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Abstract

The effects of aquaculture structures on flows are investigated in this thesis through a
two-pronged approach. Smatale flow interactiondbetween the structures and the
surrounding waterbody are studied through physical model studies conducted in a tidal
basin facility. The second approach is the use of numerical models to investigate the far
field effects of the structures on hydrodynamiutd aransport patterns. Two separate
models are used: a twimensional, model (DIVAST); and a thrdenensional, model
(EFDC).

Laboratory studies show that the local Aiegld effects of the aquaculture structures
are significant; results demonstrate tflatv speeds within the scaled lotige structure
are reduced by 280% from ambient, while material transport distances are reduced by
up to 50%. Scale model investigations of flows through bofeeding aquaculture

installationswere also conducted.

An existing twedimensional depth integrated model has been refined to better predict
hydrodynamics and solute transport within suspended aquaculture farms. The numerical
model has been refined to include both the form drag imparted by the individual mussel
droppers and the blockage effect that the suspended canopy presents. It has been
demonstrated that predicted velocities and solute transport correlate well with
experimental results. The numerical model was applied to a designated aquaculture site
The efects of longlines on hydrodynamics and solute transport were analysed. Flushing

studies were used to study particle renewal terms in the embayment.



During this research the EFDC model was amended to include the effects of a
suspended canopy, with fregeam flows developing beneath. The canopy was shown to
have significant effects on the vertical structure of the flow regime; retarded flows are
developed within the canopy and accelerated flows developed beneath the canopy. The
model accurately predictsbserved shear turbulence production at the bottom of the
canopy; the associated implications for flow processes and mixing are dischsse
study conductsnumerical simulation of baroclinic flows within a partially stratified
estuary with largescale aquaculture developments. This development has broader
applications than just suspended canopy flows. Natural and manufactured structural
arrangements like kelp and sea grass beds, float breakwaters, and wave and offshore wind

energy extraction arrays Wall influence local currents
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Chapter 1.
Introduction

Alf naturewerenat beautifulit would not be worth studyingit.
Andlife would not beworth livingo

- Henry Poincaré
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1.1 Generalintroduction

The rapid growth of global aquaculture cultivation has brought to light the need to
consider the sustainability and potential environmental impacts of the industry.
Recognition and investigation of the effeof these structures on flow dynamics and
mixing are of primary importance in the development of a sustainable aquaculture
sector. Previous studies in the area have centred on the optimal growth and feeding
conditions of marine organisms; with environremmpact assessments focusing on the
effects of excess fish food and faecal matter on the surrounding waters. The impacts of
the aquaculture structures themselves on flows and circulation patterns are often
ignored. The purpose of this thesis is to gairunderstanding of the impacts of

aquaculture installations, through numerical modelling and laboratory based studies.

In the following sections of this introductory chapter the methodologies adopted,
physical and numerical modelling are discussed. A ecehensive discussion of the
aims and objectives of this study follows. Finally, the general structure of this thesis is

outlined.

1.2 Physical modelling

A physical model is a scaled down version of a prototype and is usually applied to
investigate complex flowegimes for which little empirical or theoretical information
exists. Research on physical (scale) models is based on the theory of similarity between
model and prototype. This theory provides guidance on the preparation of the physical
model to accuratglsimulate prototype flow features; while acknowledging inherent
limitations and effects of scaling. Both the boundary conditions and the flow field must

be scaled in an appropriate manner.

Historically, physical models were used extensively in many eeging studies to
gain insight into the hydrodynamic features associated with potential projects. The
advantage of a physical model over field tests is the small size of a model, which
permits easier data collection at a reduced cost, while the outputemmagre easily
visualized. A third advantage of physical models is the degree of experimental control

that allows simulation of particular environmental conditions, while neglecting others.
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While physical models have been supplanted in many areas by nahmeodels,
they still have certain advantages. For complex hydrodynamic regimes, the nonlinear
character of the governing equations of fluid motion, and our still limited analytical
knowledge, limits the viability of theory alone. In these situationsus$eeof physical
models may be of benefit. As numerical modelling continues to advance, the marriage
of these two methods offers great scope for the investigation of different aspects of a
project. Accuracy of numerical models is currently limited by tteieacy of solution
of the underlying mathematical equations; physical models can bridge this gap between
actual flow processes and the approximate solution that the numerical model proposes.
Hence, physical models serve as a tool to-fime and validata numerical model,
which can then be extended to more complex investigations of various aspects of
hydraulic and environmental engineering. The above serves as an outline of the

approach adopted for this research.

In the study herein flows through a saeded canopy were the focus of the research.
A mathematically correct, Frougealed model of a suspended ldimg was
constructed and installed in a tidal basin facility. The model was scaled from an analysis
of a typical mussel dropper double lelme, as presented iRigurel.1. The scaled
long-line consists of an array of cylinders, with each cylinder representing an individual
mussel dropper. Flow patterns within and around the scale model were investigated by
means of velaty measurements and dye dispersion studies. The data was used to gain
an insight into impeded flow processes, and to-fime and validate the numerical
models.
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Figure 1.1: Typical suspended longdine

1.3 Numerical modelling

In hydrodynamics, models can be divided into two general categories, physical
models and mathematical models. A physical model, as described above, is developed to
produce a scaled flow that can be measured and related back to the eealystaim. A
mathematical model, on the other hand, represents flow dynamics with a system of
mathematical equations, which often needs to be solved numerically by a computer.
Numerical models possess several advantages over scale models or field éata. Chi
amongst these is the reduced cost, and ease of development of a numerical model. In
addition, a numerical model can be more easily modified to investigate different flow

conditions and scenarios.

A mathematical model is not an exact mathematical geser encompassing all
aspects of the natural environment; rather the aim is to incorporate only those features of
the problem that are most relevant. As no two water systems are alike, parameters of
mathematical models need to be adjusted to suit tla documstances, or new
parameterizations or mechanisms developed to describe the flow dynamics
appropriatelyJi, 2008) Hence, the accuracy of the numerical model is dependent on the
values of empirical constants used, and on the formualafiterms in the fundamental

equations of motion. The discretization of the governing equations can also introduce
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errors to the solution. These include truncation errors due to discrepancies between the
model governing equations and the numerically éisoed representation, and round

off error inherent in an iterative solution scheme.

Factors distinguishing modelling approaches can be split into four basic groups:
forces and boundary conditions, dimensionality, grid structure and numerical solution
sclkeme. The study herein considers both, admensional deptintegrated model and
a threedimensional baroclinic model. The governing equations were extended to
describe the fluigtructure interaction that develops between flows past a bluff body.
The efects on both smaBcale turbulent structure, and flow dynamics and mixing

patterns were investigated.

While, equations describing the above flow structure are readily derived; the
verification of the mathematical equations requires experimental dasse¢ss the
model performance and provide empirical model coefficients. Hence, by combining
numerical and physical model studies, the research aims to develop a mathematically

valid, laboratoryverified model of flows within a suspended aquaculture canopy.

1.4 Aims and scope of research

The primary objective of this research was to refine two existing models to include the
effects of suspended aquaculture installations. The defgbrated DIVAST model|
and thehreedimensional EFDC model were adopted fostsiudy. The study can be
separated into three primary research objectives:

1 Investigate the effects of an idealized aquaculture installation by physical
modelling studies. A scale model letige was developed and installed in a tidal

basin facility andhe effects on flows and material transport flux analysed.

1 A mathematically valid representation of the aquaculture installation was

developed and incorporated into the existing numerical models.

1 The amended model was assessed and verified by compartedabwaratory

data. The applicability of the model to coastal waters was assessed by case studies
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conducted in actual aquaculture sites on the West Coast of Ireland, namely,

Casheen Bay and Killary Harbour.

The DIVAST model was amended to simulate aquacaiinpeded flows on the
assumption that the canopy extended the full depth of the water column. A wide range
of studies has demonstrated the suitability of adimeensional approach to modelling
processes in welhixed waterbodiesHartnett et al., (2003Btruve et al., (2003)
Dabrowski and Hartnett, (2008)r'he hydrodynamic equations were extended to
simulate the form drag and blockage effects that the canopy presents. Existing
turbulence models were reviewed with regards to their ability to simulate canopy flows,
and atwo-equation kUturbulence scheme was further developed to simulate the direct
effects of the canopy on turbulence production. The performance of the model in
simulating actual bay dynamics was investigated by-fields and flushing study
analysis.

The EFDC model was adopted for this study to provide a more comprehensive
analysis of suspended canopy flows. The more extensive description of flows comes at
the cost of increased computational requirements. The model was amended to simulate
canopy flows etending over a usespecified region of the water column, with free
stream flow developing beneath. The effects of a suspended canopy on flows and
turbulent structure were investigated by comparison with experimental data. The
amended thredimensional moel provides a unique insight into a range of canopy flow
processesncluding reduced current speed within the canopy; accelerated flows
beneath the canopy; pronounced velocity shear layers within the water gcahonn

complex canopy momentum exchange haisms.

The amended DIVAST model presents a computationally efficient option to
investigate the effects of an aquaculture installation on flows and material transport.
EFDC, on the other hand, presents a comprehensive, technically defensible, modelling

package to simulate canopy flows processes to a high degree of realism.
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1.5 Thesis outline
The layout and content of this thesis are as follows:

Chapter 2 presents a literature review of aquaculture development and the current
research standing on their impliats. To put the research into context, the scale of
current aquaculture production is discussed. The reported effects on currents and mixing
are discussed, in addition to the associated implications for production capacity of the
farms, and adverse envinmental effects. Numerical modelling studies investigating the
effects of aquaculture are discussed in detail. Literature related to the physical modelling
studies is also reviewed; this predominantly relates to the effects of different cylindrical
configurations on flows. Finally, some preliminary details on a time scale analysis of

material transport is discussed, and relevant formulae presented.

Chapter 3 deals with the numerical models used in this study. The relevant theory for
both DIVAST and EFDC ipresented. A description of the amended equations
describing canopy flows follows, in addition to a mathematical justification of the
extended equations. The numerical discretization and hydrodynamic solution scheme is
also presented. Details are presemtedhe relevant turbulence closure schemes,used
namely:a simplemixing length turbulence model;tao-equation kUmodel:an
amended ¥Jmodel;a Mellor-Yamada turbulence model; and an amended Mellor

Yamadascheme

Chapter 4 presents the physical modelling studies conducted as part of this study. The
conditions for similitude between model and prototype are proddddhe Reynolds
and Froude scaling laws are derived from force relationships. The tidal bagm set
equipment specification, laboratory tests and tank calibration are presented in detail. The
dimensioning and design of a Froude scaled doublellnags discussed and details on

flow measurements and dye dispersion studies within the model presented.

Chapter 5 presents the validation of the amended DIVAST model against physical
model data. Both hydrodynamic and solute transport studies are conductessdisd
compared with physical modelling data. The performance of a number of turbulence
schemes are assessed, namely, a mixing length reoseequationk-Umodel, andan

7
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amended KJmodel. The model is applied to a designated aquaculture develogiteent
and the effects of an aquaculture installation on hydrodynamics and solute transport
assessed. Flushing studies are used to investigate particle renewal terms in the
embayment. The implications of the research are discussed from the point of view of

aquaculture carrying capacity and environmental implications.

Chapter 6 presents the validation of the amended EFDC model against experimental
data. The study adopted a number of techniques of simulating canopy flow processes in

a comprehensive manner, inding:
1 A bluff body drag term representing canopy effects
1 A depthvarying drag term derived based on laboratory data and literature

1 A mechanical friction layer describing flow processes induced as thetfezenm

flow beneath the canopy interacts with gig/sical impediment.

1 A mathematically valid, amendedrbulence closure model describieighanced

production and mechanical stirring induced by the canopy

By comparison with experimental data, an optimum representation of canopy flow

processes is derived

Chapter 7 presents a case study application of the EFDC model. The model is applied
to Killary Harbour, an aquaculture site on the West Coast of Ireland. A comprehensive
field monitoring program provides data to force and validate the numerical mbdel. T
flushing characteristics of the bay is investigated and quantified in terms of average
residence times. The amended model simulates the effects of aquaculture activities in
the bay. The effects of the farms on fléeld and tidal exchange mechanisms is

investigated in detail.

Finally, in Chapter 8 a summary of the study, discussion of results and final
conclusions are presented to highlight useful findings of the study. Recommendation for

possible future progression of the research is then presented.



Chapter 2:
Literature review
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2.1 Introduction
Global aquaculture currently stands at a reported production of about 142 million
tonnes, accounting for 46% of &fish food supplfFAO, 2010) aquaculture has
become the fastegrowing foodproduction sector on the planet with an annual growth
rate of 10%{FAOQO, 2006) The relative increase in farmed productioompared to wild
fisheries has generated enthusiasm for the potential of a sustainable supply of seafood to
the global population, having the promise of food security. This rapid development of
aquaculture in recent yeaurtsi ohnads tbheaetn nhaitkcehn
6Grain Revolutiondé of highe(Baclgr2e0iiy)n yi el ds

The aquaculture industryds rapid growth a
a wide increase in negative environmental inpasuch as, pollution of nearby waters
through excess nutrient loads, habitat destruction and biodiversity loss. The expansion
of aquaculture, particularly salmon and shrimp farms, has been proven to be destructive
to the natural environment and populas®f aquatic animal$5owen and Bradbury,
(1987) Folke et al., (1994 Kautsky et al., (1997Naylor et al., (200Q)andMilewski,
(2001).

In Europe, annual growth afjuaculture has declined to 1%, partly because of market
factors, but also because the industry is subject to stringent regulation regarding
sustainable developmefiMunes et al., 2011 here is a strong focus on the ecidaty
carrying capacity of aquaculture in marine systems (&otfdburg and Naylor, (2005)
McKindsey et al., (200@ndMirto et al., (2010)leading to the promotion of terms
such as ecoaquacultui®@equeira et al., 2008nd ecological aquaculte (CostaPierce,
2002) Recent | egislation such as the Europe:
implicitly promoted the three objectives of Ecosystems Approach to Aquaculture
(EAA), namely (i) human welbeing; (ii) ecological welbeing; and (iii) multisectorial
integration Goto et al., (2008Nunes et al., (201}))

With increasing demandm arable land (diminishing with desertification of
agricultural land) and continuing strain on freshwater resources, mariculture (the

production of aquatic organisms in marine and brackish waters) is the leading candidate
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to meet humani tmaddgNegrrebal,i200gThé develdpmdnt of the

aquaculture industry to match these demands requires a holistic consideration of the
ecological and social implications of aquaculture, in addition to economic
consideratins(White et al., 2004)

Central to a holistic approach to aquaculture is considering the effects of the
aquaculture installations themselves on the local ecosystem. These effects include the
depletion of particulate fooldlom waters due to feeding; while the presence of the
aquaculture structure can impact particle renewal by retarding flow via enhanced drag.
This chapter presents a review of the literature on the impacts of aquaculture structures,
or other comparable otagles (e.g. kelp beds, submerged vegetation), on hydrodynamic

flows, circulation patterns and flushing characteristics.

2.2 Hydrodynamic effects of aquaculture structures

Marine organisms are cultured globally by several methods that fit into two broad
categries: bottom cultures and suspended cultures. Suspended and bottom feeding
mariculture involves dense aggregations of animals in nets, droppers, or other
containment systems introduced into the marine environment. While there has been
large amounts of rearch carried out on the growth and feeding patterns of marine
bivalves (e.gGibbs et al., (1992)Grant, (1996), most carrying capacity studies focus
on budgeting of particulate food depletion and rendéRidlitch et al., 2001Raillard
and Menesguen, 1998impson et al., 2007The effects that frictional resistance of
mariculture structures have on flow has often been ignoredisTpasticularly true of
numerical modelling studies on the subj@dtKindsey et al., 2006)This section
summarises the current research standing on the effects of the mariculture installations

on flows and mixing patterns.

2.2.1 Effects on flows
Early studies of aquaculture farms identified that current speed has an influence on
growth rates, but did not show that the physical structures restricted(FRmsenberg
and Loo, 1983)The physical effects of aquaculture installations were often evaluated
form the point of view of reduced access to other users in addition to loss of functional
11
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use facilities such as safe anchorage for leisure and fishing (Stdtgart, 1995)The
earliest studies that showed that mariculture installation caused a reduction in flow
speeds were carried out in Pelorous Sound, New Zealand in\A@8# ((1989) Gibbs
et al., (1991andPlew (2005).

Gibbs et al., (1991tpok measurements around mussel farms in Pelorus Sound, New
Zealand. Measuremenigere taken at various depths in the water column (1, 4, 7, 10, 20
and 30m). Hydrodynamic and water quality data was recorded beside the mussel curtain,
and at a distance of 25m from the mussel farms. Results indicated that water movement
through the farmvas attenuated to approximately 30% of the ambient upstream flows.
Beside the mussel ropes, the mean velocity was 1.3cm/s, whereas well below the mussel
farm the mean velocity was 2.5cm/s. Just below the mussel curtain, however, the mean
velocity was 4cm/sindicating a significant diversion of flow under the mussel farm.

The authors noted the effects of the decreased flow speeds on material residence times

and supply of nutrients to the organisms.

Current meters deployed in and around a suspendeditantarm for two months
showed that velocities within the farm was lower than beneath thgWdaie, 1989)
The velocity decreases were 44% adjacent to aliaegvith 55mm mussels, and 66%
next to 100mm mussels. Flow through the mufeseh was strongly aligned with the
direction of the longies, in contrast to flow under the lofiges; suggesting that the
long-line structures were relatively impermeable to currents, preventing transverse flow

acrosghe longlines(Plew, 2005)

An alternative method of suspended cultivation to 1bngs is raft cultivation.
Suspended raft cultivation involves the hanging of mussel droppers from rectangular
rafts. These rafts form a type of thh@ienensional, porous blockage, as oppbigethe

two-dimensional fencéike structure a londine presents.

Blanco et al., (1994neasured current speeds and direction within five mussel
dropper rafts in the Ria de Arousa, Sp&ilow speeds at the downstream extents of the
rafts were consistently higher than at the centre of the rafts; the authors suggest this to

be a result of lateral inflows into the raft. This, more complex, i{tireensional flow

12



Chapter 2
Literature review

patterns has implications faaditional means of estimating flow attenuation within
farms; which consists of taking measurements of flow speeds upstream and downstream
of the farm, and thereby calculating energy losses through the farm. An implied

assumptionn the analysiss thatflows are unidirectionahrough the farm.

Boyd and Heasman (1998pnducted a study of flow patterns through culture leases
in South Arica, using current meters and tracker drogues. Droppers of length 6m hung
from rectangular rafts, with droppers spaced at 0.6m intervals in the long axis and either
0.6 or 0.9m spacing across the raft, depending upon the particular raft configurations.
The across raft spacing, together with the maturity of the raft, determined the amount of
0free wat er 0 -rditedoviteswere foungte Ise.influenced by mussel
maturity (the fastest through flows was observed in immature rafts) and ropegspaci
For mature rafts, mean velocities within rafts as a percentage of ambient was 13% for
3.0 droppers fiand 25% for 2.0 droppers mThis attenuation of flow can limit
nutrient supply to the bivalves, with better growth rate observed in mussel droppers
spaced at 0.9m as opposed to 0.Bhe study noted in particular the implications for
farms located sequentially; which would receive less food than upstream farms (due to
assimilation), and would also receive it more slowly through reduced ambieniflow.
number of studies have linked a reduction in flow speeds directly with poorer growth
rates of cultured organisnflsenihan et al., 1996progue studies conducted as part of
the study demonstrated a dfiggant diversion of flows around the farms. No retardation
of flows was observed beneath the farms; however, the acceleration of flows beneath
farms reported in other studies (e31bbs et al.(1991) was not detected. A note of
caution was added to these results however, due to the dominant forcing factor over

much of the bay being wind, which would not be significant at depth.

Pilditch et al., (2001investigated both current speed and chlorophyll_a concentration
within a suspended scallop farm in Nova Scotia. Chlorophyll_a concentration is an
appropriate tracer due to its preferential ingestion by the bivalvesréntuneter and a
SeaTech fluorometer and transmissometer were deployed at two points: a control point

100m outside the farm; and an aquaculture sampling point at the centre of the lease.

13



Chapter 2
Literature review

Mean flow speed outside the farm was 40% higher than that at the oétite lease.

The field data was used to parameterize a quasdimensional model that quantified

the relationship between the tidally driven seston supply and consumption by the
scallops. Despite the 40% reduction in seston flux due to the flowatien, there was

no evidence to suggest that feeding by the scallops reduced seston concentration to a
point where the growth of animals downstream was affected. The authors suggested this
to be a result of the variations of seston supply being drivgmdngesses operating at a
larger scale than the culture lease. Expanding the culture lease (80 x 50m) to the total
area available for cultivation (1000 x 250m) reduced the seston concentration in the

centre of the lease by D%, potentially limiting grow.

Plew et al., (2005¢arried out a study of the hydrodynamic effect of a suspended
long-line mussel farm in Golden Bay, New Zealand. The farm is one of the largest in
New Zealand and has plarea dimensions of 2450m by 650m. Dropper density was
estimated at 0.06.07 droppers ifi Current profilers were deployed both within and
beneath the farm. Results indicated an average reductior6i8avithin the farm;
with a strong undercurrent @éeted beneath the farm, generating flows nearly twice that
within the farm. Depth averaged velocities outside the farm were 32% higher than inside
the farm supporting the theory of an acceleration of flow around the farm. Given the
large horizontal dimensn of the farm width (~ 650m) relative to the depth (~ 10m),
one would expect that flow would be more readily diverted under the farm than around.
However, the small increase in velocity beneath the farm (relative to ambient upstream
flows), indicates thatost of the fluid is instead diverted horizontally around the farm.
This may be partly explained by the fact that the mussel droppers extended a greater
length of the water column (average dropper length ~8m, average water depth ~11m)
than in the previoustudy byGibbs, James et al. (199T)he strength of the density
stratification may alspromote a horizontaliversion; stratification can result in distinct
flow layers developing, and restrict vertical movement or mixing between |18yezs.
study suggested that twabmensional numerical models should be sufficient to obtain
reasonable prediction of the velgedrop within, and the flow diversion around, mussel
farms, in appropriate waterbodies.
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Stroheimer et al., (2005neasured flow speed, meat content and food availability in a
commercial longline mussel farm in Southern Norway. Friction from the mussels and
farm structure reduced current speed inside the farm to less than 30% of ambient.
Chlorophyll_a depletion was significant, with more than 50% of depletion occurring
within thefirst 30m of the farm. After this, concentrations remained constant for the
remaining 200m of the farm length, suggesting that concentrdébri®low a
minimum threshold level for mussel feeding. The reduction in current speed led to both

food depletiorand consequently, lower meat content of the mussels within the farm.

Drapeau et al., (200@pnducted a field study on the association betweenllnag
design and mussel growth ratesPrince Edward Island, Canada. Data was collected on
a number of farm parameters, including: typical king spacing, dropper length,
dropper density and individual mussel shell length and condition index. A correlative
analysis of the data demonstihte positive link between dropper spacing and farm
productivity. It was reported that increasing the dropper spacing by 30% could lead to
an 18% increase in mussel weight. Hence, a reduction in initial larvae deployment and

any preliminary husbandry effoot 22% would curtail production by only 8%.

The hydrodynamic effects of an aquaculture installation are similar in many ways to
the impediment to flow posed by submerged aquatic vegetation and seaweed. A
significant amount of research exists in this ajeakson and Winant, (1988halysed
the effect that kelp forests had on coastal flows. Field data demonstrated that currents
through the kelp farm were betweé3% and 54% that of velocities at the control point
outside the farm. Drag exerted by the farms was found to be up to ten times greater than
that of a norkelp areaAndersen et al (1996)measured velocities in and above a kelp
forest ofLaminaria hyperboreausing ultrasonic currents. The depth of the water
column was about 6m with circa 1.3m of the water column containing the kelp
structures. A current meter was deployed aiovarheights within the kelp forest, and a
second, benchmark, current meter was deployed at a fixed height above the canopy.
Results indicated that flows measured within the canopy w8#é ess than that

measured above the canopy. The velocity profile waform within the canopy with
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the effects of the kelp farm extending some distance up into the-eadienn.Leonard
and Luther, (1995nvestigated current attenuationtinn salt marsh canopies in Cedar
Creek, Florida. Mean flow speed was found to be inversely related to the vegetation
density and distance from edge of marsh. The vertical flow profile was also affected
with lower flow speed observed within the canopy thbave.

Naot et al., (1996investigated the hydrodynamic behaviour of partly vegetated open
channel flow via a three dimensional empiricdigsednodel that included detailed
turbulence modelling. The vegetation was modelled as an internal resistance that exerts
drag force, produces energy of turbulence and interferes with its anisotropy and length
scale.Struve et al., (2003)Jeveloped a numerical model of flow through mangrove
vegetation. Experiments conducted in a hydraulic flume quantified the additional
resistance created by mangrove trees. The numerical model reproduced the influence of
the nodel trees by including a refined expression for drag on cylinders and the porosity

effect of distributed vegetation.

Numerical modelling of the hydrodynamic effects of aquaculture structures include:
studies on the distribution of wastes from fish cageke Gulf of Maing([Panchang et
al., 1997) a model of the effect of kelp and scallop culture on tidal current speed and
flow patterns in Sungo Bay, Chiii&rant and Bacher, 2Q)) and a deptlaveraged

model of the effects of suspension farms on flgRisw, 2011a)

Panchang et al., (199@pplied a depttaveraged finitadifference modelo simulate
tidal currents and wind effects in coastal Maine; the hydrodynamic model was then used
to simulate the transport of excess fish food and faecal pellets. The effects of farm drag

were not considered in the model simulations.

Grant and Bacher, (200tigweloped a twedimensional finiteelement model of Sungo
Bay, China. The effect of suspended mariculture of marine bivalves was parameterized
by means of loal increases in bottom friction, and the results compared with the default
case of no aquaculture. The numerical model predicted a 20% decrease in velocities in
the navigation channel through the farm and a 54% reduction in current speed through

the main alture area.
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Aure et al., (2007)leveloped a rate conditional box model to simulate carrying
capacity and flow reduction within a lotige farm as a function of the physical
properties of the fan and ambient upstream velocity. The ldimg farms were
simulated as several longitudinal channels, with the suspended mussel ropes acting as
vertical boundaries, allowing Atow across the boundaries. Flows between the-long
lines were influenced byfactional resistance coefficient determined empirically from
field data. Results demonstrated a reduction in current speed within the farm-tisdong
length increased and lo#ige spacing decreased. The widthlength ratio was also

found to be of imprtance, with a ratio approachingity being optimum.

Plew (2011a)used a numerical model to consider the effects of-lmmegmussel
farms on tidal currents within two embayment in Pelorus Sound, New Zealand. The
study adopted thieydrodynamic model RIOM (Walters, 2005)to conduct depth
averaged simulations of tidal currents. RICOM is a finite element model that uses an
unstructured grid with triangular elements, semplicit time steppingnd a semi
Lagrangian advection scheme. The ldimg farms were parameterised in the model by
modifying the bed friction coefficient to account for drag from the farm structures as
well as the increased bed shear resulting from accelerated flow beneath the faans. Sh

stress from bottom friction was applied in the model through:

T "0 K'Y (2.1)
where G is abed friction coefficient and U the depth averaged velocity. Within

farmed areas, the bed friction coefficienti€equation(2.1) was replaced with a total

friction coefficient G:
6 0606 060 (2.2

The farm drag is represented®dy 0 &G ¢ whereCp is the drag coeitient of a
single mussel droppedythe projected area of mussel droppers per unit volume and H
the water depthu, = UJU is the velocity within the farm canopy noiimensionalised
by the deptkhaveraged velocityy,=U/U is the nordimensional velocitypeneath the

farm canopy, ant is the proportion of the water depth covered by the canopy. The
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friction coefficientC; was obtained by first calculating the ndimensional velocities

within and beneath the canopy:

| 6 p Q o00Qp Q] 6 Q | 67

=~ . (2.3)
o0Qp Q | 0'Q

p 01Q

o) 2.4)

| T is a parameter relating the shear in the mixing layer to the difference in
velocity within and beneatiné farm canopyPlew, 2011b)Droppers were assumed to
extend to 80% of the water depth, and to have an average diameter of 0.16m. Based on
these assumptions the ndimensionalised velocities within, and beneath the canopy
wereu.=0.89 and u,=1.43, respectively.

