law. Using this function, the flow field around buildings is defined by
velocity and turbulence vertical distributions.
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Figure 3.5.5F:

scSTREAM Power Law function to describe the inflow boundary conditions

scSTREAM has a Forest Canopy Model function that considers aerodynamic resistance of canopy during
an analysis. This function is very versatile to readily express the effects of canopy on the wind conditions

around a building. The software considers air flows over, as well as through, a forest canopy. This

results in volumetric pressure loss and an increase in turbulence.

Forest Canopy Region

Figure 3.5.5G:

scSTREAM Forest Canopy Model function enhances the geometry of the domain
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==

Figure 3.5.5G:  scSTREAM Forest Canopy Model function; example of effects of canopy on flow regime close to
the building

Criterion 3.3.4: Structured and Unstructured meshing ranking score = 4

ScCSTREAM uses a structured mesh. The conventional drawback of a structured mesh can be
compensated for by the before-mentioned tools to define a non-uniform mesh.

Criterion 3.3.5: Adaptive meshing capability ranking score = 4

ScSTREAM has several powerful functions (e.g. Multiblock and Zooming) to adapt the resolution of the
mesh in areas that are of primary interest to the flow simulation around buildings.

3.5.6 Criteria Group: Workflow-Physics Models

These ranking criteria are listed under Number 3.4 in the ranking matrix:

Criterion 3.4.1: Solvers - Coupled / decoupled ranking score = 5

scSTREAM supports coupled numeric domains. The mesh can be defined with the Multiblock and/or
zooming function.

Criterion 3.4.2: Solver-Finite Element Method (FEV) / Finite Volume Method (FVM) ranking score = 5

ScSTREAM uses Finite Volume Method (FVM) for the discretization of the computational domain.
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Criterion 3.4.3: Steady State/Transient State ranking score = 3

ScSTREAM can be used for steady -state as well as for unsteady simulations.

Criterion 3.4.4: Turbulence models State ranking score = 1

scSTREAM offers a range of turbulence models. The following is a list that has been reported by the
company as standard turbulence models provided by the software product:

- Standard k-e

- RNG k-e

- MP k-e

- Linear low Reynolds no. model (AKN)

- Nonlinear low Reynolds no. model (AKN)

- LES (Smagorinsky)

- LES (Dynamic Smagorinsky)

- LES (WALE)

- LES (Mixed time scale model)
It should be noted that the software running performance is optimized through the use of the
structured Cartesian mesh. Therefore use of LES turbulence models seems to be a valid option. For
other software products the use of LES turbulence models would command such high computational
resources which would surpass the project team’s ability in computer performance. Testing LES models
would be a very interesting and valuable option for the project team.

Criterion 3.4.5: material ranking score = 5

ScSTREAM has a built-in library of generic materials and materials that can also be created and /or
edited.

Criterion 3.4.6: Customizable / special physics models ranking score = 4

scSTREAM offers customization of special physics models.

3.5.7 Criteria Group: Workflow- Post Processing

These ranking criteria are listed under Number 3.5 in the ranking matrix:

Criterion 3.5.1: Visualization ranking score = 5

scSTREAM offers all standard CFD visualization techniques, including slices, contours, vector fields, 3D-
contours, streamline visualization as well as animated visualization options. Below are some examples of
visualizations provided by the vendor:
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Streamlines (with temperature contours)

Fila - STEP1_200 44

3D-vector field for the vertical velocity
distribution around a group of buildings

Combined 2D-velocity vector field
(indicating direction) and velocity
contours outside a group of buildings.
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Combined contour surface map of solar
irradiance on wall and velocity vector
field of thermal induced velocity

Horizontal slice with contours showing
CO2 concentration in a space.

scSTREAM provides visualization functions for a wide range of flow, thermal, mass distribution as well as
related functions, such as:

e PMV

e PPD

e Comfort Indices

e Mean Radiant Temperature
e QOperative Temperature

scSTREAM has a wide range special visualization function:
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Figure 3.5.7A:  scSTTREAM basic visualization functions

T T S N R

Figure 3.5.7B:  scSTTREAM other static visualization functions

Figure 3.5.7C:  scSTTREAM animation visualization functions
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Criterion 3.5.2: Quantitative analysis capabilities of components ranking score = 5

scSTREAM offers versatile and easy to use tools to determine the quantities of certain properties of the
flow field and resulting phenomena. The software allows the extraction of numerical values of all
calculated data for every point inside the computational domain.

Criterion 3.5.3: Comparative analysis (multi-scenarios) ranking score = 4

scSTREAM offers some functions that can be used for comparative analysis.

3.5.8 Criteria Group: Workflow-Customization / special functions

These ranking criteria are listed under Number 3.6 in the ranking matrix:

Criterion 3.6.1: Pedestrian comfort ranking score = 5

ScSTREAM has a function called “WindTool”. This function provides an assessment index of the wind
environment as proposed by Murakami et al. (Reference: Murakami et al., Investigation of statistical
characteristics of wind at ground level and criteria for assessing wind-induced discomfort, Transactions
of the Architectural Institute of Japan 325, 1983, pp.74-84.) In order to use different wind comfort
standards the software can be customized.

Criterion 3.6.2: Natural ventilation ranking score = 5

scSTREAM has the ability to provide quantitative performance criteria for wind induced natural
ventilation from using the results of external CFD. As stated before natural ventilation performance of
spaces can be simulated through either coupled or decoupled domains. Below is an illustration of using
ScSTREAM with a decoupled geometry block.

t

Ty
1
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Figure 3.5.8B: scSTREAM calculating ventilation effectiveness through wind induced pressures fields

Criterion 3.6.3: Wind-driven rain ranking score = 4

scSTREAM has no readily available tool to assess wind driven rain. But the physical conditions can be set
up to effectively model wind driven rain.

Criterion 3.6.4: Humidity ranking score = 5

scSTREAM has the ability to provide an assessment of the distribution of and changes in humidity. The
Humidity and Dew Condensation (Evaporation) function can calculate relative humidity contours and
dew condensation. This function is available for both external and internal CFD applications. The two
images below show a case of changes in relative humidity and condensation

+ Relative humidity contour plots Instantaneous Dew Condensation Accumulated Dew Condensation
After 1 min. After 10 min. '
T—— T
—— unit: [kgH{m?+s)] unit: [kg/m?]
z
b,
Relative humidity contour plots Dew Condensation (after 10 mins.)

Figure 3.5.7C: scSTREAM Humidity, Dew Condensation (Evaporation) Functions

Criterion 3.6.5: Wind load towards to building structure ranking score = 5

SscSTREAM provides comprehensive calculation of airflow and external wind induced pressure
calculations can on buildings. The calculation of wind pressures on the building envelope is performed
through common software applications and can be readily be carried out.

Criterion 3.6.6: Pressure distribution along streamlines/pressure losses ranking score = 4

scSTREAM has functionality to provide an assessment of the pressure distribution along streamlines or
determine pressure losses along a certain streamline. This option is important for the assessment of
pressure losses throughout a building.

Criterion 3.6.7: Conjugate heat transfer ranking score = 5
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ScSTREAM can perform complex calculations that combine flow and thermal as well as diffusion
processes.

3.5.9 Criteria Group: Workflow-Support for validation

These ranking criteria are listed under Number 3.7 in the ranking matrix:

Criterion 3.7.1: Validation document / example ranking score = 5

Cradle (vendor of scSTREAM) has indicated that a number of case studies can be provided that address
validation of external CFD results.

3.5.10 Criteria Group: Ranking of Cost of software

These ranking criteria are listed under Number 4 in the ranking matrix:

Criterion 3.7.1: Commercial pricing model ranking score = 3

ScSTREAM offers commercial pricing for its CFD that are within the comparable price ranges. The CFD
functions are competitively priced, which include both external and internal CFD

Criterion 3.7.2: Academic pricing ranking score = 3

scSTREAM offers a significant discount for academic software use. The company has been very flexible in
the pricing and the availability of software use in the early stages of the project.

Criterion 3.7.3: Software includes all modules (no extra costs) ranking score = 3

SscSTREAM comes with basically all functions that are needed. There might be additional modules that
are useful to the project team (=application of that software in building related CFD simulations). It is
not known at this point in time if academic pricing would include additional modules.

Criterion 3.7.4: Option to acquire sufficient seats at no extra costs ranking score = 3

It is not known at this point in time if an academic pricing would include additional seat for the use of
students in education.
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3.6 Ranking of Cradle SC/Tetra:
3.6.1 Criteria Group Value of CFD Software Product for Architecture

Criterion 1.1:  Benefit for external CFD ranking score =5

Cradle scTetra can solve a wide a wider range of applications from mechanical/chemical engineering,
automobile to internal and external airflow studies of buildings. SC/Tetra is featured with unstructured
meshing capability for complex geometries and advanced turbulence models which are essential
features in external CFD applications.

Criterion 1.2:  Previous application in architecture / urban design ranking score =2

Cradle SC/Tetra is currently used mostly in automotive, aerospace, marine, machinery, oil, gas, bio-
medical industries. However, it is also claimed that one of its applications include analysis of
architectural building climate control such as evaluating air-condition performance within spaces, heat
storage performance, ventilation studies. However, the CFD team could not identify wider popularity of
the software within architectural/urban design community, especially in the United States. The Cradle
company has been making efforts to introduce their software including SC/Tetra to architectural / urban
design industry.

Criterion 1.3:  Previous mentioning of software product in scientific or applied professional articles

ranking score =1

Through searching ScienceDirect research sources, the author has not found evidence of using SC/Tetra
in any journal of scientific or applied fields. The ranking of this criterion is assumedly based on this fact.
However, further investigation on other sources should be taken.

Criterion 1.4:  Using graphics output for presentation ranking score =5

Cradle SC/Tetra offers a post-processor called Cradle Post-Processor to visualize the data from Cradle
solver. It features with many output formats such as contour, vector, iso-surface, streamline, animation
as well as many other advanced visualization functions.
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PEE
Lcbe
Vector
ﬁ oo
Iso-surface Streamline
Figure 3.6.1: Some examples of visualization capability offered by SC/Tetra

Source: http://www.cradle-cfd.com
3.6.2 Criteria Group Support by Vendor / Expert Network

Criterion 2.1: Technical support available: ranking score =3

Technical support is available at the company website covering a wide range of different topics.
However, this is only Japanese version and there is no English version available at this moment. The only
way to use this resource is using the built-in Google translate utility to translate to English in the web
browser. Other way to obtain technical support is to submit online technical support request.

www.cradle.co.jp

CRADLE y
= ,/

- Topics
2013.2.6 Motice of User Conference 2013 lecture recruitment
R 2013.2.6 Asicfor your cooperation questionnaire about the version 1
- " 2012.11.19
2012.11.9 Guidance new version of (Version 10) release
2012.11.1 All about User page
2011.12.27 We support Autodesk (R) Revit to (B) Architecture 2012
2011.12.14 Notice of December 172001 bug STREAM thermal design PAC

Figure 3.6.2A:  Support information offered by Cradle. Source: http://www.cradle-cfd.com

Contract No.N000-14-13-1-0463 Project Deliverable No. 2.2: FINAL Report - Establishing External CFD Workflow

Hawaii Natural Energy Institute Environmental Research and Design Laboratory
School of Architecture, University of Hawaii

December 4, 2013 Page 140



FINAL Report - Establishing External CFD Workflow for ERDL-HNEI

Part 3 — Overall Ranking of CFD Software Based on Product Documentation Review

Criterion 2.2:  Online tutorials available on demand ranking score =4

There are enough online tutorials available at the user support portal. They include a series of videos
and PDF files covering from the fundamentals of CFD, basic tutorials of using all functionalities of the
CFD applications. However, it is required to have license in order to log into the user support portal to
access these resources. There is no public resource on Cradle SC/Tetra tutorial such as YouTube.

Software Cradle Users Page

Training Video

Below are a few training videos of basic seminars.

vio 2013/05/01 96.8MB

[ scSTREAM / HEAT Designer Basic Seminar ]

scSTREAM / HEAT Designer Basic
Seminar ( 1.5 day)

(1) Introduction to CFD

(2) Analysis Procedures

(3) Exercise Problem

training_ST10_Basic_eng (51min)
V1o 2013/05/01 117MB

[ SC/Tetra Basic Seminar

SC/Tetra Basic Seminar { 1.5 day)
(1) Introduction to CFD

(2) Analysis Procedures

(3) Exercise Problem

training_SCT10_Basic_eng (S4min)

Old version : 3C/Tetra Basic Seminar (v9) [208ME]

“q Slide Title. Time: 00:01/53:28
* 8ClTetra

Ch. 1 Introduction to CFD

a. Basic knowledae

‘:_”_l-ug b. Wore basic knowledae
- Computational domain
SCfreh‘a - Material property

Thermcdhad Analysis System

-Flow regimes
Wit Unstnuctured Mesh

- Time advancement

Ch. 2 Analysis procedures

Step1 Creating input data

Page: 1/54

CRADLE

Software Cradle Co,, Ltd.

om-— onot ooz W

Supe Visusi PPT D

Figure 3.6.2B:  Training tutorial materials can be downloaded from customer support portal of Cradle.
Source: http://www.cradle-cfd.com
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Criterion 2.3:  Online classes available (low entry barriers): ranking score =5

For beginners in CFD or people who would like to get familiar to Cradle CFD software, Cradle offers free
webinars available at its website periodically. For example, SC/Tetra is introduced twice per month.
More advanced courses however are introduced under seminars with cost. However, 85% discount is
applied for academics.

Home Products  Engineering Services  Applications Events & Seminars FAQ Our Company

@ Events & Seminars = Webinars

—_——

> Events

> Seminars

Webinars * Webinars
» User Conference

Cradle conducts online e-Training for its CFD software products to help new users apply these powerful and highly capable

B i A . § i Cradle Viewer
CFD software to their design applications. Attendees must have an operational license of the software on their computer and b ;
have downloaded the data used for the practice exercises ﬁlg Shckhepiodonnicad
r e .
septemter 12 OO am A5 M US| (g p v Altair | Partner Alliance
. o0 1 u Access SC/Tetra and scSTREAM
September 28, : -11:45 us hi ir Partner Allian:
pi zrgmru am am © Register through Altair Partner Alliance
October 10, 2013 11:00am - 11:45 am (US © Register
8C[Tetra SClTetra 101
October 24,2013 | 1 100am-11:45am (US © Register
November 7, 2013 11:00am - 11:45am (US © Register
Figure 3.6.2C: Introductory webinars are offered periodically by Cradle at no cost.
Source: http://www.cradle-cfd.com
Criterion 2.4: Network of CFD professionals in architecture field: ranking score =1

Cradle has been engaged in building a network of CFD professionals in the US. It has regularly organized
many conferences each year since 1991. Several conference topics were related to architectural field,
especially HVAC performance but most of the topics are related to other fields such chemical, electronic,
gas, oil industries.

Criterion 2.5:  Ease of working with academic support: ranking score =5

Cradle offers special pricing and support for academic users using and evaluating its software. The ERDL-
HNEI CFD team has been quite satisfied with the support offered by Cradle.
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m Events & Seminars > User Conference 2011-

Events & Seminars

» Events

» Seminars

User Conference » Webinars
» User Conference

2000 200122010 “ % Cradle Viewer
Click here to download
Software Cradle 21th Users' Conference (October.21 2011)

[Special Lecture] Osaka Bio-system Inspired Optimization Algorithm (BIOA) - Application of BIOA to Control Systems in

’ 3 i
Prefecture Univeersity Plant Factory - v Altair  Partner Alliance
MARUYASU INDUSTRIES Optimization of the EGR cooler using CFD
(;u Itd i : Access SC/Tetra and scSTREAM

. through Altair Partner Alliance
Panasonic Corporation Computer Simulation Technologies for the Development of Digital AV Products
Denso Corporation Analysis system for HYAC

Samsung Electronics Co_,Ltd Development of High Performance Gasket Using CFD

FUJITSU LIMITED PC-cluster solution developed by Fujitsu - enabling to speed-up the development process and
to improve high operational development efficiency

Cybernet Systems Co.,Ltd. Optimal design of compact axial fun using SC/Tetra and optimal design assistant tool, Optimus

Figure 3.6.2D:  Advanced seminars registration page. Source: http://www.cradle-cfd.com
Criterion 2.6:  User guide provides efficient and comprehensive information: ranking score =5

Cradle SC/Tetra provides user guide along with its installation packages. The information is
comprehensive and efficient for users with step by step instruction. However, this user guide also
includes technical information which sometimes users might need for references.

Access User's
Guide manuals

Basics of CFD Analysis
Operation Manual
Preprocessor Reference
Solver Reference
Postprocessor Reference
Tools Reference

VB Interface Reference
Exercise

Advanced Exercise
Structural Analysis
Fluid-Structure Interface Analysis
Optimization Reference

Figure 3.6.2E: Technical manual, user guide, tutorials can be accessed easily at the Kicker toolbar.
Source: SC/Tetra Version 10 Introductory Seminar No. 1 (2013)
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3.6.3 Criteria Group Workflow - Ease of use / GUI

Criterion 3.1.1: GUI is easy to use for trained operator ranking score =5

Cradle SC/Tetra provides user friendly GUI lining up with the CFD working flow which benefits to CFD
operators to manage entire CFD process.

é_@ Characteristics of SC/Tetra ,}m

O User Friendly Interface and Usability - Navigation ’

29
JUVMARQ #a .09 na o B
om e G

Figure 3.6.3A: SC/Tetra’s GUI; Source: More innovation using SC/Tetra, the innovative CFD software (Yuya
Ando, 2013)

Criterion 3.1.2: User guide and online help is available for each command ranking score = 4

User guide is available at a quite comprehensive level. Users can refer to its available technical manuals
available with the package after installation. These manuals include basics of CFD analysis introduction,
basic and advanced exercises, preprocessor reference, solver reference, post-processor reference...
Individual command can be explained at tool reference.

Recommended manuals for new users:

v 5 Basicg nalysic

Operation Manuel

| Basic CFD concepts and terminology

VB Inteace Reference

Exercice

Advanced Bzreise

IRead cover-to-cover; in-depth examples |' Steuctural A

Ogtimization Reference

Work through exercises that are
relevant to your own applications

Figure 3.6.3B: User Guide assessable right at Kicker toolbar; Source: More innovation using SC/Tetra, the
innovative CFD software (Yuya Ando, 2013)
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3.6.4 Criteria Group Workflow — Modeling / Import geometry

Criterion 3.2.1: Create geometry inside CFD application ranking score =1

Cradle SC/Tetra does not have capability to create geometry inside CFD application.

Criterion 3.2.2: Import geometry / repair surface before meshing ranking score = 4

Cradle SC/Tetra offers a robust capability to repair surface from imported geometry for meshing.

.Jser Friendly Interface and Usability |

— Automatic Mesh Refinement
ETT——
‘ D\ SCTp

Condition
settin
g New octree
‘ from previous
computation
Targeted # of mesh el
# of calculation

Mesh
generation
Manual Automatic

CRADLE — Operation — Operation

Figure 3.6.4A: Mesh preparation and preprocessing diagram; Source: SC/Tetra Short Course (Cradle, 2013)

Criterion 3.2.3: Support Revit Architecture ranking score = 2

Cradle SC/Tetra does not directly support Revit format but architectural geometries from Revit products
can be converted into other CAAD formats which can be then imported into SC/Tetra.

