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Research highlights:

Application of the ten-steps approach to CFD inieonmental Fluid Mechanics (EFM)
Existing best practice guidelines (BPG) in CFD rhafocus on only last three steps.

Reason: specific character and disadvantages of @&l for verification and validation.

More attention should be given to the other stapSkD studies of EFM.

Two case studies show that ten-steps approachysmedl applicable to CFD in EFM and that it
extends existing BPG.
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Abstract

Computational Fluid Dynamics (CFD) is increasingbed to study a wide variety of complex Environraént
Fluid Mechanics (EFM) processes, such as water 8pd/turbulent mixing of contaminants in rivers and
estuaries and wind flow and air pollution dispensiio urban areas. However, the accuracy and rétiabf
CFD modeling and the correct use of CFD resultsezasily be compromised. In 2006, Jakeman et abigden
iterative steps of good disciplined model practweevelop purposeful, credible models from dat apriori
knowledge, in consort with end-users, with eveagstopen to critical review and revision [Jakenfad,,
Letcher, R.A., Norton, J.P., 2006. Ten iterativepstin the development and evaluation of enviroriaten
models. Environ. Modell. Softw. 21, 602-614]. Thiper discusses the application of the ten-step®aph to
CFD for EFM in three parts. In the first part, #hdsting best practice guidelines for CFD applicasiin this
area are reviewed and positioned in the ten-stapseiwork. The second and third part present agpéaive
analysis of two case studies in the light of thredteps approach: (1) contaminant dispersion dirbsverse
turbulent mixing in a shallow water flow and (2ugted urban wind flow and indoor natural ventilatiof the
Amsterdam ArenA football stadium. It is shown thia existing best practice guidelines for CFD mafoktus
on the last steps in the ten-steps framework. €asans for this focus are outlined and the valubef
additional — preceding — steps is discussed. Tinesmective analysis of the case studies indidaggsthe ten-
steps approach is very well applicable to CFD feMEand that it provides a comprehensive framewbait t
encompasses and extends the existing best praciidelines.

Keywords: Environmental Fluid Mechanics; air and water gyalitver hydraulics; transverse mixing; wind
flow; building aerodynamics

Nomenclature

Roman symbols

C.,.GC,G Constants in leturbulence model

Cs Roughness constant

d Center-to-center spacing between elementslidf god (m)

Dyy Transverse turbulent mixing coefficient (mz2/s)
Flow depth (m)

k Turbulent kinetic energy (m2/s?)

ks Equivalent sand-grain roughness height (m)

Lt Turbulent length scale (m)

Q Volumetric airflow rate (m3/s)

Sa Turbulent Schmidt number

u* Shear velocity (m/s)

Ur Turbulent velocity scale (m/s)

\% Indoor volume (m3)

W Channel width (m)

X, Y, 2 Cartesian coordinates (m)
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Z Aerodynamic roughness length (m)
Greek symbols

Constant in turbulent mixing coefficient equatio

w Distance to wall for application of wall funatis (m)
e Dissipation rate of turbulent kinetic energy{s?)
ks Constants in leturbulence model
w Specific dissipation rate (1/s)
Acronyms
ABL Atmospheric Boundary Layer
ACH Air Change rate per Hour
AIAA American Institute of Aeronautics and Astranis
AlJ Architectural Institute of Japan
ASHRAE American Society of Heating, Refrigeratingdairconditioning Engineers
ASME American Society of Mechanical Engineers
CAD Computer-Aided Design
CFD Computational Fluid Dynamics
COST Cooperation in Science and Technology
DNS Direct Numerical Simulation
ECORA Evaluation of Computational Fluid Dynamic tkleds for Reactor Safety Analysis
EFM Environmental Fluid Mechanics
ERCOFTAC European Research Community on Flow, Tlertme and Combustion
GIS Geographic Information System
HVAC Heating, Ventilation and Air-Conditioning
LES Large Eddy Simulation
NS Navier-Stokes
RANS Reynolds-Averaged Navier-Stokes
URANS Unsteady Reynolds-Averaged Navier-Stokes

1. Introduction

Computational Fluid Dynamics (CFD) methods wereeligped over 40 years ago by engineers and
mathematicians to solve flow problems in the afe@adustrial engineering. While the fundamental &ipns of
fluid motion that formed the basis of these metHuat$ been known since the™&entury, their solution for
problems with complex geometries and boundary ¢imndi required the development of efficient numedric
solution techniques and the ability to implemertsénon computers. The development of both numerical
techniques and digital machines with increasingmatational power allowed in the last decades a wide
application of CFD methods to many areas of flyidamics, including the realm of Environmental Fluid
Mechanics (EFM). EFM is the scientific study ofuratly occurring fluid flows of air and water onroplanet
Earth, especially those that affect the environmemiality of air and water (Cushman-Roisin e28i08).
Scales of relevance within EFM range from millimet® kilometers and from seconds to years. It khbe
noted that if classical fluid mechanics treats mdifierent types of fluids under vastly differeetiiperatures
and pressures, by contrast EFM is almost exclusivehcerned with only two bulk fluids, air and watend
moreover under a relatively narrow range of ambiemiperatures and pressures. Also, while clasBigdl
mechanics tends to view turbulence as a negatdraegit, because it creates unwanted drag and elossggy
EFM accepts turbulence as beneficial, becausedtr$arapid dispersion and dilution (Cushman-Rogial.
2008). Finally, EFM is aimed at prediction and deami. Indeed, typical problems in EFM concern tredjetion
of environmental-quality parameters that dependataral fluid flows, such as bedload transports poltition
levels. EFM also extends into decision makings lgénerally not aimed at design, but it may provedsilts
useful in decision-making context. Decisions in tbalm of EFM, however, in most cagisnot address how
natural fluid flows can be controlled or modifidzlit rather how inputs from human activities camiamaged as
to minimize their impact downstream.

Research methods in EFM include full-scale on-esigeriments, full-scale laboratory experimentsyoed-
scale laboratory experiments in wind tunnels anttmidumes, analytical and semi-empirical modelamgl
computer simulation with CFD. The main advantadeSkD are that it allows full control over the balany
conditions, that it provides data in every pointtg computational domain simultaneously (“whol«fifield



data”) and that it does not suffer from potentidigompatible similarity requirements due to sagliimitations
because simulations can be performed at full sGH® also allows efficient parametric analysis iffedent
configurations and for different conditions. Howeuwhe accuracy and reliability of CFD are of camcand
verification and validation studies are imperatiis.a result, high-quality experiments to suppliadar
validation studies are also indispensible.

Within EFM, for many years CFD methods have foundae application in the analysis of natural water
systems, such as rivers, lakes, estuaries andateasgers. Typical examples are the study of tbe #hnd of the
transport and mixing of contaminants and sedimefttsin those systems as well as floodplain inuratati
modeling (Olsen 2001, Bates et al. 2005, Czerndgzand Rowinski 2005). Also, CFD methods are somei
applied in wastewater engineering (Karama et @918lague et al. 2001, Peplinski and Ducoste 20i2et al.
2004, Gualtieri 2006, Khan et al. 2006, Rauen .€2@08, Stamou, 2008, Dufresne et al. 2009, Woid. 4010).
Finally, in more recent times, CFD methods haventaggplied to the analysis of hyporheic flows, enixing
flow between surface and subsurface waters dugatitat and temporal variations in channel charésties
(Bayani-Cardenas and Wilson 2007a, 2007b, Bayarni?es et al. 2008, Bayani-Cardenas 2009, Jin et al
2010, Endreny et al. 2011).

Within EFM, CFD has also been used extensivelggearch on wind flow and related processes in the
outdoor environment around buildings, including ggtdan wind comfort (e.g. Stathopoulos and Baskara
1990, Richards et al. 2002, Blocken et al. 200&h@et al. 2007, Mochida and Lun 2008, Tominagal.et
2008a, Blocken and Persoon 2009, Blocken et akR@idind-driven rain on building facades (e.g. Ch893,
Etyemezian et al. 2000, van Mook 2002, Blocken @atmeliet 2002, 2004, 2006, 2007, 2010, Tang and
Davidson 2004, Briggen et al. 2009, Blocken eR8ll0, Huang and Li 2010, van Hooff et al. 2011&)gaality
and pollutant dispersion around buildings (e.g. T@ga et al. 1997, Leitl et al. 1997, Meroney etl8R9,
Canepa 2004, Meroney 2004, Chu et al. 2005, Hanalk 2006, Blocken et al. 2008a, Gromke et al.&00
Yang and Shao 2008, Solazzo et al. 2009, Tominad&athopoulos 2009, 2010, 2011, Balczo et al9200
Gousseau et al. 2011a, 2011b, Moonen et al. 28ktrior building surface heat transfer (e.g. Berclet al.
2009, Defraeye and Carmeliet 20D®fraeye et al. 2010, 2011a, 2011b, Karava é(dll1a), natural ventilation
of buildings (e.g. Jiang and Chen 2002, Jiang.e2G03, Heiselberg et al. 2004, Wright and Hargesa2006,
Cook et al. 2008, Chen 2009, Norton et al. 2009026lensen and Lamberts 2010, van Hooff and Blocken
2010a, 2010b, van Hooff et al. 2011b, Blocken e@l 1, Ramponi and Blocken 2012), wind erosiog. (e.
Tominaga and Mochida 1999, Parsons et al. 2004se¢dusnd El-Shishiny 2009, Tominaga et al. 201indw
energy (e.g. Milashuk and Crane 2011), wind loadindpuildings (e.g. Tamura et al. 1997, Stathopo®@07,
Selvam 1997, Tamura et al. 2008, Nozu et al. 2@88)other applications (e.g. Neofytou et al. 2006kes et
al. 2010).

CFD models are theory-based and process-based snddebmment needs to be made about the teoatel
in the CFD framework. While CFD developers and jtigts generally use the term model to describe the
simplified physical representation of turbulenteets on the larger-scale flow or mean flowtbgbulence
models CFD practitioners tend to use the same term soritee the (often also simplified) representatibthe
geometry under study, or the spatial and/or tenplisaretization, or the boundary conditions, oy an
combination of the aforementioned parameters.ighper, we will use the termodelin the same respect as
done by Jakeman et al. (2006), i.e. in a broadesand encompassing the entire process, from coddagenent
to interpretation of model results.

Many large-scale environmental flows are turbuland a subdivision in CFD models can then be made
based on the form of the governing equations tfeasalved to describe the turbulent flow. The fimain
classes distinguished in EFM are Direct Numerigalufation (DNS), Large Eddy Simulation (LES), Rejas
Averaged Navier-Stokes (RANS) and hybrid LES-URASsteady RANS. DNS refers to solving the exact
Navier-Stokes (NS) equations, down to the smaldegjth scales and time scales. For many application
EFM, the associated Reynolds numbers are largeriplarge (Re from 0up to 16). As a result, DNS is too
computationally demanding and one needs to res@pproximate forms of the NS equations, in whidegree
of physical modelings applied to reduce the physical complexity areldassociated computational demand. In
LES, the NS equations are filtered: only the edtfieger than a certain filter size are actuallyhesd, while the
eddies smaller than this filter size are not resg\but instead their effect on the larger eddiespproximated
by a turbulence model (i.e. a so-callb-grid scalemodel, as the grid or mesh size is often usetiafilter).

