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Abstract

In this study,2D and 3D numerical models based tre Smoothed Particle
Hydrodynamics (SPH) approach have been developed to simulate turbpksmt
channé flows over a fixed rough bedBoth models were then used sonulatefree
surfaceturbulent flow over a rough boundary, including the free surthgeamic
behaviour. The numericalcode is based on the open source code SPHysics

(http://www.sphysics.organd during this study significant improvements have been

made to this codeon the modelling of turbulenceand rough bed treatment.

A modified subparticlescale (SPS) eddy viesity model is proposed to reflect the
turbulence transfer mechanisms and drag force equations are included into the
momentum equations to account for the existence of roughness elements on the bed
and on sidewallsThe computed results of flow velocityhesar stress and free surface
elevations have been compared vd#iailedlaboratory measurements under different
flow conditions. The comparison has demonstrated thahtuified SPH models can
accurately simulate the free surface flows over a fixed rdnggh It was found that
themodified 3D model is more accuratkan the modified 2D mod#h predicting the

flow velocity, shear stress profiles and the dynamic behaviour of the free surface. The
capabilities and limitations of each model to simulate sweb surface flow are

highlighted and discussed.

Keywords: SPHysics; free surface flow; ADV; rough bed; drag force; SPS eddy
viscosity model; water surfach/namicbehaviour;


http://www.sphysics.org/
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CHAPTER 1 Introduction

1.1 Introduction

Free surfacdélows in rivers,and ma&a-made channelare ofsignificant importancen

the field of hydrodynamics and hydraulic engineeriiitnese types of flowareoften

over rough surfacesometimeswith complex topographies arte dten characterised
with spatial and temporadeformations ofthe free surfae. Most fpracticab open
channel flowsare characterized by complex 3D turbulence and {acgée flow
structuresThese structuresan be reflected isecondary currentshich aregenerated

by the anistropy of turbulence caused by tblkeannelshapeandbed topography, and
thus influencing the pattern of the boundary shear stress (Einstein ad@58).
Theseflow structuresarevertical large scalstructures thageneratecounter rotating
cells over the channel crossection.They are called secondaflpws o f Prandt |
second kind, and plag majorrole in flow dynamics (Nezu and Nakagawl®93).
Between thserotatingcells, regionsof alternating uflow and dowflow motion are
formedthat extendthroughoutthe depth of thewhole water colmn (Albayrak and
Lemmin, 2011) Theyinfluencethe whole deptlilow field andare believed taffect

the free surface flow pattern.lt is alsobelieved that water surface pattern may carry
someinformation about the underlying turbulent flow structure$here have been
very limited studies into thigee surface dynamic behaviour and its relationship to the
underlying turbulent flow due to the scaling difficulty in laboratory measurements and

spatial resolubn constraint in numerical simulation.

Numerical simulations on the basis of mdstsed approaels have widely been

used for different free surfad®ws. The threepopularnumericaltechniqueswhich



have been used to deal with turbulent flows are Dixegherical Simulation (DNS)
Large Eddy Simulation (LES) and Reynad\veraged NavieStokes Simulation
(RANS). In DNS, motions of all turbulent length scales are resolved via the original
NavierStokes(N-S) equations and hend&e turbulent closureproblem is avoided.
However, DNS simulations are highly computatibpaxpensive and areurrently
constrained taelatively low Reynolds number flows oversimple geometry To
overcome these problems, LES simulations were developed based on thetfact tha
large eddies contain most of the turbulent energy and are most effective in the
momentumntransfer and mixing processelsl LES simulations, turbulent eddies larger
than the computational grsize are directly resolved, while eddies smaller than this
grid size are modelled. This abtainedby applyinga lowpassspatialfilter on the
variables otthe original NS equations resulting in additional stress tetinat can be
modelled by suigrid-scale(SGS)models suclas theSmagorinsky model Although

LES is computationally much cheaper than DNS, it still requires higher spatial
resolution especially in regions close to solid boundariés. some engineering
applications it is not necessary to simulate the detailed instantaneous flow, and the
mean flow poperties are sufficient. This is the basic for RANS simulations in which
all turbulent length scales are modelled as mean flow propetgading to a
significant reduction of computational timBANS usesa time averaging procedure
(Reynolds decomposition) to the originatiNequationgor an incompressibléuid.

This results in extra terms over the originalSNnomentumequations referred to as

Reynoldsstresses caused by turbulent fluctuatiasshownn Equations 1.5and 1.2
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where x,y,z,U ,V and Wdenote the streamwise, vertical and lateral directions and
time-averaged velocities, respectively, r, mand gare the fluid pressure, density
viscosity and gravitational acceleratio@spectively.F,, F, and F, represent the

three componentsf drag forcedue to the existence of rough boundarigse termsn
equation 1.2can bedeterminedusing different turbulence modelsuch as mixing
lengthmode] two equationk - e mode| and Reynoldsteess mode{RSM). However

no model can baccepted to be universidr solving wide range of turbulent flow
problems. Themixing length modelwas first proposed by Prandtl (1925and it
relates the shear stress to the local mean velocity gradient and an empirical mixing
length | . This model is robustnd simplebut it cannot account for the transport and
history effects of turbulence as it implies the assumption of local equilibrium of
turbulence pduction and dispersion (Rod2017). Also the mixing length,,

difficult to be specified for flowsvith complex geometryDue to its simplicity, the

mixing length model is still used by different commercial programs to simulate the

vertical turbulent transport in practical flow calculations (R2061.7).



In the past decadgethe two popular approaches in mdsised method for tracking
the free surfaces are the mankdcell (MAC) and vdume-of-fluid (VOF) techniques.
In these methods, theroperties of thdree surface flow areomputed through the
NavierStdkes (N-S) equations over a stationary mesh, which gives rise fortistem
of numerical diffusiondue to the adedion terns in the NS equationgShaoet al,
2003) This canmakethe application of meshasedapproach to be challenging for
free surface flows in which the water surface is specified on an arbitrarily moving

boundary.

In recent years, the me$tee Smoothed Particle Hydrodynamics (SPH) technique,
which was first introduced by Gingold and Monaghan (1977) to solve the
astrophysicaproblems, has been developed and successfully used for the simulation
of a wide range of computational fluid dynamics (CFD) problesugsh as wave
breaking and overtopping (Monaghan and Kos, 1999), phtse flow with sharp
material interface (Colagrasand Landrini, 2003) and dam bregknerated flows
(GomezGesteiraet al,. 2010). Unlike the mestbased methods, SPH is a purely
Lagrangian mestess technique in which the fluid domain issdribedby a set of
particles carrying various physical properties, and these particles are moved according
to governing equationsA kernel function is used to definthe contribution of the
neighbouring particles to thmotion ofthe reference particle. Thus, ale terms in
the governing equations are expressed as the interaction between the reference particle
and its neighbours ango computational mesh is need/ore advanced turbulence
closure modelling techniques in SPH have been systemically reviewed l@aWiamhd
Issa (2007) and used by Dalrymple and Rogers (2006) fee wapact on a coastal
defence. Due to its capability and flexibility of simulating complex flow situations

SPH has become a competitive alternative to the 1hasbed methal
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Although S has been successfully used for the simulation of different fluid
phenomenasuch as in coastal hydrodynamicsly a small number of researchers
have applied this tedmue to open channé&ke surfacéaminarflows (Federiccet al.

2012; Shakibaeinia &Jin, 2010; Meisteret al 2014). Recently, Dzebet al. (2014)
performed the SPH modellingf dam break flow through a narrow rough valley, in
which two different methods of defining the terrain roughness have been used, i.e. a
wall-particle eddy viscaty coefficient for the hydraulically smooth terrain and the
elevation of mesimode on the obstacles along the terrain valley for the hydraulically
rough terrain. Besides, SPH modelling techniques have also been used for the
simulation of hydraulic jumps a documented by Lopeet al. (2010), Chern and
Syamsuri (2013) and De Padogtal. (2013), and various turbulent closure models
were included in their SPH formulationsiowever, inall of these works, there was

no detailed quantification of velocity and shear stress profilestuidoulent free
surfaceflows over a fully rough bed, analsothere was a lack of information on
water surface behaviour and its relationship with the uyiderlturbulent flow
structures. Since these types ofoflvs always exist in natural rivers and marade
drainage channelshe motivation of this research is to devefPH modelling for

the more numerous practical applications.



1.2 Aims & Objectives

The primary aim of thistudyis to develop SPHumerical models$or turbulent free
surface flowsover a fixed rough bed These modelswill be validated using a
representative set of hydraulic data collected in a rectangular open channel with

turbulent flows overa fixed rough bed Therefore the objectives of this study are:

1 To designlaboratory experimentsthat are capableof measurig the flow
velocitiesin the vertical and spanwise directipa®d to measure the temporal
change in water surface elevations in the streamwise and spanwise directions

of a rectangular open channel flow ovdixad rough bed.

1 Usetheselaboratoryexperimentgo gather data for a range sttady uniform

flow conditions whichcovera range ofFroudeNumbes.

1 Todelivera2D SPH numerical modealapable of modelling @D free surface
turbulent flow over dixed rough boundarynd validate the resultssing the

collected laboratory measurements.

1 To extend theproposedD SPH modeto 3D and validate the results using the
collected laboratory measurementshe improvementsof 2D and 3D
numericalmodelswill be made on the turbulence modelling @hd treatment

of thefixed roughboundary

1 The propose®D & 3D numerical modelsvill then be used 6 examine the
dynamic behaviour of thiree surface and its interaction with the underlying

flow structure



1.3  Structure of the thesis

This thesis consists sevenchapters that are organised as follows:

Chapter 1 describes thsignificance ofturbulent structures in open channel flow, the
need for a numerical model that is capable in simulating such flow structures and free
surface behaour, andaims & objectives of this researciChapter 2 is the literature
review which first of all covers the basic characteristics ofi#bulence open channel

flow followed bya detailed review on the characteristics of 3D turbiulemw in river
channels The chapter also demonstrates the techniques available which are used to
measure the temporal change in the water surface elevations. An analysis of the
interaction of the water surface and the underlying flonalso made. Findy,
numerical modelling approaches based on the mesh f8&woothed Particle
Hydrodynamic SPHtechniqueand its applications tdhe free surface flows are
described and discusse@hapter 3 describeshe experimental program carried out in

a hydraulic rectangular flumeith awell-definedrough bed Turbulent velocityand
instantaneousvater surface elevations measuremeantsduding the equipmentand
calibration procesarereported Chapter 4 covers the 2D numericatodelset up and

the improvement made on thrbulence model and bed roughness treatmiEms
turbulent effect is accounted for by modifyiag existing turbulence model, and a
drag force term is included in the momentum equation to account for the resistance
forces exerted by roughness elemenisnally, the computedtime averaged
streamwise velocity, shear stresses profiles and water surface behaviour are compared
to the measured data, arebult analysis are discusse@hapter 5 presentshe 3D
numerical model setupndthe developments made dmet3D turbulence effe@nd

rough bedreatment The computed and measured time averaged streamwise velocity,
shear stress profiles and lateral bed shear stress patterns are conipésechapter

also compares the dynamic behaviour of ¢benputedand measuredvater surface
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elevations.Chapter 6 compares andiscusseghe difference between the proposed
2D and 3D SPH models in predicting t@wv velocity, shear stresses afide surface
behaviour It also highlights theapabilities andimitations that both models have in
simulating free surface flow over a fixed rough be@hapter 7 concludes the
discussions of théindings the achievements of the worknd recommendations are
suggested on the improvements that could be made on thestodelre accurately

simulate such free surface flows.



CHAPTER 2 Literature Review

2.1  Introduction

Flows with a free surface in civil engineering applicatiares mainly turbulentThese
include flows in rectangular, trapezoidal, andtipdy-full circular channels.The
study d turbulent flow structures for flows with a free surface is essential to
understandingthe fluid dynamics forsuch civil engineering applicationsThe
following literature review focuses on analysing turbulemvfstructures for both two
and threedimensionalfree surfaceflows. This is important as it highlights the
significanceof consideringthe dynamic nature of turbulent flows in the design and
construction of differentypes of hydraulic structuresSection2 of this reviev deals
with quasi2D turbulent flowsand examineshe existing universal laws, the effect of
rough bed and free surface ench flows. This section also looks at hosmall
turbulenteddiesinduced at theough bedare transported twards the free surface
Section 3 examines3D turbulent flow structureand looks at the spatial distributions
of the three velocity componentbe spatial distributions of the flow shear stress, the
mechanism of the secondary flmeneratiorand its pattrn throughout the flow cross
section. Section 4 has an analysis of water surfadgnamic behaviourand its
interaction with the underlyinturbulentflow, while sectionb highlights theexisting
work on numerical simulation usinghe Smoothed Particle Hydrodynami&PH
technique. These sections are central to develop an understanding afirthéent

flow structures in free surface flows in rectangulaannel.



2.2 Quasi2D turbulent flow structures

2.2.1 Introduction

Although turbulentfluid flows occur across all three dimensions of space, a two
dimensional quast2D) hydrodynamic model can be considesedsiblevhen one of

the directions is suppressetihe degree to which this suppression occurs is dependent
on the intensity of theofces, such aBictional, rotational which carresult in strong
anisotropyin the turbulenflow. 2D turbulence is of importance to the study of fluid
flow not only to help understand more complex flow structures, but also to help
develop numerical turbulent models génerally straightopen channeluasi2D
flows.

2.2.2 Universal velocity distribution law

The universal Law of thevall as described by Von Karmas generally represented
by Equation(2.1) (Kahler et al 2005). It offers a solution for calculating the time
averaged velocity foquasi2D flow in the wall region It is valid for steady fully

developed turbulerftows with high values of Reynolddumbers to ensure negligible

viscous effects.

U'==Iny +B (2.1)

X|P

where y* =yu'/u,; u' =.Jt,/r ; andU" =U(y)/u". In this cae, U *represents the
dimensionéss velocity (that is, thetime-averaged velocityU (y) parallel to the
channel wall as a function of the distangg ffom the wall divided by the frictional

velocity u”). On the other handy*denotes the wall coordinate andlig distance to
the wall which is made dimensionless lise of the kinematic viscosity, and the
friction velocity u". Finally, ¢, denotes the shear stress posed by the walk the

fluid density, kis the Von Karman constd (k=041) Bi s a constant
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smooth walls) andor hydraulically rough flowss dependent on the wall roughness

(Schlichting and Gerste2000).

Several studies show that velocity profiles in the near boundary regions follow the
universally accepted log laviE@det al 2000;Abbs et al 2007). The log law is largely
representative of the law of the wall as showEguation(2.1), (Nezu and Nakagawa,
1993). Several authors offer different values for the Von Karman congtaaud the
constantB for free surface flows over smootvalls as shown inmrable2.1 However,

Nezu and Nakagawa (1993) suggest that the widely accepted values are those

developed by Coles since they are valid for numerous velocity profiles.

Table 2.1 Typical values for constantsn the Log-Law equation(2.1).

Study I's B

Coles (1968) 0.41 5.0
Nezu & Rodi (1986) 0.41 5.29
Brederode & Bradshaw (1974 0.41 5.2
Graf & Altinakar (1998) 0.41 5.0

However, the universal law of the walleeds modificationto cater for rough
boundariesThis is achieved by adding a roughness shift, which causes a downward
shift of the U values on the vertical axis (a general reduction in velocity due to
increased boundary resistanc@he roughness shift term is subtracted friquation

(2.1) and is representdny DB .

pB=Link (2.2)
k

Thus, thdog law for flow over rough boundariesan beformulated as:

§+ C (2.3)
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k* represents the normalized equivalent roughness heighit. /v, , k.= hydraulic

roughness heightand C is acost ant (& 8.5 Theovaluerofothegh w
roughness shift varies with the orientation, shape and density of roughness element
surface (Pope, 2000)The universal law of the wall, simplified to its general lay

form is a central part of the current study in turbulent flow stires. However, it has

been shown recent studies that the law of the wall giv&guration(2.3) is valid only

in the wall region. The deviation from the standard law of the wall is accounted by

adding a wake function and thusguation(2.3) becomes.