Criterion 3.2.4: Support CADD format and Inventor ranking score =5

Cradle SC/Tetra does not have capability to create geometry inside CFD application, however, it provides
robust CADthru module to convert CAD data for CFD analysis.
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Figure 3.6.4B:  Geometry importing workflow; Source: Cradle Production Guide (2013)

The following CAD formats are workable in SC/Tetra:

@ Importing CAD files
4 Supported files/versions :

Format Extension Version
CATIAVS catpart, catproduct | R10~R21
CATIA V4 model 4.xx
Pro/ENGINEER prt, asm 13~
Creo Elements Creo/Parametric1.0
Solidwarks sldprt, sldasm ~2011
UG NX prt 11~NX8
SolidEdge par 10~ST4
Autodesk Inventor® | ipt 10~2012
IGES iges, igs All
VDAFS vda All
ACIS sat ~21

4+ SC/Tetra can also import industry-wide standard formats:
« XT,STEP and STL

©2012 Software Cradle Co._, Ltd All nghts reserved.

Figure 3.6.4C: List of supported formats for SC/Tetra; Source: Cradle Production Guide (2013)

Contract No.N000-14-13-1-0463 Project Deliverable No. 2.2: FINAL Report - Establishing External CFD Workflow
Hawaii Natural Energy Institute Environmental Research and Design Laboratory
School of Architecture, University of Hawaii

December 4, 2013 Page 146



FINAL Report — Establishing External CFD Workflow for ERDL-HNEI
Part 3 — Overall Ranking of CFD Software Based on Product Documentation Review

Criterion 3.2.5: Support Rhino ranking score = 2

Cradle SC/Tetra indirectly support Rhino3D format files by converting those files into other CAAD
formats which can then be imported into SC/Tetra.

3.6.5 Criteria Group Workflow - Meshing

Criterion 3.3.1: Surface meshers ranking score =1

Cradle SC/Tetra provide robust surface wrapping meshing tool which allows for cleaning up geometries
with holes, small edges and overlaps. This tool also is high efficiency in terms of using computer memory
to do this task.

To preserve ridges:

+Select [Model Mode]

* IDisplay] = [Rubber Box (Ridge]] = [Mark]

» In wrapping function: [Detail] - [Feature line]

Figure 3.6.5A: Surface wrapping tool of SC/Tetra; Source: Cradle Production Guide (2013)
Criterion 3.3.2: Maximum cells and 2D-3D cell volume ranking score = 5

Cradle SC/Tetra can handle a large number of cells depending on the availability of computer memory of
the system. For example, a system with 64 GB of RAM memory can handle more than 300 million
elements. Moreover, SC/Tetra achieves low memory usage and high speed computations by using cell
vertex based scheme for the Finite Volume Method.

Criterion 3.3.3: Boundary types ranking score = 5

Cradle SC/Tetra offers a wide range of boundary types which allow users to define the primary variables
of the simulation. SC/Tetra’s boundary types include the following features:
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- Flow conditions: Velocity, volume flow rate, mass flow rate, pressure, air conditioner model, fan
model, wave generation, wave dissipation

- Thermal conditions: fixed temperature, amount of heat generation, heat transfer coefficient,
contact heat transfer coefficient

- Wall conditions: No-slip (stationary wall), free-slip (symmetry wall), log-law condition, power-
low condition, surface roughness

- Pressure conditions: fixed pressure, pressure loss, porous media

- User-defined conditions: variable table, user-defined function (compilation required)

Criterion 3.3.4: Structured and Unstructured meshing ranking score =5

Cradle SC/Tetra provides unstructured meshing tool allowing for handling any kind of complex
geometry. The supporting types of volume elements: tetrahedron, pentahedron (prism, pyramid),
hexahedron, and cuboid.

Criterion 3.3.5: Adaptive meshing capability ranking score = 5

Cradle SC/Tetra features with mesh adaptation which enables automatic optimization of the mesh size
and density in regions where variations in flow and temperature are prominent. The user interface for
this feature is very intuitive and the user only needs to set the targeted number of mesh elements.

r Friendly Interface and Usability
— Automatic Mesh Refinement

# of mesh: 600K
# of cal.: 4 times

The 3" and 4t
results are almost
the same. This
shows that about
420,000 elements
with mesh
resolution like the
3rd one is
required for
certain accuracy.

Figure 3.6.5B: Mesh adaptation example Source: SC/Tetra Short Course (Cradle, 2013)
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3.6.6 Criteria Group Workflow — Physics Models

Criterion 3.4.1: Solver-Coupled / decoupled ranking score =5

With robust meshing capability to handle any complex geometry with unlimited volume elements,
SC/Tetra allows for modeling both internal and external airflow within a single computational domain
with a highly flexible cell resolution at different areas of interest.

Criterion 3.4.2: Solver-Finite Element Method (FEV) / Finite Volume Method (FVM) ranking score =5

Cradle SC/Tetra uses the Finite Volume Method (FVM) approach with cell vertex based scheme for
numerical solution of the fluid dynamic equations.

Criterion 3.4.3: Steady state/Transient state ranking score =5

Cradle SC/Tetra offers steady state/ transient solution which allows for simulating a wide variety of
time-dependent external airflow phenomena.

Criterion 3.4.4: Turbulence models ranking score =5

Cradle SC/Tetra features with the wide range of robust turbulence models as follows:
- k-e models (standard, RNG, MP, Linear low-Reynolds-number Non-linear low Reynolds-number,
Realizable)
- SST k-w model
- LES ( Smagorinsky model, Dynamic Smagorinsky model, WALE model)
- RNAS and LES hybrid turbulence model (VLES, DES)
- Spalart-Alimaras 1-equation model
- LKE k- kL-w model

Criterion 3.4.5: Materials ranking score =5

Cradle SC/Tetra provides a comprehensive library of defined materials covering liquids, gases, and
solids. Users also can add any user-defined / customizable materials for their models.
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Turbulent model
Phase Model
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RNG k-EPS

MP k-EPS

AKN linear-tvpe low-Reyvnolds-number
(|GPG linear—type low-Reynolds-number
— |Mon-linear tvpe low-Revnolds-number K

Eddy Realizable k-EPS

e |EET k-OMG
MPAKMN Linear—tvpe low—Revholds—numb

Figure 3.6.6A:  Turbulence models supported by SC/Tetra; Source: SC/Tetra Short Course (Cradle, 2013)
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Figure 4.6.6B: Material selection dialogue; Source: SC/Tetra Short Course (Cradle, 2013)
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Criterion 3.4.6: Customizable / special physics models ranking score =5

Cradle SC/Tetra offer a wide range of many physic analyses such as thermal analysis (heat conduction,
heat transfer, heat radiation, panel heat conduction, mean radiation temperature...) thermal comfort
models (PMV, SET), humidity / dew condensation analysis (relative humidity, absolute humidity, dew
condensation, humidity transfer in solid, vapor pressure under humidity analysis), reaction analysis
(chemical reaction, combustion...) as well as user defined conditions.

3.6.7 Criteria Group Workflow — Post-processing

Criterion 3.5.1: Visualization ranking score =5

Cradle SC/Tetra’s visualization capabilities include basic features also found in other from other CFD
applications, including vector plot, contour plot, streamlines, pathlines, isosufaces, oil flow, animation...

———— -
U geles@AREAT MALIIGIIuNS Bl Comparison
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Figure 4.6.7: Examples of visualization features Source: Cradle Production Guide (2013)
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Criterion 3.5.2: Quantitative analysis capabilities of components ranking score = 4

Cradle SC/Tetra's post-processor provides a variety of advanced functions to analyze the calculation
results. This is useful for CAE experts and for third parties viewing the results or other types of analysis.

Criterion 3.5.3: Comparative analysis (multi-scenarios) ranking score =5

Cradle SC/Tetra's post-processor allows for comparative analysis to different fluid dynamic problems.
This capability is a powerful capability for analyzing different scenarios with less time and effort.

3.6.8 Criteria Group Workflow — Customizable / special functions

Criterion 3.6.1: Pedestrian comfort ranking score =5

Although Cradle SC/Tetra does not provide dedicated pedestrian comfort model, its flexible and user-
defined function capability allows for any study of wind related pedestrian comfort.

Criterion 3.6.2: Natural Ventilation ranking score =5

Cradle SC/Tetra is capable to solve wind-driven and buoyance-driven natural ventilation by offering
thermal comfort model (PMV, SET), humidity and dew condensation, coupled computational domain
modeling capability, heat transfer — conduction, convection (natural and forced), radiation (solar,
thermal), conjugate heat transfer, indoor air quality (mean age of air) and so on.

Criterion 3.6.3: Wind-driven rain (WDR) ranking score =4

Cradle SC/Tetra does not provide dedicated WDR model. However, user defined function feature from
SC/Tetra can be used for this study.

Criterion 3.6.4: Humidity ranking score =5

Humidity transport can be modeled with a dedicated model inside SC/Tetra. This model can handle the
following analyses: relative humidity, absolute humidity, dew condensation, humidity transfer in solid,
vapor pressure under humidity analysis.

Criterion 3.6.5: Wind load towards to building structure ranking score =1

Cradle SC/Tetra does not offer wind-driven pressure distribution for building structure analysis.
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Criterion 3.6.6: Pressure distribution along streamlines/pressure losses ranking score =3

Cradle SC/Tetra allows for setting up pressure loss of different obstruction or constrained geometries
such as porous objects.

Criterion 3.6.7: Conjugate heat transfer ranking score =5

Cradle SC/Tetra provides heat transfer thermal analysis which allows for simultaneously simulating
convective / turbulent fluid convection which can be seen in buoyance-driven ventilation.

3.6.9 Criteria Group Workflow — Support for Validation

Criterion 3.7.1: Validation document / example ranking score =5

Cradle SC/Tetra provides substantial documentation including a technical manual, a user’s guide and
validation exercises. These exercises were validated against more robust simulation such as Direct
Numerical Solution (DNS) or experiments. These exercises also act as tutorials for users to learn how to
set up their model properly.

Fde Edd  Veew Window Help E
) cremte - | B S=|@ b -
#) () [ |vem | Ik [ | = @ [ws]-]| 5 B Tools | Comment | Share

Bookemarks o
= L} Valdation 2 Heat Transfer on the Circutar Cylinder Surtace under the Forced Con
[P Tabte of Contents = Chant of Nu munsber ou the cylmder susface.

[ ET, Chapter 1 Function Examples
4 || 2 crapter2 vaiigation Examles “
= # [ validation 1 Analysis of Straight Square Duct Flow Using 00 =
pr: Non-Linear Turbulence Model b e -

e — an, i

* I validation 2 Heat Transfer on the Circular Cylinder Surface under “ = = 7
the Forced Convection ' T 4
2P Validation 3 Heat Transfer on the Circular Cylinder Surface under = 1"'__\ /
the Forced Comvection 2 (Coarse Grid) .
) —:n Validation 4 Evaluation of Thermal Transfer Coefficient of F‘.Iglﬂ
Rough Wall w
# [P validation 5 Analysis of a Square Cavity Flow . . .
o I Validation 6 Pseudo Element Center Wall Condition ¢ * R, Y = "
# [ validation 7 Flat-plate Boundary Layer and Convective Term -
Accuracy
* I validation & Turbulent Heat Transfer in Axisymmetric Impinging -
Jet Flow e=T,}
%[ validation 9 Accuracy Validation of Time Derivative Term :“’“"“"'“’-b“
# [ validation 10 Heat Transfer in an Axisymmetric Backstep Flow T::::-m.trm-lr- ﬂ']m-ii]
using the Adagtive Wall Function . Tm;”;”m .-_\-n:u.-:c..rﬁm ®
* P validation 11 Detached Eddy Simulation around a 30 Cylinder 1 Tempeate of 1w fow Kl
% {F Validation 12 Bubble Jet Ana ysis using Multiphase Flow Model 4. Local Heat Fiux on the cylinder surface  [Wim')
# [ validation 13 Airation Tank Analysis using Multiphase Flow Model
* _: Validation 14 Boundary Layer Transition on a Flat-Plate References
# [ validation 15 Shock Wave Diffraction
# [P validation 16 Simulation of Flow with a Shack Wave arcund a L. White, F., Heat and Mass Transfer, ADDISON WESLEY, (1988), pp 343347,
Two-Dimensional Airfoil
Figure 3.6.9: 16 Exercises of validation from SC/Tetra Version 10 User’s Guide Exercise; Source: SC/Tetra
. ) . .
Version 10 User’s Guide Exercise (Cradle, 2012)
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3.6.10 Criteria Group Cost of Software

Criterion 4.1: Commercial pricing model ranking score = 3
Need to be written after having the amount number.
Criterion 4.2:  Academic pricing ranking score =4

Cradle offers special discounts for academic users. For this study, the ERDL-HNEI CFD team received a
substantial evaluation version of SC/Tetra packages for about two month at no cost academic license.
However, there is no dedicated webpage on the website for academic license and support. Without
direct contact to customer service personnel, user might have no idea on the actual cost for academic
license.

Criterion 4.3:  Software includes all modules (no extra costs) ranking score =3

Cradle SC/Tetra package includes necessary modules for CFD modeling such as SSTpreprocessor,
SCTsolver, SCTpost-processor, SCTjob for analysis job management, LFileView as viewer tool, SCTools for
reprocessing calculation results data files, etc. However, the user might need to buy extra modules such
as CADthru for preparing CAD data for CFD analysis.
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3.7 Ranking of Design Builder

This section provides a description of the capabilities of Design Builder software, and specifically the
external CFD module that is part of the overall software package.

3.7.1 Criteria Group: Value for the CFD software product to the Architecture and Building Market

These ranking criteria are listed under Number 1 in the ranking matrix:
Criterion 1.1:  Benefit for external CFD applications to architecture ranking score = 2

Design builder offers an introductory level analysis capability for external CFD applications. Introductory
can be understood as having a low sophistication of workflow and required understandings of CFD
fundamentals. The grid is a structured and self-adjusting grid and the requirements to obtain results is
very basic. The CFD results offer an idea about pressure and velocity distribution around the building.

What makes Design builder external CFD useful to the architecture practitioners or student is the readily
obtainable visualization of pressure and velocity fields around the building. Since the main objective of
Design Builder is energy simulations, building model geometries created for energy analysis purposes
can also be used to describe a general wind pattern around the building.

The external CFD functionality of Design Builder is limited but represents an easy to learn and apply CFD
application to assess wind movement around buildings.

Criterion 1.2: Previous applications in architecture / urban design ranking score =1

The use of Design Builder in external CFD applications appears to be quite limited. The project team
could not identify any mentioning of use of Design Builder external CFD package in professional
publications. It must be noted however that external CFD applications in architecture are only at the
beginning of widespread use. The visualization of wind movement around buildings is often used in
presentations. In these cases qualitative representation of wind patterns around buildings and
structures can be given by the software.

Criterion 1.3:  Previous mentioning of software product in scientific or applied professional articles
ranking score =1

The project team could not find any mention of Design Builder’s external CFD software applications in
the scientific (building science) and professional literature. This should not come as a surprise, since the
external CFD module of Design Builder is mainly an easy-to-use building simulation tool for qualitative
description of wind patterns around buildings.
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In the description of their external CFD package, Design Builder claims that “DesignBuilder CFD has been
independently tested against Pheonics, one of the most powerful and widely respected general purpose
CFD packages available. The validation work, carried out by Northumbria University, shows that
DesignBuilder is able to reproduce the same results as Pheonics given the same input data. This adds to
confidence in the results produced by DesignBuilder CFD.”

Criterion 1.4:  Using graphics output for presentations ranking score =3

Design Builder has a ready to use graphical interface that presents visual images of the external velocity
and pressure field around buildings. The software has a feature where high quality renderings of
buildings can be overlaid by vector description of wind velocity and contoured slices for velocity and
pressure. The handling of these graphics representation is very easy and with effort the user can fuse
other presentations with the renderings produced by Design Builder.

Figure 3.7.1: Visualization of pressure distribution around buildings (Source Design Builder)

3.7.2 Criteria Group: Support by Vendor / Expert Network:
These ranking criteria are listed under Number 2 in the ranking matrix:
Criterion 2.1:  Technical support available: ranking score = 3

The technical support offers a chat section and also the possibility of submit a support ticket. Response
time of the technical support is average. The quality of the overall service is above average. Direct
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consultation is not available through the software company. The company provides a DesignBuilder
Consultants Register where individual consultants (who are not part of Design Builder) can be contacted
to provide support.
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Figure 3.7.2A:  Technical support option through the Design Builder website (Source Design Builder)

Criterion 2.2:  Online tutorials available on demand: ranking score = 2

The software company offers about 20 online tutorials (on-demand) that describes the entirety of the
Design Builder functionality. The figure below shows a sample tutorial. In regard to CFD only 3 tutorials
are offered and only one of which is related to external CFD. The students have to be registered to
access the tutorials. The tutorials are archived webcasts and about 45 minutes long each and they show
sample applications of external CFD applications. Due to the fact that the external CFD in Design Builder
is very simplistic and easy to use, no in depth explanation is offered.

Criterion 2.3:  Online classes available (low entry barriers): ranking score = 2

On-line classes (synchronous training classes) are available but the company charges to take them. The
company does offer some discount for academic clients but the entry barrier is therefore not
insignificant.

Criterion 2.4:  Network of CFD professionals in architecture field: ranking score =3

We could not identify a standing network of academics or professionals in architecture which uses
Design Builder for external CFD applications. The Design Builder website offers an online forum where
users address issues which are then answered by the technical support or are discussed by other users.
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Figure 3.7.2B:  Visualization of pressure distribution around buildings (Source Design Builder)
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Criterion 2.5:  Ease of working with academic support: ranking score = 3

The project team could not identify specific academic technical support. The administrative academic
support is accommodating and provides expeditious service. The project team has first-hand experience
in purchasing Design Builder academic licenses and the administrative person in charge of selling and
supporting academic customers has been very helpful and supportive.

Criterion 2.6:  User guide provides efficient and comprehensive information: ranking score =5

The user guide of the software is very effective and comprehensive. The user guide is object linked,
which means that every command is directly linked to the specific issue in the user guide. The user guide
contains all pertinent information to the level that is required to operate the external CFD module as
well as some useful background information about the CFD process.

3.7.3 Criteria Group: Workflow-Ease of use / GUI

These ranking criteria are listed under Number 3.1 in the ranking matrix:

Criterion 3.1.1: GUI is easy to use for trained operator ranking score = 4

The GUI is very easy to use for the trained operator. In fact once the geometry is created the external
CFD analysis only needs a handful of steps in order to start the simulation. The required GUI steps in
starting a new external CFD analysis are limited to about 5 to 6 parameters that have to be entered. If
other than the default values are opted for the user requires significantly more knowledge and more
steps in setting up the simulation. An analysis feature shows the aspect ratio of cells and suggests
whether or not the CFD analysis will result in stable simulation.

The progress of the simulation is depicted in an interactive graph that shows development of residuals
as the simulation time steps. After the simulation has converged the user can easily commence the post
processing

P—

Residuals and Cell Monitor

Normalised Residuals

Figure 3.7.3: Design Builder residual status screen (Source Design Builder)
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Criterion 3.1.2: User guide and online help is available for each command ranking score = 5

The user guide and online help are very effective. The help offers subject linked support at any phase of
the work flow. This implies that at any stage in the work process the user can get support without
leaving the simulation process.