In RANS, only the mean (time-averaged or ensembéaged) flow is resolved, and the effect of alhwst of
the turbulence scales on the mean flow is modefeal tirbulence model. In the RANS approach twodasi
levels of modeling are currently usestidy-viscositynodels offirst-order models angecond-moment closure
models (Hanjali 2004). Each category has a number of variantaddition, also hybrid LES-URANS methods
have been developed and applied.

It is widely recognized that the results of CFD slations can be very sensitive to the wide range of
computational parameters that have to be set bysée For a typical simulation, the user has lecs¢he target
variables, the approximate form of the governingagipns, the turbulence model, the computationatalo, the



computational mesh, the boundary conditions, tkerdtization schemes, the convergence criteriaPeting
the past decades, many sensitivity tests and ddtedrification and validation exercises have bemrducted.
While these efforts were fragmented at first, ie flast ten years they have been combined intoaeasdensive
best practice guideline documents, which will bentimmed in section 2 of this paper.

In 2006, Jakeman et al. (2006) set out ten itezatteps of good disciplined model practice to dgvel
purposeful, credible models from data and a pkpndwledge, in consort with end-users, with eveagestopen
to critical review and revision. While several pims papers had also provided information and depsiodel
development and evaluation, the paper by Jakemaln @006) had the explicit intention to be moeneric and
to suggest guidelines for a wide range of modet¢syjncluding empirical, data-based, statisticatiets,
conceptual models based on assumed structurabsitieis to the system, agent-based models alloloicejly
structured emergent behavior, rule-based modetsspecific theory-based or process-based modelsasic
CFD. In 2008, Robson et al. (2008) published a papehich they, in retrospect, evaluated the teps
approach for two case studies of process-base@bibgmical models of estuaries. They concluded tiesten-
steps approach is readily applicable to processebaquatic biogeochemical modeling. They also fagked
the additional value generated by this retrospeatixercise, and provided valuable feedback oretestieps
approach itself. Additional follow-up papers wereyided by Welsh (2008) and Piuleac et al. (2010),
addressing groundwater modeling and modeling aftedlysis processes by neural networks, respegtivel

The present paper provides a discussion of thetegys approach applied to CFD for EFM. Our paper is
strongly inspired by the work by Jakeman et al0@0and Robson et al. (2008). The paper consittareé
parts. In the first part, the existing best prazticidelines for CFD modeling of EFM are reviewed a
positioned in the ten-steps framework. The secanttlird parts present a retrospective analysis/ofcase
studies in the light of the ten-steps approachtré)sverse turbulent mixing in a shallow watewfi@ualtieri
2010) and (2) coupled urban wind flow and indodurel ventilation of the Amsterdam ArenA footbathdium
(van Hooff and Blocken 2010a). These two case studiere selected because of their large differemezter
versus air as bulk fluid, two-dimensional (2D) wesshree-dimensional (3D) modeling, finite-elemestsus
control-volume technique and different turbulencedels. These two case studies and their largerdiftes
serve to illustrate the wide applicability of tlentsteps approach for CFD in EFM.

2. The ten-steps approach and best practice guidelinés CFD
2.1. The ten-steps approach

The focus of the ten-steps approach is mainly ergtrestions that must be addressed, rather thdreon
alternatives that exist. As mentioned by Jakemaah. ¢2006): “Whatever the type of modeling probjemartain
common steps must be considered if the goals adibte results and knowledge acquisition, for thenediate
purpose of the exercise and for the wider commuanity the longer terthindeed, the ten steps are important in
the pursuit of good practice in model developmenat application, which is essential for the credtipil
acceptance and impact of models and their resuitsfor science and decision-making based on motieés
following ten steps were defined:

(1) Definition of the purposes for modelinghis step is important because it is not necegseaisy to be
clear about what the purposes are. Different stlkleins will have different degrees of interesthia t
possible purposes of a single model, such as gagualitative understanding of the system, knowdedg
elicitation and review, prediction or providing dance for management and decision-making.
Establishing the primary purposes of the modelixgr@se is important because of their influence on
the choices to be made at later stages.

(2) Specification of the modeling context: scope amstueces In this step the specific questions and issues

to be addressed by the model are identified, akasghe available resources, the required outfhss,
spatial and temporal scope, scale and resolutieniodel flexibility and the users of the model.

(3) Conceptualization of the system, specificationadgédnd other prior knowledgéConceptualization
refers to basic premises about the working of ftstesn being modeled.” (Jakeman et al. 2006). The
data, prior knowledge and assumptions of the psseseed to be defined, based on the prior
identification of model purposes.

(4) Selection of model features and familiBsised on the preceding three steps, the typeariztbles and
the nature of their treatment are selected, asagedihe links between system components and
processes, which includes the modeling approactcegual model and spatial and temporal scales.

(5) Choice of how model structure and parameters vadwedo be foundwhich can be done by prior
science-based theoretical knowledge and/or empitata.

(6) Choice of estimation performance criteria and taghe, where these criteria should reflect the overall
aims and purposes of the modeling activity.



(7) Identification of model structure and parametewijch is generally an iterative process involving
hypothesis testing of alternative model structunas) the underlying aim to balance sensitivity to
system variables against complexity of represemati

(8) Conditional verification including diagnostic chéwey, which includes testing if the model is
“sufficiently insensitive to possible but practigainsignificant changes in the data and to possibl
deviations of the data and system from the ideaizissumptions made... It is also necessary to yerifi
that the interactions and the outcomes of the madefeasible and defensible, given the objectives
prior knowledge.” (Jakeman et al. 2006).

(9) Quantification of uncertaintywhich is particularly important in large, integgd models, and which
should be considered in the context of the purpoéése model.

(10) Model evaluation or testing (other models, algamity comparisons with alternativegjhich implies
evaluating the model is the light of its objectivB®bson et al. (2008) elaborated on this step and
suggested different questions to be considered:

How well does the model reproduce an independeat skt?

How well does the model perform under unusual dooh?

Is the complex model better than a simpler one?

Can the model be used to improve understanding@énlying system function?

Finally, and most importantly, does the model Helpnswer questions about the system function
and can it be used to make predictions about thee®

2.2. Best practice guidelines in CFD

Whereas in the area of industrial engineering yis¢esns are closed and boundary conditions, progkeometry
and material properties of any solid surfaces atally well known, the application of CFD methodshe
EFM area involves many different issues relatetthéoexisting uncertainty of geometry and boundary
conditions, drag coefficients, driving forces ahd interactions among different processes and snjtiese
uncertainties involve almost every aspect of theetiag process and it may therefore be very diffituassess
model performance. This implies that CFD applicato environmental flows may have research prisitiery
different from other CFD applications.

Several studies have been presented in orderdblisét best practice guidelines in CFD studied 963 the
American Society of Mechanical Engineers (ASME)pweed ten guidelines on the control of numerical
accuracy for CFD manuscripts submitted to the jal(ASME 1993). Among others, the authors were iregu
to be precise in describing the numerical meth@l#sd to demonstrate mesh-independent or meshexgsnt
results by presenting solutions over a range afisigntly different mesh resolutions. Also, clestatements
defining the methods used to implement boundaryisitidl conditions and comparison with appropriate
analytical or well-established numerical benchnsokitions and with reliable experimental resultseve
required (ASME 1993). Roache (1997) discussed tlatification of uncertainty in CFD methods, pangtiout
the difference betweererification which meansolving the equations righindvalidation, which issolving
the right equationsconcluding that a code cannot be validated, blyt a calculation or a range of calculations
with a code can be validated. This theme was aldoegsed by Stern et al. (2001). They distinguidfetdieen
verification, which is a process for assessing numerical sionlancertainty and, when conditions permit,
estimating the sign and magnitude of the numegoalr itself and the uncertainty in that error rstie, and
validation which is a process for assessing simulation niiegleincertainty by using benchmark experimental
data and, when conditions permit, estimating tge aihd magnitude of the modeling error itself. Rea(2009)
noted thatalibration, which is the adjustment or tuning of free pararsein a model to fit the model output
with experimental data, which is a sometimes nesgsomponent of model development, is not to be
considered as validation, unless when the prewaalibrated model predictions are evaluated agaiset of
data not used in the tuning.

Extensive guides and standards on verificationwatidation of CFD simulations were published in 838/
the AIAA® (1998) and in 2009 by the ASME (ASME 2009). Exteagapers on verification, validation and
predictive capability in computational engineerargl physics — which include CFD — were provided by
Oberkampf et al. (2004) and by Roy and Oberkam®1Q2.

In addition, also best practice guidelines covedngider area than only verification and validatieere
developed. In 2000, the ERCOFTASpecial Interest Group on Quality and Trust inuistdial CFD published
an extensive set of best practice guidelines fdustrial CFD users (Casey and Wintergerste 200t)s&
guidelines focused on RANS simulations. Althougiytivere not specifically intended for EFM, manytludse
guidelines also apply for CFD simulations in EFMIoAof attention in the guidelines is devoted toiding

L AIAA = American Institute of Aeronautics and Astrautics
2 ERCOFTAC = European Research Community on Flowbillence and Combustion



errors and uncertainties in CFD simulations from plerspective of the user of an already develoged ébde.
Indeed, while there is a general consensus abeuh#in physical modeling approaches (DNS, LES, RANS
and even on a wide range of turbulence modelsadikantages and disadvantages of which are wellndected
in the scientific literature, it is considered thadybe the largest errors and uncertainties arseckloy the user
of the code. Within the project ECORAVlenter et al. (2002) published best practice giirieés based on the
ERCOFTAC guidelines, but modified and extended sipadly for CFD code validation.

In the area of EFM studies applied to natural waystems, some criteria for the application of Gieldes to
open channel flows were proposed by Knight et28106) within a comparative study between diffefRANS-
based approaches to simulate the 3D flow in a @tignchannel. Lane et al. (2005) developed theejimes
specified by ASME for the specific case of openrota flows. In doing so, they demonstrated thatABME
criteria may not be sufficient for many practidaivial applications, but however can provide a minim
framework. In particular, Lane et al. (2005) argtizat ASME criterion 10 on model validation shobl
replaced by a more comprehensive framework basegmsitivity analysis, benchmarking and flow
visualization.