1. ay'o 5
f= | +8+C+w%‘%8 (2.4)
ko HY 2

where,w(y/h) is known as wake function given by Coles (19%58)

3 2P

W§%8_ —sin (’Oy) (2.5)
ch+ k

whereP isCo |l es 6 wa paeameietr and = gvatdr depth. Nezu and Rodi

(1986) stated thaP increases with the Reynoldéumberfrom zero and becomes

constantP & 0.2 for Re > 2000,whereas experimental study hy et al (1995)
gives P 4 0.3 for Re > 10°. Figure2.1lillustrates the vertical distribution of the
mean streamwisevelocity. It shows a linear distributionl* =y") in the viscous

sublayer, the log lawHguation2.1), and the wake functiokquation2.5).
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Figure 2.1 A typical mean velocity profile, (from Tritton 1988).

2.2.3 The effectof wall roughness

The effects ofa rough wallon flows have beerextensivelystudied.These effects are
usually classified into three categories: Hydigally smooth surface K <5),
Incompletely rough surfaces@ k™ ¢ 70), and Hydraulically rough surfacé({>70).

When the laminar sulayer d, is larger than the surface texture, then the fluid flow
over the laminar sublayer is not affected by the surface tekxtsraooth turbulent
flow). However, with the roughness height greater than the depth of the laminar sub
layer, then the flow is affeatieby the surface texturerigure 22 shows the effect of

the bed roughness on the turbulence characteristics of different hydraulic flows in

open structures.

(@ K <5

Figure 2.2 (a) Hydraulically smooth surface; (b) Hydraulically rough surface.
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When dealing with hydraulically smooth surfaces, the position of the oyigir0 for

the velocity profile at whichyad 0. 0 m/ s) can be easily ¢
hydraulically rough surfaces, the position of the origin can be setgdeweel, below
the roughnesscrest The value of dshould be obtained so that the averaged
streamwise velocity distributioagrees well with theLog Law given in Equation (2.3).

In experiment®f fully developed turbulent flows ovéremispherical roughness with
diameterD, slightly different values ofd/D have been provided. According to
Einstein and EBamni (1949), the value of/ /D is 0.2, whereas Cheng and Clyde
(1972) found thatd/D = 0.15. Bunco and Partheniades (1971) determéd =
0.27. Grass (1971) obtained valuedfD = 0.18 in his gravel é&d experiments, and
d/D = 0.25 according to Nakagavea al (1975). Bayazit (1976) found/D = 0.35

for his hemispherical bed, therefotlae value of d/D could be within the range of
0.15 ~ 0.35 in order to fit the averaged streamwise velocity with ltbg Law

(Equation 2.3)

Chow (1959) classified theough boundary into three types (see Figur8)2.
Isolated roughness flovktype w/k > 4;wakeinterference flow @-type w/k < 2; and
quasismodh flow (transitional) 2 < w/k< 4. This classification is based on the
assumption that the production of turbulence and flow energy dissipation are mainly
because othe wakesformedbehind the roughness elemenWith roughnes-type
eddies which are generated in front and behirel ribughness element have an
influence on the flow above the crests of the roughness elements. Whereas with
roughnessi-type the eddies are isolated by the roughness elements and they do not
significantly affect the flow above the crests of the roughnkEseents (Perret al

1969).

14
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Figure 2.3 Types of rough surface flows: (ak-type (b) transitional; (c) d-type Chow (1959).

Additionally, experimental observations have shown that the wall roughness effect
changes with the flow submergen&hamlooet al. (2001) performed an experimental
study of fully developed turbulent flows over Styrofoam hemispheres for different
flow submergences$/k ranged from 0.5 7.0.They concluded that the relative depth

h/k was found to be an important parameter. With flows having relative dépth
greater than 4, the effect of the roughness element is not felt at the surface, while with
flows having relative depth/k between 1.3- 4, the surface waves started to appear.

In the case ofi/k between 1~ 1.3, the free shear layer from the roughness element
causes the mixing throughout the whole flow depth. Whewahes ofh/k is below1,

the topof roughness element is above the water sudsmeationand strong backward

flow was observed behind the roughness elemé&air all flow regimes, behind the
roughness element there was a circulation zone with size of about twice the diameter

of the hemsphere (see Figured).

15



- Surface waves

-

* Recirculation zone

Free shear layer

Flow sl ':.;T‘ \;/}( * o i
e ey oo L —
B o V. - -
i i 7777777 zzpzizzzz;zzz;za

Flow —
e s —
S CIRESN S, =
V77777 777

Figure 2.4 Definition sketch of different flow regimes from Shamlooet al. (2001).

Similar experimental observations were found by Papanicoddoal. (2010) who
examined the interaction between isolated spheres (having didinet® mm) and
the surrounding flow for a high relative submergehf® = 3.5, and a low relative
submergenceh/D = 0.8. They concluded that for high relative submergence, a
stagnation zoneoccurredbehind the spheres btlteir effectwas slightlyreflected at
the water surface. On the other handhe effect of the spheres was felt at the free
surface and a horseshoe vortex with countéating limbs developed around the

sphersfor low relative submergence

2.2.4 Friction factor (f) and hydraulic roughness(k,)

In natural open channelfpws arealways subject to resistance and energy dissipation
due to roughness elements. Estimating the friction factor of this resistance is of great
importance in natural open channels management because of its potentially significant
impacts on channel conveyan(Jarveld2002). The friction factor is a measure of the
effect ofa roughboundarybut it might not reflect the actual physicedughnessize.

The most frequently used formulas to estimate the friction factor in open channel

flows are:

16



f = 8RS (Darcy- Weisbah) (2.6)

U
U= % R¥*q)? (Manning) (2.7)
U=C/RS (Chezy) (2.8)

wheref, n, andC are the DarcyWeisbah, Manning, and Chezy resistance factors,
respectively;Ris thehydraulic radius (given by the ratio of flow cressctional area
to the wetted perimeter)y = mean cross sectional flow velocitg= gravitational

acceleration; an& = channel slope.Later in 1939, Colebrooknal White proposed

the following semiempirical formula to estimate the flow friction factor.

~

Q
T— Cllogng;sR 4Re\/—0 (2'9)

The above formula is often used for flows with Reynold Number Re higher than

25,000 (Yen, 2002). Some different valules c,, c,, and c,were suggested for

different channel geometries in Table 2.2.

Table 2.2 Constantsof Colebrook-White formula for steady uniform flow (from Yen, 1991).

Channel geometry Reference Ci c2 Cc3 Remarks
Full circular pipe Colebrook (1939) 2.0 14.83 2.52

Wide channel Keulegan (1938) 2.03 11.09 341

Wide channel Rouse (1946, p.214) 2.03 10.95 1.70

Wide channel Thijsse (1949) 2.03 122 3.033

Wide channel Sayre and Albertson (1961) 2.14 8.888 7.17

Wide channel Henderson (1966) 2.0 12.0 25

Wide channel Graf (1971, p. 305) 2.0 12.9 2.77

Wide channel Reinius (1961) 2.0 12.4 34

Rectangular Reinius (1961) 2.0 14.4 2.9 Width/depth = 4
Rectangular Reinius (1961) 2.0 14.8 2.8 Width/depth = 4
Rectangular Zegzhda (1938) 2.0 11.55 0 Dense sand

17



Determination of the hydraulic roughnekg(which is also known as equivalent sand

roughness) is a major problem for hydraulic engineers, especialyg the roughness

is irregular. This parameter isequired for the calculation of a channel flow capacity

and boundary shear stress so that the seditm@msportand entrainmentould be
estimated. Traditionally, the mean particle diameter of a rough bed maisnged to
definek,which parameterises the effect of this rough bed on the flow. In experimental
studies, however, the hydraulic roughnédssvas found to be much larger than the
actual physicasize of the roughnesdement. According to Kamphsi(1974)(in his
experiments with sand bedg)a 4 ~ 5 times the roughness element heigBayazit

(1976) foundthak. @ 5 ti mes the roughness el ement

recently, Christodoulou (2014) performexkperimental study for flowsn open
channelwith aslope 0f16.5% over different types of submerged artificiatdescale

roughness elements$ie reported thak, is significantlylargerthan thephysical height

of theroughness elementor sharpedged elements with height equal to width (baffle

blocks, cubes and angle,& 10 ti mes the r owhpteasdoss el
roundededged elements (cylinders and hemispherésfy 5 ti mes t he
element height. The value & canalsobe evaluatedby fitting the vertical profile of

theaveragestreamwisevelocity to the Log Law given in Equation (2.3)Also one can

determinek, from Colebrook and White formula using astimatedDarcy-Weisbah

friction factor.
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2.2.5 Reynoldsdecomposition

Turbulent eddies create fluctuations in velocitfs an example, thenstantaneous

longitudinalvelocity U measured at a poiitt a laboratory flumeés shown inFigure

25 below

[, I B0 A 2 J
I ; T | ' ,1

velocity u(t)

‘lime (t)

Figure 2.5 Time series velocity measured at a point

To calculate théime-averaged velocity and the turbulentomponentu’, the flow is

decomposed as follows:

t+T

1.
U= ﬁjdt:— U, (210)
t N i=1

whereN is the total number of measurememsd the velocitytime-seriesU at a
point can be expressed as the sum of the-simeeaged velocityJ and the turbulent

fluctuation of the velocityu'.

u=U +u' (2.11)
This decompositioncan be performed to other quantities such as, pressure,

temperature and heat flux thareaffected by the turbulent flow.
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2.2.6 Turbulence intensity distributions

Theturbulence intensity is generally definedtlas ratio betweethe root mean square

(rms) value of turbulent velocity fluctuations at a particular point over a specific

period i.e. UrmS:\/?; Vrms=\/?; V\/rmS:\/? to the shear velocity”. All the
three components of turbulent intensities were first measured by Nakagaaa
(1975) for open channel flows using a daahsor hefilm anemometerwhile, Nezu
and Rodi (1986) and Cardost al. (1989) used Laser Doppler Anemometry (LDA).

Universal expressions for turbulence intensities, normalized with the friction velocity
u’, were later investigated for various values of Reynolds and Fridudgersin
smooth operthannel flow The following semiempiricalequatiors were povided by

Nezu (197a).

U -y

“ms = 2 3exp (Y 212
y Xp( b ) (212

Vims —1 27exp () (2.13)
u h

WT:HS =1.63exp (%) (2.14)

Althoughthe abovehree equations are useful for predicting the tuahcg intensities

in smooth openchanrel flows over the entire depthlthey also can be used to
approximate turbulg intensities over rough bed& an experimentalstudy by
Carvalho et al (2010), the verticaldistributiors of the streamwiseand vertical
turbulence intensitiesvere determined using velocity profile data measured over
rough bed as shown ifigure 26. These data were measured using-t@mponent

LDA technique (Laser Doppler Anemometelf)is worth noting that the experimental
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measurements presented in Figuré @) and(b) can well be approximated by

Equationg2.12) and(2.13).

2.2.7 Reynoldsshear stress

Reynolds stresgerm - ru'v' appearing in Equation§l.1) and (1.2) was first
measuredy McQuivey & Richardson (1969h water flowover rough bedising a
yawed hoffilm sensor. Later, Nakagawa et al (1975) usd simultaneous

measurements dfl and V with the help of a duatensor hofilm probe to obtain the

- u'v' value. It was shown that the data feru'v' obtained from the heilm and
21



LDA, coincides well with the linear distribution expressed in the followeggation

for steady, uniform free surface flow

iV =5 Y8 (2.15)
u C h=

However, if the Reynoldshearstress distribution deviates from the abege&ation,
the cause may be attributed to secondlmys and noruniform and unsteady flow

(Nezu and Nakagawa, 199ironoto andGraf, 1995.

2.2.8 Drag force

A drag force is the resistance force generated by the interaction betweka body
and fluidflow. Themeandrag force always acts in the direction opposite tartban

flow directionand it is generallgiven byresistance equation:as
1
F, = EfﬁquUdlUdl (2.16)

here, C, = the drag coefficient;;A, = frontal area of the obstructing elemeb; = is
theaveragdlow velocity in the direct vicinity of the obstructing objeand F, = drag

force.

In the literature, the drag coefficient has been found to be dependent on the shape of
the roughness elemenblockage ratio, incoming flow directioand the Reynolds
Number. Figure 2.7 shows the experimental data obtained by variety of researchers

for smooth spheresit generallyshowsthe drag coefficient decreases asRweynolds
Numberincreases For the range oReynoldsNumbes between32 10° ~ 33 10°, C,

is almostconstanivith a value ofapproximately0.5.
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Figure 2.6 Dependency of the drag coefficient of smooth spheres on ReynoMsmber (from
Schlichting and Gersten 2000) (curve 1 is C, = 24/Re; curve 2isC, = 24/Re[1+ 3Re/16]; and

curve 3 is the numerical result after Fornberg 1988).
In amore recenstudy, however Schmeecklet al (2007)found thatC, is larger than

the values obtained by other research&hey performed experimentaglocity and
streamwisedrag force measurementfsr three different types of bed roughness
materialsj.e. a singlesphee, a single cuband graveparticles. The examined flows
were fully turbulent withRe ranged from 50000 ~ 20000@nd mean streamwise

velocity ranged from 0.2 ~ 0.9 m/Bhe value ofC, for each bedoughnessnaterial

wasobtainedas thegradientof lineartrendof the measuredtreamwisalrag forceF,

and 0.5rA,C,U; (seeFigure2.8). The linear regressions give drag coefficients of

0.76 for the spheres, 1.36 for the cubes,@@d for the natural gravel particles.
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Figure 2.7 Mean streamwise drag forceF, versus 0.57A,C,U ? for three different bed

roughness materialsfrom Schmeeckleet al (2007).

2.2.9 Freesurfaceeffect

The effect of a free surface on turbulent flow structures is very important for open
channel flow calculation. Generally, it has been shown that turbulence structure is
influencedby the presence of a freirface(Smutek, 1969; Nezu, 1977a; Nezu &
Rodi, 1986) In fact, turbulentflows in openchannelspresent two main regiores

inner or near boundary region and an outer region (away from the dgliNezu

and Nakagawa, 1993). Rodriguez and Garcia (2008) repditbecharacteristichat
makesflow in openchannels uniqui terms of its outer structure is the presence of
the free water surfacevhichacts as @&onfinement and defines a third surface
influenced layer where turbulence intensities and the turbulence length scale are
modifiedd Some studies showed how the free water surface affects the turbulence in
the regions just below the water surfaé@r example, a study by Nezu & Rodi (1986)

who used LDA measurements to obtain the turbulence intensities along the water

column indicates it the streamwise turbulendg, ./u” increases near the water
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surface. They attributed this to the water surfdicetuations (surface waves).
Another feature was experimentally observed by Smutek (1969), Nakagjaala
(1975) and Komoret al. (1982),which is thatthe vertical velocity fluctuations/' are

dampeed by the free surface, which therefore, causes the turbulence intensity
V,../u to decrease near the water surfagén 0.9). Investigation 6this effect is a

great challenge for experimental and numerical simulations.

2.2.10 Mixing length theory

In 1925 Prandtl proposeslsimpe way of providing analytical turbulence closure for
turbulent flows. He defined themixing length | as the mean transverse distance
through which a small mass of fluid would trawertically from one layer of fluid
(at y) to another before acquiring the velocity at the new Iggey +1).

The gain or losin velocity bythe fluid mass travelling a distande is expressed as

(seeFigure2.9):

d

Q_)o
c

|-ADON

DU =| (2.17)

<

Prandtlassumedhat the turbulent fluctuation af' and v' have same magnitude as

mean velocityd , and thusquation (217) can be adjusted as

—— aduU Qdu
DUY =uv =128 218
(D) m?@%?y‘ (2.18)
Thus,ashear stress in turbulent flows can be obtained as:
adu adu
t=rl 2@— 219

25



U(y + L)

b :
Uy)
O — ]

Figure 2.8 Mixing lengththeory.

