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Abstract 

An experimental study on the impact of shells of the slipper limpet on a turbulent bound
ary layer flow and on the momenturn and mass diffusion mechanisms has been carried out. 

In a first stage Partiele Image Velocimetry (PIV) measurements have been performed in 
order to study the hydrodynamic properties of the turbulent boundary layer flow. 

The flow above and inside an obstacle canopy of arrays of real shell molds is successfully 
described with a simple model derived for arrays of simple geometrical obstacles ( cubes). 

During the secoud stage a combined Partiele Image Velocimetry (PIV) and a Planar Laser 
Induced Fluorescence (PLIF) technique was used for high-resalution simultaneous velocity and 
concentration field measurements. This allows the investigation of the dispersion properties 
of a passive tracer in the obstacle canopy. The momenturn and mass diffusion mechanisms 
are studied through the eddy viscosity and the eddy diffusivity parameter, respectively. The 
concept of exchange velocity is introduced to quantify the exchanges of mass and momenturn 
across the shear layer at the interface between the in-canopy and the above-canopy flow. The 
benthic shear stress is investigated as primary determinant of sediment transport properties. 
An expression for the critical bed shear stress has been derived and has been applied for sand 
sediment particles. 
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Chapter 1 

Introduetion 

The crepidula fornicata or slipper limpet is a gastropod mollusk that can tolerate a wide range 
of environmental conditions. The native range of the slipper limpet is the North American 
Atlantic coastline butsome animals were accidentally introduced to Essex in 1887-90 with the 
importation of oysters from Virginia in North America. The species has now spread through 
large parts of Europe and can be observed from Sweden along the French Atlantic coast to 
the Mediterranean. 

Figure 1.1: A short chain of crepidula fornicata or slipper limpets with small rnales on the 
top and larger females on the bottom. Photo: Steve Trewhella (published on the MarLIN 
Web site) 

The slipper limpet has now acquired a major place in a lot of coastal ecosystems. Popu
lations are particularly well developed in sheltered and shallow areas as bays or estuaries and 
the proliferation phenomenon is still going on. In the Bay of Brest, for example, biologists 
observed a strong increase in the population of slipper limpets during the period 1995-2000, 
as shown schematically in figure 1.2. 

The increasing proliferation of the slipper limpet has some negative socioeconomie con
sequences. Oyster farming and coastal fishing activities, for example, are damaged because 
some areas become unfit for exploitation. Furthermore the species has been reported to 
modify the texture of the colonized grounds by altering the sediment characteristics. 

1 
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Figure 1.2: Distribution of the crepidula fornicata or slipper limpet in the Bay of Brest in 
1995 and 2000 respectively. Source: IFREMER 

In order to characterize the erodibility of natural sediment and to formulate sediment 
transport models the PNEC (Programme National d 'Etudes Cotières) supports since 2004 
a multidisciplinary project assembling several research laboratories in France. Each of the 
partners runs specific experiments and computations concerning different aspects of natural 
sediment entrainment and associated erosion fluxes. 

The role of the IMFT (Institut de Mécanique des Fluides de Toulouse) within this frame
work is to investigate the influence of natural roughness elements, in particular specimens 
of the slipper limpet , on the erodibility of natural sediment. Within the IMFT the group 
OTE (Ondes, Turbulence et Environnement) which is specialized in the physical analysis and 
modelization of environmental flows is charged with the research project. 

This experimental study will thus discuss the impact of shells of the slipper limpet on 
a turbulent boundary layer flow and on the sedimentary processes. Chapter 2 is essentially 
bibliographically and serves to give some theoretical background. The governing equations 
descrihing turbulent boundary layer flows over a smooth and rough surfaces are depicted and 
the canopy flow model given by Macdonald is discussed. Furthermore some consequences of 
the three dimensional character of the turbulent flow are mentioned and the chapter ends 
with a short description of the turbulent transport of a passive contaminant . 

Experiments have been performed in a hydraulic channel of which the bottorn surface was 
covered with molds of the slipper limpet . A full description of the experimental set-up and 
the measurement techniques is given in chapter 3. 

In the first part of this study the accent is laid on the impact on the hydrodynamic 
properties . For this purpose velocity measuremerits have been fulfilled and the results are 
represented in chapter 4. The flow above the shell canopy as well as to the flow within the 
canopy has been modelled. 

In a second part the impact on on the transport of dissolved and suspended matter is 
investigated. The results of simultaneous measurements of the velocity field and the concen
tration field of a passive tracer are shown and discussed in chapter 5. The turbulent diffusion 
mechanisms of momenturn and concentration are closely examined and a concept of exchange 
velocity has been introduced. An attempt is made to parameterize sedimentary processes 
with the bed shear stress. 