3.7.4 Criteria Group: Workflow-Modeling / Import geometry

These ranking criteria are listed under Number 3.2 in the ranking matrix:

Criterion 3.2.1: Create geometry inside CFD application ranking score = 5

The geometry modeled in the Design Builder software offer a very effective way to create external
geometries. Since external CFD requires some degree of simplification of external geometry the internal
modeler is sufficient and in the same way effective. External walls can be easily created by automatic
extrusions. Windows are created automatically. All standard roof forms can be created with entering a
limited set of parameters. More complicated roof forms can be created with component blocks.

Criterion 3.2.2: Import geometry / repair surface before meshing ranking score = 1

Importing geometry is possible but might involve several steps in the work process.

There is no option to repair the external surface before meshing. The mesh is a simple structured mesh
that lacks sophistication and the combination of different cell forms. The mesh is rather surrounding the
geometry and is not touching it, if the external surface is not perpendicular to the normal vector of the
cubic cells.

Criterion 3.2.3: Support Revit Architecture Import geometry / repair surface before meshing
ranking score = 2

DesignBuilder provides interoperability with BIM models through its gbXML import capability. This
allows the user to import 3-D architectural models created in Revit, ArchiCAD or Microstation (and other
3-D drawing systems that support gbXML data exchange). Revit users can access DesignBuilder while
working on their BIM models through the DesignBuilder Revit Plugin. This allows the model to be
checked and analyzed without leaving Revit. An important feature of DesignBuilder gbXML import is the
removal and repair of gaps between zone inner volumes, which means that models lose very little
geometric information in the transfer from CAD to DesignBuilder. In fact, the imported and rendered

Contract No.N000-14-13-1-0463 Project Deliverable No. 2.2: FINAL Report - Establishing External CFD Workflow
Hawaii Natural Energy Institute Environmental Research and Design Laboratory
School of Architecture, University of Hawaii

December 4, 2013 Page 160



FINAL Report - Establishing External CFD Workflow for ERDL-HNEI

Part 3 — Overall Ranking of CFD Software Based on Product Documentation Review

DesignBuilder model may look more realistic than it did in the CAD software! An example of a rendered
image imported from ArchiCAD is shown below.

Figure 3.7.4: Model imported as Revit and rendered in Design Builder (Source Design Builder)

Criterion 3.2.4: Support CADD format and Inventor: ranking score = 1

CAD geometry created with Inventor cannot be readily imported into Design Builder

Criterion 3.2.5: Support Rhino: ranking score = 1

CAD geometry created with Rhino cannot be readily imported into Design Builder.

3.7.5 Criteria Group: Workflow-Meshing

These ranking criteria are listed under Number 3.3 in the ranking matrix:

Criterion 3.3.1: Surface mesher ranking score = 1
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Design Builder does not have a surface mesher function. The surface created in Design Builder cannot be
automatically improved and there are no analysis and /or surface editing functions to repair the surface.
Design Builder does not create a surface mesh. In Design Builder the solution is discretized in a finite
volume grid. Moreover, Design Builder uses a non-uniform rectilinear Cartesian grid, which means that
the grid lines are parallel with the major axes and the spacing between the grid lines enables non-
uniformity. Due to the strict rectilinear nature of the grid, grid cells that lie in regions outside of the
domain required for calculation are ,blocked-off" in order to cater for irregular geometries.

Criterion 3.3.2: Maximum cells and 2D-3D cell volume ranking score = 1

DesignBuilder does not indicate the maximum number of cells that can be used in an external
simulation. Experience has shown that with increasing number of cells in the grid, the performance,
which means the time for running the simulation increases drastically.

Criterion 3.3.3: Boundary layer types ranking score = 1

The specification of boundary conditions for external analyses is relatively straightforward and just
requires setting the building orientation, wind velocity and wind direction and this is done using a single
dialogue box. The simplicity of setting the external boundary conditions has the advantage of being very
user friendly. However, lacking more sophisticated means to describe inlet, outlet, lateral, ground and
top conditions boundary diminishes the ability of the software to precisely predict external CFD wind
phenomena.

Criterion 3.3.4: Structured and Unstructured meshing ranking score = 1

DesignBuilder only offers the option of a structured mesh. Consequently the grid gives rise to limitation
in complexity.

Criterion 3.3.5: Adaptive meshing capability ranking score = 1

DesignBuilder offers a limited capability to edit the grid, which has to be initiated by the user. A default
CFD grid is generated using the default grid spacing defined as part of the data set. The default grid may
be edited using the ‘Edit CFD Grid’ tool which allows the user to change the spacing used for default
regions, insert additional regions or remove previously inserted regions.
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Figure 3.7.5A:  Typical grid representation adjacent, non-axis parallel to surfaces (source Design Builder)
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Figure 3.7.5A:  Grid editing capabilities of Design Builder (source Design Builder)
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3.7.6 Criteria Group: Workflow-Physics Models

These ranking criteria are listed under Number 3.4 in the ranking matrix:

Criterion 3.4.1: Solvers - Coupled / decoupled ranking score = 1

DesignBuilder cannot support coupled numeric domains. Furthermore DesignBuilder cannot display
pressure coefficients on the surface of structures, since no surface mesh is created. Thus it is not easy to
identify pressure coefficients at exactly the precise locations of the envelope. In essence Design Builder
cannot easily determine decoupled domains since boundary conditions for internal CFD with
DesignBuilder does not use pressure or stagnation point for openings in the envelope.

Criterion 3.4.2: Solver-Finite Element Method (FEV) / Finite Volume Method (FVM) ranking score = 3

DesignBuilder uses a Finite Volume Method to solve the equation.

Criterion 3.4.3: Steady State/Transient State ranking score = 2

DesignBuilder uses only steady —state simulations.

Criterion 3.4.4: Turbulence models ranking score = 1

DesignBuilder only uses the k-e turbulence model. No other turbulence models are offered.
Furthermore, the software does not allow altering the values of constant in the k-e turbulence model.

Criterion 3.4.5: Materials ranking score = 1

DesignBuilder does not offer setting of different materials, for example to define roughness conditions.

Criterion 3.4.6: Customizable / special physics models ranking score = 1

DesignBuilder does not offer customization of special physics models

3.7.7 Criteria Group: Post processing

These ranking criteria are listed under Number 3.5 in the ranking matrix:

Criterion 3.5.1: Visualization ranking score = 3

The main mechanism for displaying results is the slice tool that allows the user to select a slice, along
one of the main grid axes and perpendicular to it, within which can be displayed any of the selected
results display plots. Velocity vectors are displayed as arrows, the length of which corresponds to the
magnitude of the velocity and with applying a default vector scale factor. The maximum vector length is
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the maximum length of a vector that will be displayed to prevent the display from becoming cluttered
with excessively large vectors. 3-D contours allow the user to select any of the available variables for

which a 3-D contour plot is required:

/" Slice selector frame
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Figure 3.7.7A:  Visualization using slice parallel to the three major coordinates (source Design Bui
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Figure 3.7.7B:  Visualization using 3D-countours (source Design Builder)
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Design Builder has a special application to visualize occupant comfort settings. Displayed values are:

s PMV

e PPD

e Comfort Indices

e Mean Radiant Temperature
e QOperative Temperature

Design Builder has the ability to produce shaded renderings. The feature is very versatile and can also be
used for the visualization of external CFD simulation results.

Criterion 3.5.2: Quantitative analysis capabilities of components ranking score = 1

DesignBuilder does not offer a versatile and easy to use tool to determine the pressure and velocity at
specific locations in the numeric domain. There are indirect methods to identify pressure, velocity and
other parameters at certain locations on slices. But these methods are cumbersome, not exact and
difficult to use.

Criterion 3.5.3: Comparative analysis (multi-scenarios) ranking score = 1

DesignBuilder does not offer this function

3.7.8 Criteria Group: Workflow-Customization / special functions

These ranking criteria are listed under Number 3.6 in the ranking matrix:
Criterion 3.6.1: Comparative analysis (multi-scenarios) ranking score = 2

Design Builder has a limited ability to define pedestrian comfort by using qualitative representation of
result of external CFD. The external flow field can be determined by placing appropriate slices.

Criterion 3.6.2: Natural ventilation ranking score = 3

Design Builder has the ability to provide quantitative performance criteria for wind induced natural
ventilation from using the result of external CFD. However, DB does not utilize result obtained from the
external CFD calculations in order to assess internal air movement inside the spaces. The natural
ventilation calculations of internal spaces are based on boundary conditions that are calculated from
Energy Plus simulations for multi-zonal model; the boundary conditions are then applied for the various
openings in the building envelope.
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Criterion 3.6.3: Wind-driven rain ranking score = 1

Design Builder does not have the ability to provide an assessment of wind driven rain.

Criterion 3.6.4: Humidity ranking score = 1

Design Builder does not have the ability to provide an assessment of the distribution of changes in
humidity.

Criterion 3.6.5: Wind load towards to building structure ranking score = 2

Design Builder airflow and external pressure calculations can be used to determine the wind loading on
buildings. However, Design Builder does not offer a ready tool or functionality to easily determine the
magnitude of pressure coefficients on the building envelope. There is more elaborate process of
extracting pressure coefficients for the specific Cartesian grid cells (for the applied slicing) through
export of data to excel sheets. However, this process is time consuming and potentially does not use the
correct cell coordinates.

Criterion 3.6.6: Pressure distribution along streamlines/pressure losses ranking score = 1

Design Builder does not have a ready function to provide an assessment of the pressure distribution
along streamlines or determine pressure losses along a certain streamline.

Criterion 3.6.7: Conjugate heat transfer ranking score = 1

Design Builder external CFD calculations are iso-thermal and therefore do not include thermal
information.

3.7.9 Criteria Group: Workflow-Support for Validation

These ranking criteria are listed under Number 3.7 in the ranking matrix:

Criterion 3.7.1: Validation document / example ranking score = 2

Design Builder has indicated that there are limited case studies that address validation of external CFD
results.

3.7.10 Criteria Group: Cost of software

These ranking criteria are listed under Number 4 in the ranking matrix:

Criterion 3.7.1: Commercial pricing model ranking score =3
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Design Builder offer the CFD package as a module of its basic simulation software or as a standalone
licenses. In a network as many users can run the software as there are seats attached. The CFD functions
are competitively priced, which include both external and internal CFD applications. The software
packages are either perpetual licenses or can be obtained on an annual level.

Criterion 3.7.2: Academic pricing ranking score = 5

Design Builder offers a very competitive and (academic) customer friendly pricing for academic licenses.
Design Builder offered outstanding service to the UHM School of Architecture when the school
purchased an academic package. The project team had a very supportive service contact with the
company, which highly regards academic outreach.

Criterion 3.7.3: Software includes all modules (no extra costs) ranking score = 4

For the academic license the software package came with all pertinent modules. As the project team
understands, the commercial license requires the purchase for different modules.

Criterion 3.7.4: Option to acquire sufficient seats at no extra costs ranking score = 5

Design Builder offers a very attractive price to obtain licenses for the use by students. In effect Design
Builder did not charge for 50 student seats (all full functionality packages). The student licenses are
obtain as perpetual licenses but have to be renewed every year, which involves some administration
actions but no extra costs. This feature of Design Builder is very attractive to use Design Builder as a
simulation tool and for class room instructions.
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3.8 Ranking of OpenFOAM (Open Field Operation and Manipulation):
3.8.1 Criteria Group: Value of CFD Software Product for Architecture

Criterion 1.1:  Benefit for external CFD ranking score =5

OpenFOAM offers many features capable to analyze complex fluid flows involving chemical reactions,
turbulence, heat transfer, etc. With full range of turbulence models as well as flexible in meshing of
complex geometries, capability to customize settings of atmosphere boundary layer, OpenFOAM
receives the high ranking for an external CFD.

Criterion 1.2:  Previous application in architecture / urban design ranking score =1

OpenFOAM is the open-source CFD receiving high reputation of the open-source CFD user community.
OpenFOAM has been used across most areas of engineering and science, from both commercial and
academic organizations. However, its application in architecture / urban design is still limited to the best
knowledge of the authors at the time this report written.

Criterion 1.3:  Previous mentioning of software product in scientific or applied professional articles
ranking score =3

OpenFOAM has been found in many scientific and applied professional articles. However, its frequency
is still lower in comparison to other commercial CFD software products.

Criterion 1.4:  Using graphics output for presentation ranking score =3

OpenFOAM uses open-source visualization software called ParaView for delivering a variety of graphic
output for fluid presentation. However, the quality of these graphics is at average and ParaView is not
dedicated CFD visualization software and is lacking intuitive tools.

3.8.2 Criteria Group Support by Vendor / Expert Network

Criterion 2.1:  Technical support available: ranking score =3

Based on the information available on its website, even as free license cost open-source, OpenFOAM
also provides a variety of commercial support including support for basic operation of OpenFOAM,
assistance with CFD simulation, code customization and development. However, these supports are
quite limited in comparison to other commercial CFD vendors. The response time for technical support
has not been verified in this report.
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Support for basic operation of OpenFOAM
Installation and compilation of OpenFOAM.
Bug fixing: supply of software patches to remedy failures in functional tests of the software
Software updates: supply of new releases ofthe software.
System support: e.g. advice on execution of applications, creation of batch queuing scripts.

Assistance with CFD simulations
Initialisation of a simulation: selecting models, setting properties and fields, starttime, etc.
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post-processing.
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support queries submitted without prior arrangement of a support package.

Support Enquiry

Figure 3.8.2A:  Technical support options through the OpenFOAM website

Criterion 2.2:  Online tutorials available on demand ranking score = 2

OpenFOAM only provides very brief tutorials in its manual documentation downloadable at its website.
Other tutorial resources are also very limited online.

Criterion 2.3:  Online classes available (low entry barriers): ranking score = 2

OpenFOAM offers training classes in person at its facilities worldwide. Moreover, these training courses
require a fee (51600 each). OpenFOAM also offers on-site training for companies or organizations
requiring training for larger groups of people.

Criterion 2.4:. Network of CFD professionals in architecture field: ranking score=1

OpenFOAM has a lot of supports from user community sharing tutorials, updated information, trouble
shooting and collaboration. However, user community network for CFD professionals in architecture
field has not found at this time of this report written.
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Figure 3.8.2B:  Training options through the OpenFOAM website
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Figure 3.8.2C: OpenFoam wiki
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Figure 3.8.2D:  OpenFoam user forum at www.cfd-online.com

Criterion 2.5:  Ease of working with academic support: ranking score = 2

Based on its website, OpenFOAM offers academic support services. However, the detail as well as
quality of these services have not been investigated at this time of this report.

Criterion 2.6:  User guide provides efficient and comprehensive information: ranking score = 2

OpenFOAM provides a User guide. However, this documentation has insufficient details, making the
learning curve very gradual. Moreover, the lack of maintained documentation makes it difficult for the
new users.

3.8.3 Criteria Group Workflow - Ease of Use / GUI

Criterion 3.1.1: GUI is easy to use for trained operator ranking score=1

As open-source, OpenFOAM is absent of an integrated GUI which make it difficult for most users who
are not familiar to command line based system link UNIX and Linux.

Criterion 3.1.2: User guide and online help is available for each command ranking score =1
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OpenFOAM provides very limited user guide or off-line PFD copy of the user guide and online help at
each command is not available at this time of this report written.
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Figure 3.8.3: Online user guide available at OpenFOAM website

3.8.4 Criteria Group Workflow — Modeling / Import Geometry

Criterion 3.2.1: Create geometry inside CFD application ranking score = 2

OpenFOAM provides meshing functionalities to create geometry inside the CFD application. The
software includes blockMesh, snappyHexMesh, exrudeMesh and polyDualMesh to handle different
complexity levels of geometry. However, the lack of GUI for the software makes it difficult to use and
requires a lot of effort and time.

Criterion 3.2.2: Import geometry / repair surface before meshing ranking score = 2

OpenFOAM accepts meshes generated by virtually any type of major mesh generators and CAD systems
such as ANSYS, FDX, Fluent,Gmsh, STAR-CD, etc. However, as a non-GUI system, OpenFOAM'’s does not
offer a mesh repairing tools.
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Figure 3.8.4: Open-source GMSH geometry and mesh generators for meshes which can be imported into
OpenFOAM

Criterion 3.2.3: Support Revit Architecture ranking score =1
OpenFOAM does not directly support geometry imports from REVIT.

Criterion 3.2.4: Support CADD format and Inventor ranking score =1

OpenFOAM does not support CADD format as well as geometry files created with Inventor.

Criterion 3.2.5: Support Rhino ranking score =1

OpenFOAM does not directly support Rhino 3D. However, the import of geometry created by Rhino is
possible through conversion into STL format and then from STL to GMSH format, which can be finally
converted into OpenFOAM. However, this complicated conversion process and the quality from the
transition make this ranking is the lowest.
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3.8.5 Criteria Group Workflow - Meshing
Criterion 3.3.1: Surface meshers ranking score =1

OpenFOAM does not support advanced surfaces mesher options such as the Surface wrapper, Surface
remeshers, and automated surface repairing tools. At the present there is no support for embedded
interfaces and refinement trees. Meshes can be imported from several third-party mesh generators.

Criterion 3.3.2: Maximum cells and 2D-3D cell volume ranking score = 5

The CFD team is not aware of any limitation to the maximum allowable cells for OpenFOAM application.
However, its meshing utility called snappyHexMesh can run in parallel to generate meshes of 100s of
millions of cells, given sufficient computational resources.

Criterion 3.3.3: Boundary types ranking score = 5

OpenFOAM offers a variety of boundary types classified into the following main categories; constraint
boundary conditions, thermo-physical boundary conditions, inlet boundary conditions, coupled
boundary conditions, generic boundary conditions, outlet boundary conditions and wall boundary
conditions. These boundary conditions are sufficient to conduct the majority of fluid phenomena
investigation with OpenFoam.

OpenVFOAM OpenFOAM C++ Documentation

Home | Download = Documentation | Licensing | Code Development | OpenFOAM com

MainPage | Related Pages | Modules | Namespaces | Classes | Files | Directories af

Boundary Conditions

Collaboration diagram for Boundary Conditions:
‘ Thermophysical boundary conditions |

Boundary Canditions

Figure 3.8.5: Main categories of boundary conditions covered by OpenFOAM

Criterion 3.3.4: Structured and Unstructured meshing ranking score =5
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OpenFOAM supports unstructured meshes combined with a freedom of cell shape. This offers a great
flexibility for the mesh generation. OpenFOAM provides several meshing tools such as blockMesh
(hexahedra), snappy HexMesh (hexahedra), extrudeMesh (prism) and PolyDualMesh (tetrahedral and
polyhedral meshing). OpenFOAM has several utilities that perform mesh checking and manipulation.

Criterion 3.3.5: Adaptive meshing capability ranking score = 1

OpenFOAM has not provided dynamic refinement or adaptive meshing capability.

3.8.6 Criteria Group Workflow — Physics Models

Criterion 3.4.1: Solvers — Coupled / decoupled ranking score =5

OpenFOAM has the full range of customizable boundary conditions and flexible meshing tools to model
“coupled” computational domain. The sizes of coupled domains differ from very small to very large
scale. The basic advantage is that internal and external airflow can be solved simultaneously.

Criterion 3.4.2: Solver-Finite Element Method (FEV) / Finite Volume Method (FVM) ranking score =5

OpenFOAM uses Finite Volume Method (FVM) for the numerical solution. This FVM method is
appropriate to conduct flux calculation in numerical equation solving as well as to formulate arbitrary
shaped cells (any number of faces and any number of edges) of unstructured meshes.