The mixing lengthl_ describeghe turbulenteddiessize which transportmomentum

and other propertiesuch agemperaturavithin a fluid. A largermixing length means
that the fluid edd length scald@ravek further andtransferring momentum at a higher
rate and s@roducing large shear stregs In open channel flow, theddies size

within a fluid are affected bioth thebedand wate surface bandaries, and hentge

changes in the vertical directioifhe bestknownempiricalformula that calculates the
mixing length in the vertical direction was reported by Nikuradse in 19%0is
formula has beenvidely usedfor different free surfaceflows in pipes and open
channelsvith a great succesk reads

Iszo.14- 0.081- x)*- 0.06(1- x)** 0.14Ni(x) (2.20)

where x = y/h and Ni(x) = the introduced functiorwhich maps|, alongthe flow
depth. Later, Nezu and Rodi (1986performed an experimental study wirbulent
open channel flow over smooth bedwith Reynolds Numbes ranged from
2.3x10 ~ 44x1d. With Reynolds Stress obtained from Equation %p.5ndthe
velocity gradient dU/dy determinedfrom the best splinefit through the datathe

vertical distribution of the mixing length._was expressed afollows (see Figure

2.10:
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lﬁ = k./1- (\é + 0P sin(p Xu (2.21)

In the neabedregion (x< 0.25), 1 can be approximated ke linearramp function
° ky. The middepth values of ,/h depends on the parameter, however, the
measurediatapresentedn Figure 2.10do not directly confirm that, /h declines to

zero as the free surface approachetbecause they show large scatter ia slub free
surfaceregion. Nezu and Rodi (1986) attributed thisthe sensitivityof measung
the velocity gradient with greadccuracynear the free surfaceFor flow region

(x> 0.25), a constant value, = bhis appropriate, wheré depends on the Reynolds
Number, it has the value ob= 0.12 for larger Reynold®lumbers (Nezu and

Nakagawa, 1993). The application of the mixing lerapproachis very attractive
because it is simple&gomputationallyeconomicalto apply and it does not introduce

any additional differential equations.

Nezu & Rodi{1986)
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Figure 2.9 Vertical distribution of mixing length |m/h in aturbulent open channelflows,

(from Nezu and Nakagawal993).

27



2.3  Three dimensionalturbulent open-channelflow structures

2.3.1 Introduction

All turbulent flow structures in the natural environment are inhereatlthree
dimensional (3D) turbulence flow structutta these types of flowsmaller structures

are produced from larger structures, intense energy dissipations and random vorticity
(Mathieu and Scot, 2000).In studying 3D turbulence flow structures open
channels it is imperative to consider secongacurrents, lateral and vertical
streamwise velocity distributions, bed shear stress distributions and secondary flow
patternsas these all reflect how momentum and energy adéstabuted This will be

the central concern of this section with a viewestablishing thdormation and

character of sucfeatures within open channel flows.

2.3.2 Secondaryflow in straight open-channelflow

Prandtl (1952) identifies two major types of secondary flovekew induced
streamwise vorticity and those observed iaigtit noncircular channelsThe second
category of secondary currents relates to the turbulence that leads to the formation of
structures such as sand ridges (Yabh@l, 2012). Although the primary source for
secondary currents has beemnsidered to bé& c o r,meeantsrésearch proves that
such currents can also be a result of slight perturbation of #trenehbed (Nez&

Rodi, 1986 Nezu & Nakagawa, 1993Wang and Cheng, 2005; Blanckaesdt al,

(2010); Albayrak& Lemmin, 201}. These studies determined that spase changes

in bed roughness and topography potentially lead to secondary currents that are not
cornerinduced. An imbalance in the crosectionalview of theboundaryshear stress

also leads to secondary currefidezu & Rodi, 1986) The lateral variation in the
turbulent velocities drives secondary currents. Additionally, many studies showed

that the boundary plays an important role in the formation of the secondary currents.
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Rodriguez and Garcia QP8) conducted experimental study a wide channel
with arough bedand smooth vertical sidewalland they observed multicellular flow
structures generated over the channel cross seclibe. formation of these
multicellular structures was attributed to th#erence intheroughnesscalebetween
the gravel bedand the smooth glass sidewallkhis agrees with the experimental
finding of Nino & Garcia (1996) an@ooper& Tait (2008) whabservedongitudinal
streakswith low and high velocites exising over smooth and rouglbeds. They
reportedthat the variationin bed roughness the primary source of the secondary
flows. According to Yanget al (2012), the deformation of bed deposits that are
mobile can amplify secondary flow until an instance where equilibrium is achieved
between the secondary flow and the lateral variation in sediment transport.
Additionally, when the transversistribution d the bed shear stress is raniform,
secondary flow is generateds long as flow igperturbednonuniform roughness of
the bed and secondary flow reinforce each ott8condary flow mechanism occurs
in such a way that it moves from the region of lbed shear stress (or lower
streamwisevelocity) to high bed shear stress (or higsgeamwisevelocity). The
propagation of secondary currents is also aided by the transportation of sediment by
the near boundary secondary flowhe near bed region, andt the main flow region,
causes secondary current¥ang et al (2012) conclude that apart from causing
turbulence, the boundary is essentially the source of secondary currents. The
significant debate surrounding the formation of secondary currents stsigipat

knowledge gaps still exist.

2.3.3 Mean veloaty distribution s

Many experimental studies have beesrried outto measure the mean velocities

distribution instraightopenchannel flows. Mclelland et al (1999 performed mean
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velocities distribution analyses for a rectangular open channel flowlheir
experimental set ups shown inFigure 211. Two types of sedimentaterials(fine
gravel and coarse sandkere placd as stripsat the channel bottonThe flow was
seeded using watdrased paint particce ( < 10 ¢ Mmwodompanent, laser) .
Doppler anemometer (LDAyelocity measurements wemecordedover one half of
the flumefor 180 s ancht anaverage sampling frequency D80 Hz. The sampling
grid was spaced at0.005 and 0.0075 m in the vertical andlateral directions,

respectively.

0, — — = e —

] {
............ Fine gravel Coarse sand

.................... stripe stripe

____________________ il

B
15 20
Cross-stream distance (z/d)

Vertical distance (y/d)

Figure 2.10 Crosssection view 0f0.3 m wide channelwater depth d = 0.1 m; cross-sectional
mean flow velocityU = 0.399 m/s; and flowRe = 4530Q from Mclelland et al (1999).

Figure 2.12 presentshe local mean streamwise and vertical velocities measured at
eachgrid point over the half flume cross section. Thkcal mean streamwise and
vertical velocities havdeen normalized by the cross sectional mean flow velocity

U,.. The region of high streamwise velocégpearsn the centre of the channahd

o
is depressedo a level below thdree surface which is a phenomen known as
0 v el o c iTowardsdhe potom cornghe isovels of streamwise velocity become
increasingly distorted, show 3D features and the position of the maxgmeamwise
velocity occurs deeper below the free surfatieis corner influencénasalso been

reportedby (Naot& Rodi, 1982; Nezu& Nakagawal984;Nezu& Nakagawal993.

Near theflume bed, the streamwise flow velocity increases towards the ¢entre
30



showing a small variation with respect to the change in bed matéfiglre 2.12b
shows uflow and dowifiow in the mean vertical flow velocitiesThe strongest
upflow occurs near the sideall above y/dd Qan@also near thitume bed at the
interfacebetween the sideall coarse sand strip and the fine gravel stiip contrast,
the greatest downflow was observed at the channel cewgrethecoarse sand trip
There is also a small region efrongdownflow in the bottomflume corner The

maximum and minimum measured mean vertical flow velocity was about 0,03
During their experiment the LDA instrument was not doleneasurehe spanwise

velocity, instead itwas estimated from theontinuity equationfor an incompressible

fluid which isexpresseas:

U w  uw

For uniform steady flowpU /pux = 0.0 and pW/pz =- pV/py . By integrating both

sides the mean spanwigelocity ata given locatiorcan be deermined as:

ZALV §
Wy =+ r&é&;eﬂz (2.23)
0 -

O

Cross-stream distance (z/d)

Figure 2.11 Contour plot of (a) Normalized streamwise velocitylU /Um ; (b) Normalized

vertical velocity 10°3 V/U,,, from Mclelland et al (1999).
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Wang and Chend2005) conductedsimilar experiments witha wider rectangular
channel. The experiment was designed to incorporate alternate smooth and rough
strips longitudinally aligned in the open chann&he width of the smooth and rough
strips was dewidh ofnthe twe lrough &rips attached to the sidewall
was only 37.5 mm eacfihe flow velocities were measureyer the half of cross
sectionusing 2DLaser Doppler Anemometry (LDA)The sampling period was taken

as 200 s and at an average sampiatgof 75 Hz. In the central region of the channel

the measurements were only collectesin y/h = 0.13~ 0.8 and the measuringrid

points were spaced Bm apart. Near the side wall, more measuring points were

added with vertical spacing of 2 or 3 mm (S&gure 2.13).
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Figure 2.12 Half cross-section view of 0.6 m wide channel; water depth = 0.075m; mean
streamwise velocity in the centrategion U = 0.449 m/s; and flowRe = 42000,from Wang and

Cheng (2005).

The contoumlots of the normalizecdveragestreamwise and vertical velocities over
the half cross section apresentedn Figure 2.14. Figure 2.14a) clearly illustrates
the strong influence of the sidewall on the streamwise flow velocitydistribution
within alateraldistance of around 1hdrom the sidewall.In this zone, the maximum
streanwise velocitis locatedbelow thewatersurface. In regionbetweerz/a-= 2.0~
0.0, the undulation in theveragestreamwise velocity is in phase with the lateral
variation in bed textureln the upperegionof the flow, higher streamwise velocity

occursabove the rough strips, while lower streamwise velocity above the smooth
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strips. However, the velocity dipheromenonwas not clearly observed in the central

zoneof theflume. In contrast, thestreamvise velocity near the bed andbove the

smooth strips is higher than that aboverough strips.

Figure 2.14b) clearly

demonstrates dlpws and dowmflows in the averae vertical flow velocity which

correspond to the undulation of the streamwise velocitypflow occurs above

smooth strips whereas downflow appears in regions above rough strips.

(a) urum

0.0 -

-4.0 -3.5 -3.0 -2.5 2.0 -1.5 -1.0 -0.5 0.0
7A @@ rough strip

smooth strip
(b) (ViUmx10®

-4.0 -35 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0

2 rough strip
smooth strip

Figure 2.13 Contour maps of (a) normalizedaveragestreamwise velocityU /Um ; (b)

normalized averagevertical velocity (V / U,)s 10%, from Wang and Cheng (2005).

Figure 2.5 plots the mean streamwise vertical profiles at different lateral locations

(fromz/a= = ~ 01.0)0 Two profileswereplotted together, one over smooth bed and

the other over rough bed, and they have same ldbetionmeasured from the strip

interface étzla- = Oné cal note that the two profiles become more linear as the

lateral distance from the strip interface decreases, and the velocity gradient in the

lower region of the flow is much steeper over rough. beit the strip interface

(zle-

in Equation (2.3). Similar findings were also observed by Nakaghakh(1981).

= 0.5), the mean streamwi
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Figure 2.14 Vertical profiles of mean streamwise velocity, Scattered pointsepresent
measureddata; solid black lines are obtained from Equation (2.2), from Wang and Cheng
(2005).

Moving laterallyfurtherfrom the strip interface the velocity profileviates from the
classicLog Law due to the presence of the cellular secondary.fib\ang and Cheng

(2005) accoumdfor this effect by modifying thelassi@al Log Law to:

é o

U Ay 0O G 17}
. In%& & In%& D +d, sin’(py/2h) ycos(oz/ /) (2.24)
u ¢Yo: & ¢Y= v

where u” = the meanshear velocit in the central zoneg,, ¢, and D are constants

and equal to 0.3, 0.8 and , 1.7, respectivelyThe above equation was derived by
introducing some empirical parameters to ttessicalLog Law to account for the
curvature of the measured velocity profiles induced by the secondary\ifang and
Cheng, 2005)The spanwise velocity was obtained frohe tcontinuity equation as
shown earlieby (Mclellandet al, 1999). Moreover, Vermaast al (2011)conducted

an experimental study to examine the lateral transfer of the streamwise momentum
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with respect to the lateral variation in bed material$ie experimental set up was
developed as slwn in Figure 2.16 The right half of thdlume bed was covered by
stones having size of 7.6 mm 9.3 mm, and the left half of the channel was covered by
6 mm thick polished wooden plates to form a smooth lagtectively, the level of the

rough and smooth beds was equah Acoustic Doppler Velocimeter (ADV) was
used to measure the three components of velodityevery measuring point, the
velocity was recorded ovell80 sand at sampling rate of 25 HEour flow regions

wereexaminedasdemonstrateth Table2.3.

= ! I1 m smooth bed
|:> 2m
= i rough bed

=l ¥ X,

flat plate

A
v

Tm A

z

>

smooth bed rough bed

y 5
¥ 6mm mm

Figure 2.15 Flume configuration, from Vermaaset al (2011).

Table 2.3 List of flow conditions, from Vermaaset al(2011).

Discharge Water y
Case Method (m?s™h Depth (m) Re =12
E08 Flume experiment 0.040 0.081 17 x 10°
Ell Flume experiment 0.040 0.110 18 x 10°
El5 Flume experiment 0.100 0.151 41 x 10°
B22 Flume experiment 0.100 0.222 39 x 10

Figure 2.T presend the contour maps of tlaveragestreamwise velocity distribution
at x=12.5 m. For the four flow conditiong Table 2.3lateral variation in the mean
streamwise velocity was observedearbed streamwise velocity appears to be higher
over the smooth bethan that over rough bednd strong dowflow occursat a

location where the ned@ed streamwise velocigbruptlychangs.
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Figure 2.16 Contour map of the mean streamwise velocity at x = 12.5 rfrom Vermaaset al
(2011).

2.3.4 Velocity-dip phenomenon

The velocity dip phenomenon is defined the location where the maximunmain
velocity appears below th&ee surface. It has been widely reported that this
phenomenomccurs if the aspect ratio of tfieme width to flow depth, Ar = W, /H),

is less than a certain valud=or example, Vanoni (1948rguedthat for wide open
channelflows where theaspect raticAr > 5, there always exisa centralzonewhere

the velocity dip does not appeaiThe velocity dip phenomenon always appears i
regionsclosethe sidewalleven if the aspect ratio is large enoyylanget al, 2004

Luo & LU 2006; Huet al, 2008. The velocity dip phenomenon essentially
represets a deviation from théog Law (Equation 2.3).1t is obsrvable in both
rivers and opechannel flows.It generally relates to the secondary currents that occur
in 3D open channel flowsNezu and Nakagawa (1993) reported that this phenomenon
is due tothe presence osecondary flows which transport lawomentum fluid from

the nearside walltowards the cedne, and highmomentum fluidmoving from the
watersurface towards thehannel bed Yanget al (2004)offereda dipmodified log

law from the experimental data in uniform open channel flowsr smooth bed
(seeEquation 225). The velocitydip phenomenoiin this new law is predictedy the
term In(1- y/h), anda being the dipcorrection parameter defined as=1.3¢ 7",
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where z = the spanwisedistancemeasuredrom the sidewall to the centre of the

channel.