The condusion that comes forth from this study is given at the end together with per
spectives for further and improved research in the future . 



Chapter 2 

Turbulent boundary layers 

Most flows encountered in engineering practice and in nature are turbulent. The atmospheric 
boundary layer over the earth's surface is turbulent as well as the major oceanic currents. 
Turbulence is also present in the field of acoustics and in the chemical industry where the 
effective process of turbulent mixing is used. 

In fluid dynamics, turbulence is a flow regime characterized by a rapid rate of ditfusion of 
momenturn and heat, high levels of fluctuating vorticity and the existence of many spatial and 
temporal scales. Turbulent flows seem irregular, chaotic and unpredictable and are highly 
dissipative and nonlinear. 

An exact analytica! study of a turbulent flow is virtually impossible because of the complex 
behaviour of such flows. Therefore in most literature like Kundu & Cohen [2002],Chassaing 
[2000] the mean state in a turbulent flow is modelled and the effect of the turbulent fluctuations 
on the mean flow is examined. 

2.1 Averaged equations of motion 

The variables in a turbulent flow are not deterministic in detail and have to be treated as 
stochastic or random variables. Therefore the motion will be decomposed into a mean state 
plus turbulent fluctuations. According to this Reynolds decomposition the total velocity 
components are given by 

u+u I u = 

V = v+v1 (2.1) 

w+w I w = 

where a bar is used to indicate the mean state and a prime to indicate the turbulent part. 
The mean quantities are to be regarcled as ensemble averages. 

Although an incompressible turbulent flow instantaneously satisfies the N avier-Stokes 
equations given below it is impossible to predict the flow in detail. 

Dui 
--= 
Dt 

OUi 

OXi 

( o8~i + Uj ~~;) 

3 

0 

1 op 2 = --- + v'\1 Ui+ 9i 
pOXi 

(2.2) 

(2.3) 
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Here Ui represents the velocity component, p the density, p the pressure, v the kinematic vis
cosity and 9i the gravitational component. According to the Einstein summation convention 
a summation is implied over the repeated indexes. 

Fortunately the distribution of the mean velocity is generally of greater interest than 
the distribution of the instantaneous velocity. The equations descrihing the mean flow are 
found by substituting the Reynolds decomposition (2.1) into the instantaneous N avier-Stokes 
equations (2.2),(2.3) and taking the average ofthe equations. According to this transformation 
the averaged equations of motion yield 

oui 
0 (2.4) = OXi 

Dui (ou ou) 1 op o [ ( oui oui ) 
- u~uj] + 9i -- = _t +u·-t = ---+-V -+- (2.5) 

Dt at J axj p OXi OXj OXj OXi 

Notice the appearance of an additional stress -puiUj acting on the mean flow. These extra 
stresses are exerted by the turbulent fluctuations on the mean flow and they are given by the 
nine components of the Reynolds stress tensor - puiUj 

[ 

-pu'2 

-pu'v' 

-pu'w' 

-pu'v' -pu'w' l 
- pv'2 - pv' w' 
-pv'w' -pw'2 

The diagonal c:omponents represent the normal stresses and the off-diagonal components the 
shear stresses. 

2.2 Mixing length theory 

In order to solve the equations (2.4),(2.5) for mean motion in a turbulent flow an additional 
expression relating the Reynolds stress components in terms of the mean velocity field is 
required. Certain theories have been developed attempting to provide this relationship. An 
historically important theory which is especially relevant for turbulent boundary layer flow is 
Prandtl's mixing length theory. 

This theory is based on an analogy between the momenturn exchanges in both turbulent 
and laminar flows. The shear stress in a unidirectionallaminar flow u(z) is given by 

7 du 
-=v-
p dz 

(2.6) 

with p the fluid density and v the kinematic viscosity. Assuming a similar diffusive behaviour 
for a turbulent flow, the turbulent stress is represented as 

-- au 
-u'w' = Vt-

dz 
(2.7) 

with Vt the turbulent diffusivity. 
The viscosity v of a gas is a known property of the fluid and is of order 

v ex aÀ (2.8) 
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with a the rms speed of of molecular motion and À the mean free path or the average distance 
traveled by a molecule between two successive collisions. The turbulent diffusivity Vt on the 
other hand depends on the conditions of the flow and can in analogy with equation (2.8) be 
written as 

(2.9) 

with Ut a typical scale of the fluctuating velocity and lm the mixing length introduced by 
Prandtl and defined as the cross-stream distance traveled by a fluid partiele befare it gives 
up its momenturn and loses identity. 