Plew applied the model to investigate the effects of several small farms located
around the perimeter of the bay, and compared the effects to a single large farm of equal
area. Results suggested that the cumulative effects absewaall farms can be similar,

or in some cases greater, than a single larger farm of equivalent area.

Simulations demonstrated that, in all cases, the farms had a significant effect on flow
dynamics within the bay. Deptiveraged flows within farms areavere reduced by 25
45% compared to ambient; diversion of flows around farms was also observed, with
increased mean water speed of up to 160% predicted in places. In addition, simulations
predicted that the influence of drag from the mussel farms extdeyedd the
immediate area of the farms. Mussel farms occupied about 10% of the bay, yet

simulations predicted that flow speeds were reduced over most of the bay.

The effects of the farms on seston depletion were simulated, using a tracer to
represent thamount of seston consumed. Tracer was continuously released from the
farms at a rate of 1gin® of farm volume, to simulate consumption by the mussels. No
allowance was made for any dependence of feeding rates on concentration. Results
demonstrated thaeston depletion was least likely to occur in farms placed in the outer

parts of the bay where currents are faster. Seston depletion within individual, existing,
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farms was not significant, however the cumulative effects of farms, or the effects of a

singlelarge farm, was noted.

The simulations conducted by Plew demonstrate the potential of using numerical
models to aid in choosing suitable locations for shellfish farms, and in determining
optimal stocking densities and farm layouts; provided the modeigpoate farm drag.
However, the model neglects a number of features. Tidal forcing alone drives the model.
However, studies have shown that the effects of \{Boyd and Heasman, 199&nd
river inflows (Plew et al., 2006)also affect flow dynamics within aquaculture regions.
Flows within and beneath the suspended canopy were estimated by means of an
analytical expression given by equati¢@s) and(2.4), respectively. These expressions
do not account for the effects of stratification or vertical circulation patterns within the
bays. In addition, the relative proportions do not changendi#pg on local bathymetry.
The model also neglects baroclinic features of flow. For a comprehensive analysis of
the effects of a suspended farm structure on the vertical flow regime, these features

require consideration.

The studies summarised here sttbat the effects of aquaculture structures on
hydrodynamics are significant. Some important issues still need to be addressed. Central
to these, is the need for a comprehensive numerical model that could simulate the likely
effects of an aquaculture indtlon on hydrodynamics. The development of such a
model requires a significant body of information on the actual local effects of an
aquaculture installation. A review of the literature yielded little data on the effects of a
single aquaculture installath on flow dynamics; with studies focusing on a-sagle
analysis of the effects on flows. Further research is required to identify a relationship
between the physical properties of an aquaculture structure and the associated

hydrodynamic implications. Ese areas are investigated as part of this research.

2.2.2 Effects on mixing
There is significant evidence in the literature to suggest that the drag from a mussel
farm may result in some modification to water currents. Turbulence will be generated as

the waterflows past the physical impediment. This turbulence has the potential to
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enhance mixing, both laterally and verticgBtew, 2005)Waite, (1989)pbserved that

large fluctuations in velocitiesave observed at a depth 2m beneath a suspended
aquaculture installation, and suggested the development of a mixing layer between the

retarded flow within the canopy and the faster flow beneath theliloag

Frechette et al., (1988pnducted a study of phytoplankton concentrations over an
intertidal, bottorafeeding, mussel bed in Quebec, Canada. Concentrations were
monitored at three heights above the mussel bed, 1.0m, 0.5m elndeaas possible to
the bed. Phytoplankton was found to decrease towards the bed to about half its value at
1.0m due to mussel assimilation. Analysis of the field data indicated thabexkar
phytoplankton concentrations increased almost linearly witfeasing current speed.

The field observations displayed a link between increased vertical diffusivity and near
bottom phytoplankton concentrations. An increase in vertical mixing at greater current
speeds increased ndasttom phytoplankton replenishmedmm the relatively fooetich
surface layers. The authors noted that increased bottom roughness would enhance
turbulent mixing and increase the flux of food to the organisms. In the absence of
comparable bed roughness scales, such as stones and pebbtassgbls themselves
constitute the dominant bed roughness for the flow.

Grant and Bacher, (200ir)vestigated the effects of a suspended scallop culture on
mixing and tracer excinge rates via numerical models studies. The suspended culture
was parameterised into a twdimensional, finite element model by means of a localised
nondirectional increases in bed roughness. Exchange rates were estimated by
introducing a constant souroéconservative tracer at the mouth of the bay and
examining the time at which a given node achieved 95% of this external concentration.
The inclusion of the suspended mariculture installations resulted in a 41% decrease in

exchange rates within the culégrregions.

Helsey and Kim, (2005pvestigated mixing downstream of a submerged fish cage by
means of higiresolution CFD modelling using the FLOW3D model, and adopting the
Fractal Are&/olume Obstacle Representation (FLAVOR) methodology to simulate the

fish cages. The cages were incorporated into the CFD model by means of a prescribed
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porosity, based on the mesh size. Model simulations demonstrated that the inclusion of

the fish cagesignificantly increased turbulence production and large scale vortical flow

in the downstream regions. The corresponding effects on miengdiscussed, but not

quantified. The authors noted the significant effect that asymmetries in the cage design

ando i entation has for mixing pr osmallshstes, anc
perhaps environmentally significant, asymmetries during the design of future cages to

enhance the generation of | ateral vortices

Plew et al., (2006investigated the effects of a suspended mussel dropper farm on
stratified flows by Acoustic Doppler Profilers and vertical measurements of temperature
and conductivity. Salinity and density were calculated from ¢imelgctivity and
temperature data; from which the effects of the canopy on density stratifications were
assessed. The current profilers were used to estimate turbulent energy dissipation rates
from velocity spectra data. The study considered the effeth® cluspended canopy on
vertical mixing. Results demonstrated a shear layer developing beneath the canopy and
additional turbulence production within the canopy. However, the instabilities and
associated mixing from the shear layer was suppressed byatikest nature of the
flows; thereby increasing the relative importance of vertical mixing associated with the
canopy generated turbulence. The implications of highly stratified flows for a suspended
canopy was noted; these implications include, redueetital diversion of flows,
favouring instead a horizontal diversion, and a reduction in vertical mixing due to

reduced sheanduced mixing layer instabilities.

Plew (2011b)conducted laboratory experiments examining the effects of a suspended
canopy orflows. The experiments, using both acoustic Doppler anediwensional
particle tracking velocimetry, gave details of the flow structure, allowing the
identification of three distinct regions: a bottom boundary layer (BBL), a canopy shear
layer and an irrnal canopy layer. The BBL is a typical fluid mechanics feature
characterized by the transition from theftew bottom boundary to the fregtream
condition. It is typically defined by the laaf-the-wall (Bradshaw and Huang, 1995)

Measurements of turbulence revealed a shear layer extending from the top of the BBL
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into the canopy; the shear layer was characterised by an inflection point in vertical
velocity gradients, and a sharp increase in turbulence pgroduPlew approximated a
mixing layer thickness equal to the depth of this shear layer. Equating the laboratory
results to other studies on vegetated flows allows one to infer the impacts of the canopy
shear layer on vertical mixing and momentum transd@isalberti and Nepf, (2002)
investigated flows within and above a submerged vegetated canopy. Similar to the
suspended canopy, a velocity inflection point was oteskat the canopy interface,

which made the flow susceptible to Keltelmholtz instabilities. This instability led to
the generation of large coherent vortices within the mixing layer, which dominated the
vertical transport of momentum through the layithin a suspended canopy, this

would have significant implications for the supply of nutrients to the nutrient depleted

canopy layer, from the nutrient rich layers beneath.

In the area of impeded canopy flows, the largest body of research relates to
submerged and emergent canopies (e.g. mangrove forests, kelp beds, etc.). While
differences exist between a suspended canopy and the submerged or emergent type,
some of the effects are comparable. Studies of submerged vegetated canopies have
revealed a numbef features relevant to suspended canopies, namely: the development
of shear flows above the canopy; additional turbulence dynamics at the scale of the
canopy; and a mixing layer developing at the interface of the canopy which dominates

vertical mixing an transport into and out of the cang®aupach and Thom, 1981)

Nepf and Vivoni, (2000¥livided a submerged canopy into two regions in gnical.
I n the upper vuedicabepchangecond, | e rtthe afi t ur bul er
with the overlying water is dynamically significant to the momentum balance and
turbulence; and turbulence produced by mean shear at the top of the canopy is
important. The | ower lomgaudimaipeychawge gonet e b me d uts b e
mixing and transfer with surrounding water is predominantly through longitudinal
advection. The generation of vortical flows above the canopy was observed to be
influenced by theffects of the free surface. When flow depth above the submerged

canopy is reduced belo®W 'Q ¢, (where Ris height of canopy and H is water

22



Chapter 2
Literature review

depth), the deptinduced restriction on eddy lengsicales results in a decrease in the
penetration depth of turbulent stresses into the canopy. This has important implications
for vertical transér of momentum and mixing between the canopy and the overlying
waters. This effect would be even more pronounced for a suspended canopy where the
effects of the free surface are replaced by the solid bottom boundary condition at the bed
(Plew, 2011hb)

The studies summarised here demonstrates that both bietoling and suspended
aquaculture installations affect mixing patterns in a number of ways. These include:
increased vertical transfer of momentum, additional turbulent energy paautie
generation of vortical flows, and amended tidal exchange patterns. However, there are a
number of important issues that remain to be addressed. The velocity shear that develops
beneath a suspended canopy can have very significant implicatiorestfoalmixing
patternsPlew (2011b)jnvestigated this by means of laboratory measurements in an
experimental flume. However, the limited depth of the flume (0.2m) may affect the
generation of coherent vortices at the bottom of the canopy, due to teradtions
with the naeslip boundary at the bottom. These features are investigated in this thesis by
means of thredimensional numerical studies at both the laboratory ancgtalg level.

2.3 Physical modelling literature review

As part of this research,daratory experiments were carried out investigating the
effects of both bottorfieeding and suspended aquaculture installations on flows. The
experiments were conducted to scale, in a tidal basin facility. The main focus of the
laboratory studies was to qudy the effects of a suspended mussel dropper canopy on
tidal flows and mixing patterns. Details on the physical modelling studies are prescribed

in Chapter 4.

Prior to undertaking the laboratory experiments, the literature was reviewed. The
purpose othe literature review was twofold: (i) to establish a knowledge base that may
be applied to flows around mussel droppers and (ii) to identify areas in which there are

gaps in the literature.
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2.3.1 Flow around single smooth cylinder
A large volume of work existsn the structure of flow around a cylinder; it is
considered one of the classical problems of fluid mechanics. Nevertheless, our
understanding of the flow i s sheprdblemdfi mi t ed
bluff body flow remains almost entiyen the empirical, descriptive realm of

knowledgé .

Flow around a cylinder is complex and consists fundamentally of the interactions of
three different flow regimes, namely, a boundary layer, a separating free shear layer, and
a wake Figure2.1). The classical view of flow behind a cylinder is displayeBigure
22, and is termed a i\WoakKamam(19¢19Thi¢ censistsof r eet 0,
regions of vorticity shedding in the downstream direction from alternating sides of the
body.

Boundary
Lawer eperation

Foint

Figure 2.1: Regions of flow around a cylinder. lllustration adopted fromPlew (2005).
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Figure removed due to

copyright issues

Figure 2.2: Visualization of Karman vortex streets cownstream from a cylinder. lllustration
adopted from (Williamson, 1996)
The flow around a circular cylinder passes through a range of successive regimes as

the flow transitions from fully laminar to fully turbulent. Under veowlReynolds
number, the wake structure downstream of the cylinder is nonexistent and the flow fits
exactly around the cylinder. As the Reynolds number increases, turbulence spreads
progressively downstream of the cylinder. Referen€iiggire2.1, turbulence around
the cylinder occurs first in the wake, followed by development of turbulence in the free

shear layers; the third and final region to become turbulent is the boundary layer.

Zdravkovich (1997xlassified the flow regimes around a single cylinder based on the
development of turbulence around the cylindehle2-1 presents the flow states. This
classification is based on the asstimp of undisturbed flow around a smooth cylinder.
Small disturbances such as surface roughness or distortion can have a significant effect

on the flow regimes and induce turbulence at lower Reynolds numbers.

Table 2-1: Flow states for single smooth cylinder in undisturbed flow, fromzdravkovich, (1997)

State Flow description Reynolds number
La Laminar 0 to 180200
TrW Transition in wake, laminadsewhere 180200 to 356400p
TrSL | Transition in shear layers, turbulent wal 350400top T ¢ p T
TrBL Transition in boundary layers P ¢ pTtopT Y pT
Tu Fully turbulent flow Y pm
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2.3.2  Surface roughness
While the governing paramettar the state of flow for smooth cylinders is the
Reynolds number, surface roughness can lower the Reynolds number at which the
transition to different flow states occur, and in some cases govern the flovGsiddee
roughness is defined as the meae sif surface irregularities; and is commonly

expressed as an equivalent sand grain diamet@jkuradse, 1933)

The influence of surface roughness on flow past a cylinder has received much
attenton in fluid mechanics. The primary effect of surface roughness on flow is the
acceleration of the transition to turbulent boundary layer at lower Reynolds numbers;
along with an associated drop in drag coefficient. From literature, only very small
surfaceroughness is required to trigger the onset of boundary layer turbulence at lower
Reynolds number. As the Reynolds number increases past the critical value, the drag
coefficient approaches a near constant value that is determined by the cylinder surface

roughness.

Achenbach (19719arried out wind tunnel test on flows around rough cylinders. The
total drag coefficient on theylinder was calculated by integrating the local stresses
around the cylindefrigure2.3 displays a plot of drag coefficient versus Reynolds
number for a range of roughness ratios. As the surface roughness ratio increases, the
drop in drag coefficient occurs at lower Reynolds number; however, the minimum drag
coefficient is also higher. At Reynolds numbers greater than the point of the minimum
drag coefficient, g recovers to higher values as surface roughness increases. This
relationship appears asymptotic in that @proaches a value of circa 1.0 for surface
roughnessQj O 1@t 1t t(Buven et al., 1980)
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Figure removed due to

copynght issues

Figure 2.3: Drag coefficient of circular cylinders versus Reynolds number. Graph reproduced from
Achenbach (1971)

2.3.3 Free-end effects
In the preceding sections, the analysis of flow around a cylinder was based on the

underlyingassumption of an infinite cylinder. The situation where the cylinder does not
extend the length of the water column complicates the flow significantly. While the flow
around an infinite cylinder contains some thde®ensional features, it can be

simplified to twedimensional flow. This is not the case for a finite cylinder. The main

feature of interest of a finite cylinder is the flows around the free end.

Kawamura et al., (1984hvestigated flows around a finite cylinder by means of flow
visualization and surface pressure measurements. The study noted a number of distinct
features: (i) the separation velocity at the side of the cylinder was lower than that of a
two-dimensional cylider; which decreased the drag coefficients, (ii) a pair of trailing
vortices existed at the free end. (iii) dowash flow and the trailing vortex near the

free-end dominated the behaviour of Karman vortex sheddiingife2.4).
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Figure
removed due
to copyright
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Figure 2.4: Flow around a finite height circular cylinder reproduced from Kawamura et al., (1984)

The counterrotating pair of vortices that form at the free end interact with the Karman
vortex shedding from the cylinder sides such that the dimensionless vortex shedding
frequency may vary along the height of the cyling&rmer and Fredsoe, 199The
region where shedding is suppressed may extend a distance of about 2D from the tip
(Sumner et al., 2004For small aspect ratios (ratio of length to diameter of cylinder),
the flow around the free end may completely suppress Karman vortex shedding from the
base to the tip. Moving away from the free end, the shedding frequency increases and,
if, the cylinder is of high enough aspect ratio, will eventually behave like an infinite
cylinder.In addition to their influence on vortex shedding, the tip vortex structures are
thought to be responsible for a downwaitected local velocity field near the free end

(directed along the cylinder), known as

2.3.4 Cylinder arrays
For widely spacedylinders, there is little interaction between the flows and they
essentially behave as independent single cylinders. On the other hand, if cylinders are
closely spaced, various interactions dawlopbetween the cylinders depending on the

orientation ad spacingZdravkovich (2003klassified flows around double cylinder
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arrays based on the level of interference between cylinders. For tHeyssdée double
cylinder configuration, the arrays were classified into thretindisinterference flow
regimes based on the spacing ratio, S/D, between cylinders:

1 1< S/D <1.2; a single eddy street is formed behind both cylinders, which appears
as a single bluff body with a weak flow through the gap.

1 1.1:1.2< S/D <22.2; narrow and vde wakes are formed between two identical
cylinders. The gap flow forms a jet biased towards the narrow wake. The biased
gap flow is bistable (stable in two states) and may intermittently switch to either
side.

1 2-2.2< S/D < 45; the coupled wakes regimeoth wakes are equal in size, and
eddy shedding is synchronized in frequency and phase. The predominafit out
phase coupling produces two eddy streets, which mirror each other relative to the
gap axis. At a transverse spacing greater than this the cgibdbave
independently.

A wealth of published data exists on the flow that occurs behind closely spaced
cylinders. The primary feature of interest is the apparertundormity of flow behind
identical cylinders spaced at regular intervals. A clear detratim of this behaviour is
visible in the photo bysumner et al., (1999¢produced irFigure2.5. Sumner et al.
used flow visualization techniques to investegtite flowfields around two cylinders of
equal diameter arranged in a sloeside configuration. When this behaviour is
extrapolated to a row of cylinders arranged digleside, a noruniform pattern of wakes

is visible downstream of the cylinders.
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Figure removed Figure removed
due to copyright due tocopyright
Issues Issues

Figure 2.5: Flow visualization of two sideby-side circular cylinders in steady cross flow with a
biased flow pattern for Re=10063000 (a) T/D=1.5 (b)I/D=2.0. Reproduced fromSumner et al.,
(1999)

Zdravkovich and Stonebanks, (199%®Westigated this phenomenon of raniform
flows being produced downstream of a row of uniformly spaced identical cylinders. The
study examined flows behind a row of cylinders. Significant variation in drag on the
bodies was detected due to the asymnmaftfiow beyond the cylinders and it was noted
t h athe flowfivas grossly nemniform and there was little evidence left downstream to
show that the flow originated from a regular row of gets T h maetastable flowvas
used to describe these flow matis that remain stable for a period, but change

seemingly at random.

Significant interactions also occur when the cylinder array is aligntaamwith the
flow. Investigation of flow past anline array of three cylinders was carried out by
Igarashi and Suzuki, (1984nd four cylinders bigarashi, (1986)The pressure
distribution and dragoefficients of eachytinder weremeasuredkigure2.6 displays
the drag coefficient on each cylinder at different spacing configurations. The dashed line
represents drag coefficient for the case where only three cylinders are arranged in line
(Igarashi, 1986)As expected, the upstream cylinder is subjected to the highest drag due
to its position in the path of the uninterrupted free stream velocity. The value of the drag

coefficient for the second cylind€y,, is negative and it acts as a thrust. An interesting

feature is the similarity between the drag coefficient on the tiigd)(and fourth C;,)
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cylinders. This implies that while a threeline cylinder configuratio has distinct

features, this is not the case for the addition of subsequent cylinders. This feature is
supported by the close correlation between the drag coefficient for each cylinder and
that for the three cylinder configuration (dashed line). Thesdtseare similar to
experiments conducted Byba et al., (1982)who investigated flows through multi
cylinder arrays. Results demonstrated that the drag coefficient on the first cylinder was
significantly greater than for subsequent cylinders; while the drag coefficients on the

second and further downstream cylinders were found to be nearly equal.

Figure
removed
due to
copyright
ISsues

Figure 2.6: Drag coeficients of four cylinders. Reproduced fromlgarashi, (1986)

Plew (2005)conducted drag tests on sewaitinder arrays of both smooth and rough
cylinders. The spacing was varied between S/D=1.15 to B&sults showed an
increase in drag as spacing decreased. Interestingly, the drag coefficient of an array of
cylinders with high surface roughness increased at a faster rate (up to 10 to 15% faster)
than an array of smooth cylinders. This differs withghalies carried out bylew,on

single cylinders, which showed that surface roughness had little effect on drag.

2.3.5 Conclusions
It is clear from the reviewf literaturethat there is a wealth of published research on
flow past circular cylinders. Howevernpamber of issues related to suspended

aquaculture remain to be addressed. Extreme surface roughness and irregularities are an
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inherent property of a mussel dropper. However, little data exists in literature for surface
roughness ratios greater th&j O< 18t ¢ The effects of these features on flows
requires further study to determine if the droppers can be approximated to a smooth
cylinder for numerical modelling studies, or if the roughness affects flows and mixing
patterns. Arrays of cylinderg particular single rows normal to the flow andime to

the flow have been studied quite extensively. Existing data demonstrates that the first
cylinder in an inline array experiences drag force significantly higher than subsequent
cylinders; this gggest that a significant proportion of the energy dissipation occurs at
this first cylinder. Extrapolating to a loflipe, the data implies that the greatest portion
of flow attenuation occurs at the entrance to the-loreg rather than as a gradual
dissipation due to friction effects along the length of the structure. In addition, little
research has been conducted on the effects of surface roughness and irregularities
(similar to mussels) on flows within an-iime array. Intuitively, surface roughness
effects would result in greater frictional forces, in addition to the form drag of the bluff
body cylinder. The effects of multiple rows of cylinders also require attention. These
areas are investigated as part of this research. Namely, studies ardexbodube

effects of a doublarray of irline cylinders on flows; the effects of different roughness

ratios of the cylinders are investigated.

2.4 Review of flushing analysis methods

Once a numerical model of hydrodynamics and solute transport is propéathte
and calibrated, one may analyse features of flow and transport of material within the
water. In such studies, flushing theory may be very useful, as it allows understanding
and accounting for a variation in velocity and concentration fields. largkrit is well
known that the flow behaviour within a domain, as well as properties of the basin itself,
are responsible for certain flushing characteristics. These characteristics are unique for a
given domain, and flushing calculations are efficientdgarticularly in water quality

predictions.

Flushing theory provides valuable information for a wide spectrum of physical,

biological and chemical processes. A number of studies have linked the exchange rates
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and flushing characteristics of a waterbalihgctly to the carrying capacity of a bay for
aquaculture developments. The carrying capacity concept lacks a clear and concise
definition and may have different meanings depending on the colmglis. et al.,
(2000)suggested four different definitions of carrying capacity with reference to the
physical, production, ecological and social level and scales of aquacDi&ume. and
Prins, (1998)nvestigated the carrying capacity of 11 coastal and estuarine ecosystems;
the carrying capacity was defined in terms of water mass residence time, primary
production time and bivalve clearance time (the theoretical time for diebtoalve

filter feeder biomass within an ecosystem to filter particles from a volume of water
equivalent to the total system volume). Results suggested that the most successful
aquaculture developments were found in systems with relatively short restders

(<40 days) and short primary production times (<4 days).

Lee et al., (2003)nvestigated the carrying capacity of six designated fish culture
zones in Hong Kong by means of flushing studiesystematic methodology was
devel oped that investigated the exchange r
and nAsvy dteemf |l ushing times to represent t he
with the surrounding waterbody and the open sea respBctiVith the flushing rate
reliably computed, the carrying capacity of the bay was determined in terms of key
waterquality parameters: chlorophy#, dissolved oxygen and organic nitrogen. The
predictions were well supported by field data. These stadiesnstrate the potential of
usingrelatively simple flushing studies formulae to assess the development potential
and environmental impact of smaltale aquaculture projects, as opposed to other

relatively more expensive modelling technique
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This sectiorpresents a number of methodologies describing flushing characteristics

and properties of a particular domain.

2.4.1 Average residence time

T h averdge residencetie can be definedaverdigeagdéigh it s 1
which is the average amount of timattla particle has spent in a resergairiksson,
(1961) (1971). A number of approaches have been adopted to define the average
residence timeBolin and Rodhe, (1973glated it to the average transit time of particles
leaving the reservoir, whilZimmerman, (1976)evised this definition in termsf an
ensemble average, relating the average residence time to the average age of each
element in the reservoifakeoka, (19843ummarized these concepts to develop age and
residence time distribution futiens. A remnant function r(t) was defined, relating the
ratio of the mass of material within a reservoir at a given time M(t), to the initial mass of

this material M
i0o — (2.5)

Takeoka, (1984)lemonstrated that average residence time of a reservoir is an integral

of the remnant function.
T i 0Q0o (2.6)

Murakami, (1991)tilised theabove definition off; and demonstrated that in most
cases r(t) can be approximated by the following exponential function

i0 Qwno’y 2.7)

whereTy is the number of tidal cycles, and A and B are empirical constants to be
determined. Both A and B are dependent on the shape of the dye decay curve and have
to be determined in each case by approximating to thalaaimerically predicted
decay curve. Equatiof2.7) has the advantage of being easily integrable giving an

accurate value of; .
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As was proved byan de Kreeke, (1983bhe residence time determined by the above
calculations should equal the time schlgvhich is the time required to reduce the
initial mass of an instantaneous injection by a factor e, if a basin with a continuous

exchange is considered.

2.4.2 Exchange per tidal cycle coefficient
While the average residence time provides a time scale assessment of the
characteristics of a waterbody, the exchepgr tidal cycle coefficient quantifies the
exchange of water between a considered domain and ambient water. It indicates the
fraction of water in a basin or segment dfesin thats removed and replaced with
ambient water during each tidal cyc{Blece and Falconer, 1989)

0 p Y 2.8)
v & 2.9)
(0]

Where E is average per cycle exchange coefficiénis average per cycle retention
coefficient,0 is initial spatial average tracer concentrationtier volume considered,

ando is spatial average tracer concentration for the same volume after n tidal cycles

2.4.3 Estuarine Residence Time and Pulse Residence Time

Miller and McPherson, (1991)stinguished two specialised groups of the residence
time. Estuarine Residence Time (ERT) is identical to the average residence time by
Takeoka, (1984and is the time required flush a given fraction of the water, or a
conservative constituent from the estuary, if it is initially uniformly distributed through
the estuary. Pulse Residence Time (PRT) is the time required to flush a conservative
constituent from the estuary tfis introduced at a certain location as an instantaneous
injection. PRT will always be greater than the ERT if the pulse is introduced in the
upper estuary.
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2.4.4  Conclusions
The flushing characteristics of a waterbody provide significant information on the
water quality of a waterbody, coupling the major abiotic and biotic components in a
straightforward manner. A number of studies have linked short turnover times to greater
production capacity due to increased particle renewal. Flushing studies therefode provi
a useful means of assessing and comparing the carrying capacity of a bay, and

identifying zones of limited production capacity.

This section presents a review of important flushing study characteristics used in this
thesis. The different characterigtiprovided details on the average time material spends
in a waterbody; exchange between the basin and surrounding waters; and the flushing

characteristics of individual stdections of a waterbody.
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"One cannot come upitv a list of rules on how to achieve the
bestpossible solution for conventional modelling of hydraulic
phenomenon. Indeed, each particular case has its own
peculiarities and difficulties and consequently its own best
solution”

- M. S. Yalin
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3.1 Introduction

The general purpose, opsaurce, codes used in this study are DIVA&d BEFDC.
DIVAST is a twedimensional deptintegrated finite difference model, which consists of
two coupled modules: (1) a hydrodynamic module, and (2) a solute transport module. It is
suitable for water bodies dominated by horizontal, unsteady flowshanhdo not
display significant vertical stratification. The hydrodynamic module is based on the
solution of the deptintegrated Navie6tokes equations and includes the effects of local
and advective accelerations, the rotation of the earth, barotmogifree surface pressure

gradients, wind action, bed resistance and a simple mixing length turbulence model.

EFDC is a generghurpose modelling package for simulating thagaensional flows,
transport and biogeochemical processes in surface watensydt solves the vertically
hydrostatic momentum and continuity equations in a coordinate system which is
curvilinear and orthogonal in the horizontal and siggtratched or terratfollowing in
the vertical. Threelimensional transport equations for fgmature, salinity, dye tracer
and suspended sediment can also be computed simultaneously in EFDC. Acsdeond
turbulence closure model developed\Mglior and Yamada, (1982&and modified by

Galperin et al., (1988)s solved to provide vertical turbulent viscosity in the model.