U o] ~ o ~ o ~

09 = 2 Y g+88 Gins- ¥ (2.25)
u Kk cYo+ ck+ ¢ h=+

The dipmodified loglaw was found to bableto describehe dip phenomenon, and
to approximately estimate the streamwise velocity in regfoom the near bed to
slightly below thewatersurface, and laterally from the sidewall to the central of the
flume. The advantages that the dimdified log law have over other velocity laws
are: @) it is capableof estimatingthe velocity near sidewallsp) it is capable in
simulding the velocitydip phenomenon in the sidewall and central regions of the
open channeflows; (c) it is simple to use and compares well with theasurements
(Yanget al, 2004). However Kunduand Ghoshal (2012) stated that the above dip
modified log w can correctly predict theelocity-dip location but it deviates from
the measureddata in theupper region of the flowy/h > 0.2). They proposedn
analytical equation callefthe totaldip-modifiedlog-wakelawo that can predict the
velocity throughout the flow depth and locate thewijocity position correctlyThis

equation reads

u ayd 5 & ,ayg 8 o
ﬁ:lm y8+L % Y84 E%a%g - 23%8 Q- £:7«"%8 (2.2
u k cYo+ k ¢ h: « gch+ ¢ch+9 k ¢ch=+

here, / is the dipcorrection parameter:(h/yDip)- 1, Yy, = the position of the

maximum velocity; andhe value ofP increases with the increase bf

2.3.5 Bedshear stressdistribution

The lateralReynoldsshear stresdistribution for Mclellandet al (1999) is shown in
Figure 2.18. Generally, Figure 2.183) demonstrateshat the shear stress is larger

near the bed andeclinesas the free surface and the sidewalle approached
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Negative shear stress occurs in a small zone next to the sidewalisamelow the

water surface. The lateral boundary shear stragas approximated from Reynolds
stresst =- ru'v' in region y/d <0.3and is shown ifrigure 2.18b). The dashetine
corresponds tdhe averagedoundaryshear stress’, which was estimatedfrom
t, = rgdS, whered and S, are the flow depth and channel slope, respectividig

boundary shear stredsstributionis undulaing and hasa strong relationship with the

bed grain sizelt increases rapidly from law value at the sidewall tapeakvalue of

16.0 % greater tharthe f, valueover the centre of the coarse strifhenit decreases
to a value 0ofL8.0 % less thant, over the fine gravel stripThe maximum boundary
shear stressccursat the channel centreline with value 27.0 % greater thaf, .

Over the strips intéace, the boundary shear stréss value very close th, . It was

expected that thandulation of thebed shear stress is due to the change of-bedr

streamwise velocity gradientiU/dz, 0).

(a) - (b)
1 O S - ~ 0.8
. ™ — E
"\; 0.8 ‘ "-U.ﬁ e /—0.0—\/"\‘,/\4—"'// % 0.7 I }
. | TS | 2 I I
é g 0.6 \\ ﬂ/zi/\':l‘].ze'“\_/\_//\ s I é 0.6 l [ ‘ ‘ } .
3 04 v ?‘/""J ' \\/”f 5 0.5 [ ! 1 1 | l [ '3
5 posie| @ ]
2 24> 230 2 ‘
; 3.0 - "é
A

10 0.0 05 10
Cross-stream distance (z/d) Cross-stream distance (z/d)

Figure 2.17 (a) Contour map of normalized Reynolds stress - /’u'_v'/Urf]; (b) Bed shear stres¢

Dashed horizontal line isthe mean bedstress?,, = rgd<Sy, from Mclelland et al (1999).
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Wang and Cheng (2005) obsenesimilar shear stress patteriheir result revealed
that regions wh rough strips experience hidied sheastress and lovbed shear

stress occurs over smoettstrips(seeFigure 2.19)

-4.0 -3.5 -3.0 -2.5 2.0 -1.5 -1.0 -0.5 0.0
I\

Figure 2.18 Contour map of normalized Reynoldsstress - u'_v'/gh§ , from Wang and Cheng
(2005).

The vertical profileof the shear stresa different spanwise locatisarepresentedn
Figure 2.20. Near the bedy/h <0.2), higher sheastress occuabovethe rough strips
whereasover the smooth stripshe shear stress becomes smaller.the upper flow
portion (y/h > 0.2), the shear stressecomes higher above the smooth strips and lower
over the rough stripsThe vertical shear stress profile imdar at the strip edge
(zZe = 0.5) but it dagherirantthe stripaeedge. Wangandal |

Cheng (2005 escribed thigleviation by fitting the experimental data to the following

Equation.
T =a3- Y8+ra,2- Y8 sin?(oy/h) (2.27)
u*2 g hT (; h—h

where,a, =1+0.18codz/ ) and a, =1- 1.44codwz/ ).
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Figure 2.19 Vertical profiles of normalized Reynold stress(- u'_\/'/Uni)3 10°, Scattered points

representmeasureddata; solid lines are obtained fromEquation (2.28), from Wang and Cheng
(2005).
Having said that in the presence of the secondary flows, the Reygimddsdeviates
from the linear equation given ikquation (2.15). However, Yanget al. (2012)
proposed an equation to predict the Reynolds stress vertical profile which is affected

by the secondary flows as follows.

V_g ¥§, UV 2.28)
h 2
¢

The aboveequationindicates that inthe upflow regions ¥ >0), ReynoldsStress
becomes higher than the linear distribution, whereéisedownflow regions ¥ <0),
ReynoldsStress becomes less than the linear distributAdso the boundary shear

stress at different spanwise locations were detexdchi by extrapolating the

corresponding u'v' profilesto the bed surfaceFigure 2.21 illustrates the spanwise
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variation of the bed shear stress which can be expressea dosine functionas

follows.
u? %6
= 0% -0 (2.29)
u? ¢/ =
1.4-
1.2- A
ul
1.0+
u? oy | —— 1+0.18cosnz/A |
2 rough stri
= '-;.;.;., 2\

0.64 RRRRX
-1.0 -0.8 -06 -04 02 00 02 04 06 08 1.0

Figure 2.20 Bed shear stresdistribution obtained from the measurements of u'V’, from
Wang and Cheng (2005).

2.3.6 Secondaryflow pattern

Inherent features of open channibws are significantly modified tenever
secondary flows occuin Mclelland et al (1999), a plot of the half cross section
velocity vectors is shown iRigure 2.22 The plotclearly highlights theexistenceof

the secondary flowcirculations. This circiation pattern consists of two counter
rotating flow cells 4 cells across th#ume width). They define he lower small celas
the6bottom vortexd wilttheasfitde sppfeaceeV
surfacevortex has a size that iapproximately equal to the flow deptwhile the

bottom onehas approximately the half size ofathThe motion of both cells draws
strong downward flow into the corner causing the bulge in the streamwise is®els (
Figure 2.223 Near thewater surface the uppervortex transports lowmomentum

fluid from the sidewall towards the centre, prodwgcihe velocitydip phenomenon.
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In the centre of th8ume, fluid with highmomentum is transported by the downflow
from the free surface toward the bed. Thisvdflow then moves karally towards the
sidewall, meeting the bottom vortex. The two vortices are then turned upward over the

fine-gravel strip (Mclellancet al, 1999)
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Figure 2.21 (a) Vector plot of secondary flow pattern; (b) Schematiview

of inferred secondaryflow pattern, (Mclelland et al, 1999).

In Wang and Cheng (2005), the generation of artificial secondary flows demesistrat
the effect of perturbations due to the bed configuration that induces secondary
currents. Additionally, the study discusses the relationship between Reysbbt
stress and secondary flowhe analysis shows that secondary flow alters the flow
structue such that it differs from thguast2D flow andcausedhe primary velocityto
deviatefrom the classicalLog-Law. Additionally, a relationship between secondary
flows and bed shear strebas been establishedlhe results show that higher bed
shearstressgs are always associated with downfleywandlower bed shear stresses
occurat the region with upflo# Thi s i s consi stent wi t h

(1993) experimental observations as summariz8dbie2 4.
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Table 2.4 Summary of turbulent flow structures in upflow and downflow regions,(from Nezu

and Nakagawa 1993).

Upflow Region

Dovwnflow Region

Type 7 >0) (V <0)
Mean streamwise velocity Low High
Bed shear stress Low High
ghir’gz:ience intensity farther from High Low
E?Z‘l:;ds shear stress farther from High Low
Suspended load High Low
Bed load Low High

On water surface

Boil lines, divergence

Foam lines, divergence

River bed form

Ridges

Troughs

Bed roughness

Fine sand, smooth bed
strips

Coarse sand, rough bed
strips

The secondary flow patterns visualized by Wang and Cheng (2005) are shown in

Figure 2.23.
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Figure 2.22 (a) Vector view of secondary flow pattern; (b)Simplified secondary flowpattern,
from Wang and Cheng (2005).

Blanckaertet al (2010) carried out experimental studyaif.0 m long and..3 m wide

straight channel.The sidewal were vertical and smooth, and the bed roughness was
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artificially formed using quasiniform sand grainkavinga diameter of 2 mm. Three
flow conditions werechosento examine thesffect that the flow shallowneshas on

the secondary flow patterasid bed shear stresggseTable 2.5) The three velocity
components were measured using an Acoustic Doppler Velocity Profiler (ADVP) at a
frequency of 31.25 Hz during 180 sAt least 36 vertical velocityrofiles and 30
spanwise velocity profilesom n = 0.59 m~1 0.5 mwere recordedlhe symbolss, z

andn donate the streamwise, vertical andrspise directionsrespectively

Table 2.5 Flow condition properties Blanckaert et al, 2010)

Experiment| b (m) b/h U, msh Re Fr S k*
| 1.3 11.9 0.4 44000 | 0.39 | 0.00068 50
Il 1.3 8.1 0.43 69000 | 0.34 | 0.00062 56
11| 1.3 6.2 0.38 80000 | 0.27 | 0.00041 51

Figures 2.24, 2.25 and 2.26 illustrate the flow patterns of shyuodynamic
variables forexperimentd, Il and Il listed in Table 2.5respectively. In all three
experimentsthe secondary flows exighroughoutthe entire channel widthThese
secondey flows are scaled with water depth resulting in 12, 8 and 6 circulating cells
for experimentg, 1l andlll, respectivelyRegions of upflow and downflow associated
with lower and higher streamwise velocitiasd also with lower and higher bed shear

stressesrespectively Momentum transport by the second@igws results inlateral

variability of the flow: about 0.2”~ 0.3u” in the bed shear streasd 10 ~ 15 % in
the streamwise velocitiesAll of these findings are consistent with experimental
observations of (Tominaget al, 1989; Nezu and Naagawa, 19%3pdiguez and
Garda, 2008) Tamburrino and Gulliver (1999) suggested that the nurobepflow

and downflow regions could be calculafeaim the aspect ratias:
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Upflow regions = odd integer close to +1 (2.30)

Downflow regions = even integer close @~ —— (2.31)

It can be seen from theégures2.24~ 2.26 the number of the upflow addwnflow

regions agreewith the above twequations.

~0.6
T

y/h s} 100V/U,

v/h

y/h

5
y/'hoos, u'w'lu

y/h os} ﬁ/u*_‘

Figure 2.23 Patterns of some hydrodynamic variablesor experiment | (a) Schematicplot of
secondary flow patterns; (b) Dimensionlessspanwise velocity (100\N/Um); (c) Dimensionless

vertical veIocity(lOO\/ /Um); (d) Dimensionlessstreamwise veIocity(U /Um); (e) Dimensionless

bed shear stress(l‘/tb); () Dimensionlesgurbulent kinetic energy (tke/u*z); (g) Dimensionless

turbulent shear stress(W\f/ u*z); (h) Dimensionlessturbulent shear stres:{ﬁl’/ u*z), (from
Blanckaert et al,, 2010).
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Figure 2.24 Patterns of some hydrodynamic variables forexperiment Il: (a) Schematicplot of
secondary flow patterns; (b) Dimensionless vertical veIocity(lOO\//Um); (c) Dimensionless
streamwise veIociy(U/Um); (d) Dimensionless bed shear stresél‘/tb); (e) Dimensionless

turbulent shear stress(ﬂv‘/ u” ) (from Blanckaert etal., 2010).
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Figure 2.25 Patterns of some hydrodynamic variables for experiment Ill:(a) Schematicplot of
secondary flow patterns; (b) Dimensionless vertical veIocity(lOO\/ /Um); (c) Dimensionless

streamwise veIocit)(U/Um); (d) Dimensionless bed shear stresé[/t‘b); (e) Dimensionless

turbulent shear stress(u'_W'/ u*z), (from Blanckaert et al, 2010).
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Albayrak and Lemmin (2011) defidethe secondary flow phenomenon as the
component of flow that occurperpendicular to the channel axis. Of particular
concers to theirstudywerethe effect that the aspect rahas on thedlimensions of
secondary flow cellsand the relationship between the secondary flow cells and the
surfacevelocity. Their experimentvas conducted in 2.45 m wide and.@v long
straight channel. The bed material consists of mixed gravel with size betwe€2010
mm giving a averagegravel size of gpd 1 5 Thenthannel slope was set to zero
so that the flow is in a state called nmay equilibrium. In this case, botflow depth

and shear stresshangeslowly in thelongitudinal direction, and thishangecan be
ignored. Three sets of experiments were investiggtezkTable 2.6). In the cross
section of the channel, thieree velocity components were measured with an Acoustic
Doppler Velocimetry Profiler (ADVP) for a period of at least 3 mites at each
location Spanwise spacing of Z& of the flow depth is used which can sufficiently
resolve secondary flow# sensor bsed on the hefilm principle was used to obtain

the bed shear streSthe measurements of water surface velocities were made by a 2D
Large Scale Particle Image Velocimetry (LSPIV) for a sampling duration of 3

minutes

Table 2.6 Hydraulic parameters for the three experiments(Albayrak and Lemmin, 2011).

h U U u
Exp. 2 e Re Fr b/h dso
(ms) | (m) (m/9 (nVs) (m/s)
(1) | 0.185 | 0.195| 0.39 0.54 | 0.0283 | 76900 | 0.2856| 12.25 | 1.5
(2) | 0.168 | 0.16 | 0.43 0.60 | 0.0322 | 68500 | 0.3432| 15 15

3 0.10 0.12 0.36 0.51 | 0.0265| 43500 | 0.3318| 20 15

The contour plots of théydrodynamic variables for experiment (2) are shown in
Figure 2.27.The contour map of the streamwise velo@ghibits oscillation in the

spanwise directianThe maximum streamwisevelocity appea at approximately
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y = 0.9handz = 2h and the difference between the minimum and maximum values is
around 1@ %. Lower streamwise velocities occur in theflapr zones where the
contour lines bulge towards the free surfacejlevhigher stremwise velocities
correspond to dowllow zones where the contour lines are deflected towards the bed.
The contour maps of the mean spanwise and vertical velocities cleadgtenthe
existing of the secondary flows with a maximum velo@approximatelyequal to

2.0 % of the maximum streamwise velocityNear the sidewall, free surface and
bottom vortices exist. The free surfagatex extends to a distanceof 1.75h This

is close to the value which is reported by Nezu and Nakagawa (1993) that for large
aspect ratio, the free surface vorteachesipto z = 2h Thelateral spacing between
upflow and dowifiow zones across the channel width varies betwedn-12Zh. This

gives a total number of 14 cells which agrees with equations suggested by
(Tamburrino and Gulliver, 1999).Figure 2.27(e) shows the contour map of the
normalized Reynolds Stress being undulated in the spanwise direction. In the upper
region of the flow, the Reynolds Stress is higher in upflow regions, but it becomes less
in downflow regions. This was pointexait previously bywang and Cheng, (2005).

