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EXECUTIVE SUMMARY

Grounded in the stakeholdera | i dat ed framework establis8&8WHd i n
Exemplary Design Envelope Specificatithis report orSimulation and Modeling Capability for

Standard Modular HydropowefSMH) Technologyprovides insight into the concepts, use cases, needs,
gaps, and challenges associated with modeling and simulating SMH technologies.

The SMH concept envisions a network of generation, passage, and foundatidesti@dachieve
environmentally compatible, cesptimized hydropower using standardization and modularity. The
development of standardized modeling approaches and simulation techniques for SMH (as described in
this report) will pave the way for reliablegsteffective methods for technology evaluation, optimization,
and verification.

By identifying priority simulation use cases, a suite of modeling capabilities is documented for
evaluating, predicting, and optimizing the safety, performance, relialilitycost of SMH facilities,
individual SMH modulesindmodule combinations. The current gaps and challenges associated with
simulating critical SMH processes highlight opportunities to improve the state of hydropower modeling
with a goal of increasing sthdydropower development while maintaining the power and function of the
natural stream.

While simulation use cases are identified at a facility or module level, modeling needs are identified in
terms of the physical procesghataffect the stream emanment, SMH structures, and socioeconomic
features. These processes are separated into eight categories as follows:

Hydrologic processes
Hydraulic processes
Geomorphologic processes
Ecologic processes
Structural processes
Geotechnical processes
Electromechanical processes
Economic processes

©ONoTgrwWNE

In addition to individual processes, many of the important needs associated with SMH technology
modeling involve the interaction and coupling of multiple processes through one or more models. This
document describes some of the currently available todlseghniqueshatsupport SMH modeling
capabilities and describes some key gaps and challenges. Recommendations and priorities for targeted
research and development are also identifieded on those simulation and modeling gaps and
challengeghatare mat critical to achieving broad SMH deployment.

This document represents Revision 0 of the SMH Simulation and Modeling Capability and will be
updated periodically.
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1. INTRODUCTION

As t he largest souce Gfenewable energyeneratiofy hydropower provides a reliable, lew
emission source of electricity. Withthe Uhited Statesmuch of the energgense hydropower resource
hasalreadybeendevelopedOpportunities for hydropower growth agenerallylimited to the
traditionally highefcost,environmentally constrained development of new stregaches andon
powereddams.

The US Depart me n tHydmpoweE Visomeport §XOE 20DEPHEghlightan opportunity

to sustainably exparttie hydropower fleet through environmentally compatible new streach

development (NSD)In particularsuccessful NSD projects mustsure that existing streamach

functionsar e protected. Under the VisionoOaoi€whihi ned En
environmentally sensitive locations are avoided, 1.7 GW of NSD growth occurs through 2050. Through a
combination of advanced technology and4owst financing to support NSD, the Vision estimates an

additional 15.5 GW of NSD potential coldé realizedlt is hypothesized thahe gap in these two

scenarios can be bridged withn €ewen transformativiénydropower technologies and project designs
capable of avoiding or minimizing adverse environ

Consistent with key feares of the Vision Roadmap for unlocking undeveloped NSD potential (DOE

2016), DOE and Oak Ridge National Laboratory (ORNL) have developed the groundwork for a new class
of small hydropower development callsthndard Modular HydropowdSMH). SMH focuse®n stream
functionality, standardization, and modularity as primary pathways to achieving environmentally
compatible, cosbptimized hydropower project development.

As envisioned, successful SMH technology innovation and development must rely on a abmmun
understanding of how environmentally compatible, -omtimized hydroelectric energy production can

be compatible with and even enhance the existing uses and function of natural streams. Consequently,
engagement with industry stakeholders and key ist@mups is essential in shaping SMH concepts and
identifying research, development, and demonstration (RD&D) opportunities, gaps, and challenges.

This reportSimulation and Modeling Capability for Standard Modular Hydropower Techn¢Bigyvart
et al.,2017), is preceded bwb key SMH researcplanning documents

1 The SMH MultiYear Research Plan (Smith et al. 2017) provides the context, background, and vision
for SMH RD&D activities.

1 The SMH Exemplary Design Envelope SpecificatiBDES;Witt et al. 2017) provides a framework
for technologyneutral conceptual SMH desigimat conforms tenodulespecific objectives,
requirements, and constraints.

The groundwork being laid through the DOE/ORNL research effortssaféding principles for

achieving broad small hydropower development in a sustainable way. With theEEMES (Witt et al.

2017) and stakeholder perspectives serving as a framework, this report describes the needs, capabilities,
gaps, and challenges associated witdeling (i.e.predicting the effectiveness of conceptual SMH

designs and simulating theadeoffs associated with various design considerations.

1.1 DEFINITION OF MODEL AND SIMULATION

Modeling and simulation are used throughout a wide array of disciplines to developess as
representations of processes or systienmedict outcomein supportof decision making andnhancing

1 https://www.eia.gownergyexplained/index.cim?page=renewable home



https://www.eia.gov/energyexplained/index.cfm?page=renewable_home

understanding of how systems functignowledge gaih Although the terms areften used
interchangeablyfimodeling andfisimulatioro represent ditinct processes and should be viewed as such,
especiallyin developing new methodologies, technologies, or applications. The following definitions
offer clarity in how to distinguish these concepts:

1 Referencesome real or imagined systé(aet of conneed things), entitydistinguishable

fi s 0 me twhhiamigtidct existencas a particular undboutwhich the simulation keeps

informatior), phenomenonan observable occurrence or circumstance), or process (series of actions to
achieve a particulasutcome)

Model: a logical representation of a system, entity, phenomenon, or process

Modeling: theinterpretationdevelopmentand refinement ofeality intoa model

Simulation: a method bimplementing a model or series of models over im&hich the behavior of
asystem can be predicted by changing variabeithe results can besed for making decisiofs

= =4 =4

As stated in Loper and Register (2015),

A model is characterized by three essential attributes: reference, purpose, and cost
effectiveness. Anodel has aeferent some real or imagined system. A model should
have some cognitiveurposewith respect to its referent; it is impossible to evaluate or
intelligently use a model without understanding its purpose. It should becosire
effectivé to use the model for this purpose than to use the referent itself; it may be
impossible to use the referent directly using the referent would be dangerous,
inconvenient, or expensive.

A basic illustration of the modeling and simulation process is providegjurel.

lag,
Samlo
N Modeling G

System Purpose O%o
Entity /?)@
iy
Phenomenon U

Process

Decision Making
&
Knowledge Gain

Figure 1. Diagram of the modeling and simulation process.

2 Loper and Register 2015

3 Loper and Register 2015

4 Modified from Loper and Register 2015

5 Cost may refer to money, time scales, resources, risk, etc.



Advanceain computing technologidsave enabledthcreased modeling precision aingbrovedsimulation
performance. Successful modeling and simulation applications have shaped nearly all aspects of society,
from science, engineering, and mathematics to politics, business, and economics.

Within the realm of engineered systems, the tégimulationbased engigering sciena@(SBES) has

been used to define the multidisciplinary fusion of knowledge and techniques from engineering fields

(e.g., electrical, mechanical, civil, chemical, aerospace, nuclear, biomedical, materials science) with
knowledge and techniqué®m science fields (e.g., computer science, mathematics, physical sciences,

social sciences) (NSF 2006). A National Science Foundation (NSF) Blue Ribbon Panel describes SBES
as Nna new paradigm that will be mneeridgchafleagesoathel e i n
twentyfirstcenturyy ( NS F 2 NSE@apel contlides that thenied Statess approaching a

significant expansion in modeling and simulation capabilities for a nearly limitless array of phenomena

and identifies several keynplications. In summary, modeling and simulation will

1 Enabletheexploration of previously unattainable ana&ysmeasurements, and methodologies and
may replace empirical assumptions with scielbbased computational models.

1 Support widereaching applic&ns for modern technologies and establisbgroundwork for new

and emerging technologies.

Reduce design and manufacturing tdalterror and design cycles using a more scientific basis.

Improve predictive outcomes and optimize solutibeiredeveloping final designs or decisions.

Expand capabilities to simulate length and time scales, multiple processes, and uncertainties.

Provide tools and methods across all engineering disciplines to advance optimization, control,

uncertaintyguantification, verification and validation, design decismaking, and reaiime response.

=A =4 -4 =9

Consequently, momentumgsitheringto improve modeling and simulation capabilities across all
disciplines for spurring technology innovation in the face of twéingy century issues and needs.

1.2 CAPABILITY ASSESSMENT ASSUMPTIONS AND EXPECTATIONS

Becauseanost of the US hydropower fleatasdeveloped over 30 years ago, the advent of sophisticated
modeling and simulation techniques has not garnered as much attartierhiydropower industry as in
other, newer renewable energy sectors (e.g., wind and swainpve grown largely out of the successful
application of advanced simulatidimsed design. Many older hydropower facilities were not subjected to
regulatory regiew and were developegtithout awarenessf the many environmental and social concerns
thatdrive current regulation.

Currently, traditional hydropower developmasttypically preceded bgite-specific design and

assessment and wsristom equipment argfructures. This approach largely results from a desire to

ma x i mi ze a predudti@wwhie eesuariag ppper regulatory compliance. In contrast, SMH
technologies aim to reduce sipecific needs by leveraging advanced technologies (e.g., newtizimwe
designs, additive materials and manufacturing, power electrpmoslular design conceptand

standardized approaches to simulation, design, and assessment. Conceptually, SMH facilities do not
mimic traditional dams and may capitalizeanlyafact i on of a sitelsasavail abl
result ofminimized disruption of the natural environment. This novel approach to technology and design
solutions demands an accompanying suite of modeling and simulation capdbiliiesurate prediain

and simulabn interactions across hydropower systems and stream environimémizrowe design,
performance, safety, environmental compatibility, reliability, manufacturability, and cost.

This report summarizes the needs, capabilities, gaps, andgjesllassociated with SMH modeling and
simulation.The expectations and assumptiafghis report and itsontentare as follows:



1 The existing model and simulation capabilities presented herein are based on professiandl
knowledge gained through instry and academic experienéhereas not atommercial and
academicsoftware tools andpplicationsarecontained hereirthoseincludedarerepresentativef an
exhaustiveapproactto identifying thetypeof capability needed to address modeling and simulation
for SMH.

1 The development of model or execution of a simulation for SM$éinota product of this effort
Instead, the material presented in this report serves as a resource foyiidgtitd critcal SMH
processes, interactismand couplingshatrequire modelinga review of the current state of SMH
related modeling and simulation capabilifiaad a public call for addressing RD&D gaps and
challenges.

1 Theknowledge and modeling gaps identifieerein are &lpful for informing the needed processes of
developing Bw applications, methods, and totilatwill rely upon communal understanding and
collaboration among industry stakstiers and research communities to address those additional
needs.

9 The current efforts to assess modeling and simulation capabilities pertain to the generation, fish
passage, water passage, sediment passage, recreational passage, and foundation mothges only.
remainingtwo modules as defined in the EDE$#einterconnection and monitorif@pntrol
module$ are not included in this current effort

Theapproach foassessing the modeling and simulatapabilities is depicteith Figure2. The

assessment is structured into three main érsasulation use cases, modeling capability, and gaps and
challengesThe simulation use casaredefinal scenarioghat can effectively & addressed with the use

of a model ogroup of modelsThese scenarios are constructed based on input from stakeholder concerns
and priorities andeveragehe functional requirements, relationshigegdconstraintsfom theEDES

(Witt et al 2017). Theuse cases, discussed in greater det&kction3, are established to address the
decision, design, artdadeoff optimization issues relevant to SMiFhese serve as the baggonwhich

a formal simulation, or execution of models for a particular defined case, can be constructed.

Examinatia of the use cases revealneed forthe modeling of similar processgdepicted in the
modeling capability areia yellow in Figure2. Theseeightprocesses serve as the basis upon which the
modeling capability assessment is focusedectiond, the airrent statef-the-art technologieor
modeling of these processaswell as interaction and coupliraf processeare presented ithe context

of the modeling concepts presentedection2. The context of interaction and coupling may invaive
behaviors of different phenomena for single categorical processes ordiffersst processesVhereas
the capabilities may exist fanodelingdifferent physical processawividually, a needo model the
interaction of two or more different processes may be more challengingayréquire a statef-the art
approach for theoupling of models and methodologies.

Theassessmenmtf modeling capabilities is aimed identifying theknowledge and modeling gaps.
fiKnowledge gapsrefersto a lack ofunderstandingf some particular phenomena associated with a
categorical processr process interaction and coupling that is relevant to Shikéwise, fimodeling
gap® refeisto a current inability to modgbr thelack of a model fara particular process relevant to
SMH. These knowlkgge and modeling gaps inform and define the neepd@ntialRD&D activitiesto
improve modelingnot onlyfor SMH, butalsofor broaderacademic and industriaseswhere applicable
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Figure 2. Schematic of theapproach used to assess modeling and simulation capabilities






2. MODEL ING CONCEPTS

Theprocesf modeling a system can take many fordepending on the subject being modeled and the
level of information and knowledgequiredto make decisions and identify conclusions about the
systemIndependent of the complexities of the systemdeh sophistication can range from simplified to
very complexFor example, a conceptual model is a qualitative mibdelmay be used to facilitate a
high-level understandingf thegeneral behaviginterlinkages, and couplings a systemEven though
conceptual modelsaybesimple, theycan be useful for identifying and categorizing main processes and
establishing connected relationshigmsongthose process&swhich canserve as an important step fbe
development omore complex modeld4ore complex models maye more highlysophisticagédwith

regard to theualitativeconceptual contegior mathematicatelationshipsamongthe processethat

governor describghe system

This section presentie baic concept®f modelstructure domain,and implementatiofor SMH
modules and facilitieSTheseconcepts arasedin Section 4to identify model and simulation capabilities.

2.1 MODEL ING STRUCTURE

The development and use of models to perform simulationsyaftantirst requires the identification of

amodel structurefiModel structuréis defined herein as the abstraction ofréferentsysteminto some

form such thaknowledge of the systeman be gained from studying and investigating the behavior and
outcome of the modeRh model structure can take the formaophysical or virtual representation of a

systema physical model typically involvea t angi Holp mmoeclkconsmatnattive i on of
or reduced physical scales used to study system phenomena and rdspmsmnse is governed by the

physical principés and processegcurring inthe gstem.