In the area of EFM studies applied to wind flowward buildings, early sensitivity, verification and
validation studies have provided a lot of valuahfermation (e.g. Murakami and Mochida 1989, Baetkal
1990, Stathopoulos and Baskaran 1990, Cowan £98¥, Hall 1997). However, initially this informati was
dispersed over a large number of individual puliilices in different journals, conference proceediagd
reports. Later, compilation efforts were undertgkeacluding the work by Scaperdas and Gilham (20Bé)tzis
et al. (2004) and the comprehensive review papéirbgke et al. (2004). Later, Franke et al. (265@gnded
their review paper into an extensive “Best PracBegdeline for the CFD simulation of flows in theban
environment”, in the framework of the CO%Action 732: Quality Assurance and Improvement aéidscale
Meteorological Models. Like the ERCOFTAC guidelinakso these guidelines were primarily focused on
steady RANS simulations, although also some limitéormation on URANS, LES and hybrid LES-URANS
was provided. When using CFD tools, whether theyaamademic/open source or commercial codes, lisds a
important that the code is well documented, antllibaic verification tests and validation studiaséhbeen
successfully performed and reported. A good desonf how a microscale airflow and dispersion rldtas
to be documented can be found in the Model EvalnaBuidance Document published in the COST Actida 7
by Britter and Schatzmann (2007).

In Japan, working groups of the Architectural Ingg of Japan (AlJ) conducted extensive cross-coisgss
between CFD simulation results and high-qualityddisnnel measurements to support the development of
guidelines for practical CFD applications. Partt@se efforts was reported by Yoshie et al. (200172008,
Tominaga et al. (2008b) published the “AlJ guidesirior practical applications of CFD to pedestriand
environment around buildings”, and Tamura et @08 wrote the “AlJ guide for numerical predictiohwind
loads on buildings”. While the former document feed on steady RANS simulations, the latter alsicened
LES, given the importance of time-dependent anslfgsi wind loading of buildings and structures.

In addition to these general guidelines, also sweeng specific guidelines were published. Theselidel(1)
consistent modeling of equilibrium atmospheric baany layers in computational domains (e.g. Richaurts$
Hoxey 1993, Blocken et al. 2007a, 2007b, Frankd.e2007, Hargreaves and Wright 2007, Gorlé e2G09,
Yang et al. 2009); (2) high-quality mesh generafeg. Tucker and Mosquera 2001, van Hooff and igac
2010a) and (3) validation with field and laboratdata (e.g. Schatzmann et al. 1997, Schatzmanheitid
2011).

The establishment of these guidelines has beenyamportant step towards more accurate and reiabl
CFD simulationsFurthermore, it is advisable that future best pcaajuidelines for CFD applications in the
EFM field will include a larger application of bedmoarking because it provides relevant informatamréliable
comparison among different CFD techniques and ambres. So specific benchmarks should be developed i
the different contexts and practical applicatioh€BD methods for EFM.

2.3. Best practice guidelines in CFD in the framewaf the ten-steps approach

As mentioned earlier, the ten-steps approach weslajged with the explicit intention to be genendo

suggest guidelines for a wide range of model typédsile all ten steps are relevant for CFD in EFMg tnain

focus of the existing best practice guidelines KDGs clearly on the last three steps, addressénidication,

uncertainty and validation. Two main reasons aspaasible for this.

(1) The first reason is the generic character of thesteps approach versus the more specific charaic@¥D.
Actually, the choice to use CFD as a modeling apginds a possible outcome of step 4 of the tersstep
approach (selection of model features and familiesjeed, other and more simplified modeling apphes

¥ ECORA = Evaluation of Computational Fluid DynarMethods for Reactor Safety Analysis
# COST = Cooperation in Science and Technology



exist for EFM, although in many cases there issarcpreference in the EFM community for CFD. The
reasons for this preference are the same as cleattiged by Robson et al. (2008) in their discassif the
advantages of process-based models: “(i) these Imegplicitly represent understanding and functibypaf
the system, that is, not only its responses, laat it internal dynamics, and allow this undersitagtb be
tested; (ii) they allow for a detailed, quantitatisimulation of the current behavior of the systand (iii)
they provide a means to predict responses to clsaegen (with caution) when those changes take the
system beyond its measured historical variability.”

(2) The second reason is directly associated with ifeddantages of process-based models mentioned by
Robson et al. (2008): “they tend to have high dgat requirements and a high level of complextyd
they may have high computational costs, all of Wwhdan make it difficult to quantitatively estimates
uncertainty of the predictions.” The high data inprquirements and high level of complexity of CFD
impose a strong need for verification, validatio aincertainty analysis. Therefore, it is not sisipg that
these have been the main focus in the developnfii¢hé @xisting best practice guidelines in CFD.

Apart from their main focus on the last three stéips existing CFD best practice guidelines are edtated to

items of step 1 (selection of target variable®p 2 (extent of model, time and spatial intervadgp 3 (prior

knowledge and parameter values), step 4 (choisailmimodel LES, RANS, hybrid LES-URANS and turbulenc
models, spatial and/or temporal resolution), stépdbindary conditions, sub-models and turbulencarpater
values from laboratory and field studies, etcgpd (choice of performance criteria) and stepeletdion of
modeled processes, initialization, etc.). In thetheo sections, it will indeed be shown that ea€kthe ten steps

could be properly applied to CFD. Therefore, it barstated that the ten-steps approach provides a

comprehensive framework that encompasses thergxiséist practice guidelines but that also providdsable

additional advice for the development, applicatiml evaluation of EFM CFD models and their results.
It is important to note that for CFD codes, pregiyyerformed verification and validation studiesic
provide important information on the accuracy agléability of these codes for future and similardies, and

can therefore support the verification and valolatctivities in steps 8-10.

3. Case study 1: transverse turbulent mixing in a sh&w water flow

This case study was presented in detail in therd&pealtieri C. 2010. RANS-based simulation of seerse
turbulent mixing in a 2D geometry. EnvironmentaliBllMechanics 10(1 2), 137-156] (Gualtieri 2010)n&e it
is not the intention herein to fully describe theduls and algorithms used and/or the conclusioasmfrom
the numerical results, the interested reader eymed to the above manuscript. Rather this numesioay is
herein analyzed in the light of the ten-steps apgnoThus, each of the sections below refers tabtiee ten
steps.

3.1. Definition of the purposes for modeling

One of the most common purposes of a modelingtag8aaining a better qualitative understanding sfystem
or process. This is the purpose of the case stdlyzed here. Although the transverse mixing protesf
significant importance when dealing with wastewateatment plant discharges, cooling water retantsthe
mixing of tributary inflows, this process has reeal less attention by researchers than longituahitigihg
(Rutherford 1994). In such situations, since stestdfe conditions are approximated (i.e. tempavatentration
gradients are small), the spreading across theneh@important and accurate modeling and premficoif
transverse mixing is required (Boxall and Guymed30Also, it is well known that transverse mixiisg
important in determining the rate of longitudinaking because it tends to control the exchange éetw
regions of different longitudinal velocity. Despite importance, no established theory exists ¢aljot
transverse mixing rates. The turbulent diffusiorféioient and its dependence on the various flovapeeters
must be determined from experimental work, but mizaésimulations could be a feasible alternativéé
evaluated.

In this case study numerical simulations were utatten to simulate the transverse mixing of a stesdte
point source of a tracer in a 2D rectangular gegmaethich is expected to reproduce a shallow fléug(1). A
shallow flow can be defined as a predominantlyZwrial flow in a fluid domain for which the two hoontal
dimensions greatly exceed the vertical dimensiokg2001). The specific purposes of this studyewer

- toinvestigate the ability of a 2D RANS-based appfoto reproduce the transverse turbulent mixirey in

shallow flow. More specifically, the standard kurbulence model (Jones and Launder 1972) was ltsed
is the easiest to implement and the most econormicamputation despite its limitations inherenthe
hypothesis of isotropic turbulence that was expbttdead to an overestimation of transverse mixing
(Section 3.7). Numerical results for tracer conrzgtian were used to obtain the transverse turbulent
mixing coefficient Q... Numerical results for [ were also compared with experimental data coltecte
by Lau and Krishnappan (1977) in a rectangular 8uithey measured the mixing process of a tracer



continuously discharged from a constant head iigectpparatus into the middle of the flume at
approximately mid-depth 11 m downstream from thgit@ng of the flume. The tracer concentrations
were measured at mid-depth downstream of the injegint by using a single electrode conductivity
probe. The probe was moved along the channel widtlerive cross-stream concentration distributions;
to assess the effect of a grid formed by squarepoments located upstream of the point of injection
transverse turbulent mixing (Fig. 1 — Geometry&ce experimental data for this case were missing,
the results from the experimental work by Rummaedle¢2005) for threedifferent grid geometries were
considered for a qualitative assessment of the rioateesults.
These objectives are consistent with some of thpgses mentioned by Jakeman et al. (2006). Thte firs
objective directly fits with purposes such as gagna better qualitative understanding of the sysfeediction
(extrapolation from the past), knowledge elicitatamd review. The second objective, related tceffects of a
grid on turbulent mixing, could be considered asiag at predictionwhat if exploration). Finally, it should be
noted that [, was calculated from the numerical concentratietdfusing different approaches . In this sense,
another point indicated in Jakeman et al. (2006)imterpolation: estimating variables which carime
measured directly (state estimation), was addressim study.

3.2. Specification of the modeling context: scope r’esources
3.2.1. Available resources

The undertaken numerical simulations were interidedproduce transverse turbulent mixing in a sialvater
flow and, in particular, the experimental work canted by Lau and Krishnappan (1977) in a rectamgluene.
Therefore, the first available resource was theygeoy used by Lau and Krishnappan, while the second
resource was the Comsol Multiphysics 3.4™ (2008yletiog package, which is a commercial multiphysics
modeling environment.

Lau and Krishnappan conducted their experimenssrigctangular flume of 30.7 m long and 0.60 m wide.
Extra sidewalls were installed to convert the flum®.45 m or 0.30 m width. The adopted numerieametries
were based on the view from above, i.e. in thepkay, of the Lau and Krishnappan flume. They werenlong
and 0.60 m wide. The point of injection was locatdédn downstream of the inflow section. Furthermare
Geometry B there was a grid formed by 6 square oompts, each with dimension 0.02x0.02 m?, withraere
to-center spacing d = 0.06 m. The grid was loc@tédn upstream of the point of injection. In Gearyét the
square grid was absent.

Different mesh characteristics were tested. Aftat,tthe mesh generation process was made assuming,
among others, a constant value for éfement growth ratewhich determines the maximum rate at which the
element size can grow from a region with small elets to a region with larger elements (Comsol Nbksics
2008). The value must be greater than or equal Fmrlboth Geometry A and B, different values foz t
maximum element size were selected for the geonugstream and downstream the point of injection.(E).
Smaller values were selected downstream of thistpoibetter capture transverse mixing. Also, atdfuare
grid components in Geometry B, the maximum elersezg was smaller than the maximum element sizeeat t
walls, for both Geometry A and B. The mesh was niadiiangular elements and mesh quality visudlirat
demonstrated a quite uniform quality of the elerneafithe mesh.