3.2 DIVAST model

3.2.1 Model history and description

DIVAST was first developed bigrofessor R.A. Falconer in 1976, and has been
extensively developed and refined by Professor Falconer and his research team. The
modelsimulates twedimensional distribution of currents, water surface elevations and
various water quality parameters witliire modelling domain, taking into account the
hydraulic characteristics governed by the bed topography and boundary conditions
(Falconer and Lin, 2001Yhe model has been extensively calibrated and verified against
laboratory and field measured data, with details of the model refinement and verification
being reported in over 100 papers by the original model author. The model has been used
to date on over 200 projects in Ireland and the UK and is considered amyirsdaisdard

for many aspects of water quality management.
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The governing differential equations are solved using the finite difference technique
and a scheme based on the ADI formulation which involves the subdivision of each
timestep into two half timesps. This allows a twdimensional implicit scheme to be
applied but considering only one dimension implicitly for each half timestep, eliminating
the need for the solution of a full tabmensional matriXFalconerand Lin, 2001) The
model grid is discretized on afdIplane where the | and J axes correspond to the x and y
directions respectivelyHgure3.1). The solution scheme proceeds in thdinection
during the first half timestemd computes the water surface elevatijpand the x
direction velocity component, U, using the method of Gauss elimination and back
substitution. Solute concentratiof&,are then computed before proceeding to the second
half timestep and repeating theocess in the-direction, computingg, the ydirection
velocity component, V, and, Blash, 201Q)Figure3.1 presents the discretization of the
model grid on a finite difference grid. A spastaggered orthogl grid is adopted with
water elevation and solute concentration discretized at the centre of the grid cell and
velocity components and water depths discretized at the centre of the cell sides. The
staggered grid representation has the advantage tlthefoomputation of each model
variable in time, centrally located spatial derivatives for each of the other variables are

available.

Jory

| or x -1 r--

solute concentratios

mmm X-direction velocitylJ and
water depthH,

J1
water elevatior and -
—

y-direction velocity and [+1 f-- I I
water depttH,

Figure 3.1: The spacestaggered grid scheme and,J) coordinate g/stem. Adapted fromNash, (2010)
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3.2.2 Hydrodynamic and solute transport basic equations
In a shallow well mixed waterbody (sEgyure3.2) the vertical velocity component w

is usually small reldve to the horizontal velocity components, u and v.

z v
TA. Bottom

Figure 3.2: A shallow welkmixed wat er body (M. W. L =Mean water | evel

below water level

In such cases, the horizontal velocity components can be integrated over the depth to
give the depth integrated velocity components such that:

P
) U Qaq (3.1

Y 7 OO [} &)
where H=h+ s total water depth; h is water depth below MWL, drd waterdepth
above or below MWL. As a result, the model environment is reduced from a complex
threedimensional problem (in x, y, and z) to a tdisnensional problem (in x and y).
Assuming that the vertical accelerations are negligible compared to gravityaaiaeth
Reynolds stresses in the vertical plane can be represented by a Boussinesq approximation

then the model hydrodynamic governing equations can be expregsedcaser, 1994)

Continuity equation:

—a

T-1™n 11N
rTot @1 o (32)
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x-direction momentum equation:

@ Qéf_ oMy o —0w o w
N‘*’ ° ) (3.3)
Y Y
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y-direction momentum equation:
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) o T w
@ “Q"{S‘—_, Y O s o o 34
W (0}
, Doy
c'l'_(o’ OTI'_(; 'I'T_co © ;_2 .:'_u)
where:
- = water elevation above or below datum
Ox, Gy = depth integrated volumetric flux in the x,y directiogs=UH, q,=VH)
b = momentum correction factor for namiform vertical velocity profile
f = Coriolis parameter
C = Chezy bed roughnessetticient
’ = depthaveraged mean eddy viscosity
" = density of air (1.292kg/M
Cw = air fluid resistance coefficient (assumed to be 2.63 10

” = fluid density

The equation governing the solute transport, describing also tee thatribution used
to study the flushing process, is an adveetiffision equation in the twdimensional

depth integrated forraccordingio Falconer and Lin, (2001)
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where,%ds thedepth averaged solute concentration (unit/volume) or temperature, and
Dyx Dyy» Dyx, Dyy are the deptiaveraged dispersion diffusion coefficients in the x and y
directions respaively (m?s). The first three terms represent the local change with time
of a solute and its advective flux; whereas the next two terms are the disjukifsision
fluxes, summarizing all neadvective transport processes, such as molecular diffusion,
turbulent diffusion and dispersion due to shear flow. The last termyepresents all

other sources and sinks such as discharge from outfalls and rivers, as well as chemical

and biological transformations.

3.2.3 Numerical representation of impeded flows
Falconer, (1994)lerived the deptfaveraged continuity and momentum equations for
nearly horizontal flows by considering flows through an infinitesimal control volume.
The derivation of the equations was based on the conservation laws of mass (continuity
equation)and moménum ( Newt onds second | aw of moti or

expressed in words as, respectively:

1. The mass inflow per unit time equals the mass outflow per unit time plus the

change in mass within the control volume per unit time.

2. The rate of change of moment is proportional to the resultant applied force

and is along the line of action of the force.

This section applies an equivalent procedure to deriving the equations of motion
describing flows through a cultivated aquaculture farm. The control volunsédeoed
by Falconer, (1994)was modified to simulate flows through a typical idealised
aquaculture installation. The full derivation is not presented here for brevity; for further
details, the reader igferred taFalconer, (1994andWestwater, (2001)
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A suspended mussel dropper farm is considered. The most significant source of drag
from a musselong line is the dropper ropes. A typical 120m long king may have 3
5km of dropper rope hanging vertically; with a typical diameter of 0.3m at maturity, the
combinel projected area (not accounting for any sheltering effect) is circa £500m
compaison, the same lonline may have up to 20 buoys, which are cylindrical, with
diameter ~1m and length ~1.2m. If completely submerged (a rare and undesirable
occurrence), the combine projected area of the buoys will bé, 1&ss than 1% of the
total submeged aredPlew, 2005) Drag on the buoys will therefore be considered
negligible and is not considered further.

Figure3.3 presents an infinitesimal control volume incorporating a hypothetical
cylindrical resisaince element representing an idealised mussel dropper, of diameter D.
The continuity equation can be derived by considering mass flux components in the x, y

and z direction of the control volume.
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Figure 3.3: Control volume incorporating dropper resistance

For steady incompressible flow, the continuity equation can be expressed as

°re 1o 36)
w! w a

ror.
T
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where— p " —

The termd is defined as the porosity of the cell and describes the reduction in cross
sectional flow area due the presence of the droppers withrepresenhg the density

of droppers.

The continuity equation can then be integrated over the depth to form the two
dimensional partial difference continuity equation. By depth integrating and applying
Lebnitz rule(Sokolnikoff and Redheffer, 1966assuming a nglip boundary condition
at the bed, and the kinematic free surface condition at the swifade assumes that
fluid particle remains at the surfa@éallentine, 1959) the depthintegrated continuity
eqguation incorporating the resistance of the droppers can be expressed as:

T -1 70! &0
ToTo 1T

3.7)

The momentum equations, incorporating dropper resistance, can be derived (see
Falconer, (1994andWestwaer, (2001) by consi dering Newtonos
which states that the sum of the external forces acting on a body must equal the rate of

change of linear momentum.
QB
D g (3.8)
D a 0o

where'®is the resultant force, m is the mass diid the velocity.

The egations can be derived by considering the force components acting on the
infinitesimal control v odlgweRsd Theforcesi des @a&x,
components acting on an element of fluid include the shear stress compaingnt ac
tangential to the plane, the normal stress component acting perpendicular to the plane and
the body force per unit mass due to the ea
stresses in the vertical plane can be represented by a Boussinesq apjmoxihea
momentum equations in the x and y direction, incorporating the dropper resistance, can

be expressed respectively, as:
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3.2.3.1Dropper drag force
When flow passes thugh a cultivated aquaculture domain, both velocity field and

pressure field will be changed by the dropper resistance. This is a typicatflucture
interaction problem with the scale of structure being relatively small. In this section, the
drag impated by the droppers is expressed by assuming the droppers can be described as

a collection of a straight rigid and emergent cylinder.

The form drag exerted by a single infinite cylinder in a uniform flow of velocity, u, is

typically parameterised throughdrag coefficient as followStreeter, 1962)

o _9®0 (3.12)
C

Where Iy is drag forceis projected area of the cylinder, angli€ a dag coefficient.

Refining the above equation for defatheraged flows and expressing in terms of an

array of distributed droppers:

o BT 6nY o (3.12)
C
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where,” i s density of droppers per unit area,

on the assumption of a Il ogarithmictobel oci t

1.016 for an assumed seventh power law velocity distrib(Ealtoner and Lin, 2001)

Therefore the continuity and momentum equations incorporating the effects of mussel

dropper structure can be expressed as
Continuity equation:

T -1 YO! O

o T o T o (3.13)
x-direction momentum equations:
tho, W1
T o Tow T o
el = QYY  o Ty
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y-direction momentum equations:
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3.2.3.2Mixi ng length turbulence model
Turbulence in DIVAST is considered to be dominated by bottom friction. Thus, the
eddy viscosity is calculated from the simple mixing length concept. The mixing length

model is based on the assumption that the eddy viscositypsnpional to a mean
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fluctuating velocityw, (velocity scale) and a length scale characteristic of large

turbulence eddies$, according to the equation
I (3.16)

where the scaldsandw need to be determined. DIVAST adopts a deptraged form
of the mixing length model which can be expressed in the folffrabéoner and Lin,
2001)

0 —
.0_.

T8 Y o (3.17)

where G is the coefficient of eddy viscositifischer, (1979%uggested a value of 0.15

for C. based on laboratory data. However, for actual tidal flows in estuaries and coastal

waters a much larger value isrequiredagdl C. 0 i s gener @alconer r e c o mm
and Lin, 2001)

The mixing length model has the advantage of being simple and economical, and in
many cases reasonable results can be obtained provided appropriate empsiaatson
are chosen. However, it does have certain limitations, in particular the lack of universality
of the empirical input. In addition, the mixing length model assumes that turbulence
everywhere is in a state of local equilibrium, which means the turteileroduced at a
certain point is dissipated at this point at the same rate. Thus, the mixing length model

does not account for the transport of turbulence, or for history effects.

3.2.4  Finite difference formulation

The amended differential equatiof3s13)-(3.15), are resolved using the finite
difference scheme with a Cartesian grid that has to be developed for the modelled area.
The domain of solution in DIVAST idiscretized using a uniform space staggered mesh.
In this system, water elevations and solute concentrations are calculated at the centres of
the grids, whereas velocity and flow components are located at the centres of the sides.
This calculation techniquis known as the Marker and Cell meti{bidriow, 1972) The
mesh configuration is given Figure3.4.
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Figure 3.4: DIVAST two -dimensional grid.

The resultingspace discretized equations of contty and momentum are discretized
with regard to time using a mulime interval Alternating Difference Implicit (ADI).
The ADI technigue requires that each ti mes
operations of equadhhalftliemedthe mat /f2r. o ik otri men eaetf
the derivatives and terms referring to conditions in Hoirection are expressed in an
implicit form, whereas those in thedyrection are expressed explicitly. Likewise, for the
second haltimestep, the deratives and terms referring to conditions in thdinection
are expressed in an implicit form while those in tkdinection are expressed explicitly
(Falconer, 1976)The alternating formulation decreases computational requitsme
since the implicit scheme is only applied in one direction in each timestep without the
need to solve a full two dimensional matrix. The discretized form of conti(8.it$),

and momentum equation8,14) and(3.15), are given below.

Continuity equation, first half time stepfon+1/2)

30 , , ,
— —h @ns PO I 2R | n m  (3.18)

Momentum equation in thedirection, first half time stepton+1/2)

—Ns —Ns (3.19)
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where n is the timestep level, and i,j are grid point locations as detaleguie3.4. The
individual terms as numbered in equat{8r19) correspond to the depthtegrated:

A Local acceleration X0 MU
A Advective accelerations XO0HO
A Coriolis force X600
A Pressure gradient Xono
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A Dropper drag component Xopo
A Wind shear component Xo6co
A Bed shear compone X6T0

A Turbulence induced shear force X0y 0

For the first haHtimestep, from n to n+1/2, equatiof®18) and(3.19) are solved
implicitly to compute valuesfaxa nd d . D u-Bneatitp of thehmeomentam
eqguations, the solution of the advective accelerations are centred in time to avoid
problems associated with ndinear instability."Yf¥j denote values corrected by

iteration as:

Y y for the first iteration

gTY Y . for the second iteration

For the second hatfmestep, from time level n+1/2 to n+1, similar formulasaf the
continuity and ydirection momentum equations are solved to compute valueg déodq

d .
The formulation of the dropper drag componé&it, and areal reduction coefficiert,

into the numericanodelmodifies the solution proceduran amendedes of recursion
coefficients resultsThe process is explained in the following section

3.2.5 Hydrodynamic solution

For an implicit solution scheme, the computed solution at any particular grid point
depends on the solution at the adjacent grid points andd@aime time level; unlike
explicit schemes where the unknown variable is expressed directly in terms of known
values. Therefore, the equation of motion for an implicit scheme cannot be solved
directly for the required solution of U, V audbut must be solved simultaneously. The
known values are typically those values calculated at the previous timestep and the
unknowns are those variable values required at the current timestep. A system of
equations, which requires the solution of a nundfesimultaneous equations,most

readily solved by setting up the simultaneous equations irdagional matrix form and
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applying the method of Gauss elimination and back substit(F@iconer, 1976)The

solution of the hydsdynamic equations in DIVAST proceeds in this manner.

Analysing equation§3.18) and(3.19), the unknown variables are U atiat time level
n+1. Bringing the uknown terms to the left hand side and rearranging the momentum

equation(3.19), can be expressed as

x-direction momentum equation

“m"o aon N )
H (3.20)
@0, 5
Q3 h — h
Replacing known terms gives:
G- ons . - ;8 (3.21)
where:
. Q0 . @0 n N
© oY G il @ —P ¢ 08
P
6 —ns —Yns 5 Yasp Yn : Y :
. °
=02 . —0 5- 5 -5 ]
h
" 300 W W 20N n )
” C "06 r]
h
Y Y Y Yoo Y .
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A similar rearrangement of terms is applied to the continuity equégid8).

Rearanging terms, and bringing all unknowns to the LHS:

30 | 30 .
v Gol® 5 O (322

Replacing known terms:

Qs . 0 s 0 (3.23)
where
Q 30 Q
c3~dor]
5 & 30 3 3

a;, b, ¢ ,d e, and fare recursion coefficients, whife andB; are a combination of
terms containing kn&ahuesal may ohed xbedcomp

provided appropriate conditions are specified at the open boundary.

Open undary conditions for hydrodynamics are speciéiseither time varying
water elevations or sonwelocity functions normal to the prescribed boundary. When a
flow boundary is applied, then the velocity outside the domain is set equal to the
boundary vala. If a water elevation boundary is applied, then the known water
elevations are prescribed at the boundaries anddattdy components of the velocities

at the boundaries can be calculated.

The computation of unknown variables commences with equaBdy and(3.23).
Taking a sample section of contiguous grid as presenteigume 3.5(b); which is
located in the computational domagresented ifrigure3.5(a). Grid cells (2,2) to (12,2)
are bounded by a lower open boundary condition at (1,2) and an upper, closed boundary

at (13,2). The unknown valuesipfs.  and-s;  in (3.21) and(3.23) can now be

evaluated for the grid cells in the computational domain by a process aifagioni
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a) Model Grid: b Integration Section;
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open boundary
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Figure 3.5: (a) Sample model grid showing >direction integration sections and (b) individual section

(land cells are grey, wet cells are white and boundary cells are blu@ash, 2@.0)
Starting at i=1, and given that;  is a known boundary condition, the unknown

ns . in (3.21) can be written in the form:

ns Y- ; Y (3.24)

At i=2, expressiorf3.24) can tlen be substituted into equatif8123) to eliminate the

fluxn s ; to obtain an equation fer ;  which takes the form:
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—. 0ns . O (3.25)

At i=3, expressiorf3.25) can be substited back into equatiof8.23) to

eliminate—- . . Applying this pr o alldwsalleunkhowms al | c e

be expressed in terms of known variables. In their general recursive tohencentinuity

and momentum equations may be writtejrespectively

— ons . O (3.26)

ns . Y- i Y (3.27)

WhereP;, Q, RandSar e recursion terms cganmputed as
- Q - o QY
" gy N VY g av

o} WO

® OO

€

n

W QO

For the special case i=1, the recursion terms computed at the open boundary are,

v By g O
- (0] -
W w N

The recursion termB; andQ; arenot required at i=1.

Upon reachinguyaxOne arrives at an equation fer . with a single
unknownr) §  :; this unknown flux is specified by means of an upper boundary
condition; in this case a closed boundajiyingn s . T allowing— - to be

calculated. Backward substitution is then used to detennigie . and-.  ateach

value of i.
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This procedure is then repeafedthe j+1 rows etc., until all the N rows parallel to the

x-direction have been solved. When completed the values of the wateHevelsand
velocitiesN are known throughout the domain.

As previously mentioned, the stability of thelution requires that all ndimear terms

are centred in time and space. The solution algorithm presented, computes all unknown
values of-.  andn g . during the first half timestep. A similar algorithm isithe

applied to the ydirection integration sections during the second-tiaiéstep to compute

all unknown values of ; andn .

This solution scheme is second order accurate, both in time and space, with no stability
constrains due to the time centred implicit character of the ADI technique. However, in
order to achieve a reasonable computational accuracy, the time step cannot exceed a

maximum Courant numbed, , as suggested [8telling et al., (1986)

5 30 wo~— £ i (3.28)
3W 3w

Practically, extensive tests showed that the stglaihd accuracy of the scheme is

preserved when the Courant number does not exceed eight.

3.2.6  Turbulence closure models
A turbulence model is a computational procedure to close the system of mean flow
eguations. For most engineeriagplicationsjt is unnecesary to resolve the details of
the turbulent fluctuations. Turbulence models allow the calculation of the mean flow
without first calculating the full timelependent flowield; only how turbulence affects

the mean flow.

As mentioned, the mixing length turlence closure model has certain limitations in the
simulation of flow processd®odi. W., 1993) The mixing length theory is most
appropriate when a unique length scale of turbulence €Xstsmekes and Lumley,

1972) This is not the case for flow through an aquaculture installation, in which there
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will usually be two characteristic length scales, one associated with the mean velocity
gradients and one with the wake generated eddliegldition, the mixing length model
assumes that the production of kinetic energy is in approximate balance with the viscous
dissipation of kinetic energy. This is not the case within a suspended aquaculture canopy,
where production significantly exceedissipation(Nepf, 1999) The model therefore

performs poorly, unless appropriate empirical coefficients are comfaortdte

particular flow regimgBurke and Stolzenbach, 1983)

Therefore a more sophisticated turbulence closure model was deemed a necessity to
simulate these processes. This section expands on the wolest, (2006) who

incorporated a twequation kUmodel into DIVAST.

The twaeequation models discussed here rely on a local turbulent eddy viscosiat

parameterizes turbulence in terms of mean flow quantities (vertical shear) as:

- , 1o ., 10
ov T_(D 0o o (3.29

The standard Reynolds decomposition has been usedwith o6 U
OME® 0 0 ;whereo, b, andd are instantaneous velocity components in the X,
y, and vertical z direction respectively;v, andw are resolvable mean velocity
components; and b and0 are components of fluctuations of veloditlyout the mean

velocity.

The product terms on the left hand side) , and 0 0 represent correlation between
the fluctuating components of velocity; which describes the transport of momentum by
turbulent motion. The termo6 U describes the transport ofimomentum in the-z
direction, and it effectively acts as a stress on the fluid. The over bar denotes time

averaging, as described bynze, (1975)

d P 90o (3.30)
(0] (0]
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The time interval of averaging g, is long compared with the scale of turbulent
motion, but small compared with the scale of mean flow variation. Time averaging

describes the effects of the instantaneous quantities on the mean flow.

Prandtl, (1945andKolmogorov, (1942)independently suggested that the eddy
viscosity is proportional to the product of a characteristic velocity and length scale,

known as the Kolmogorelrandtl expression:

o V'l (3.31)
Where is an empirical constaritjs the characteristic length scaleda is the turbulent

kinetic energy, definedd@@ -6 0 0

The distribution ok is relatively easily calculated via a transport equation that
describes advection, diffusion, production and dissipation of kinetic energy. Defining an
providing an equation for the length scdlas more difficult and uncertain. A number of
two-equation models are commonly used that prescribe an equatiamsiog different

transport equations.

The length scale characterizing the size of the langegy containing eddies, is subject
to transport processes in a similar manner to the elkeRypcesses influencing the
length scale include dissipation, which destroys the small eddies and thus effectively
increases the eddy size; and vortex stretchonnected with the energy cascade, which
reduces the energy sigieodi, 1993) A | engt h scal e equation
length scale equation itself as dependent variable; any combination of thé form
Q 0 will suffice sincek is known from solving th& transportequatiorfRodi, 1993)
Forexample,the.kl cl osure model makde®8Ql-seo of t he

compute the length scale.

Despite the different formulations used in calculating the characteristic length scale the
results are very similar; in fact all the equations possess a common form and can be

expressed in the standard Einstein summation conventiétods W., 1993)
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Where, ,® ando are empirical constants, P is the productibkinetic energy and

S represents a secondary source term which differs according to the choice of L.

3.2.6.1Two-equation kU mo d e |

ThekU model i s t h-equaionsnode(p/itcqxulbI8)rit can eo
expressed as:

ra1rQ 1. 1Q

To%TaTo 'la
R ST SR S
Ta,!a Ta Ta T a

(3.34)

where:

- - dissipation of turbulent kinetic energy

- vertical eddy viscosity for moemtum defined as oW GY
' - eddy diffusivity for temperature defined’as @I BY

where,”Y and"Y are stability functions that describe the effects of shear and
stratification and c is a coeffant with a value of c=1.0 for the stability functions of
(Galperin et al., 1988)

Eddy viscosity is determined from tK®ImogorovPrandtl expressioand the

relationship between eddy viscosity andgémscale, L, in the form:

ngg (3.35)
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The kUmodel may be used in the defatherage daulations when the local depth
averaged state of turbulence is characterize@4myd,- [and deptraveraged turbulent
stresses are related to deptreraged velocity gradients. A widelged k0 model f or
shallow water flows was proposed Bgstogi and Rodi, (1978)

The depthintegrated formofthekk model <can be derived by f
threedimensional turbulence transport equati@83) and(3.34) over a watedepth and

then applying the appropriate boundary conditions. This technique(@iteet, 2006)

00 ..,Y,,%% %%Q Lo e o0 . ‘O (336)
Wl 0w, T 0w, 1

%;J.' %9—"_
Of1 - 1 -

w_o‘o,,_w_m Tw_w_w “© 9

- (337
EoG D ® o%

l||

The depthaveraged horizontal productidd, is due to the action of 2Reynolds

stresses and mearlocity gradients as:

YT YT 07 Y ® (3.39)
TR 0 ® ] 0] W ®

C2

Q' ['and- [can be considered a dejatheraged representation of the three dimensional
forms(Rodi, 1993)® ,® ,, and, are empirical constantStandard valuewere
adopted as follows z=1.44, G~=1.92,, =1.0,, =1.3(Launder and Spalding, 1974)
The vertical production is in addition to the horizontal production, due to horizontal
velocity gradients, and depends strongly on the bottom roughness. Thus, this extra source
term refers to the resultant bottom shear stress through frictional velocégd it can

be expressed as:

"4
N 3.39
0 ® =5 (3.39)
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. ¥

’ Ny — 3.40

0 G5 (3.40)
where ¢ and gare empirical constants.

The depthaveraged KJmodel considers turbulence production due to vertical velocity
gradients near theeld. Significantly, with regards to simulating impeded flow profiles, it
also simulates turbulence production due to horizontal velocity gradients. The standard k
U model has been applied tdmensiamgiwali nds of
boundary layes (Jones and Launder, 197#8pws past hydraulic structur¢€ea et al.,
2007)and flows through a horizontal axis wind turb{ii# Kasmiand Masson, 2008)
The next section considers a mathematical representation of the turbulence production

associated with a mussel dropper farm.

3.2.6.2Amended kU mo d e |

In addition to affecting the hydrodynamics as detailed above, the presence of droppers
also affects the turbulent intensity and diffusion via the conversion of mean kinetic
energy to turbulent kinetic ener@ifepf, 1999) This contribution augments the
turbulence intensity, while the characteristic turbulence length scale is redefined in terms
of the dropper scale. This means, that turbulence within a cultivated mussel dropper
region is dominated by the drogpstructures as opposed to the bottwoundary shear,
as in open channel flofNepf et al., 1997)

As part of this research, theCkurbulence closure model was amended to incorporate
this conversion of kinetic energy into the numerical model by introducing an additional
term representing canopy drag. The system of partial different equations expressing the
budget of turbulent kinatienergy, k, and dissipationcan be expressed as (Shimizu and
Tsujimoto, 1994):
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The weighting coefficients attached to the additional turbulence production of the
aguaculture installations,gGand Gg can be considered results of the model calibration
(Shimizu and Tsujimoto, 1994kor this study, the values were prescribed a priori based
on a consideration of literature and mathematical anglysigez and Garcia, 2001}
can beshown that for th&equation to be in balance, the value gff@s to be dependent
upon the value ofx (Burke, 1983) This can be derived by considering steady,
horizontal flow through vertical infinitely long cylinders, where all the derivativesdn th
vertical direction vanish. Then from thelguation[ 6 "O°Y "Ow and from thd’
equationd 6 "OY "Ow 6 -[sothad 0 jO O .Forthisstudy, a
value of 1.0 was prescribed foiCand a corresponding value offl.33(Neary, 2003)

The effect of the mussel dropper longlines are included via an additional turbulence

production term included in theik- transport equatiofNaot et al., 1996)

0 g" % Y o (3.43)

The two transport equations are discretized in a similar manner to the hydrodynamic
equations discussed in the previous section. For discrete represent&tamddfa space

staggered system of Mark and Cell grid typeused with positions of key variables
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described and illustrated figure 3.4 The discrete form of the kinetic energy equation

for the first half time stepn(to n+1/2) can be written as:

~, iy 3“6 iy VLl ~, N\ 7
(0.0] . : . —CS‘GJ Qe i YO . Qe . YO .
30 4 00 K NNO)
— w0, w0
C3Ww h % h
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—_ = - . ; -
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The depth integrated r epr esleuatecfdriheofist of t h
half time step at the centre of poift According to ADI technique, all derivatives in the
x-direction are expressed implicitly and those inyfe®ordinate direction are
represented explicitly. Because the backward implatieme is not fully centred in time,
the advective components are subject to time centred iteration. Terms indicated by prime

in the above equation were updated by the iteration in two steps:

First iteration-"Q; 0;

Second ieration-0; -G O

62



Chapter 3
Description of numerical models

Likewise, a similar discretization procedure and solution method is applied to the

di ssi pation equat i oiequatidniHoethedfiisthalftimetsieptd or m o f

n+ ]/2) has the form:

30 .
o B @0 Y
30 'O r "0
v S b - i & :
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cQ h
The solutionofthe) t ur bul ence model proceeds in a

for the hydrodynamic solution. Thus, for the equation of turbulent kinetic energy the

backward implicit scheme at time level n+1/2 giveg-tlirection three unknowns of

fomQ "HQ, "AQ 7; with similar unknown terms fo

These terms are later evaluated using the methodudsGdimination and back

substitution, where the first and last variable in an integration range are defined from

boundary conditions.
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3.3 Environmental Fluid Dynamics Code (EFDC) model

3.3.1 Model history and description

The EFDC model was originally developedfs Virginia Institute of Marine Science
and is currently supported by the U. S. Environmental Protection Agency (EPA)
(Hamrick, 1996) The EFDC model has been extensively tested and documented in over
100 modelling studies. The mddeas been applied to a wide range of modelling studies,
including: environmental impact assessment stugiesnrick, 19923g)salinity transport
(Moustafa and Hamrick, 19949uspendedediment transpo(Bai and Lung, 2005)
larval transpor{Shen et al., 1999nd hydrothermal responsg&angaonkar et al.,
2005) The model is esently being used by universities, research organisations,
governmental agencies, and consulting fi{fhs2008)

The EFDC model is an advanced thdémensional timevariable model that provides
the capability of internally linking four njgr modules: hydrodynamic, water quality and
eutrophication, sediment transport, and toxic chemical transport and fate submodels
(Figure3.6). The EFDC hydrodynamic model itself, is composed of six transport module,

namely, dynanus, dye, temperature, salinity, near field plume and drifterKgpee3.7)

EFDC Model

Water Sediment
Quality Transport

Hydrodynamics Toxics

Figure 3.6: Primary modules of the EFDC model
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Hydrodynamics
|

| | . [ [ I

Dynamics . Mear Field .
(E, u, v, W, mixing) Dye Temperature Salinity Plume Drifter

Figure 3.7: Structure of the EFDC hydrodynamic module

3.3.2 Governing equations

The hydrodynamics of the EFDC model and many aspects of the computational
scheme are equivalent to the widely used Princeton Ocean kBldaiberg and Mellor,
1987)(Hamrick and Wu, 1997)T'he EFDC model solves the thrdenensional
vertically hydrostatic, free surface, turbulent averaged equations of motion for a variable
density fluid. Dynamically couptetransport equations for turbulent kinetic energy,
turbulent length scale, salinity and temperature are also solved. The two turbulence
parameter transport equations implement the M&llmada level 2.5 turbulence closure
schemgMellor and Yamada, (1974%alperin et al., (1988)

The equations that form the basis for the EFDC hydrodynamic modedsed bn the
continuity, Reynoldsaveraged NavieBtokes and concentration equations. It has often
been noted that the ordinaxyy,zcoordinate system has certain disadvantages in the
vicinity of large bathymetric irregularitig®lumberg and Mellor, 1987) o provide
uniform resolution in the vertical direction and a free surface permitting long wave
motion, a time variable mapping or stretching transformation is desirable. The mapping
or stretching is givenyb(Phillips, 1957)

(3.46)

where z = the stretched, dimensionless vertical coordinate;aalled sigma coordate,
and z* = the physical vertical or Cartesian coordinate. Thealed sigma coordinate

system gives:
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z=0 at bottom topography z*=-h
z=1 at free surface z*=d

As shown inFigure3.8, the sigma coordinate systemoalls smooth representation of the
bathymetry and same order of accuracy in shallow and deep waters. Details of the
transformation may be found Vinokur, (1974)or Blumberg and Mellor, (1987)

Figure removed duet
Q copyright issues

Figure 3.8: The sigma coordinate systenz* = Cartesian coordinate in the vertical and z = the sigma
coordinate. lllustration adapted from Ji, (2008)
Adopting the Boussinesq approximation for variable density fluid; which states that,
density differences are sufficiently small to be neglected except where they appear in

terms multiplied byg; the model governing equations can be expressed as:

Continuity equation

—a

~ 1 061 00
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o .
20T U 3.4
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Depthintegratedcontinuity equation
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y-direction momentum equation

T 'O07T 066 1T OO T VO
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where p is excess water column hydrostatic pressure; b is the buoyargthe
vertical turbulent viscosity; and QQ, are momentum source sink termsarporating

subgrid scale processes.