The normalized bed shear stress shown in Figure 2.27(f) reveals an undulation with an

amplitude of 0.2, ~ 0.3f, which agrees with those values reported by (Nezu &

Nakagawa, 293; Mclelland et al, 1999; Blanckaergt al, 2010).The undulation of

the bed shear stress in the spanwise direction can influence the mobility of the
sediment particles which leads to the formation of the bed fdlizayrak &
Lemmin, 2011). For exparients(1) and (3), only the mean streamwise velocities
were plotted in Figure 2.28 in order to investigate the influence that the aspect ratio

has on the secondary flow patterns.
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Figure 2.26 Contour lines of (a) Secondary flow patterns; (b) Normalized mean streamwise
velocity (U/U,.,); (c) Normalized mean spanwise velocity W/U ., ); (d) Normalized mean

vertical velocity (V/U ., ); (e) Normalized Reynolds $ess (- W/ u” ); (f) Normalized bed

shear stress(% ), (for Exp. 2), (from Albayrak and Lemmin, 2011).
b
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Figures 2.28@) shows thatthere area number ofl2 cells exist for experimentl)

which also agrees with Tamburrino and Gulliverequations. However, Figure
2.28c) reveals that there are 22 cells exist in the channel cross section. According to
Tamburrino and Gulliver (1999), the number of cells should be equal to 20 Thits.

could be due to the aspect ratio of the roughness over water depth bethgrheteat

in experiment(1) and (2). Additionally, the size of the free surface vortex in the
spanwise directiolnecoms largeras the aspect ratio increasdsor experimat (1),

the free surface vortex extends to around 1.5h and it reaches approximatety=

1.85 for experiment(3). The comparison between the three experiments indicates
that the aspect ratio directbontrols boththe number of the secondary cedisd the

size of the free surface vortefAlbayrak and Lemmin, 2011). Moreover, the
comparisons between the mean surface streamwise velocity and the mean streamwise
velocity measured in the water column &xperimentg1), (2) and(3) are shown in
Figures 2.29~ 2.31, respectively A lateral variation in the mean surface streamwise
velocities can be observed. The difference between the maximum and minimum
velocities is around 1% ~ 15 %. Higher mean surface streamwise velocity steaks
correspond to thelowrflow regions, whereas lower values were observed in the
upflow regions. These higher and lower streamwise velocity steaks were also reported
by Tamburrino& Gulliver (2007). The spanwise distandaetween these steaks varies
between 1. ~ 2h which correlates very well with the size of the secondary flow
cells. Therefore, the pattern of the mean surface velocity could be explained by

multicellular secondary flows in the water coluniiiayrak & Lemmin, 2011).
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Figure 2.27 Contour lines of (a) Secondary flow patterns (Exp. 1); (b) Normalized mean
streamwise velocity /U ) (Exp. 1); (c) Secondary flow patterns (Exp. 3); (d) Normalized

mean streamwisevelocity (U/U ... ) (Exp. 3) from Albayrak and Lemmin, 2011).
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Figure 2.28 Mean patterns of the normalized streamwise surface velocityeasured byPIV and
the normalized streamwise velocityover the flow depthmeasured byADVP (Exp. 1) (from
Albayrak and Lemmin, 2011).
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Figure 2.29 Mean patterns of the normalized streamwise surface velocityjeasured byPIV and

the corresponding upwellings and downwellings inhe water column Exp. 2) (from Albayrak
and Lemmin, 2011).
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Figure 2.30 Mean patterns of the normalized streamwise surface velocityeasured by PIV,and
the normalized streamwise velocity in the water colummeasured byADVP (Exp. 3) (from
Albayrak and Lemmin, 2011).

2.4  Water surfacedynamic behaviour

2.4.1 Introduction

When a fluid flows over a solid boundary, the fhainl interface isoften observed to
bewrinkled. Whilst in open channel flowwith the absence of the winthe vertical

velocities must disappear at the surfaoel while turbulent eddies can never die
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inside the flow;they must end perpendicularly at th&ee surface. This causes
temporal changes in water surface elevations above these vdBitedentsev&

Miraghaie, 2005; Savelsbe& Van de Water, 2009 he following sections outline
thetechniques used to measitmee surface elevations, and theeracton between the

watersurfaceswith the underlying fbw properties for open channel flows

2.4.2 Water surfaceelevationsmeasurements

Water surface dynamic behaviowstudies require the measurement of the
instantaneouselevations of water depthand the instanteous velocities of the
underlyingflow. Several techniqudsave been use® provide a means of measuring
these instantaneousDabin (2003) used a combination ofa Particle Image
Velocimetry @IV) and Free Surface Gradient Detector (FSGD) study the
interaction between a free surface and a vertical shear layer, generated by a surface
piercing splitter plate.Their experimental set up for thelV and FSGD is shown in
Figure 2.32 The general measurement technique of FSGD is based on the
simultaneous twacomponent slope colowncoding scheme which is originally
developed by(Zhang and Cox1994). The FSGD was mounted on the frea@face
directly over the measuring area to measure the instantaneous water elevaiiens, wh
the PIV generatesa horizontal laser light sheet 1Imm below the water surface to
measure the instantaneous streamwisk ssi@pwisevelocity components. ThEIV

and FSGD acquire data simultaneougityls both deviceswere synchronized by
placingthe FSGD pulse between the tRb/ pulses as shown iRigure 2.3%2c). Some

work has been carried out usingiereoscopic measurement to measure- two
dimensional water surface variations in an asymmetric open channel trench
(Tsubaki and Fujita, 2005)The basic principle of stereoscopic measurement is to

compare two or more images of the same location recorded at the same time by
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high-resolution cameras from different angles. The accuracy of this type of free
surface measurement depends on two importantguwes; first is to calibrate the
camera parameters as accurate as possible and second to match the target points in
each recorded image as closely as possibéelsberg andan deWater (2006) used

a novel technique <cal |l endspatd temswater sisfaca n n i n
gradient fiéd along a lind_s as shown irFigure2.33 The principle of this technique

is based on the refraction of a laser beam. A laser beam is perpendicularly sent
through a transparent bottom of a watkannel towards the water surface. The laser
beam is refracted onto a translucent screen, and theslasers then imaged onto a
position sensitive device (PSD) using two strong lenses. The registered signals can
then be converted easily to timdependent water surface gradient. For this, spectra

and correlation functions can be obtained.

Point of rotation ~— Spherical mirror
mirror

©

Camera
frame rate Frame 1 I

T | [T ||

DPIV laser pulsing

Frame 2 I Frame 3 Frame 4

FSGD camera
exposure pulse

Figure 2.31 (a) DPIV experimental setup; (b)FSGD experimental setup; (¢) DPIV and FSGD
Time synchronization ,(from Dabiri, 2003).
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Figure 2.32 (a) A Position Sensing Device (PSDHas a surface area of X 2 cnt located at height

H measured from the undisturbed water surface; (b) Experimental setup of the laser scanning

technique, (from Savelsberg andvan de Water, 2006).

Cooperet al (2006) andNicholset al (2012) usedan acoustic device which remotely

measures the temporal change in water surface elevattatifferent locatiors as

shown inFigure 2.3l. The principle of this technique that anacousticwaveis sent

from ultrasonic transducgthis wave theris reflected from the water surface towards

a microphone located at some distance awwe to the time taken from the acoustic

wave to travel from the ultrasonic transducer to the microphone, the received signal

will likely has a differ@ce in phaseomparing to the transmitted signdf.the water

surface is stationary then the difference in phasenstant. When the water surface is

moved vertically then the difference in phase is chandéds change in phase

describes in an accueathanner thavatersurface fluctuations.From this, the RMS

wave height can be measured.
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Figure 2.33 Experimental setup for the acoustical measurementgrom Nicholset al, 2012).

Another experimental set up detailing the usecohductancewave probes in
determining water surface elevation& conductance wave probe is composed of two
thin wires which are stretched perpendicular to the water surface and partly
submerged in the wateAn electric current is generated using wave monitor module,
and the resultant voltage between these wiredereldirectly to the water level
between the two wires (séggure 2.3). Theseprobes are appropriate for conditions
when the flow velocity is relatively low. Thinner wires are required to avoid

generating large vortices that may have significant impathe measurements.

LI
PC

water surface Lapview

: -
wave
monitor —‘ BNC adopter H ‘

Figure 2.34 Experimental setup for conductance wave probes.

The advantage of using acoustic instruments is that, they can collect measurement
without being submerged into water, unlike the conductance wave prblosgever,
conductance wave probes are easily to set up and calibrated, they can also be operated
at different frequencies to avoid mutual interaction between two or more closely

spaced probesGenerally, conductanagaveprobes provide high dynamic accuracy.
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In more recent work by Nicholst al. (2016), a laser induced fluorescence technique
(LIF) was ugd tomeasure the temporal change of water surface elevaticisllow
turbulent flows over gravel bedThe equipment and sap of this technique are
illustrated in Figure2.36 The principle of this technique igriefly described as
follows: the laser sheetwith a thickness of approximately.Bmm illuminates a
streamwisedistance0.22 malong the centre of the flum&he LIF camera which
provides animage area of 1600 x 600 pixdaks focused on the laser sheet, and is
synchronized with the lasqulses. The position of the awater interfacevas then
captured by the camerd sampling frequencyf 26.9Hz. A rhodamine WT dyes
added to the flow to better define the free surface in the recorded infdgefee
surface profile is obtainebly detectng the threshold between tmen-illuminated air

and thalluminated flow in each column of pixel$\jcholset al, 2016).

TOP VIEW

e S o T ______ SIDE VIEW

Cam :

N e
L 15°

Figure 2.35 LIF Camera and laser sheet arrangement for flow visualizatior(from Nicholaset
al, 2016)

2.4.3 Interaction betweenwater surfaceand underlying flow

A few experimental studies have been conducted and reported in the literature on
understanding the linkage between the dynamic behaviour of the water surface and the
turbulent flow structures underneath it (Smolent&eMiraghaie, 2005Cooperat al.,
2006; Savelsbergt al, 2006; Savelsberg Van de Water, 2009; Fuijitat al, 2017
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Horoshenkowet al, 2013 Krynkin et al, 2014. Kumar et al (1998) performedin
experimental investigation of the characteristics of free surface turbulent in horizontal
glass channel flowvith ReynoldsNumber rangingrom 2800~ 8800. Their results
indicated that thepersistent structure of the waiar interface can be classifiedto

three types: upwelling, downwellings and spiral eddiBlse upwellings were found to

be related to the bursts originating from the chabediand eddiesire observed to be
formed at the edge of these upwellingthese eddies often mergetiey arerotating

in the same direction, and they form pairs if are rotating in opposite dire¢tiomar

et al (1998) also investigated the behaviours of the flow field in the ssuface
region using PIV measuremenBy comparing the spatialariation of the spanwise
gradient of therertical velocitytime seriewith the measured @lipws and dowflows

on thefree surface, they observed thgpwelling zonesvereassociated witlpositive
spanwisegradient in the vertical velocityyhile downwellingzonesare characterised

by anegative lateral gradient in the vertical velocBy. examining the flow field in a
vertical plane, they showed that bursting events generate upwellings on the free
surface and these upwellings then genespial eddies and dowrellings. Statistical
analyses of Dabiri (2003) fia shown thatthe free surface deformation is strongly
correlated with near surface vorticity field with a correlation coefficient of about
0.7 ~ 0.8. Smolentsev and Miraghaie (2005) performed an exmtal study from
different flow conditions ranging from weak to strong turbulence in very wide open
channel. They observed that three types of disturbances are always presented on the
free surface at the same tineapillary waves, gravity waves and tulént waves.
Examples of capillangravity waves are those commonly observed at the surface of
the ocean, which are generated due to turbulent wind, while turbulent waves are
believed to be generateflie to the interactions between bulk flow and wateface

The turbulent wavewerefound by Smolentsev and Miraghaie (20a6)be the most
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dominate type, having @haracteristic size of approximately half the mean flow depth.
An interesting feature hadsobeen observed on the free surface is thaethabulent
waves hagelerityvery close to thaveragdlow velocity, whilethe speedof cepillary

and gravity waves were different. This feature was alsservedby Fujita et al
(2011) whostated that the water surface waves travel with velocity ¢toige mean

flow velocity. Savelsberg and Van de Water (2009) reported that although there are
several appealing relations between subsurface flow dietbwater surface gradient

the water surface of fully developed turbulent flow exhibits a dynamic behaviour of its
own. They attributed this to the large eddies of subsurface turbulent flow exciting
random gravityand capillarywaves whichmove in all directions across the water
surface.This is illustrated in Figure 2.37 which shows the spectra of the water surface
deformation for one flow condition with mean flow velocity=0.25 m/s. The
dashedine in Figure 2.3%f) correspondsto w=-kU, while the solidlines

represent the Doppletifted dispersion relation ofcapillary-gravity waves as
w= (gk+sk3/r)”2 ° kU, where s and r are water surface tension and water density,

respectively.
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Figure 2.36 (a) Longitudinal spectra E(k,w) of free surface; (b) corresponding shading plot,
(from Savelsberg and Van de Water, 2009).
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Fujita et al. (2011) showed that there is a strong correlation between the vertical
velocity components and the boil vortices on the surface that are not due to the gravity
waves.Albayrak and Lemmin (201Iperformed velocity field analysis on the surface

in order to @tect such flow structures as vortices, swirling and the effect of
upwellingsand downwellings on the surfac&igure2.38 shows the streamline map

of the surface vorticitycalculated asw, = (dw/dx) - (du/dz). Severalvortex pairs

are observed mainly ithe uglow regions where thaveragestreamwise velocity is

low, andsize of these vortices was found to range fi@B8h ~ 1.0h.
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Figure 2.37 (a) Vorticity map with streamline field; (b) vectors ofthe instantaneous surface

velocitiesfor experiment 1(from Albayrak and Lemmin, 2011).
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Horoshenkowet al (2013)experimentallystudiedthe free surface dynamic behaviour

and its interactions with the underlyigrbulence ofhallow open channel flasmover

a gravel bed A number of sixteen flow conditions were investigated and their
hydraulicparameters are listed in Tabl&¢.2These experiments wecarried outn a

12.0m long and 0.8 m wide rectangular open channdlhe temporal change in water
surface elevations was measured using conductance wave probes in the central of the
channekt different streamwise positiostarting from9.5 m away from thenlet. The

signals recorded at probe pagizacedy a distance of 0 mm, 30 mm, 50 mm, and 70

mm were cross correlated to obtain the extreme values (minimum or maximum) which
occurs at time lag . These extreme values were then presentedfaaction of the

distancex =V 3 ¢ for flow conditions 1, 4, and 7 (see Figure9.3

Table 2.7 Hydraulic parameters, from Horoshenkovet al.(2013)

Bed Depth, Velocity, Equivalent Relative rms Elevation
Condition  Slope D, (mm) V, (m/s) Re Roughness, &, (mm)  Submergence D/k, g, (mm)
1 0.004 40 0.29 12000 19.0 2.10 0.34
2 0.004 50 0.35 19000 174 2.87 0.40
3 0.004 60 0.41 26000 15.1 3.97 0.45
4 0.004 70 0.45 32000 14.1 4.96 0.57
5 0.004 80 0.50 43000 13.3 6.03 0.74
6 0.004 90 0.53 52000 12.9 7.00 0.86
7 0.004 100 0.57 66000 11.8 8.46 0.97
8 0.003 50 0.26 14000 29.2 1.71 0.36
9 0.003 60 0.31 19000 24.3 2.47 0.43
10 0.003 70 0.35 26000 222 3.16 0.50
11 0.003 80 0.40 35000 18.3 4.36 0.58
12 0.003 90 0.45 43000 14.7 6.11 0.67
13 0.002 60 0.22 13000 39.7 1.51 0.23
14 0.002 70 0.25 18000 34.6 2.02 0.36
15 0.002 80 0.29 23000 26.3 3.04 0.43
16 0.001 70 0.17 12000 40.3 1.74 0.11

The positions of thextreme value (round markers ingkre 2.39) were found to be
close to the actual streamwise positionkis finding supportsthat the free surface
roughness patterns are strongly controlled by bulk flow properties and are not due to

the gravity waves.
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Figure 2.38 The temporal cross correlation for conditions 1, 4 and Afrom Horoshenkovet al.
2013)

Horoshenko\et al. (2013) also showed that tifiree surface roughness pattecas be

described byhe following analytical formula:
W(r)=e "5 cos@p 7L,) 2.2)
whereW = the correlation coefficient andis the spatial lagspatial separation)Both
L,and s ,carry a clear physical sensk,describesthe characteristic perioth the

water surface pattern, arg, correspondso the spatial radius of the correlatitrat

describes thélissipationrate of the turbulent structures in the flowHoroshenkowet

al. (2013) established physical connections between the water surface patterns and the

bulk flow hydraulic parameters dinking the correlation parameters, and L,with

the corresponding hydraulic panaters. Figure 2.40 shows anonlinearrelationship

betweenthe normalizeccharacteristicspatialperiod L,/k, and the ratio of thelepth
averaged maiwelocity to the shear velocity//U. . TheFigure generallyevea$ that

value of L, carries information on the shape of the vertipedfile of the main
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velocity and the roughnesm the bedor a number of flow conditionfHoroshenkov

et al, 2013)
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Figure 2.39 The relation between the normalized characteristic spatial period and the
normalized depth average velocity,ffom Horoshenkovet al, 2013).