The commercial multiphysics modeling environmeniSol Multiphysics 3.4™ was applied. Previous
studies have demonstrated its capability to sirewath flow and concentration field within EFM aipptions
with good results, such as in the case of the baadiacing step flow (Gualtieri 2005), a contactkgGualtieri
2006), a drinking water tank (Gualtieri 2009) andvar with a square dead zone (Gualtieri et al®0

3.2.2. Forcing variables and required outputs

At the inlet aninflow type boundary condition was applied with a unifaretocity profile. Also inleturbulent
intensityandlength scalevere assigned. Turbulent intensity was set to\BBich corresponds to a fully
turbulent flow. Usually, turbulence intensity cam derived from the Reynolds number. The turbulength
scale is a physical quantity related to the sizéneflarge eddies that contain most of the energyrbulent
flows. Also it is a measure of the size of the tlelnt eddies that are not resolved (Comsol Multiits/ 2008).
For fully-developed channel flows, this parametan be approximately derived as 0.9V xwvhereW is the
channel width.

The required outputs were first of all the parametd the averaged flow field, such as pressurecity
components and kturbulence model parameters. Finally, from theisoh of the advection-diffusion equation
the averaged tracer concentration within the flamdin was obtained.

3.2.3. Spatial and temporal scope, scale and regoiu



The numerical study was carried out with steadiestanditions for both the flow and concentratimhds.

The computational domain for both Geometry A andi@etry B and part of the mesh are presented inlFig.
and Fig. 2. Different spatial scales were appliethe domain. Maximum element sizes were 0.1 ma®d m
in the upstream and downstream region, respectivdp, for both Geometry A and B, at the walls th
maximum element size was 0.05 m, whereas, at th&@sgrid components in Geometry B, the maximum
element size was 0.01 m. The resulting meshesgfamgtry A and B had 35124 and 37284 triangular efém

(Fig. 2).
3.2.4. Users of the model and model flexibility

The mixing of contaminants in streams and rives sggnificant problem in EFM and river engineerbegause
the understanding of the impact and the fate dfigoits in these water bodies is a primary goavatier quality
management. Since most rivers have a high aspexttraat is the width to depth ratio, dischargetlygants
become vertically mixed within a short distancenirtihe source and vertical mixing is only importanthe so-
callednear-field(Rutherford 1994). In thenid-field, the vertical concentration gradients are nedkgénd both
subsequent transverse and longitudinal changd®afdpth-averaged concentrations of the pollusintsld be
addressed. Thus, the model could be applied aslianprary tool to identify the length needed toaleshe
transverse mixing of a contaminant continuouslgétgd in a shallow turbulent flow.

Concerning model flexibility, it should be notedtlit would be easy to change the location of theer
source, i.e. moving it on the walls of the geomedig/well as to consider a reactive solute or chahg
characteristics of the square components formiagyttd.

3.3. Conceptualization of the system, specificatiotiata and other prior knowledge

Conceptualization of a system refers to the ideatifon of the basic processes controlling its lvéra
Concerning the presented case studyj, it is belihwdtransverse or lateral mixing is due to tHefang causes
(Rutherford 1994) (Fig. 3):

- turbulence generated by the channel boundarieghwhvolves many eddies of various sizes and
intensities, all embedded in one another (Pope RAB@&se eddies are responsible for both momentum
and mass transfer, according to the Reynolds apategulting in contaminant mixing far exceedingtth
occurring at the molecular scale. Also it couldelpected that in a turbulent flow the largest esidie
regulate the rate of turbulent diffusion. In a rivateral mixing is due to the transverse eddies totate
horizontally, about a vertical axis;
vertical variations in the transverse velocity aiy shear), which are significant in the vicinal
channel banks and further contribute to transvepseading of contaminants;
secondary currents, which cause contaminants t@nmowpposite directions at different depths
increasing the rate of mixing (Henderson 1966).

Prediction of transverse mixing rate is needed wigng the 2D depth-averaged advection-diffusiamagiqn in
themid-field (Rutherford 1994). In this equation, both transeersbulent diffusion and transverse dispersion
coefficients are present, which represent spreadfitige solute in the lateral direction. Also, &féects of the
secondary currents might play a role. To overcdmdriherent complexity of the process, as per 3tefthe
procedure proposed by Jakeman et al. (2006), amddshecide what to include and what can be sineplibr
neglected in the modeling of transverse turbulestrg. Since in field observations it is difficulh distinguish
the specific effect of each of these processentaminant spreading in the lateral direction,tbeerall effect
is usually combined for convenience into a singigimg coefficient, 0, whose estimation is one of the
objectives of this numerical study. Modeling tramse turbulent mixing is a good example of concalj#ation
where a group of different processes is takenaotmunt by only one coefficient.

Since no established theory exists to predict transe mixing rates in open channel flows, @nd its
dependence on the various flow parameters muséteerdined from experimental work. A good number of
experimental studies are available in the litetamd some literature-based empirical predictiveaggns for
D.y are available for cases of straight rectangulanakls, gently meandering naturals channels angdur
channels and rivers bends (Rutherford 1994, Guisdtiel Mucherino 2007, 2008). They provide furtheor
knowledge on this process.

Finally, prior knowledge on this process, as foy apstem in EFM, includes at least conservatiomass,
both for the fluid and for the solute, and consgoraof momentum and energy.
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3.4. Selection of model features and families
3.4.1. Modeling approach and conceptual model

Major features in the modeling approach are thedyqf variables covered and the nature of theatrment, e.g.
white/black/grey box, lumped/distributed, lineamrmear, stochastic/deterministic, which place tihedel in a
particular family or families (Jakeman et al. 2Q06)

As pointed out above, since no established thexisgseto predict transverse mixing rates even @s¢h
channels, the turbulent diffusion coefficient ateddependence on the various flow parameters neust b
determined from experimental studies (Rutherforéi4l9ualtieri 2010). From dimensional reasoning it
possible to relate any turbulent mixing coefficiem& turbulent length and a velocity scaleand U,
respectively, as:

D, =Ly Ug 1)(

In a plane shear flow, turbulence is generateddstioal velocity shear which arises as a resulieaf friction.
Since the shear velocity u* is a measure of bedidn, it could be selected as velocity length séalEq. (1).
This is also consistent with the literature on icattdiffusivity and longitudinal dispersion coefigents
(Rutherford 1994). There is indeed some controvabsyut the proper length scale to be used in Bglt(s
most common to assume the flow depth h as theHesggtle for transverse diffusivity too, that is h+ since
this parameter controls the largest vertical ed(fegherford 1994, Gualtieri 2010). Therefore, B).yields:

D, = b hu* ) (2

where is a constant that is derived from the analysiexpferimental data and that depends on the river
characteristics (Rutherford 1994). Numerical sirtiates of the transverse turbulent mixing processgis
different approaches are reported in the literagBoxall and Guymer 2003, Shiono et al. 2003, D2ad4,
Ahmad 2008, Zhang and Shen 2008, Won Seo et a8)208ey gained a detailed and complete definitibthe
whole flow and concentration field instead of agbestimate of the transverse turbulent mixing ficieft, as
allowed by Eq. (2). Also, numerical simulations yite an estimation of j in each section of the geometry.
Furthermore, empirical equations predicting theetfbf a grid on transverse turbulent mixing aregimg in the
literature, so in these cases numerical simulatidhe only feasible alternative to experimentathods. The
main disadvantage of CFD methods was the time-comgueffort to prepare and run the numerical sirtioites
as well as the post-processing of simulated conagon data. Finally, a critical point was the adwbf the
modeling approach to be applied since turbulentd$loan be simulated at different levels of def#ilis point
will be mainly explained in Section 3.5.

3.4.2. Spatial scales

In Section 3.2.3, it was highlighted that differemésh characteristics were assigned in the flowadionin this
sense, within the flow domain a distinction camimede between four spatial zones with differentiapat
resolution modeling:
- the zone upstream of the tracer injection, wher&gamer was present since at the inletpacentration
typeboundary condition was applied, assuming zero eomation entering the domain;
the walls, where bbgarithmic law of the walboundary condition was applied. It is well-knovixatt
turbulent flows are significantly affected by thegence of walls. Turbulent eddies are distorted an
constrained in size, being compressed in the walnal direction and elongated in the streamwise
direction (Sotiropoulos 2005). The classical krodel due to its basic hypothesis of isotropy sdede
modified to account for the effect of the wallstbe local structure of turbulence. To account fwids
walls, thewall function approachwas applied to bridge the viscosity-affected ragietween the wall
and the fully-turbulent region;
the zone downstream of the tracer injection, wihenesverse turbulent mixing occurred. Thus, a apati
resolution smaller than that in zone upstream efitfection was assumed;
the zone around the square grid components in GepiBeln this zone, the smallest spatial resolutio
within the simulated domain was applied. At theasgugrid components,lagarithmic law of the walll
boundary condition was applied.
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3.5. Choice of how model structure and parametéwesare found

This point addresses a logical further step afterselection of model features and families, thaté definition
of the structure of the model, including the forfrite relations between the variables in the méakeman et
al. 2006). Thus, these variables should be cleédetified. In Section 3.2.2, it was pointed outtthe variables
of interest in the numerical study were all thegpaeters of the averaged flow field, such as press@locity
components and kturbulence model parameters, and the parameténe @fveraged concentration field, such
as turbulent fluxes and concentration. The relatmmong these parameters are provided by the cdassi
conservation laws for mass and momentum. Theyxgeessed in the form of partial differential eqoas. In
turbulent flow, these equations can be solved ugdifigrent approaches, as discussed in Section this study
the RANS approach was selected, as discussed eldaction 3.7. Thus, all the parameters of interese
obtained by solving the Reynolds-averaged conservaf mass law, both for the fluid and the tra@er the
Reynolds-averaged conservation of momentum lawtlrbulence closure, the standard trbulence model
was applied to derive the eddy viscosity valuethéflow domain. From the concentration data, usiifigrent
methods, such as the method of moments (Ruthetf®d), the method based on the transverse prdfile o
turbulent kinematic viscosity and the method basmethe mixing index (Rutherford 1994), the valoéshe
transverse D, were estimated.

Note that the five numerical constants in the saatidk- turbulence model, C , , C, and G, were set
to their default values, which were derived frottifig to experimental data for a large range abtlent flow
cases. Also, for the solution of the turbulent atiea-diffusion equation the value of the turbul&chmidt
number Scmust be defined. This is a key parameter for nindehe transport of solutes and different
approaches were proposed. Following the Reynoldkbgwy, which is based on the assumption that trmuitent
diffusivities for momentum and mass are similacsithey all depend on the same eddies for trangpervalue
of Sg was set equal to 1. To account for solid walls,hll-function approach was applied to bridge the
viscosity-affected region between the wall andfthky-turbulent region. This approach is expectedbée
accurate for high Reynolds numbers and situatidmsrgvpressure variations along the walls are oyt leege.
However, it can often be used outside its frameatiflity with reasonable success (Comsol Multiphgs2008).
In particular, logarithmic wall functions applied finite elements assume that the computationaladotmegins
at a distance,, from the real wall. This parameter should havénzedsionless value from 30 and 100 and in
this study it was set equal to 100.