Virtual representations of a system typically employ various techniquespgnoiaches for studying

systens, rangng from conceptual models to mathematical modélfLe s e model sé& response:
either simplifiedconstructs resulting from observed or known behaaiomore elaborate athematical

constructsised forexplicitly defining the underlyingtheoreticalprocesseand mechanistic interaction$

a system.

This report is concerned with virtual modeliagd more precisely, formal virtual models that consist of a
modeling language, a definitive syntax, and the necgssanantics to support the context of the
problem.Virtual models are oftenreatedbecause physical modelseexpensive and time consuming,
dangerouspr impossible or may duce undesirable scale effects.

Models produce outputs governed by ithteractionsamonginputs and theinderlying principés and
relationships used to define system operation and beh@woraspects ofmodel structuraecessarjor
understanding the various behaviors and processes present in the design and operatibaref SM
identified as thosgoverned by theorfi.e. mechanisticind observatiofi.e., empirical)

2.1.1 Theoretical

Theoretical modeling can be used to gaireavunderstanding of eomplexsystem otto predictthe
behavior ofasystem based amathematicatepresentations of thectionsandconditions of the system.
Theoretical modelsequiresome fundamental knowledge andftformationrelated tgparticular
phenomen@volvedina sy st em6s ¢ oMeyrepreseripdividealhoaceuplegrocesssof
the underlying systensuch agphysics chemistry biology, earth science, meteorology, psychology,
sociology, antbr economics.



Theoreticamodels incorporatmathematicatepresentatiosiof importantsystem processeshey vary in
complexity from stadystate, onalimensional1D) models to complex, thre#imensional3D), time-
varying multiphysics problemg&onsequently,ame mathematical models can be solved analytigétly
simple desktop softwarevhereawthersmayrequire highperformance compers that employ complex
mathematical solverdn either case he identification and execution of an approximation or numerical
approach for applying the mathematical madekt be clearly define@long wth appropriate
assumptiongnitial conditions, boundary conditionand constraintsnposed on the modeled system
Model outputs requirproper calibration and validatidn ensure the mathematical abstraction of the
physical system isrpviding meaningful resultsResults are int@reted compared against realorld
behavior and understandirgnd then prepared fdiscussion, visualization, decisiomaking, orusein
other models.

Theoretical models are critical tedbr the development, demonstration, and advancement of SMH
tecmologies.To bridge the gap between conventional and advanced hydropower technologies, a deep
understanding of the physical processes that occur in a stream must be coupled with modeling capabilities
that inform how statef-the-art, sustainable hydropowsystems must interface with the natural stream
environmentExamples of theoretical modeling for SMihy involveecologicalfish behavior and

mechanistic modeling, sediment transport modefing] mechanis and turbulence modelingydraulic
modeling,hydrologic process modelingeomorphologic modelinggconomic modeling, structurahd

material modeling, and electromechanical modeling.

2.1.2 Empirical

Empirical modelinglike theoretical modeling;an be used to gain an understanding of a systém
predictits behavior butit is based on observation and experimentattonpirical modeling entailthe
development gfor utilization of data fromawell-prescribedplan or experiment tmentify, measug, and
understand particularaspect of a physat systemldeally, efforts tasolate control, and perhaps vary
particular aspects of a system are helpfuhapping dependent behaviors or processes in the system.
Based orthis mapping correlativerelationshig can be developed and used as a mehpeedicting
particular procezes and behaviors of the systéramples of empirical modeling for SMH may involve
guantifying aspects of fish behavior and movement for particafteges oflow or assessijrates of
scour for various sediment bedlodidtributions and flows.

2.2 MODEL ING IMPLEMENTATION : SCALES OF IMPORTANCE

A virtual model representing the interactions between a hydropower system or hydropower modules and
the surrounding environment must contemptatespatial and temporakcales of impdance, informed

by the spatiotemporaixtent over which thprocesses and behaviarscur. Equally importants an

estimate ohow accuratly the processes and behaviorgstbe represented to provide meaningful and
actionable model outputEhis sectiordiscusses thienportance othe physical scale encompassed by a
model, time scales represented in the model, and impact of these saaledebfidelity.

To frame this discussion, a nested hierarch$MH is shownin Figure3. It is divided into five different
level® watershed, stream, site, facility, and moduilee watershed is the most encompassing level
within which the other four reference levels resiigis implies that processes occurring at each level are
relevant to and affegrocessestahe next leve For modeling and simulation, this hierarchical structure
facilitates defining the potential division of various spatial and temporal considerationartts very
important for developing modeling and simulation structure and implementation.
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Figure 3. Schematicof the spatial and temporal scalesf the domainhierarchy usedfor SMH.

2.2.1 Spatial ScaleConsiderations

Physical gstem processes and behaviors can ooeer variousspatialscalesfor SMH, ranging from
millimeters tokilometersfi Satial scale 0 a $fereinseterd to a measure of lengihsize associated
with aphysicalprocessn terms of the space it occupisd within which itbehavesand the extent over
whichthe processnvironment has some meaningbulcontributoryeffect. At each scaleprocess
dimensionality with respect to consideratiofi the relative changes and significance of process
behavios over each of the three dimensigesxtremely important for the selection and application of a
model.For exampletheuse of 88D model to obtan surface runoff flow hydrographs is nmtededjiven
thatthis can be obtained with a simplified 2D approachof@rlandflow anda 1D approach for
longitudinal flow in streams and rivers

In the reference system, processes behave in a continuous manner throughout its enyiroimpeated
by discrete divisios of scales and boundaries imposad modelln a modelhandlinghow processes
behaveat thespatial extentsf the model domaiis accomplishedia thespecification oboundary
conditions Well-defined boundary conditiorshould allow processes to lzete muchas they dan the
reference system and should limitcontrol any errors that ammcharacteristiof the belavior reference
system.

For the SMH domaihierarchy defined ifrigure3, the watershed and stream levels serve as the section
of the domain wherbroader processes and information inform the more refined processes and
information at the facility and module lev&he facility level serves as a representation of the collection
of modules holisticallyThe site level is the transitidretweerthe naturglundisturbed stream domain
andthe engineered development of SMH in the undisturbed sttealso serves as¢hmost appropriate
and feasible locatiofor model refinement and changes in dimensionality.



The watershed level is where many of the processes and much of the inforswatioas rainfall to
runoff flow, sedimentand other water quality source and sportmechanismsre importantHere,
processes occur over large spatial scéifesontrast, processes occurring at the moduledesath as
turbulence, fish response to changes in flow, and turbine genérat@mur over much smaller spatial
scales but pgsess higher spatial variability.

2.2.2 Temporal ScaleConsiderations

Physical system processes and behaviors can occur over various temporal scales fan&ikiiifrom
seconds to yearBTemporal scak@herein refers to a measure of time associaiét aprocessin terms

of therange over whiclit occus, changesandtheextent over which the process environment has some
meaningful or contributory effedProcesses that exhikitsignificant change with respect to time are
termedfunsteady and those wh no significant changes over time agéerred to agisteadyo Proper
selection and application of a model with respethésteadiness or unsteadiness of a process is very
important.For examplethe use of asteadyturbineflow model formulation to &aptureblade vibratioris
notappropriategiven thatshedding of coherent flow structures in the wake flow of a turbine blade is a
procesdor which thechange®vertime are significant enougb cause blade vibratioft requires an
unsteady formulation.

Realtime step specificatiois theincrement wer which amodel formulation is advanced in time to
obtain a single instance ofisnapshai of the processondition based on governing equations for
behavior It shouldbe definedata small enoughime stepto captureand satisfactorily resolviaerelevant
and desired¢hanges in theodeledprocessPseudotime steps are iterationsedin the numerical
solution process for arriving at a converged solution for an iostahareattime step. Bothtime step
typesmay affect themodelstability or theability of the model to appropriately and correctly obtain a
numerical solutioror approximateprocesformulations The number ofreal time stepdefines the
length of real time being modeled.

Muchasboundary conditions are defined for the spatial extent of a model, initial conditions are defined
as starting solutions for a modeh. These argenerallyspecifiedbased eitheon observed informigon
or onassumptionghat arebased on familiarityvith the system.

With respect tahe SMH domain hierarchy definedfigure3, watershedand streantevel proceses are
typically modeled over longer time scales than facilitgd moduldevel processes.

2.2.3 Scale Impact onModel Fidelity

fiModel fidelityo refers to thelegreao which the model produces the same outcomes as the tangible
reference systetneing modeledBailey and Kempld.992 or to the accuracy of a model (DoDD 1995)
The fidelitydepeng onthe accuracwith whichthe underlying processasd datavere formulategdthe
spatial and temporal resolutigpecificationof the modebnd dataandthe adequacyf calibration and
validation.

It is important to asess model fidelitwith respect tdhe performance expectatioascording tovhich it

is structured and implementethat is, if a model is defined to capture only largesle changes in a

process, its fidelity for that application is mmmpromisedecausét doesnot resolve finetrscale

processes it is not designed to capture. Therefore, it is important to understand and define what level of
accuracyis expectedrom the reference systesothat the model can be properly developed for lenzl.

The capability to aptue varying levels of processes and behaviepend on the accuracy, or

correctness, of the theoretical and empirical structures governingThemeponse of a systecanbe
definedasa prescribed or observed dependenicsame variable in the systeifthe dependemxcan be

10



first-order(i.e., directly proportiongl or it can beof ahigher orde(i.e., nonlinear asis the case with
secondorder andhigherrelationships)

Thedegree to whicla model performaccurately also depends on its resolut@@composing

continuous process behavdanto discretaepresentationim both space and tinrequires an

appropriately definedesolutio® or spatial ad temporal discretizatigmor divisions of space and tifde

at which the model formulation is applid€ffective considerations for spatial scales and dimensionality
in model implementation dictatbe domain size and resolution of the modetican signifiantly affect

the design and run times for models and simulation

Effective considerations fdhe resolution ofemporal scaleand time steps1 model implementationan
significantly affect the design and run times for models and simulatidexperiments.

Depending on the level of accuracy required at each of the levels defined in the SMH hierkighgein
3, different models with varying degrees ofdiily and dimensionality may be requirédso, depending
on the needor and use of a model or simulation to address an SMH igsuay be necessary tse
different modes at different leveld or a series ofnodelsor nested models spanning severaledéht
levels.For example, determining the effect of flow variability on the reliability of a foundation diesign
prevening scour mayequirea different model at various levelsrst, alD hydrologic model at the
watershed level may be used to predictoff magnitudes and timing for local tributary streamd.DA
openchannel hydraulic routing model at the stream level may be used to predict river flow magnitude and
timing. Modelingof flow using alD model may transition to usircomputational fluicdynamics

(CFD) model with refined dimensionalitguch asa 2D or even3D modelwith increased spatial
resolution sothat flow patterns can be resolved as the flow approaches the facilityAe3®ICFD

model with increased spatial resolution will be required at the facility level to properly predict flow
structures and shear stresses responsible for causing scour
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3. SMH SIMULATION USE CASES

In Witt et al. (2017), various objectives and requirements are identified for SMH generation, passage, and
foundation modules and help form BBESfor SMH technology designs. In conjunction with those
designs, this report serves to identify the simulatioth modeling capabilities needed to predict whether
proposed designs meet the desired objectives and requirements. At the heart of BDHSIhAd this
simulation and modeling capability plan are concerns and priorities gleaned from stakeholdenypesspect
on small hydropower development. After formulating the SMH concept through the development of a
Multi-Year Research Plan (Smith et al. 2017) and the E@ES et al. 2017), ORNL has begun a
stakeholder engagement process in which various hydropeuelerdlogy developers, suppliers, and
project developers have provided feedback on s#leiscussion questions related to SMithoughthe
discussions have mostly focused on desigmen opportunities, challenges and concerns, important
simulation and rmdeling needs were identifiedatreinforce the EDES objectives and constraints.

The SMH concept explores a new paradigm of small hydropower develofirataddresses
functionality explicitly using a modular design approach and proffers cost reduttionglt
standardization. The placement of SMH modules in a stream imparts variousth#eats informed by
and impact the natural stream environment. These effects are generally understood by hydropower
stakeholders and the science commuailthough taditional small hydropower designs oftém not
conductholistic assessentsof the relevant activetream functions.

At a fundamental level, each stakeholder seeking to apply a modet&sigadecisiors that may result
in tradeoffs affecing (1) safety,(2) performance(3) reliability, and/o(4) cost. To simulate these
metrics for a desired end goalsimulation use cass identified:

Simulation use casea scenario in which the application of a model or series of models
through simulatiortan inform decisiommaking.

For SMH technologies, these simulation use cases may be used to evaluate, predict, or optimize the
safety, performance, reliability, and/or cost of the SMH facility, individual SMH modules, or a
combination of modules. A graplailcrepresentation of a simulation use case structure is provided in
Figure4.

Qualification
(e.g., evaluate, predict, optimize)

Metrics
Safety Performance
Reliability Cost

Domain
SMH Facility SMH Module

Figure 4. Simulation use case structure
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Section 3.1 of this report introduces a series of simulation usetbasase developed based on

stakeholder concerns and priorities and the EDES objectives and constraints. Use cases are organized for
facility-level application and modulevel applicabbn (see Section 2.3) and are not intended to be
comprehensive; instead, the use cases presented herein reflect the most important scenarios currently
envisioned for which RD&D efforts and technology acceleration may yield the greatest impact.

Since SMHrelated simulations argrimarily intended to inform and refine the facility/module design and
layout, simulation use cases are identified herein at the faeility moduldevels Conditions and
processethatoccur upstream and downstream of a facility iategral to facilitylevel simulations.
Module-level use cases are further categorized into the six functional modules identified in the EDES
(Witt et al.2017).Since current EDES research efforts have not yet developed specifications for
additional modles (e.g., interconnection module and monitoring and control module), use cases related
to electrical interconnection, monitoring, and controls are not explicitly identified in this report.

Throughout Section 3, example simulation use cases are ideftifitee SMH facilitylevel and each of

the SMH module levelgieneration, fish passage, sediment passage, recreation passage, water passage,
and foundatiomodules® At a highlevel, each simulation use case requires modeling one or more
processes, anddtiables presented in Section 3 identify the categories of protieasaay need to be
modeled to fully simulate each use case. These processes are separatghticategories as follows:

9 Hydrologic processea: Involved with the transport and propesdiof water throughout the water cycle,
including both water quantity and quality characteristics.