The hydrodynamic module also contains a pair of transport equations describing the
evolution of temperature (T) and salinity (S). The tkaleeensionagladvectiondiffusion
transport equation can be expressed as:

"1 %o
T @ 1 00 % 0L % U %! TOT & (353)
7o To To 1Ta T1a °

where « represents concentration variable of salinity or temperdturis,the vertical

turbulent diffusivity, and Qdescribe relevant source and sink terms.

The terms @ Q, and Q, found in(3.49), (3.50) and(3.53) include subgrid scale
horizontal diffusion and momentum or thermal sources and sinks. These terms represent
motions induced bgmaltscaleprocesseand not directly resolved by the model grid.
Theyare parameterised in terms of horizontal diffusion and can be expressed as:

CA
|
N
o:
|
|
o
|
|

(3.54)

0 —06 —, —. —.G0 —. (3.55)
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x T T % T 1 %

The function of the horizontal diffusion terms is to parameterise subgrid scale
processes; in practise the horizontal viscosity and diffusivity tergnand A, are often
specified as a minimum value necessary to smooth cell to cell spatial oscillations. The
diffusivities are chosen so that they do not produce excessive smoothead fefatures.
Values as low as 101s have been successfully used in various modelling studies
(Blumberg and Mellor, 1987)n this study, the relatively fine vertical resolution adopted
resulted in a reduceteed for horizontal diffusion because horizontal advection followed
by vertical mixing effectively acts like horizontal diffusion in a physical séAggio,

2003) When the horizontal turbulent diffusion is used to represent subghedsbang

Ay and A, may be represented as suggeste8rogpgorinsky, (1963Hamrick, 1992b)

3.3.2.1Boundary conditions in sigma coordinate system
Initial conditions and boundg conditions are needed to solve hydrodynamic
equations. Prescribed boundary conditions serve as driving forces for the model
simulation. The types of boundary conditions present in a-tlireensional
hydrodynamic model are presentedrigure3.9, and include both horizontal and vertical

boundary conditions.

Figure removed
due to copyright

Figure 3.9: Boundary conditions. lllustration adapted from Ji, (2008)

(a) Vertical boundary conditions
The vertical boundary conditions for vertical velocity are
Om LVLp T (3.57)
which means that the vertical velocities at the surface and at the bottom are zero.
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Vertical boundary conditions for the momentum equations are kinematic shear stresses
at the water bottom (z=0) and water surface (z=1). Expressions for shear stre§iges are
2008)

——, 0 t ht @ 0 U o (3.58)

,,—T—,éFl‘) T ht ® Y o Yho (3.59)
O«

wheret andt are shear stresses at the bottom (z=0) and shear stresses at the surface
(z=1); Uy and \, are wind speed components at 10m above the water surfége; c

bottom drag coefficient;,gcis wind stress coefficient; and,w; refers to velocities

computed at midheight of the bottom layer. The bottom drag coefficigns computed

using:

€

LY (3.60)
a e CC(

where o =0.4 i s t N ésthedimensioalgssnkickness of the lottlomt
layer,&  &j "Ois the dimensionless bottom roughness heightgamslthe bottom

roughness height

The wind stress coefficient,&an be expressed as:

6 p& pmnm ™ TWIEUY (3.61)

(b) Horizontal boundary conditions

Horizontal boundary conditions can be classed as open or closed boundaries. The
purpose of the open boundary conditions is to describe interactions between the modelled
domain and the open oceaf@enerallywater surface elevations provide the open
boundary conditions; while salinity, temperature and water quality variables may also be

required(Ji, 2008) For the coastal open boundaries, the input of the surface elevation can
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be either the meased tidal elevation or the tide described by the summation of the tidal
constituentgShen, 2002)
- 0bt b (362

WhereH,, T, and, are the mean amplitude, period and phase angle of tidal

constituent, n, respectively.

The closed boundary condition describes the influences of shorelines atetio i
domain of the model. The solid boundary conditions includslipcand freeslip
conditions. The nalip condition prohibits flow both through and along the boundary;
while the freeslip condition permits flow along the boundary but not througbRDC
adopts the partialip boundary condition. This means that only the velocities that are
normal to the boundary go to zero andmammal velocities are reflected back into the
domain without loss of enerdyuckey & al., 2006)

3.3.2.2Vertical mixing and turbulence models
The system of equation&.47) - (3.53) provides a closed system for the variahles,
w, d, p}, SandT, provided that the vertical turbulent viscosity and diffusivity, and the
momentum souresink terms are specified. To provide the vertical turbulent viscosity
and diffusivity, the second moment closure model developéddbpr and Yamada,
(1982) and modified byGalperin et al., (1988)s adopted. The model relates the vertical
turbulent vigosity and diffusivity to the turbulent kinetic energya turbulent length

scale/, and a Richardson numbeg, Ry:

o Y, W
o %l T8 i ,w” : (3.63)
P Oo@y P Oy

o TV
" %oy TR —— (3.64)

p o
,,—Q—T ‘” ki (3.65)

T o a
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where the stability functions, and «, (Galperin et al., 1988 ccount for reduced and
enhanced wgical mixing in stable and unstable, vertically stratified environments,
respectively. The Richardson number quantifies the vertical stratification, which
represents the ratio of the buoyancy force to the vertical velocity shear. The gradient
Richardson amber provides quantitative information on the stabilizing effect of
buoyancy and the destabilizing effect of velocity shear. It indicates the tendency of the
water column to either mix (weak stratification), or resist mixing (strong stratification),
(Ji, 2008)

A pair of transport equations determines the turbulence kinetic energy and the
turbulence length scale
1 00 '06™@ 00 Q@ vQ
To Tw T Ta

R R

s
N
19

L _ i 0 — 3.66
o0l ¢ S0 Ta Ta PiaSEa (3.66)
0

1 0Qa 06 T 0 QA b Qa

To To 1o 1 a
! TQa ' 1o rTo .1 ®
a0t a % ta Ta PO @en
™ , a , a -
TP %y © Top @

whereB;,, E;, E; andEz are empirical constants equal to 16.6, 1.8, 1.33, and 0.25
respectivelyQq andQ, are additional soge-sink terms such as subgrid scale horizontal

diffusion. The vertical kinetic energy diffusion coefficienthas the forni ]n a

and is often taken equal to the vertical eddy viscositfHamrick, 1992h)

3.3.2.3Mode-splitting
The numerical scheme employed in EFDC to solve the equations of motion uses

second order accuratpatial finite differencing on a staggered or C gAdakawa and
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Lamb, 1977) The velocity components are located on the face of the model grid with the
depth, free surface potential, buoyancy and concentrativarsported constituents

located at the centroid. The computation of a pair of transport equations for turbulence
parameters is carried out at the centre of the cell in a vertically staggered manner
(Hamrick and Wu, 1997seeFigure3.10(a)). This type of grid has been shown by
Batteen and Han, (19819 be the most effective grid fbigh-resolutionocean

circulation moels.Figure3.10(b) presents the location of the discrete variables of
momentum equations on the finite difference grid. As illustrated, the gridlbeated at

N ag2 away from where the water depth, H and the free surface eledairerdefined,

andv located af\ 882 away fromwhereHanl are. The discretizat.i
variables and horizontal gradients in this manner minimises the requiremespatiaf

averaging of velocity and elevation terfds 2008)

| R
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Figure 3.10: The location of variables on the (a) sigma coordinate system and (b) the finite difference

solution scheme

3.3.2.4External mode solution
The model's time integration employs a second order accuratditheelevel, finite

difference scheme with an interretternal mode splitting procedure to separate the
internal shear or baroclinic mode from the external free seigeavity wave or
barotropic mode. The external modeixection momentum and continuity equations are

(Hamrick, 1992h)

72



Chapter 3
Description of numerical models

10 R R RS
L I A I o B B OB A ) (3.68)
O, Oﬁlﬁb O0G—, 0y, ™O—,
T
1 -1 0 1 O
T 7o ™ (3.69)

where;
6 B YI mY & & o
B Y1 n o B Yo mYo

Y = vertical layer thickness; and the over bar denotes depth averaging.

Equationg3.68)-(3.69) now equate the time rate of change of the externaépitz
integrated volumetric transports to the pressure gradients associated with the free surface
slope, atmospheric pressure and buoyancy, the advective accelerations, the Coriolis and
curvature accelerations, the free surface and bottom tangentia¢stagsthe general

sourcesink terms.

Equationq3.68) and(3.69) can be expressed in finite difference format as,

respectively:

30 Y

(3.70)

¢zo T T

(30
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B B 3~CT nr ‘ﬂl_ 3~(‘JT n ,r] - (3.71)
T w T W

wherery 0 "Oandry 0 Q are layeintegratedvolumetric flux components in the
x and y direction, respectively; and all terms are understood to be evaluated at the central
time level n, except those evaluated at the forward and backward time levels, n+1 and n

1, denoted by superscripts.

The discretization of the spatial differentials proceeds in a central difference

formulation having the forms:

T %ocfd %o TN %o T
T @ 30

(3.72)

T %o %oy T®  %oodd T

o e (3.73

The solution scheme for equati(®170)-(3.71) (and a correspondingdjirection
momentum equation) involves first evaluating all terms in the equations at time levels n
and nl. On boundaries where the transports are prescribed, the specified values at time
level n+1 are inserted into equati(3.71). Equation(3.70) (andy-direction equations)
are then used to eliminate the unknown transports at time level n+1 from ed@atijn
The result is a discrete Helmholtz type elliptic equation for the free surface displacement
at time level n+1 having the general form:
r'o- "¢ T O-

| 0= 3.74
Tor o rare *T @74

- "0
with the tem « containing all of the previously evaluated terms and transport boundary
conditions. For cells where the free surface displacement is specified, e8a#pis
replaced by aequation, whiclenforces th specified boundary condition. The system of
eqguations corresponding to equat{8rv4) is semiimplicit and is solved by a
preconditioned conjugate gradient procedittageman and Young, 198The

conjugate gradient iterations continue until the sum of the squared residuals is less than a
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specified value. The free surface displacements are then substituted into g@iéd)on

to determine the transports at time level n+1. The model'sisgticit external solution
allows large time steps that are constrained only by the stability criteria of the explicit
central difference or high order upwind advection schemefosé¢ke nonlinear
accelerations, and proceeds at the same timestep as the internal mode solution

(Smolarkiewicz and Margolin, 1993)

3.3.2.5Internal mode salition
The discretization of the internal mode equations proceeds by: integrating equation
(3.49) with respect to z over a cell layer; dividing the resulting equation by the cell layer
thicknessY : subtacting the equation for cell layer k from cell layer k+1; and then
dividing the result by the average thickness of the two cell layers. The internal mode
momentum equations are in terms of the vertical profile of shear stress and velocity

shear; the xdirection momentum equation is:

T w
y 5V 0o 0o Y 06 0o (3.75)
. . ., 1@ 10 . 1o )
oy pQw W —,. 00— ™WMOoY ;QVY - Y —
Tw T o T w W
ViV oot oy ot
Y 5 0 0

whereY [ ™ Y y
An equivalenfprocess is applied to thedjrection momentum equation.

Further details on thiaternal mode equatiorase providedn the next section.
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3.3.3 Numerical representation of impeded flows
Field studies havehown that suspended canopies impacts on the flow profile in a
number of ways, including, reduced velocities within the canopy and accelerated flows
beneath the canofflanco et al.,1994) Stroheimer et al., (200p)These effects have
important implications for aquaculture installations, such as, reduced growth rates within
farms due to attenuated flowesls(Aure et al., 2007)while the accelerated flows
beneath the canopy may result in increased bed stress, and transport of detritus away

from the aquaculture site.

In the area of impeded flows, little information existstio@ hydrodynamic
implications of suspended canopies in comparison to the more common submerged or
emergent canopies; with the effects on flow often assumed to be similar to that of a
submerged canopy. However, a key difference is the vertical boundarnti@usidhe
suspended canopy has the feeeface at the top of the canopy while the fsgeam flow
beneath the canopy is bounded by the bottom boundary. The submerged canopy, on the
other hand, is a mirror image with a solid boundary at the bottormharfdeesurface
boundary above the canopy. Therefore, while bottom friction may have little effect on
flows within a submerged canopy, where the main impediment to flows is the canopy
itself; bottom friction may have very significant implications for gpgusled canopy
(Plew, 2011b)Figure3.11illustrates the two different canopies and their associated flow

profiles.
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Submerge(‘ljca nopy

H i

h, $

Suspended canopy

T uuuuuiuuuuuuuuuuuu

Figure 3.11: Examples of emergent, submergednd suspended canopies with representative velocity
profiles. lllustration adapted from Plew (2010).

The EFDC model was amended to describe the effects of a suspended canopy on flows.
This section presents the extended governing equations to describg tawspFor the
purpose of thistudy,the water column was divided into three flow regions:-feam
flow beneath the canopg;shear layer developing at the bottom of the canampy
attenuated flows developing within the internal canopy region. afh@w processes
within both the shear layer and the internal canopy layer were simulated in an amended

manner in the numerical model.

As before, the effects of the mussel dropper installations were simulated as an
additional drag term included in thevgoning equations. The additional drag term was
applied to the upper portion of the water column to simulate a suspended canopy, with
free-stream flow developing underneath. It describes the flow attenuation induced by the
droppers within the internal camp layer and can be expressed in a similar manner to the
depthaveraged representation, equaii®ni?), as:

W oM v 0
G

(3.76)
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Laboratory studies of flow profiles within a suspethdanopyPlew, 2011b)
illustrated the development ofcanopy shear layeit the bottom of the canopy; as a
result of interaction between the impeded canopy flows and the faster movhsty &z
flow underneath. As part of this reseh, investigations were conducted into a number of
novel methodologies of simulating these complex flow processes numerically. An
analysis of laboratory results and literature led to the simulation of the shear layer by
means of anechanical friction lagr. The author is not aware of any other research in

which canopy flow processes were simulated in this way.

The mechanical friction layer was based on the assumption of boundary layer flows
developing at the canopy interface. Previous studies have shatuhe velocity profile
above a vegetated boundary follows a logarithmic profile, with, velocity écalefined
by the turbulent stress at the top of the canopy, and roughnessysiefieed by canopy
morphology Thom, (1971)Shi et al., (1995)Nepf and Vivoni, (200Q)Ghisalberti and
Nepf, (2004). The shear flow profiles induced by a suspended canopy boundary are
intuitively similar. By adopting this assumption, flow at the boundary exhibits a
logarithmic profile of velocity and can bemmessed in terms of physical elements of the
canopy and flow profiléSchlichting, 1968)

, 6. _«Q
s —a e(:x; (3.77)

where, z, is the distance from the bottom of the canopy to the siyeafile. mid

depthoflayer)p=0. 41, i s v on Ksaroughnedsdengthauastifyiagn t |,

the frictional resistance of the canopy interface, and the shear vefocity,

T t . The shear stress was calculated by matchaharities with the logarithmic

law of the wall, which states that, the average velocity of a turbulent flow at a certain
point is proportional to the logarithm of the distance from the bour{@uynberg and
Mellor, 1987) giving:

I oné O

a g
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g LU0 0 (379
atda
The mechanical friction layer wascorporatednto the numerical model at the
interface between the canopy and fsteam flow. A single layer of the numerical model
was prescribed as the mechanical friction layer. Therefore, the amexldedtion

momentum equation is:

T 061 0606 1T OO T VO

5 Te Ta Ta 2V
T 0- 1.0 J1,oT 6;—3 - (380)
) 2 ogh? oade’ g
T ® ® T a
06t

where, Ip represents the additional force induced by the suspended mussel droppers
which is applied to the internal canopy layers; while represents the mechanical

friction layer and is applied at the canopy interface over a single model layer.

3.3.3.1Hydrodynamic solution procedure
The amended internal mode equatig@80) was discretized in terms of a semiplicit
fractional step cheme(Peyret and Taylor, 1983ith the first step being explicit and the
second step being implicit. The computational equation for the explicit step of the x

direction momentum equation is:

n n n n
>v/(‘)'l'r] o} no TR o no
S T T W
Yoy 0o 0o y 00 00 (3.81)
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where ** denoteshe provisional solutioand all terms not having a specified time level

are understood to be at the centred time level n.

An intermediary step is introduced into the governing equations at this stage to
simulate the effects of the suspended canopy. Tingpgeeffects were discretized by
considering the effects of th@yerintegratedormulation of the drag term, and
mechanical friction layer, on the mean flow. The discretization procedure consisted of:
computing the layer integrated formulation of botagland the friction layer; dividing
the resulting equation by the cell layer thickng@sssubtracting the equation for cell
layer k from cell layer k+1; and dividing the resulting equation by the thickness of the

two cell layers, to give:

n n n n = 0o 006
q yoy R q yoy R C yoy Y h
+ + (3.82)
Y Y i

The computational equation for the implicit step ofttimeetime level discretization

scheme is:
n n n n
YO YO
3.83
T T t t (3.83)
3 3 j 33
where the turbulent shear stresses are related to velocity by:
t _h 1 (3.84)

Equation(3.84) could be used to eliminate the turbulent shear stresses from equations
(3.83), to give a pair of K1 systems of equations for the transport differences between
layers, however, the resulting equations are poorly conditioned; that is small changes in
the flows can induce large oscillatis in the solution scheme. Instead, equa®4) is

used to eliminate the horizontal transport differences at time level n+1 from equation
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(3.83) to give apair of Ki 1 (K=total number of layerspquations for the turbulent shear

stresses:

Yo

These equations are diagonally dominant and well conditioned and can be solved
independently at each of the horizontal velotation. Given the solution of equation
(3.85) the K-1 transport differencepy+1 1 p« are determined from equati¢®84) to
form a pair of K equations fdahe horizontal transport differences in each cell layer, with
a similar solution process applied to thdigection momentum equation. To illustrate,

the horizontal transports in the surface layer are given by:

n o nf Y n n (3.86)

while horizontal transports at the bottom layer are given by:

(3.87)

e
&

=

=

nooAar

where, the over bar denotes deptleraging. Similar expressioase computed for

andn

Working down from the water surface allows the remaining layer averaged volumetric
flux to be determined. Solution of equati¢@B5) requires specification of bottom and
surface stresses at k=0 and k=K, respectively. On the free surface, the surface wind stress
components are specified, while the bed stress is specified at the bottom from equation
(3.598). Inserting equatiof3.87) and a corresponding equation farimfo equation3.58)
allows the bottom stresses at time level n+1 to be expressed in terms of the depth

integrated viumetric flux components)f¥). From equatiorf3.85), the bottom
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stresst , can then be expresbim terms of the depth integrated volumetric flux and

the internal shear stresses by:
Qg - r N ~ h T
T w 006 0L — p Y ———— (3.88)

and a similar expression for the y component.

Inserting equatiolf3.88) and the corresponding y component equation for the bottom
stress componentstmmequation3.85) (and corresponding y component equation) results
in a nearly tridiagonal system with a fully populated first row. The system of equations
can then be solved by means of a tridiagonal eguablver and a process of elimination
and back substitutiofHamrick, 1992b)

3.3.3.2Amended turbulence closure model
The effects of suspended aquaculture installations on turbulent processes were also
simulated in the numerical model. §turbulence model was extended to incorporate the
effects of the droppers by introducing an additional term representing canopy turbulence
production. The author is not aware of any ostady that amended the Mell¥amada
turbulence closure model tocorporate the canopy effects on turbulence.

As a first step in the process, the Mellor Yamada turbulence model was expressed in
terms of a generic length scale (GLS) mg#éarner et al., 2005)'he GLS approach is
a two-equation model that takes advantage of similarities in a range @quation
turbulence formulation@Jmlauf and Burchard, 2003J he first equation in the GLS
model is the standard equation of transpqrhut the second equation is for a generic

parameter y that is used to establish the

raJraorao.raor ra ..,
'I'_b OT_(b UT—O,)UT—(] — 4 v 0 - (3.89

dn T

—a

Where, is the turbulence Schmidt number forakidP and B represent production by

shear and buoyancy respectively, a
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TR (3.90)
Ta T a
. T
g 91
0 T g (3.91)
Dissipation is modelled according to
B Tor Ta7 (3.92)

where is the stability coefficient based on experimental data.

The second equation in the GLS model describes the transport crecgerametey
which is defined by establishing the coefficients of p, m and n as givieabie3-1. The

equation is

—a
—a
—

r .1 gJr o 10T . ¥

Where g, ¢; and g are coefficients to be determined based on exEeriah

observations. The paramegeri s t he turbul ence Schmidt num

r © Qa (3.94)

The parameters, m, n,, ,, ,®, Ci, G, G, andFya; can then be specified to recover
exact formulations of the standard Melamada k-Uor k-¥ turbulence modelable
3-1 presents the presgbed values for each turbulence model. The specification of the
eqguations in this manner facilitates an easy comparison between turbulence models; in
addition, any theoretical or empirical developments to one model can be easily extended

to other turbulace models.
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Table 3-1: Generic length scale parameter¢Warner et al., 2005)wh e r e

9 = 0,=438. Tlaen d

parameters d, and d, are the distances to the bottom and surfze respectively.

Mellor Yamada k-U k-¥
Parameter I Qo ®» Q7a ® 0Ofa
P 0.0 3.0 1.0
m 1.0 15 0.5
n 1.0 -1.0 -1.0
» 2.44 1.0 2.0
» 2.44 1.3 2.0
C1 0.9 1.44 0.555
C 0.5 1.92 0.833
C3 1.0 1.0 1.0
& i 0.5544 0.5544
Fuwai p O ;‘% 1.0 1.0

E

The GLS model was then extended to simulate the effects of the suspended canopy on

turbulence energy and length scales. The amended modelsieresed based on the

work of Shimizu and Tsujimoto, (1994ndNeary, (2003pn the kUand k¥ models

respectivelyThe GLS model incorporating the additional turbulence terms describing the

presence of the droppers is:
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Adopting the appropriate parameters fréable3-1 allows the GLS transport equation
f or par ampréssedintgrms dbthe Melldtamada formulation. The resulting
equation is

Q4,1 Qa,
— 06— U0—, U-—

(0] q
h d ~ o ~ ~ ( ’
, y a‘ (b U’ (b O" (b = “O O" “O O’ “O U‘

—a
—a
1
Q
Q‘
—a
1
Q
Q

€
€

The two transport equans are discretized in a similar manner to the hydrodynamic
equations discussed in the previous section. The discretization of the two transport

eguation in(3.95) and(3.97) are then amended as follows:
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Kinetic energy transport equation

TQ"O TQMO cy(‘) TQ 7 "O iy 7 "O
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Turbulence length scale transport equation
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The solution method for the partial differential equations of kinetic energy and length
scale followsa similar procedure to that discussed for solving the hydrodynamic
equations; with the vertical boundary conditions provideJpy2008)

n p M ap 576, phm (3.100)

R mh an 6706 mhm

(3.101)
where u is friction velocity and Bis an empirical constant.
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"When dealing with water, first experiment then use judgement

- Leonardo Da Vinci

88



Chapter 4
Physical Modelling

4.1 Introduction

The solution to a problem in hydraulics may be approached in one of three ways: by
theory and desig past experience; or by investigating the problem and testing the
solution on a model. However, in certain situations, past experience may be insufficient
due to the complexity and uniqueness of a problem, while the nonlinear character of the
governing guations of fluid motion, and our still limited analytical knowledge, may limit
the viability of theory alone. In these situations, the use of physical models may be of
benefit.
Research using physical models is based on the theory of similitude beteeeodkl
and prototypeMunson, (2005§lefined ano d e | representtiof a physical system
that may be used to predict the behaviour of the system in some desiredbrespetth e
term encompsses physical, numerical and mathematical models. The physical system for

which the predictions are to be made is called the prototype.

This chapter discusses the aims of hydraulic scale modelling and presents the
conditions under which similitude may bigggned. Definitions of geometric, kinematic,
dynamic and mechanical similarity are presented. An assessment oftmpdaiotype
scale relationships is presented in Secti@) the primary force relationships and

modelling assumptions are discussed.

Sedion 4.5 presents an overview of the tidal basin configuration with details on the
data acquisition instrumentation. Section 4.6 and 4.7 details the validation of the tidal
basin unit. Section 4.8 discusses studies conducted in the tidal basin investigatin
effects of a suspended mussel dropperdomgon flows. The effects of the scaled
aguaculture installations are assessed through detailed velocity measurements and dye
dispersion studies. The data is adopted to validate antuiveea numerical noel.

Finally, an overview of the difficulties encountered during the physical modelling studies
is discussed. Of particular interest are issues that arose due to scaling of prototype and

complying with similitude conditions.
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4.2 Similitude

The inherent requament of any hydraulic scafaodelling endeavour is to replicate the
behaviour of the situation to be modelled, in a faithful manner incorporating the chosen
flow processes. The success of this depends on the accurate formulation of the problem
and corredy assessing the primary forces in effect. By combining relevant experience
and a theoretical assessment of the situation, a scale model allows the simplification of
complex flows by emphasizing the action of some forces while eliminating or minimising
others.(Novak et al., 20100 o t e d purdlyaexperianental approach to the problem
without any theoretical an dhegreticalsguidelses! i kel y
are a necessity to produce aigatiefensible scale model that can be extrapolated to a

more general solution.

The scale ratio or simply the scale denotes the relationship between model and
prototype.Hughes, (1993jlefined h e s c aatioeof agparametér in the prototype to

the same parameter in the mailel
Symbolically, this is represented as:

WOAHOOHT £€0€0w0NQ
WaH VOB £ QQa

A)
= (4.1)
Where N is the prototypdo-model scale ratio of the parameter X and the subscripts p

and m denote prototype and model respectively.

Similitude between model and prototype is achieved when all major influences on flow
are in proportion while those that are nopmoportion are accounted for. Requirements
of similitude will vary with the problem being considered and the degree of accuracy
required between model and prototype. The degree of similarity between model and
prototype is often used to classify the phylsinadel.