3.6. Choice of estimation performance criteria aachnique

The parameter estimation criteria reflect the @éesproperties of the estimates (Jakeman et al.)20@8 in a
broader sense, the overall and specific purpostgeahodel. The two main purposes of the numeéitfatt
were listed in Section 3.1. The first purpose &f thse study was to investigate the ability of ZBRANS-based
approach to reproduce the transverse turbulentignixi a shallow flow. Numerical results for tracer
concentration were used to obtaipn,Drhe simulation results forpwere also compared with experimental data
collected by Lau and Krishnappan (1977) in a reguigar flume. Therefore, the agreement between nigaler
result and experimental data fog,Qvas considered as a performance criterion. Thensepurpose of the case
study was to assess the effect of a grid formesoyare components, located upstream of the poinjeaftion,
on transverse turbulent mixing. Since experimetidtd for this case were missing, the results fioen t
experimental study carried out by Rummel et alOB)dor three different grid geometries were coesid for a
gualitative assessment of the numerical results dhalitative assessment referred to the enhanteofie
transverse mixing due to the introduction of a gidtream of the injection point (grid-turbulencansverse
mixing).

Note that additional criteria for the estimationneddel performance could be a comparison of differe
parameters, such as flow velocities, tracer comaganh and fluxes, if the experimental data forseh@arameters
were available.

3.7. Identification of model structure and paranmste

Whereas steps 5 and 6 discussed the choice of deeftbiofinding model structure and parameters aitdria
and techniques for estimating model performancgetetively, the present step addresses the iterptocess of
finding a suitable model structure and parametkrega(Jakeman et al. 2006).

The main issue was the choice of a suitable mau@loach for simulating transverse mixing in a shall
flow. This type of flow can be defined as havinigeral extent greater than its vertical confinetpas is the
case in natural rivers, estuaries, stratified layelakes, the upper ocean and even for largesoations in the
oceans. In shallow flow, turbulent fields can besidered as homogeneous and stationary in thedmbaiz
plane and mixing is governed by 2D coherent strest(Rummel et al. 2005). It is well-known thatowient
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flows can be simulated at different levels of dedatinguishing between the resolved part andtioeleled part
(Hanjali , 2004, Van Prooijen and Uijttewaal 2005). At thevést level of detail, only the mean flow is resaly
The turbulence is modeled using a turbulence mddeled on the time-averaged flow properties. sl
corresponds to the approach based on RANS equaRecgnt studies demonstrated that for simplifiesks,
where mean velocities and bulk mixing propertiesrageded, RANS-modeling of shallow flows is still
appropriate (Van Prooijen and Uijttewaal 2005). teger, within the RANS-based approach, several tartme
models are available (Section 1). Among the tunizdemodels based on teddy-viscositgoncept, the k-
models, the k- models and their variations (Menter 1994, Wilc®98) are most widely used and this is largely
due to their ease of implementation, economy inpatation and, most importantly, being able to abtai
reasonable accurate solutions with the availabtepetdational power. However, several shortcomingetzeen
discovered over three decades of use and validdtiazpen channel flows modeling, it is known thmathe case
of prismatic channels where there are no geomeétrégéations along the channel, the karbulence model fails
to predict any evidence of secondary flow. Thisdsause the mean secondary flow is driven by tiso@apy
of the Reynolds stresses (Moinuddin et al. 2004120while the k- model assumes that the turbulence is
isotropic. Also, the assumption of isotropy maydiélae k- model to predict large turbulent viscosity and,
consequently, high turbulent diffusivities. Desgtiese issues, in this study the standardutbulence model
was selected to take advantage of its ease of imggi&ation and economy in computation and to test it
capability to simulate transverse turbulent mixing shallow flow.

3.8. Conditional verification including diagnostibecking

Jakeman et al. (2006) pointed out thaantitativeverification of a model may be undertaken usirféedent
criteria, which are mostly based on a comparisawéen the model results and observed data, wgoidditative
verification preferably involves knowledgeable datgpliers or model users who are not modelers $béses.

In this numerical study only a quantitative vedfiion was made, using the available experimental flam
Lau and Krishnappan (1977). This issue is discussddtail in Section 3.10.

3.9. Quantification of uncertainty

Uncertainty must be considered in developing arplyapg any model. As highlighted by Jakeman e{2006),
uncertainty in models stems from incomplete syatadferstanding (which processes to include, which
processes interact), from imprecise, finite androftparse data and measurements and from uncgitathe
baseline inputs and conditions for model runs udirig predicted inputs. As already mentioned intie.2,
the application of CFD methods to the EFM area lve® many different sources of uncertainty. Unéetya
may be related to geometry and boundary conditidresy coefficients, driving forces and the inteiats
among different and complex processes and inpattuld work on a very large range of spatial seemdporal
scales. A typical assumption could be to skip fifeeces of molecular diffusion on solute transpsince this
process is negligible in natural fluid flows comgato turbulent diffusion. Finally, uncertaintyses from the
treatment of turbulence, which is ubiquitous inunat fluid flows because of the large scales thasé flows
typically occupy and so it is an essential ingretiif EFM. This large degree of uncertainty ofteads to
simplifications of model geometry, the boundaryditions and inputs as well as to remove some peasethat
could be considered as negligible on the selegiatiad and/or temporal scale. Again, this simpdifion occurs
when using one of the above-mentioned approachlesels of detail for simulating turbulent flow (Sin 1).
As already noted above, some simplifications wete@duced in the study considering some of the rksa
proposed by Knight et al. (2005) and Lane et &108) for the specific case of open channel flonlsoA
specific attention was given to the mesh resoluttomsidering and testing meshes with differentattaristics
and resolution. This led to four spatial zones wiifferent spatial resolution modeling within tHevi domain
(Sections 3.2.3 and 3.4.2.).

3.10. Model evaluation or testing (other modelgoaithms, comparisons with alternatives)

The final step is the evaluation of the model ia light of its objectives. Jakeman et al. (2006&eddhat for
simpler, disciplinary models the evaluation of admlocorresponding to this step is traditionallyried
validation, i.e. a comparison between model resuitbexperimental data not used to build the m¢siettion
2.2). However, for larger, integrated models, trecpss of model evaluation should include a sefitsiti
analysis to changes in input parameters or, ifipssschanges in model structure and a criticalymigabout
the process of model development, including théctessumptions involved (Jakeman et al. 2006).

The first purpose of this study was to investighteability of a 2D RANS-based approach to repredhe
transverse turbulent mixing in a shallow flow. Ae fiirst step of model evaluation, a qualitativalgsis of the
concentration field for both geometries was cardetl(Fig. 4). Second, eighteen locations downstreathe
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injection point were considered to derive the crestion tracer concentration distribution (Fig.Sdte that in
Geometry A and B the plume reached the walls attXx. 50 m and x =15 m, respectively.

For both Geometry A and Geometry B, concentrat@oes were post-processed with different methods,
such as the method of moments (where applicablagthod based on the transverse profile of turthulen
viscosity ; and a method based on the analysis of the variairite transverse concentration profile (where
applicable), to derive . Third, consistent with the validation issue & thodel, the numerical results for,D
in Geometry A were compared with the experimenddhdy Lau and Krishnappan (1977) in a rectangular
flume. This comparison showed that numerical reseitded to overestimate.DIn particular, the numerical
value exceeded the maximum experimental value buta®0%. This is not unexpected since as stated in
Section 3.7, the assumption of isotropy can leackthmodel to predict large turbulent viscosity and,
consequently, high turbulent rates of mixing. Réthe first objective of the study was to identifye magnitude
of this overestimation inherent to the hypothesidarlying the k- model. On the other hand, also literature-
based predictive equations for,[are affected by large uncertainties. So, if onlikbmixing properties are
needed, RANS-modeling of transverse turbulent ngidppears to be an acceptable tool.

Furthermore, consistent with the second purposkeo$tudy, numerical results demonstrated that the
introduction of a grid upstream of the point ofeiciion resulted in an enhanced mixing of the traceran
increase of about 70% in.[2 Note that the increase in the experimental winde® Rummel et al. (2005) for
three different grid geometries was larger, up tachor 10 higher and more.

Finally, the study included a sensitivity analysissome of the input parameters, such as thetinletilence
intensity and length scale (Section 3.2.2) anduheulent Schmidt number (Section 3.5). Numerieslits
pointed out the significant role of these paransebéghlighting the need for their careful estimatio the
numerical simulation of transverse turbulent mixing

4. Case study 2: natural ventilation of the AmsterdanmArenA football stadium

A large part of this case study was previously ghigld as a research paper in this journal [van HidBlocken
B. 2010. Coupled urban wind flow and indoor natweattilation modelling on a high-resolution grid:cAse
study for the Amsterdam ArenA football stadium. Eammental Modelling and Software 25(1), 51-65kn
Hooff and Blocken 2010afs in the previous case study, it is not the intenhere to repeat all the details and
results of the modeling study, but to explore tppligation of the ten-steps approach to this casdys Again,
each of the sections below refers to one of thesteps.

4.1. Definition of the purposes for modeling

The Amsterdam ArenA (Fig. 6a) is a multifunctiostddium situated in an urban area with multiplecaunding
high-rise buildings (Fig. 6b). Apart from sportsats, the stadium also hosts a wide variety ofraibgvities,
such as concerts and festivities. For this purpthgestadium is equipped with a roof constructiwet tan be
opened and closed depending on the weather comsliiod the type of event (Fig. 6¢). For concelnisroof is
closed, and the equipment for light and sound ismted below the roof (Fig. 6d). The roof considtsteel
trusses covered with transparent polycarbonates(ieig. 6¢). The polycarbonate sheets allow theaane of
short-wave solar radiation, which is absorbed layitierior surfaces and emitted as long-wave ragtiatvhich
can not be transmitted through the polycarbonatetsh This greenhouse effect increases the indioor a
temperature. The concerts are held on several cotige days during summer and throughout this joletice
roof remains closed. In addition, the more thai®80,spectators that are present during the conakemit
considerable amounts of heat, water vapor ang 88®a result, the indoor comfort and air qualignc
deteriorate. To ensure comfortable and healthyandonditions, many contemporary buildings are pped
with mechanical HVAC systems (Heating, Ventilateomd Air-Conditioning). The application of such syss
for closed or semi-enclosed stadia however is maightforward, because of their very large intexiolume.
The interior volume of the ArenA stadium is 1.2%h@. In such cases, mechanical ventilation is aiffi
expensive and not necessarily effective and efficimdeed, the Amsterdam ArenA is not equippedh \Wit/AC
systems, apart from smaller sub-systems such abradiative gas heaters. In such cases, natungilatéon can
be an important, sustainable and viable alternativenprove the indoor air quality. Natural ventiiten refers to
the exchange of outdoor and indoor air due to eithied or buoyancy, or both. Apart from these driyforces,
natural ventilation requires the presence of sigffity large ventilation openings between the oatdand the
indoor environment. Besides the roof, which is ¢dered to be closed in this study, the ArenA hasehypes
of openings (Fig. 7): (1) the four gates in theness of the stadium (4 x 41.5n{Fig. 7a,b); (2) the opening
between the upper stand and the steel roof cotisinyevhich runs along the entire perimeter of thef (total
surface area of 1303n(Fig. 7d); and (3) the opening between the fiaad movable part of the roof, which is
present along the two longest edges of the sta(tiotal surface area of 85%r(Fig. 7e). To analyze the indoor
conditions and natural ventilation of the stadiuithvelosed roof, full-scale measurements were ntaoiang
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summer 2007 of, among others, indoor and outdodeaiperature, irradiance of the sky and the aiharge

rate (ACH or Air Change rate per Hour) of the laimggoor volume, based on the €&ncentration decay

method. The measurements indicated that the natengilation of the stadium was significant butuffcient
during the concerts and also during other peridtdsy confirmed the need for a study to improvertatural
ventilation of the stadium.