Criterion 3.4.3: Steady state/Transient state ranking score =5

OpenFOAM offers a full range of steady state and transient state solutions which allow for simulating a
wide variety of airflow phenomena. These solvers for incompressible flow are briefly listed as follows:
steady-state solver for incompressible turbulent flow of non-Newtonian fluids, incompressible LES solver
for flow in a channel, transient solver for incompressible flow of Newtonian fluids on a moving mesh
using the PIMPLE (merged PISO-SIMPLE) algorithm, large time-step transient solver for incompressible
flow using the PIMPLE (merged PISO-SIMPLE) algorithm.

Criterion 3.4.4: Turbulence models ranking score =5

OpenFOAM offers a wide range of turbulence models including Reynolds-Averaged Navier-Stokes
(RANS), Large Eddy Simulation (LES), Detached Eddy Simulation (DES) and even Direct Numerical
Simulation (DNS).

Criterion 3.4.5: Materials ranking score =3
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OpenFOAM offers a variety of different thermo-physical models. The use of thermo-physical properties
requires customization with specific models.

Criterion 3.4.6: Customizable / special physics models ranking score =4

OpenFOAM allow the use of customizable physics models including combustion (chemical reaction, fire,
compressible premixed/partially-premixed combustion with turbulence modeling), heat transfer and
buoyance-driven flows, etc.. Humidity absorption / dispersion, however, is not being offered in
OpenFOAM yet.

3.8.7 Criteria Group Workflow — Post-processing

Criterion 3.5.1: Visualization ranking score =3

OpenFOAM uses ParaView, a reader module for OpenFOAM data from the open source visualization
application. The graphic output from ParaView provides a wide range of different options from shaded
and transparent surfaces, vectors, contours, particle traces and even animation. However, the transfer
solution data from OpenFOAM to ParaView is not a seamless process and therefore requires time and
effort.

Criterion 3.5.2: Quantitative analysis capabilities of components ranking score =4

OpenFOAM provides a wide range of tools for producing quantitative analysis. The range of available
tools is extensive: e.g. files of sampled data can be written for graph plotting or other third party post-
processor or analysis.
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Figure 3.8.7: ParaView - OpenFOAM'’s post-processor
Criterion 3.5.3: Comparative analysis (multi-scenarios) ranking score=1

OpenFOAM currently does not offer capabilities for comparative analysis.

3.8.8 Criteria Group Workflow — Customizable / Special Functions

Criterion 3.6.1: Pedestrian comfort ranking score =5

OpenFOAM can be used as simulation tool in modeling wind velocity related to pedestrian comfort.

Criterion 3.6.2: Natural Ventilation ranking score =3

OpenFOAM does not provide any specific user guide or resources regarding natural ventilation analysis.
However, the software capabilities can be used to assess highly complex external and internal airflow
for natural ventilation with significant effort and time. There is no special functions for mean age of air
and thermal comfort available from current versions of OpenFOAM’s modules.

Criterion 3.6.3: Wind-driven rain (WDR) ranking score =3
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OpenFOAM does offer features which can be used to solve wind-driven rain phenomena.

Criterion 3.6.4: Humidity ranking score =1

Humidity analysis is not available as a dedicated function in OpenFOAM .

Criterion 3.6.5: Wind load towards to building structure ranking score =5

OpenFOAM offers modules for stress analysis of solids coupling with turbulence models to compute
building surface pressure distribution used for wind loading analysis.

Criterion 3.6.6: Pressure distribution along streamlines/pressure losses ranking score =3

OpenFOAM offers post-processors capabilities for visualizing pressure losses along streamline.

Criterion 3.6.7: Conjugate heat transfer ranking score =5

OpenFOAM has a module that can analyze conjugate heat transfer between a solid and fluid regions.
This module called chtMultiRegionFoam combines of heatConductionFoam and buoyantFoam.

3.8.9 Criteria Group Workflow — Support for Validation

Criterion 3.7.1: Validation document / example ranking score = 2

As an open source, OpenFOAM has benchmarked against other commercial CFD software products and
can been validated in on-site full-scaled measurement and small-scaled model wind tunnel
measurements. However, this validation documentation is not available at a single source and therefore
cannot be easily accessed.
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3.8.10 Criteria Group Workflow — Cost of Software

Criterion 4.1: Commercial pricing model ranking score =5

OpenFOAM is at no cost.

Criterion 4.2:  Academic pricing

OpenFOAM is at no cost.

ranking score =5

Criterion 4.3:  Software includes all modules (no extra costs) ranking score =5

OpenFOAM is at no cost for any of its modules.

Criterion 4.4:  Option to acquire additional seats at no extra or small costs ranking score =5

OpenFOAM is at no cost.
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3.9 Results of Initial Ranking for Seven Candidate CFD Software based on Vendor Documentation

This section presents the initial results of the ranking of the seven CFD software products which were
evaluated solely based on CFD software product documentation.

The summary of the ranking results is provided in Table 3.9.1. and Figures 3.9.1 through 3.9.4.

The detailed analysis of the ranking for the seven CFD software products is shown on Table 3.9.2 (on the
fold-out page following this page). given below.

Table 3.9.1 Summary of initial results of ranking based on CFD software vendor documentation

total rank Criteria Criteria Criteria
CFD Software
excl. costs group 1 group 2 group 3
1 ANSYS - Fluent 65.1% 91% 58% 76%
2 STAR-CCM+ 65.3% 63% 95% 77%
3 ACADCFD 57.4% 46% 59% 79%
4 Cradle SD-Stream 61.8% 82% 71% 70%
5 Cradle SD-Tetra 60.5% 54% 67% 79%
6 Design Builder 24.3% 21% 47% 26%
7 Open-Foam 35.8% 43% 31% 45%
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Total ranking (excluding costs)

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Cradle SD-Stream %
Cradle $D-Tetra W
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Figure 3.9.A: Results of initial ranking — Total ranking (excluding costs)

Criteria Group 1 -
Value for the CFD software product to the architecture and building market

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

ANSYS - Fluent W
STAR-CCM W
Cradle SD-Tetra W
Design Builder %

ACAD CFD

Cradle SD-Stream

Open-Foam
Figure 3.9.B: Results of initial ranking — Ranking for criteria group 1 - Value for the CFD software product to the
architecture and building market
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Criteria Group 2 - Support by vendor/Expert Network
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Figure 3.9.C: Results of initial ranking — Ranking for criteria group 2 - Criteria Group 2 - Support by

vendor/Expert Network

Criteria Group 3 - Workflow
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Figure 3.9D: Results of initial ranking — Ranking for criteria group 3 - Criteria Group 2 - CFD workflow
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Ranking matrix for CFD software products for external CFD DRAFT
note:
levels ANSYS - Fluent STAR-CCM+ ACAD CFD Cradle SD-Stream Cradle SD-Tetra Design Builder Open-Foam
NuFmber Number | Number Description weight | weight | weight | weight ranking result. result. ranking result. result. ranking result. result. ranking result. result. ranking result. result. ranking result. result. ranking result. result
irst second third first second third overall contribution|  Points contribution Points contribution|  Points contribution|  Points contribution|  Points contribution|  Points contribution|  Points
Overall Overall Overall Overall Overall Overall Overall
1to5 % of 100% | point % 1to5 % of 100% | point % 1to5 % of 100% | point % 1to5 % of 100% | point % 1to5 % of 100% | point % 1to5 % of 100% | point % 1to5 % of 100% | point %
Value for the CFD software product to the architecture
1 PrelY ] 20%
and market
1 Benefit for external CFD applications to architecture 20% 4.0% 5 95% 3.8% 5 95% 3.8% 3.8% 95% 3.8% 95% 3.8% 30% 1.2% 5 95% 3.8%
2 Previous applications in architecture / urban design 35% 7.0% 5 95% 6.7% & 50% 3.5% 0.4% 95% 6.7% 30% 2.1% 5% 0.4% 1 5% 0.4%
3 Previous mentioning of software product in scientific or 20% 4.0% 5 95% 3.8% 2 30% 1.2% 0.2% 50% 2.0% 5% 0.2% 59% 0.2% 3 50% 2.0%
applied professional articles
4 Using graphics output for presentations 25% 5.0% 4 80% 4.0% 4 80% 4.0% 4.8% 80% 4.0% 95% 4.8% 50% 2.5% 3 50% 2.5%
sum second level >>> 100% 20.0% test >>|18.3% test >>|12.5% test >>|16.5% 10.9% 4.3% test >>|8.7%
2 Support by vendor / expert network 15%
1 Technical support available 25% 3.8% 80% 3.0% 5 95% 3.6% 0.2% 95% 3.6% 50% 1.9% 50% 1.9% 50% 1.9%
2 Online tutorials available on demand 20% 3.0% 50% 1.5% 5 95% 2.9% 2.9% 30% 0.9% 80% 2.4% 30% 0.9% 30% 0.9%
3 Online classes available (low entry barriers) 20% 3.0% 30% 0.9% 5 95% 2.9% 2.9% 80% 2.4% 95% 2.9% 30% 0.9% 30% 0.9%
4 Network of CFD professionals in architecture field 15% 2.3% 30% 0.7% 5 95% 2.1% 0.1% 50% 1.1% 5% 0.1% 50% 1.1% 5% 0.1%
5 Ease of working with academic support 10% 1.5% 80% 1.2% 5 95% 1.4% 1.4% 95% 1.4% 95% 1.4% 50% 0.8% 30% 0.5%
6 User guide provides the efficientinformation 10% 1.5% 95% 1.4% 5 95% 1.4% 1.4% 80% 1.2% 95% 1.4% 95% 1.4% 30% 0.5%
sum second level >>> 100% 15.0% test >>|8.7% test >>|14.3% test >>|10.6% test >>|10.1% test >>|7.0% test >>|4.7%
3 Workflow 50%
1 Ease of use /GUI 15%
1 GUl is easy to use for trained operator 60% 4.5% 4 80% 3.6% 4 80% 3.6% 5 95% 4.3% 5 95% 4.3% 5 95% 4.3% 4 80% 3.6% 1 5% 0.2%
2 :::: rﬁ:::f and online help is available for each a0% | 3.0% 3 50% 1.5% 5 95% 2.9% 5 95% 2.9% 3 50% 1.5% 4 80% 2.4% 5 95% 2.9% il 5% 0.2%
sum third level >>> 100% 7.5% test>>|5.1% test >>)6.5% test>>|7.1% test >>|5.8% test >>|6.7% test >>|6.5% test >>)0.4%
2 /Import y 20%
1 Create geometry inside CFD application 15% 15% 80% 1.2% 80% 12% 5% 0.1% 12% 5% 0.1% 95% 1.4% 30% 0.5%
2 Import geometry / repair surface before meshing 20% 2.0% 80% 1.6% 95% 1.9% 95% 1.9% 1.0% 80% 1.6% 5% 0.1% 30% 0.6%
3 Support Revit Architecture 30% 3.0% 50% 1.5% 5% 0.2% 95% 2.9% 2.9% 30% 0.9% 30% 0.9% 5% 0.2%
4 Support CADD format and Inventor 20% 2.0% 80% 1.6% 30% 0.6% 95% 1.9% 0.1% 95% 1.9% 5% 0.1% 5% 0.1%
5 Support Rhino 15% 15% 30% 0.5% 4 80% 12% 5% 0.1% 0.1% 30% 0.5% 5% 0.1% 1 5% 0.1%
sum third level >>> 100% 10.0% test >>)6.4% 5.1% test >>|6.8% test >>|4.9% test >>|2.6% 1.4%
3 20%
1 Surface meshers 30% 3.0% 5% 0.2% 5 95% 2.9% 50% 1.5% 2.4% 5% 0.2% 5% 0.2% 1 5% 0.2%
2 Maximum cells and 2D-3D cell volume 10% 1.0% 95% 1.0% 5 95% 1.0% 50% 0.5% 1.0% 95% 1.0% 5% 0.1% 5 95% 1.0%
3 Boundary layer types 25% 2.5% 95% 2.4% 5 95% 2.4% 95% 2.4% 2.4% 95% 2.4% 5% 0.1% 5 95% 2.4%
4 Structured and Unstructured meshing 10% 1.0% 95% 1.0% 5 95% 1.0% 80% 0.8% 0.8% 95% 1.0% 5% 0.1% 5 95% 1.0%
5 Adaptive meshing capability 25% 2.5% 95% 2.4% 5 95% 2.4% 95% 2.4% 2.0% 95% 2.4% 5% 0.1% 1 5% 0.1%
sum third level >>> 100% 10.0% test >>)6.8% 9.5% test >>|7.6% test >>|6.8% test >>)0.5% 4.6%
4 Physics Models 30%
1 Solvers - Coupled / decoupled 15% 2.3% 95% 2.1% 5 95% 2.1% 80% 1.8% 2.1% 95% 2.1% 5% 0.1% 5 95% 2.1%
2 Solver-Finite Element Method (FEV) / Finite Volume 10% | 15% 95% 1.4% 5 95% 1.4% 95% 1.4% 1.4% 95% 1.4% 50% 0.8% 5 95% 1.4%
Method (FVM)
3 Steady State/Transient State 10% 1.5% 95% 1.4% 5 95% 1.4% 95% 1.4% 0.8% 95% 1.4% 30% 0.5% 5 95% 1.4%
4 Turbulence models 35% 5.3% 95% 5.0% 5 95% 5.0% 95% 5.0% 0.3% 95% 5.0% 5% 0.3% 5 95% 5.0%
5 Materials 10% 15% 80% 1.2% 5 95% 14% 95% 1.4% 1.4% 95% 1.4% 5% 0.1% 3 50% 0.8%
6 Customizable / special physics models 20% 3.0% 80% 2.4% 4 80% 2.4% 95% 2.9% 2.4% 95% 2.9% 5% 0.2% 4 80% 2.4%
sum third level >>> 100% | 15.0% test >>|13.6% 13.8% test >>13.9% test >>] 14.3% test >>|1.8% 13.1%
5 Post processing 5%
1 Visualization 25% 0.6% 80% 0.5% 5 95% 0.6% 95% 0.6% 0.6% 95% 0.6% 50% 0.3% & 50% 0.3%
2 Quantitative analysis capabilities of components 25% 0.6% 80% 0.5% 5 95% 0.6% 95% 0.6% 0.6% 80% 0.5% 5% 0.0% 4 80% 0.5%
3 Comparative analysis (multi-scenarios) 50% 1.3% 80% 1.0% & 50% 0.6% 95% 1.2% 1.0% 95% 1.2% 5% 0.1% 1 5% 0.1%
sum third level >>> 100% 2.5% test >>)2.0% 1.8% test >>|2.4% test >>|2.3% test >>|0.4% 0.9%
6 C ization / special 5%
1 Pedestrain comfort 15% 0.4% 95% 0.4% 95% 0.4% 50% 0.2% 0.4% 95% 0.4% 30% 0.1% 95% 0.4%
2 Natural ventilation 25% 0.6% 95% 0.6% 95% 0.6% 95% 0.6% 0.6% 95% 0.6% 50% 0.3% 50% 0.3%
3 Wind-driven rain 10% 0.3% 50% 0.1% 95% 0.2% 5% 0.0% 0.2% 80% 0.2% 5% 0.0% 50% 0.1%
4 Humidity 15% 0.4% 5% 0.0% 50% 0.2% 95% 0.4% 0.4% 95% 0.4% 5% 0.0% 5% 0.0%
5 Wind load towards to building structure 5% 0.1% 95% 0.1% 50% 0.1% 95% 0.1% 0.1% 50% 0.1% 30% 0.0% 95% 0.1%
6 Pressure distribution along streamlines/pressure losses 20% 0.5% 95% 0.5% 30% 0.2% 5% 0.0% 0.4% 95% 0.5% 5% 0.0% 50% 0.3%
7 Conjugate heat transfer 10% 0.3% 95% 0.2% 95% 0.2% 95% 0.2% 0.2% 95% 0.2% 5% 0.0% 95% 0.2%
sum third level >>> 100% 2.5% test >>|1.9% test >>|1.8% test >>|1.5% test >>|2.3% test >>|2.3% test >>|0.5% test >>|1.4%
7 Support for validation 5%
1 Validation document / example 100% | 2.5% 95% 2.4% 5% 0.1% 5% 0.1% 95% 24% 95% 2.4% 30% 0.8% 30% | 08%
sum third level >>> 100% 2.5% test>>)3.1% test >>)0.5% test >>|0.4% test >>|3.0% test>>|3.1% test >>|0.8% test>>|1.2%
sum second level >>> 100%
q Cost of software 15% (Not considered in (Not considered in (Not considered in (Not considered in (Not considered in (Not considered in (Not considered in
(Not considered in DRAFT ranking) DRAFT ranking) DRAFT ranking) DRAFT ranking) DRAFT ranking) DRAFT ranking) DRAFT ranking) DRAFT ranking]
1 1 Commerecial pricing model 20% 3.0% 50% 1.5% 50% 1.5% 50% 1.5% 50% 1.5% 4 80% 2.4% 50% 1.5% 5% 0.2%
2 2 Academic pricing 30% 4.5% 80% 3.6% 95% 4.3% 95% 4.3% 50% 2.3% 4 80% 3.6% 95% 4.3% 5% 0.2%
3 3 Software includes all modules (no extra costs) 20% 3.0% 95% 2.9% 95% 2.9% 95% 2.9% 50% 15% 4 80% 2.4% 80% 2.4% 5% 0.2%
4 4 Option to aquire sufficient seats at no extra costs 30% 4.5% 95% 4.3% 95% 4.3% 5% 0.2% 50% 2.3% 4 80% 3.6% 95% 4.3% 5% 0.2%
sum second level >>> 100% 15.0% test >>|12.2% test >>|12.9% test >>|8.9% test >>|7.5% test >>|12.0% test >>|12.5% test >>)0.8%
sum of first level >>> 100% sum overall points >>  65.1% sum overall points>>  65.3% sumoverall points >>  57.4% sum overall points>>  61.8% sumoverall points >>  60.5% sum overall points >  24.3% sum overall points >>  35.8%
Sum does not include costs Sum does not include costs Sum does not include costs Sum does not include costs Sum does not include costs Sum does not include costs )
ANSYS - Fluent STAR-CCM+ ACAD CFD Cradle SD-Stream Cradle SD-Tetra Design Builder Open-Foam

The ranking criteria is shown below:
ranking criteria

1 BHOLZ This criteria is not achieved or is only achieved to a very limited extent . . o .

2 {ONOLZN This criteria is somewhat achieved, but more than alittle achievement D R FT Table 3-9-2- Breakdown Of a" ranklng Crlterla and
3 S(ONOLZN The criteria is achieved on an average (50%) level ‘ ‘ . . .

4 t{ONOLZN This criteria is achieved to an above average level contrlbUtlon from partICUIar SOftwa re prOdUCts

5 [ENOLZN This criteria is totally achieved or to a very high extent
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Part 4 Benchmarking of Candidate CFD Products Workflow Performance for External CFD

Following the initial ranking, which used vendor supplied documents, the CFD research team performed
benchmarking workflow tests to obtain first-hand experience of the specific CFD software products. The
following presents the results and conclusion of the benchmarking workflow tests that were conducted
for six of the original seven candidate CFD software. The CFD software products which were tested are
as follows:

e ANSYS - Fluent

e STAR-CCM+

e Autodesk Simulation CFD
e Cradle scStream

e Cradle SC/Tetra

e Design Builder

The CFD team had received temporary access to the six CFD software products and conducted the
benchmarking tests within a period of six weeks. The conclusions obtained in the benchmarking tests
were used to compile the final overall ranking of the candidate CFD software products.