The normalized spatial radius of the correlatios,/k, was found to bealmost

linearly dependent on ReynailmberVvD/u as shown irFigure 241.
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Figure 2.40 The relationship between the normalized spatial correlation radius and the flow
ReynoldsNumber, (from Horoshenkovet al, 2013)
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Nichols et al (2016)determinedhe free surface profile fdlow conditions 1, 3, and 6
listed in Table 2.7 using LIF technigwéhich was demonstrated earli@hear results
are plotted in Figure 22 which presentghe instantaneous water surface elevations

over streamwise spatial of 0.2 m atiche of 60 sec The gregcalerepresentshe
value of the normalized deviatehich was calculated alsri/\/h:'i2 , Wherei is the

streamwise position, andh’, is the instantaneoulfuctuating component ofhe free

surfaceelevationat positioni. The whitedashed linesorrespond tathe surface
velocity which was measured Inansit of a floating tracerAn interesting feature can

be observed that the water surface fluctuating between position and negative
elevations over space and tim8imilar water surface pattern was in fact reported by
Fujita et al. (2011). Another interesting phenomamran be obseed is thatas the

flow velocity increases from condition-16, the spatial period of the oscillatory also
increases. This finding matches well with the spatial periods measured by
Horoshenkowet al (2013). By comparing the gradient of the whit@shedines and

the water surface spatiphtterns inFigure 2.2, it can besaidthat these patterns are

moving with a velocity close to that of the surface veloditickols et al, 2016.

Condition (1) Condition (3) Condition (6)

Time (s)

Time (s)

Time (s)
Normalized Deviate (std)

0 0.1 0.2
Streamwise Position (m) Streamwise Position (m) Streamwise Position (m)

Figure 2.41 Water surface dynamic patterns for flow conditions 1, 3, and §from Nicholaset
al., 2016)
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2.5 Numerical model: Smoothed Particle Hydrodynamics(SPH)

2.5.1 Background

Numerical simulations are used as a waluabletool in the field of hydrodynamics

and hydraulic engineering to solve complex problems. They have the advantage of
disclosing detad of flow structures without thespatictemporal limitations of
laboratoryinstruments. Thus they can provide @eonomicaknd fixabletool to study

flows of practical interestin numerical simulatiog) the physical governing equations

are described into two main approaches. The first one is thelmassk approach in
which the fluid domain is decomposed into a fixed gri@xamples of this approach

are Finite Volume (FV), Finite element KE) and Finite difference (FD)These
techniqueshave been successfully and widely used to solve various engineering
problem for several dedes. However, simulating complex flows with large
deformations is limited and difficult with these methatige to numerical diffusion
originating from the advection terms ithe N-S equations (Shaet al, 2003) The
second is the medhee approach in hich the fluid domain is decomposed into
moving points of space c¢ommonlOnateetaal | e d
1996) Free meshYagawa & Yamada, 1996), aridoving Particle Semimplicit
(MPS)techniquesll belong to mestiree approacks Suchtechniquesare inherently

well suited for the simulation of flows witbomplex boundariesin recent years, the
most popular Lagrangian mefiee method to have been used is Smoothed Particle
Hydrodynamics (SPH). Although the SPH method has beealyigsed in coastal
hydrodynamics, using this method for the simulation of open channel flow problems
has received little attention. Therefore, this study presents an investigation into the
feasibility of using the SPH method for the simulationuwbulen free surface flows

over rough bed.
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2.5.2 Smoothed Particle Hydrodynamics (SPH)

The SPH technique, originally formulated Bingold and Monaghan (1977) and Lucy
(1977) initially focussed on the provision of solutions to astrophysics problems
related to the fonation and eventual evolution of galaxies (Li and Liu, 200¢éjinds

wide use in solving applied mechanics problems due to its advaotagsing a
discretization method that is using a set of particles in the approximation of a
continuum. The most comefling advantage that attracts the application of the SPH
method is its inherent ability to use the set of particles to predict the behaviour of
highly strained motions without the need for grids or mesheddafj 2012). Due to

its meshless nature, SR¥dn handle complex solid boundaries and can also define free
surface flows without the typical problems of ghdsed method#at they need to be
cowled with a suitable techniguich as volume of fluid (VOF) to capture the- air
water interface Effective application of this technique requires an understanding of
the requisite equations Bfiid motion, the significance of kernels and the wide variety
of options related to the application of SPH technique. The following section embarks

on a description ahe SPH process.

2.5.3 Fundamentals of SPH

SPH relies on an interpolation technique that expresses a function in the form of its
values in a set of points which are disordered (Monaghan, 19%2)interpolation of

a given functionA(r) in the SPH context is defined as

Ar) = pArr )W(r - r', h)dr' (2.33)
The integration occurs over the entire space whineepresents the interpolating

kernel, r is the vector position ant is called the smoothing lengénd theradius of

the influence domairr 2h. A kernel is introduced in the SPH method to avoid
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singularities since it serves the smoothing interpolatidield (Li & Liu, 2004). The

interpolating kernel has the following characteristics.

V(- r',hdr'=1 (2.34)

I Ed W(r-r,h=dr-r) (2.35)
According to Monaghan (1992), the limit is that of the integral interpolant that
corresponds to thekernel. This then simplifies the complicat®orposed by

singularities. In the SPH framework, a reference particla interacts with the
neighbouring particleb within its kernel influence domain by weighting function
W(r,,,h), where|r,|=|r, - r,| is distance between particla and b. In the SPH
approximation, the value of any \ec quantity or physical scalaaof a desired
particle a and its gradientbA can be estimated by using the following discretized

summation equations that are carried out for all partitdedocated inside the

influence domain

AT =& %A(rb)vvab (2.3)

b

PA(r,) = & “B(Ar,) - Alr,))DW,, (2.37)

b

wherem, and r, are themass and density of the neighbouring partibleg\(r,) and
A(r,) represent the values of the quantiwt pointr, andr,, respectively
PA(r,) = thegradientof thequantity Aat a pointr,; and B ,W,, = the gradient of the

a' "ab

kernelfunction atthe desired particle.

Although the summation occurs over all particles in the\8kis chosen so that it
tapers rapidly fo|ra - rb|2 h. The implication ofthis is that only a small number of

the particles contribute to the outcome.
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2.5.4 Governing equations and SPH formulations

In SPH, the following mass and momentuoonservation equations of the

incompressible Newtonian fluids are solved:

Dr o pu=o0 2.3)
Dt

Du 1 2

—=-—bP+g+yPu

o= PPrOtY (2.39)

where u= particle velocity vector;r = density; P= pressure;g= gravitational
acceleration;u,= kinematic viscosity; and = time. The notationD/Dt is used to

denote the Lagrangiaonr material derivative. So the fluid particle movement is
computed by the following equation, wheres particle position vector.

Dr
— =u 2.40
Dt ( )

By applying the SPH discretization outlined in the previous section to mass
conservation equatiof2.38), the changing rate of density of partielevith respect to

its neighbaring particles can be computed as:

2= a n’l)uab‘E)aWab (241)
b

whereu,, =u, - U,.

Similarly, all terms in the momentuaguation(2.39) can be transformed into SPH
forms. The following antisymmetric form of pressure gradient of a reference particle
a is the most commonly usedak it ensures the conservation of linear anduéar

momentum Monaghan (1989).

a 1.0 . ap PO
~—pPg =- m@r—b +-2P W, A2
éﬁ r Qa ab. (o s ra2+ e (2 )
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Lo and Shao (2002) simplifietthe viscousstress termy,D?u to the following SPH

formulation:

Q
|2 8Jab (243)

So in SPH notation, the momentufquation(2.39) for a referenceparticlea can be

written as:
Du, . &R P® L. DWW, O
=-am _bz""_zfjc-)avvab"'g"'a m, &2 > Uy (2.44)
bt % Ty = o Rratro)ra 2

To close the system of the governing equations for slightly compressible fluid flow,

the following equation of state is employed to determine the fluid pressure (Monaghan

et al 1999.
e r 2

P=Bg—)’- 1 (2.45)
e’o a

where B=cr,/g; ¢, is thesound speedt the reference density;,= 1000 kg/ni is
the reference density (usually takertlasfluid densityat thewatersurface);g=7.0is

the polytrophic constant; the - 1 term in the above equationis to achieve zero
pressure at the free surfadéshould be noted that usingraluecorresponding to the
actualvalue ofsound speeth waterrequiresvery small time stepin order to achieve
numerical stabilitypased orthe CourantFredrichLevy condition However,it was
suggestedy Monaghan (1994) théthe minimum speed of sound shouldadseund10
times largerthan the maximum flow velogit This keepsthe change irdensity to

within less than D %, and therefore no major deviations are introduced.
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In an SPH computation, with regard Eguation (2.40), the fluid particles are
actually moved using the XSPH variant as proposebitayaghamand Kos(1999), as
follows:

Dr, —u, +ed mouba
Dt * o Cr

W,, (2.46)

ab
where e=constant(0 ¢ e¢ 1) and a value of 0.5 is often usehd 7, = (ra + rb)/2.

The idea behind XSPH variant is that a fluid partecl@oves withspeedhat is close

to the averagspeedof its neighbaring particlesb depending on the coefficient

The main advantage of using this metlimdoastal hydrodynamids to prevent fluid
particles from penetrating each other, and thus keep the simulations to be stable.
However, this technique may not be useful for fully turbulent free surface flows over
rough boundary where thow is significantly influenced by theoughness on the

bed.

2.5.5 SPHysicscode

SPHysics codehttp://www.sphysics.orfgis a free opersource SPH code that was

released in 2007 and developed jointly by researchers at the Johns Hopkins University
(U.S.A)), the University of Vigo (Spain), the University of Manchester (U.K.) and the
University of Roma La Sapienza (Italyfjhe codeis based on Large Eddy Simulation
(LES) and itused the concepif weakly compressible SPH approach to solve the
NavierStokes equations with different add features such as boundary treatment,
turbulence closureand viscosity formulation.It is programmed in FORTRAN
language, and developed specifically for the -Bedace hydrodynamicsGmez
Gesteiraet al, 2012). SPHysicscodehas been used simulate different phenomena
including dam breaks, breaking waves, floating and sliding objectsaave impact

on a structures.In this code, a variety of features are availablehioosevarious
compiling options (se€able2.8), and a user manual is also provided.

70


http://www.sphysics.org/

Table 2.8 Compiling options available in SPH/sics

- 2D

- 3D

- Gaussian

- Quadratic

- Cubic Spline

- Wendland

- Predictor-Corrector algorithm
- Verlet algorithm

- Symplectic algorithm

- Beeman algorithm

- Shepard filter
- Moving Least Squares filter (MLS)

- Artificial Viscosity

Viscosity treatment - Laminar Viscosity

- Sub-Particle Scale (SPS) Turbulence Model
- Dynamic boundaries

Boundary conditions - Repulsive forces

- Periodic open boundaries

Dimensions

Kernel functions

Time-stepping schemes

Density filter

- Windows: Compaq Visual Fortran
Operating system & compilers - Linux: GPL gfortran and Intel fortran compiler
- Mac: GPL gfortran

This code has mainly been developedntativateother researchers tork with SPH
model moreeasily andto provide contributionso SPHysicscode The source code
and the installatioaredemonstrateth details inthe Appendix file provided with this

thesis

2.5.6 Time-steppingschemes

In SPHysics, four different time integration schemes are implemented, the Predictor
Corrector (Monaghan, 1989), the Verlatgorithm (Verlet, 1967),the Symplectic
algorithm(Leimkhuler, 1997) and &man algorithm (Beeman, 197@)he Predictor
corrector solutiorhas beemmostly used due tats being explicitin time integration

and straightforward to implement.

Besides, it isalso second order integration solution, by whiparticle velocities,

densities, positions, and pressure are computémllas's.
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Du

= a 2.47

— (2.47)
Dr

- a 2.48

T o (2.48)
Dr

= a 249

. (249

here F,; D,; and U_are the right hand side terms of the conservation of momentum,

mass, and particle movemeRtjuations, respectivelyThe solution procedure of

predictorcorrector algorithm is to predict particle velocities, positions, and densities

at the first halfime stept +0.5usingF, , D, , and U, at initial time t asfollows.

UtS = 4t +0.5DtF
roS =r! + 0.5DtU", (prediction step) (2.50)

t+05 _ .t t
ry > =r,+0.5DD,

The pressure now can be determined using equation 2.45. The predicted variables are

then correctedtthe second half time stdpr 0.5asfollows.

u';+0.5 - uta + O.SHF;-'-O.S
ritos =r! +0.5DtUY°° (correcton step) (2.51)

t+05 _ .t t+0.5
r. > =r,+05DD,

Finally, the particle velocities, positions, densities, and pressure at the end of time step

t +1are calculated dsllowing.
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Uttt = 2uta+o.5 . uta

a

pil = prtios iyt (2.52)

a a

,,;+l =2/,;+O.5_ ,.;
To achieve numerical particles stabilityyariable time steDtis controlled by the
Courant Friedrichi Levy (CFL), the forcing term, and viscosity conditions

(Monaghan, 1989).According to Monaghan and Kos (1999), the variable time step

Dtis determined as follows:

Dt = Cop - min(Dx,, Dt,,)

Dt =min, /h/|f,|
(2.53)

Dt,, =min, h

||U r
ab” ab
CO+|||axa >

rab

whereC_;, is a constant bein@.1<C. <0.5); Dt, is based on the force per unit

mass|f,|; and Dt,, is based on the combination of CFL and viscosity conditions.

2.5.7 Densityreinitialization

In applications ofSmoothed Particle Hydrodynamiésr slightly compressible flow
(where the flow pressure is computed by Equatiord 2iding an artificial sound
speed), the fluid particlescan exhibit large oscillations in the pressure field.
Researchers have overcome this problem by preforming adil@r the density of
fluid particles normally every 26- 30 time steps to smooth out the density and
pressure noise. Two different density filter methods are available for users in
SHPysics code. One is called the Shepard fii&repard,1968)and the othr is
Moving Least Squares (MLS)eveloped by (Dilts, 1999)
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2.5.8 Kernel functions

The advantage posed by the SPH method is that kernels can be calculated through a
table or subroutine. A kernel function defines the width of the influence domain and
must satisfy the requirement that it behaves as a delta function as the smoothing length
h tends to zero. Thus the dimensional influence of the neigimgp particles is
determined.Within SPHysics, the user is able to choose from one of the kernel
functions listed inrable 28. Although there are many kernels, thic splinekernel

function is advantageouslhis is because of its large compact support where only
closer particles have largentributiors to the refeence particle (Monaghan, 1993)

takes on the form:

& 3 2.3 3 f 0¢q¢L0
- Zg?+= qél
I 2q 4q
11
W(raph) =515 (2- O)° if  10<q¢20 2.54)
|
T .
ILOO if q>20

where a, =10/ 7ph*in 2D simulations anda, =1/gh®in 3D simulations;q=r,,/h.

Figure 2.8 presentstte shape of the cubic spline kel function and its derivative.

1 T T T
051 b
—_
~
05 b
—— Cubic spline kernel
—— Derivative of thekernel
71 I I I 1 1 1
-2 1.5 -1 -0.5 0 0.5 1 15 2

Figure 2.42 Cubic spline kernel and its derivative.
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2.5.9 Solid boundary conditions

In SPH, the wall boundaries are treated mainly to ensure that fluid particles cannot
penetrate the walls, alsbe no-slip fluid condition should be satisfiedifferent wall
treatments have been implementedsiPH applicatiors, for exampleGhost particles
(Randles and Petscheck, 1991), Repulsive particles (Monaghan, 1992) and Dynamic
particles (Dalrymple and Knio, 2001). In SPHysics, two different choices of solid
boundary are available for users, the Repulsive particles and the dynarulegqart

The dynamic wall particles treatmem$ advantageousmainly because of its
computational simplicity, since the wall particles are computed inside the same loop

as the fluid particles, thus the computational time is reduced.

The repulsion mecmsm of thedynamic particles is that when a fluid particle
approacksa wall (when distance between wall particles and fluid particles becomes
less than B), the wall particles density increases accordindeqoation (2.41) and
followed by an increase @ressure according to the equation of stgtgation 2.8),
thus the pressure term in the momentum equation exerts force on the fluid pressure.
No-slip condition is implemented by assigning zero velocity to the wall particles.
These particles ardgred in two layers in staggered pattern with spacing equal to the

initial fluid particle size(seeFigure 2.41).