For this case study, a detailed CFD model was deeel for coupled urban wind flow and indoor natural
ventilation. This effort was driven by two modelipgrposes related to two different stakeholderg gilrposes
of the model, in combination with field measurensemere:

- to investigate the ability of the model to reproeltice natural ventilation of the stadium driventtsy
combined effect of wind and buoyancy. More spealfic the question was how well CFD simulations
would be able to reproduce the coupled urban wime &nd indoor natural ventilation of the stadiurhe
stakeholders of this purpose were the researchenban physics and the CFD modeling community;
to evaluate the effectiveness of different alteueatentilation configurations with additional opegs
and/or increased opening sizes, to increase theahaentilation. The related stakeholders werestadium
management. The model should provide guidanceetstédium management on how to add or modify the
ventilation openings in order to enhance the natwgatilation, and to create a more comfortable and
healthier indoor environment.

These purposes or objectives of this case studpedmoken down into the following general purposes

mentioned by Jakeman et al. (2006): “Knowledgetelion and review”, “Prediction, both extrapolatitrom

the past and “what if” exploration”, “Interpolatioastimating variables which cannot be measurezttir (state

estimation)” and “Providing guidance for managen®rd decision-making”. Note that CFD was selected f

this study for the three reasons by Robson eR@0Dg) that were mentioned in Section 2.3.

4.2. Specification of the modeling context: scope r@sources
4.2.1. Specific issues and questions to be additdsséhe model

A specific issue to be addressed by the modekistlupled simulation of outdoor wind flow and indaaflow
on a high-resolution mesh. As explained in Murakatral. (1991), Kato et al. (1997), Karava et 201(1b), van
Hooff and Blocken (2010a) and Ramponi and Block1@), accurate modeling of natural ventilatiorotigh
large openings requires a coupled approach, inhwthie outdoor wind flow and indoor airflow are sdv
simultaneously within the same computational donaaid on the same computational mesh. This however
implies inclusion of a wide range of length scafea single domain and mesh, from 1 km (outdoordiiow —
urban area) to a few centimeters (indoor air flosmallest ventilation openings). In this situatiganerating a
high-resolution and high-quality computational mésdt satisfies the best practice guidelines is not
straightforward and requires considerable effodwiver, such a mesh is important to obtain accunade
reliable results. It should be noted that this ded@pproach is important in case of large vemitabpenings,
because the decoupled approach, in which the outdiod flow and indoor air flow are solved in tweparate
computational domains, can introduce importantrerimdeed, the so-called “sealed-body assumptiottie
decoupled approach implies that the pressure ldigion on the building envelope is not affectedtey
presence of the openings (Murakami et al. 19910 i€atl. 1997, Karava et al. 2007). It assumesthteat
turbulent kinetic energy is dissipated at the wiadivopening and that the effect of the dynamicqreson the
air flow passing through the opening is negligiff¢heridge and Sandberg 1996). However, Murakaral. e
(1991), Kato et al. (1997), Sandberg (2004) andakkaet al. (2006, 2011) correctly pointed out thatase of
wind flow through large ventilation openings, tlietiulent kinetic energy is rather preserved ands#daed-
body assumption is therefore not longer valid.

4.2.2. Available resources

Three sets of resources were available for thiggpto(1) detailed building plans; (2) a specifudly-fitted mesh
generation technique for complex high-resolutiorshes in urban aerodynamics and (3) the commeré&ibl C
solver and postprocessor Fluent 6.3 (Fluent In6620

The detailed building plans were required to repoadthe 3D building geometry. In this case, thévearie
Gambit 2.4 was used. CAD geometry files and Gl& filgs were also available. However, the CAD getoyne
files were too detailed and the GIS data files wesefficiently detailed. In addition, GIS data dot provide
the geometry of the stadium interior.

In the original paper (van Hooff and Blocken 201@e& developed a specific body-fitted mesh genamati
technique to efficiently and simultaneously gereetae geometry and the high-resolution body-fitteesh for
both the outdoor and indoor environment. This tégpm allows modeling complex geometries with fuhtrol
over mesh quality and mesh resolution, contrastandard semi-automatic unstructured mesh generatio
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techniques. It uses only hexahedral and prismatls,@and avoids the use of tetrahedral and pyrawiid,
which can have negative effects in terms of nunaéddfusion and convergence with higher-order
discretization schemes. The mesh generation tegértso provides a way to easily implement varchenges
in the model geometry and mesh for parametric studi

The commercial CFD code Fluent 6.3 was used. Witidle other codes could have been used, we chose
Fluent 6.3 based on our successful applicatiorvafidation of simulations with this code for a widnge of
studies in EFM (e.g. Blocken et al. 2004, Blockad &armeliet 2002, 2006, 2007, 2008, Moonen G5,
Blocken et al. 2007b, 2008a, 2008b, 2009, BlockehRersoon 2009, Abuku et al. 2009, Defraeye éx(dl0,
Gousseau et al. 2011a, 2011b). The simulations penfermed using parallel processing on a SunX#£50
server containing two Quad-Core Intel Xeon E5483Z5Hz processors and 16 GB Fully Buffered DDR2
memory. The steady-state simulations were termihafier 6000 iterations with a total duration offt8urs,
when additional iterations showed no further cogeece. The scaled residuals (Fluent Inc., 200@&hezhthe
following minimum values: 10for x, y and z momentum, fGor k ande, 10° for energy and I®for
continuity.

4.2.3. Required outputs

The required outputs of the model are the valugheoPACH for the present ventilation configuratemd for
different alternative ventilation configurationsh& ACH is not a direct result of the model, but barcalculated
based on the velocity vectors in the ventilatioerapgs. It is defined as the ratio Q/V (ASHRAE 2))Qghere

Q (m?3/s) is the volumetric airflow rate into theloor volume V. Based on the ACH, the applicatiotthef model
should yield a ranking of the different ventilaticonfigurations in terms of ventilation performance

4.2.4. Spatial and temporal scope, scale and regwoiu

The present study classifies as a study in mictesg®an aerodynamics. The term microscale refers t
horizontal length scales between 1 and 10 km. taerdening the spatial scales of the modeling effart
maximum and a minimum scale have to be set. Fomdsémum scale, i.e. the size of the computational
domain, the best practice guidelines by Franké €2@07) and Tominaga et al. (2008b) were employed
yielding a domain with dimensions length x widtheight = 2900x2900x908.5 m3. The minimum spatialesc
is determined by the size of the relevant ventitabpenings, which is 0.02 m in this study. Theiltesy
domain is shown in Fig. 8a. As mentioned earligis wide range in spatial scales imposes high désan the
quality and the resolution of the computational mé&he resulting hybrid mesh has about 5.6 &ptBmatic
and hexahedral cells and is shown in Figs. 8b-thc€ming the temporal scale/resolution, a distorcts made
between three sets of simulations:
(1) SET 1: steady-state isothermal RANS simulationgal@ate the model for neutral atmospheric approach
flow and strong wind conditions without buoyancyaimd around the stadium;
(2) SET 2: transient/unsteady thermal RANS simulattonglidate the model for neutral atmospheric wind
conditions including buoyancy by heat, £&hd water vapor during the concerts in the stagdamd
(3) SET 3: steady-state thermal RANS simulations tdyaeahe performance of alternative ventilation
configurations, in which both wind-induced and baegy-induced ventilation play a role.
For the second set of simulations, a time steaf &as used. These simulations were started fnermitial
conditions at 0:00 a.m. (end of concert, maximuwell®f indoor CQ and water vapor concentration) and
continued until about 3:00 a.m., when the indoorgderature, C@and water vapor concentration had reached
the level of the outdoor values.

4.2.5. Model flexibility

Model flexibility was considered very importanttime case study. As the time required to generatéith-
resolution computational mesh with the aforememttbtechnique constitutes the largest part (85-ft)e
time for the total modeling effort, flexibility igenerating additional meshes for the mesh-sertgitivialysis
and additional geometries and meshes for the et@tuaf the alternative ventilation configurationgas
essential. Generating the meshes for mesh-senhg#inalysis was easily performed by the initial
implementation of parametric resolution parameitethe mesh, which could be changed to generateadnd
a coarser mesh. Furthermore, prior to the modealindy, the possible alternative ventilation confagions were
discussed with the stadium management team andubeeyall implemented within the same computational
“master mesh”. Removing or adding additional vetitih openings in this mesh could then easily beeduy
either removing the associated mesh volumes oréshing these volumes (in which meshing the openings
means that they are open). For more details, tderds referred to van Hooff and Blocken (2010a).
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4.2.6. Users of the model

Given the very large number of input parametersthadarge sensitivity of the model results to¢heices
made by the user, the model should only be use@pplied by CFD experts. The powerful and usemfiig
graphical user interface of the Fluent 6.3 softwdes not change this point of view. Knowledge rtiaum
aerodynamics, physical models, potential physiodlmumerical modeling errors and of the sensitigityhe
model results to the input parameters is impotfiand correct application of the model and a cdrrec
interpretation of the model results. It should béed that thendirect user community of the model results is
much larger and includes the stadium managemenrdlabdneficiaries of improved indoor environmental
conditions, such as the concert visitors.

4.3. Conceptualization of the system, specificadifodata and other prior knowledge

Conceptualization of the system refers to the pees that drive the natural ventilation, i.e. wamdl buoyancy
(Linden 1999, Hunt and Linden 1999, Li and Dels&061). In the case of the stadium and its miclesgdan
environment, the incoming (approach-flow) atmosjghleoundary layer (ABL) brings air, water vapor, £4nhd
heat to the urban area. The balance between meeh&mbulence generation (due to friction with sueface of
the earth) and buoyancy related turbulence geoerdetermines the vertical mean wind speed, tunoele
water vapor, C@and temperature profiles. Depending on the chariatits of these profiles, the ABL is called
neutrally stratified, stably stratified or unstaBlyatified. The incoming wind flow is heated ooted down due
to surface convective heat transfer with the natamd urban surfaces and due to latent heat soarzksinks.
Similarly, the vapor and CQroncentration of the incoming wind flow are chashtyy surface convective mass
transfer and due to sources and sinks. Insidetdokusn, a multitude of material surfaces (mostlpaete and
steel) are present, at which heat and mass traoster. As mentioned earlier, the roof, partly matle
polycarbonate sheets, allows entrance of short-wala radiation but traps the emitted long-wawbatson,
which increases the indoor air temperature. Wherstadium is occupied, the more than 50,000 visioe an
important source of heat, water vapor and, @3ued to the indoor air. The interaction of tiidoor urban wind
flow with the indoor airflow through the ventilatimpenings adds to the complexity of this systeigure 9 is a
graphical representation of the conceptualizatioihe system.