A framework for the benchmarking tests was developed to allow direct comparison of the workflow and
a qualitative assessment of the results of simulations using a prototype case of external wind movement
around a set of buildings. The framework included the following steps in the workflow process:

Pre-processing: This step included creating the geometry of a central building with adjacent structures
for which wind induced phenomena (velocity and pressure) were tested. The geometry was created
in an external CAD program and imported into the CFD program. The computational domain was
established in such a way that the wind approach direction could be changed around 90 degrees,
without the need to recreate the virtual wind tunnel (e.g. the computational domain with inlet,
outlet, lateral, top and ground boundaries). The surface and volume mesh was created in
accordance to the specific meshing tools of the tested software.

Solver: All solver setting were selected to be similar for all six software CFD products. Since not all CFD
software products provide the same sophistication in selecting certain physics parameters, the
physics stetting, especially the turbulence model, was selected to accommodate the least
sophisticated CFD software products. In essence this means that the test with the more
sophisticated software products, such as Star-CCM+ and Fluent, used only basic settings and the
quality of simulation results did not reflect the overall potential of these CFD software. Therefore,
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the results of the benchmarking test should be viewed only in regard to the effectiveness of the
workflow and not in terms of direct quantitative comparison of the results for velocity and pressure.

Post-processing: The post processing was used to depict the results in accordance of the testing
framework. The post processing capabilities of all software products varied, but all of the tested CFD
software products were capable of basic slice visualization, which was mainly used for the
visualization of the test results.

4.1 Framework for Conducting the Benchmarking Tests

The framework included the following parameters and setting:

4.1.1. Geometry File Type Format:

Both building geometry and adjacent mass models are originally created with Revit CAD architecture.
Using Revit architecture is the raw model and geometry file that can be export to different file type
formats, which are compatible with the candidate CFD software. The Revit CAD architecture’s modeling
interface is convenient for creating and modifying geometry models. The CFD team believes that Revit
could be the primary modeling tool for CFD building model in the subsequent CFD project work.

= @

Figure 4.1.1: Given building geometry and massing adjacent models are created from Revit architecture
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1. Revit Architecture 2. Revit export to 3. Revit (.SAT) to
(Original) CAD Inventor 4. Revit export

CFD softwares "RVT" ".SAT" "JIAM" "gbXML"
ANSYS - Fluent X X
STAR-CCM+ X X
Autodesk Simulation CFD X X X
Cradle SD-Stream X X
Cradle SD-Tetra X X

Design Builder X X

Table 4.1.1: Compare geometry file transition to the six candidate CFD software products.
4.1.2 Wind Approach Directions:
Two major wind approach directions (Figure 4.1.1) were selected for the benchmarking tests. The two

wind directions are from the North (Wind direction 1) and from the West (Wind direction 2). The
benchmarking workflow tests conducted simulations for both wind directions.

4.1.3 Atmosphere Boundary Layer (ABL):
The following parameters were used to describe the effect of the atmospheric boundary layer.

e K-Epsilon turbulence modeling in the ABL

Standard K-Epsilon - Properties 7o 4 X
¢ Properties

Constitutive Relation Linear o
Realizability Option None v
Convection 2nd-order b
¢ Expert

Normal Stress Term ~

Sigma_e 1.3

Sarkar 2.0

Sigma_k 1.0

Tke Minimum 1.0E-10

Secondary Gradients On v
Tdr Minimum 1.0E-10

Buoyancy Production of Dissi Boundary Layer Orienta... ¥
Cmu 0.09

Cle 1.44

C2e 1.92

Ct 1.0

Figure 4.1.2: Turbulence modeling set up for ABL from Star-CCM+ user guide
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e Ground roughness

. Roughness
Type of terrain heig%t z, [m]
Cities, forests 0.7
Suburbs, wooded countryside 0.3
Villages, countryside with trees, hedges 0.2
Open farmland, few trees 0.03
Flat desert, rough sea 0.001

Figure 4.1.3: Ground roughness for ABL from Star-CCM+ user guide

4.1.4 Boundary Condition

The dimensions of the computational domain were selected as 1,000 feet by 1,000 feet. This created a
symmetrical virtual wind tunnel, in both main wind directions, regardless on upwind and downwind
conditions. This approach had the advantage that CFD simulations could be initiated by merely
redefining the boundary condition for inlet and outlet, depending on the wind direction.

100 feet

Figure 4.1.4: Example of axonometric view of boundary dimension

4.1.5 Boundary Layer Conditions

The boundary layer conditions are depicted in Figure 4.1.5, for both main wind directions.
e Descriptions of boundary layer types:
- Velocity inlet: A velocity inlet boundary represents the inlet of a duct where wind
velocity is known. The flow type is selected as incompressible internal flow.
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- Wall: A wall boundary is represented as an impenetrable, no-slip boundary for viscous
flow simulations. The “Slip walls” are impenetrable but traction-free surface.

- Pressure outlet: The outlet boundary is defined as an outlet pressure boundary and the
air flow is described as a compressible and internal flow.

e Inlet boundary condition: The inlet is defined as a velocity inlet with a wind speed of 7 meters

per second
Slipwaﬂ'f/;yjmr;;&ryj'!'op) \ Wind direction 1
slip wall[lymmetrvll__i,derri; - . . G\?dnglty inlet [Windward)
_r.,./". - R § o .
PN ) b
™~ -~ e (t_sliﬁ';alllsymmetwllﬂe)
Pressure outlet = 0 ILee'u;al'dl\e e .__,,-‘/
- . 7 -
Wind direction 2 b
y slip y}lrf'/svmnﬁtr!_[TOP)
Velocity inlet IWindwga;dT—; P . _eglip.yf_IIIWmmetwlsHe)
o e ~ h ) . - ’ __./' "/.
Slip wall { symmetry Isidel% . P Gfués;re autlet = 0 |Leaward)

Figure 4.1.5: Example of wind directions and assigned boundary layer types
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Zone Name
‘ abl-nlet

Momentum lThErmaIl Radlahan] Speuesl DPM ] Mulhphasa] uDs ]

Velocity Specification Method [Magmmde and Direction v]

Reference Frame [Absclube v]
I'vammfsa 7 I constant -
Supersonic/Initial Gauge Pressure (pascal) ‘ 0 constant -

Coordinate System ICarteslan 7, 2)

%-Component of Flow Direction [ m
‘¥-Component of Flow Direction ‘ B M}
Z-Component of Flow Direction [

Orouenee

Specification Method [Inhensitv and Viscosity Ratio vl

Turbulent Intensity (%) [ @
Turbulent Viscosity Ratio [5 B

e The outlet boundary condition is defined by zero static gage pressure.

Zone Name

| walls

Adjacent Cell Zone
| solid

Momentum lThermaI] Radiah’on] Speciesl DPM ] Mulﬁphase] ubs ] wall Filml

Motion

Relative to Adjacent Cell Zone

) Maving Wall

Shear Condition
@) Na Slip
() Specified Shear
Specularity Coefficent
Marangoni Stress

Wall Roughness

Roughness Height (ft) ID— constant ']
Roughness Constant [ g constant v]

[ oK ] [Cancel] [Help ]

- Assign Slip wall /Symmetry to the top and sides of the region. (Do not specify a
condition on the ground plane, because the air does not physically move along the
ground plane.)
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Zone Name
| abl-outlet

Momentum | Thermal | Radiation | Species| DPM | Multiphase | ups |

I Gauge Pressure (pascal) [ [consmnt v]

Backflow Direction Specification Method [Normal to Boundary ,]

[ Radial Equilibrium Pressure Distribution
|:| Average Pressure Specification

[ Target Mass Flow Rate

Turbulence

Specification Method | 1ntensity and Viscosity Ratio v]

Backfiow Turbulent Intensity (%) [ 8
Backflow Turbulent Viscosity Ratio [ 5 8

[ Ok ] [Cancel] [Help ]

4.1.6 Surface Meshers:

The CFD team tried to use the most effective surface meshing tools of the CFD software tested. Since
the meshing tools differed between CFD software products a range of meshing tools was sued, such as
Surface Wrapper, Remesher, or Automatic surface repair. It is noted that not all candidate CFD software
have mesh surface editing capabilities.

4.1.7 Structured and Unstructured Grid:

Since the CFD software differed in what mesh type was created the CFD team selected the most
effective mesh type offers by the specific software. This included structured and unstructured girds. The
CFD team furthermore used specific software tools to create varying resolution of the mesh around the
area of interest. The tested CFD products provided different approaches to create varying resolutions
and densities of the mesh.

Contract No.N000-14-13-1-0463 Project Deliverable No. 2.2: FINAL Report - Establishing External CFD Workflow

Hawaii Natural Energy Institute Environmental Research and Design Laboratory
School of Architecture, University of Hawaii

December 4, 2013 Page 191



FINAL Report — Establishing External CFD Workflow for ERDL-HNEI

Part 4 - Benchmarking of Candidate CFD Products Workflow Performance for External CFD

R14.5

Academic

i
0.00 250,00 500.00 ) K i

I I J
12500 375.00

The higher solution area (cell size = 2m) 400’x400'x60’

Figure 4.1.6: Varying mesh resolution

Figure 4.1.7: Depiction of volume mesh
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am smr)
1

2 7

The minimum cell : 0.1m
The maximum cell: 10m
Cell size at L-shap building surface: 0.5m
Cell size at the focus area: 2m
Cell growth rate: 1.2 (20%)
The prism layer: 5 layers

Figure 4.1.8: Depiction of volume mesh around area of interest

4.1.8 Type of Simulation

Steady state simulation is used for all candidate CFD software.
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4.1.9 Turbulence Model

Since not all candidate CFD software products provide a range of turbulence models, the basic use
standard k-epsilon (k-€) as used.

Model Model Constants

»

() Inviscid Cmu i

- | Laminar ’UL’IQ—

@) k-epsilon (2 egn) C1€psion
Iﬂ- ~oME0a 12 e |1.44

() Transition k-kl-omega (3 eqn)

[ | Transition S5T (4 eqn) C2-Epsion

(") Reynolds Stress (7 eqn)

() Scale-Adaptive Simulation (SAS) Ls2

[ | Detached Eddy Simulation (DES) TKE Prandt] Number B

(") Large Eddy Simulation (LES) ’1—

m

k-epsilon Model &2
I @ Standard I User-Defined Functions
L Turbulent Viscosity
(") Realizable [none v]
MNear-Wall Treatment Prandtl Mumbers
I (@ Standard Wall Functions | TKE Prandt! Number I
I Scalable Wall Funchions [ ]
() Non-Equilibrium Wall Functions none b
() Enhanced Wall Treatment TDR Prandt Number
() User-Defined Wall Functions ’none v]
Options
|:| Curvature Correction -

[ 0K ] [Cancel] [Hel|:| ]

4.1.10 Materials:

Air is the only material that has to be defined with the following air properties:

Density (ka/m3) [mnsmt v] Edit...
| 1,225
Viscosity (ka/m-=) [constant =] [ Ed...

| 1,7894e-05

Note that not all candidate CFD software products allow the setting of air properties
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4.1.11 Solver Settings

The solver setting used was the SIMPLE scheme with second order upwind for momentum, turbulent
kinetic energy and turbulent dissipation rate.

| Solution Methods

Pressure-Velodty Coupling

Seheme
E=E )

Gradient
[ES{].Hﬁcd Based v]
Pressure

[standard -
Momentum

[second Order Upwind -
Turbulent Kinetic Energy

[Secand Order Upwind v]
Turbulent Dissipation Rate

[second order Upwind -

Transient Formulation

Non-Iterative Time Advancement

Pseudo Transient

High Order Term Relaxation

4.1.12 Convergence Criteria

Maximum step / Iterations were set to use a maximum of 1,000 iterations as the convergence criteria.

0 200 400 GO0 800 1000 1200
lterations

Figure 4.1.9: Typical convergence performance of solution
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4.1.13 Post Processing

The CFD team tried to generate uniform post processing images for velocity and pressure using slices,
surface renderings and streamlines. Figures 4.1.10 through 4.1.23 provide a guideline on post
processing images that the CFD team was generating in the benchmarking workflow tests. Horizontal
slices were generated a given elevation for all post processing visualizations.

Pressure
30

. 25
20
15
10
5
0
-5
-10
-15
-20
-25
-30 i

5 S 0

I :45 < ) £ ‘_ﬁ b
-50 L | ﬁ

[Pa] L

:
| \I/'
) 50.00 100.00 (m)

25.000 75.00

Figure 4.1.10: Post-Processing - Pressure (static) distribution on building surface and the ground
(looking from SW direction)
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ANSYS

R14.5

Academic

Figure 4.1.11: Post-Processing - Pressure (static) distribution on building surface and the ground
(looking from SW direction) close-up view1l

[ ANSYS
» R14.5

Academic

Figure 4.1.12:  Post-Processing - Pressure (static) distribution on building surface and the ground
(looking from SW direction) close-up view2
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Figure 4.1.13:  Post-Processing - Pressure (static) distribution on building surface and the ground
(looking from NW direction) close-up view1l

Figure 4.1.14:  Post-Processing - Pressure (static) distribution on building surface and the ground
(looking from NW direction) close-up view2
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Vellocity
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Figure 4.1.15:  Post-Processing - Provide image of velocity stream line

Vellocity (ELE.=+5ft)
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Figure 4.1.16:  Post-Processing - Wind velocity at the plane 5ft height level
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Vellocity (ELE.=+10ft]
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[m s7-1]

[ 5000 100,00 (m)
25,000 7500

Figure 4.1.17:  Post-Processing - Wind velocity at the plane 10ft height level

Pressure (ELV.=+5ft)
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Figure 4.1.18: Post-Processing - Wind pressure at the plane 5ft height level
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Figure 4.1.19: Post-Processing - Wind pressure at the plane 10ft height level
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Figure 4.1.20: Post-Processing - Wind velocity at section (parallel to wind direction North South)
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Figure 4.1.21: Post-Processing - Wind velocity at section (parallel to wind direction North South) — close-
up view
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Figure 4.1.22: Post-Processing - Wind pressure at section (parallel to wind direction North South)
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Figure 4.1.23: Post-Processing - Wind pressure at section (parallel to wind direction North South)
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4.2 Benchmarking the External CFD Workflow for ANSYS - Fluent

This section presents the results and conclusions of the benchmark testing for external CFD for the
software ANSYS — Fluent (Fluent). The section provides an assessment of the software performance
using eleven criteria / statements, 1 through 11. These ten criteria / statements are identical for all six
candidate CFD software in order to facilitate comparison of ease and effectiveness of external CFD
workflow process.

1. When operating the CFD program what was the overall impression of the GUI (graphic user
interface)
Working with ANSYS Fluent, one of the most impressive features is the WorkBench function which
allows an effective organization of the simulation processes. Even though working on the very
simple CFD test case, the workbench function helped to avoid creating, and therefore maintaining,
numerous file types such as geometry files, meshing files, solution files and resultant data (Figure
4.2.1). The different files that are created during the workflow are replaced by a single WorkBench
file for a CFD problem. WorkBench also provides good opportunities for parametric running with
less effort.

2. Preprocessing: How effective was the conversion of the external 3D geometry data into the CFD
software? Was it possible to read the 3D-geomerty into the CFD program easily; or did you use the
CFD own 3D-geometry builder?

The CFD team tried to import CAD geometries as Inventor format files, which are available and
conveniently converted from Revit models. However, the CAD import process was not successful
using this file format. Instead, geometry files had to be converted from Inventor format into ACIS
format (sat file). The Fluent internal geometry builder application “DesignModer” allows effective
model geometry generation directly inside of Fluent. This internal function is convenient and
especially powerful when using simple geometries and analyzing parametric cases. However, for
architectural purposes, importing geometry from stand-alone 3D geometry modeler such as
Autodesk Inventor is still a practical and preferred option.

3. How effective was the mesh preparation? Where the functions of the CFD program effective to
create a mesh resolution that is sufficiently high in the vicinity of the structures of the interest? If yes,
could you easily define the extent of the computational domain in which the mesh resolution needed
to be higher? Did the mesh generation proceed smoothly or were frequent errors detected?

Fluent’s mesher function works with unstructured meshing of tetrahedral and prims cells. This
meshing tool is effective and powerful for setting up different resolution settings for specific objects
or regions. The CFD team did not encounter difficulties in adding prism layers to the building’s
surfaces and ground and therefore the mesh generation process presents a logical and easy to
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follow sequence of functions. The meshing generation for the test case with Fluent is shown in
Figure 4.2.2 and Figure 4.2.3. Fluent also has the capability of adaptive meshing and converting the
mesh from tetrahedral volume cells into polyhedral volume cells, but these meshing functions have
not been tested for this test case and therefore, the CFD team could not determine how efficient
the conversion process is.

4. What function do you like or dislike for the mesh generation?

The CFD team has experienced the Fluent’s mesh generation application as an effective and intuitive
process. The team believes that the mesh generation represents a significant contribution of the
Fluent CFD software. Furthermore, the capability to visualize volume cell sections as well as statistics
on volume cells is a helpful feature in determining the quality of the mesh.

5. Solution — Simulation: How effective were the software functions in setting the required boundary
conditions and other physical settings of the computational domain?
Setting physics and boundary layer conditions for a CFD solution in Fluent is straight forward and
effective. Fluent allows customizing any physics properties as well as boundary conditions. Fluent
offers a wide range of spatial discretization schemes and different initializations as well as
monitoring solution convergence.

6. How was the convergence of the simulations? Where there any issues that impeded the progress of
the simulation?
In the test cases, the convergence after 1000 iterations is good without encountering problems that
could have impeded the simulation process. The convergence plot of the test case is shown in Figure
4.2.4.

7. Were you satisfied were you with the performance of the simulations? How was the time for the
simulation to converge?
Yes, the convergence also could be improved if meshing was further refined. It took about two hour
of computing time for the solution to converge.

8. Were there any special issue that came up and whose solving was easy or complicated using the
software internal functions?
During the time working on the test case with Fluent, the CFD team did not have encountered any
significant difficulties. Sometimes the WorkBench function did not update correctly and the CFD
team had to reconfigure the process instead.

9. Post processing: Was the post processing effective and did it produce appropriate quality images? Is
there anything that hampers the effective production of post processing images? What function did
you recognize as specifically helpful, or on the other hand as not helpful?
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Fluent’s post-processor functionalities provide a wide range of visualization options as well as
guantitative data queries. Most of the typical post-processing features typically offered by a
commercial CFD packages are available in the software’s CFD-Post function. However, overall the
post processing tools are not as intuitive and user-friendly as was expected by the CFD team. When
working in conjunction with BenchWork, the CFD-Post functions are efficient when doing
comparative testing of multiple cases.

Some examples of the post-processing results for this benchmarking investigation are shown in the
figures at the end of this section, including contour maps for pressure distribution on the ground
and building surfaces for wind coming from the north (Figure 4.2.5 through Figure 4.2.10), contour
maps showing pressure and wind velocity on the horizontal plane (e.g. slice) 10 feet above the
ground (Figure 4.2.11 and Figure 4.2.12), the pressure and wind velocity on the section plane (Figure
4.2.13 and Figure 4.2.14), the vector map of wind velocity (Figure 4.2.15) and the over-laid contour
map of pressure and velocity streamlines (Figure 4.2.16).