Completely similar modelsre models in which the relationship between all relevant
parameters in the prototype is maintained in the model. A prerequisite for complete
similarity isgeometric similaritypetween model and prototype. Geometricaihgilar
models, also called geometrically undistorted models, are models in which the vertical
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and horizontal scales are equal. They are, therefore true, geometric replicas of the model
with all dimensions reduced at the same scale. On the other hands maaleich the
vertical and horizontal scales are not equal are termed geometrically distorted models or

simply distorted models.

In hydraulic modelling, geometrically distorted models typically consist of horizontal
scales that are larger than the \a@ti This reduces the horizontal spatial area required in
addition to increasing model water depth. However, it may be more difficult to

extrapolate results as some flow details will not be in similitude.

Kinematic similarityis achieved when similarityf anotion exists between model and
prototype. That is, corresponding particles on the model and prototype will be at
corresponding points on the model and prototype at corresponding times. A geometrically
distorted model cannot be kinematically similartte prototypeDynamic similarity
exists when the ratio of total forces between the model and prototype are equal.
Mechanical similarityjpetween model and prototype then exists if the model is in
geometric, kinematic and dynamic similarity. Thus, mechasiaalarity cannot be
achieved in a geometrically distorted model, whereas dynamic similarity may,
theoretically, be achieved if appropriate scaling of the relevant forces is afeak
et al., 2010)

Thechallenge in achieving complete mechanical similarity in a model is highlighted by
considering the dual constraints of accurately representing gravity and viscous forces in a
scale model. In both model and prototype, the accelerations due to gravitgrareail.
Similarly, when water is used in both model and prototype, then the ratio of fluid density
and viscosity equal one. No scale model can simultaneously satisfy these two criteria.
Therefore, the design of a valid physical model requires that sityitee achieved
between those forces that dominate processes in the prototype while neglecting others.
The elimination of these forces results in some discrepancy between model and
prototype, known ascale effectdlt is the duty of the physical modell@ minimise
these effects by designing the physical model to the criteria of similitude and providing

justification for appropriate departures from these criteria.
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4.3 Dynamic similarity

The requirement for kinematic similarity does not incorporate the effgubtotype or
model fluid properties on flow. Therefore, the kinematic similitude criteria can be
satisfied with different fluid properties in model and prototype. The requirement of
maintaining similitude between model and prototype fluid propertiegetdy the criteria
of dynamic similarity. Dynamic similarity demands that the ratio of forces and masses

between model and prototype are equal. The requirement for dynamic similarity stems

from Newtonds second | aw, whrcesdctingapalbotyes t h
to the bodyds reaction in response to thes
Qo
& o 0 4.2)

In the types of fluid mechanics problems typically involved in coastal engineering
projects, the forces involved consist of the kinetic relations due to the inertia of an

e |l e me n t K)sgravity (&)s vis¢ous sheaf®), surface tensiorfFy), elasic

compressionKe) and the pressure forces related to the motgy). (

Newt onds second | aw then equates the vect

reaction and can be written @sudson et al.1979)
0O 0O 0O 0O O O 4.3)

The criterion of dynamic similarity requiréisat the prototyp¢o-model ratio of inertial
forces equal the vector sum of the active forces:

(4.4)

where subscripts m and p stand for model and prototype respectively.

In addition, perfect similitude requires that the forceosabetween prototype and model

must also be equal. This can be expressed as:
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o) O O "0 o) )

(4.5)

No model fluid exists that has viscosity, surface tension and elastic compression
properties that will satisfy the requirements given by equation 4.5, if the nscgtehbiler
than the prototype. However, since one or more of these forces may not significantly
contribute to the particular flow phenomenon under consideration, and others may only
have a slight effect; a technically defensible scale model may still ledoghend, provided
a comprehensive understanding of the flow processes and their implications exists. The
task, therefore, is to conduct a comprehensive analysis of the particular scenario and

identify which forces may and may not be neglected.

Inertial forees must always be considered since the acceleration of the particles (and
hence inertial forces) will determine the fluid flow pattern in almost every situation.
Thus, in hydraulic modelling the assumption is made that any given problem can be
reduced tolte interaction of inertial forces with one of the other forces given in equation
4.5. Several well known criteria for scale modelling studies have been developed based

on this assumption.

The first step in this development is expressing each of the foregsiation 4.5 in

terms of their basic physical units. This is done for the relevant forces below.

0 aei iGOOQaRl db P 06 (4.6)
O G @i QWO GOOMDODHQT WML & @4.7)
0 00l HE i Q“w%‘?%mo FOLD @b (4.8)
I 0WE WQ v
'O 6% 061 "WOKE QEQEAQS O 4.9
(where 292 is a surface tension)
O G£QO@aNa i O QXD GO (4.10)
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O 6¢& O QI T GWIMAO (4.11)
An expression relating the inertial force to each of the relevant forces can then be

derived for the flow process. Requiring that the éoratios be the same in the model as
the prototype provides a criterion of similitude for the model.

4.4 Force relationships
Force relationships can be derived for the model based on the assumptions that

a) two forces only dominate the flow and
b) the force ratiosn the model and prototype are equal

These assumptions describe the requirements for hydraulic similitude. Physical
modelling thus reduces to mathematically equating inertial forces present in the flow
problem to one other dominant forcing. This typicallyolves determining a relationship
between inertial and gravity forces (Froude scaling) or inertial and viscous forces

(Reynolds scalingHughes, 1993)

4.4.1 Froude criterion
In most hydraulic modelling studies with a free surface, grglys a dominant role
in the flow process. The relative influence of gravity and inertial forces can be described
by a parameter called tir@oude Numberlt is given by the square root of the ratio of
inertial to gravity forces

AYSNBIf "F@ NDS

. i — (4.12)
AN P2UBSOQ )

This criterion describes the ratio of the force tluthe acceleration of a fluid particle,
to the force due to gravity (weightylunson, 2005)The Froude criterion of similitude

requires that this ratio be equal in both model and prototype:

T = (413

which gives
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0
o)

C=| cC

kel (4.14)
w

Assuming a gravity scale of unity, the Froude criterion can be reduced to a Velocity
length scaleelationship as:

5
A — (4.15)
0
Expressing in terms of scale ratios and rearranging gives
U I4 N
K pé b p (4.16)

where N, and N represent characteristic scales of velocity and lengtlecésply.

Equation(4.16) is the Froude model criterion. It is the dominant criterion for flows in

which the inertial forces are balanced primarily by gravity forces and therefore is usually

the most importarfactor to consider when designing a coastal engineering hydraulic
model.

4.4.2 Reynolds criterion

In flows where viscous forces dominate the most important parameter is the ratio of
inertial to viscous forces given by

NE Q1 "QEQAODD ©
0 Qi BRI OQ @D

which is know as theReynolds Number

" 0w

(4.17)

The Reynolds number defines the ratio of the inertial forces on an element of fluid, to
the viscous forces on the elemé@xiunson, 2005)It is widely used in fluid mechanics to

distinguish betwen laminar and turbulent flows. Model similitude is achieved when the
Reynolds number is equal in both model and prototype, i.e.
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0w 0w
- e (4.18
which gives
d) 0 ” ‘
_ = —  — 4.19
w U ” ‘ ( )
In terms of scale ratios the Reynolds model criterion is
000 o
G pE iv p (4.20)

The Reynolds number plays an important role in modelling flows where viscous forces

dominate, such as laminar boundary layer problems.

For the present research, the Froude criterion of similitude waseatio the
development of scale models. Nevertheless, other dynamic forces must be considered,

and justifications provided for neglecting relevant forces in the scale model.

4.5 Laboratory set-up

All experimental data for this study was collected usingal basin facility located in
the Marine Modelling Centre at National University of Ireland, Galway. The purpose of
the tidal basin is to produce unsteady tidal flows and generate water circulation patterns
representative of the flow features of the prgpe. A threedimensional schematic
illustration is shown irFigure4.1. The general layout with location of measuring

instrumentation and equipment is presentefigure4.2.
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Figure 4.2: Tidal basin arrangement
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4.5.1 Tidal basin specifications
The internal dimensions of the taake 8.0m by 5.0m and the maximum depth is 1.0m.
As shown inFigure4.3 the horizontal plais divided into three sectionseservoir,

manifold chamber and working area.

8000

2400 _ 4750

— 1
= Working area
Reservoir = s
— Harbour §
N - |
; Water level
— recorder
— ﬂ 7‘3
Water
supply
(&) plan view
Overflow _ iﬁ v !
ﬁ a & - =
Y t ""
- N AT S
! 6L Kk

Manifold

(b) crosssection

Figure 4.3: Schematic layout of tidal basin(a) plan view ard (b) crosssection(Olbert, 2006)
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The water reservoir of a size 2.4m by 5m and 1m depth is separated from the manifold
by a variable elevation weifhe working section has dimensions of 5m by 4.75m on
planform with the bed being re¢d 0.5 m above the tank floor. This reduces the
maximum water level within the model to 0.37m due to the weir dedigter level in
the basin is regulated by the weir that is driven by a Windwaged interface of Motion

Perfect 2 software that permttse generation of realistic tides.

4.5.2 Data acquisition

In the physical modelling studies, hydrodynamic processes were monitored through
continuous measurements of fldiglds and elevations. In order to read water elevations
accurately a water level gaugs,shown irFigure4.4, is required. The HR Wallingford
water level gauge usedlaat, whichmoves up and down a displacement transducer. The
water level is determined by accurately measuring the distance frdreabeof
transducer to the magnetic field produced by a magnet mounted inside the float. The
water level gauge has a maximum displacement of 0.3m with a specified precision of
0.5%.

Figure 4.4: Wallingford water level gauge

Two Nortek Acoustic Doppler Velocimeters (ADV), type Nortek 10MHz, were used to
measure thredimensional velocity fields within the working area of the tank. These
velocimeters operate on the principle of the Doppler shift. The Dogpfeirsfrequency

can be calculated using the equation:
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0 o 2 (4.21)

The NDV uses this principle to measure the velocity of watdrrieedimensionsThe
device transmitter probe sends out a beam of acoustic wave at a particular frequency.
These waves bounce off of particulate matter in the waerthree receiving probes
Ali stend for the change of frequency of t
velocity of the water in the X, y, and z directiéigure4.5 presents a general schematic

of the ADV probe.

| Acoustic Acoustic Probe Signal Conditioning Module
| Transmitter ¥ Sensor
; Penetrator : .
- High-frequency
" 4 Cable to Processor |
Y - 4 ¥
3. 4'3 . — - —'-- v "[:D~
4 Iy A o
< A Sia : - !
>
‘ ' Endbells
| Sampling . Stem .
png Acoustic Zinc

Volume
Receiver Anode

Figure 4.5: Schematic of ADV probe
The main element of the ADV is the probe attached to the signal conditioning module.
The sensor contains an acoustic transmitter and three acoustic receivers. The instrument
has the following perfornrece characteristics
1 Velocity range: +0.03+2.5 m/s
Velocity accuracy: *+ 1%
Sampling rate: 0.125 Hz

1

1

1 Random noise: 1% of velocity

1 Minimum distance from sampling volume to boundary: 5mm
1

Maximum operating depth: 30m

The real time data acquisiti@md online interfacing is done by Windowased Collect
V software.
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An issue with any laboratory measurement instrument is excessive noise within results.
This statistical uncertainty is an inherent property of an ADV and can be caused by a
number of faatrs including: finite residence time for suspended particles in the sampling
volume, smaliscale turbulence (at scales similar to or less than the sampling volume),
and beam divergenc&edel et al., 1996)To minimize signkto-noise ratio (SNR) a
neutrally buoyant spherical seeding matesfadiameter8 0 e m was di sper sed
the water. Iraddition,some post processing smoothing was applied to velocities based on
the work ofDane, (1998)This involves the filtering of laboratory data via a foster
recursive filter of the fornfOlbert, 2006)

w | w P | @ (4.22)
Where:
1 x 71 raw data
1 vii local mean
1 i1 sample number
f Uismooth parameter f oirl)/N wittvN peing the tdtal | t er ;

number of samples within the filter width

This dual approach was found to reduce SNR to within acceptable levels. Rer furt
details on the technical specification of the tidal basin used for this researCibsee
(2006)

4.6 Validation of tidal basin unit

Prior to commencement of the scale modelling program, preliminary tests we
conducted in the tidal basin to ensure model performdim@most important task to
achieve is a uniform distribution of veloc
any scale model #place Due to the limited depth in the tidal basin and thearous
steps undertaken to minimise excessive swirl, dapdraged models can ably reproduce

flow structure in the basin; hence, DIVAST was used for all preliminary experiments.

As a preliminary validation step, elevations recorded in the tidal basenceenpared
with numerically predicted values. Tidal elevations are the easiest parameter to calibrate
in a numerical model when at the open boundary water elevations are specified. All water
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level recordings were measured along the side wall so as to isenimerference of the
device with mean flowkigure4.6 displays water level recorded in the tidal basin plotted

against numerical model values. As expected, both sets of data display close agreement.

Elevation (mm)

— Numerical model = = Tidal basin

Figure 4.6: Water levels recorded in the tidal basin plotted against those predicted by DIVAST

The next stage is the calibration of velocities between tidal basin and numerical model
predictions. Hydrodynamic data acquisition wagsiedrout for the locations detailed in
Figure4.7 and compared with numerically predicted values. Velocity time traces were
measured at a depth of 0.4H from the bed based on the assumption of a logarithmic
velocity profile(Wiberg and Smith, 1991Yhat is, in a logarithmic velocity profile,
depth averaged flow occurs at a point H/e above the bottom bed or 0.37H. For each
sampling point, velocity time traces were recorded for five tidal syaled the data
closely monitored for temporal discrepancies or spatialuraformity. Prior to the
processing of velocities, the data was closely analysed for excessive noise in

measurements. In many laboratory tests, signal noise can adversely affsgtade
velocities.
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Figure 4.7: Location of measured velocities (red circles) in working area

The calibration of a numerical model typically involves adjusting model coefficients
until reasonable agreemastachieved. For the case of velocities, this consists of
adjusting the bottom bed roughness coefficient and eddy viscosity coefficient as these are
the main parameters influencing the magnitude and distribution of hydrodynamic
processes. The bed roughsiesefficient can be calculated for the particular material
properties of the basin construct from the worlkkKoghnappan, (1984)and for a smooth

plywood bed a value of 0.8mm is often specifi@bert, 2006)

Figure4.8 presents experimental velocities plotted against numerically predicted values
along the centreline of the tidal basin as illustrateféigure4.7. There iscomparatively
closeagreement between data at points A2 and C2 within the models. The magnitude of
velocities predicted by the numerical model is quite similar to those observed in the
experimental study. However, as one approaches the back wall okthgvaay
significant variability is present in the experimental data. This is due to a major problem
encountered in the physical model studies; wave reflection off the back wall. The issue of
energy reflection is an inherent property of scale model stullie primarily to tidal
energy conservation and the distortion of lasgale hydraulic models. This issue will be
discussed in detail in the following section.
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Figure 4.8: Comparison between experirental and numerical velocities. Location of sampling points
within tidal basin are illustrated in Figure 4.7 Tidal amplitude is 6.9cm and tidal period is 586

seconds

4.7 Dampening of reflected flow

Tidal energy present in any situatimust eventually be dissipated. In prototype
situations, this typically occurs gradually due to bed friction and vertical shear
interactions within the water column. However, in model experiments the effect of bed
friction is often not as great due to thigects of scaling discussed previously. Therefore,
a large portion of the tidal energy remains in the flow, which then dissipates

instantaneously when flow reaches the back wall of the tidal basin. This results in a
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situation where tidal waves reflectdkanto the area of wave generation, which

suppresses the generation of currents within the working area.

A number of options exist to reduce wave reflection. These include: reducing the tidal
forcing in order to reduce wave energy; increasing bed rougho@sduce the gradual
dissipation of energy; and installing wave absorbers in the locality of reflected flow. For

this study, wave absorbers were used to reduce tidal energy reflection.

A 100mm thick foam material was aligned to the back wall of tte bidsin and the
effect on circulation within the basin assessed. Flow measurements were recorded at the
locations detailed previously FFigure4.7 and again compared with numerically

predicted valuegzigure4.9 presents the results.

The gradual dissipation of tidal energy by the wave absorbers is quite successful in
reducing reflection within the working area of the tidal basin. The generation of
secondary currents, particularly in evidence near thie Wwatt of the basin, reduces
significantly, and there is much closer agreement between numerical and experimental
model results. The inclusion of the tidal energy absorbers results in close agreement
between experimental and numerical results even atandesof 250mm from the back
wall (point H2).
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Figure 4.9: Comparison between experimental and numerical velocities:igure 4.7 displays location
of sampling poirts. Tidal amplitude is 6.9cm and tidal period is 586 seconds. Foam material wave

absorber installed within tidal basin

4.8 Laboratory tests and analysis

The physical modelling experiments conducted in the tidal basin involved the detailed
analysis of flow thragh and around aquaculture structures. A Froude scaled model of a
suspended mussed dropper ldimg was constructed and installed in the laboratory.
Flows within the model were analysed via detailed velocity measurements and solute

transport experiment$his chapter presents the design and analysis of the scale model

Flows through a scaled system of bottt@ading oyster trestles were also investigated

as part of this research. A Froude scaled model of a typical betitiore aquaculture
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structure was awstructed and installed in the tidal basin; flows were again assessed by a
combination of velocity measurements and tracer transport experiments. The focus of this
thesis however, is physical and numerical analysis of flows through a suspended canopy.
Hene, the study of bottom feeding trestles is not of relevance for this thesis, and is not
discussed here; for completeness, the experiments conducted and associated numerical

simulations are presented and discussetpendix A
The purpose of the laboratogxperiments was to obtain data that could be used:
a) To understand the hydrodynamic processes involved
b) To assess the numerical model

The visual observation of flow processes at the laboratory scale enables one to gain a
close under st amndierdg hgfdrtolde n@fmu Icl ppioctesses
passes through these aquaculture structures. Information can then be collected on the

flow conditions that occur in prototype field conditions.

All dimensional sizing of physical and numerical models was eetpusing Froude
law scaling relationships. Hence, the Reynolds scaling criterion could not be satisfied
which resulted in a common hydraulic modelling problem; the assumption of negligible
viscous forces. This assumption and its implications will beudsed in detail in

subsequent sections.

As a result of the numerical modelling conducted as part of this study, the scope of the
physical model experiments can be reduced to that of producing a scaled, technically
defensible model of aquaculture structutieat could be then reproduced at prototype
scale through numerical simulation. Hence, while every effort was made to maintain
physical realism when scaling the aquaculture structures; in relation to the numerical
model it would have little impact, sintlee model would be recreating laboratory
conditions. Therefore, some of the problems encountered when achieving dynamic

similarity could be circumvented.
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4.8.1 Scale model of mussel droppers

The cultivation of shellfish via suspension feeding is carried oehektely along the
West Coast of Ireland. In this cultivation methodology, shellfish are suspended via
Adropperso, |l ength of rope that hangs vert
floatation device in the pelagic zorlggure4.10 displays a typical double longline
deployment; while the vertically hanging droppers to which the cultivated mussels are
attached, are presentedrigure4.10(c). These floating structures are 110 meters long
and 1.2meters wide. Barrels act as floatation devices for the longlines, and 8 meter long
droppers are suspended from th&@mble4-1 provides dimensions for a typical lofige

system.

The aim of the current study was to analyseflthe through this suspended rope
culture by means of laboratory studies. A mathematically correct, Fsmaded model of
an idealised mussel dropper lelilge was installed in the tidal basin. A scaling factor of
30 was adopted for this study based omftdiconsideration of: typical deployments of

longrlines, flow dynamics, and laboratory spatial limitations.
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Figure 4.10: Suspended longline showing (a) typical farm deplayent, (b) flotation units and (c)

vertically hanging droppers

An important feature of mussel droppers is the surface roughness produced by the
mussel shell. The surface roughness can be defined as the mean size of surface
irregularities. It is commonly gxessed as an equivalent sand grain roughngssick
quantified as the ratio between surface roughness height and didi€telTo assess
the relative importance of the surface roughness component a number of scale model
simulationswere investigated, namely:

9 Without structures in the tidal basin (benchmark study)
1 Two rows of smooth cylinders of 10mm diameter aligned parallel to the flow.
1 Two rows of roughened cylinders aligned parallel to the flow with average

surface roughness rati& /D=0.093 (total diameter =11.86mm).

109



Chapter 4
Physical Modelling

Table 4-1: Individual long -line and scale model configuration. Scale factor = 30

Design Element Prototype dimensior] Model dimension
Average Length 30m 1.0m
Double longline spacing 1.9m 0.063m
Dropper Length 8m Assumed Infinite
Dropper Diameter 0.30m 0.01m
Dropper Spacing 0.448m 0.02m
(centreline to centreline)

Figure4.11(b) details a schematic of a scaled bleuongline installed in the tidal
basin. Two rows of 50 cylinders were installed, with a longitudinal spacing of 20mm
centreto-centre between cylinders and a lateral spacing of 63mm dentsntre
between rows, as describedTiable4-1. Droppers extended the entire water depth to
preclude any cylindrical freend wake interaction&dravkovich, 2003)and promote a
more uniform flow profile in the vertical. Detailed velocity measurements weoeded
at the equidistant points denotedrigure4.11(a). Figure4.11(c) presents a photo of the

scaled mussel dropper lotige.
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Figure 4.11: Schematic of tidal basin scaled longine detailing: (a) exploded view of longline design
detailing velocity measurement points AdA4, (b) schematic detailing location of longine in tidal

basin and (c) scaled longine installed in tidal basin.
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4.8.2 Smooth droppers

The objective of this laboratory study was to assess the form drag exerted by the
modelled droppers on flow. Adoublelehgi ne of d&édsmoothé cylinder
polished steel, was installed in the tidal basin and the effects on flows examiaed. Th
frictional resistance exerted by the cylinders was assumed minimal (relative to the
roughened cylinders studied in the next sectibigure4.11 details the location of
velocity measurement points. For a ready comparison wsfleesults were compared to
equivalent tidal basin measurements with no structures in place (benchfigukg4.12

presents the results.
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Figure 4.12 Comparison between veloities collected in tidal basin with no structures in place
(benchmark) and Froude scaled longine installed (scale model)Figure 4.11 displays the location of
sampling points.
Figure4.12 displays annteresting feature of observed flows through the array of
smooth cylinders; results display little quantifiable difference in measured velocities
within both scenarios. Velocity measurements for both cases are almost identical at

points Al, A2 and A4. PotrA3 displays some degree of variation; however, considering
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the other data points, it seems probable that this is more a result of experimental

variation than flow attenuation due to the presence of the structures.

These results suggest that the actofdiénce of the structures is minimal. This is quite
surprising and suggests that the spacing of droppers is such as to minimise interaction
between cylinders. Studies demonstrated that at a sp@ethgmeter ratio greater than 5
(6 in this case) thers minimal interaction between cylinders and they can be assumed to
essentially act independen{ldravkovich, 2003)Another possibility is that the
significant attenuation of flows induced by droppers in the field Bogd and Heasman,
(1998)is primarily a result of highly frictional flows through the rough droppers. To
investigate this second hypothesis, flow profiles through a scaled modeigbfened

cylinders are investigated in the next section.

4.8.3 Roughened droppers
Mussel longlines consist of individual droppers, which hang vertically. The vertical
length of musseéncrusted droppers represents a roughened cylifideire4.13
displays a closep view of a mussel dropper displaying its highly irregular surface

exhibiting extreme surface roughness.

Figure 4.13 Exploded view of mussel dropper illustrating surface iregularities. lllustration adopted
from (Plew, 2005)
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The effect of surface roughness on flow is something that has received a significant
amount of attention in fluid dynamics. For a comprehensive review of flow past

cylindrical bodies theeader is referred tGuven et al., (1980)

In this section, the effect of high surface roughness on flow around an array of
cylinders is investigated. In order to investigate the effesuidace roughness on flows,
the cylinders were roughened by encasing them in a wire mesh. The diameter of the
cylinders was increased by 1.86mm resulting in a surface rougtméissneter ratio,
k4/D=0.093.The actual roughness of a lehge is quite dificult to quantify due to the
extreme surface irregularities that the mussel organisms themselves present and the
highly-variable temporal nature of the object as the mussels mature. However, a surface
to-diameter ratio of KD=0.5 has been suggested baged consideration of the

projected area of a typical mussel dropfdew, 2005)

The experimental methodology was equivalent to the procedure detailed in the
previous section. Briefly, two rows of cylinders were arranged at a lapereing of
66.7mm centréo-centre, and a streamise spacing of 23.7mm (spacing was increased
slightly to account for diametric increase due to surface roughness). All cylinders
extended from the bed to penetrate above the water surface.

Velocity measuremnts were carried out at four points as detaildéignre4.11 and

again the results were compared with the case where no cylinders were placed in the
basin.Figure4.14 displays aime-series plot forhe case where roughened cylinders are
placed in the basin versus the benchmark case where no structures bed instae

tidal basin
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Figure 4.14: Comparison between velocitiegollectedin tidal basin with no structures in place
(benchmark) and Froude scaled, artificially roughened, londine installed (scale model)Figure 4.11
displays location of sampling points.ints.
The artificially roughened cylinders appear to havery significant effect on
velocities, particularly at points A3 and A4. At all four locations there is a significant
attenuation in current speed 0f-20%. This is quite interesting when one considers the
almost negligible effect that the smooth cylirglead on flow. This is similar to results
produced bylew (2005) who found that drag on an array of rough cylinders was greater
than drag on an array of smooth cylinders. The hydrodynamic effects and implications of
both cylindrical drag and surface roughness effects will be investigated in greater detalil

in the next section by detailed tracer transport studies.

The representation of prototype surface roughness in a scale model is quite a
challenging undertaking due tioe large number of forcing variables that require
consideration, e.g. viscous forces, surface tension effects, wake turbulence, etc. Hence,
the objective of the scale modelling study of artificially roughened cylinders was not an
attempt to mathematicglscale actual mussel dropper roughness due to the inherent

futility of attempting to scale all the system forcings. Rather, the objective of the study
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was to investigate the effect of idealised, induced surface roughness on flow patterns,

wake interactios and turbulent structure.

It is intuitively clear that the flow patterns observed in the scale model composed of
roughened cylinders is more representative of the complexdtuidture interactions
that take place as flow passes through a canopy pésdsd mussel droppers. Hence,
this scale model wildl be referred to as

be used for subsequent numerical modelling validation studies.

4.8.4 Scaled mussel dropper dye tracer experiment

Dye tracer experiments wereadsto investigate the effects of a mussel dropper-long
line on flow and water circulation patterns. Adopting a similar experimental process as
previous material transport studies; a conservative tracer material was introduced at low
water, upstream of thecaled system, and the transport observed and recorded over a full
tidal cycle. The effect of the physical impediment on flows and material transport was
assessed by a comparison with the benchmark system of no structures installed in the
tidal basinFigure4.15 presents dye transport within the Froude scaled system at four
different stages of thiéood-tide tidalcycle while Figure4.16 presents dye transport at
four different stages of the ebb tidalai cycle Of particular interest were, the effects of
the installations othelongitudinal transport of material on the flood tide; and on the

flushingand removabf dye on the ebb.
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Figure 4.15: Dye transport recorded in the tidal basin at four different stages of thélood tide tidal
cycle (displayed on sinusoidal curve): (agarly-flood, (b) mid-flood, (c) late-flood and (d) high water
mark. Dye transport with no impediment to flow (LHS) and through a Froudescaled roughened

long-line (RHS) are presented

i
|
(
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(d)

Figure 4.16: Dye transport recorded in the tidal basin at four different stages of thélood tide tidal
cycle (displayed on sinusoidal curve): (agarly-ebb, (b) mid-ebb, (c) late-ebband (d) low water mark.
Dye transport with no impediment to flow (LHS) and through a Froudescaled roughened londine
(RHS) are presented
The longitudinal transport of dye through the stmoes was significantly affected by

the presence of the scaled dropper system in three ways.

1. On the flood tide, the droppers impede the transport of dye. In this simulation,
the concentration of dye at the downstream extents is practically zero when the
scaled mussel dropper system is in place.

2. The flow of dye on the ebb tide is also affected with some trapping of material
within the system being evident. This is of utmost interest with regards supply
of nutrients and the removal of pollutants. This fagtdl be investigated in
greater detail by numerical model flushing studies.