Attempting to explicitly include all of these pra=es in detail in a model is neither feasible fificient.
Which processes should be included and in which degpends on the modeling purposes, on the available
information and on the importance of these procesHee very large range of possible meteorological
conditions and possible stadium boundary conditiensiire a careful selection of only a limited skthese, to
restrict the extent of the modeling effort.

As already pointed out in the first case studypmpknowledge on this system, as any system in EFM,
includes at least conservation of mass, Newtorcersg law and conservation of energy.

4.4. Selection of model features and families
4.4.1. Modeling approach

In the past, a wide range of methods have beereapjol analyze natural ventilation of buildings.eBh2009)
has provided a detailed overview of assessmentadsttor ventilation, which include analytical andsemi-
empirical formulae (e.g. Linden 1999, Li and Deksa?001) and numerical simulation with CFD (e.gutSami
et al. 1996, Jiang et al. 2003, Heiselberg et@42Norton et al. 2009, 2010, van Hooff and BlatR@10a,
2010b). Analytical and semi-empirical formulae hgemerally been applied for simplified configurascand
have proved very valuable to gain insight in thecpss of natural ventilation, such as the combéftatts of
wind and buoyancy as driving forces (e.g. Hunt bimdlen 1999, Li and Delsante 2001). They are howss
suitable for practical applications for specifidltings in specific environments. This is certaitihe case for
buildings and ventilation openings of complex getryeas in this case study. For such applicati@D is an
interesting option (e.g. Chen 2009, Norton et @02 2010, van Hooff and Blocken 2010a, 2010bjh&past,
both RANS and LES CFD modeling have been appliec&tural ventilation studies.

For the present study, CFD is considered the theste. The main reasons are (1) the complex gegroétr
the stadium and its ventilation openings; (2) tombined effect of wind flow and buoyancy forcing thatural
ventilation; and (3) the crucial role of the detdilflow around and through the ventilation openiwbgch
governs the coupling between the urban wind flod e resulting indoor natural ventilation. No athe
modeling method is available that can allow acaiessessment of the airflow rates through the caxnpl
ventilation openings. Additional advantages of G&B that it can incorporate the effect of urbamaurdings
on the natural ventilation and that it provides lehibow field data which allows determining the ACHhe
main disadvantage of CFD in this study is the tocoasuming effort to generate the high-resolutiosime
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However, this effort was considered acceptablergthe importance of the study and the fact that no
alternatives were available. Indeed, reduced-sgadd tunnel modeling was not an option becausersgaown
the (small) ventilation openings would change tbe/fregime through these openings (from turbuléwfto
transitional flow or even laminar flow), which walibe an unacceptable violation of similarity reqoients.

4.4.2. Conceptual model

As mentioned earlier, it is neither feasible ndicednt to include all physical processes involaet to
encompass all possible combinations of meteorcédgionditions and stadium usage conditions. Instead
substantial simplifications were adopted and ohé/most relevant processes were included, based on
knowledge of the scientific literature and on pagterience in CFD modeling. A first set of simplétions was
related to the model geometry, as explained imthe section 4.4.3. A second set of simplificatiores related
to the physical processes and the boundary conditi©oncerning the urban wind flow, a neutral ABasw
modeled with constant temperature along the heifjtite domain. In line with the assumption of naltr
atmospheric stratification, all building surfacegside the stadium were modeled as adiabatic. Raxliand
surface water vapor transfer outside the stadiune wet included. Concerning the airflow inside stedium,
buoyancy is important here due to the low indoospéeed. For the thermal simulations, fixed temijpees were
applied at all interior surfaces, which avoided tleed to model radiative heat transfer inside thdism and
thermal storage in the stadium materials. The tiegusimplified conceptual model is illustratedrig. 10.

4.4.3. Spatial and temporal scales

Note that the spatial and temporal scales werealigtalready mentioned in step 2. Here and in et section

4.5, they are addressed in view of model simplifiges and assumptions.

As mentioned before, the present study is a studyicroscale urban aerodynamics. In modeling maates
urban aerodynamic processes, a distinction candukenim four spatial zones with different spatialalation
modeling: three zones inside the computational dorad one zone outside the computational domaim;Fg.
11.

(1) Zone 1: Only the stadium is modeled explicitly uaihg geometrical details with high spatial resiolut

(2) Zone 2: The buildings and other terrain featurethér away from the stadium, the geometry of whgch
expected to have a direct influence on the flowadothe stadium, are also modeled explicitly, iy avith
their main shape and dimensions. Details such lastias are not represented, as the flow arourgkthe
features is expected to have a negligible influesrcéne flow around the stadium.

(3) Zone 3: The buildings and terrain features at améarger distance from the stadium, which are ebgokbto
have only an indirect influence on the flow arouine stadium, are not modeled explicitly, but imitlyc i.e.
by appropriately increased values of the equivedand-grain roughness heiglatdnd the roughness
constant gin the wall functions applied to the bottom sugad the computational domain (Blocken et al.
2007a).

(4) Zone 4: Finally, the buildings and terrain featunesside the computational domain are modeled witlyli
by specifying appropriate boundary conditions (ipiofiles) at the inlet of the domain, based am th
aerodynamic roughness length)(af the upstream terrain.

4.5. Determine how model structure and paramet&resare to be found

The variables of interest are the three componatitse velocity vector, pressure, temperature, wepor and
CO, concentration. From the velocity vectors in thatilation openings, the ventilation flow rate aihé tACH
can be determined. The relations between the Jasah the model are given by the physical laws of
conservation of mass, Newton’s second law and ceasen of energy, which are prescribed by partial
differential equations which can be simplified bg.eReynolds averaging (RANS approach) or filte(ibBS
approach). The selection of the turbulence modeldse the RANS or LES equations is performed based
literature review and on past experience in modelirban aerodynamics. The (default) turbulence mode
parameters (constants) have been based on extdittsngeto experimental data for a wide range lofaf
problems. The value ofgior water vapor and CQyas dispersion ($& 0.7) is based on previous studies
reported in the literature. Buoyancy is modeledh®yBoussinesq approximation. The inlet profileallw
functions and wall function roughness modificatians extracted from the scientific literature: Rioks and
Hoxey (1993), Launder and Spalding (1974) and Cedoet Bradshaw (1977), respectively. An importattaf
parameters are those in these inlet profilgsgmd wall functions (kand G). Accurate determination of these
parameters is crucial for the accuracy of the modedffort (e.g. Blocken et al. 2007a, 2007b). Deii@ing the
values of these parameters is different for eadle odicated in Fig. 11:
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(1) For zone 1, the parametey Ks the small-scale equivalent sand-grain roughoé#ige building surfaces and
the surrounding streets, and (s the roughness constant, mostly taken equabto 0

(2) For zone 2, &, is the small-scale roughness of the building sesaand streets. Because less of the detailed
building and street geometry is explicitly modelkgl; needs to be increased to compensate for this non-
explicitly modeled roughnesssgis set equal to 0.5.

(3) For zone 3, ksis the large-scale roughness that should repréisembughness of the non-explicitly modeled
buildings. It is determined based on an estimath®local 3 ; from the Davenport-Wieringa roughness
classification (Wieringa 1992) and on the consisyenrelationship derived by Blocken et al. (200 )t
Fluent 6.3, this relationship ig k= 9.7932 3/Cs 3

(4) For zone 4, the parametey,2n the inlet profiles is estimated from the Daverip/Nieringa roughness
classification based on an upstream terrain distéfetch) of 5-10 km.

Providing a good estimate fog kand G , is not straightforward. Earlier research (Blockerl Persoon 2009)

indicated that the values of these parameters aa@ & very strong influence on the local wind vigjoc

magnitude in zone 1 and zone 2. Therefore, onagitd speed measurements have been used to detdiraine
values of these parameters by calibration of moekilts to measurements.

4.6. Choice of performance criteria

As mentioned by Robson et al. (2008), performanmiter@ for environmental models must reflect tvermll
aims and specific objectives of the modeling attivl he first model purpose was to investigateahidity of

the model to reproduce the natural ventilationhef stadium driven by the combined effect of wind an
buoyancy. The model could be assessed as perfom@hdf it could reproduce the measured mean vépeed
and mean wind direction in the four gates of tlaglistim and the measured €€bncentration decay after the
concerts, using realistic boundary conditions wittonsistent set of parameters. The second modabgeiwas
to evaluate the effectiveness of alternative vatitih configurations, intended to increase the naatentilation.
The minimum performance criterium in this casehis ability to predict which alternative configuais provide
a higher ACH, under a specific set of realistic tdary conditions with a consistent set of paranse®imilar to
the study by Robson et al. (2008), additional datéor the model were that the predicted spatia gmporal
patterns of mean velocity, pressure, temperatuagenwapor and CQOconcentration were plausible in the light
of our physical understanding of the system, hat the model reproduces the expected behavidreafatural
ventilation by wind and buoyancy.

4.7. Identification of model structure and paramste

This step is generally an iterative process invauiypothesis testing of alternative model strieguiWhile we
did not go through an extensive iterative processHe case study of the stadium, we did perforamsu
iterations in previous CFD studies of urban aeradhics that included validation with experimentseTh
knowledge and expertise extracted from those ssudieccombination with the available best practoeelines
for CFD, has provided the guidance for identifyagpropriate models and model parameters.

As mentioned by Jakeman et al. (2006), the undeglgim of this step is “to balance sensitivity ystem
variables against complexity of representation’thiis study, we selected the 3D RANS approach dukté the
more time-consuming and more complicated LES oridybES-URANS approach. We chose the realizabée k-
turbulence model (Shih et al. 1995) to provide wtesbecause of its general good performance fod Wow
around buildings (Franke et al. 2004, Blocken e2@08b, Blocken and Persoon 2009) and the ovgoalti
performance of ke models for indoor air flow (Linden 1999, Sorensewl Nielsen 2003). The Boussinesq
approximation was used for buoyancy. Radiatiordimshe stadium did not need to be taken into adcoun
because fixed temperatures were imposed on alesfinside the stadium. Pressure-velocity coupliag
taken care of by the SIMPLE algorithm (Patankar &pdlding 1972), pressure interpolation was stahdad
second-order discretization schemes were usedtbrthe convection and the viscous terms of theegorg
equations. For near-wall modeling, the standard fuattions by Launder and Spalding (1974) weredusih
the sand-grain based roughness modification by €elmel Bradshaw (1977). The parametgr&gand G were
determined as mentioned in Section 4.5.

4.8. Conditional verification including diagnostibecking

A distinction is made between quantitative and iti@e verification. Mesh-sensitivity analysis and
comparison with measured data can be categorizqdatitative verification, but will be addressedsections
4.9 and 4.10, respectively. In addition, two typégualitative verification were performed, whiclere —
admittedly — rather informal actions. First, thedabresults were presented to scientists who wetr€RD
modelers, who confirmed the feasibility of the céét¢ed wind flow and indoor airflow, and the cakugld
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temperatures. They also confirmed the ranking tefiaative ventilation configurations, which waseault of set
3 of the simulations. Second, the model result®weesented to the stadium management team, whe wer
neither CFD modelers, nor scientists. They confitie feasibility of the predicted increase in iado
temperature both during concerts and the creditofithe ranking of possible solutions.