10. In general: What do you judge are very effective functions of the software? Please describe and state
how it will assist our work flow of external CFD.

In general, Fluent is a powerful general purpose CFD code that offers high quality CFD simulation
capabilities for a wide range of fluid and thermal processes. The analysis of external or internal
airflow cases represents a small part of the wide range of possible fluid analysis option. Fluent
requires an advanced skill set and solid understanding of CFD principles in order to implement more
advanced features such as customable user-defined functions, especially for features that are of
importance to the CFD team, including inlet boundary conditions for atmospheric boundary layer
and wall functions.

11. Was there sufficient assistance given by the user manual and/or help function? Did you contact the
software support for assistance, and if so was the support helpful?
During working on the test case, the CFD team did not need to contact ANSYS support desk for
assistance. Instead, there is comprehensive documentation and numerous tutorials available on the
ANSYS’s user portal website. These training and reference assistance was sufficient for the CFD team
to conduct the benchmarking test. The CFD team, however, could not find many resources relating
to external airflow CFD in architecture/building fields.
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Figure 4.2.1 through 4.2.16 are shown below:
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Figure 4.2.1: The workflow of the test case simulating two wind directions using WorkBench (ANSYS Fluent).
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Figure 4.2.2: Cross section showing volume cells consisting of tetrahedrons and prism layers (ANSYS Fluent).
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Figure 4.2.4: Convergence plot (ANSYS Fluent).
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Figure 4.2.5: Pressure (Pa) distribution on the ground and building surfaces (ANSYS Fluent).
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Figure 4.2.6: Close-up image of pressure (Pa) distribution on the ground and building surfaces (ANSYS Fluent).
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Figure 4.2.7: Close-up image of pressure (Pa) distribution on the ground and building surfaces (ANSYS Fluent).
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Figure 4.2.8: Pressure (Pa) distribution on the ground and building surfaces (ANSYS Fluent).
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Figure 4.2.9: Close-up image of pressure (Pa) distribution on the ground and building surfaces (ANSYS Fluent).
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Figure 4.2.10: Close-up image of pressure (Pa) distribution on the ground and building surfaces (ANSYS Fluent).
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Figure 4.2.11: Velocity (m/s) contour map at the plane 10 feet above the ground (ANSYS Fluent).
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Figure 4.2.12: Pressure (Pa) contour map at the plane 10 feet above the ground (ANSYS Fluent).
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Figure 4.2.13: Wind velocity (m/s) contour map at the cross section (ANSYS Fluent)
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Figure 4.2.14: Pressure (Pa) contour map at the cross section (ANSYS Fluent)
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Figure 4.2.15: Wind velocity (m/s) vector map at the plane 10 feet above the ground (ANSYS Fluent)
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Figure 4.2.16: Pressure (Pa) distribution and wind velocity (m/s) streamlines (ANSYS Fluent)
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4.3 Benchmarking the External CFD Workflow of Cd Adapco STAR-CCM+

This section presents the results and conclusions of the benchmark testing of external CFD for the
software Cd Adapco STAR-CCM+ (Star-CCM+). This section provides an assessment of the software
performance using eleven criteria / statements, 1 through 11. These eleven criteria / statements are
identical for all six candidate CFD software in order to facilitate comparison of ease and effectiveness of
external CFD workflow process.

1. When operating the CFD program what was the overall impression of the GUI (graphic user
interface)
The GUI of Star-CCM+ ‘s GUI (Figure 4.3.1) is a java script interface which can load fast, use little
computation resources and provide high resolution. The GUI is designed as a drop down browser
menu that has a clean and simple interface and there is are unnecessary and distracting pop-up
menus or windows. The drawback of the GUI, which is a significant shortcoming for new users, is
that fact that the interface does not offer a clear work flow patterns. This means that the GUi does
not offer a guided procession through the process of parameter input, which means the GUI lacks an
indication of what are successive steps in the process. Without the guidance of the graphic pattern
the user needs to know where to start and end in the workflow, and also where to input all
valuables. The CFD team found it a bit difficult at the start to understand the advanced CFD
workflow of Star-CCM+. Different from the other CFD software products Star-CCM+ requires the
user to have an advanced understanding of CFD, which means the user is required to study user
guide documents for better understanding of the workflow.

2. Preprocessing: How effective was the conversion of the external 3D geometry data into the CFD
software? Was it possible to read the 3D-geomerty into the CFD program easily; or did you use the
CFD own 3D-geometry builder?

Star CCM+ can use multiple 3D-CAD model file formats; the preferred file formats being Inventor
and Revit (but need to export as SAT). While the software can accepted multiple file formats the
quality of the surface generated from the imported geometry can be insufficient to create a suitable
surface mesh. Starr-CCM+ offers a powerful toll, the Surface Mesher, to repair defective surfaces
and create surface and volume mesh. The surface mesher is effective even for complex surfaces
imported from the CAD program. There is a simple CAD function inside Star-CCM+ with which simple
surfaces can be constructed. However, the generated geometry represents only basic and simple 3D
geometry in the Star-CCM+ and the use of the internal geometry builder is more reserved for
benchmarking and testing purposes rather than for the analysis of real world problems.
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3. How effective was the mesh preparation? Where the functions of the CFD program effective to
create a mesh resolution that is sufficiently high in the vicinity of the structures of the interest? If yes,
could you easily define the extent of the computational domain in which the mesh resolution needed
to be higher? Did the mesh generation proceed smoothly or were frequent errors detected?

Star-CCM+ has an outstanding mesh generation tool. Meshes created in Star-CCM+ can be adjusted
in regard to resolution control. The software can adjust grid resolution in the meshing process and
generate an effective meshing structure in areas of interest. Setting up the mesh refinement is done
by selecting a scaling parameter between 1 and 2, although there are some other parameters that
need to be specified, such as target area or ratio (Figure 4.3.2).

4. What function do you like or dislike for the mesh generation?

Since the Star-CCM+ user interface and the way of navigating to any input factors and parameters
are non-sequential within the menu browser (Figure 4.3.4), the user needs to know all necessary
set-up details to avoid missing parameters and scripting steps. The mesh generation process is
straight forward by first creating the surface and then the volume mesh. but successful meshing
requires a closed surface. If the surface is defective, e.g. there are “holes” in the surface, effective
repair surface functions can be used, such as the “Surface Wrapper”. For complex model details,
high mesh resolution, and targets with high details, the mesh set-up may require longer time to
generate a quality surface mesh. There are different mesh structures and cell geometries which
required a proper surface mesher that depends on the geometry type, but the most advanced is the
polyhedral mesh (Figure 4.3.2).

5. Solution — Simulation: How effective were the software functions in setting the required boundary
conditions and other physical settings of the computational domain?

Star-CCM+ uses all standard boundary condition layer types (Figure 4.3.3). The boundary conditions
and domain size needed inside the software are significantly affected by the surface mesh, therefore
surface extraction from the imported CAD geometry and possible repair of the surface is the key
factor in STAR-CCM+. The software features a complex set-up of physics valuables which needs to
be defined in the simulation set-up. The user needs a good understanding of the type of physical
properties of investigated in the CFD analysis. The complexity of possible input parameters is both
an advantage and a disadvantage of the software. An advantage is created since the software can
simulate a broad array of fluid and thermal system phenomena. A challenge is created for the user
since there is no “script” available in the software to guide the user though (industry) specific CFD
analysis; such as external wind movement around buildings.
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As an advantage to using CFD for external wind movements around buildings, the software offers a
broad range of turbulence models (Figure 4.3. 5 and Figure 4.3.6).

6. How was the convergence of the simulations? Where there any issues that impeded the progress of
the simulation?

Convergence performance of simulations was good throughout the benchmarking tests. Figure 7
shows a typical distribution of residuals over first 1000 iterations of the simulation. The fact that
good convergence has been attained might be due to the somewhat simple configuration of the
building model. Time required for the simulation could be an issue in the case of high grid resolution
and small aspect ratio (small blockage ratio). Simulation were re-run, which required clearing prior
simulation result after any modifications.

7. Were you satisfied were you with the performance of the simulations? How was the time for the
simulation to converge?

The simulation performance was good. Most simulations took between three and four 3-4 hours to
accomplish the first 1000 iterations.

8. Were there any special issues that came up and whose solving was easy or complicated using the
software internal functions?

As stated before, with sufficient experience of the user, the solver set up is straight forward and
effective. In the benchmarking the only issues that arose was defective surfaces which would point
to an errors or incomplete (“open”) surface geometry.

9. Post processing: Was the post processing effective and did it produce appropriate quality images? Is
there anything that hampers the effective production of post processing images? What function did
you recognize as specifically helpful, or on the other hand as not helpful?

STAR-CCM+ features very good post processing tools both in regard to visualization and
guantification. The simulation visualization is able to produce a range of visualization options with
and without contour lines (Figure 4.3. 9 through Figure 4.3.12). The highest resolution of output
image is 4000 x 3000 pixels (figure 8). Alphanumeric data of simulation results (such as velocity and
pressure) can be obtained for a specific point, for lines and areas. This data can be exported to
spreadsheets or as ACS characters.
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When using the streamline visualization option “line integral convolution” in high resolution (Figure
4.3.13) runtime problems and in some cases file crashing occurred. The CFD team attributes this to
hardware limitations and the team anticipates that these problems can be avoided when the
software is installed on the newly acquired computer in the CFD lab. Overall the most useful tool for
the CFD team has been as pressure distribution on building surface, pressure and velocity probe
slice plane, velocity streamline, and velocity vector slice plane. These visualization techniques are
very useful to depict distribution of wind occurrences and pressures on and around the building
envelope (Figure 4.3.14).

10. In general: What do you judge are very effective functions of the software? Please describe and state
how it will assist our work flow of external CFD.

Over all, STAR-CCM+ is an advanced CFD software tool that provides a wide range of very specific
CFD simulation capabilities as well as visualization and data quantitation options. Moreover, there
are multiple meshing structure styles for proper tasks and models. Working interface and GUI are
simple and fast, at least for the experienced user

The modeling capabilities inside the software are not yet as comfort and intuitive as creating models
with external CAD programs, such as Inventor. If the imported surface has to be repaired the STAR-
CCM+ provides an effective surface repair option, although the tool requires special application
experiences. Having a clean 3D geometry inside STAR-CCM+ is an absolute requirement in order to
create a quality surface and volume mesh. Most of the function settings in the GUI are not explained
sufficiently and therefore users need to consult the voluminous user guide documents.

11. Was there sufficient assistance given by the user manual and/or help function? Did you contact the
software support for assistance, and if so was the support helpful?
The complexity of the software and the lack of a guided sequences in setting up the simulation and
entering all required parameters requires a comprehensive understanding of user guides and
specific descriptions for modeling, surface repair, and other set-up functions for the simulation.
Star-CCM+ provides all required documents were which are very helpful and give the user sufficient
guidance to set-up, run and post-process building simulations.

Figure 4.3.1 through Figure 4.3.14 are presented below:
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Figure 4.3.1: Star-CCM+ graphic user interface (GUI). (the image on the right depicts the geometry of the
benchmarking test)

Figure 4.3.2: Star-CCM+ shows mesh structure shows target area and refinement level around the buildings of
interest
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Figure 4.3.3: Star-CCM+ shows the assigned boundary conditions and layer types
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Figure 4.3.4: Star-CCM+ shows a continua functions for mesh model and physics drop down menu set up
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Figure 4.3.5: Star-CCM+ shows mesh model set up and selection
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Figure 4.3.6: Star-CCM+ shows physics set up and selection
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Figure 4.3.7: Star-CCM+ residuals report depicts the convergence in the tests
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Figure 4.3.8: Star-CCM+ shows saving output file format and resolution
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Figure 4.3.10:  Star-CCM+ shows the external CFD simulation result of pressure (Pa) and velocity (m/s) at the
different slice plane height levels.
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Star-CCM+ shows the external CFD simulation result of pressure (Pa) and velocity (m/s) at the

cross section plane.

Velocity (m/s)
4.0000 6.0000 8.0000 10.000

0.00000

Star-CCM+ shows the results of external CFD simulation with wind vector streamline at 10 feet

Figure 4.3.12:
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Figure 4.3.13: Star-CCM+ shows the external CFD simulation of streamline options in high resolution of line
integral convolution.

Figure 4.3.14: Star-CCM+ shows the external CFD simulation of velocity streamline (m’s) and pressure
distribution on building faced (Ps)

Contract No.N000-14-13-1-0463 Project Deliverable No. 2.2: FINAL Report - Establishing External CFD Workflow
Hawaii Natural Energy Institute Environmental Research and Design Laboratory
School of Architecture, University of Hawaii

December 4, 2013 Page 225



FINAL Report — Establishing External CFD Workflow for ERDL-HNEI

Part 4 - Benchmarking of Candidate CFD Products Workflow Performance for External CFD

4.4 Benchmarking the External CFD Workflow of Autodesk Simulation CFD

This section presents the results and conclusions of the benchmark testing of external CFD for the
software Autodesk Simulation (ACAD CFD). This section provides an assessment of the software
performance using eleven criteria / statements, 1 through 11. These eleven criteria / statements are
identical for all six candidate CFD software in order to facilitate comparison of ease and effectiveness of
external CFD workflow process.

1. When operating the CFD program what was the overall impression of the GUI (graphic user
interface)
Autodesk Simulation CFD has a simple GUI (Figure 4.4.1) which reduces a complexity of simulation
workflow for Autodesk Simulation CFD. The simplified GUI is further supported by a comprehensive
help function and the GUI guides the user through the simulation process. The GUI guides the user
through the process of navigation through the program, creating views, defining models, and
building geometries. A major limitation of the software is that it doesn’t have an internal function
for the creation of geometries. The software overcomes this limitation by providing easy import and
export functions that connect the CFD program with a range of Autodesk programs. In regard to
creating geometry Autodesk Simulation CFD can import 3D-CAD geometries from any other
Autodesk software, for instance Revit Architecture or Inventor Professional software.

2. Preprocessing: How effective was the conversion of the external 3D geometry data into the CFD
software? Was it possible to read the 3D-geomerty into the CFD program easily; or did you use the
CFD own 3D-geometry builder?

There are no modeling tools inside Autodesk Simulation CFD. Therefore third party modeling
software tools or, preferably, Autodesk software products are required for 3D-geometry
generation. One particular advantage of Autodesk Simulation CFD is the ability launch Revit
Architecture or Inventor professional from within the CFD program. This facilitates the overall
workflow of the CFD program (see Figure 4.4.2).

3. How effective was the mesh preparation? Where the functions of the CFD program effective to
create a mesh resolution that is sufficiently high in the vicinity of the structures of the interest? If yes,
could you easily define the extent of the computational domain in which the mesh resolution needed
to be higher? Did the mesh generation proceed smoothly or were frequent errors detected?

The mesh generated by Autodesk Simulation CFD primarily consists of tetrahedral cells. In two
dimensional models, elements are triangles (Figure 4.4.3). Geometry created with Autodesk CAD
software maintains a good model quality upon import function. There is an automatic mesh repair
function which is user friendly (Figure 4.4.4). The automatic repair has limitations and works best if
the initial CAD model is of good quality. If the mesh has significant defects manually fixing the mesh
surface would be required, which can be a time consuming process.
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4. What function do you like or dislike for the mesh generation?
The CFD team found a simple mesh generating set up (Figure 4.4.5) to be an easy and intuitive
function, which results in effective and fast meshing. However, the quality of the mesh surface can
be questionable.

5. Solution — Simulation: How effective were the software functions in setting the required boundary
conditions and other physical settings of the computational domain?
Since Autodesk Simulation CFD does not provide internal modeling tool CAD, geometry needs to be
imported from either Revit architecture or Inventor professional. The CFD program requires
defining the computational domain from within the Autodesk Simulation CFD. Autodesk Simulation
CFD uses a finite element model which requires the definition of both physics (Figure 4.4.6) and
materials (Figure 4.4.). Turbulence model is defaulted to K-epsilon (Figure 4.4.8). The physics
properties of the models are limited to turbulence, roughness, air density, and etc.

6. How was the convergence of the simulations? Where there any issues that impeded the progress of
the simulation?
Defining the convergence criteria of the simulation (Figure 4.4.9) requires the selection for the
number of iterations; whereby higher number of iterations usually increases the accuracy level of
the results. For the test case 500 — 1,000 iterations were selected for the simulation. The solving
user interface allows pausing and resuming the simulations, and also provide different design
scenarios from different physics set up.

7. Were you satisfied were you with the performance of the simulations? How was the time for the
simulation to converge?

The CFD team encountered several run-time difficulties. Simulation generally took about 2 hours for
5000 iterations.

8. Were there any special issues that came up and whose solving was easy or complicated using the
software internal functions?

Solver is a simple set up (Figure 4.4.8). No problems were encountered unless scripting steps or
missing materials were wrong.

9. Post processing: Was the post processing effective and did it produce appropriate quality images? Is
there anything that hampers the effective production of post processing images? What function did
you recognize as specifically helpful, or on the other hand as not helpful?

Autodesk Simulation CFD provides good visualization results (Figure 4.4.10 — Figure 4.4.12) in
multiple ways, including graphically-rich images, plots and tabular data files. The visualization
environment is available both during and after the simulation process. The simulation can be
improved and expanded by using the Autodesk 360 view which can crate rich and (near) photo-
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realistic images coupled with CFD results. A drawback is axis icon interfere in the visualization
output. Autodesk Simulation CFD provides a several options of image file type formats.
Unfortunately there is no option for adjusting image size and resolution.

10. In general: What do you judge are very effective functions of the software? Please describe and state
how it will assist our work flow of external CFD.

Over all, Autodesk Simulation CFD provides an effective significant modelling integration with BIM
software and other Autodesk software products. The CFD program guides user through successive
steps of the modeling and simulation process. A very useful software function is the real time export
or launch capability for model geometry creation and editing directly from the program. For
example, Revit architecture can be automatic launched from within Autodesk Simulation CFD. The
GUI of Autodesk Simulation CFD is intuitive and similar to all Autodesk software products. Most of
the functions are easy to use and the GUI provides a productive interface to guide user through the
subsequent steps of the simulation process. The simulation results provide good visualization with
an easy set-up function.

11. Was there sufficient assistance given by the user manual and/or help function? Did you contact the
software support for assistance, and if so was the support helpful?
Autodesk wiki provides some basic knowledge, trainings, tutorials, and videos available to user.
Autodesk Simulation CFD help menu is very useful. Due to less complex functions, the software does
not require any comprehensive user guide document. For users unfamiliar with CFD processes in
general this can present a challenge.