Figure 2.43 Sketch of the interaction between fluid particle (blue circles), a setof fixed wall
particles (black circles) anddx, dyare the initial particle spacing in streamwise and vertical

directions.
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2.5.10Inflow & outflow boundariestreatment

The treatment of inflow and outflow boundaries in SPH is the key fosubeessful
simulation of open channel flow problems. In recent years, different inflow and
outflow boundaries have been implementdebr example, ke et al (2008)used a
periodic open boundary by which the fluid particles that leave the computational
domain throughhe outflow boundary are instantly-ieserted at the inflow boundary,
and the fluid particles close to one open lateral boundary inten#ict the fluid
particlesclose tothe complementary open lateral boundary on the other side of the
computational domain.They implemented this boundary treatment to simulate 2D
laminar flows (Re = 20 and 1p@rounda bluff bodylocated between two flat plates.
Their results were only aznpared with other numerical results obtained by FV
method. This boundary treatment is demonstratedFigure 2.4 where a fluid
particlei (the red particle)ies near the right open boundary and its influence domain
(or kernel support) is continued tlugh the left open boundary so that fluid particles
interact near left open boundary within the extended influence doritais. periodic
boundary treatment is simple and straightforward to implement and it has a good
performance in boundaries of symmetriageometry. However,this boundary
treatmentis not suitable for applications in which the fluid volume leaving the
computational domain does not have the same fluid volume thad tocleel generated

to ener the computational domain at the same t({@bakibaeiniget al. 2011). Later,
Shakibaeinia and Jin (201@erformeda different inflow and outflow boundaries
technique. In their technique, the fluid particles leaving and entering the
computational domain are added to and subtracted from an adttifpe of particles

called 6storage particleso.
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Figure 2.44 Periodic lateral boundaries:

These storage particles have no physical properties butptiogide the model the
capacity to subtra@nd addparticles to the computational domain without limitation.
When the fluid particles leave the solution domain, their physical properties are
removed, and new physical properties are added to the fluid particles entering the
computational domain depding on the type of inflow boundary conditions
(seeFigure 2.4). Shakibaeinia and Jin (20[Lbnplementedhis technique twvalidate

their results using an experimental measurement of a hydraulic jump conducted by
(Gomez,2007) and bothresults were in good agreement in terms of the jump toe

position.
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Figure 2.45 A sketch of inflow/outflow treatment proposed by Shakibaeinia and Jin (2010)

Feckrico et al (2012) used another infloand out flow boundaries treatmerin their
model, two additional sets of boundary particles called inflow and outflow particles

are defined in order to simulate different open channel flolwe width of theregion
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covered by these particles is at leagtial tothe kernel radius. The main advantage of
their model is that different inflow and outflow conditions can be assigféglre

2.47 preserg the initial sketch oftheir computational domain and boundaries
treament. A the inflow region, the desired presswed velocityconditions are
imposed to the inflow particles angater depthstime seriesare determinedby
increasing odecreamg the number of particles in the vertical directiohhey used

this techngue to simulate three different hydraulic test cases: laminar open channel
flow, hydraulic jump andlashflood impacting on a bridge.The latter case was
chosen to test the capability of their proposed model to simulate more complex flow.
In laminar opa channel flow and flasflood impacting on bridge test cases, the fluid
properties that cross the outflow region, they become outflow particles and their
physical properties are frozen (stay constant in tin@pnversely, in the hydraulic
jump test caseas specific outflow condition was imposed to force subcritical outflow.
For the laminar open channel flow case, thmgan streamwise velocity wasly
compared withan analytical solution In the case of hydraulic jump, the averaged
flow velocity profiles in the downstream were compared against the experimental
finding of Hornunget al (1995) Thar comprison of mean streamwise velocity

profiles in laminar open channel flow is presented in the following section.
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Figure 2.46 Initial sketch of computational domain and boundaries treatmentd-edrico et al

(2012).
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2.5.11 SPH model applications to open channel flow

Federicoet al (2012) performed 2Qveakly compressiblI&SPH modelling WCSPH)
of viscous free surface flow ithe laminar regimeusing range of Reynoldsumber
Refrom 10~ 200 presented of the ordeé®(10°). The sound speed was setthe
minimum value(c, =1, ) as recommended byonaghan (1994 and the particle

size was shown asix=h/125, where h= the averageflow depth Figure 2.8
illustrates the elementary fluid domaiAt each time stephe analytical velocity and

pressure profilesiere imposed on inflow particles

free surface

Z-axjs
0 it (TR

! channel bottom
2h

Figure 2.47 Sketch of the elementary fluid domain ($=0.001), h =total water depth and
channel length = 2h, Federicet al (2012)

Figure 2.9 and 250 show the main velocity distribution fdRe = 10.0 and Re =
100.0, respectively It is apparenthat the flow developdin almost parallel layers
with areasonablerdered particle distributionThe main velocity vertical profileat

x=h for different Re were comparedagainst the analytical solution defined as
u(z) = gS,(2hz- z°)/2u, and are shown in Figure 25A good agreemeritas been
achievedbetween the analytical and numerigabfiles, and lhe mean square error
stays below 3.86. They concluded that SPH technique has the capability to simulate

laminar open channel flows.
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Figure 2.48 Main velocity field at (a) t(g/h)¥?=50 and (b) t(g/h}?=100 [Re=10] Federico
et al (2012).

a Re = 100 t (2/h)"*=100 wegh® b
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Figure 2.49 Main velocity field at (a) t(g/h)“? = 100 ,Re= 100 and (b) t(g/h}?=100 , Re= 200]
Federicoet al (2012).
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Figure 2.50 Comparisons between SPHnd analytical results att(g/h)®°, Federicoet al (2012).

More recently Meisteret al. (2014) performedthe same numerical technique for the
steady laminar open channel flows with different water viscoshigé viscous flow
(u, >102m?/s) and low viscous flow g, =10°m?/s). For high viscouslow, the fluid
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block of heightL =L /2=029m driven by a bed slofs, = 0.001were used. While

for low viscous flow, L, =L,/2=0.03m, a bed slops, =10°, and a resolution of 59
particlesalong the channel height were used.he analytical solutionof the main
velocity and the corresponding pressure distribution were initially impoSbdir
results demonstrated that for the high viscous flow, the streamwise velocity agreed
well with the analytical solution.However, when the v®sity was reduced to the
actual value of watetthe predicted velocities gradually deviatedm the analytical
solution as time increasethey also foundhat close to bottom boundary, there were
somefluid particlesmoving with different velocities oppsite to the flow direction
(seeFigure 252).
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Figure 2.51 (a) Main velocity v, distribution, (b) deviation of the main velocity profile, (Re =
798), Meisteret al. (2014).
Moreover, Tan et al (2015) performedncompressibleSPH technique(ISPH) to
simulate open channel turbulent flows owesmooth bedThe numerical channel
length of 1.2 m and water degttange from 0.1 m- 0.4 m wereselected To achieve
balance between computatioratcuracy and efficiencyhe initial computational
particle size was selected as 0.005. mhis giving a resolutiornof 20 ~ 80 particles
locatedalong thewaterdepthto minimize the channel bed boundary eff@dte flow

viscosity was taken ag/, =10 °m%s and Reynold Number approximately reaching

150,000 so the floswerefully turbulent. The particle velocity contour of flow depth
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0.4 m is shown in Figure 23f). It demonstrates a disorderadd randonparticles
motion, with large particle mixing near the interface of different velocity layers. To
examine the ISPH turbulent flow model more detail the vertical profilesof the

computed seamwise velocityor flow depthd = 0.1, 0.2 and 0.4 m were compared
with the analyticalprofiles of Cheng (2007), defined a$/U__ =(y/d)"™. The

comparisons in Figure 23f) indicate that the velocity trend in the upper region is
quite promising, however, the error becomes larger near the channel bed as the flow
depth becomeshallower (Tan et al, 2015). They attributed this tdhe artificial
boundary drag forceshich were numerically generated from imposirige nonslip
velocity condition on the solid boundary. Similar issues were reported by Koshizuka
et al (1998) who use théloving Particle Semimplicit (MPS) method to study
aplunging wave over a slope. They concluded that the movement of the fluid particles
near the solid bed was strongly influenced by the solid boundary and this could be

described bynartificial drag force.
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Figure 2.52 (a) Computed patrticle velocity contour for d = 0.4 m, (b) computed vertical velocity
profiles for flow depth 0.1, 0.2 and 0.4 mTan et al (2015).
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2.5.12 Rough bed surfacetreatment

There isquite a limited literature on the use of SPH fadescribingthe wall roughness

in free surface flowsThis is a key issue sincehgdraulically rough surface exists for
most practical engineering hydraulics applicatiortdotoh and Sakai (1999) treated
the bed roughness by incorporating a drag force term into the momentum equation for
a plunging wae interaction with porous bed. Khayyer and Gotoh (2010)
implemented similar treatment for dam break flow over a frictional b@dnerally

their results of particlesnapshots provided a goadatchwith the measuredlata
Cleary & Prakash (2004imulatedthe historical St Francis dam collapsging real
topography which wadefinedby boundary particles with an interpolation length in
the range of 10 m for coarse resolution simulatiofise predictions were found to be
reasonablyconsistent with the observed flood time scaléoubtsova & Kahawita
(2006) modelled the weknown Vaont disaster in Italy 183, where the topography

of the valley was treated by pargslandmposingslip boundary conditionAlthough

the slip boundary and water levels waret known with a high precision, the
simulated result&airly agreed with thesequence of eventsMore recently,Dzeboet

al. (2014) performedhe SPH modellingpf dam break flow through a narrow rough
valley. The aim of their study was to show the differences between using a
hydraulially smooth terrain (where only the roughness coefficient was considered to
account for the drag) and a hydraallg rough terrain (wherdoth the roughness
coefficient and form drag were considertedaccountfor the drag due to roughness
elements For a hydraulially smooth surfacetwo coefficients ofeddy viscosity
were specified One for particleparticle @vis) and another for particleall (bvis)
interactions. The following equation is used to compute the turbulent viscosity

between particles
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a

v, =avisd? (2.56)

The following equation is used to compthe turbulent viscosity between the wall

and particles:

v, = bvisd2||u—| (2.56)

b
whered = particle size;u= particle velocity;|, = spacebetween particles; anlj is

the spacebetween thearticle and the boundaryFor a hydraulic rough surface, the
terrain roughness wakefinedby elevating th@rid-nodesresulting in pyramieshaped
elementsThe computed resultserecomparedothwith measurements on a physical
model and results obtained from ZHY model. The comparisaof the water surface
level show that the SPH results obtained by either way of defining the roughness
terrain ageed better than the FV model.

2.5.13 Water surface computation

In meshfree methods, the free surface can be easily and accurately tracked without
numerical diffusion.Since no particles exist in the outemeof thewatersurface, the
densityof a fluid particledrops abruptly on the surface. Differaethniqueshave

been developed in the SPH literature. AccordinthedncompressibleSPH approach
(ISPH), the free surface patrticle is recognized by using the density ratparticle is
identified as free surface particle if its depsg less than a certain valu&oshizuka

et al (1998) proposed the following condition for free surface particles recoguoition

theSPH technique

r.¢hyg (2.57)
where r,= free surface particle densityy,= initial particle density; and
b = a constant parameter taken between-@0®9. However, this technique may not

be suitable for weakly compressible SPHbryach since a small rs® in the pressure
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field may exist near the surfaceMoreover, other researchers haveaumerically
computed thewvater surfaceslevationsusing Tis Isat model R e t k oev a, 2040;
Dzeboet al 2012, 2013b; Dzebet al, 2014). The Tis Isat model calculates water

depthh,,at any chosen pointsing the followingwo equations

hyep =d° aW(robs ) for 2D-simulation (2.58)

Pyep —d3aW(r0bS o) for 3D-simulation (259

where r s the location of the observed poimthere the watepositionis to be

determined Wthe kernel function. Figure 254 shows thecomputationof water
position with the 2D Tis Isat model. Fluid particles within a 2h distance from the
observed point(red particles in Figure 24a) affect the waterelevation at the
observed pint. The influence of the kernel functidifrigure 254b) for eachfluid
particlelocatedwithin 2h distance from the observed point is obtained using the cubic

splinekernel shown irequation(2.54).
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Figure 2.53 Computation of water elevationwith 2D Tis Isat model (a) top view of the free
surfacewith the observed point;(b) side view of the free surface with the observed point (c)
Kernel influence (Equation 2.55), from Dzeboet al,2013h
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Lee et al (2008) and Farhadet al (2016) used another technique called particle
divergence to computehe water surface level.This divergence in the SPH

formulation is defined as:

pr=3 b DWW, (2.60)

b b
In a 2D model, the divergender is equal to 2.0 when the kernel is fully supported
(far enough away from the free surface boundalNgar the water surface the kernel
is truncated due to the insufficient number of neighboringighes, and thus the
divergenceb.r becomes smaller than 2.0Chis feature igmplementedo recognize
thefree surfaceparticles Leeet al (2008) and Farhadit al (2016) suggested that a
threshold criterion ranged from 1.2 ~ 1.5 can be used to determine which particle
belongs to the ater surface Most of the free surface particles awcuratelydetected
and some of them could not be detecfBuls is because the free surface partithes
could not be detectdthve a pressure very close to zéee defecis acceptable, and
it coud be further minimized by kernel correction techniquese(et al, 2008;

Farhadiet al, 2016)

2.6  Literature review conclusions

This chapter hasutlined the pertinent data related to turbulent flow structures in
flows with a free surface. Starting with definitions and explanations of the concepts of
quasi2D turbulenceflow structures, the review endeavoured to also provide an
adequate analysis of the correct state of knowledgehen3D turbulence flow
structure generation, evolution and the influentdehe bed roughness turbulent

open channel flow common in exs.
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Several experimental studiésmve beerconductedn open channels and showed that
turbulence flow structures are initiated at the bed and grow upwards with the flow
depth.In near bed regim) shear stresses were foundblarger over rougar bed
surface. Smoothing the bed surface redubesindaryshear stresses and hence alters
the turbulence structures flowSpanwise variation in near bed turbulence flow
structures leads to secondary flows that move from low streamwise velocity or (low
bed shear stressjegion to high streamwise velocity or (high shear stress).
Additionally, secondary flowpatternsvere found to be significantly influenced by the
roughness distributionspughnesshape, and flow submergence rat®maller flow
structureggeneratedear the bed areansferredoy the mean flow velocity until they
combine to form large flow structures and occupy the entaerdepth. These flow
structuresconsiderablywrinkle the water surface bycreatingsurface features such as
splats and boils by upwellings and eddies by downwellingélthough, some
fundamental understanding of the turbulence flow structures effect on free surface
flow was provided, knowledge gaps exist in the study of the linkage between the water
surface andhe turbulence flowstructuresbeneath the surfacd.is essential that the
outlined knowledge gaps be filled by future research on the turbulent flow structures

for flow with a free surface.

Finally, the chapter has also reviewed the existing literature on the use ofeaicalm
model based orthe Smoothed Particle Hydrodynam{&PH for simulating open
channel flows.SPH finds numerous applications related to fluid mechanics. It is
capable of handling complex problems related to beach surface disruption by ocean
waves and motion of elastic and rigid bodiesSThe SPH method is of invaluable
application in studying the effects of waves on coastiaictures the study of dam

spillways and simulations ofow Reynolds Numberfree surface water flows.
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Although in the last decadeke SPH modelling has been widely used to simulate
different freesurface flows, few researchers have usedSthE for the simulation of
turbulentopen channeflows. This is because of the difficulty to treat the inflow and
outflow boundaries in SPH.HhHEy only used analytical solutions to validateeir

computations under specified laminar flow conditions

As for open channedlurbulentflows over rough beds, almost no work has ever been
reported in the literaturef using SPH models to simulate bed roughness in turbulent
flows. Additionally, the SPH model has only been used to examine the dynamic
behaviour of the water surface in coastal hydrodynamic problems. Therefore, it is
worth toinvestigate the capabilityfdhis modelfor simulating free surfactirbulent

flow over rough beds. In this case, the improvements®D and 3D SPH models

will be made on turbulence modelling to address the shear stress, and new tseatment
of rough beds will be developad accaint for the drag forces due to roughness
elements Also the improved models will then be used to examine the dynamic
behaviours of the water surfacend its interactions with the flow structures

underneath.