In case of a turbulent boundary layer flow with a doroirrating longitudinal velocity compo
nent u(z) Prandtl's mixing length theory assumes the existence of a mixing length lm = z1 -z2 

in which the properties of the fluid partiele are conservative. Once the path shifts a distance 
lm the fluid partiele interacts with another fluid mass by turbulent exchange. When a fluid 
partiele from z = z1 arrives at z = z2 the fluctuating velocity Ut caused by the mutual 
interaction is assumed to satisfy 

(2.10) 

with u(z1 ) and u(z2 ) the average velocity at z = z 1 and z = z2 respectively. As a consequence 
the turbulent diffusivity Vt is given by 

(2.11) 

2.3 Wall bounded turbulent flow 

When a turbulent flow is bounded by a solid wall the motion near the wall is affected by the 
preserree of viscosity. A turbulent boundary layer will be formed and will be characterized by 
regions of different velocity distribution. 

2.3.1 Turbulent flow near a smooth surface 

In this section the effects of viscosity on the stress and velocity distribution in a turbulent 
flow near a smooth surface will be examined. Consicier therefore a fully developed turbulent 
open channel flow. This means that the flow does not change anymore in the longitudinal 
direction x. The y- and z-direction are respectively the lateral direction and the direction 
perpendicular to the surface. 

In this contiguration the total stress is given by 

dU --
7 = 11-- pu'w' 

dz 
(2.12) 

with p the density of the fluid and fL the dynamic viscosity. The first term represents the 
viseaus stress and the secoud term is the Reynolds stress exerted by the turbulent fluctuations. 
Close to the wall viseaus contributions dominate whereas away from the wall the shear stress 
is mostly due to the Reynolds stress. 
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Figure 2.1: Different regions in a turbulent boundary layer on a smooth surface. Source: 
Balachandar et al. [2002] 

Viscous sublayer 

At the smooth surface velocity fluctuations and thus the Reynolds stresses vanish. The very 
near wall region that is dominated by viscous effects is called the viseaus sublayer. The shear 
stress at the wall Ta is given by 

dUl Ta = T ( z = 0) = J..L -
dz z=a 

(2.13) 

according to Newton's law of friction. 
According to Afzalimehr & Anctil [2001] the momenturn equation (2.5) for the x-component 

of a fully developed channel flow near the surface (z = 0) reduces to 

8p 8T 
= (2.14) ax 8z 

with p the pressure. Since in case of a flow above a smooth surface ~ is a function of x alone 
and ~: is a function of z alone both gradients must be constant. This implies that T must be 
linear in z close to the surface 

T(z) = Az + B (2.15) 

with A and B integration constants. Since the shear stress at the bottorn equals T(O) = Ta 
and vanished at the free surface T ( h) = 0 this yields 

(2.16) 

Because of the limited thickness of the viseaus sublayer the shear stress can be consid
ered uniform within this layer and can be taken equal to the wall shear stress in first order 
approximation. The velocity gradient is then given by 

dU 
1-'· dz = To (2.17) 
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As aresult the velocity distribution will be linear. Integration and use of the no-slip boundary 
condition, u(z=O)=O, yields 

_ ZTQ 
u=-

J.L 

This equation can be rewritten in terms of the non dimensional variables u+ and z+ 

with u+ and z+ defined as 

u+ u 
= 

u* 
z+ zu* 

V 

(2.18) 

(2.19) 

(2.20) 

(2.21) 

The parameter u* is called the friction velocity and is considered to be the appropriate velocity 
scale in the viseaus sublayer. The friction velocity is defined as 

u*=ff (2.22) 

The appropriate length scale fora smooth surface is v/u* with v = J.L/ p the kinematic viscosity 
of the fluid. Equation (2.19) is called the law of the wall and holds up to z+ ;:::: 5. 

Buffer layer 

Above the viseaus sublayer the velocity profile deviates from the law of the wall profile. The 
transitional region 5 < z+ < 30 is referred to as the buffer layer. This region is characterized 
by the production and dissipation of most of the turbulent energy in the turbulent boundary 
layer. 