Figures Figure 4.4.1 through Figure 4.4.12 are shown below:
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Figure 4.4.2: Autodesk Simulation CFD shows launching from CAD based model in both Inventory and
Revit
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Figure 4.4.3: Autodesk Simulation CFD shows tetrahedral mesh surface
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Figure 4.4.5: Autodesk Simulation CFD shows set up tool bar
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Figure 4.4.6: Autodesk Simulation CFD shows setting up boundary layer types
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Figure 4.4.7: Autodesk Simulation CFD shows setting up basic materials

Contract No.N000-14-13-1-0463 Project Deliverable No. 2.2: FINAL Report - Establishing External CFD Workflow
Hawaii Natural Energy Institute Environmental Research and Design Laboratory
School of Architecture, University of Hawaii

December 4, 2013 Page 231



FINAL Report - Establishing External CFD Workflow for ERDL-HNEI

Part 4 - Benchmarking of Candidate CFD Products Workflow Performance for External CFD

Figure 4.4.8: Autodesk Simulation CFD shows physic and turbulence set up
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Figure 4.4.9: Autodesk Simulation CFD shows solution plot graph
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Figure 4.4.10: Autodesk Simulation CFD shows the simulation results of wind pressure (Pa) and velocity
(m/s) on the section slice plane at 10 feet height.
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Figure 4.4.11: Autodesk Simulation CFD shows the simulation results of wind pressure (Pa) and velocity
(m/s) on the cross section plane
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Figure 4.4.12: Autodesk Simulation CFD shows the simulation results of wind velocity (m/s) on the
tracing stream line.
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4.5 Benchmarking the External CFD Workflow of Cradle scStream

This section presents the results and conclusions of the benchmark testing of external CFD for the
software Cradle scStream (Stream). This section provides an assessment of the software performance
using eleven criteria / statements, 1 through 11. These eleven criteria / statements are identical for all
six candidate CFD software in order to facilitate comparison of ease and effectiveness of external CFD
workflow process.

1. When operating the CFD program what was the overall impression of the GUI (graphic user
interface)
Cradle Stream’s GUI is similar to that of Cradle SC/Tetra, which allows users working on one of
Cradle CFD software product to easily switch to the other Cradle software product. Cradle Stream’

GUl is intuitive, providing a helpful initial wizard dialogue to guide users through necessary steps for
setting up a simulation.

2. Preprocessing: How effective was the conversion of the external 3D geometry data into the CFD
software? Was it possible to read the 3D-geomerty into the CFD program easily; or did you use the
CFD own 3D-geometry builder?

Contrary to Cradle SC/Tetra, Stream allows to create geometric models directly inside the software.
However, its modelling capabilities are not powerful enough to handle complicated geometries and
therefore, importing STL format created from other CAD applications is a practical and preferred
option. Since Cradle Stream is designed for external CFD, it offers a range of features facilitating the
setting for external air boundary conditions.

3. How effective was the mesh preparation? Where the functions of the CFD program effective to
create a mesh resolution that is sufficiently high in the vicinity of the structures of the interest? If yes,
could you easily define the extent of the computational domain in which the mesh resolution needed
to be higher? Did the mesh generation proceed smoothly or were frequent errors detected?

Since Cradle Stream uses a structured grid the meshing process in SC/Stream is significantly
different from that of SC/Tetra. However, SC/Stream offers multi-blocks and automated meshing
generation tools, which are quite flexible and represent convenient features, allowing for better
meshing refinement in the area of interest. (Figure 4.5.1 and Figure 4.5.2).

4. What function do you like or dislike for the mesh generation?

A very versatile mesh generation function is the “Multiblock” meshing function, which allows for
meshing refinement at the regions of the interest. However, the structured grid mesh generation of
SC/Stream requires a significant number of cells when working with complex geometries and large
computational domain size of external CFD simulations.

5. Solution — Simulation: How effective were the software functions in setting the required boundary
conditions and other physical settings of the computational domain?

Contract No.N000-14-13-1-0463 Project Deliverable No. 2.2: FINAL Report - Establishing External CFD Workflow
Hawaii Natural Energy Institute Environmental Research and Design Laboratory
School of Architecture, University of Hawaii

December 4, 2013 Page 235



FINAL Report — Establishing External CFD Workflow for ERDL-HNEI

Part 4 - Benchmarking of Candidate CFD Products Workflow Performance for External CFD

Boundary condition and physics properties for external CFD can be easily modeled in Cradle Stream.
Similar to Cradle SC/Tetra, Cradle Stream allows users to customize physic properties and user-
defined functions. Moreover, and especially useful for external CFD applications, SC/Stream
provides options for setting up terrain roughness factors, customizable wind profiles for boundary
layer conditions. The vendor claims that the solver for the structured grid is using an effective code
which accelerates the solution and compensates somewhat the fact that the number of cells in the
structured grid is larger than in a comparable unstructured grid.

6. How was the convergence of the simulations? Where there any issues that impeded the progress of
the simulation?

The solution usually converged at the 1000th iterations threshold, which was selected as the
convergence criteria. However, in the test simulation the distribution of residuals showed
convergence performance that was not typical. (Figure 4.5.3). In order to improve convergence
remedial actions were taken, including mesh refinement and adjustments in the boundary
conditions. These corrective setting options resulted in better convergence, especially to for
turbulence properties.

7. Were you satisfied were you with the performance of the simulations? How was the time for the
simulation to converge?

Using a structured grid, Cradle Stream needs more volume cells in comparison to unstructured grids
(e.g. Cradle SC/Tetra) to represent the complex geometries within the computational domain.
Therefore, Cradle Stream needed more than five hours to achieve convergence after 1000 iterations
while Cradle SC/Tetra took about three hours for the same number of iterations.

8. Were there any special issues that came up and whose solving was easy or complicated using the
software internal functions?

All the internal functions of Cradle Stream are straightforward and the GUI is very intuitive to guide
users through the required steps in the workflow. The CFD team did not encounter any significant
operating challenges with GUI functions.

9. Post processing: Was the post processing effective and did it produce appropriate quality images? Is
there anything that hampers the effective production of post processing images? What function did
you recognize as specifically helpful, or on the other hand as not helpful?

Both Cradle Stream and Cradle SC/Tetra use the same post-processor tool which is very helpful for
people using both Cradle CFD software packages. Some examples of post-processing results of the
test cases include contour maps showing pressure distribution on the ground and building surfaces
for wind coming from the north (Figure 4.5.4, through Figure 4.5.9), contour maps showing pressure
and wind velocity at the plane 10 feet above the ground (Figure 4.5.10 and Figure 4.5.11), the
pressure and wind velocity on the section plane (Figure 4.5.12 and Figure 4.5.13), and the over-laid
contour map of pressure and velocity streamlines (Figure 4.5.14).
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10. In general: What do you judge are very effective functions of the software? Please describe and state
how it will assist our work flow of external CFD.

In general, Cradle Stream is a good basic CFD code for external CFD application. It features an
intuitive GUI, which empowers the user with a steep learning curve. With many built-in features for
external CFD solutions, Cradle Stream does not require much time to set-up and run a CFD
simulation. Optimization tools are also available in Cradle Stream. These features, however, have
not been thoroughly tested during the benchmarking tests.

11. Was there sufficient assistance given by the user manual and/or help function? Did you contact the
software support for assistance, and if so was the support helpful?
Similar to Cradle SC/Tetra, SC/Stream allows the use to access technical documentations and
tutorials directly from the menu bar located in the software’s GUI (Figure 4.5.15). The CFD team very
much appreciated the technical support from the vendor for help in trouble shooting some issue
that arose during the tests.

Figures Figure 4.5.1 through Figure 4.5.14 are shown below:

Figure 4.5.1: Multiblock meshing generation (Cradle Stream).
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Figure 4.5.2: Cross section showing structured meshing generation (Cradle Stream).
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Figure 4.5.3: Residual plotting showing convergence status (Cradle Stream).
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Figure 4.5.4: Pressure (Pa) distribution on the ground and building surfaces (Cradle Stream).

Figure 4.5.5: Close-up image of pressure (Pa) distribution on the ground and building surfaces (Cradle
Stream).
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Figure 4.5.6 : Close-up image of pressure (Pa) distribution on the ground and building surfaces (Cradle
Stream).

Figure 4.5.7: Pressure (Pa) distribution on the ground and building surfaces (Cradle Stream).
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Figure 4.5.8: Close-up image of pressure (Pa) distribution on the ground and building surfaces (Cradle
Stream).
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Figure 4.5.9: Close-up image of pressure (Pa) distribution on the ground and building surfaces (Cradle
Stream).
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Figure 4.5.10: Velocity (m/s) contour map at the plane 10 feet above the ground (Cradle Stream).
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Figure 4.5.11: Pressure (Pa) contour map at the plane 10 feet above the ground (Cradle Stream).

Velocity

Figure 4.5.12: Wind velocity (m/s) contour map at the cross section (Cradle Stream).
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Figure 4.5.13: Pressure (Pa) contour map at the cross section (Cradle Stream).

Figure 4.5.14: Pressure (Pa) distribution and wind velocity (m/s) streamlines (Cradle Stream).
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Figure 4.5.15: Tutorial and technical documents are available right at the menu bar for convenient
accessibility (Cradle Stream).

4.6 Benchmarking the External CFD Workflow of Cradle SC/Tetra

This section presents the results and conclusions of the benchmark testing of external CFD for the
software Cradle SC/Tetra (Tetra). This section provides an assessment of the software performance
using eleven criteria / statements, 1 through 11. These eleven criteria / statements are identical for all
six candidate CFD software in order to facilitate comparison of ease and effectiveness of external CFD
workflow process.

1. When operating the CFD program what was the overall impression of the GUI (graphic user
interface)

The significant features of Cradle’s CFD applications are the CFD software company’s effort to bring
user friendliness and intuitiveness to CFD users. This is a very important criterion in choosing a CFD
application for architecture/building industry. Cradle SC/Tetra application’s GUI is organized in such
a way that their components are lined up with successive steps in the CFD workflow. However, a
somewhat shortcoming of the GUI is that big fonts and icons are hiding some of the working spaces
and therefore causing problem when using smaller or single monitors.

2. Preprocessing: How effective was the conversion of the external 3D geometry data into the CFD
software? Was it possible to read the 3D-geomerty into the CFD program easily; or did you use the
CFD own 3D-geometry builder?

Cradle SC/Tetra does not have built-in modeler model to create 3d geometry from within the
program. Instead, Cradle SC/Tetra supports STL file (STereoLithography) which is commonly used in
many CAD software products for rapid computer-aid manufacturing. In the test case, the CFD team
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converted the geometry file created in Autodesk Inventor into a STL file. The subsequent importing
of geometry into Cradle SC/Tetra worked very well.

3. How effective was the mesh preparation? Where the functions of the CFD program effective to
create a mesh resolution that is sufficiently high in the vicinity of the structures of the interest? If yes,
could you easily define the extent of the computational domain in which the mesh resolution needed
to be higher? Did the mesh generation proceed smoothly or were frequent errors detected?

The meshing tool in Cradle SC/Tetra is effective and powerful in generating unstructured volume
cells from the imported 3d geometries. The meshing process is quite effective and setting up
different levels of meshing refinement, prism layers and other required steps in the meshing process
were easily accomplished. (Figure 4.6.1 and Figure 4.6.2). SC/Tetra also allows for adaptive meshing
refinement, however, the CFD team did not test this capability during the benchmarking.

4. What function do you like or dislike for the mesh generation?

The mesh generation procedure of Cradle SC/Tetra includes defining the octree file to represent the
complexity of the geometry. Sometimes, the refinement levels of this functions did not work
properly and required a considerable time and efforts for try and error fixes of the problem.

5. Solution — Simulation: How effective were the software functions in setting the required boundary
conditions and other physical settings of the computational domain?

The process of setting up the boundary conditions and physical properties for the solver function
was convenient and effective. SC/Tetra provides an easy way to work on this process with user-
defined / customizable functions, material properties.

6. How was the convergence of the simulations? Where there any issues that impeded the progress of
the simulation?

The test case was run for 1000 iterations and the CFD team encountered run time issues related to
relaxation factor settings, which caused some solution convergence to fail. The technical support
from Cradle was helpful in identifying and fixing the problem. After changing the relaxation factors,
the solution converged after 1000 iterations but the residual plot showed a somewhat
unsatisfactory convergence pattern. In order to solve these issues it would be necessary to
improving meshing quality by means of meshing refinement. This, however, could not be done in
during benchmarking due to time limitations. (Figure 4.6.3).

7. Were you satisfied were you with the performance of the simulations? How was the time for the
simulation to converge?

The solution met the convergence criteria after the 1000th run. After fixing the relaxation run time
issue convergence was rather good. It also took about 3 hours for finishing each of the simulation

runs.
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8. Were there any special issues that came up and whose solving was easy or complicated using the
software internal functions?

Except the aforementioned issue with relaxation factor which caused solver interrupt, there was no
other significant problem that the CFD team encountered.

9. Post processing: Was the post processing effective and did it produce appropriate quality images? Is
there anything that hampers the effective production of post processing images? What function did
you recognize as specifically helpful, or on the other hand as not helpful?

Post-processor tools in SC/Tetra are quite intuitive to operate and they provide good visualization
and assessment. Settings for legends, scale bars are colors are customizable and allow also for
changing sizes and location. However, the CFD team found that the color rendering of the default
ambient light scheme caused shading and fading effects which altered colors of the contours. This
made it difficult at times to quantify velocities and pressures using the unobstructed color range
provided in the legend. Some examples of the post-processing results from the test case include the
contour maps showing pressure distribution on the ground and building surfaces for wind coming
from the north (Figure 4.6.4 through Figure 4.6.9), contour maps showing pressure and wind
velocity at the plane 10 feet above the ground (Figure 4.6.10 and Figure 4.6.11), the pressure and
wind velocity on the section plane (Figure 4.6.12 and Figure 4.6.13), and the over-laid contour map
of pressure and velocity streamlines (Figure 4.6.14).

10. In general: What do you judge are very effective functions of the software? Please describe and state
how it will assist our work flow of external CFD.

In general, SC/Tetra is a multi-purpose CFD code which can be used for either internal or external
airflow solutions. Since Tetra uses an unstructured mesh even complicated geometries, such as
round buildings, can be effectively modeled. (The SC/Stream software, by virtue of using a
structured grid, lacks the ability to model curved surfaces). The Human Body Thermoregulation
module in SC/Tetra is especially suitable for studying internal airflow and thermal comfort.
Optimization tools, important features of SC/Tetra, however, have not been tested during in
subsequent test runs. A minor inconvenience, however, is caused by the numerous different file
formats which are created and have to be maintained during the workflow. These files store results
of certain simulation steps but the large number of files can confuse users.

11. Was there sufficient assistance given by the user manual and/or help function? Did you contact the
software support for assistance, and if so was the support helpful?

During the test case, the CFD team easily accessed the technical documentations and tutorials right
at the menu bar located in the software’s GUI (Figure 4.6.15). The CFD team appreciated the
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responsiveness of technical support from the Cradle Inc. for their help in trouble shooting several
issues during the test case.

Figures 4.6.1 through 4.6.15 are shown below:

Figure 4.6.1: Tetrahedral volume cell type unstructured meshing generation with high density at the
region of interest (Cradle SC/Tetra).
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Figure 4.6.2: Cross section showing unstructured meshing generation with hexahedral volume cells and
prisms wrapping around building surfaces and the ground (Cradle SC/Tetra).
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Figure 4.6.3: Residual plotting showing convergence status (Cradle SC/Tetra).
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Figure 4.6.4: Pressure (Pa) distribution on the ground and building surfaces (Cradle SC/Tetra).

Figure 4.6.5: Close-up image of pressure (Pa) distribution on the ground and building surfaces (Cradle

SC/Tetra).
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Figure 4.6.6: Close-up image of pressure (Pa) distribution on the ground and building surfaces (Cradle
SC/Tetra).
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Figure 4.6.7: Pressure (Pa) distribution on the ground and building surfaces (Cradle SC/Tetra).
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Figure 4.6.8: Close-up image of pressure (Pa) distribution on the ground and building surfaces (Cradle
SC/Tetra).

Figure 4.6.9: Close-up image of pressure (Pa) distribution on the ground and building surfaces (Cradle

SC/Tetra).
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Figure 4.6.10: Velocity (m/s) contour map at the plane 10 feet above the ground (Cradle SC/Tetra).
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Figure 4.6.11: Pressure (Pa) contour map at the plane 10 feet above the ground (Cradle SC/Tetra).
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Figure 4.6.12: Wind velocity (m/s) contour map at the cross section (Cradle SC/Tetra).
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Figure 4.6.13: Pressure (Pa) contour map at the cross section (Cradle SC/Tetra).

Contract No.N000-14-13-1-0463 Project Deliverable No. 2.2: FINAL Report - Establishing External CFD Workflow
Hawaii Natural Energy Institute Environmental Research and Design Laboratory
School of Architecture, University of Hawaii

December 4, 2013 Page 254



FINAL Report — Establishing External CFD Workflow for ERDL-HNEI

Part 4 - Benchmarking of Candidate CFD Products Workflow Performance for External CFD

Pressure |[Pal

=50 -44/-38 F3F20 22 F1F -10 4 }f/? 18 Raf39

Figure 4.6.14: Pressure (Pa) distribution and wind velocity (m/s) streamlines (Cradle SC/Tetra).

Fluid-Structire Interface Analysis
Optimization Reference

Figure 4.6.15: Tutorial and technical documents are available right at the menu bar for convenient
accessibility (Cradle SC/Tetra).
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4.7 Benchmarking the External CFD Workflow of Design Builder

This section presents the results and conclusions of the benchmark testing of external CFD for the
software Design Builder. This section provides an assessment of the software performance using eleven
criteria / statements, 1 through 11. These eleven criteria / statements are identical for all six candidate
CFD software in order to facilitate comparison of ease and effectiveness of external CFD workflow
process.

1. When operating the CFD program what was the overall impression of the GUI (graphic user
interface)

Design Builder provides a very simple set-up and intuitive interface for the external CFD workflow.
Design Builder has designed the interface for external CFD across building industry users, with a
short range of parameters that have to be provided by using intuitive functions and minimal drop
down menu options. As an general observation, the CFD team finds it impressive that Design Builder
is able to design a GUI within such a simple and easy to use graphic (Figure 4.7.1), while providing
relevant input functions for the complex CFD calculation functions in the background.

2. Preprocessing: How effective was the conversion of the external 3D geometry data into the CFD
software? Was it possible to read the 3D-geomerty into the CFD program easily; or did you use the
CFD own 3D-geometry builder?

Design Builder allows import of 3D geometry from external CAD only through the gBXML format.
Design Builder can integrate with several BIM systems, for instance, Revit Architecture (Figure
4.7.2). In order to minimize error, however, the CFD team finds it advantageous creating 3D
geometry with the effective and user-friendly Design Builder internal modeler (e.g. the internal
model builder is also used to create models for energy simulations). As a downside, the CFD team
has found that Design Builder provides only generic building models and is lacking effective tools to
create complex building geometries. Therefore, any complex or irregular building geometry
modeled with the internal model will need to use simplifications of geometry.

3. How effective was the mesh preparation? Where the functions of the CFD program effective to
create a mesh resolution that is sufficiently high in the vicinity of the structures of the interest? If yes,
could you easily define the extent of the computational domain in which the mesh resolution needed
to be higher? Did the mesh generation proceed smoothly or were frequent errors detected?

Design Builder does only provide a rather simplified mesh of uniform grid cells sizing (Figure 4.7.3).
Design Builder provides only cubic volume cell types within a structured gird. Design Builder
automatically adjusts the cell sizes to the building geometry, without a possible user interaction of
identifying areas of interest where the mesh resolution is higher. As a result of this automatic cell
size adjustment aspect ratio problems arise at times. This can negatively affect run time
performance (Figure 4.7.4).
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4. What function do you like or dislike for the mesh generation?

The CFD team has identified that the most effective functionality of Design Builder is the ability of
the user to minimize efforts on mesh preparation and generation besides adjusting a basic cell size
and boundary domain (Figure 4.7.5). On the other hand, the cell types produce uniform and
structured grids. The downside of Design Builder is that it does not provide a significant opportunity
of the user to set up grid details or chose physic in details. All of the more sophisticated CFD
functions are hidden in the program backend and cannot be easily accessed or modified by the user.