1 Hydraulic processes Involved with the effects of moving water, including the transfer of energy and
flow effects in pipes, open channels, or other wateveysnces.

1 Geomorphologic processednvolved with the formation, alteration, and configuration of landforms,
including bathymetry and sediment, and their relatiorshifh underlying structures (American
Heritage 205).

9 Ecologicprocessesinvolved with thefunctions of a stream and the behawgrtransformatiorof,
and interaction between living organisms and the stream environment.

9 Structural processes Involved with theresistance and responsfeman-madestructurego applied
and lading forces

1 Geotechnical processesnvolved with the behavior of subsurface rock and soil properties, including
response to physical and chemical forces.

1 Electromechanical processednvolved with the conversion of mechanical energy to electrical energy
or viceversa.

1 Economic processednvolved with the production and sale of goods and services (NASA 1996).

Additional information on the SMifelated modeling capabilities needed to model these processes is
provided in Section 4.

3.1 FACILITY -LEVEL USE CASES

Use casefor the SMH facility levelare contained ifable1.These are generally associated with
processes occurrirgg locationsupstream and/or downstream of a facitig/well as at the facility itself
The processes may be affected by the presahite facility as a wholdrrespective of individual
module identies For each use case, a description is providkuhg with the respective processes
involved with the modeling of a particular use case.

8 For more information on SMH modules, see Witt et al. (2017) and Smith et al. (2017).
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Table 1. Example SMHfacility -level smulation usecases

Processcategories involved in use case

modeling
©
Qe L
2 c
Usecase ID Usecasedescription S ® | <
© P _ €28 o
S|5|s5|5| 5|6 6| E
°S|lE|E|g|B|& 5|2
S 2| 8|=5|a|2|38
I I O] L N ) L L
Optimize module design, facility
FAC-1 Iayoyt, angl module flo'w'control X X
configurations to maximize energy
generation
Predictwater distribution and flow
characteristics upstream and
FAC-2 downstream of a facility to ensure x Ix x| x| x| x| x

public safety, reliable facility
operation, stream functioecological
habitat, and stream aesthetics
Predict water quality characteristics
upstream and downstream of a facilit
FAC-3 to ensure public safety, reliable facilif X X X X X X X
operation, stream function, ecologica
habitat, and stream aesthetics
Predictfish movement upstream or
FAC-4 downstream of a facility to ensure X X
acceptable fish passage
Predictin-stream sediment movemen
and distribution upstream, downstreg
and adjacent to a facility to ensure
acceptablsediment passage
Predictsmall recreational craft
FAC-6 movement upstream or downstream X X
a facility to ensure acceptable passa
Predicterosion and scour of module
FAC-7 foundations to ensure structural X X X X
stability
Predict intermodule load interactions

FAC-5

FAC-8 . X | X X | X
ensure structural stability
Predict the initial capital costs of

FAC-9 developing an SMH facility XXX X
Predict the longerm feasibility and

FAC-10 tradeoffs of developing an SMH X X X | X

facility

3.2 MODULE -LEVEL USE CASES
Use cases for the module level are containd&ichirie2 throughTable7 in Sections 3.2.1 through 3.2.6

respectivelyTheyare associated i processes occurring at the modebleland may involve some
processes occurring asalbmodulelevel, such aghose involvingmachinery and equipmerior each
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use case, a description is providalbng with the respective processes involved witmtbdeling of a
particular use case.

3.2.1 Generation Module Simulation Use Cases

Use cases for the generation module are presenfebla2. These pertain in general to theneration

of hydroelectric power from flowing water under pressiifee main processes of interest are the

hydraulic processes occurring in conjunction wvtite hydropower turbine system and the

electromechanical processes occurrimganjunction with the generation of electriciyspects of

structural processes are associated with the design and performance of the turbine blades with respect to
material, stength, and dynamic processes associated with spinning macHihergconomics anesedto

evaluae tradeoffs andbenefits

Table 2. Example SMH generation module simulation usecases

Processcategories involved in use case
modeling

Usecase ID Usecasedescription

Hydrologic
Hydraulic
Geomorphologic
Ecologic
Structural
Geotechnical
Electromechanical
Economic

Predict the hydraulic performance of
flow regimes that result from partial
impoundment of a river for generatio
modulesthatgenerate hydroelectric
power from flowing water under
pressure
Optimize generation module turbine
hydraulicefficiency and manufacturin
cost tradeoffs with respect to turbine
blade material and design
Optimize the physical safety and
performance characteristics of a

. . X X X X
generation module that contains a
lightweight composite turbine runner
Evaluate tradeffs between design,
installed cost, and hydraulic
performance for standardized
multigeneration module arrays
Predict electrical and physical safety
GEN-5 fully submerged generation module X X X
under flood conditions
Evaluate trad@ffs amongdesign,
installed cost, and performance for
GEN-6 generation modules with permanent X | X
magnet generators designed froming
rare earth materials
Evaluate tradeffs between cost and
performance fogeneration modules
that achieve flow control with variabl¢
speed power electronics

X
X

GEN-1

GEN-2

GEN-3

GEN-4

GEN-7
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Table 2. Example SMH generation module simulation use cases (continued)

Use case ID

Process categories involved in use cag

modeling

Use case description

Hydrologic

Geomorphologic

Geotechnical

Economic

GEN-8

Evaluate trad@ffs amongturbine
blade shape, speed, and performanc|
for maximizing fish survival rates

X Hydraulic

< |Ecologic
X |Structural

X [Electromechanical

GEN-9

Optimize design anderformance
tradeoffs for aerating generation
modules

X

X
X

>

GEN-10

Predict the performance of generatio
modules under flow regimes that res
from partial impoundment of a river

3.2.2 Fish Passage Modul&imulation Use Cases

Use cases fahe fish passage module are presentéithisle3. These pertain in general to theimpeded

and safe passage (upstream and downstream) of fish trewo&H facility. The main processes of

interest here are the hydraulic processiéis respect to flow conditionis the context of ecologicaspects

of fish behavior, mechanicand so onAspects of structural processes are associated with the design and
performance o$tructures like screens, turbine blades, and other pertinent physical structures affected by
or responsible for attaining particular flow conditions associated with fish attraction and passage

Table 3. Example SMHfish passage module simulation useases

Processcategories involved in use case
modeling
S
Q Q
=4 =
Usecase ID Usecasedescription S B | £
S < — 1218 9)
S 2 o o s E |
S =] o ie) > [8) o S
S| sl E|So|B|Lg|l&5|2
(@] e @) (8]
S 2(e|8|=5|a|2|38
T T Q LLI (V)] ) LLl L
Predict pertinent fish passage modul
flow conditions based on design
FISH-1 alternativeghatensure unimpeded an X X X
safe fish passage upstream and
downstream of a SMH facility
FISH-2 Predict h_ydraullc performance for fisk X % | x
and debris exclusion screens
Predict fish attraction for upstream
FISH-3 passage modules based on tailwater X X X
hydraulics
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Table 3. Example SMH fish passage module simulation use cageentinued)

Process categories involved in usmse
modeling
S
o Q
=4 =
Use case ID Use case description S S| 5
Ble|8|.|[B|E|2|
S| 5S|s5|5| 5|06 5] E
S| S| E|S|B|&| &2
o | o o | 9
S 22| 8|5|0|2|8
I | T | O |lw|wn|O|Ww,|uw
Predict fish attraction for downstrean
FISH-4 passage modules based on headwat X X X
hydraulics
Predict turbine fish passage
FISH-5 characteristics based on turbine X X X
operational characteristics
Predict timing of fish arrival
FISH6 frequencies and temporal dynamics { X X
upstream and downstream passage
modules

3.2.3 Sediment Passage Module Simulation Use Cases

Use cases for the sediment passage module are presengdieid. These pertain in general to the
transportation of incoming sediment throughSMH facility. The main processes of interest here are the
hydraulic processes with respect to flow conditifmissediment transpognd the geomorphological
processes associated wéthigradation and degradatiohsedimentEcologicprocessesvolving water
guality issuesassociated with sedimeladen wateareof interest with respect to the economics and
design tied to the performance of the passage mosuletural processes are associated with the design
and performance of structures affected by spoasible fomanagingparticular flow conditions

associated witkediment passage

Table 4. Example SMH sediment passage module simulation usases

Processcategories involved in use case
modeling
<
Q .2
=4 =
Usecase ID Usecasedescription S Q| £
L < - LEJ ] (8)
i) = o ie) =} (8} o £
S| s|E|o|B|&| 5|28
o ° S o O
S/2|o(8|s|2|2|38
T | T | O |lw|wn|O|Ww,|uw
Optimizeupstream andownstream
sediment transport, deposition, and
accumulatiorto optimizesediment
SED1 passage module desigistallow the X X X
transport of incoming sediment throu
a SMH facility
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Table 4. Example SMH sediment passage module simulation use cagamntinued)

Process categories involved in use cag
modeling
=
Q Q
=4 =
Use case ID Use case description < S| 5
(8) < s
Sle|e|o|B|E|E|E
S| S| ol Bl 3 c| 5| €
S| S| E| S| B|&| 5|2
o | o o | 9
S 22| 8|5|0|2|8
I | T | O |lw|wn|O|Ww,|uw
Predict the performance of sediment
SED2 passage module designs while not X X X
compromising the functiaof other
modules
Evaluate tradeffs between cost and
SED-3 performance of sediment module X X | X X X
installation
Evaluatetradeoffs between cost and
SED4 performance for sedlment_ passage X X X X
modules manufactured with advance
materials

3.2.4 Recreation Passage Modul&imulation Use Cases

Use cases for the recreation passage module are presenédalielh. These pertain in general to the
passage of small recreational craft consistealy safely throughreSSMH facility. The main processes of
interest here are the hydraulic processes with respect to flow conditiegpfmrting effective and safe
recreational passagstructural processes are associated with the design and perfohatrcetures
affected by or responsible faranagingparticular flow conditions associated wittcreationapassage.
Economis are used in the determination of the tradis and benefits of the performance and design.

Table 5. Example SMHrecreation passage module simulation useases

Processcategories involved in use case
modeling
©
o Q
=4 =
Usecase ID Usecasedescription S ® | <
L < - LEJ 8 o
i) = o ie) =} (8} o £
S| s|E|So|B|L| 5|28
(@] e >S5 o O
S/ 2o 8|5|0o| 2|38
T | T | O |lw|wn|O|Ww,|uw
Predict flow characteristics and safet
for recreation passage modutbat
REC1 enable consistent and safe passage X X
small recreational craft through a SM
facility
Predict the need and cost for
REG2 recreational access based on predict X X X
recreational use
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Table 5. Example SMH recreation passage module simulation use cagesntinued)

Process categories involved in use cag
modeling
©
) L
=4 =
Use case ID Use case description S S| 5
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2| S| o |B|E|E|E
i) S| © | 5| S o | o g
°o | g g S| © % 8] €
>
S % o| 8|28
I | T | O |lw|wn|O|Ww,|uw
Predict upstream hydraulics and
REG3 performance for exclusion devicteat X X X
prevent unsafe interactions between
recreational crafpeopleand modules

3.2.5 Water Passage Module&Simulation Use Cases

Use cases for the water passage module are preseiiaolé®. These pertain in general to the

conveyance of negenerating water through the SMatility. The main processes of interest here are the
hydraulic processes with respect to flow conditions for supporting effegtiterpassagand contrglif
necessaryEcologicprocesses are included to account fordffiect that water passage hydiasimay

have on the integrity of the environme8tructural processes are associated with the design and
performance of structures affected by or responsible for managing particular flow conditions associated
with waterpassageEconomis are used in thdetermination of the tradeffs and benefits of the
performance and design.

Table 6. Example SMHwater passage module simulation useases

Processcategories involved in use case
modeling
©
(&) (&)
=4 .E
Usecase ID Usecasedescription S ® | <
.2 < — g o )
S | = o| 5| 35 ) ) S
S| B|E|lo|B|&|s5) 2
o) (&)
2|2|3|8|2|3|a|8
T | T | O |lw|wn|O|Ww,|wW
Predict feasible water passage mody
WAT-1 sizing based on optlmal allocation of X X
flow between generation and other
(environmental) passage modules
Evaluatedynamic head control
WAT-2 capabilities for an advanced water X X
passage module at an SMH facility
Optimize cost and stability traefs
WAT-3 for additively manufacture(B3D- X X X X
printed)water passage modules
WAT-4 Optimizestability of multiple water X X X
passage modules assembled in para|
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Table 6. Example SMH water passage module simulation use cagesntinued)

Process categories involved in use cas
modeling
S
o Q
=4 =
Use case ID Use case description S S| 5
(8) < s
Sl L|S|o|BlE|E|E
S| S| ol Bl 3 c| 5| €
S| 8| E|o|B|L&| &2
o | o o | 9
S 22| 8|5|0|2|8
I | T | O |lw|wn|O|Ww,|uw
Optimize tailwater hydraulic
performance for generation and
WAT-5 upstream fish passage based on the X X X
and placement of water passage
modules
Predictwater quality improvement
WAT-6 potential and aerating characterls_tlcs X X X
water passage module under various
flow regimes

3.2.6 Foundation Module Use Cases

Use cases for thieundationmodule are presented Trable7. These pertain in general to the performance
of foundationmodules functioning asstructural componesthatanchor passage and generation modules
to the streambed and banks (i.e., ensiaegment of the facility within the sit€Jhe main processes of
interest here are the hydraulic processes with respta determination of loading conditions on the
facility and modulesThe structural and geotechnical processeslve the performane and desigof the
module structure and its linkage with the ground with respect to the ability to resist loading conditions
and prevent failurezcologicprocesses are included to account for the effecfabatiation desigmay

have ondisruption tothe environmentEconomie are used in the determination of the tradis and
benefits of the performance and design.