3. The lateral transport of dye is also altered by the droppers; with a significant
amount of material diverted around the structures. Again, this is of major
concern from the potrof view of the supply of nutrients to the bivalves and
corroborates previous field studies on material transport around suspended
mussel dropper lontines, where a significant amount of the ambient flow was
diverted around the systeflBoyd and Heasman, 1998)
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AnalysingFigure4.16 indicates some secondary circulation patterns developing within
the experimental basuiuring lag flows at and shortly aftethe high water markThis is
paticularly evident within the aquaculture scale model where a significant amount of
material is diverted laterallground thestructure Comparisons with the benchmark scale
model suggeghatthese secondary processes are a property of the experimeirtal bas
itself and areamost likely due to nowmniform return flow downstream of the system.
However, as the primary goal was to compare the effects of the scale installation relative

to the benchmark case, these processes do not affect the viability of ttee resu

4.9 Discussion

This chapter presents details on the experimental studies conducted as part of this
research. The fundamental theory of scale modelling is introduced and reviewed. Details
are presented on the tidal basin experimentaligeand the matheatical scaling of the
scale model from prototype dimensions. Both hydrodynamic and solute transport studies

conducted to assess the effects of the installations are described and discussed.

The study clearly demonstrates the significant effects a typispesided longjne has
on flows. Within the scaled loAgne, weobserveattenuated flow speeds; reduced
material flux; and a diversion of flows around the structure. The implications for actual

aguaculture developments are obvious.

In the next chapter, &se results are expanded to the-begle level by means of
numerical modelling studies. The data presented here is adopted to both assess and fine
tune numerical simulations of impeded flows. The models are then used to investigate the

implications for agacultural carrying capacity, and environmental impact studies.

4.10Scale modelling and difficulties encountered

An inherent flaw present in any scale modelling exercise is that the model is
constructed at a scale different to that of the prototype and thiérrgsnaccuracies that
ensue. Chapter 4 discussed the necessity of balancing the requirements for similarity
between inertial scales and viscous scales. The most significant sources of error in scale

modelling generally fall into one of two brackéktughes, 1993)
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1 Scale effectare a result of the simulation of prototype flow conditions at a
smaller scale. Scale effects are thus a consequence-simitarity between
model and prototype, an error arising by designing the modeldiegdo the
main determining laws and neglecting others. The objective of scale modelling
then is the design of the model from reality to make these errors as small as
possible in the given situation. The most common example is viscous forces

that are relavely larger in the model than in the prototype.

1 Laboratory effects occur as a result of the restriction that the laboratory
environment places on the simulation of field or open ocean situations. A

common example is the impact model boundaries have delminulations.

An example of a laboratory effect investigated as part of this research was reflection
off the boundary walls of the tidal basin. Reflection off boundary walls is an inherent
feature of physical modelling due to the reduced spatial exdedtslistortion of
hydraulic models. In the prototype, the area of interest can be at the scale of kilometres
and as a result, the dissipation of wave energy occurs more gradually over much greater
distances. In the scale model, on the other hand, adamgponent of the wave energy
must be dissipated almost instantaneously as flow hits the boundary wall of the tidal
basin. On the flood tide, this results in tidal waves being reflected back into the area of

wave generation.

This was investigated and addsed in this study through a detailed analysis of flows
nearthe back wall of the tidal basin. The analysis indicated a high degree of extraneous
currents being present in velocity measurements as a result of flow being reflected off the
back wall of the tlal basin, which suppressed the generation of flow within the working
area. This was addressed by the alignment of an absorbing foam material to the back wall
of the tidal basin. This successfully resulted in a more gradual dissipation of wave energy

and asignificant reduction in the data scatter observed in velocity measurements.

An inherent scale effect of practically any coastal engineering physical modelling study
is the discrepancy that exists between viscous forces. As discussed, when a scake model

developed using the criterion of Froude similarity, it is practically impossible to obtain
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similarity between viscous forces in model and prototype. This is typically the most
important scale effect to be encountered in physical modelling studieslén sc
modelling, this problem is often minimised by ensuring that turbulent flow dominates in
the model, i.e(Novak et al., 2010)

YQ YQ
In this research, the Reynolds number for flow past a mussel droppdmengas in
the region of 3,000. To minimise the effects of turbulence it was necessary to ensure that
this remained above the critical limit of laminar flowdpen channel flows. The
transitional Reynolds number from laminar to turbulent flows in open channel flow is not
so well defined but is in the region of 1,000 to 2,(@6nderson, 1966Hence, flow was
fully turbulent at the floding and ebbing stages of the tidal cycle when the advective

features of the flow were at their most interesting from an aquacultural development

perspective.

The scale modelling of benthic intedal structures such as oyster trestles poses many
problens, not least the viscous and skin friction effects that result due to the flooding and
drying of the system at lowde (see Appendix A). A number of options were considered
to minimise these effects. These included; the installation of a highly polshedthed
surface and the reduction of surface roughness of the scaled oyster trestles as much as

practically possible.

A difficulty encountered in this study was the porous flows that occurs through oyster
trestle bags in the field. Much consideration \&®n to methods of simulating this in
the laboratory environment. However, the mathematical consideration of Froude,

Reynolds and Weber criteria for similarity precluded any modelling effort.
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ATheory c alinthe oomplicatousehat are encountered
in practise. Consequently, most major hydraulic projects are
model tested to optimise design

~M. S. Yalin
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5.1 Introduction

The main aim of thisection of theesearch is to incorporate the effects of aquaculture
farms on tidal flows and circulation patterns iatoexisting deptfaveragd numerical
model Aquaculture farms consist of an accumulation of thousands of marine organisms
placed in a waterbody.herefore to quantify the largscale effects of these farms on
flow, it is necessary to consider the snsalale flow interactions beten the fluid and
individual mussel droppers and Iehges,since the largscale hydrodynamic effects of
the farms are a direct result of flow through and arounlliple arraysof these
individual components. The physical effects of these structucksde reduced
velocities due tenhancedirag blockage of flowsgconversion of kinetic energy to
turbulenceand modified mixing patterns due to the mechanical stirring effect caused by
the structures. Because of this médationship between the largeale and smalcale
dynamics extensivdaboratory studies were conducted to develop an understanding of
flow and turbulent structure atrearfield level, which could then be extrapolatedth®
bay-scale level. The main objectives of the physical ei®avere (i) to produce a
gualitative description of the flow processes involved and (ii) to calibrate and validate the

numerical model.

In this section, numerical modelling studies are presented that develop and expand on
these laboratory studies. A diétd assessment of the validation and application of an
amended depthveraged numerical model to simulate flows through suspended
aguaculture installations is presentéde numerical modetasamendedo incorporate
bothform drag and a porosity term vehi describes the degree of fluid penetration
througtout the farm.Both a onesquation mixingength scheme and a tvemuationk-U
turbulence closure model were considered; with tkkriodel further refined to include
the production andissipationof turbulent energy due to the presence of the structures.
The previously discussed laboratory studies were used to develop appropriate
coefficients, and fineune the hydrodynamic model to accurately simulate the complex
fluid-structure interactions that occub®th at the nediield and farfield scales of the
flows. A case study investigated the applicability of the model to real coastal simulations;

the modelwasapplied to a designated aquaculture development site in the West of

125



Chapter 5
Two-dimensional numerical modelling

Ireland, Casheen Bay. The iagi of the culture leases on hydrodynanaicd material
transporis discussedFlushing studies provide a time scale analysis of the effects of the
aguaculture infrastructure on water circulation patterns. The viability of using relatively
simple flushingstudies formulae to assess the development potential and environmental
impact of small scale aquaculture projests investigatedis opposed to other relatively

more expensive modelling techniques.

5.2 Numerical modelling

The purpose of the numerical modeto provide an accurate method of predicting the
effects of mussel dropper lotiges on flow dynamics and material transport. To achieve
this, the model governing equationsreamended to model the effects of the fluid
passing through a dense canopgudpended mussel droppedection 3.2 presents the
model equations and derivatiorhis modelwill henceforth beeferred to as the
Aaquacul t ur e numeanrdfiredtirbulentalcoiue medél sirklijating

the effects of the droppers on turbuderproduction and intensity is also examined.

As a preliminary assessment of circulation patterns within the tidal basin and the ability
of the mathematical model to represent these flows, a general circulation model of the
tidal basin is developed. Thisused as a benchmark comparison tool for subsequent

modelling efforts.

5.2.1 Generalcirculation model
A general circulation model of the tidal basin for the benchmark case was developed in
DIVAST. The model was developedtht prototype scale, and describgdculation
patterns within the tidal basin with no aguaculture structures in plabée5-1 presents
the bathymetric and open boundary data adopted for the numerical model. The
computational domain covered a 142m x 45m anec tlze grid size equalled 1.0m. This

mo d e | wi || henceforth be termed the 6Stand
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Table 5-1: Dimensional values prescribed for the scale and numerical models. A scaling factor of 30

was adopted with appropriate Froude scaling laws applied

Parameter | Physical mode| Numerical mode
Tidal amplitude 0.069m 2.07m
Tidal Period 586s 321G
Bathymetry 0.255m 7.65m

Velocity data were output at the points detailed in Figure 4.12 and conwaiéned

velocity data collected at equivalent points in the tidal b&gure5.1 presents the time

trace data.
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Figure 5.1: Comparison between velocitiesollectedin tidal basin with no structures in place

(experimental) and SNM predicted velocities. Figure 4.12 displays location of sampling points.

An analysis of the data presentedrigure5.1 displays strong agreement between

numerical and experiemtal data. The numerical model replicates both the magnitude and

temporal profile of velocities observed in the tidal basin quite accurately. These datasets
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serve both as an initial validation of tidal basin performance and, more importantly, as a

benchmek for future developments of the numerical model.

5.2.2 APM circulation patterns
This section presents a comparison between APM and SNM results. The performance

of the SNM in replicating flow patterns observed in the APM is discussgare5.2
presents SNM results plotted against APM data.
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Figure 5.2: Comparison between APM experimental velocities, and SNM predicted velocities. Figure
4.12 displays location of sampling points.

An analysis ofFigure5.2 displays that the SNM poorly simulates the physical
impediment to flow presented by the roughenedamg The velocities observed in the
APM are 2040% less than velocities predicted by the SNM. The nizaeimulation of
this complex flow regime requires a significant level of modification of the governing
equations of unsteady flow. As a preliminary estimate, a simphalimvensional model
of flow attenuation was developed by computing kinetic energge®through the

system.
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5.2.3 Kinetic energy losses analysis

A comprehensive analysis of flow through mussel farms involves the solution of the
NavierStokes equation. This can be an expensiveiar&consumingundertaking,
requiring a large body of informatcon local flow patterns and bathymetry addition
to a detailed knowledge of the spatial density and orientation of the musselifarm
manycasesit may be desirable to obtain a more easily accessible approximation of the
impact of the mussel farms& dlow. Hence, the aim of this part of the research was an
order of magnitude quantification of the effect of aquaculture farms on flows. By
analysing the energy losses throughftren,one may estimate the velocity attenuation
throughout the farm, and e@mine the losses that occur due to the presence of the

structures.

By developingan expression for rate of work done as flow passes through the
droppers, and equating with the kinetic energy of the system, one may determine the
kinetic energy dissipatefdom the flow due to the presence of the droppers. This process
only takes into account kinetic energy losses. Evidently, energy will also be lost via
additional paths such as exchanges from kinetic to potential energy. At low Reynolds
numbers (Re<200) the will also be a significant loss due to viscous forces. However,
for the current situation an analysis of kinetic energy losses gives a useful quantification

of velocity attenuation through the system.

The kinetic energy lost from the system can be cdetphy equating the rate of work
done on an individual dropper to the kinetic energy losses, assuming other minor losses
can be neglected. The rate of work done on a single dropper can be calculated from the

equation, EU, where, Iy, the drag force is giveby

Y
O 6”0 "Y? (.1

whereCp is drag coefficient] is water densityD is droppe diameterq, is dropper

length,Yis velocity in vicinity of dropperandS: is a shading factor.

The shading factor is a coefficient that accounts for the reduced drag force on

downstream cylinders due to the energy dissipated by those upsiitezm®is some
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variance in literature about a value for the shading factor. Oftentimes, a value of one is
chosenWestwater, (2001 Plew et al, (2005) Struve et al., (2003Wu et al., (2009) It

can also be expressed as a function of cylinder diameter and spa@WamSet al.,

(1996) Cheng and Yongning, (2008):

Y P O y (5.2)

Due to the degree of variance present in literature with regards to the parameterisation
of shading factor; it was decided to assume a valuedptihd then calibrate the shading

factor using the physical modelling results.

From the drag force equation, an expression for work done per unit dre#Disy,
where” is the number of @ppers per unit area (assuming they act independently).
Assuming that only kinetic energy losses occur, the rate of change of kinetic energy per
unit area farm equals the work done on the mussel farm.imbgdenergy losses

through the farm can then be derived in a similar mann@l¢ov et al., 2005)

Rate of change of kinetic energy

QQ QP "0 Y

22 C (5.3)
Qo Qo
Work done on farm
oY P C" "6 OO (5.9
Equating terms:
QP "0 7Y
p ” ny ¥ o 3, A (5_5)
A—’Qb C 0 YOO

The kinetic energy losses with respect to distance can be expressed using the chain rule

L Yypey (5.6)
T 'w Yl o
Integrating with respect to x yields an expression for velocity through the farm relative

to initial velocty Up some distance, x, upstream.
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;—Y Qo €0 YOO (5.7)
Y G

Therefore, the velocity through the farm decreases propatlyowith distance as
kinetic energy is lost to turbulence. This equation only considers kinetic energy, ignoring
any exchange between kinetic and potential energy. This simplistic analysis can provide a
preliminary estimate of energy losses through peanded aquaculture farm. This model

will henceforth be termed the Kinetic energy Numerical Model (KNM).

The objective of the KNM is to provide a preliminary estimate of flow losses and
velocity attenuation throughout an aquaculture system. The SNM dedlelade
validated previously was used to provide ambient upstream velocity boundary conditions,
Uo, to be used in the KNM. The APM is used to both validate the equations and assess the

ability of the model to simulate the complex flow processes.

Figure5.3 presents velocities predicted by the KNM plotted against those measured in
the APM.
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Figure 5.3: Comparison of APM and KNM velocities. Shading factor = 1.0. Figure 4.12 displayhe

location of sampling points
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Figure5.3 suggests that the KNM performs relatively poorly in predicting losses
through a mussel dropper lotige. This is particularly evident at points A3 and Ade
kinetic energy model overpdicts energy losses through the farm. One reason for this
may be that the chosen value for shading factor is overestimated. Since the shading factor
is inversely proportional to the measure in which one dropper is affected by the other
droppers, it is gxected to vary considerably in any given study based on density and

diameter of physical impedime(itlaot et al., 1996)

For the currenstudy,the shading factor that gave the best agreement between
laboratory and mathematibapredicted velocities was 0.Figure5.4 presents the

results.
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Figure 5.4: Comparison between APM experimental velocities and KNM predicted velocities, with a
shading facta of 0.7. Figure 4.12 displays the location of sampling points
These results produceasonable qualitativegreement between both sets of data.
These results suggest that the KNM could be useful as a first estimate of energy losses
within an impeded hydaynamic system. However, certain limitations exist. The form of
the equation yields a proportional decrease in velocities relative to distance throughout
the farm. However, studies indicate that this is not the case for large vatimsost of
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the velociy reduction occurring upstream of, or just inside of, the farm, as flow is

diverted around the farm (David Plepersonal communication). This largeale

diversion of flow is not evident in the tidal basin due to the comparatively small

horizontal dimensns of the system relative to-gitu farms.Thereforethe kinetic

energy loss equation may be less applicable to large farms than the system considered in
the tidal basin. In addition local bathymetric or topographical data and the effects of any

surrownding farms are ignored.

5.2.4 Numerical simulation of impeded flow
Laboratory studies of impeded flows displayed that velocities within the scaled
aguaculture installation were attenuated byR@6. In this section, the aquaculture
numerical model (ANM) develaa in Chapter 3, is applied to the scale model system
and finetuned based on laboratory results. The ANM was developed at the prototype
scale;Table5-2 presents details on both the APM and ANM design parameters.

Table 5-2: Physical and numerical model design configurations. Scale factor = 30.

Parameter APM ANM
Tidal amplitudgm] 0.069 2.07
Tidal Period[s] 586 3210
Bathymetry (uniform|m] 0.255 7.65
Dropper diametelm] 0.012 0.356
Dropper spacingm] 0.02 0.6
Longline length[m] 1.0 30
Long-line spacindm] 0.063 1.95
Dropper densityrfi?] 1303 1.45
Porosity (area reductioiffo] 85 85

The computational domain coverad42m x 45m area; with a grid size of 1.0rhe

long-line was simulated as a distributed drag area of 30m x 3m dimensions, as denoted in
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Figure 4.12(b). Al cells within this regi

appropriate model equations applied.

The density of droppers was computed based Pl Aonfigurations. In the APM,
dropper density equalled 1303 droppef§ mhich equated to 1.45 dropper¥ rat the
prototype scale. Dropper diameter equalled 0.356m at the prosutg@eEquivalent

tidal conditions to the SNM were prescribed.

The effet of the aquaculture resistance was-fimeed by means of the cylindrical drag
coefficient. The choice of drag coefficient depends primarily flsw conditions, dropper
size and dropper densif@hisalberti and Nepf, 2004for thisstudy,an initial value of

1.0 was chosen; and later fihened based on laboratory data.

Velocity data were collected from the ANM and APM at the points denoted in Figure
4.12.Figure5.5 displays velocitiepredictedby the ANM plotted against those observed
in the physical model. With the chosen drag coefficient, the numerical model was found
to overestimate flows, i.e. velocities predicted by the numerical model were greater than

thos observed in the tidal basin.
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Figure 5.5: Comparison of aquaculture physical model (APM) observed velocities with those
predicted by the aquaculture numerical model (ANM). Drag coefficient =1.0Figure 4.12 the location
of sampling points

These results demonstrate the effects of thedmseazloped modification along the
length of the longine. A significant drawback of the simple kinetic energy model
developed in the previous section was thguar dependence on length of travel
through the system. The mathematical model presented in this section incorporates
considerably more of the parameters governing flow, narbatirymetricdata, initial
effects as flow encounters impediment, turbulentcstire, and areal reduction effect.

The next section presents further refinement of the ANM.

5.2.5
A preliminary analysis of ANM results presentedrigure5.5 illustrates that the

Effect of drag coefficient
model requires further fimement. A range of modelling simulations was conducted

while incrementally increasing drag coefficient. The results presented demahatrate

continuous refinement of results with the closest agreement between predicted and
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measured velocities obtainedtiva drag coefficient of 1.&igure5.6 presents a

comparison of APM and ANM dataith the prescribed drag coefficient
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Figure 5.6: Comparison of APM observed velocities witlthose predicted by the ANM. Drag
coefficient =1.8. Figure 4.12 displays the location of sampling points

These results displagjosestagreement with laboratory data. The model closely
replicates flow attenuation observed in the APM; with both the APM aiid A
displaying flow reduction of up to 30%hese findings are similar to thoseSifoheimer
et al., (2005who found velocities in a commercial lofige mussefarm to be reduced
by 30% andPilditch et al., (2001yvho detected flow attenuation of 40% through
suspended scallop farnBoyd and Heasman, (1998)nducted field studies of flow
within and around mussel raft culture. Thayservedhat flows within the raft reduced

by up toa factor of six depending on rope spacing and amifiev speed.

The main consideration in the comparison of the experimental and numerical results is
the choice of drag coefficient. This depends primarily on flow conditions, surface
roughness and cylindrical shape fac®ouliotis and Panagiotis, 200T) addition, the
drag exerted by an array of cylinders may differ to that of a single cyl{Btkrins,
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2003) and the spacing of cylinders is also signifiq@uravkovich, 2003)An increase

in dropper density will result in a decrease in both flow and Reynolds numbandRe

thus, based on the relationship between drag and Re, a larger drag coefficient is required
(Wu and Wang, 2004Mazda et al., (1998xamined drag coefficients for flow through

a mangrove swamp. The drag coefficient was found to increase with decreasing Reynolds
number from a value of approxinedy 0.4 at high Re (>1f) to a maximum value of 10

at low value of Re (<1Y). Wu and Wang, (2004)sed laboratory flume studies of flow
through model vegetation (wooden dowel with 3.2mm diarp&teverify a numerical

model. A number of different vegetation densities and corresponding drag coefficients
were used. The drag coefficient was set to 0.8, 1.0, 1.2, 1.8 and 3.0donthations

with vegetation densities of 0.04%, 0.2%, 0.6%, 2.5% H0?% respectively, to obtain

acceptable agreements between the laboratory and numerical model results.

A value of 1.8 was determined for this particular resed@aked on a comprehensive
review of literature, this value is consistent with previous mivdeéfforts, particularly
in the area of vegetated flow where the largest body of relevant work réSideszu
and Tsujimoto, (1994Mazda et al., (1997Nepf and Vivoni, (200Q)Struve et al.,
(2003) Wu et al., (2005)Souliotis and Panagiotis, (20Q7frigure5.7 presents
velocities predicted by the ANM adopting a value of 1.8 plotted against SNM results.
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Figure 5.7: Comparison of SNM velocities and those predicted by the ANM. ANM drag
coefficient=1.8. Figure 4.12 displays the &ation of sampling points
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Figure 5.8: Comparison of SNM water elevations and those predicted by the ANM. ANM drag
coefficient=1.8. Figure 4.12 displays the location of sampling points

An interesting flow éature observed iRigure5.7 is an apparent phase shift observed
in ANM predicted velocities relative to the SNM. This flow feature is not observed in
Figure5.8, with both the SNM and ANM predicting idgcal water elevation profiles.
The temporal discrepancy seems to be a result of the aquaculture installations impeding
the fl ows of waupmed afndfulca viakgiicnthaddifecisttnele i n s
time-trace profile.

This mathematically dered, experimentally validated, numerical representation of
flows through aquaculture installations will be used for subsequent modelling studies in

this chapter.

5.2.6  Solutetransport
Numerical dye dispersion studies were conducted in conjunction with thatiatyor
tracer experiment§ he numerical dye tracer experiments allow an assessment of the
performance of the model in replicating dispersive and turbulent processes. The turbulent
viscosity strongly influences the dispersion of a contaminant within alveatgr
(Babarutsi and Nassiri, 1996)ence, tracer experiments provide a means of evaluating
the ability of a model to simulate complex flow processes, in conjunction with friction

dominated hydrodynamics.

For these simulations, the mixibgngth turbulence closure model calculated the
turbulent viscosity of the flow profile. A value of 1.0 was specified for the coefficient of

eddy viscosity in all cases. No modification of the turbulence closure model was
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undertaken, with the singular difference between the SNM and ANM being

hydrodynamics.

An equivalent modelling procedure to that used in the physical modelling study was
used to assess material transport within the-loreg A conservative tracer was
introduced into the study ar@an upstream of the location of the aquaculture system
the low water markKigure5.9). Simulations continued for a full tidal cycle with
numerical data being output at-28cond intervals. Predicte@misport in the absence of
any physical impediment to flow was computed to compare against laboratory data, and
provide a benchmark for further numerical tracer experiments. The ANM then assessed
material transport within a loAge installation Figure5.9 presents numerically
predicted dye transport at four different stages of the tidal cycle; the transport predicted
by both the SNM and ANM is presented slieside for comparison. The red rectangle
highlights the location of thaquaculture farm, with the location of dye release presented
in purple. Within the SNM, the dashed red rectangle represents the location of the

aguaculture farm, to enable easy comparison with the ANM data.
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Figure 5.9: Numerically predicted dye transport at four stages of the tidal cycle; (a) midlood, (b)
high water mark, (c) mid-ebb and (d) low water mark. The LHS presents dye transport predicted by
the SNM while the right hand side preserd transport predicted by ANM. The location of the
aquaculture installation is denoted by the red rectangle while the purple rectangle denotes the area of
dye release.

AnalysingFigure5.9 demonstrates that the aquaculture strectonpacts on material
transport in a number of ways. On the flood tidegitudinal dye transport i®duced
significantly and a slight increase in lateral spreading around the system is €Mment
numerical model predicts thtkte longitudinal transpdrdistance is reduced by up to 30%
by the presence of the structur€bese results are similar to dye studies conducted in the
APM.

On the ebb tide, the concentration of material remaining in the system at the end of the
tidal cycle is less in the ANM timthe SNM. This is similar to results observed in the
physical modelling study, and may be largely attributed to the shorter transport distance

the material undergoes.
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The findings of both the scale and numerical tracer experiments are very significant
from a carrying capacity perspective. The reduction in material transport to the
downstream extents of the system has obvious repercussions for the supply of nutrients to
the bivalve feeders. In both the SPM and SNM, dye is transported to the downstream
exterts of the system with dye saturation evident throughout the system. On the other
hand, the inclusion of the aquaculture installation in both physical and numerical
modelling studies significantly impedes the transport of tracer. In fact, in both situations
the concentration of dye at the downstream extents is neglilyistead, we see an
accumulation of dye at the entrance of the system and some lateral diversion of solute
caused by the presence of the structurbs study demonstrates that the preserian
aguaculture farm limits nutrient supply to downstream bivalves. When one considers the
effect of sequentially located farpend intense particle consumption by suspension
feeding it is evident that ignoring these effects severely limits the viglof any

analysis.

As discussed, the Reynolds Averaged Na@itkes equations represent random
fluctuations of flow via a particular turbulence closure model of varying degrees of
complexity and accuracy. This study adopted the relatively simplequegion mixing
length model. The next section examines the performance of a more complex, two

equation turbulence model in simulating flows.

5.3 Assessment oftandard k-£ model

The performance of a number of different turbulence closure models with different
levels of complexity was assessed from the perspective of more accurately replicating
laboratory data. Numerically predicted velocities and solute transport srepsret
output in an equivalent manner to that in the previous section, i.e. velocity datasets were
output at the locations detailed in Figure 4.12, and conservative tracer transport snapshots

were output at different stages of the tidal cycle.

In thissecton, the performance ofthe@ t ur bul ence c¢cl osure mode
primary concern was the model 6s ability to

system. The additional complexity and accuracy ofthkekt ur bul ence cl osur
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comes at theost of increased computational demands. This section assess whether the

increased cost (1) provides increased accuracy arnsl ri2gessary to simulate flows

through the aquaculture installation. Due to the additional complexity involved in

simulating fows through an aquaculturestallation,the focus will primarily be on the

ANM. Figure5.10 presents numerically predicted dye transport at four different stages of

the tidal cycle with the &)

osur e

anodelaised. |

ur bul

t

I
|
I
—_——te—
I
1

-1

143



Chapter 5

Two-dimensional numerical modelling

Figure 5.10: ANM predicted dye transport incorporating the k-0
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stages of the tidal cycle: (ajnid-flood, (b) high water mark, (c) mid-ebb and (d low water mark.

Both the tweequation and onrequation turbulence model predict quite similar dye

transport plumes. However, the tequation turbulence model predicts reduced

longitudinal dye transport within the system. A crgsstion of material coenitration

across line AA at high water Figure5.10(c)) demonstrated this discrepancy.

Simulations incorporating theld mo d e | predicted a

values computed by the mixing length model.

6 %

Figure5.11 presents timérace velocities predicted by the ANM incorporating the

dr op

mixing length model plotted against those frestl by the KJmodel. Results display a

slight disparity in predicted flows. The peak magnitudes of velocities are identical in both

cases; however, the temporal profile of velocities is slightly different. These results

demonstrate that the choice oftiulence closure model influences both hydrodynamics

and solute transport. The next section examines a mathematical amendmektdo the
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closure model to incorporate the effects of the aquaculture structures into the turbulence
model.
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Figure 5.11: Comparison of velocities predicted by ANM with the mixing length model and the k

epsilon model. Figure 4.12 presents the location of sampling points

5.4 Assessment ofmodified k-£ model

A mathematical extension toetstandard-Uturbulence model was undertaken to
investigate whether the widely studied, additional turbulence induced by a submerged
bluff body impedimen{Nepf, 1999) can be reproduced in the ANM. An additional
turbulence production termas incorporated into the model equations based on the work
of Shimizu and Tsujimoto, (1994)opez and Garcia, (200AndNeary, (2003)The
mathematical derivation and formulation was previously discussed in Chapter 3, and will
not be presented here. As before, the effects of the amended eqoatamntsal
dynamics were investigated via detailed solute transport studies and to a lesser degree
velocities. For a more consistent comparison, results were compared with values
predicted by the standardk s c frigune8.12 presents tracer transport predicted by
the ANM incorporating the extendeddk c¢| osure model . As before.
upstream of the installation at the low water mark and transport evaluated at four
different stages of the tidal cycle.
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No significant change to the transport of dye results from the additional turbulence
production term included in the numerical model. A comparisdxigafre’5.10 and
Figure5.12 displays amnost identical dye plume profile with no visible disparities. A
traverse section across the farm at liné fexhibits a change in concentration of less
than 1% between both simulations.