5. Solution — Simulation: How effective were the software functions in setting the required boundary
conditions and other physical settings of the computational domain?

Design Builder provides a basic set-up of boundary domain without asking the user to perform
complex physic and mesh generating set-ups. K—epsilon turbulence is the default turbulence model
(Figure 4.7.6), therefore all the user has to provide is cell—grid size, wind velocity, wind direction,
and boundary domain factors (e.g. friction of the ground). Design Builder will automatically generate
boundary layer type based on wind direction.

6. How was the convergence of the simulations? Where there any issues that impeded the progress of
the simulation?

Design Builder provides simulation result even before the solution has sufficiently converged. Most
of the unsuccessful convergences performance was due to complication of model geometry,
geometry arrangements, or cell- grid size, which was too big.

7. Were you satisfied were you with the performance of the simulations? How was the time for the
simulation to converge?

With more complicated building configurations, CFD external simulation in Design Builder can take
very long run-time. Several of the simulations carried out for benchmarking required between 12
and 24 hours for 1000 iterations (Figure 4.7.6).

8. Were there any special issues that came up and whose solving was easy or complicated using the
software internal functions?

Solver is a simple set-up but can take a long time depending on the complexity of the model.

9. Post processing: Was the post processing effective and did it produce appropriate quality images? Is
there anything that hampers the effective production of post processing images? What function did
you recognize as specifically helpful, or on the other hand as not helpful?

Design Builder provides a basic slice plane visualization option and a 3D-contour option for
visualizing results (Figure 4.7.7 through Figure 4.7.9). The visualization of results of external provides
settings for pressure and velocity. Output allows export of image and video file with different screen
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resolutions. Results can also be exported as numeric data to spreadsheets. Overall the visualization
is simple and produces basic output formats.

10. In general: What do you judge are very effective functions of the software? Please describe and state
how it will assist our work flow of external CFD.

Overall, Design Builder provides a very effective GUI and intuitive tools which are easy and simple
enough for a wide range of users, especially novices to CFD. The program has a simple set-up for
geometry, meshing and physics compared to other CFD software products. The external CFD’s
workflow has a few steps and the set-up is easy compared to the achievable result. As a downside
the CFD team observed slow simulation performance and long periods of time for solutions to
converge.

11. Was there sufficient assistance given by the user manual and/or help function? Did you contact the
software support for assistance, and if so was the support helpful?

Design Builder provides a outstanding help functions and online tutorials through the company’s
main website. Design Builder features one of the better training rich-media materials when
compared to other CFD products.

Figures 4.7.1 through 4.7.9 are shown below:
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Figure 4.7.1: Design Builder graphic user interface
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Figure 4.7.2: Design Builder is able to export from Revit Architecture
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Figure 4.7.3: Design Builder shows grid and cell modification
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Domain: Untitled
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Figure 4.7.4: Design Builder provides the aspect ratio for filtering any error and issue
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Figure 4.7.6: Design Builder shows basic turbulence, iterations set up, and residual — converged
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Figure

4.7.7: Design Builder shows the visualization of wind pressure (H,0 inch)at different height levels
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Figure 4.7.8: Design Builder shows the visualization of wind velocity (ft/mins)at different height levels
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Velacity Study [ft/mins) Slice Plane - Crass Section

Figure 4.7.9:  Design Builder shows the visualization of wind pressure (H,0 inch) wind velocity (ft/mins)at the
cross section.
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Part 5 - Selection of CFD Software Products for ERDL — HNEI Project Work

This section reports on the final findings of the workflow performance comparisons of the candidate
CFD software products. While Part 3 of this report elaborates a preliminary overall ranking solely on the
basis of the review of software product documentation, Part 5 presents the final overall ranking which
includes conclusions drawn from actually benchmarking the candidate CFD software products. It should
be noted that the final ranking includes six of the original seven CFD software products. The CFD
research team came to the conclusion that the software Open Foam would not be considered or this
CFD research project.

5.1 Final Overall Ranking of Candidate CFD Software Products

This section presents the final results of the overall ranking of six candidate CFD software products. The
results of the final ranking provided a quantitative assessment tool to the ERDL/HNEI CFD research
group for the selection of the CFD software products which be used during the remainder of this CFD
research project. The final ranking included conclusions drawn from the review of vendor
documentation, active (or lack of active) interactions with software support staff and active engagement
with the particular CFD software user interface.

It must be noted that the final ranking was performed solely on the basis of workflow issues for the
ERDL-HNEI workflow process. The derived final ranking uses a specific two-tier ranking approach with a
unique generic framework that considers the needs and objectives of the ERDL-HNEI CFD research team.
The final ranking should not be applied to general CFD workflow conditions and represents in no way an
endorsement of certain CFD software products.

The summary of the final ranking results is provided in Table 5.1.1 and Figures 5.1.1 through 5.1.5.

The detailed analysis of the ranking for the seven CFD software products is shown on Table 5.1.2 (on the
fold-out page following this page).
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Table 5.1.1: Summary of the final ranking results for six candidate CFD software products

Criteri possible ANSYS - Fluent STAR-CCM+ ACAD CFD Cradle SD-Stream Cradle SD-Tetra Design Builder
riteria Description of criteria group

Group overall overall |achievedof| overall |achievedof| overall [achievedof| overall |achievedof| overall |achievedof| overall |achieved of

weights weights total weights total weights total weights total weights total weights total

Value for the CFD software product to
1 . - 15.0% 13.7% 91% 10.5% 70% 12.1% 81% 13.0% 87% 8.1% 54% 12.3% 82%
the architecture and building market

2 Support by vendor / expert network 15.0% 7.1% 48% 14.3% 95% 10.9% 73% 12.5% 83% 12.5% 83% 10.0% 67%

3 Workflow - summary 52.0% 39.7% 76% 45.5% 88% 33.4% 64% 41.6% 80% 41.9% 81% 20.8% 40%
3.1f Ease of use /GUI 7.8% 5.3% 68%| 6.7% 86%) 7.4% 95%, 6.9% 89% 6.9% 89% 7.4% 95%
3.2 Modeling / Import geometry 7.8% 4.7% 60% 6.9% 88% 5.3% 68% 4.7% 61% 3.8% 49% 4.3% 55%|
3.3] Meshing 10.4% 7.1% 68%, 9.9% 95%) 6.1% 59%, 8.5% 82%| 7.1% 68% 2.5% 24%
3.4  Physics Models 18.2% 16.5% 91% 17.3% 95% 11.8% 65% 14.6% 80% 17.3% 95% 4.8% 27%
3.5| Post processing 2.6% 2.1% 80%| 1.9% 73%| 1.3% 50%, 2.4% 91%, 2.4% 91% 0.7% 29%
3.6| Customization / special functions 2.6% 2.0% 77% 2.1% 82%| 1.3% 52%, 2.0% 78%) 2.0%) 75% 1.0% 37%
3.7] Support for validation 2.6% 2.1% 80% 0.8% 30% 0.1% 5% 2.5% 95% 2.5% 95% 0.1% 5%

4 Cost of Software 18.0% 9.0% 50% 14.8% 82% 11.5% 64% 9.7% 54% 9.7% 54% 12.2% 68%

Sum criteria 1through 4>>>  100.0% 69.5% 85.1% 67.9% 76.8% 72.2% 55.3%
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Total ranking (excluding costs)
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Figure 5.1.1: Final overall (Total) ranking of six candidate CFD software products for ERDL-HNEI CFD research
project

Criteria Group 1 -
Value for the CFD software product to the architecture and building market
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Figure 5.1.2: Final ranking for ranking criteria group 1 of six candidate CFD software products for ERDL-HNEI
CFD research
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Criteria Group 2- Support by vendor/Expert Network
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Figure 5.1.3: Final ranking for ranking criteria group 2 of six candidate CFD software products for ERDL-HNEI
CFD research

Criteria Group 3 - Workflow
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Figure 5.1.4: Final ranking for ranking criteria group 3 of six candidate CFD software products for ERDL-HNEI
CFD research
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Criteria Group 4 - Cost of Software
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Figure 5.1.5: Final ranking for ranking criteria group 4 of six candidate CFD software products for ERDL-HNEI
CFD research

Contract No.N000-14-13-1-0463 Project Deliverable No. 2.2: FINAL Report - Establishing External CFD Workflow
Hawaii Natural Energy Institute Environmental Research and Design Laboratory
School of Architecture, University of Hawaii

December 4, 2013 Page 268



Table 5.1.2

Final Ranking matrix for CFD software products for external CFD

levels ANSYS - Fluent STAR-CCM+ ACAD CFD Cradle SD-Stream Cradle SD-Tetra Design Builder
Nurﬂber Number Nurvber Description weight first weight weight third weight ranking reéull.' result. Points ranking reéull.' result. Points ranking reéull.' result. Points ranking reéull.' result. Points ranking reéull.' result. Points ranking reéull.' result. Points
first second third second overall contribution contribution contribution contribution contribution contribution
1to5 % of 100% Ov.erall 1to5 % of 100% Ov.erall 1to5 % of 100% Ov.erall 1to5 % of 100% Ov.erall 1to5 % of 100% Ov.erall 1to5 % of 100% Ov.erall The ranking criteria is shown below:
point % point % point % point % point % point %
1 Value for the CFD software product to the architecture and -
building market ranking criteria
1 Benefit for external CFD applications to architecture 20% 3.0% 95% 2.9% 95% 2.9% 95% 2.9% 95% 2.9% 95% 2.9% 95% 2.9% 1 This criteria is not achieved or is only achieved to a very limited extent'
2 Previous applications in architecture / urban design 35% 5.3% 95% 5.0% 50% 2.6% 80% 4.2% 80% 4.2% 30% 1.6% 95% 5.0% 2 This criteria is somewhat achieved, but more than a little achievement
Previous mentioning of software product in scientific or o .
. ¥ . .0% 6 . 6 . 6 . 6 X b . 6 . e criteria is achieved on an average evel
3 applied professional articles 20% 3.0% 95% 2.9% 50% 1.5% 50% 1.5% 80% 2.4% 5% 0.2% 50% 1.5% 3 Th it hieved (50%) level
4 Using graphics output for presentations 25% 3.8% 80% 3.0% 95% 3.6% 95% 3.6% 95% 3.6% 95% 3.6% 80% 3.0% 4 This criteria is achieved to an above average level
sum second level >>> 100% 5 This criteria is totally achieved or to a very high extent
2 Support by vendor / expert network 15%
1 Technical support available 25% 3.8% 50% 1.9% 95% 3.6% 1 5% 0.2% 4 80% 3.0% 80% 3.0% 50% 1.9%
2 Online tutorials available on demand 20% 3.0% 50% 1.5% 95% 2.9% 5 95% 2.9% 4 80% 2.4% 80% 2.4% 95% 2.9%
3 Online classes available (low entry barriers) 20% 3.0% 30% 0.9% 95% 2.9% 5 95% 2.9% 4 80% 2.4% 80% 2.4% 50% 1.5%
4 Network of CFD professionals in architecture field 15% 2.3% 30% 0.7% 95% 2.1% 5 95% 2.1% 4 80% 1.8% 80% 1.8% 50% 1.1%
5 Ease of working with academic support 10% 1.5% 50% 0.8% 95% 1.4% 5 95% 1.4% 5 95% 1.4% 95% 1.4% 80% 1.2%
6 User guide provides the efficient information 10% 1.5% 95% 1.4% 95% 1.4% 5 95% 1.4% 5 95% 1.4% 95% 1.4% 95% 1.4%
sum second level >>> 100%
3 Workflow 52%
1 Ease of use / GUI 15%
1 GUI is easy to use for trained operator 60% 4.7% 80% 3.7% 80% 3.7% 5 95% 4.4% 5 95% 4.4% 95% 4.4% 95% 4.4%
2 User guide and online help is available for each command 40% 3.1% 50% 1.6% 95% 3.0% 5} 95% 3.0% 4 80% 2.5% 80% 2.5% 95% 3.0%
sum third level >>> 100%
2 Modeling / Import geometry 15%
1 Create geometry inside CFD application 15% 1.2% 80% 0.9% 95% 1.1% 5% 0.1% 80% 0.9% 5% 0.1% 95% 1.1%
2 Import geometry / repair surface before meshing 20% 1.6% 80% 1.2% 95% 1.5% 95% 1.5% 80% 1.2% 80% 1.2% 50% 0.8%
3 Support Revit Architecture 30% 2.3% 50% 1.2% 80% 1.9% 95% 2.2% 30% 0.7% 30% 0.7% 95% 2.2%
4 Support CADD format and Inventor 20% 1.6% 80% 1.2% 95% 1.5% 95% 1.5% 95% 1.5% 95% 1.5% 5% 0.1%
5 Support Rhino 15% 1.2% 5% 0.1% 80% 0.9% 5% 0.1% 30% 0.4% 30% 0.4% 5% 0.1%
sum third level >>> 100%
3 hi 20%
1 Surface meshers 30% 3.1% 5% 0.2% 95% 3.0% 50% 1.6% 80% 2.5% 5% 0.2% 30% 0.9%
2 Maximum cells and 2D-3D cell volume 10% 1.0% 95% 1.0% 95% 1.0% 80% 0.8% 95% 1.0% 95% 1.0% 30% 0.3%
3 Boundary layer types 25% 2.6% 95% 2.5% 95% 2.5% 80% 2.1% 80% 2.1% 95% 2.5% 30% 0.8%
4 Structured and Unstructured meshing 10% 1.0% 95% 1.0% 95% 1.0% 80% 0.8% 80% 0.8% 95% 1.0% 30% 0.3%
5 Adaptive meshing capability 25% 2.6% 95% 2.5% 95% 2.5% 30% 0.8% 80% 2.1% 95% 2.5% 5% 0.1%
sum third level >>> 100%
4 Physics Models 35%
1 Solvers - Coupled / decoupled 15% 2.7% 95% 2.6% 95% 2.6% 50% 1.4% 80% 2.2% 95% 2.6% 30% 0.8%
Solver-Finite Element Method (FEV) / Finite Volume Method
6 8% 6 . 6 . 6 . 6 . 6 . 6 .
2 (FVM) 10% 1.8% 95% 1.7% 95% 1.7% 80% 1.5% 80% 1.5% 95% 1.7% 50% 0.9%
3 Steady State/Transient State 10% 1.8% 95% 1.7% 95% 1.7% 80% 1.5% 80% 1.5% 95% 1.7% 50% 0.9%
4 Turbulence models 35% 6.4% 95% 6.1% 95% 6.1% 50% 3.2% 80% 5.1% 95% 6.1% 30% 1.9%
5 Materials 10% 1.8% 80% 1.5% 95% 1.7% 80% 1.5% 80% 1.5% 95% 1.7% 5% 0.1%
6 Customizable / special physics models 20% 3.6% 80% 2.9% 95% 3.5% 80% 2.9% 80% 2.9% 95% 3.5% 5% 0.2%
sum third level >>> 100%
5 Post processing 5%
1 Visualization 25% 0.7% 80% 0.5% 95% 0.6% 50% 0.3% 95% 0.6% 95% 0.6% 50% 0.3%
2 Quantitative analysis capabilities of components 25% 0.7% 80% 0.5% 95% 0.6% 50% 0.3% 80% 0.5% 80% 0.5% 5% 0.0%
3 Comparative analysis (multi-scenarios) 50% 1.3% 80% 1.0% 50% 0.7% 50% 0.7% 95% 1.2% 95% 1.2% 30% 0.4%
sum third level >>> 100%
6 Ci ization / special fi 5%
1 Pedestrain comfort 15% 0.4% 95% 0.4% 95% 0.4% 50% 0.2% 95% 0.4% 95% 0.4% 50% 0.2%
2 Natural ventilation 30% 0.8% 95% 0.7% 95% 0.7% 80% 0.6% 80% 0.6% 95% 0.7% 50% 0.4%
3 Wind-driven rain 10% 0.3% 50% 0.1% 95% 0.2% 30% 0.1% 30% 0.1% 30% 0.1% 5% 0.0%
4 Humidity 15% 0.4% 5% 0.0% 50% 0.2% 80% 0.3% 80% 0.3% 95% 0.4% 50% 0.2%
5 Wind load towards to building structure 5% 0.1% 95% 0.1% 95% 0.1% 30% 0.0% 95% 0.1% 50% 0.1% 30% 0.0%
6 Pressure distribution along streamlines/pressure losses 15% 0.4% 95% 0.4% 50% 0.2% 5% 0.0% 80% 0.3% 50% 0.2% 30% 0.1%
7 Conjugate heat transfer 10% 0.3% 95% 0.2% 95% 0.2% 30% 0.1% 80% 0.2% 50% 0.1% 5% 0.0%
sum third level >>> 100%
7 Support for 5%
1 Validation document / example 100% | 2.6% 4 80% 21% | 30% os% |DEUI 5% 01% | 9% 25% | 95% 25%  |DEUI 5% 01%
sum third level >>> 100%
sum second level >>> 100%
4 Cost of Software 18%
1 1 Commercial pricing model 20% 3.6% 30% 1.1% 30% 1.1% 30% 1.1% 30% 1.1% 30% 1.1% 50% 1.8%
2 2 Academic pricing 40% 7.2% 30% 2.2% 95% 6.8% 95% 6.8% 80% 5.8% 80% 5.8% 95% 6.8% Table 5.1.2
3 3 Software includes all modules (no extra costs) 20% 3.6% 4 80% 2.9% 95% 3.4% 50% 1.8% 50% 1.8% 50% 1.8% 50% 1.8% Final Ranking matrix for CFD software products for external
4 4 Option to aquire sufficient seats at no extra costs 20% 3.6% 4 80% 2.9% 95% 3.4% 50% 1.8% 30% 1.1% 30% 1.1% 50% 1.8% CFD
sum second level >>> 100%
sum of first level >>> 100% sum overall points >>|  69.5% sum overall points >>|  85.1% sum overall points >>|  67.9% sum overall points >>|  76.8% sum overall points >>|  72.2% sum overall points >>|  55.3%
ANSYS - Fluent STAR-CCM+ ACAD CFD Cradle SD-Stream Cradle SD-Tetra Design Builder
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Part 5 - Selection of CFD Software Products for ERDL — HNEI Project Work-

5.2 Selection of CFD Software Products for the EDL- HNEI CFD Research Project

On the basis of conclusions drawn from the literature review, the hands-on experience with the CFD
software during benchmarking tests as well as the results of the final ranking the following software
products are selected for the subsequent analysis work of the ERDL-HNEI CFD project:

4. Star-CCM+ by Cd-Adapco
5. scStream by Cradle USA Inc.
6. SC/TETRA by Cradle USA Inc.

To 1.:

To 2 and 3.:

The CFD software Star-CCM+ by the company CdAdapco has been selected as a powerful
and versatile CFD software tool. The decision to select Star-CCM+ over the ANSYS Fluent
is based on the very pro-active cooperation with the academic program manager and
support manager of CdAdapco. The software company has been very forthcoming with
supporting all aspects of our CFD project work and has offered the CFD team with very
favorable conditions.

The CFD software products scStream and SC/Tetra have both been selected. The CFD
team could negotiate a favorable price for the lease of both software products. The CFD
research team will be using both CFD software products in the upcoming external as well
as internal CFD analysis work. Based upon experience the CFD team believes that both
software products will favorably complement each other.
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