Table 7. Example SMHfoundation module simulation usecases

Processcategoriesinvolved in use case
modeling

Usecase ID Usecasedescription

Geomorphologic
Ecologic
Structural
Geotechnical
Electromechanical
Economic

Hydrologic
Hydraulic

Evaluate trad@ffs amongstructural
design, costand performance for
foundation modules used to anchor
modules to the stream environment
Evaluate trad@ffs amongstructural
design, costand performance for

. X X X X
foundation modules used to connect
multiple modules

x
x
x

FOUND-1

FOUND-2

21



Table 7. Example SMH foundation module simulation use casgsontinued)

Use case ID

Process categories involved in use cas

modeling

Use case description

Hydrologic

Hydraulic

Geomorphologic

Ecologic
Structural

Geotechnical

Electromechanical

Economic

FOUND-3

Predict foundation module failure
modesto ensue public safety during
extreme events (e.g., floods and
earthquakes) and under normal
operation

x

x

X
X

x

FOUND-4

Predict the impacts of bed scour,
deposition, abrasion, and debris on t|
structuralperformance and reliability
of foundation modules

FOUND-6

Predict the environmental impact of
foundation module designs on benth|
habitats and flow conditions

FOUND-7

Evaluate design, cost, and performal
tradeoffs betweerscalability and
foundation module design
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4. SMH MODELING NEEDS AND CAPABILITY

The simulation use cases definedsection3 provide the frameworkeeded to identify and categorize
the modeling needs for SMH design and analy@&@stion4 presentshe modeling needs and capabilities.
The modeling needs adiscussedvith respect tdahe modeling structure and implementatioeededo
properly modeltie processeg#vailable modeling capabilities, softwarand tools are also presented.

The identification of the processes specific to a use case, usually associated with a particular module,
reveals common modeling need$ese common modeling needs defthe capability required for
modeling the processes. Modeling needs maytléfaceted ananayinfluence multiple levels of an

SMH systemThese may encompass variability in spatial and temporal scales at any SMH hierarchical
level (Figure3). In addition, interactions among processes may db@irequire specific modeling
capabilities or couplig of two or more capabilities.

This sectionis organized by the eight processes identifieSention3: hydrologic, hydraulic,
geomorphologic, &logig structural, geotechnical, electromechanical, and econ&mieach process,
subcategorieglevant to the understanding of the main processgx@sentedThese ardollowed bya
discussiorof theinteraction and coupling of one or more of the eight processes presented. The modeling
needs and capabilities are discussed in each section with the gsltdfing modeling gaps and
challengegor SMH-related simulations

4.1 HYDROLOGIC PROCESSES

Fundamental informatiofor thevarious types of SMhnodeling and analysisith respect to the
hydrologic processds thewaterquantityand thewaterquality.

4.1.1 Water Quantity Modeling

Streamflow time seriedata used to develop and calibrate flow modhtsuld ideally be measured at
streamreacheseartargeted locations daily (or evenldaily) and should have over 30 years of data
records to reasonably capture thierannualand interdecaddlydrologic vaiability (i.e., natural

oscillation between wet and dgears see Tootle and Piechota [2006] for further discugsibime

streamflow time series can be used to degiflew-duration curve to estimate a certain quantile of flow
for capacity planning (e.g30% streamflow exceedance percentile), to evaluate the potential impacts of
both flood and drought events, to serve as initial and boundary conditions for hydraulic simulatimns, or
inform biological and ecological evaluation.

Unfortunately site-specfic longterm, highquality direct streamflouneasurements atssually
unavailable Althoughthere aremore thar23,000 streamflow gauge stations in tif@ Geological Survey
(USGS)National Water Information System, many of them have been discontindedot have
continuous record€onsideringthe total number of streaneaches across the nation (e.g., ~3 million
National Hydrography Dataset flowlineg)js not surprising that most of the national stre@aches
have not been monitore@hisis a citical issue for future SMH developmeasmany of the potential
sites are in smaller tributaries and are likely ungaugkedrefore, for SMH development, a major focus
of hydrologic simulation and analysis will be to synthesize reasonable and cre@iaiafkiw time series
at multiple potential site§.he methods can be as simple as statistical assafgsy., interpolatioand
regressionlsing historic measurements framighboring gauge statioasdflow approximation using
unit runoff, or as complidad as processased rainfatrunoff modeling.The choice will be governed by
the sufficiency of existing flow measurements, the stage of development (e.g., initial siting or final
engineering design), and the desired accur@tyer external issuesuchas land use and land cover
change (i.e., affecting impervious areas and direct runoff), ckangatural streamflow variability
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(caused by longerm climate change), and flow regulation from upstream dianag further complicate
the required efforts fdnydrologicmodeling and analysis

When sufficient neighboring gauge records are availstdéisticalmethods can be fairly useful
estimating sitespecific conditionslin particular, with the advance of hydrogeographtasetsin the
recent decade (e.dJSGSNational Hydrography Datageengineers can obtain detailed watershed
characteristics such as slope and drainagefairdaeasily.If the neighboring gauge stations arehe
same watershed and have drainage arealsiimthose ofthe targeted sites, an adjustment (e.qg.,
rescaling or areaeighted average) based on watershed characteristicsgalyprovide satisfactory
results.However, because tifie data insufficiency describedrlier, thisis notalwayspossble.

When gauge stations are insufficient or totaihavailable a full hydrologic rainfalirunoff model will be
neededCommonly used models include variable infiltration capacity (Videk (Liang et al. 199%
the Hydrologic Engineering Center Hytisgic Modeling System (HEEIMS?; Feldman 2000%he
Sacramento Soil Moisture Accounting model (SBNIA; Peck 1976), and the Hydrological Simulation
Prograni Fortran (HSPFDinicola 1990).Comparedvith streamflow observationthese enablbetter
daily orsuldaily rainfall observations across the counkgr instance, there are multiple publicly
accessible precipitatiostatasetssuch as th®©regon State University PRISM (Daly et al. 2008}he
ORNL Daymet (Thornton et al. 1997) that can be used te dipdrologic model€ther required
hydrologic model parametersuch as soil characteristics, vegetation, and land use tgrealso be
obtained from several publicly available data sources@sixeidillah et al. 2014 for an example of
conterminous USydrologic simulatioh With the support of modern higherformance computing, these
hydrologic modelgan be set upp a required accuracy in a more efficient mararercanpotentially
provide general streamflow estimates for all ungauged locafithe®xisting,precalibratedconterminous
US hydrologic models (e.gconterminous U§ariable infiltration capacityQONUSVIC] by Naz et al.
2016 andOubeidillah et al. 2014) can lsedas foundations to reduce the required efforts.

Regardless of thmodeling and analysis rouselecteda flexible and usefriendly data service systeis
neededFor a targeted watershed streamflow simulation, data assimilation and validation can be
performed in advanc&he highresolution historic streamflow tirmsies (as well as the flowduration
curves and other flow percentiles) can thempigealculated for each streamach for furtheanalysis
These calculationwill help SMH developers compare water availability across multiple sites more
efficiently. The mproved flow estimates can alswreaseéhe accuracy of other SMH components (e.g.,
hydraulics, biological, and ecological processes) in an integrated manner.

4.1.2 Water Quality Modeling

Sediment Quantity Modeling

Sediment delivery from the watershed to thieain involve a variety of transport processes that occur
overa wide range of timescale€Bhe rate of eroded sediment transport to strefmessediment yields

the primary focus of this sectio¥ield occurs as a result of interrill (rainfalriven) eosion rill/gully
(runoff-driven) erosiopand runoff processes (Akosy and Kavvas 200Bg former erodes sediment and
moves it to the lattawvo processedy whichprimary overland transport and continued erosion occurs
(Foster and Meyer 197Bennett 1974)Rainfalldetached sediment moving overland via these processes
typically movesat capacityso when the flow subsides (i.during the falling limb of the hydrograph)
thesediment quickly deposit$his, combined with deposition in smalbols, decreasesith slope

gradient or vegetation interceptiandreduces the amount of eroded sedintkattransports to a stream
(Morris and Fan 1998As a result, most of the total eroded sedimensediment losss not translated

7 http:/www.hydro.washington.edu/Lettenmaier/Models/VIC/inaéck shtml
8 http://www.hec.usace.army.mil/software/Hems/
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into the sedimaet yield. The latter is generally estimated by multiplying the former by an empirically
deriveddelivery ratio.

The watershed variabléisataffect the erosion of sediment and transport to a streamway include soil type,
soil erodibility, moisture contensjope and slope changes, as well as vegetaiibe. hydrologic

variables include storm lengtfainfall volume andrainfall intensity (Bennett 1974 .hewatershed
variables determine the effort required to detach a sediment partatfieinsport it wihin the watershed

If the particleis intercepted en route to a strealre hydrologic variablesontrol the driving forces

applied to move that sediment partidiéodeling of the hydrological sediment processes involves
mimicking these variables and thaiteraction mathematically over different spatial and temporal scales.
Once sediment reaches a strehydraulic modeling $ection 4.2) is used to describe sediment transport.
Hydrologic routing determines the movement of sediment from the watersheideno andhydraulic

routing determines the movement of sediment and water in a stream with givenSeplitsent is

delivered from upland areas and combines with stream bank and bed eroded materi&lardemal
streamsvia whichit is transported to largarder streamthathave flows that make ruof-the-river
hydropower feasibleRapanicolaou and Abban 2016

Watersheescalemodelscan be generally categorized as empiricechanisticand conceptual and may
model hydrologiaouting, stream routing, or both. Empirical models are develapegdata from
specific watersheds and are masturate fosimilar watersheds with unchanging land usamceptual
models divide the watershed into a series of internal storages andtogflew pathsPhysical models
are the most detailed and computationally intensive, solving applicable governing equatjonagse.
andmomentum) across the watersheplagraphy Kerritt et al. 2003

Models may be further categorized as lumped striduted.The formerapplyhomogeneous
characteristics to the entire watershaaldthe latter divide the watershed into areas of different
characteristicsAn appropriate model must be chosemaccounffor the physical properties of the
watershed, desid outputs, and computational capadigr a comprehensive list of available watershed
scale models by type, use, and assumptitvesreader is referred to the work of Aksoy and Kavvas
(2005) andMerritt et al. (2003

Dissolved Oxygen Modeling

Dissolvedoxygen (DO) is integral to the health of the stream ecosystem. Impoundments, such as those
caused by hydroelectric plants, can either reduce or increase DO, depending on the location and stream
obstruction. Nutrients in slosmoving, upstream waters carusa deoxygenation through microbial
metabolism. Increased turbulence of water flowing through turbines and outlet works may increase DO
and the presence of bubbles. The height of the water column (hydrostatic pressure) and temperature also
affect the amourof stream DO based on solubility principles. DO can vary over diurnal to seasonal
timescales and with changes in SMH operaflayperfido et al. 2010Morris and Fan 1998).

DO fluctuations can occur spatially from the module to the stream scale and frdmntbaeasonal
timescalesThese are driven by a myriad of different proceddeslule and site increases in DO ocesr

a result ofincreased turbulence at outfalls andyéneration modulturbines Likewise, diurnal and

seasonal temperature changes can affect DO concentrations at the streasaceselt ofhe

temperature effect on oxygen saturatiSaasonal changes in @nalsooccurin stagnant upstream
reacheswhich are deep enough to stratifihis canoccur at the site scale and can encompass the spatial
extent of the backwatgdlepending on nutrient loading and temperature prdfte. elease of cold,

anoxic, upstream wat@mto warm, oxygenated, downstreapaches may have negative consequences for
downstream biota not accustomedtwh conditions (Cushman 1985).
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There are several different types of modkitcan be used to model DOhese include 1D limnologic
models such as the General Lake Model (Gl can model water quality in generalg,
temperature, DO, nutrientStreanflow models up to 3D may be used to model oxygen transfer as
turbulent flows pass through outlet structures (Gulliver et al. 1888her-dimension modelare often
limited in their usegiven computational constraints and domain size.

Water Temperature Modeling

Temperature is a water quality attribute linked vii® and is also essential to ecosystem he¥ititer in
impoundments that is sufficiently deep may stratify dusagimer monthsthat is, the top water layer
may bewarmed (epilimnionand thudbecome less dense than the colder water below (hypolimnion),
which causeghe two noto mix (Morris and Fan 1998¥Ftratificationis one factor driving deoxygenation
in deepewaters during summer monthidepending on the outlet location and seasaierthatis either
warmer or colcer, relative tothe more natural conditiongreceding impoundmejmay be released
downstream of the hydroelectric plamemperaturdluctuations severely affect benthic organisms and
fish, which are all coleblooded sonatural (i.e. preimpoundment) temperatel profiles must be
maintained.

Temperature changes occur on spatial schbextend from the facility to the site scaledatepend on

the impoundment geometry, depth, and planform spatial eXteat.is, impoundment surface area, depth,
and extent upstream all affect stratification effettse generation moduler water passage module
intakes, with regard to typical straté&tion depths, also determine the temgtureof watertransferred
downstream.

Temporal changes occur from diurnal to seasonal time s@dlissisanimportantissue especially
considering the transmission of impounded water downstream and the dffecbit benthic species.
Cold, anoxic water transmitted from the hypolimnion during summer months to a warm downstream
reach may have serious impactsnative fish species (Cushman 198Rat is, upstream effects are
manifested by temperature stratificait whereasdownstream effects are manifested by pulses of
unnaturally warm or coldvater within the stream reach.

Stream models such dydrologic Engineering CentdRiver Analysis SysterfHEC-RAS’) and the

Delft'° packages can model temperat@@ezenthe possible spatial extent of temperature changes in the
upstream and downstream directioh® models may be the most appropriate for modeling at the site
scale and greater.

4.2 HYDRAULIC PROCESSES

Hydraulic processes are those behaviors concerned withavenment of fluids through a pipe or open
channeltypically for an engineering applicatiofihe theoretical basis for hydraulics is fluid mechanics
which entails both static and dynamic considerations for the forces exerted as a result of fluidadt rest a
fluids in motion respectivelyThe applications for modeling fluid mechanics include the use of analytical
and numerical formulationd heseapproaches camange from the use of simplifying assumptions of flow
dimensionalitywhichyield simple modeldo the treatment of fluid as a continuwith comprehensive
treatments o$patial and temporal variabilityhich requirs 3D numerical models.

The behavior of fluid flow is governed by the conservation of mass, momentum, and eabegtively
formulaed as the Naviebtokes equations (NSE) as a series of unsteady, nonlinear, sedendpartial
differential equation®Owingto the complexity of this formulation, the equations have no exact

9 http://www.hec.usace.army.mil/software/hes/
10 hitp://www.delftsoftware.com.au/
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mathematical solution except in a few caddar{sun et al. 194). These cases pertain to simplifications
of complex terms of the NSE for flod@sfor examplefor steady laminar flow between parallel plates or
in circular tubed which lead to exact analytical solutiof®r most cases, an exact analytical solution
doesnot exist andsoapproximate solutions to the differential NSE are obtained using numerical
techniquesln such case€FD modeling is usedvhich requires the use of a computeimplement
numerical methods to obtain a soluti@kD is generally used tesolve very findlow details which
requirestreaing the fluid domain as a continuum of discrete elements at which solutions for the
movement of fluid are obtained.