As discussed in Chapter 3, a large number of different turbulersmerelmodels exist
in computational hydrodynamics, differing in both levels of complexity and
computational cost. The identification of the most efficient turbulence closure scheme to
simulate a particular flow regime is a logical research question. Inabké the mixing
length model performs satisfactorily in simulating flows and material transport. The
material transport predicted by both closure models is quite similar with no significant

improvement in model performance observed.

A point of interest bwever, is the greater transportability of th&lodel to different
modelling scenarios. The performance of the mixing length model is dependent on the
prescribed value of the coefficient of eddy viscosity. For this study a value of 1.0 was
prescribed bsed on flume studies conducted\Wgstwater, (2001 )ut the value can
range from 0.1 1.0(Arega and Sanders, 200¥alues are smaller for open channels
ard attributed to little secondary motio(@lbert, 2006)ThekU model , on t he o
hand, typically does not require usgrecified coefficients; with modelling constants
instead prescribed based on empirical data. Henc&;lhe c e madel often performs

better when extrapolating from laboratory studies to the bay scale level.

The extended turbulence model does not appear to affect results significantly, with
little visible effect on material transport. A possible reason for thiseisnability of a
depthaveraged model to simulate elements of the three dimensional flow profiles. A
similar phenomenon was observedKatul et al., (2004)who observed no discernible
difference in the performance of a esienensional hydrodynamic model when either a
one or tweequation turbulence closure model was used. Hence, it is important to balance
the complexity of the turbulence closure model with the complexity of the numerical

model itself. The further extension and improvement of the modelling of turbulence will
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be investigated in a subsequent chapter through more comprehensixdirttersional
modelling studies. In the next section, the validated model is applied to a proposed
aguaculture development site on the West Coast of Ireland, and-fireddgrerformance

of the model investigated.

5.5 Casestudy: Casheen Bay

Casheen Bay is a small sheltered bay on the West Coast of laslahdwn irFigure
5.13. It was one of the first bays in Ireland designated for fish farming due to its sheltered
position and open entranaghich was assumed to provide an ideal site for good tidal
exchange. Currently, finfish and longline rope mussels are cultured in thEheay.
refinedhydrodynamic modelasused to analyse the effect of the aquaculture strugcture

at the bay scale level.

Figure 5.13. Approximate location of Casheen Bay on the West Coast of Ireland

5.5.1 Generalcir culation model
A hydrodynamianodel was developed by overlying a finite difference mesh on
Admiralty Chart data witlCartesiargrid spacingof 40m x 40mFigure5.14 presents a
bathymetic map of the bayTidal conditions were spédied at the western open sea

boundary All simulations were conducted under spring tide forcing of 2.2m amplitude.
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Northern and southern open boundaries were assumed as streamlines and hence, all
orthogonal velocities equalled zero. The tide is the fwaoe generating currents

(Gleeson, 1994)and there is no significant river inflows in Casheen Bay.

DIVAST has previously been applied to Casheen Bay on a number of occasions,
primarily, Hartnett and Cawley, (1991Gleeson, (1994 Hartnett et al., (2003nd
Dabrowski, (2005)In these studies, measured data validated model hydrodynamics.
Computed values of surface elevation, current speed and current direction were calibrated
based on observed data. These studies validageperformance of DIVAST in
replicating flows within Casheen Bay. Since model settings are principally the same as in
these previous studies, and the prediction of actual bay dynamics is not of primary
concern; details of the calibration process aregpnegented here. For further details the
reader is referred tdartnett and Cawley, (1991¢leeson, (1994 Hartnett et al., (2003)
andDabrowski, (2005)
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Figure 5.14: Bathymetry map of Casheen Bay. Tidl boundary conditions were specified on the
western open boundary with zero flow assumed at the northern and southern boundary
A tidal period of 12.5hrs was specified and the model was run with a timestep of eight
secondsTable5-3 presents a complete list of variables used for this modelling study.
Figure5.15 presents a synoptic view of flows and water circulation at different stages of

the tidal cycle. Maximum tidal currents within the bay are inréfggon of 0.3m/s.
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Table 5-3: Variables used forCasheen Baymodelling study

Variable Definition Value Reference
I Cells in | direction 130 -
J Cells in J direction 86 -
aa Time-step [s] 12 Courant Number
X Cartesian grid spacing [m] 40.0 -
Co Roughness length [m] 0.04 Literature
Ce Coefficient of eddy viscosity 1.0 Literature

Tame = HW+3.0 s e e T - Time = HW-3.0

X [model grid] X [model grid]

Figure 5.15. Hydrodynamic snapshots of (a) mid ebb and (b) mid flood

5.5.2 Modelling of aquaculture installations

Anecdotal evidence and preliminary hydrodynamic analysis suggested the southern
embayment to be the most promising region of the bay for aquaculture developments;
due to good tidal exchange and higher flow speeds. Aldistn of individual farms
was deployed within this embayment based on typical farm dimensions and
configurationgBIM, 2002). Figure5.16 displays the location of the modelled mussel
dropper farmsindividual farnms consisted of 120m long double longlines spaced 12m
apart.The deployment resulted in a dropper density of 0.33 dropp&rsvithin the

farmed regionsTwenty-one farms were installed in the bay; farms were placed 120m
apart.

150



Chapter 5
Two-dimensional numerical modelling

Figure5.20
//
e*A
eB

Figure 5.16: Location of modelled aquaculture structureswithin bay (displayed in yellow), and time
series locations A and BHighlighted area denotes scale up view presented kigure 5.20

The effect of tle structures on both flow fields and local hydrodynamics were analysed
both spatially and temporallyelocity time traces were plotted for the locations A and B
displayed inFigure5.16 contrasting flow within droppers (A) to flooccurring between
droppers (B). A significant retardation of flow was evident within the dropper lines
(Figure5.17(a)). Interestingly, an acceleration of flewvasobservedetween longlings
indicating that some flow was beidiverted around the farmgigure5.17 (b)). These
flow behaviours were investigated further via a synopticdzaje assessment of flow

fields.
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Figure 5.17: Numerically predicted velocity time seriegpredicted by the SNM and the ANM at, (a)
location A within long-lines and (b) location B between farms

Figure5.18 andFigure5.19 presents predicted circulation patterns al-fliod and
mid-ebb. The inclusion of the droppers within the bay affects both the magnitude and
direction of flow.A large-scale diminishing of flow speeds is evident throughout the
aguaculture domain. This is most apparent within the first row of famtiseowestern
side of the embayment. A significant dissipation of energy is evident after flows pass
through this first row. In addition, a largeale diversion of flows is evident at the
entrance to the aquaculture farms. This is particularly evideéne aouthern point of the

entrance, where a significant volume of flow is diverted around the system. A similar,
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less pronounced diversion is apparent at the northern point of the entraoweparable
flow feature has been reported in literat(P&ew et al., 2005where the most significant
attenuation of flows occurs at the entrandetqust beforéthe aquaculture structures.
At a smaller scale, a change of direction is evident around individual faiguse5.20
presents an expanded view of flow figldile Figure5.21 superimposes both velocity

datasets to enable a comprehensive visual assessment.
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Figure 5.21: Hydrodynamic snapshots of velocities at midlood displaying efect of aquaculture

structures.
This study prduces results which corrobordkes findings of a great deal of the
previous work in this field which showed theguaculturenstallations affected flow
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patterns by retarding velocities and diverting ffawound thefarm (Boyd and Heasman,
(1998) Plew et al., (2005) To comprehensively assess the effects of the stasctu

guantifiable analysis of both flow differentials and material transport in required.

Analysis of the water circulation patterns within both the bay and the modified
Afaquacul tureo cells proved somewhatsprobl e
in any bay varyoth in space and in tim&his is typically represented via a visual
comparison of flow fields or a study of time series data at a spkgfition Figure5.18
presents flow field data on the flood tide. IhgmaresANM and SNM predictedlow
fields within Casheen Bay. However, it is difficult to produce a satisfactory comparison
and inparticular,a quantifiable depiction of the effects of the modified cells on water
circulation based on flow fields alone; ihan analysis of time series data at specific
locations for an entirbay is bothcumbersome and difficult tiaterpret Hence, a
guantitativeapproach to flow field patterns and velocity differentials was undertaken.

The SNM was as s u mmuadel forrewwlualidn ef tharhgesanducenl by
the aquaculture installations. Values of computed velocity were output at each grid point
in the model domain at a particular instance in time. These datasets allowed the analysis
of the spatial variation of motieariables, and were therefore used to calculate the spatial
variation of differentials between computed velociti#ss provided a representation of
the effectghatthe modelled structures had on float a bay scale level. Velocity
differentials wergroduced both at different stages of the tidal cycle, andidalky-

averagedvalue.

Velocity data were output for all grid points of the model domain at various stages of
the tidal cycle. The absolute differential, AD, and the relative differentialpBii#&een
the respective model outputs at the same instance was then calculated accdtdsig to
(2010) as follows:
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5Q  ar Yo (59
- 0/ -
o, — PR o (5.9)
q &

for i20;2,36&60Q, 2, 36

wherel is the model variableomputed by SNMind%.is the model variableomputed
by ANM.

Figure5.22 displays a flow fieldepresentation of thiedally averagedielocity
differential caused by the presence of the aquaculture structmésFigure5.23
presentselativedifferentials This data indicates that flow within the bay is altered by

20-60% by the presence of the droppe&rith some areas displaying even greater effects.

This above algorithm provides a means of quantitatively assessing ttis efféhe
droppers on flow magnitude over an extended period of time. This enables a ready
analysis of actual bay dynamics represented via a singular plot. This can be quite useful
in the preliminary planning stages of an aquaculture farm where speedk a&ithin the
bay can be pinpointed to establish where the aquaculture development has the most

significant effects.
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Figure 5.22: Absolute value differentials of velocityat mid-flood
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Figure 5.23: Relative differential of velocity at mid-flood
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5.5.3 Flushing studies

The effect of the aquaculture structures on material transport was also studied. Flushing

studies of the bay were carried out and the effect tkan#tallation of the mussel

droppers had on time scalef material transport was analys@avo regions of thday
believed to have different flushing propertiesre chosen in order to compare relative
flushing capacities of these different regioBachregion was considered separatdlge
chosen domains are denotedegion A and B irFigure5.24. Region B represents a
relatively deep section of the bay and the bathymetry suggests that it may behave as a
stagnant backwateRegion A includesegion B to investigate potential differences in

flushing betweenthe backwater and the more open, naiannel.

The solute transport module was utilized in the calculation of two characteristics,
namely, theaveragaesidence time andhé exchange per tidal cycle coefficient.

(@) (b)

Region A Region B

Figure 5.24: Casheen Bay flushing study suegions

To determine the flushing characteristics of the bay the hydrodynamic model was
initially run until steady stateondtions were reached (c.75.0 hra)l node points within
the specified regions were thepecifiedas having uniform initial concentrations of
trace, GQwith subsequent average spatial concentrationsp@puted after n tidal cycles
The model was #n run foraperiod of 300 hrs with output produced every 12.5 hrs in
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order to account for the net tidally averaged dye outflow from the regioce the

primary objective is the assessment of transport differentials rather than any specific bay
dynamicsall simulations were driven by spring tide forcing only with no meteorological
data specifiedThe effect of the modification of the hydrodynamic and turbulent

equations on flushing was analysed. The hydrodynamic equations were amended as
detailedpreviousy. Threedifferent turbulence closure models were also analysed,

namely a mixing length modektandard k) moahedn amendedk model . An
overview of the different scenarios considered is giverainle5-4, detailing theevel of
modification ofthe governing equations

Table 5-4: Summary of hydrodynamic model detailing turbulence scheme and level oker

modification
Model Name Acronym Details
Original mixing OMM No modification of governing equations (origin:
length mixing length turbulence closure model used)
Modified mixing MMM Hydrodynamic equations modified
length
Original ki U OKM No modification of governing equationsi( -
turbulence closure scheme used)
Modified MHKM Hydrodynamic equations only modified with
Hydrodynamic model standard i - turbulence closure scheme
Modified ki U MKM Bothki - turbulence scheme hydrodynamic
governing equations modified

Table5-5 summarizes flushing characteristics computed based on the.mfbdel
remnant function parameters A and B were found using the least soeted, from

which the average resdce timest , were calculated
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Table 5-5: Flushing characteristics of Casheen Bay sulegions

OMM MMM OKM

Average Residence Timé¥y

A 0.1 0.150 0.155
< B 0.787 0.701 0.779
c

2 Wdays  6.68 9.92 6.62
QO

Y

Exchange per tidal cycle coefficientE
E 0.074  0.058 0.075

Average Residence Timé¥\

A 0.132 0.153 0.131
m| B 0.879 0.776 0.882
c
2 Wdays 5.54 6.79 5.56
Q
x

Exchange per tidal cycle coefficient E

E 0.084 0.071 0.084

Decay curves of thaverage dye concentration @gion A predicted by both the OKM
and MKM simulations are presentedrigure5.26; the computed remnant function

corresponding to the OKM decay curve is also presekigdre5.25, in turn, shows

MHKM

0.156
0.694

9.67

0.059

0.164
0.760

6.63

0.072

MKM

0.156

0.694

9.68

0.059

0.164

0.760

6.63

0.072

spatial distribution of thaverageesidence time obtained for the same model

simulatians, determined by the concentration drop below 1/e of the original concentration

(van de Kreeke, 1983for both regios A and B.
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{a) (b)
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Figure 5.25: Spatial distributions of the residence time in Casheen Bay suiegions obtained from

dye studies base on DIVAST. Simulations were performed at spring tide conditions.
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0] 50 100 150 200 250 300 350
Time {hrs)
—fll— Free Stream flow Aquaculture Flow  ==me==r(t)-dye decay formula

Figure 5.26: Decay curves of the average dye concentration in Regi@nof Casheen Bay obtained
from simulations based on DIVAST.
These results demonstrate that the presence of the numerically represented aquaculture
installations influence the flushing properties of the bay quite significanthggion A
the average régence time is increased by 46%. This would have a major effect on
aguaculture development capacity from both a nutrient renewal and toxin removal
perspective. As one would expect the structures have a corresponding effect on the

exchange per tidal cycl®efficient of the bay.

5.6 Discussion and conclusions

The frictional effect of suspended canopies on hydrodynamics and material transport is
a much neglected area of research in aquaculture develoff&rant and Bacher,0D1).
Panchang et al., (199ifjvestigated hydrodynamics and waste transport within salmonid
netpen aquaculture developments. However stinely ignored the effectd the
aquaculture installations themselyapart from a source/sink term in the context of
dispersion of food and faeces from salmon cages. Most numerical modelling studies
focus on a budgeting of particulate depletion and renewal ignoring the frictibeets
of the suspension feeddRaillard and Menesguen, 199#ilditch et al., 2001)
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In this chapter, a depthveraged hydrodynamic model was amended to simulate the
effects of these aquaculture installations on flow dynamics and material tradsport.
mathematically correct, Froude scaled model of a prototypical mussel dropper longline
wasdewelopedwhich indicated these structures have significant effects on flow patterns
These datasets were used to assess antufieghe numerical modélhe numerical
modelgoverned byheamended equations describaguaculture structures, displayed
close agreement with the velocity datallectedfrom the physical model he numerical
model closely replicated the attenuation of velocities observed in the laboratory as flow
passes through the aquaculture structures.

The main consideration in the companstf the experimental and numerical results is
the choice of drag coefficient. This depends primarily on flow conditions, surface
roughness and cylindrical shape fac®ouliotis and Panagiotis, 200A value of 1.8
was determined for this particular research.

The most significant findinffom a carrying capacity perspectwas that the physical
impediment presented by the droppers also significantly affected material transport in
both the longitudial and lateral direction. Dye dispersion studisplayed a substantial
reduction inmaterial supply to droppedownstreamA numerical simulation of material
transport displayed similar resuliSgure5.9 presents the predad dye cloudSimilar to
the physical modéhg study we seeaccumulation of material at the entrance to the
systemdiversion of material around the farm and a diminished supply of material to the
downstream extent$his study demonstrates that thegamece of an aquaculture farm
limits nutrient supply to downstream bivalves. When one considers the effect of
sequentially located farms and intense particle consumption by suspension,fiéésling
evident that ignoring these effects severely limits tldility and reliability of any

carrying capacity studies.

A numerical model of a designated aquaculture development site alsbessepact
of the structures on a bay scale le@&inulations investigatedhé influence of the
aquaculture installations dlow fields and material transport. This study indicated that

the aquaculture structuregluencedboth flow magnitude and direction. Time trace
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graphsexhibiteda retardation of flow within aquacultutesignated cellsvith some
acceleration of flow edent betweethe aquaculture structurddow-field differentials

exhibited velocity attenuation of up to 60% in large sections of the bay.

An analysis ofmaterial transpoiime scaleexaminedhe assimilative capacity of the
bay for aguaculture develommt purposes. The presence of the aquaculture installations
had a substantial effect on the flushing properties of the bay. The numerical model
predicted an increase in average residence of 46%. Evidently, this will have significant
effects on the local esystem in addition to limiting nutrient turnover and supply to the
aguaculture installation€arrying capacity for suspension feeders are primarily limited
by the rate of renewal of available food, which is a function of phytoplankton production
and wate residence timéDame and Prins, 1998 he findings of the current study are
consistent with those @rant and Bacher, (2002yho studied the effect of loAge
cultures on flushing in a Chinese bay via representing the bivalve canopies as localised
increases in friction. The flushing time of the bay was found to increase by 41% (from 17
to 24 hours) as a result of the aquace developments. They concluded that a
disregard for the physical effects of culture structure will result in a serious
overestimation of the renewal term and thus an overestimation of carrying cépacity
Brooks et al., (1999 tilised flushing and residence time studies to investigptienum
locations for aquaculture developments in coastal Mainesility noted theénportance
of adequate flushing to provide a ready supply of diggbbxyge and flush away waste
productsHowever, the effect of the suspension feeders themselves on flushing and

residence times was not considered.

Particulate renewal versus consumption terms forms the basis for food budgets to
suspension feede(Rilditch et al., 2001and carrying capacity studiéSrant, 1996)
However, flushing studies on a bay scale level carried out as part of this study indicated
that tidallydriven exchange rateatereduced by up to6% due to the retardation
influence of the aquaculture canopies. Disregarding the frictional effect of the
aquaculture installation may result in a serious overestimation of the assimilative capacity

of a water bdy.
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Depth-averaged hydrodynamic models provide a computationally efficient means of
guantifying carrying capacity in a wethixed waterbody, where the horizontal scales are
much longer than the verticdbuarte et al., 203). In this chapter, the ofieglected
physical effects of aquaculture were efficiently incorporated into a numerical model in a
technically defensible manner. However, the accurate simulation of flows in deep
stratified bays demands the use of thll@eensional numerical models. In order to
investigate these features further, the effects of aquaculture structures on the three
dimensional flow structure was examined. The validation and application of this more

comprehensive model will be presented inrikgt chapter.
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fAlf we can not predict the behaviour of a simple laboratory test
case, with its restricted number of variables, then we certainly can
not expect to predict the behaviour of the real world protaiype

- R. A. Dalrymple
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6.1 Introduction

Prevouschapters have focused on theidation of a deptlaveraged hydrodynamic
model against physical modghtain which, nearly horizontal flows, dominate. Scale
experiments conducted in the tidal basin indicated thatiw@nsional simulations were
sufficient for this situation due to thelatively shallow depth. However, thereais
significantamount of evidencgboth in literaturgPlew (2005) Boyd and Heasman,
(1998), and anecdotal to suggest that flows under and around suspended aquaculture
installationsin deep waterare not twedimensional in nature. Field studies indicate that
asignificantretardation of flow occurs within the farf@ibbs et al., 1991)n
conjunction with a pronounced acceleration of flows occurring beneath suspended
aguaculture installation®lanco et al., 1994)The velocity shear induced between the
slow moving uppelayers and accelerated flow beneath the farms can have significant
implications for hydrodynamic procesg®¥aite, 1989)Hence, this section focuses on
the exten®n of these results to a thrdemensional modeEnvironmental Fluid
Dynamics Code (EFDC)

Validation of the threelimensional model requires information on the three
dimensional flow profileChapter 4 presented physical modelling studies conducted in a
tidal basin facility where flow processes were predominantly horizamital negligible
vertical flows.Hence this chapter presents details on work undertaken to assess and
evaluate the actual velocity profile that develops as flow passes through and around a

suspended aquaculture development.

In this chapterflow dynamicswithin and beneath a suspended aquaculture installation
arediscussed. Flow changes induced by the structures are quastifitthe effects on
mixing and energy dissipation analysed. The next section presgical problem
encountered in laboratotyased studies of hydraulic problems; that of simulating three
dimensional flow processes in a depthited environment. Section 6.3 presents the
validation of the threglimensional EFDC model. The remainder of the chapter focuses
on theamended thredimensional model; numerical simulations of flow processes within

and beneath a suspended canopy are presdimtegbrimary discussion points are:
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1 Attenuation of flove within the canopy
1 Acceleration of flows beneath the canopy

1 Flow dynamics that develop ditet canopy boundary due to the induced velocity

shear stresses.

1 Additional turbulence and mechanical stirring within the canopy

6.2 Experimental flow profile

Chapter 4 discussed the extensive laborataogelling program conducted as part of
this research. Thiscalemodellingprogramallowed both the qualitative analysis of
impeded flow processgeand the derivation ahodelcoefficientsfor the validation of the
two-dimensional mathematical model. However, for the purposes of the validation of a
threedimensonal hydrodynamic model, additional information onvketical structure
of impeded flows was required. A number of experiments were conducted in the tidal
basin in order to observe and quantify thdémensional flow processddowever, the

limited depthof the tidal basin proved problematic in simulating thd@eensional flows.

As described previously, the MWL depth in the tidal basin equalled 0.255m; reducing
to 0.186m at the low water mark. Hence, the generation of-thneensional, fully
developedtidal flows raised concerns about laboratory effects within the study. Of
particular concern was the effect of the bottom bed on the development of fully turbulent
flows. The expected flow profile within a suspended canopy constitutes attenuated flows
within the canopy, and increased flow speeds ber{Egghre6.2). Within a limited
depth experimental seip, the neslip bottom boundary constraint can affect the
development of actual suspended canopy flow processes. Due todhesens and
preliminary experiments conducted in the tidal basin, it was decided that tidal basin data
did not present a technically defensible means of validating adimemsional model.
Thereforeit was decided to validate the amended numerical hricate literature based

on laboratory measurements undertakeRleyv (2011b)

Plew (2011b)conducted extensive laboratory tests on owithin and beneath

suspended canopy. Acoustic Doppler Velocity measurenagrt particle tracking
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velocimetrywereused to investigate threBmensional flow processes within the canopy.
The experimental processdscussed extensiveiy Plew (2011b)and for convenience

is briefly presentedbelow.

The experiments were condad in a 6m long by 0.6m wide flume. Canopies were
constructed from 9.54miiameteraluminium cylindersand extended the full width
and entire working lengtlof the experimental flume. Cylinders were arranged in rows
with, |, the spacing between rowsdab, thetraversespacing between cylindensSigure
6.1 presents a schematic of the laboratorygetThe experimental sampling point is at a
distance of 4m for the flow inleEigure6.2 presents a dmition diagram of the

suspended canopy laboratory-gpt along with the idealised velocity profile.

L
E|FFlow % ! S Sampling _
g Inlet |:> : = Canopy Point Weir

Figure 6.1: Schematic of experimental flume setip. Cylinders were arranged in rows with | the
spacingbetween rows and b the spacing between cylinders. Cylinders extended the full width and
entire working length of the flume

Veloeity
Profile

.

Clanopy he
Us o U@

- LJ - - - J

" H
' Underflow he

Figure 6.2: Definition diagram for the suspended canopy laboratory experiments. Hs the water
depth; hy the gap beneath the canopy; {the height of the canopy; and {Jthe depth-averaged
velocity. Illustration adopted from Plew (2011b)

Particle Tracking Velocimetry (PTV) was usedctdlectinformation on flow. PTV

measurements were geusing a Dalsa 2M30 monochrome digital camera usinga 2 x 2
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pixel binning mode giving an effective resolution of 800 x 600 pixels, covering an area of
360mm x 200mm. Images were collected at 50Hz for 120 seconds. Images were analysed

and velocity fieldcalculated using Fluidstream softwédiokes, 2007)

Velocity measurements were made in two vertical plaa@ess the flumat a distance
4m from the inlet; firstlymid-way between cylinderaind thenin line with the
cylinders. Velody and turbulence valueaeasureat each grid point weraveraged
horizontally in the xdirection over the distance between cylinder rows to give averaged
vertical profiles for each plane. This enabled a vertical profile of spatially averaged
velocity ard turbulence statistics to lkefined Table6-1 presents aummary of the
different experiments conducted to investigate different canopy configuratignse
6.3 presents the velocity and turbulencefpes collectedfrom the experiments for
different canopy configurations.
Table 6-1: Summary of experiments conducted to investigate suspended canopy effect on flokss
the water depth,hgy the gap betweerthe canopy and the bedh, the height of the canopy) and b

streamwise and crossstream spacing between cylindersa projected area per unit volume inside the
canopy andQ is flow rate. Reproducedfrom Plew (2011b)

Run | H hg he | b a Q
(mm) (mm) (mm) (mm) (Mmm (M) (Us)
A 200 100 100 100 50 1.908 105
B 200 100 100 150 50 1272 101
C 200 100 100 200 50 0954 10.1
D 200 100 100 200 100  0.477 10.3
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Figure 6.3: Effect of canopy densitya on profiles o (a) mean velocity and (b) turbulence. The height

of the canopy z/H =0.5 and H = 0.20m, and flow rate were constafeproducedPlew (2011b).

Profiles of the mean, normalised streaise velocity, U/{, presented ifrigure6.3,
show three distinct regions: velocities increasing above the bed reaching a maximum at
some point between the canopy and the bed; velocities decreasing into and within the
canopy; and velocities approaching a constant value in the upper canopy. Increasing
canopy density resulted in lower velocities within the canopy, higher velocities beneath,
and stronger velocity gradients at the canopy interface. The turbulence profile increased
linearly from near the bed to the underside of the canopy. Continuing upwsicésthe
canopy, turbulence decreased asymptotically reaching zero at the free Bilevace
(2011b).

The preceding section presents data orivtleedimensionalerticalflow profiles
observed within a suspended canopy. The stated aimsoésearch as the
investigation of flow processes within and beneath a suspended canopy. The
experimental data shows a number of featuregslefancdor this study, namelythe
attenuation of flow within the canopincreased current spedasneath the canopthe
velocity gradient observed at the canopy interfacel thedistinctturbulent structuref
the flow. Based on the extensive laboratory work condubigtds ofrelevancdor this

research, iprovided ideal datto validate the amended thrdanensionamodel.
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6.3 General circulation model

The first stage of the research was the development and validation of a three
dimensional model diows within theexperimental flume used in the study. In orte
preclude scaling issuesmulations were conducted aethame scale as the experiments
Hence the computational domain encompassed an area 6m long by 0.6nGwidle.
spacing equalled 10crand watedepth equalled 20cnio ensure adequate resolution of

the vertical flow profile40 layers in the vertical wespecified.

Open boundary conditions were prescribed based on the flow rates specliaddiein
6-1. The upstream open boundaognditionwasspecified as constant supply flow rate
and the downstream end was specified as a congset elevation maintained over a
thin plate weir. The boundary elevation at the weir was based upon the weir equations as
described byHerschy, 1995)where

4 T
- L— (6.1)
GOO j ¢Q
where~  ishead over the weir (mB is width of weir, andd ; s coefficient of

discharge over the weir.

The coefficient of discharge of the weir was calculated based on the Rehbock
coefficient(Falvey, 2003)

p
p T T

0 i T[@HUTBIL";]% (6.2

where,his water depth (m) angis height aboveveir (m).

Model simulations werperformedfor 400 £cond to ensure steady state flows, with
velocities output athe equivalent sampling point to the experimental studies as denoted
in Figure6.1. Velocity time seriesvereplotted and assessed for discrepancies or model
instabilties and the vertical velocity flow profile was plotted to provide a benchmark for
future simulationsFigure6.4 presents a vertical profile of velocities and turbulent

structure predicted bhe numerical modellable6-1 presents details on model
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simulations The turbulent structuneascalculated based on the velocity gradient and

turbulent viscosity of the flow:

60 t (6.3)

where, 00 are the Reynolds stresses averaged in both time and space.