4.9. Quantification of uncertainty

Uncertainty in CFD modeling for EFM can arise framery wide range of sources, which makes a complet
uncertainty analysis a nearly impossible task. Eplaraources are the simplification of model geogetre
mesh resolution, the choice of RANS versus LESndauy conditions, etc. It should be noted that il
reduction in uncertainty is achieved by carefulifpering to the CFD best practice guidelines. Indesd
mentioned earlier, the main aim of these guidelisgs reduce as much as possible errors and @aerin
CFD simulations. In the present study, these gindslwere carefully applied concerning the sizthef
computational domain, the extent of zone 2 withliekly modeled buildings, the choice of steady R8/&nd
the turbulence model, the choice of parametggs@®s 3, and 3 4, the choice of discretization schemes, etc. In
addition, nearly mesh independence of the res2¥tsdeviation in gate flow rates) was ensured byeahn
sensitivity analysis based on three different mgshmportant remaining uncertainties in the studythe
simplifications of the thermal processes, especiaide the stadium. Imposing fixed surface terapees is a
rather strong simplification. However, includingliaive heat transfer and thermal storage in theikitions
would strongly increase complexity and computati@ost. This was considered unnecessary to rank the
alternative ventilation configurations, but coulavie contributed to a better match between the sitioul results
and the measured data.

4.10. Model evaluation or testing (other modelgogithms, comparisons with alternatives)

For this case study, we adopt the wider interpicaiadf model evaluation provided by Robson et2008).
They stated that a complete model evaluation gegertd simply testing its efficacy in reproducine|di
conditions and should address the question of remfulithe model is and how well it fulfils the posge for
which it was developed. They suggested differemistjans to be considered, which are addressed below

(1) How well does the model reproduce an indepeindata set?The CFD simulations in set 1 were compared
with wind speed measurements to determine the regghparameters kand G ,. This is calibration and not
model evaluation or testing. One of the availabliependent data sets consisted of the wind velocity
measurements in the four gates, which compareddaiyowith the simulations (see Fig. 12).

(2) How well does the model perform under unusoabitions?An additional test concerned model
performance under unusual conditions, i.e. conulitiiat are substantially different from thoseviiich the
model was initially calibrated and applied. A ratBpecific condition occurred at the end of theasots, when
the indoor air temperature, water vapor and €@hcentration had reached a maximum due to tlitergsWhen
the visitors leave the stadium, the natural vetititawill cause the indoor temperature, water vagrodt CQ
concentration to gradually decrease towards théooutvalues. The second set of simulations mentiagme
section 4.7 consisted of modeling this effect. Caritg the model results with the corresponding mesasents
showed that the model could indeed accurately tepr® the gradual decrease of indoor air temperatater
vapor and C@concentration. As an example, Fig. 13 illustratestours of CQconcentration in a vertical
cross-section through the stadium, at six diffepaditions in time following the end of a concdtte figure
clearly shows the gradual decrease of the condemtraith time.

(3) Is the complex model better than a simpler dDef?siderable simplifications were adopted, as énpthin
section 4.4.2. Nevertheless, this simplified maamlurately reproduced different sets of independent
measurement data. Further simplification of the eh@duld consist of decoupling outdoor wind flondandoor
airflow, and/or simplification of the stadium gedmye Both options were considered unsuitable f@s gtudy.
Decoupling outdoor and indoor flow would require #nmowledge of pressure coefficients, which were no
available and would require detailed CFD simulagionwind tunnel tests themselves. Simplificatiéthe
stadium geometry would not allow assessing the ainpbthe detailed geometry of the ventilation dpegs,
which was one of the main purposes of this study.

(4) Can the model be used to improve understanafingnderlying system function and finally, and most
importantly, does the model help to answer questaiyout the system function and can it be usedat@em
predictions about the futureBecause the model accurately reproduced the coehlictton of wind and
buoyancy on natural ventilation in the first anda®d set of simulations, it was used to increaskerstanding
of the interaction between the two driving forces #o predict the performance of the different ilatibn
configurations. These different configurations wevaluated in the third set of simulations. Thegsisted of
some specific small additional openings in theistadenvelope and of increased ventilation openimegs the
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roof. It was shown that the former measure didsatistantially improve the ventilation performanoet that
the latter measure increased the ACH by up to 43%.

5. Summary and conclusions

Computational Fluid Dynamics (CFD) methods areeasingly used to study a wide variety of complex
Environmental Fluid Mechanics (EFM) processes, sagturbulent flow and mixing of contaminants weris,
lakes and estuaries and wind flow and air pollutispersion in urban areas. However, the accurady a
reliability of CFD modeling and the correct useGHD results can easily be compromised. In 2006 ak et
al. set out ten iterative steps of good disciplineztel practice to develop purposeful, credible et®fom data
and a priori knowledge, in consort with end-useiil) every stage open to critical review and revisiThe
present paper has discussed the application ¢éthsteps approach to CFD for EFM in three parts.

In the first part, the existing best practice gliftes for CFD applications in this area have beanewed in
the light of the ten-steps approach. The existiegt bractice guidelines in CFD are mainly focused o
verification, validation and sensitivity analysighich largely corresponds to the last three stefiké ten-steps
approach. Two main reasons are responsible farThis first reason is the generic character otéhesteps
approach versus the more specific character of @€Rually, the choice to use CFD as a modeling epgin is
a possible outcome of step 4 of the ten-steps appr(selection of model features and families)e&d] other
and more simplified modeling approaches exist feMEalthough in many cases there is a clear preferin
the EFM community for CFD, given the specific adkeayes of this type of process-based models. Theelfior
CFD in the EFM field should actually be the resflthe execution of steps 1 to 4 and to some extesiteps 5
and 7. Note that in CFD the choice of a model faméeds further decisions about the model struence
model parameters within a large range of poss#slitonsidering the different physical processdseto
modeled. However, in EFM studies the risk alsotexisat steps 1 to 3 are overlooked or are givsufiitient
attention and that CFD is selected while less cempiodels could suffice. The second reason isgheific
disadvantages of process-based models such asA3Hpecified by Robson et al. (2008), these models
generally have high data input requirements, a td@gél of complexity and high computational costkjch
impose a strong need for verification, validatiow ancertainty analysis. It is therefore not suwipg that the
existing best practice guidelines for CFD have sszlimainly on exactly these three actions, whideéal
correspond mainly to the last three steps in thesteps approach. It is advisable that future pesttice
guidelines for CFD applications in the EFM fieldhimclude a larger application of benchmarking dese it
provides relevant information for reliable comparis among different CFD techniques and approa8es.
specific benchmarks should be developed in thedifft contexts and practical applications of CFDbhods to
EFM.

The second and third parts of this paper have ptedea retrospective analysis of two EFM case stuidi
the light of the ten-steps approach. The first cigdy was transverse turbulent mixing in a shalleater flow
(Gualtieri 2010). It demonstrated the ability i RANS-based approach to reproduce the transweriselent
mixing if only bulk mixing properties are needetlalso allowed to investigate the effect of a gricquare
components located upstream of the point of inj@ctin transverse turbulent mixing. The second sas®y was
coupled urban wind flow and indoor natural ventidatof the Amsterdam ArenA football stadium (vandffo
and Blocken 2010a). It successfully indicated thiditg of 3D RANS modeling to reproduce the natural
ventilation of the stadium by the combined effefcivind and buoyancy. It was also used to evaluate t
effectiveness of different alternative ventilatimmfigurations resulting in enhanced natural vatibh and a
more comfortable and healthier indoor environmBlate that the two case studies were selected beadus
their large differences: water versus air as blulidf two-dimensional (2D) versus three-dimensiqi3&))
modeling, finite-element versus control-volume t@gie and different turbulence models. The intentibthe
retrospective analysis was twofold. First, to iltage that high-quality and extensive EFM studiéh €FD
should — implicitly or explicitly — during their exution have addressed each of the ten steps. Geoon
illustrate that the ten-steps approach is veryabigtin developing and executing EFM studies wiDCOne
might argue that, for the specific purpose of CFadeling, there is some overlap between some steph,as
steps 8, 9 and 10, but this does not pose anygmohhd is considered inherent to the generic cteratthe
ten-steps approach. The two case studies anddhgdr differences serve to illustrate the wide egayblility of
the ten-steps approach for CFD in EFM.

In conclusion, this paper has shown that the tepssapproach can be properly applied to CFD stddies
EFM and that it provides a comprehensive framevtioak encompasses and extends the existing besicerac
guidelines. It is therefore suggested that futur®Gtudies in the EFM realm more explicitly addrasd
document all steps in the ten-steps approach,rasfphe continuing efforts towards more purposeftedible
models based on critical review and revision.
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Figure 1. Geometries used in the numerical studiyamsverse turbulent mixing: (a) Geometry A and (b
Geometry B with grid composed of six square elesient
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Figure 5. Concentration field transverse distribogi at (a) x = 11.25 m (b) and x = 15.00 m (Gual#610), for
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Figure 6. Amsterdam ArenA stadium: (a) Aerial viefastadium with roof opened; (b) Stadium and sumcbog
high-rise and low-rise buildings; (c) View from te&adium interior showing roof with steel trussed a
polycarbonate roof sheets (roof opened); (d) Viemnf stadium interior during concert (roof closedr{ Hooff
and Blocken 2010a).
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Figure 7. Amsterdam ArenA stadium: (a) Ground plath indication of the four gates; (b) View at oofethe
gates from stadium interior; (c) Vertical crosstgetof stadium with indication of ventilation ofdegs labeled
with “d” and “e”; (d) Ventilation opening “d” neawoof gutter; (e) Ventilation opening “e” betweerdd and

movable part of the roof (van Hooff and Blocken @8
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Figure 8. (a) Computational domain; (b) Computaglatomain and mesh; (c) Computational mesh — view f
north (5.6 x 16 control volumes); (d) Detail of computational mestar roof gutter (van Hooff and Blocken
2010a).

Figure 9. Conceptualization of urban wind flow andoor natural ventilation of the Amsterdam ArertAdium.
Solid lines indicate convective heat and mass teandashed lines indicate short-wave and long-wadétive
heat transfer.
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Figure 10. Conceptualization after implementatibsimplifications

Figure 11. Four zones of spatial resolution modgtind related roughness parameters

Figure 12. Comparison between numerical and expeiah results in the four gates A, B, C and D, dosed
roof and south-west wind direction 228°; (a) Nomdnsional velocity magnitude U/l (b) Wind directiorj .
The error bars are a measure of the local spatgients in the CFD simulation (van Hooff and Blenk2010a).
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Figure 13. Simulated contours of €€bncentration in a vertical cross-section throtighstadium, at six
different positions in time following the end otancert, when natural ventilation causes the indoor
concentration to gradually decrease.

35