NSE smplifications based on assumptions of reduced dimensionality and reftimeazbmplexity
generate formulations that can either be solved analytically with an exact sau@mproximated with
simplified derivationghatrequire fewercomputational resourcéisanfully 3D CFD applicationsThese
simplifications generally involvessumptions pertaining to relatively smalilew gradients and
convective mechanisms along particular directions compaitbch primarily dominant directiolhese
simplifications result irkD and2D applications for either prearized or free surface fics.

Onedimensional applications are used for systems with variability along only one diéestich as
unsteady flow routing along a stream reactvhich flow gradients along the transverse directions are
much smaller thathe gradientalong the longitdinal direction and can therefore be ignordtey

result in alD longitudinal model for which averaging over the cresstion isconducted flartin and
McCutcheon 1998)T'ypical 1D openchanrel hydraulic flows can be classified as steadguniform or
unsteady and spaliy varied Chow 1959. Whereaghe magnitudes dhese flowsmayvary with time
and their free surface profean vary from location to locatipdepending on channel shape, the
longitudinal flow is the dominant flow directipthustransverse @iw details are negligible.

Similarly, for some simpl@D flow cases, such as shallow water flow, the vertical velocities are relatively
negligiblecompared withthose along the longitudinal and transverse direstitirus theyan be ignored,

greatly simplifying the formulatiorSuch a modelepresents a deptveraged formulatiom which

vertical velocity distributions are assumed to be uniform and the pressure distributions are assumed to be
hydrostatic €.g., River2®Y). This type of modetesolves differences along the width and length of a

water body (Martin and McCutcheon 199B)is useful for modeling and predicting water surface
elevationsas in floodplain mappingndgeneralize®D flow in bodies of water like lale estuaies, or

shallow streamwhere changes in processes along the depth are negl&jibitarly, width-averaged

models are used for casasvhichthe relatively more significant processes occur along the depth and
longitudinal directionssuch as long, narrqwieepwater bodies (Martin and McCutcheon 1998).

Fully 3D flows that requireesohing very fine details of multidimensional floeall for CFD models
which use numerical methotts approximag solutions to the NSE for a discretized spatial donHiese
modelscan be used to model frearface and pressurized flow for steady and unsteady dds@sitar
and turbulent flows.

Thegamut of hydraulic model implementations and complexity are pexsienthefollowing subsets of
hydraulic processes

1 Open Channel Fre Surface Modeling
1 CFD Modeling
9 Turbulence Modeling

L www.river2d.ualberta.ca/Downloads/documentation/River2D.pdf
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9 Clos=d Conduit Modeling
1 Hydropower Modeling

4.2.1 OpenChannel FreeSurface Modeling

Several use cases require ofpbannel freesurface modelinfrom the watershed to the module level to
address the modej of flow behavior, flow timing, and water surface profile determination.

At the watershed and stream lesydlow routingis required tassess flow magnitude addtermine
timing to support the assessmentloiv variability at the facility and module leksSince only the flow
along the streamwise or longitudinal direction is necessary at the watershed and stream levels, the
modeling need is for &D analytical approach for routing flowhe model needs to be capable of
incorporating stream geometry ancsiications of stream section connectiyiyd ofaccounting for
flow resistances associated with flow blockages and wall friction effEotspatial resolution of the
modelwould depenan the variability of the changestime crosssectional area dhe stream geometry.
Typically, spatial resolutions on the order efi$ of meters are appropriate.

Currently, hydraulic modeling model capabilities like the Army Coop& n g i n e e-RABSandH E C
MIKE 11, the EnvironmentalProtectionAgency) s St o rManayémeneModdlSWMM),* and
some others aravailable for assessirid hydraulic flow.These are applicable for the demands for
modeling1D hydraulic flow cases for SMH.

At the site level, multidimensional flow considerations and behaviors become intpastéacility

approach flows contain more spatial variabibgcause o$tream geometries and the presence of the
SMH facility itself. Flow information such alow magnitude and water surface elevations from upstream
is expected to inform boundary cdtiahs at the site levehs the modeling structure and implementation
are expected to change to account for the need for Hiigledity modeling applications. Spatial

resolution of coherent flow structures, multidimensional #oand more detailed intectiors with the
environmend such as the stream itself atieinstream effects of the presence of the SMH fadility
become more important to resolve and model accurdthlyapproach for modeling these typés

hydraulic conditions transitiafrom requiing coarsanodelng to more refinedreatments like the use of
CFD modeling.

CFD modeling capabilitieare availablén the form of academic, commercial, and open source software
packages. Commercial software is available as spedaltyputeraided desig (CAD)i integrated, or
comprehensive packag&pecialty packages target markewsh asutomotive, internal combustion,
aerospace, marine, electronics, and turbomachaqglications CAD-integrated packages like
SolidWorks® and AutoDesk Inventéf offer simplified applications for steady state, singlase,
nomreacting flow problemsComprehensive CFD packages like ANSFI8ent!’ ANSYS CFX8 Star
CCM+® and COMSOE offer capabilities to model a diverse range of complex physickiding fluid

flow, heat transfemultiphase flows, turbulent flows, reacting flows, acoustics, and-§itriccture
interactiors. ANSYS CFX is recognized for its robust capabilities for modetmdtiphysics applications

2 hitp://www.hec.usace.army.mil/software/hes/

13 https://www. mikepoweredbydhi.com/products/mike

14 https:/www.epa.gov/wateresearch/stormvatermanagemeninodetswmm
15 http://www.solidworks.com/

16 http://www.autodesk.com/products/inventor/overview

17 http://www.ansys.com/Products/Fluids/ANS¥Rient

18 http://www.ansys.com/Products/Fluids/ANSYFX

19 http://mdk.plm.automation.siemens.com/stamplus

20 https://www.comsol.com/products
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associated with rotating machinery like hydraulidotnes.CFX contains tools for enabling turspecific
meshing and blade desighll these packages offer comprehensive capabilities to nmdkiphysics
problems with meshing and pgatocessing capabilities.

Open source softwasdike OpenFOAM! aremack available free of chargpermitting users to study,
contributeto, changeand improve the softwar@penFOAM offers CFD solver capabilities similar to
those incommercial softwargexceptthat, unlike those, it does not incluaé&UI (graphical user
interface) that makes it easier to use and interfacethstisoftware

A greater depth of discussioh @FD modeling is presented in the next section.

4.2.2 CFD Modeling

In the past three decades, with advancegiartomputing technology, increasingly sophisticaid#D

models of complex systems in engineering have been developed. As the design of various SMH systems
continues to evolve, it is anticipated that simulation and modeling will play an important rigealko

anticipated thatin light of recent advancemesin additive and advanced manufacturing techniques, the
design of many engineering systemsdparticulaty SMH systems, will greatly benefit from tiise of
multifidelity models that can widen thiesign spaceThis development will enable tirevestigaion of

novel unconventional desigasdfine-tuning of existing conventional designs. This will have a direct

impact on improving the effectiveness, reliability, and efficiency of these new sy3teenfallowing
paragraphreview some of the potential analysis/design techniques that can be used in the design process.

First-principles based methodd hese techniques offer benefits in the preliminary design,siadkey

allow the designer to considére generation module as a black box. At this stage, the overall
performance of the system, determined in terms of integral quantities of interest as related to functional
relationships, can be rapidly investigated to define design requirements. Thssamiadlyid flow can be
simplified by the use of firgbrinciples based methods, which considéd, 2D, or bothforms of the
governing equations. As an example, the draft tubes (if they are to bim tisedystem) can be modeled
as1D channels in mulfile planes, and the performance of the turbine can be determined by a simplified
momentum equation resulting in an actuator disc model. These analyses can be performed relatively
quickly.

Moderatefidelity steady techniquegdnce the design requirementsldimitations are identified using
first-principles based analyses, the next siefp analyze potential designs.§.,generator module,

foundation module) using CFD simulation tools. Because of the high computational costfiddligh
solutions, oneould adopt a roadmap with increased fidelity in each stage of the design/analysis process.
In light of that, it is expected th8D steady CFD simulation tools that model Reyndldgraged Navier

Stokes (RANS) equations would be used extensively. Sirere tvould be many different optiofts
modelngAit ur bul ent viscosity, o0 some guidelines need
(e.g.,k-e, k-w, SST, RNG) would bthe mostappropriatdor use in different components/modules of the
overall sysem. For rotating parts of the system, one could simply use a relative coordinate system that
incorporates the rotational effects through additional centrifugal and Coriolis acceleration source terms in
the governing equations. Witurrentcomputing techology, RANSbased flow solvers should provide a
relatively accurate (at least in the global sense) picture of the syéteenthat these analyses offer

insight into only the hydrodynamic performance. For higiaglity solutions, one may need to consider
amultiphysics coupled approach. At this stage, the steady (global) performance of the generator module
can be determined with relative accuracy using 3D RANS simulations.

2L http:/iwww.openfoam.com/

29



Moderatefidelity unsteady techniquegs mentioned earlier, for some parts of 8dH system, the
hydraulics (and performance) can be modeled accunadiely 3D steady RANS equations. As an
example, the draft tubmuld be expected thave a relatively steady flowfield that could be modeled
using RANS equations. However, improved flptwsics should be considered for highly unsteady
turbulent flow fields that are observed in the runners (turbines) and stators (or the inlet guide vanes).

Today, most unsteady analyses for turbomachines are based on unsteaygtirate methods, which
model RANS equations in an unsteady fash{iRithmanand Fleete200Q Denton 1999Chenand
Whitfield 1993 Chenet al.1994 Volmar et al.2000; Chaluvadet al.2001) Unsteady flow calculations
in turbomachinery using direct time simulation techniques are comraamgloyeal. Generally, research
and commerci al c odteesp pisreg ih \wheh, gl ebatapthylsical timeethe solution
is obtained using inndterations to drive the residual to convergeéh this approach, many possible
flow physics/flow regions cabeinvestigated in a timaccurate manner. As an example, one can model
interactions of an inlet guide vane wake with a downstream rotor (unree straightforward fashion.
However, this approaamaybe expensive in a design stdggrcause

Multiple blade passages (if not all) may need to be considered

The simulation must be carried out for a long time to capture any periodic response

For eactperiod, very small physical timesteps must be taken to ensure solution

If a duattimestepping approach is used, a number of pseudo timesteps must be performed to drive the
residual to machine accuracy for each physical timestep.
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Other moderatdidelity unsteady approaches can be useful in the analysis of the flowfield. One such
technique thais being more widely used the harmonic balaneaethod(HB, also known as the time
spectral/timecollocation/parallel irtime method. At its core, the HB methoadkes advantage of the fact
that many flows of interest in SMH generation modules are periodic in time.gigen number of

blades (in addition to blade, hub, and tip geometry), and the rotational speedndaterminghe

dominant frequencies in thiod field a priori (excluding frequencies that are predestause of, for
example hatural sheddingr buffeting) and model the flow field as a Fourier representation in time (and
spaceowingto spatial periodicity). Following this approach, the compomai requirements can be
reduced significantly (comparedth duaktimestepping timeccurate approaches) by reducing the
computational domain to a single blade passage in each row and by solving the unstepdsiditie
problem as a coupled setfofsatdey 6 pr obl ems. As mentioned earlier,
turbomachinery community has incredskiring the past decaddB applications to hydrodynamic
problemshaverecentlybeenreported in the literatur@Hall et al.2002 He and Wing1998 Campobasso
and BabaAhmadi2012 Ekici and Hall2007, Ekici et al.201Q Luderand BlockJacobi2013) and there

are a number of research and commercial codesdlvatdopted this approach. It is expected,timathe
conceptual analysis and design ef\nSMH generation modulgsoth timeaccurate and Hibased

RANS methods will be used extensively.

High-fidelity unsteady technique#lthough most companies/researchdediories will probably use
unsteadyRANS (URANS) solvers for analysis and design pusgs parts of the system may require even
higherfidelity techniquesincluding hybrid RANS methods such as detaebddy simulation (DES) or
largeeddy simulation (LES) that are useful in modeling sreedlle unsteadiness and turbulence in the
flow field. Because of the requirement that largeale eddiesdomodeled (which can b#oneusing a

very fine computational grid), the mesh requirement for LES and DES approaches may be significantly
higher tharfor the RANS approach. Therefotbe designewould have to make judicial choice of

which regions would benefit from increaskdklity solution. More discussion regarding the choice of
turbulence modeling requirements is providedrlatehis document.
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Reduceebrder models: Another family of modeling approaches that can potentiadigdopted in the
design stage is reducedder modeling (also commonly referred to as ROM). In general t&OS]
(Luciaet al.2004)is used

€ to transf or rorder systemoof gemingrequitions to g siystem of
much lower order, whereby only the most important or dominant parts of the system
dynamics are preserved. A projectibased model reduction method compresses the

systemds state informati otoaldvmerdmensignadct i ng t he s
subspace and rewrites the governing equations in a compressed represébjatidiet
al. 2017

Order reduction is achieved by decomposing the protieail¢w field, in this case) into a set of modes.

Generally speaking, properthogonal decomposition (POD) ised to form these modestanorthogonal

basis vectors based on system observatdas a anal ysi s using POD is often
shape® or basis functions, fr om ebhighadimensienal systdmsd at a o
for subsequent use in Galerkin projections that yielddowensional dynamical models. The ROM/POD

approach has been applied to various problems in the literature to obtain approximdtmdasional

descriptions such as theneeded foturbulent fluid flowsandstructural vibrationsior example(Holmes

et al.1998).In the framework of SMH generation module design, this approach can be very useful to

speed up the design cycle. As an example, the high computational tqu&eddor parametric studies

for optimum performance can be reduced bty obtaini
high-dimensional RANS simulations for a design parameter at a number of valuggafgigg mass

flow rate). The system responfee other values of the design parameter can be projected using a linear
combination of the snapshots. The weighting coefficients for each snapstietermined using model

order reduction.