This work will pave the wayor researcherto implement the SPH technique in open
channel flows with more complex geometrissugh boundariesand to extract more
details on the flow structures and water surf@edaviouy since these details are

currentlydifficult to be obtained by the grAdased methods.
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CHAPTER 3 Experimental Study

3.1 Aims of the experiments

The aim of these experiments is to measure the flow velocity compoirents
streamwisgvertical and lateral directions over a fixed uniform rough bed for a range
of flow conditions. It was also the intention to measure the temporal change in water
surface elevations at different locations in the streamwise and lateral directions.
These measurements will then be used to support the development of the SPH
approach for use in open channel shallow, turbulent free surface flows. This will
allow examination of the underlying flow patterns and the water surface spatial

pattern.

3.2  Hydraulic flume setup

3.2.1 The hydraulic flume

Measurements were carried out inGh59 m wideand 12.6 m longectangular open
channel flume incluithg therecirculation water system as shown igufe 3.1 At the

upstream end thbydraulic flume is supported onfixed pivot joint and on a pivot
joint attached to aadjustable jaclat thedownstrearmend. The sidewalls of the fume

werecomposéd of glass to enable flow observation.

Inlet ! 9.5m i Outlet

12.6 m

Figure 3.1 Side view of the hydraulic flume: (a) pump, (b) flowmeter, (c) fixed pivot joint, (d)
adjustable valve, (e) measuementsection, (f) adjustable plate, (g) adjustable jack.
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3.2.2 Bedroughnesganaterial

To form a welldefinedrough bed surface, the channel bottom was covered by two
layers ofsmoothplastic spheres with diameter & = 250 mm and density of 1400

kg/m®, which were arranged in a hexagonal pattrshown in Figure 3.2.

(b)

water surface

smooth glass wall
smooth glass wall

i 459 mm

Figure 3.2 (a) Photograph of the flume taken from the inlet; (b) cross sectional view of the
flume included the spheres.

3.3  Experimental flow conditions

In this study,a totalnumberof eight hydraulic flow conditions were selectesing a
wide range of water depths and bed sloffed would provide a range of Froude

Number as shown in Table 3.1.Also these flow conditions were selected to

90



investigate the influence of rough bed elements on velocity and shear stress profiles as
well as on water surface patterns of thebtlent flows. The experimentaRe

Numbers ranged approximatel$QD0 ~ 8000so all the flows were fully turbulent

Table 3.1 Summary of the experimental flow conditions.

Flow Uniform Mean Shear  Flow Bed Reynolds Froude Hydraulic
condition flow velocity velocity  rate slope  Number Number roughness
depth U u Q S Re F K,

) h,(mm)  (mis)  (mis)  (ms) ) Q] ) (mm)
1 40 0.28 0.039 0.008 0.004 11200 0.447 35.0
2 50 0.35 0.044 0.011 0.004 17000 0.499 35.0
3 60 0.26 0.034 0.010 0.002 13200 0.339 30.0
4 70 0.33 0.037 0.013 0.002 23100 0.398 28.0
5 70 0.36 0.045 0.016 0.003 30800 0.434 30.0
6 80 0.42 0.048 0.021 0.003 33600 0.474 28.0
7 90 0.47 0.051 0.024 0.003 42300 0.500 26.0
8 100 0.43 0.044 0.023 0.002 43000 0.434 22.0

Shear velocity describes the gradient of wk#city profile near the boundaof the

flow (< 20% of the total flow depth) and was calculateduas ,/gh,S, , whereC =
9.81 m/4. Reynolds NumbeRe was calculated fromUhN/u0 and Froude Number

F :L_J/,/ghN. The hydraulic roughnesg, was determinedby fitting the average

streamwise velocity measured in thettelineof the flume to thé_og Law for rough

bed turbulent flows given bquation 2.3.

3.4  Flow velocity measurement& analysis

Firstly, the preparations for the velocity measurenvesrte carried out as follows:

1 The water was seeded wighpolymer powder type (Plascoat Talisman 30)

which is normally used for coating metals. This material acts as seeding
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particles with a diameter of around 150 um, and also was neutrally buoyant
and so followed the flow path represatively. The specific gravity of these
particlesis 0.99 which is sufficient to maintaiparticlessuspended in the
water for several hour®/laskamp, 2011) This material provides adequate
return signal strength for an Acoustic Doppler VelocimgA@V).

1 For each flow conditionhebedslope of the flumeavas controlledby using
an adjustable jack located in tbetletend.

1 Theuniform flow depth h, was measured witthreepoint gauges located

before, beyond and within the measurement seetidoations4.5 m, 11.0
m and9.5 m measured from the inlet, respectively
1 The zero datumwas taken as the medremisphere elevatiofd.0 mm

below the top of the spheredjpm which the uniform flow depth h, is

measured.

1 In the measurement sectiorm 3D sidelooking Acoustic Doppler
Velocimetry (ADV) probe was mounted on a scaled mechanical frame. This
allows theinstrumentto measure the flow velocity components in the
vertical and lateral direction.he size of the sampling volume is 6 mm
(diameter)and 6 mm (height), and is located 5 cm away from the tip of the

ADV transmitter

Secondly, the experiments were started by switching on the pump and carefully
adjusting the flow rate by an adjustable valve located in the flume inlet Piye.
uniform flow was therestablishedising the adjustable plate located in dtutlet The
maximum deviation between the flow depths measured by the three point gauges
stayed below 1.846 of the flow depths used.This indicates that the water surface

slope was almost equal to the bed slope for all flow conditidhs. flow rate was
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determined using a calibrated orifice plate located in the inlet pioe each flow
condition, he flow was running for at leashehour before measurememntgre taken
Thisis toallow equilibrum conditions to be establishe@he measurement sectien
located9.5 m away from the inlet, whiclis believedto be more than sufficient to

allow stable flow condition to establisfhis length wasestimatedbased on the

relation L ° h, (76- 0.0001Re/F.) proposed byKirkgéz and Ardiclioglu (1997) for

turbulentfree surfacdlows overasmooth bed.

Thirdly, theADV velocity measurements were taken in the following three steps:

Step|: for the eightflow conditionslisted in Table 3.lvelocity measurements were

takenin the vertical directioratthe flumecentrelinewithin the measurement section.

Step Il : based on the fact that nelaed secondary flow always moves from region
with lower bed shear stress to thegionswith higher bed shear stregbe lateral
distribution ofbed shear stress alonge half of the flume cross sectismsmeasured
from the side wallZ= 0.0 mm) towards the centrelirad the flume £=230 mm)using

lateral spacing ofDz=10.0 mm. The bed shear stress was approximated from the
Reynold stress ¢ =- ru'v' at vertical locationy = 12.0 mm from the zero datum.

These measurements were only taken for conditions 2 and 8 as they represent the
shallower and deeper flow conditions, and thus different secondary flow patterns are
expected to occurThe normalized lateral distribution of bed shear stress for

conditions 2and 8 are presented in Figure 3.3. Theyealan undulation with an

amplitude of 20% ~ 50% of the mean bed shear streds € ru*z). The lateral

distributions of thebed shear stressiggest a number of 10 and 6 cells exist across
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the flow cross section for condition 2 (shallower) and condition 8 (deeper),
respectively. These numbers agrees well with bothq&ation (2.8) and (2.3)
provided by Tamburrino and Gulliver (1999)The size of these cells varies
approximately between (h§ ~ 1.2h, and become smaller as moving towards the

flume centreline.

upflow dowrflow upflow dowrflow upflow dowrflow
2I ; T I T 1 T I\ \ll
(a) |
15 1 _
2 @6 o i
~ 1F s} e} 0.0 [} O CP 7
N o 0 n5 45 o o o 00 !
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05F = ! i
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0 O | 1 | 1 | 1 1 | | i
0 0.5 1 1.5 2 25 3 35 4 4.5: 5
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Figure 3.3 Lateral distribution of bed shear stress measured from the side wall towards the

centreline of the flume for (a) flow condition 2(shallower); (b) flow condition 8 (deeper).

Steplll : velocity measurements were takenthe vertical directiomtthe uglow and

dowrflow regionsas showed in Figure 3.3or flow condition 2, vertical resolution
of Dy =3mm was used fol/h, ¢ 0.42 and Dy =5mm was used fof.42<y/h, ¢1

giving a number of 10 vertical location$Vhile for flow condition 8,\ertical spacing
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of Dy=2mm was used foy/h, ¢ 0.2, Dy=5mm for 0.2<y/h, ¢ 0.5, and Dy =10

mm for 0.5<y/h, ¢1, giving a number of 17 vertical locations.

For each single locatiothe velocity was measured using a sampling rate of 100 Hz
and a samplinglurationof 300 s.This samplingdurationwas chosen as was long
enough to provide timeonverged velocity measurement3.hroughout all
measurementghe signal to noise ratio SN&nd the signal correlation value were

maintained around 20.0 dihd 80 %respectively

Figure 3.4 and 3.presenthe vertical profiles of timaveraged streamwise velocity
and normalized Reynol8tress for conditions 2 and 8, respectively. Generélbyy
condition 2 experiences lovateral variation in the streamwiseelocity which
suggest that the secondary flows are wenlkiean that in flow condition.8 The bed

shear stress gradually increases from minimum at the side wall to a peak value of
1.4¢, at z/h,=1.0and 1.5¢, at z/h, =0.4 for condition 2 and 8, respectively. This
suggests thahe strongessecondaryflow cell occus near the side wakuch that it

transports high flowmomentumfrom the free surface towards thehannelbed

resulting inthe increase in bed shear strebs condition 8 which has aspect ratio of
Ar= 4.6, the velocity dip can be clearly observedzah, =0.4. Although the flow
condition 2 has aspect ratio #f= 9.2 that is much larger than the critical value

(Ar= 5), the velocity dip phenomena cafso be observed atz/h,=1.0. The

maximum velocity occurs @roundy/h, = 0.7for both flow conditions

To check the accuracy in achieving uniform steady flow conditions, velocity
measurement taken iStep | were used to calculate the streamwise and vertical

turbulent intensity profiles. The obtained results were then compared with the semi
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empirical curve€Equation (2.12) and Equation (2.13) as shown in Figure 3.6. It is
apparent that all measured profiles almost follow the analytical curves, such that they

decrease from the bed towards the water surface with almost same gradient.

(a) (b)
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Figure 3.4 Vertical profiles of (a) time-averaged streamwise velocity; (b) Normalized Reynolds

Stress for flow condition (2); black-dashed lines are the top of the sphere.
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Figure 3.5 Vertical profiles of (a) time-averaged streamwise velocity; (b) Normalized Reynolds

Stress for flow condition (8), black-dashed lines are the top of the sphere.
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However, for condition 4, the reamwise and verticaiurbulent intensity profiles
become more concave with smaller values than the analytical cilitvesceviation
indicates that a precise uniform flow wasobably not achieved forthis flow

conditiondue to flowdeceleration along the channel (Kironoto &daf 1995; Yang &
Chow, 2008).
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Figure 3.6 (a) Normalized streamwiseturbulent intensity profiles; (b) Normalized vertical

turbulent intensity profiles for conditions 1~ 8; black-dashed lines are the top of the sphere.

Figure3.7 presents th&®eynoldsStress profiles for all measured conditions compared

with the analyti@al solution. It can besaid that all measured profilesan be

approximated byEquation (2.15) that they diminish gradually towards the water
surface indicating uniform flow condition$hey slightly differ fromEquation (2.5)
which might be due to the @endary currents in the examined flothat hasnot been

accounted for in the analytical solutioklowever, it can be seen once again the shear
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stress profile for condition Becomes more concave in regigph, < 0.4due to flow

being decelerated (Kironotnd Graf, 1995).Given that uniformflow condition was

not precisely achieved for conditionitwas no longer useid the rest othisthesis

1 T T .
O condition (1)
0 condition (2)
<> condition (3)
i /A condition (4)
0.8 b4 condition (5)
condition (6)
¥ condition (7)
=+ condition (8)
——Equation (2.15)
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=
04r
02t i&&;ﬂ
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0 0.5 1 1.5 2
- u'v/u

Figure 3.7 Normalized ReynoldsStress profiles for conditions 1~ 8 compared with analytical

solution.

3.5 Water surface measurement

The temporal changes in the water surface were measuredhsaogductancevave
probetechnique For this experiment, &anned copper wire of 02mm in diameter
was adoptedThe wave probes consisted of two thin wires, which were laterally

separated by a distance &Q mm.
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3.5.1 Wave probesinstallation

An array of eight conductance wave probes were installed alorftuthe centreline
starting from 9.0 m from the inl¢the black circles ifrigure 38) in order to measure

the instantaneoulee surface elevations at different streamwise locatiémsl two
lateralarrays of eight conductance wave probes d€duh grey circles irFigure 38)

were installedin one half of the flume cross section to measure the instantaneous
water surface elevations in the lateral directibme two lateral arrays aregarated by

a streamwise distance of 300.3 mm to ensure uniformity of free surface measurement
and also to allow the ADV probe to take velocity measurement between the two
arrays The positions of the streamwise probes were selected in order to whitaie
numbes of spatial separatioWhereashe positions othe lateralconductance wave
probes are corresponding lederal region®f low and high bed shear stres¢where

the velocity measurements were taken in the vertical directig)the bottom 6the
flume, the upper layer spheres were drilled with.@ im diameter holes, arghch
probe was carefully attach@uato theseholes. Thealrilled sphereshenwere fixed into

the spheres usingfrongglue At the top, eachivaveprobe wasconnectedo a screw
system enabling the wire to be vertically helader tension without causing plastic
deformation(see Figure 8). The overall error in the probe positions between the two

lateral arrays was 2 %.

All the probes then were connected to wavenitor modulegprovided by Churchill
Controls (2003).For each wave monitor moduleutput a 10 Hz lowpass filter was
used to eliminate high frequency noiséeTwave monitor modules provided analogue
voltage signals between +M which weretuned to coveflow depths rangindgrom

30 mm to 130 mm.Each wave momor module allows a maximumumberof eight

waveprobes to beimultaneouslyperated.
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Figure 3.8 Top view of laboratory wave probe equipment and positions schematiegthin the

measurement section (All dimensions in mm).
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Figure 3.9 Photograph of the arrays ofconductancewave probes.

3.5.2 Calibration

All the installedwave probes wersimultaneouslycalibrated andhte processof this
calibrationis as follows. The flume was set to a slope &f= 0.0, andboth inlet and
outlet ends werearefully blockedto ensure that water cannot leak from the flume
The water in the flume tank was then pumped into the flunté a desired water
depth was achievedVhen the watein the flumesettled down (horizontal water
surface)after half an hoyrthe voltage readgs of thewave probes were recorded at
100 Hz for a period of 1808 by the use of a LabView progranihis procedure was
repeated foa number of siXlow depthsranged from 30 mm to 130 mrao that a
linear trend between thavaterdepthand voltagevas achieved for eachiave probe
This linear relationship then was used to convertithe-dependenvoltage recorded
on a wave probe intime-dependentvaterelevationsDuring the calibratiorprocess
the maximum change in wategmperaturaemains kelow 1.0 %. The wave probes
were regularly cleaned and calibragery time before starting theeasurementst

was found that the calibration constants changed to witBiio2hroughout the whole
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measurements Figure 310 presents the voltage to water depth calibration for all
wave probes A linear relationship has been achieved for the all streamwise probes
For thefirst lateralarray, it can be seen thahly 1LP1 and 3LP1 differ from the rest

of the probes, but therelationships become much better in the second lateral array.

Generally the voltage to water depth calibration of the most probes show a good
regression line that can be expressetigs7.14v +70.71 .
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Figure 3.10 Wave probe voltage to water depth calibration of (a) Streamwise probes
(SP1~ SP8);(b) first lateral array (1LP1 ~8LP8); (c) second lateral array (2LP1~ 2LP8).
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