@ (b) L

0.8 0.8

T 06 < 0.6
0.4 / /e'f‘

0.2 / -/ 0.2

0 "'"/ ’/ 8

0.0 0.5 1.0 1.5 -0.002 -0.0015 -0.001 -0.0005 0] 0.0005
U/u, <u'w'>fUgq?

Figure 6.4: Numerical simulation of (a) vertical velocity profile and (b) vertical turbulent structure

within an experimental flume.

6.4 Amended numerical model

A numerical modelvasextended and refined to incorporate the effect of suspension
feeding mussel droppers on hydrodynamid® discretization of the mariculture
installation into the model equations has been previaetgiled in Section 3.8nd will
not be presented here. Velocity data and turbulent structure within and below the
suspended canopy was analysed. The reselts gystematically comparedth
experimentdy collectal dataof flow profile through a suspended canopy conducted by
(Plew, 2011b)The model was amended and finmed based on the laboratory data. This
section presents validation thfe amended model.

In the following sections, a number of methodologies of simulating canopy flow
processes are discussed, namely: an additional drag term representing flows past a bluff
body; a mechanical friction layer describing flows at the bottorhetanopy as
described in Section 3.3.3; and an amended turbulence closure scheme describing the
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effects of the canopy on turbulence productiteble6-2 summarises the various

approaches investigated in this chapter to simalbserved canopy flow processes.

Table 6-2: Description of methodologies used to represent canopy flow processes

Acronym| Name Description of numerical representatior
CDM Constant Drag Model Additional drag tem included
DSM Drag and Shear Model Drag term + mechanical friction layer

describing canopy shear stress
DTM Drag + Turbulence Model Drag term + modified turbulence mode
DSTM | Drag + Shear + Turbulence Mod Combination of CDM, DSM and DTM

DLGM | Dunn Lgpez Garcia Model Vertical variation of drag computed
based on work dbunn et al., (1996)

GNM Ghisalberti & Nepf Model Vertical variation of drag computed
based orGhisalberti and Nepf, (2004)

EAM EFDC Aquaculture Model User selected modelling coefficients to
provide optimal agreement with

experimental data

6.4.1 Constant drag term model (CDM)

The simulation of impeed flows via an additional drag term is a frequently used
method of incorporating physical obstructions into numerical models and has been
discussed in nch detail Chapter 3n this section, the suspended canopy is incorporated
into the numerical modelia a cylindrical drag force equation as presenteztjunation
(3.73) Table6-1 presents dimensional data for the canopy strucklioelelled droppers
were assumed to lstributeduniformly and cover the entire working area o fitume.

The diameter of the droppers was 9.54niime droppers extend the upper portion of the
water column, which corresponds to a length of 0.1m. Hence, the uppeeddayhe
computational domain weftagged as canopy layers and the specified nuadibn
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applied. Freestream flowwascomputed in the lower 20 layers. Vertical profiles of both

velocity and turbulencererecalculated and plotted below

As discussed in earlier chapters, the specification of drag coefficient is a major
consideration irthe simulation of impeded flowEigure6.5 presents numerically
predicted velocity and turbulent profiles plotted against experimental data for a range of
different dropper densitie$able6-1 presents details on the simulation configurations
Figure6.5 presents numerically simulated flows with a prescribed drag coefficient of 1.0;
while Figure6.6 presents the equivaledatasets with a drag coefficient of 2.0 specified
for numerical simulationsThe numerical model demonstrates a number of interesting

features.

In general, the model shows a marked change Figure6.4, and approximates the
flow profiles derived from the experimental data, namely: reduced flows within the
canopy, increased current speed beneath; and large turbulence production at the bottom
of the canopy. A drag coefficient of 2.0 provides better agreement between numerical and
experimental profilesThis is particularly true at the higher densities of distributed
droppers. When a drag coefficient of 1.0 is prescribed velocity attenuation (particularly at
the interface of canopy) is underedicted by the numerical model. In &ah, the
turbulence production observed in the experimesitalyis significantly greater than that

predicted by the numerical model.
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Figure 6.5: CDM model results plotted against experimatal data for mean velocity (LHS) and

turbulent shear stress variance of turbulence fluctuations (RHS). Drag coefficient = 1.0. Details on

model runs A-D are provided in Table 6-1
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Figure 6.6: CDM model results plotted against experimental data for mean velocity (LHS) and
turbulent shear stress variance of turbulence fluctuations (RHS). Drag coefficient = 2.0able 6-1
presents details on moderuns A-D

The data suggestisat drag coefficientnay be dunction of the density of cylinders,
and that it may not be appropriate to prescribe a single value to describe all
configurations. At a dropper density of 1.908 dropjemsmetre (run A)a dray
coefficient of 2.0 provides acceptable agreement between simulated and observed flow
profiles; a drag coefficient of 1.0, on the other hand, displays good model agreement at
lower density of droppers (e.g. run DYu and Wang, (2004kported aimilar
phenomenon. In that study, laboratory flume studies of flow through model vegetation
(wooden dowel with 3.2mm diameter) were conducted to verify a numerical model. A
number of different vegetatiatensities and corresponding drag coefficients were used.
The drag coefficient was set to 0.8, 1.0, 1.2, 1.8 and 3.0 for the runs with vegetation
densities of 0.04%, 0.2%, 0.6%, 2.5% and 10% respectively, to obtain acceptable
agreements between the laborgtand numerical model resuli®&e authors notetthat,
the drag coefficient depended on the density due to the inherent dependency on Reynolds
Number. When the density is higher, the flow velocity and Reynolds number in the
domain are smaller and thugcarding to the relation of gZand Rgnolds numbefor
single cylinder, a larger drag coefficiaatrequired This relationship betweens@nd Re
is (Schlichting, 1968)
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8
6 PMTyo MNAEYQ pm (6.4)

G = minimumd, T@OX @ ——

— ¢ipp 0 QEHT YQ Top T (6.5)

6.4.2 Drag and shear term model (DSM)

An interesting feature of theertical flow profile and turbulent structure observed in
the laboratory is the rapid attenuation of flows observed at the canopy interface
Streamwise velocity profiles of observed data decomposed the flow into three distinct
regions:velocities increasig above the bed and reaching a maximum at some point
between the canopy atiike bed; velocities decreasing into and within the canopy; and
velocities approaching a constant value in the upper caityynumerical model does
not accurately replicate tltkssipation of velocity observed at the bottom of the canopy
in the laboratory experiments. Instetite model predicta gradual and continuous
reduction in velocities into and within the canopiis suggests thahe model is not
accurately simulating theomplex flow processes that develop within a suspended

canopy.

Plew (2011b)classified the flow structure within the canopy into two regiossed on
experimental data and literature, namaly internal canopy layer and a canopy shear
layer. A canopy skar layerextendedrom the top of the bottom boundary layer ithe
canopy. This shear layer was a result of dynamic interaction between the attenuated flows
within the canopy and accelerated flows beneath the canopy. An inflection point
developedvithin the canopy shear layer (identified from a change in sijn of T &)

for all simulations.

This inflection point makes the flow susceptible to KelWielmholtz instability
(Ghisalberti and Nepf, 2002elvin-Helmholtz instabilities form due to the diffex@nin
velocities between attenuated flows through the canopy and flows beReiath.
instability leads to the generation of large coherent vortices within the shear layer when
Cpah>0.1(Nepf et al., 2007)Unlike free strearmvortices, the vortices in a canopy shear

layer do not grow continuously downstream but reach and maintain a finite scale
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determined by a balance between sheadyrtion and canopy dissipatidwithin

submerged vegetation canopies, much attention hasggbasmto the importance of these

coherent vortices in promoting vertical transport to and from the ca@ipgalberti and

Nepf, (2006) Gambi et al., (1990Nepf et al., (2007) The generation of vortex velocity

greater than the meamcreasesertical momentum transfer within the canopy

(Ghisalberti and Nepf, 2002)epf and Vivoni, (20000 er med t hi s r egi on t
transfer zoneo, due gverticaltrassfer dgnamias beaveena i n g
canopy and free stream flowherefore, iis imperative for the model validation process

to accurately simulate actual local flow processes at the canopy interface.

As part of this research, investigations were catetliinto anumber of novel
methodologies of simulating these complex flow processes numerithi$ysection
discusses thmtroduction of a mechanical friction layer into the numerical model. The
author is not aware of any other research in which caftopyprocesses were simulated

in this way.This model will be termed the constant Drag and Shear Model (DSM)

Previous studies have shown that the velocity profile above a vegetated boundary
follows a logarithmic profilewith, velocity scale udefined bythe turbulent stress at the
top of the canopy, and roughness scaléefined by canopy morphologyhom, (1971)
Shi et al., (1995Nepf and Vivoni, (200Q)Ghisalberti and Nepf, (2004)Theshearflow
profiles induced by a suspended canopy bound@intuitively similar. By adopting this
assumption, flow at theoundaryexhibits a logarithmic profile of velocity and can be
expressed in terms shear velocity uand a roughnedsengthz, as described by
(Schlichting, 198).

Section 3.3 presents the derivation of the mechanical friction lalgerlayer was
discretized into the numerical model at the interface between the canopy asilidase
flow, as detailed in equation (3.7A) single layer of the numerical model svarescribed
as the mechanical friction layer, (i.e. layer§9Adescribed frestream flow, layer 20
represented the mechanical friction layer and layer4®dontained the suspended

canopy).
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The component of frictional shear stress was calculated basthe distributed density
of droppers and a usspecified hydrodynamic roughness heidtte roughness length is

a function of the morphology of the suspended canopy.

Nepf and Vivom, (2000)investigated the effects of a submerged canopy on flow
structure by means of experimental studies conducted in flume. The roughness ¢ength, z
of the canopy was estimated by fitting the experimental data to equation (3.74),
describing the logé&hmic profile of the flow at the bottom of the canopy. For a
submergence ratiéQj 'O ¢8r, a value of &0.007m was computed. Hence, this value of

Zo was adopted for this study.

Figure6.7 presents vertical flow profile antdrbulent structure predicted by the
numerical model with the inclusion of a mechanical friction layer plotted against
experimentally observed data. The numerical mbd#krreplicates the attenuation of
velocities observed at the canopy interfd@nthe CDM The DSM induces a rapid
dissipation of flow energy at the canopy interface, in conjunctionaviharp increase in
the production of turbulence
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Figure 6.7: DSM model results plottedagainst experimental data for mean velocity (LHS) and
turbulent shear stress variance of turbulence fluctuations (RHS)Table 6-1 presents details on model
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An analysis of the vertical turbulentstture displays a number of interesting features.
The DSM better simulates the actsalictureof the vertical turbulence profileSimilar
to laboratory measurements, the turbulence increases linearly from the bed to a maximum
at the canopy interfaceeduces significantlynto and within the canopyefore tending
to zero. The inclusion of the friction layer better reproduces the rapid production, and
then dissipation of, turbulence that occurs at the canopy interface. In the absence of the
mechanical fiction layer Figure6.6), turbulence dissipates almost lineaolgtween the

canopy interface and the surface. This is not in line with the observed data.

Analysis of actual magnitudes of turbulence indicates that the modedripm@dicting
the production at the interface. This may be down to the prescribed roughness height
being too great and the actshlearingstresses imparted by the canopy at the interface
being overestimated. Another possibility is tladttoratory effectémpedethe
developmenof turbulence within the flumén flows over submerged canopies, the free
surface has been found to restrict vortex formation whi€1.0 (Dr. Marco
Ghisalberti-personal communication). In the case of suspended canopies, shish as
the suppression of vortex formation would be even more pronounced due to the presence
of the neslip bottom boundary. It may be the case that the limited depth in the
experimental flume (200mm) is suppressing some of the flow processes. This

phenomeon and its implications will be discussed in more detail in later sections.

6.4.3 Drag and turbulence model (DTM)
The effect of a bluff body on turbulence production and dissipation has been widely
discussed in literature, particularly in relation to flows tiyto vegetated canopi@daot
et al., (1996)Neary, (2003)Kang and Choi, (200%)The conversion of mean kinetic
energy to turbulence kinetic energy augments turbulent intensity and because the
turbulence is generated at the length of the obstructing body, the dominant turbulent
length scale is modifieNepf et al., (1997)Nepf, (1999). This section presents a

numerical model incorporating an augmented turbulence closure scheme.

The effect of the suspended canopy was incorporatedh@toumerical model in a
similar formulation to that adopted Bhimizu and Tsujimoto, (1994\eary, (2003and
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Lopez and Garcia, (2001)he mathematical derivation and formulation was previously
discussedn Chapter 3 and presented here for convenience. The turbulence model
computes values for tharbulence intensityk), and the turbulence length scélg by

the solution of a pair of transport equations, as presented below.

e U—, 0— — —— 0 & - & 06 "OU (6.6)

— 00— U—, U —
o] W W T a
' T 0 o ) (6.7)
— —— adwb wd w-0 0 06 "OU
T a, a

The additional turbulence induced by the presence of the droppers is represented here
by an additionalproductionterm, F.. Ci and G constituteweighting coefficients that
were determined from literature ameasurementsf turbulence, while P and B
represent turbulence production due to shear and buoyancy, respectively, as described in
Section 3.3

Shimizu and Tsujimoto, (1994dopted a #Jturbulence closure scheme to simulate
flows over a vegetated canopy. Tdmaendedurbulence model incorporaéhe
additional turbulenceroductioninduced by the vegetatiofiurbulence measurements of
flow over vegetated beds in a laboratieyne provided validation data for the model
Weighting coefficients o€y = 0.07, andCy = 0.16 were observed to provide closes
agreement between modelled and observed datasets. This is similar to research conducted
by Neary, (2003) who modified &-¥ turbulence closure model to simulate vegetative
resistance, in a similar manner to that adopted for this SBey.agreement with
measured data was obtained when turbulence weighting coeffici€dis=08.05, andCy

=0.16 were prescribed.

Figure6.8 presents vertical flow profile and turbulent structure predicted bsethsed
EFDCmodel incorporating thadditionalturbulence production term plotted against
experimentally observed data. Wkting coefficients oCy = 0.07, andC; = 0.16
provided best agreement with experimental data. These values are very similar to other
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studies discussed aboviEne mechanical friction layer is neglected in this case and a drag

coefficient of 2.0 is presibed in an equivalent fashion to the CDM discussed in section

6.4.1
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Figure 6.8: DTM model results plotted against experimental data for mean velocity (LHS) and
turbulent shear stress variance of turbulence fluctuations (RHS). f¢=0.07; G, = 0.16. Table 6-1
provides details on model runs AD. Drag coefficient = 2.0.

An analysis ofFigure6.8 displays a numbeof interesting features of the flow profile
predicted by the numerical model. Tadditionalturbulence production term shown
notto affect turlulence production significantigt the higher densities of droppers. In
fact, a slight decrease in turbulens observed at the canopy interface for all simulations
apart from Run D. However, the profiles of velocity significantly affectedwhich has
implications for the turbulent structure. It is apparent from equaf®@sand(6.7) that,
in addition to the@urbulenceransport terms on the left hand side of the equation, velocity
shear, P, and buoyancy, B, are important generators of turbulence. Whilestudiyis
buoyancy is negligible, since the fluid in the flume is of a constant density, shear
production is of major importance due to the suspended canopy flow profile. Hence,
while the additional turbulence production terms do not appesdfeict turbulece
significantly,the reduction in turbulence production due to shear also impacts on results.
The additionaturbulencereduced the magnitude of velocity shear at the canopy interface
due to increased momentum transfer between |gMest and Vivoni, 2000)This
reduction in shear velocityeduceshe production oshearturbulent energy, and hence
turbulenceTherefore thesmallincrease in turbulence energy observed in numerical
simulationsis aresult of the redeced turbulence production due to shear and increased
turbulence productiomcluded in the extended modeggating absolute turbulence
production.
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To assess further the effects of the droppducedturbulence, numerical simulations

adoptedhigher value®f the weightingcoefficients. Research conductedlmpez and
Garcia, (1997and assessed Neary, (2003suggested theoretically $&d values of

weighting coefficients to b€y = 1.0 and ¢= 1.33.Figure6.9 presents model results

using these coefficients.
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Figure 6.9: DTM model results plotted against experimental data for mean velocity (LHS) and

turbulent shear stress variance of turbulence fluctuations (RHS). = 1.0; G = 1.33.Table 6-1

provides details on model runs AD. Drag coefficient =2.0.

Model simulationsncorporating the larger weighting coefficients do not display any
significant improvement in performance compare#iture6.6. The turbulence structure
(particularly at higher densities) is in better agreement with obserlgeswahen the
prescribed coefficienfCy = 0.07 and ¢= 0.16 are adoptedBased on these
considerations, the chosen coefficients for further model validate@y = 0.07 and ¢
=0.16.

Figure6.10 presents numerically pdected velocityprofile and turbulent structure
adopting an increased drag coefficient to improve correlatitimvelocity data. In order
to achieve best agreement with velocity data a drag coefficient of 2.5 was prescribed
(turbulent coefficients correspd to G = 0.07 and ¢= 0.16).
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When adopting these coefficients the DTM performs significantly better in replicating
observed velocity structure than the CDM. This is particularly true at the lower densities
of droppers (runs C & D). In all casespcelled and observed data exhiioiproved
agreementThe dependency of drag coefficient on Reynolds number and hence the
density of droppers was previously discussed. These results suggest that a single drag
coefficient describing all configurations of dibuted cylinders may be adopted, if the

vertical structure of turbulence is correctly simulated.

As might be expected, the overestimation of turbeg@served within the CDM is
exacerbated by the inclusion of the additional turbulence productionitethesDTM.
The reduction in the shearduced production of turbulence observedrigure6.8 is not
a factor here and therefailee model overestimatdise production of turbulence in all
model runs, to some degree. However, nvbee considers th@servedagreement
between vertical velocity profileand the possible suppression of laboratory production
of turbulence by the bottom boundaitywas decided to investigate flow processes

further before disposing of results basedtmrelatively poor saulation of turbulent

structures.
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Figure 6.10: DTM model results plotted against experimental data for mean velocity (LHS) and

turbulent shear stress variance of turbul@ce fluctuations (RHS). G, = 0.07; G, = 0.16.Table 6-1

provides details on model runs AD. Drag coefficient= 2.5.
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Model simulations were also conducted incorporating drag term, mechanical frictional

layer and dropper turbulea@roduction term into model equations. This masledrmed

the drag shear turbulence model (DSTMyure6.11 presents vertical flow profile and

turbulent structure predicted by the DSTM plotted against experimentally obskateaed

The inclusion of the mechanical friction layer appears to better simulate actual flow

processes. In particular, the large production of turbulence at the canopy interface

alongside the rapid dissipation into and within the canopy is simulated cplite\e/

before, the actual magnitudes of turbulence production are overestimated. An analysis of

these results suggest that actual flow processes within a suspended canopy arexa comple

interplay of:drag induced by the droppeshear stresses between #tienuated canopy

flows and faster frestream flow beneatt®nd additional turbulence production terms

induced by the dropper$he task of the modeller is to describe and quantify this

complex interactionthe remainder of the chapter focuses on tlsigds
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Figure 6.11: DSTM model (incorporating mechanical friction layer) results plotted against
experimental data for mean velocity (LHS) and turbulent shear stress variance of turbulence
fluctuations (RHS). G, = 0.07; G, = 0.16.Table 6-1 presents details on model runs AD. Drag

coefficient =2.0.

6.5 Variable drag coefficient

A large body of research exists to suggest that the drag on a submerged cylinder is not
uniform alorg its length. The freend of a cantilevered cylinder generates strong vortices
near the tip that causes significant disturbances to the wake stri@hisalberti and
Nepf, 2004) The induced disturbancessult in an increase in wake pressure, which leads

to a reduction in drag, as compared with an infinitely long cylinder.

Dunn et al., (1996nvestigated local drag coefficients within an arodyigid
submerged cylinders. The computed drag coefficient was not uniform throughout the
canopy, but instead typically reached a maximum within the canopy before diminishing
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towards a minimum at the tip of the canopkis section presents numerical siations
incorporating a variable drag coefficient. Appropriate profiles of drag were determined
based on an extensive analysis of literatlire derived drag coefficientgereanalysed

and validated by comparing with observed profiles of flow.

6.5.1 Dunn Lopez Garcia model (DLGM)

Dunn et al., (1996nvestigated the flow structure above and within a canopy of rigid
cylinders in an experimental studyn ADV measuredrelocity and turbulence
characterigcs in and above the cylinder cangpyppropriate drag coefficients were
extrapolated from the dat@ihe studyndicatedthat the drag coefficientasnot constant
in the vertical, as many modelssumed, but insteadaches a maximum at about ene
third the canopy height. Datllectedas part of the study conductedDynn et al.,
(1996) was used to derivdragcoefficients tasimulate canopy flowsThis particular
model will henceforth be tered the Dunn Lopez & Garcia Model (DLGM).

The experimental study undertaken Bbunn et al., (1996was for submerged
vegetation rather than a suspended canopy and obvious discrepancies exést thetwe
two; particularly theree surface boundary condition present abovetitenerged
canopy.and the neslip bottom boundary present beneathghspended typélowever,
as a preliminargtep,the suspended canoppasassumedto behay@s an @i nvert ec
submerged canopy and the vertical profile of drag coefficient proposedroyet al.,
(1996) was adopted:

Qee Qe Nee
T 0®pig @8 Py X Gig (6.8)

6 Q
The bulk drag coefficient, §a characterises the drag coefficigmofile, 0 within the
canopy while h. equals the height of the canopydQ O ais thedistance frontop
of canopy(water surface)rigure6.12 presentshe vertical variation of dragoefficient
inside the canopy. This drag coefficient reaches amnaxi at a dimensionless distance
of 0.38 from the suspended canopy top (i.e. water surface) before reducing, almost

linearly, to a value of 0.56 at the bottom of the suspended canopy.
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Figure 6.12 Vertical variation of the drag coefficient inside the canopyDunn et al., 1996)

Figure6.13 presents the flow structure predicted by the DLGM model plotted against
experimental data he prescribetbulk drag cefficientwas2.0. The mechanical friction

layer and additional dropper turbulence production terms were neglected for this case.

The adoption of the variable drag coefficient does not exhibit any significant
improvement in the simulation of the flow pesses within and below a suspended
canopy structure. Tharedicted velocity profilés quite similar to that observed within
the CDMin Figure6.6. Velocity attenuation at the bottom of the canopy is

underestimated; while at theater surface the model overpredicts flow attenuation.

The DLGM simulates observed turbulent structures quite poorly. Wialadtual
magnitudes at the canopy interface are computed satisfactbeljyurbulence profile
within the canopy is quite differéfrom the experimental datAs previously alluded to,
turbulence dissipates quite rapidly within the experimental configuration. The,mnadel
the other handsimulatesa nealinear dissipation from the canopy interface to the water
surface. This doesoh agree with observations and constitutes a deterioration in model

performance as opposed to the CDM.
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Figure 6.13 DLGM model results plotted against experimental data for mean velocity (LHS) and
turbulent shear stress variance of turbulence fluctuations (RHS)Table 6-1 provides details on model
runs A-D. Drag coefficient, Ga =2.0. Details on drag coefficient provided irFigure 6.12
The effectof incorporating the previously described mechanical friction layer, and
turbulence production terms into the model were also assésgark6.14 presents
DLGM predicted flow structure incorporating the mechanical frictionrlgyatted
against experimental datslodifications are quite similar to that observed within the

DSM. The model better simulates flow profile at the cariopg stream interface.

Again, the model performs poorly in simulating turbulent structure, in péatithe
turbulent structure within the canopy. At the bottom of the canopy, the simulation of
turbulent structure, although overestimated, is acceptable. However, the performance of

the model in simulating turbulent structure within the canopy is qude po

Figure6.15displays DLGM predicted flow structure incorporating the amended
turbulence closure scheme describing additional production terms. Agamodel was
compared to experimental dagimilar to the CDM, the amendé&arbulence scheme
appears to better simulate vertical velocity structure within the canopy, particularly at
lower densities. Again, howevehe numerical model poorly computes turbulence

structure.
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Figure 6.14: DLGM model results with MECHANICAL FRICTION LAYER plotted against

experimental data for mean velocity (LHS), and turbulent shear stress variance of turbulence

fluctuations (RHS). Table 6-1 provides details on model runs AD. Drag coefficient, G =2.0.
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Figure 6.15: DLGM model results with additional TURBULENCE PRODUCTION term plotted
against experimental data for mean velocity (LHS) and tubulent shear stress variance of turbulence
fluctuations (RHS). Table 6-1 presents details on model runs A. Cfk = 0.07; Cfl = 0.16. Drag

coefficient, Goa =2.0.

An analysis of results produced by the DLGM doetsaxhibit any improvement in
results over that produced by the CDM. Velocity profiles predicted by both are quite
similar, particularly at the bottom of the canopy wheredibgervedattenuation of flows
is poorly replicatedThe model shows a marked dedaionin the prediction of turbulent
structure. An analysis of flow profiles predictegthe DLGM illustrates two features
the drag coefficient is undetenated at the canopy interfaand the drag coefficient is
overestimated within the canopy. Theg coefficient used for this modelling study
(Figure6.12) was that computed Hyunn et al., (1996who computed a maximum value

of drag occurring at a dimensionlesstdnce of 0.38 from the water surface. These
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results suggest that the peak value of drag occurs at some point closer the bottom of the
canopy. This will be investigated in greater detail in the next sections, via the adoption of

different profiles of thelrag coefficient.

6.5.2 Ghisalberti and Nepf model (GNM)

Ghisalberti and Nepf, (2004¢pnducted laboratory flume studies of flow within and
above a simulated vegetated gayndExperimental configurations consisted of randomly
distributed wooden dowels of 0.64cm diametdmeedimensional ADV measurements
provided \elocity and turbulentThe vertical profile of drag within the canopy was
computed and the data used to develdgstfit expression describing the variation of
drag within the height of the canopy. Equat{6r®) presents the computed expression
while Figure6.16 displays theexperimentaprofile plotted against that proposed Bynn

et al, for comparison

(6.9)

Bottom of canopy . : : : :
1.2 : i . : : -

14 : : | : e emmeDLGM

16

Figure 6.16: Vertical variation of the drag coefficient inside the canopy computed b¥hisalberti and
Nepf, (2004) DLGM computed profile (dashed line) presented for comparison
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The vertical profile of drag coefficient computed ®igisalberti and Naf, (2004) is
different in many respects to that proposedioyn et al., (1996Dunn et al.yeported a
linear increase in drag coefficient from the bexiching a maximum at a dimensionless
distance of 0.38 from the bed to canopy surface before decreasing ltoearyinimum
Ghisalberti and Nepf, (20049n the othehand,observed an increase in drag coefficient
from a value of 0.45 at the hdukfore reaching a maximum at a dimensionless distance
of 0.76 from the bed to canopy surface before decreasing to zero at the canopy tip.
Hence, both profiles are evidentlyitg different.As before (and as illustrated kigure
6.16), the drag profile computed for a submerged canopy is assumed to apply to a
suspended canopy in a mirrored formate todel, incorporating the above vertical drag
profile will henceforth be termed the Ghisalberti & Nepf Model (GNM)

Figure6.17 presents the vertical structure of velocity and turbulence computed by the
GNM, plotted against experimental data. An analysis of results suggestsfiaaigni
improvement in the performance of the GNM over both the CDM and DLGM. Velocity
profiles are simulated quite accurately and the model replicates the vertical turbulent
structure quite closely. Again, the discrepancy in results resides within theycsrear
layer at the interface. Here, velocity attenuationnderestimatedind the peak
turbulence production occurs at a point within the canopy rather than at the interface
between canopy and the fregeam. Fronkigure6.16, we see that the computed profile
of drag reduces to zero at the canopy interface. A preliminary analysis of these results
suggests that this may not be the case and that increasing the flow resistance at the
canopy interface may provide better agreemetit observed data.

As a first attempt atepresenting actual resistaratethe interface, and following on
from previous simulationshe model incorporateal mechanical friction layeFigure

6.18 presents the numerically sitated values plotted against experimental data.
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Figure 6.17. GNM model results plotted against experimental data for mean velocity (LHS) and

turbulent shear stress variance of turbulence fluctuatins (RHS).Table 6-1 presents details on model

runs A-D. Drag coefficient, G = 2.4.
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