4.2.3 Turbulence Modeling
LES vs. RANS

As explained irSection 4.2.2LES is a mathematical model used in CFD to simulate turbulence. LES, in
some sense, is similar to direct numerical simulation (DNS), which simply models the goWSiiagt

very small time and length scales to resolve sstle turbulence. Unlike DNE&ES uses lowpass

filtering to ignore the smallest length scalgignificantly reduing computational time comparevith

DNS. Currently, the use of DNS codes to model engineering systems is still not attaarablbe use of

LES has only started being reported in the literaBeeause of thincreased computational cost, LES
simulations require the use of supercomputers to ensure accuracy. This requirement may put pressure on
small as well as large SMH manafaring companies. Therefore, generating a roadmap (through basic
research) that outlines which approach is most suitable for different parts of the SMHw#isbem

invaluable to the community.

Because of the computational cost of LIRRNS is often usdbecause simulations can be run on

personal or small computer clusters with appreciable accuracy. Simply put, RANS separates the time
averaged and fluctuating quantities of the governing fluid equations to provide accurate mean solutions.
The fluctuatingpart of theNSEis approximated using constitutive models of turbulence such as the SST,
k-w, k-e, and SpalarAllmaras (more commonly used for aerodynamic applications) turbulence models
(Bensowand Liefvandah2008 Kanget al.,2012; andTian et al.2016).

31



Laminar -Turbulence Transition

A potential problenin accurate modelg of turbine blade performance is the prediction of laminar

turbulence transition. The transition is difficult to model with RANS solersause atheir treatment of

turbulence. Arecentstudyt hat i nvestigated sever al commonly use
of them properl y c a(@hengetal.200 8omeé modets have shawn theepbténtat t o

to predict turbulence transitiphut only for a class of flow problems. However, all models studied

predicted the pressure distribution accurately. Whether the transition effect needs to be properly modeled

will dependonwhat structural and hydropower parameters need to be ob{&nzthand Huan@005;

Sander®t al.2009; Yershowand Yakovlev2016; Biswas 2006).

4.2.4 Closed Conduit Modeling

A generation module may contain a conduit that conveys water from the intake to the Cobinary to
open channel flow, closed conduit flow does have a free surface open to the atmosplRather the

flow exerts continuous pressure on the inner perimeter of the coGthsed conduit flow models are
primarily used in hydropower design to determine the flow profile and friction head lossers jph@sng
conveyanceThe primary source of head loss in conduits is wall friction losses along straight segments
and at directional changes, such as bifurcations, bends, expansions, and contrsaibitgsses due to
wall friction are proportional tche square athevelocity through the conduit, and they are generally
modeled using basic steastate calculations that include an estimate of conduit surface roughness,
simplified velocity profiles, and coefficients that correspond to the geometry padtylirectional

change encountered.

Owingto the small, modular nature of SMH desiga$ong conduit is not expected, and the need for
independent closed conduit modeling is minimad.array of generation modules, however, may have
several intakes witkhort conduits that lead to small, separate turbiv@ganced CFD modeling of a
generation module array may need to account for the forebay, intake, and conduit flow regimes to
optimize flow profiles and discharge to the turbiibe modeling of closedonduits has always been
particularly difficultbecause othelaminarturbulence transition. Recently, hybrid turbulence models,
particularly SST kw, with RANS have proven more effective at modeling conduit flowsthey can
properly handl¢he transitbn (Zhangand Kleinstreue2003).

4.2.5 Hydropower Modeling

When using a turbine to convert hydraulic energy into mechanical enemyf the most important

parametes to measuris the output power. Output power is directly related to the torque imposed on the

blades by the shearing of fluid. The force thatflhiel imparts on the blade can be calculated by

integrating the pressure forces at the surface of the blade and asthanhiigcous forces are negligible

at the blade surface. Onesearch group at the University of Minnesota applied this method tcldeeal
hydrokinetic turbine and found that they were abl
power geneted» .0 (Kanget al.2012). Themodelingwas done with LESso a highresolution mesh

was used. Howevethe researchestate that thepbtainedd esul t s wi th figrids that
resolve the details of the flow in the immediate vicinitgod | i d wal l s. 0 This is pron
models that are unable to resolve the same level of detail.

4.3 GEOMORPHOLOGIC PROCESSES
Geomorphological changes in river systems are driven by the imbalance between the sediment transport

capacity and the sedimentpgly from upstream and the adjacent watershédg et al. 2017Lane
1955).This imbalance causes river aggradation or degradation, when the sediment transport capacity is
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smaller or larger than the sediment supply, respectiVély.interaction of theggradation or degradation
with the existing river morphology and boundary conditions at different spatial and temporal scales
triggers further geomorphological processes that change the river system geomorphology to restore
equilibrium conditions at thewér. These geomorphological processes are examined in detail in the
following sections:

River Metamorphosis Modeling,

Incision

Bed Gradient Changes

Channel Widening and Narrowing

Textural Changes and Bedform Development
Scour Modeling

=4 =4 =8 -8 -8 A

Hydropower facilities are knowto act as flow conveyance and sediment supply barriers (Brandt 2000;
Schmidt and Wilcock 2008; Wild et al. 28)land as such, to cause imbalances between sediment
transport capacity and supphs a result, hydropowdacilities cause river geomorphic changesa

range of spatial and temporal scales to the rivevghichtheyare placedNlagilligan et al. 2018 In the
context of geomorphologic processes, dinaulation andnodelingcapability aims to predict these
geomorological changes and assess the impacts that placement of SMH facilities would generate by
employing a suite of morphodynamic modeling packages (Papanicolaou et al. 2008; Coulthard and van
der Wiel 2013).

The main principle behind most river morphodynamidels is to estimate the imbalance between
sediment transpbcrapacity and sediment supply in every grid cell of a discretized domain and use this
imbalance to predict erosion, deposition, or textural changes (Papanicolaou et al. 2004; Papanicolaou et
al. 2008; Coulthard and van der Wiel 201Bjese predictions arthen used to adjust the morphology of
the modeled domain accordingly, by varying channel bed elevation, channebsidbed sediment
compositionas well as channel planview and cresstbnal geometryThe sediment transport capacity

in most morphodynamic models is estimated asction of the flow parameters through the use of one
or multiple sediment transport formulae (Garcia 2008gse formulae are usually seempirical in
natureand can be either deterministic or probabiliglepending on their treatment of the sediment
transport proces3he sediment supply is typically assessed through a continuity equation for sediment
mass transport, such as the Exner equafiba.more sophticated models may also account for lateral
contributions from the adjacent watersheds, although modeling of the lateral contributions remains an
open research challenge,issdiscussed ifsection 5 Papanicolaou andlbban 2018.

The key processes thasult from the interaction of aggradation and degradation with river
geomorphology and boundary conditions include the followkigure5): (1) river metamorphosis,

(2) incision, (3) channel gradient change, (4) widening or narrowing, (5) textural changes and bedform
dewelopment, and (6) scolEach one of these processes is briefly examined in the foll@auingections,
along with typical modelingtsategies, requirementand caveatdt is noted however, that multipkeof

these processes may occur concurrently at the same scale and interagewitither and with other
hydraulic and geotechnical processes (Skalak et ar)Z0iese interactions are discussed in detail in
Section 49.
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Figure 5. Characteristic spatial and time scales of key river geomorphic
processesdfter Knighton 1998).

4.3.1 River Metamorphosis Modeling

River metamorphosis is the changeiver planform geometrgue tosediment aggradation and
degradation over larger spatiotempa@ehles $chumm 1977Bridge 2003; Ashmore 2013; Hooke 2013).
Such largescale river planform geometry changes are river meandaniavr braidingRiver

meardering is triggered especially in rivers with erosone banks, which allow lateral migration of

the stream and the formation of alternating bars (Bridge 2003; Hooke BRi\N&) braiding often follows
meanderingwhen hightransporicapacity flowserode the alternating bars caused by meandaring
following thedeposition of large amounts of material within the river floodplain (Bridge 2003; Ashmore
2013).

Changes in the planform river geometry, such as meandering and braiding, occur at laedjenspat
temporal scales, which in the SMH context would correspond to the river Bgpieal spatial domains
for modeling meandering include betweer 46d 10 meters Typical temporal scales of such largeale
processes aren the order of several yesato thousands of yearBhe modeling spatial resolution must
include transitions in river 3D topography and roughness and the temporal resolution.

Because meandering and braiding are processes acting in the planform of a river, they require coupling
2D o 3D hydraulic model$o properlysimulae the flow hydraulics in these settings, and 2D sediment
transport modelto account for the streamwise and lateral transport of sedi@éparamount

importanceto correctly accounting for the model hydraulicgniat the hydraulic model must account for
secondary flows (secondary currents), wtdoba key flow feature at the meander bends (Odgaard 1989;
Papanicolaou et al. 200Burthermore, the models must account for variable river @estsonal and
planformgeometryincluding the variable curvature encountered in meandering reaches, as well as
variable bed roughnesBhe models must allow for erodible river beds with multiple fractions of bed
material as well as erodible river banks with different matepiaperties and erodibilitirom those of

the river bed materiaBecause modeling these planform river changes requires fagiardimension
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models and larger spatiotemporal scales, modeling of theseskzalgeprocessesaybecome
computationally expgsive.

Models that can be used for simulating river planform changes are the model of Sun et al. (2001), a suite
of linear models that have been introduced in the past (Parker 1976; Ikeda 1987), and the International
River Interface Cooperative (iRI&)software package edeveloped by the USG8nothermodel that

can be used for modeling meandering is DELF#ZRinaldi et al. 2008; Matsubara and Howard 2014).

4.3.2 Incision Modeling

Incision occurs in stream reaches where the stream bank conditions precladleXp@nsion of the

channel, and the sediment transport capacity greatly exceeds the sediment supply (Williams and Wolman
1984; Grams et al. 2007; Schmidt and Wilcock 2008). Boundary conditions precluding lateral stream
expansion include bedrock channaisl channels with nomrodible banksincision may take place over

a wide range of spatial scales rangivgrthe reach scale, i.e., ~fdeters up to ~dn (Schmidt and

Wilcock 2008) andonthe order of a few years in terms of time scaléghin the SMH scale framework,
incision is a process actimg the river and site scales.

To model incision, morphodynamic models must treat the bed as an erodible, movable boundary that will
allow accounting for the bed elevation changes that result from the inaigion.Furthermore, the
morphodynamic models must allow specification of the esessional geometry of the stream and banks,

as well as the bank boundary conditioBscause incision is a predominantly 1D process, 1D hydraulic
models may be used forguticting the transport capacifijhe spatial resolution of the model should be
sufficiently fine to account for changes in the cresstional geometry, bed material, and bank material

and boundary conditiondlodels that can be used for modeling incisima 3ST1D (Papanicolaou et al.

2004) the USGSIRIC, andthe FAST2D/3D and DELFT2D/38

4.3.3 Bed Gradient Modeling

Channel bed gradient changes, and most commonly insr@aseannel steepening, are the outcome of
increases in sediment transport capacity, wigmften triggered by increased sediment supply from the
upstream (Schumm 1977; Bridge 2003hannel steepening is typically observed following sediment
releases from hydropower facilitiddodeling is required to predict the final slope in a river heac
following steepening, as it affects the flow hydraulics in that reach.

Channel steepening occums the site and river scales spanning between the orders wf dtd 16 m.

Its temporal scales also varpm a fraction of a year to several yearbe malel spatial resolution must
be sufficiently fine to allowepreserdtion ofvariations in the river crossectional geometry and textural
differentiation of the river bed material.

Modeling of channel gradient changes reiihat the models incorporategictions of the planform and
longitudinal river geometryThe models should also feature erodible mautallow for the deposition of
incoming sediment to replicate the changes in elevation that lead to channel stedpsenjngpending
on the planforngeometry of the river, 1D models may be acceptable in relatively straight reaches,
whereas at curved river reaché® use oht least 2D models must be considered.

22 nttp://i-ric.org/
23 https://oss.deltares.nl/web/delft3d
24 http:/lwww.delftsoftware.com.au/products.html
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Models that can be used for modeling channel steepening are 3ST1[3; FAST2D/3D, and
DELFT2D/3D>2®

4.3.4 Channel Widening and Narrowing Modeling

Changes in the river channel width, including widening and narrganegrequently encountered in

rivers where hydropower facilities are installed (Brandt 2000; Grant et al. ZU@)nel widening is

usually the outcome of increased transport capacity in reaches with limited sediment supply and banks
made upof erosionprone material that allows lateral expansion of the ri@aannel narrowing has been
observed in reaches with lower transport capaeigtive to the incoming sediment supply, which results

in deposition of the incoming materthlatnarrows the channel.

Changes in the river width may ocawera range of spatial scales spanningrhGo 1¢ m, andthey
correspond to the site and rivarales of the SMH frameworkhe time scales of these changes range
from a fraction of a year to several yearbe spatial resolution of the models to be used must be such
that variations in the crosectional geometry in bed and bank erodibility apgesented in the model.

The temporal resolution of the model must be relatively high,@agdhe order of daydviodeling of
changes in the river width requires that the model incorporate the capability to handle variable cross
sectional characteristicad river planform geometrfurthermore, the models must allow changes in the
geometry of the river crossections modeleaspecially in the lateral direction, and thus must feature
erodible beds and bankehe models must also be capable of delineagrgutal variability for the bed

and banks to allow for their variable erodibility.

Models that can be used for modeling widening and narrowing are CONCEPTS, the model of Eke (2014)
and of Wu and Wang (2007).

4.3.5 Modeling of Textural Changes and Bedform Develoment

One of the most common geomorphologic effects resulting from the placement of hydropower fiacilities
changes in the grain size distribution of the river bed surface and organization of the river bed surface
material in bedform$Bed surfacedxturalchanges may lead to either coarsening (also known as
armoring) or fining of the grain size distribution (Bridge 2003; Grant 2008.pediction of such

textural changes is importamats they affect the channel roughness and the flow conveyance rdquired
hydraulic modeling and may promote other geomorphologic changes, such as river meandering and
braiding(as discussed iection 49).

Coarsening of the river bed surface occurs when the transport capacity is sufficient to selectively entrain a
subset bthe grain sizes available at the river bed surface (Brandt 2000; Grant BOO@)trast, fining

typically is an outcome of the deposition of incoming finer material duringsugiply events at low

transport capacities.

Textural changes and bedform dpment typically occur over smaller spatial scales,drethe order

of 1 through 1®m, which correspond to the site levEheir temporal scales aoa the order ofrom one
year to several years, depending on the existing grain size distribdtideling textural changes the
bed surface requis¢hat the model spatial resolutibe sufficiently fine to account for the presence of
textural patches in the bethis requirement may necessitate spatial resolutions below the 1 m scale.
Temporal resoltions must be as low as 1 day, as coarsening and fining mayascsborter time scales.

25 http://i-ric.org/
26 http:/iwww.delftsoftware.com.au/products.html
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To accounfor textural changes and the development of bedforms, morphodynamic models must consider
erodible beds with variable bed topography angst havehe capability to account for multiple grain size
fractions for the bed materidlhese models also need to account for the @esgonal and planform

geometry of the strearA key requirement for modeling textural changes is that the model formulations
incorporate the capabilitior selective entrainment of the available bed surface sizes and selective
deposition of a subset of the supplied sediment dizedels that can account for textural changes are
3ST1D, iRIG?*" SRH2D*® CCHE3D?®

4.3.6 Scour Modeling

Scour idocalized erosion caused by local alteration of the flow field following its interaction with

hydraulic structures, such as the various SMH facility modules (Lagasse 1995; Melville and Coleman
2000).The pediction of scour around SMH facility modulesoisparamount importance for the stability

of these modules, as scour can compromise the stability of the foundation module and thus the stability of
the SMH facility.A key feature of scour is that it is a localized phenomehatis intimately relatedo

the turbulent flow structures that develop from the interaction of the flow with hydraulic structures

(Ettema et al. 2010).

Because of its localized character, scour occurs at the smaller facility and module scales of the SMH
framework.This, in turn, sugests that the modeling domain for scmwsomparable to the size of the

SMH module, around which scour is modeledaddition, the time scales required for scour to develop

are rather shorgn the order of day$dowever, because of the intimate relasibip of scour with the

turbulent flow structures, modeling of scour may require quite fine resolutions that are comparable to the
spatial and temporal scales of the turbulence structures generating thé\knwithe same lines,

because of the 3D natunéthe turbulent flow field in the vicinity of the structures, modeling of scour
should be performed in 3D with 3D flow dafdne models need to incorporate the 3D geometry of the
domain around the hydraulic structurBarthermore, modeling of scour musinsider erodible beds, by
accommaodating the lowering of the bed surface elevation under the scour&ctionmodeling must

also account for the different types of bed sediment materials (e.g., gravel or sand), as processes specific
to each type may ditionally affect scourfor instance, in gravel streams, gravel particle interlocking
and/or armoring may reduce the predicted scour ddfutiels that can be used for modeling scour are
FLUENT®? and FLOW3D?*

4.4 ECOLOGIC PROCESSES

Ecologicprocesses includewide range of human and animal useamd interactions witthe natural
resources of the river. Modeling and simulation needs to address vecwmagicprocessethatare likely
to occur at all levels of organizatidnom watersheds to modulelk many caseghe same model may
address issues at more than one level.

Identified herein are severat@ogic challenges that might be faced durthgdesign and operation of
SMH projects for which a variety of modeling approaches could provide insidtsodutions Theyare
thefollowing:

27 http:/fi-ric.org/

28 https://www.usbr.gov/tsc/techreferences/computer%20software/models/srh2d/index.html
29 https://www.ncche.olemiss.edu/cche3d

30 http:/iwww.ansys.com/Products/Fluids/ANSY¥Ruent

31 https:/iwwwflow3d.com/
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Fish Behavior and Response Modeling

Fish Physiology and Biomechanics Modeling

Benthic Habitat Modeling

Cumulative Effects/Populatiebevel Response Modeling
Recreational Modeling

= =4 =8 =8 =9

4.4.1 Fish Behavior and Response Modeling

In the context presented here, fish behavior refers tocharacteristicas general habitat preference and
use, movement patterns, migration timing, and response to facility features and flow patterns.

To address fish passage neeztfuiresaccurate dsnation of the timing of fish movements and

migrations upstream and downstream of a facility. For some migratory species, models exist that predict
time of occurrence based on river conditions (e.g., temperature anddlavidr many speciegmpirical

data are still need to construct such models.

Altered flow at the seam level caused by other water usereatural phenomer(e.g., flood, droughtin

the basin can affect natural resource use at the facility and can produce cumulative environieestal ef
that the facility by itself might not cause. Assessing fiviete flow alteration is important and necessary

not just for environmental resources protection but also for accurate assessment of generation capacity.
Models that use publicly availableresam flow data to assess natural and unnatural flow variation and
alteration at a wide range of temporal scales (hourly to yearly) are widely available to address this
challenge.

To safely pass fish around or through an SMH project in either an upstrefmwiastream direction, it

will be necessary to design passage modules based on the behavior of resident and migratory fish in the
river and on the local hydraulics. Behavioral aspects include understanding when fish will approach the
facility and how thewill respond at entrances to upstream and downstream passage devices. Getting fish
to find fish ladder entrances has always been a challenge because of the complex flow fields around most
hydropower facilities. There are a variety of hydraulic modelsddmatoe brought to bear to evaluate fish
ladder designs for upstream passsgadgo achieve velocitand flow field criteria that will result in

appropriate attraction. Similarly, hydraulic models can also be used to assess the hydraulic conditions
arourd collection and exclusion devices for downstream pag$déeser et al. 200%.

4.4.2 Fish Physiology and Biomechanics Modeling

Being able to understand and model the relationships among fish physiology and biomechanics and
various characteristics of the environment around an SMH facility will be important in solving many of
the ecological challenges faced at an SMH site. For eeangsafely pass fish around an SMH project,

it will be necessary to design passage modules based on swimming perfocritaniegas well aghe
behavioral criteria mentioned abow#)resident and migratory fish in thiver.

Ladder designs fanpsteam passagacorporate features that produce resting pools,-peers, and
eddieswhich are based on various fish performance features such as swimming endurance, burst
swimming speed, and jumping abilifjhere are a variety of hydraulic models that ba brought to bear

to evaluate ladder designs to achieve velocity and flow field criteria based orssplectc i e s & s wi mmi r
performance¢Rajaratnam et al., 188Katopidis, 1992)

Similarly, hydraulic models can also be used to assess the hydrawitamaround collection and

exclusion devices for downstream pass&t@lraulic conditions at fish screens must be such that fish are
not impinged on screens but moved past them to a directed bypass route.
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For some species and some turbine types, \atiobine features (such as turbine speed and blade shape)
could be modified to reduce the risk of turbine injury to the point that passage through the turbine for
downstrearrmoving fish could become the preferred roiddedeling toolsets that combine CFidodels

of internal turbine conditions with fish injury risk models are available to turbine manufacturers to
produce more turbines that reduce the risk of fish inffRighmond andRomereGomez 2014Richmond

et al. 2014

Healthy fish populations arerdictly dependent on various aspects of water quality, in particular
temperature anBO. A variety of modelsareavailable that can predifish response(e.g., physiological
stress growth,and mortality) to water qualitigsuessuch as elevated tempenaand lowDO (Van
Winkle et al. 1997Bevelhimer and Bennett 2000; Bevelhimer 2002

4.4.3 Benthic Habitat Modeling

Changes to the stream bottom as a result of construction and modified hydraulic forces can affect
available fish habitat, food resources, andwspag habitat. Stream fish typically have speeipscific
spawning requirementa/hich often include sediment type and hyporheic flowse Tiydrodynamics and
the sediment transport around the facility will involve the design, functionality, and locaatin o
modules Addressing tese challengs will likely require a combination of sitepecific  hydrodynamic
models sediment transport modelsnd models of fish response.

In addition to neafacility concerns, raintaining natural sediment transporingortant to preserve
natural steam ecological functions downstrelfodels that can predict the amount and quality of
bedload transpost thestream scale are available and should be consittedesbigning both a sediment
passage module and the ovefadility. These solutions will span sediment transport dynamics from the
module to the watersheflee Section 4.3 for a description of example sediment transport models.

4.4.4 Cumulative Effects/PopulationLevel Response Modeling

Largescale ecological impadissuch as changes in populations, community structure, habitat
fragmentation, genetic diversity, and biodiver8itgrecumulative functios of many of the issues
discussed aboyas well a®f activities that occutthroughout the watershed. There are a pletlodiish
population models that could be used to ashessifectsof these various stressars local populations

in addition tothe effects of fragmentatidhat can occur when populations are geographically separated
by instream structurdgiallam etal. 2000;Jager et al. 2000; Jager et al. 2008)dels that address
populationlevel effectson highly migratory speciegnd changes in community structure and
biodiversity are more complex and not as readily available for application.

4.45 Recreational Modeling

Streams of the size most suited for SMH development are also popular sources of recreation, such as
fishing, leisurely canoein@nd whitewater boating with rafts and kayaks. Maintaining these resource
services by designing facilities and moduleg #dilow for safe boat passage or portage will require
knowing the type and amount of recreational resource use. Models thaedanitpe amount osmall
recreational craft movement upstream or downstream of a faaititithe needor and cosbf

recrational accessvould be usefullt is unlikely that such specific models currently exisit there are
statistical models that have been developed to make similar resource use predictpesténlexisting
data that can be used for model developr{ieing and Montgomery 1988)

If boat passage is deemed necessary at,dlste additional information will be needed to facilitate

module design, such #sestreanflow characteristiceecessary tenable consistent and safe gage
through a SMH facilityor providea desirable boating experiendemight also be necessary to be able to
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predictthe upstream hydraulicthat arerelated to th@performancef exclusion devicemtended to

prevent unsafe interactions between boatersvaulles Existing 1D, 2D, and 3D hydrodynamic models
can be used to characterize river currents upstream and downstream of thegssgssthow these flows
might be affected by facility structureendassesfiowthe flows could be manipulateto provide safe
passage for recreational watercraft.

4.5 STRUCTURAL PROCESSES

Structural processes are the physical behaviors that determine the formation, arrangement, and
relationdipsof a physical body or system. Structural analysis aims to predict the behaaiphysical
structure when subjected to a force. The theoreticasldas structural analysis are the fields of applied
mechanics, applied mathematics, and mates@ence. Determining the deformations, internal forces,
stresses, and stability of a stture is crucial to prevent the failure of a desigaasnsfor modelingthe
structural response of a design agiven geometry, loading conditions, and material properties include
maximizing service life and safety, minimizing weight and cost, andtsegematerials and
manufacturing methods.

The response of a structure when subjected to |
could experience several forms of structural loads. A dead load is a static force that valyesrslagh

thatinertid forcesbasedomN e wt ondés f i r st | avandiPaR008blededdpadacandael ( Nay

in the form of compression or tension on a body and includeseigit of thestructure. Live loads are
dynamic forces that vary quicklguch as impets, vibratiors, or momentum. Environmental loads can act
on a structuras a result ofiuids, wind, seismic activity, and other types of natural occurrences.
Understanding the loads a structure could encounter over its service life is crucial in thegyordeess

to ensureghata design does not exceed mechanical failure criteria for buckling, corrosion, creep, fatigue,
fouling, fracture, yielding, and other modes of failure.

Structural processes influencing SNtilities are found at the module arafflity level. These
processes can be modeled by the following:

9 Structural Dynamics and Fracture Mechanics Modeling
1 Finite Element ModelingFEM)

1 Topographical Optimization Modeling

1 Probabilistic Durability Modeling.

4.5.1 Structural Dynamics and Fracture Mechanics Modeling

For structural response considerations of SMHs, important areas that need extensive modeling and
simulation are structural dynamics and fracture mechamidight of advancemestin additive and
advanced manufacturing techniques, wicgrate the use of new and existing state¢he-art materials in
SMH turbines. As an example, composite matedadsgood candidates for use becaugbaif excellent
structural characteristi@ndtheir ability to withstand corrosioffherefore we articipateextensive use of
composites in SMH runners and turbines. In the wind turbine industry, turbine tyipidadly are made

of braided fibers qiin some casesrefilament wound. They use combinations of carbon and Kevlar,
which helps to avoid castrophic failure.

To ensure that the structural properties of composite turbines meet loading requiranexiessive set
of simulationds neededisingfinite elementanalysis (FEA) or FEMas discussed iSection 4.5.2. Data
related to material propies, tension, compression, interlaminar shear, impact (low and high speed)
environmental durability available from tkesting andsalidationpillar of the SMH Program W be
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crucial in validating numerical simulatiorSimulations could provide Bight intothe optimization of ply
thickness, number of layers, and ply orientation for the composite material used.

In addition, a coupled approach must be taken to model the hydroelastic response of the generation
module with respect to the interactiohthe turbine blade structure and the hydraulics of the turbhns.
interaction is discussed in greater detafbattion 4.9.

4.5.2 Finite Element Modeling

FEM, also known a§EA, has become the most accepted analysis method in the design of complex
structues. Structures are inherently continuous in natureagg@D. Determining an analytical solution
for continuous structure is ndaimpossiblebecause ofomplexities in geometry, boundary conditions,
and material properties (Friswelhd Mottershea@l013). FEM allows foanapproximate solution by
modeling a structure as a finite number of elements and nodes with a solvable number of degrees of
freedom. The analytical and computational solutions are found by meararof algebrasolvingpartial
differential equations

The geometry of a structuredsscretized into a mesh of finite elements of cershiape and size$he
elements all haveespectiveshapes and properties to accurately represent the mass and stiffness effects of
the continuous structure. The physical behavior of each element mrestant the response of the
structural system in both a local and global setieefore, itmay include properties of density, stiffness,
shear modulus, thickness, and other material characteritiesnesh can contain elements of multiple
geometriesln modeling 1D structures such as trusses, cables, or btmadements used in FEM tend

to be straight or curved 1D elements with representative axial, bending, or torsional stiffnessldad
contain two nodefOfiate2009).The elements used for modeling a 2D structure like a plate or shell can
have a variety of shapesich as flat or curved triangles or quadrilateralg nodes usually placed at the
corners. FEM for 3D solids typically useetrahedrals and hexahedrals with nodes at the vertices. The
discretization process is an essential part of the preprocessingrstepultiple discretion strategies exist
as proceduredtgenerate the element meshes.

Many use cases require FENMwill be essential in the design of each module, module interaction with
other modules, module interaction with the environment, and facility layout as whole.

At the site level, FEM can providaesgight intothe structural response of the entire facility wteis acted
on by external forces. Thissightcan be instrumental in designitite site layout to ensure a safe, cost
effective, and londasting operational facility. Building codes for hipgower facilities often require a
largefactor of safety for extreme environmental forces such asdlaod seismic events. These
requirements can be met with the implementation of FEl&s@sshe structural response affacility
under suchiareextremeconditions. The earthquake engineering software packages for DiafadFigA
OpenSees are available to meet this modeling demand.

The modules that collectively make up the facility will need to be interconnected with adjacent modules
and eactmustbe connectedith the foundation modul&.he connections betwe@amodules can be

designed and modeled with FEM to ensure the modules will not become disconnected by shear, tension,
or compression forces that are likely to occur from fluid flow, foundas&itiing, sediment buildyand

debris impacts. Several FEM softwar@ckagetiavemodulesdedicated to pattio-part connections that

would be applicable in designing the module connections.

32 https://dianafea.com/
33 http://opensees.berkeley.edu/
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At the module level, FEM will besedin multiple ways. Each type of module will need analysis to
ensure it will not fail under operation in normal or extreme conditifithout compromisinghe high
safetyfactors, module design can be altered to reduce cost by optimizing weight and nsztexcébn.
Several FEM software developers, such as ANSYS Strugfuwtier strength, vibration, and motion
analysis for composite materiaeverakophisticated FEM softwaprogramsarecurrently available
including suctpopular programasAutodeskSimulation® ANSYS,* ADINA ,*” COMSOL,* Nastrarf®
and CosmosWork¥

4.5.3 Topology Optimization Modeling

Topology optimization modeling (TOM) optimigéhe material layout in a design spagéven a set of
loads and design constraints maximize thesystemperformance. TOM is a mathematical optimization
problem that can be computed by some FEM programs, typically in manufactunihig, usedh early
product development to design lightstiffer structures (Fancelland Pereri2003).

Since the shapes anthterials of SMH modules are unknown, the TOM design space might be the shape
of the module itself or justsingle component. Optimization of shapes pestirseveral use cases on

the module level. TOM can minimize thenounts omaterial needed for p@rwithout compromising

their mechanical functionalityAdditive manufacturing processes have made it possible to produce some
TOM-optimized parts that were too difficult to manufacture using traditional procéss#her possible

SMH application of TOM $ thedesignof module shapes to minimize scour and erosion.

Available FEM softwarethatincludeTOM areMSC.Nastrait' Genesig? OptiStruct** ANSYS,* and
TOSCA (Choi 205).

4.5.4 Probabilistic Durability Modeling

Several use cases require madwfithe probability of failureatthe facility and module level to enswae
design is safe and remains ceffective well into its service lifeRrobabilistic analysis of the durability
of a structure approximag¢he expected service life, maintenance negadd overall reliability o&
structure ocomponentProbabilistic durability modelingnalyzeghe temporal behavior of a structure
whenit is acted on by expected loading conditions and detestieeprobability of failure. The range of
structural belvior modelingincludes stress analysis, dynamics, deformation control, creep and
relaxation, fractureand fatigue and structural stabili§robabilistic analysis caruse the Monte Carlo
simulation techniquewhich relies omepeated random sampling dodd cases to obtain a probability
distribution of an array of outcomeReliability can be determingdom the calculation of the
probabilities of failure at various timesnd hencehe lifetime ofa structure can be easily estimatethis
estimationcan be utilized to suggest inspection time frafoeshe $ructureto help prevent unexpected
failures(Marekand Pustk2007).

34 http://www.ansys.com/Solutions/Solutiehg-Application/Structures
35 http://www.autodesk.com/solutions/finisdementanalysis
36 http://www.ansys.com/

37 http://www.adina.com/

38 https://www.comsol.com/

39 http://www.mscsoftware.com/product/mseastran

40 http://www.aertia.com/en/productos.asp?pid=319

4% http://Iwww.mscsoftware.com/product/msastran

42 http:/lwww.vrand.com/genesis.html

43 http:/lwww.altairhyperworks.com/product/OptiStruct

44 http://lwww.ansys.com/
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ANSYS nCode DesignLif&is an FEM softwarethatis usedfor durability and fatigue testing
4.6 GEOTECHNICAL PROCESSES

Conventionahydropower plants are designed for long useful lives 6160 yearsOver that time, the
structure is required to remain in equilibrium with the subsurface to ensure overall public satety and
reliability of theservices enabled by the structugguilibrium in this sense is not stati@ther, it can be
considered a measure of external global stability against a statistically determined range of probable
environmental forced 0 assess stabilifly defined herein athebearing capacitpf a structureand its
resistance to sliding, rotation, flotation, and overturdim engineer requires knowledge of (1) the
engineering properties of the materials used to construct the structure and (2) the behaviarof earth
materials under the external forces impogpdn the structur&his section is primarily concerned with
the latterissue outlining the processes that undermine the stability of a structure and how they are
characterized through field investigations, empirical knowledge, and modBEfiagtandardition

aspect of SMH will focus the discussion oftypicalo potential projec a small or mediunrsize

hydraulic structure with no significant geological challenges.

This sectiorcontains the followingubcategoss:

9 Characterizingsubsurface Conditions

9 Stability Modeling

1 Seepage Modeling

9 Sediment Consolidation and Fluidization Modeling

4.6.1 Characterizing Subsurface Conditions

SubsurfaceExploration

Hydropower facilities are designed to transmit all imposed loads into the gomskquently, the

geologic ad geotechnical conditions at a potential hydropower site are two of the most important factors
that determine the overall safety of #teucture (FERQ017. Preliminal subsurface exploration can be
carried out through desktop studies of state or Igealogic maps, existing soil surveys, USGS

topographic quadrangle maps, aerial photographs, well records, and technical publications pertinent to the
area of development (DNR 200The most common and practical methdalmaracterimg the

subsurface of apecific site is through a site reconnaissance and field investigation that (1) classifies the
general geologic setting of the area and condition of the foundation soils and rocks and (2) provides a
general first impression of the engineering and geadbgispects of the proposed site and the extent to
which further study, exploration, and testenmgnecessaryThe field investigation may entail subsurface
exploration via test borings, test pits, and rock coribhgboratory testing may be carried outtermine

direct shear, unconfined and triaxial compression, sliding friction, modulus of elasticity, tensile strength,
natural and dry density, moisture content, consolidation, giamanalysis, and permeability of the earth
materials at a site (FERZD17). The efficacy of all subsequent geotechnical analyses relies on the
accuracy of subsurface material characterization as determined by preliminary desktop, field, and
laboratory studies.

Bearing Capacity

To provide stability in suppdrtg a structurethe subsurface must have the capacity to bear the forces
imposed upon itAs defined bythe Army Corps of Enginee(§SACE 2005), the allowable bearing

45 http://www.ansys.com/Products/Structures/ANSYSodeDesignLife
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capacity is fAthe maxi mum pressure that can be per

consiceration to all pertinent factors, with adequate safety against rupture of the soil or rogk mass
Principal factors that influence soil bearing capacities are type and strength of soil, foundation width and
depth, soil weight in the shear zone, and sugghfitSACE 1992)The shear strength of soil is a

complex function of numerous independent parameters, including mineralogy, particle size, shape and
gradation, cementation, degree of consolidation, state of stress, anisotropy, and drainage conditions
(USACE 2005).For small, lowhazard dams, laboratory tests of bagged subsurface samples may be used
to obtain assumed shear strength and permeability parameters (DNRR2DGbEk, bearing capacity is
influenced by joint spacing with respect to foundationtkyigbint orientation, joint condition (open or
closed), rock type, and rock mass condition (intact, jointed, layeré@ctured).The $ear strength of

rock foundations is generally controlled by natural planes of discontinuity rather than intestreocjth.

The final design of a structure founded on rock is generally not limited by bearing capacity
deformation/settlement, sliding stability, and overturning are the most influential considerations
(USACE1994).

The soil parameters required fob@aring capacity analysis include the shear strength, depth to
groundwater of the pore water pressure profile, and distribution of total vertical overburden pressure with
depth.Shear strength is a function of the undrained shear strength for cohesyéheadffective angle of
internal friction for cohesionless soils, and the effective cohesion and angle of internal friction for mixed
soils (USACE 1992)The rock parameters needed for a bearing capacity analysis include the deformation
modulus and compssive and shear strength of the rock nfaesk shear strength is characterized by
cohesion and internal friction, parameters that are quantified throughtdsticyg USACE 199).

The strength parameters and bearing capacity of rock and soil aresgnalginly through a combination

of analytical methods, field load tests, laboratory testing, and traditional bearing capacity equations.
Thesevalueswill be furnished to a structural engineer, who must provalaes forthe size and shape of

the structue and the character of the loading expected to occur to the structural erigrieer.

geotechnical and structural properties must be analyzed together to ensure the structure does not exceed
the bearing capacity of the soil or rock foundation.

Deformation and Settlement

Rock or soil may consolidate, settle, and deform when structures are placed uporhthemagnitude
and rate of settlement is a function of the consolidation characteristics of the earth material, the
characteristics of the structure, ahd toading conditions imposed uponTihe deformation and
settlement potential for small structures is generally determined through a combination of field
investigations andD settlement analysis (DNR 2001), which may require iteration following more
detiled stability analyses.

4.6.2 Stability Analyses

The objective of a stability analysis is to endiinehorizontal, vertical, and rotational equilibrium of the
structure is maintained under various loading conditiSteility is attained primarily by ensugrhe

bearing capacity of the subsurface is not exceeded, and by designing to an adequate factor of safety
against sliding, overturning, and flotation along critical potential failure planes and along the subsurface
structure interfaceA safety factor igenerally defined as the ratio of resisting forces (gravity forces and
soil/rock shear strength) to driving forces (gravity forces, hydrodynamic forces, shear stresses, uplift)
along the potential failure surface under various loading conditimp®rtantconcepts related to stability
and the resisting forces of the subsurface include loading conditions, sliding, overturning, flotation, and
seepage.
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Loading Conditions

An instream hydraulic structure is designed to resist both normal and extreme indoadisednd load
combinations during construction and normal operafitve. basic loading conditions generally used in
concrete gravity dam design and analysis are classified as normal (normal operation), unusual
(construction loads, flood discharge duriraymal operation, earthquake during normal operation) or
extreme (earthquake during construction, maximum credible earthquake during normal operation,
probable maximum flood during normal opera)idJSACE 199%. Loading conditions in both cases
consistof the combined lateral, vertical, and uplift forces that are likely to o&stimation of the
magnitude of these forces requires coordination across many disciplings mady cases, the use of
models or analytical methods to predict probable maximooufi and earthquake stresses.

Sliding

Stability against sliding is obtained by ensuring the maximum resisting Jhagas greater than the
applied shearT), by some factor of safet{F§) along the slip plane between the structure and the
subsurfaceThis ratio is expressed mathematically as

"0y - —, @)

whereN is the resultant of forces normal to the assumed sliding pliaaehe angle of internal frictiort,
is the cohesion intercept, ahds the length obase in compression for a unit strip of dAnSACE

19995. The minimumFS against sliding may range from 1.1 to,2@pending on the loading condition
and the phase of development (construction or normal operaBaiiiver and Arndt 199). A common
pradice to compute the slidinfgctor of safety is to use tt&D multiple wedge analysis and analyze the
forces required to bring the structural wedge and the driving and resisting wedges into a state of
horizontal equilibrium USACE 1993. This calculationis depicted irfFigure6 for a conventional dam
structure.

Sliding analysis is relatively well understood for conventional dam structures, and a variety of modeling
tools are available to automate calculations and determine stability requirements for new structures,
including commercial packages such as PLAXIS ANGYS andArmy Corps of Engineergrograms
including SOILSTRUCT, CSLIDE, and 3DSAD (USACE 2005). Fdimensional models are used as a
first step to investigate a structuvehereas3D models are reserved for cagesvhichthe ability ofa

structure to met a factor of safety against sliding is deemed marginal, or when structural complexity
negates the assumptions made in 2D modeligé\ iE routinely carried out in 2D and 3D models.
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L = length along slip plane of each wedge
o = angle between slip plane and horizontal

g

r—~
=

)

T = applied shear along the slip plane
N = resultant of forces normal to the assumed sliding plane

structural

driving wedges
wedge

resisting wedges

N
N

Figure 6. Geometry of structurei foundation system, showing driving, structural, and
resisting wedges (adapted froftdSACE 1995.

Overturning

The requirement to maintain rotational equilibrium (i.e., stability against overturning) is achieved by
constraining the permissible location of the resultartes with respect to the potential failure plartee

sum of horizontal and vertical forces (resultant force) along a horizontal plane at the base of the dam must
intersect the plane in the middle third to maintain compressive stresses in the stRigtuex). The

risk of overturning increases significantly when the resultant falls outside the middle third of the base

thus all potential loading conditions must be assessed in an overturning analysis.

For concrete gravity dams, the weight of the structure is designed to cause a moment that opposes the
overturning moment, which is generally governed by hydrostatic presstiie apstream side of the

dam. Overturning failures can result from insufficient weight or weight distribution in the structure cross
section, tensile cracking or erosion of the structure foundation, excessive uplift pressures, or high
hydrostatic pressuse
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Figure 7. Resultant of a concrete gravity dam.
Flotation

Stability against flotation is achieved by ensuitingtthe vertical loads that can cause instability are
balanced by the weight of materials that resist flotafite. factor of safety for flotation is expressed as

oY . @

whereWs is the weight of the structure, fixed equipment, and soil above the top surface of the structure
W is the weight of water within the structyu®is surcharge loag¢ld) is uplift forces acting on the base of
the structurpandWs is the weight othewater above the top surface bétstructur€Figure8)
(USACE2005).Values forF Siotation range from 1.1 (extreme loading conditions) to 1.5 (normal loading
conditions).

The geotechnical relevance of flotation stability lies in the estimafioplift pressure, the upward water
pressure in the pores of the rock or soil along the base of the structure that varies with time and the
permeability of the materialSACE 1995. Uplift pressuresre a function of the flow path under a
structure, andhey can have a significant impact on sliding stability, overturning, and flotation. Potential
uplift pressure distributions should be determined from a seepage analysis (USACEB260863e othe
small impoundments and lomeads of SMHype facilities,significant seepage and large uplift pressures
are not expectedpflotation may not be a significant risk factor. However, conventional flotation
stability analyses using conservative assumptions should still be carried out and would be most
appropriatausing hand methods or basic automated computer programs.
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