Logarithmic layer 

Further from the wall viscosity is expected to play a negligible role. In this region a logarithmic 
velocity distribution can be derived using Prandtl's mixing length theory. The shear stress is 
given by 

T - -,-, - àu - z2 ( du) 2 (2.23) ---uw - Vt-- -
p dz m dz 

where equation (2.11) allows to write the last equality. According to Prandtl the mixing 
length lm must be proportional to the distance z 

(2.24) 

with K the van-Karman constant. Using furthermore the friction velocity u* as the typical 
scale for the velocity fluctuations in a flow near a solid wall this yields 

Integration of this equation gives 

du 
U*= KZ

dz 

u(z) 1 -- = -ln(z) + const. 
u* K 

(2.25) 

(2.26) 
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Which can be rewritten as the logarithmic law 

1 
u+ = -ln(z+) + const. 

"" 
(2.27) 

with the von-Karman constant equal to r;, = 0.41. The additive constant is found to be ap
proximately 5.5 fora smooth surface according to Tominaga & Nezu [1992]. This logarithmic 
velocity distribution is seen to be valid for 30 < z+ < 300. In this region there is little pro
duction or dissipation of turbulent energy. There is only a inertial transfer across the region 
by inviscid nonlinear processes. Therefore the logarithmic region is also called the inertial 
sublayer. 

Outer layer 

In the outer region of the boundary layer the effect of viscosity is again inconsequential. The 
appropriate length scale now depends on global length scales such as the boundary layer 
thickness, o. The friction velocity is still considered to be the appropriate velocity scale. The 
flow in the outer region is then governed by the velocity defect law described by 

u(z)- u00 1 (z) 
u* = ~ ln 'J + const. (2.28) 

The velocity defect (u00 - u) arises from a drag on the flow caused by the Reynolds stresses 
in the outer region. 

2.3.2 Turbulent flow near a rough surface 

While many laboratory experiments are performed over smooth surfaces, practical surfaces 
are often rough. Examples of such rough surfaces are sand beds, grasslands, beds of stones 
or shells but also urban surfaces and forests. 

Turbulent flow boundary layers are divided into smooth, transitionally rough and fully 
rough regimesbasedon the roughness Reynolds number, kt, which is the ratio of the effective 
roughness height ks to the viscous length scale 

(2.29) 

For high values of the roughness Reynolds number the effective roughness height k8 is large 
compared to the viscous length scale v/u*. This means that the roughness elements protrude 
out of the viscous sublayer which gives rise toa wake behind each element. The stress will now 
be transmitted to the surface by the pressure drag on the roughness elements and viscosity 
becomes less relevant for the determination of the velocity distribution and the overall drag 
on the surface. The larger kt the more the roughness elements protrude out of the viscous 
sublayer and thus the rougher the surface. According to Aubertine et al. [2004] smooth 
boundary layers are characterized by a roughness Reynolds number less than 5 to 10 whereas 
for fully rough boundary layers kt is greater than 55 to 90. 

The lower part of a rough boundary layer is known as the roughness sublayer and is 
characterized by inhomogeneous regions of reduced mean velocity and enhanced levels of 
turbulence. 

Above the roughness sublayer wake diffusion effects vanish and the velocity distribution 
is again logarithmic. The height of the roughness sublayer is noted Zw and is called the wake 
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ditfusion height. Although the velocity distribution in this inertial sublayer is logarithmic 
it cannot be represented by equation (2.27) because the roughness elements give rise to an 
upward displacement of the logarithmic velocity profile yielding 

-- = - ln - + cte u(z) 1 ( z) 
u. K, ks 

(2.30) 

2.3.3 Canopy flow 

When the roughness elements covering the surface are small only the flow over the roughness 
elements is considered in generaL However when the roughness elements are larger or when 
they are placed in a non-compact arrangement it is necessary to study the flow between the 
roughness elements as well as the flow over the group of roughness elements. In this case the 
group of elements is appropriately considered as a canopy. 

The focus is generally on the flow representative of a spatial area hence the spatially 
averaged mean flow velocity is rnodelled. The cornmon form of equation (2.30) giving the 
vertical velocity distribution of the flow above a obstacle canopy is 

u(z) = 2:.ln (~) 
u. "' zo 

(2.31) 

with d the displacement height and zo the roughness height. The height at which the velocity 
nullifies is now z = d +zo instead of z = 0. A virtual surface is thus located at z = d +zo as 
shown in tigure 2.2. 

A more physical meaning ford has been established by Jackson [1981] . He showed that 
the displacement height can be regarcled as the level at which the mean drag on the surface 
appears to act. Moreover d also coincides with the average displacement thickness for the 
shear stress. Clearly the displacement height has a dynamic significance. It is related to the 
distri bution of the forces acting on the surface. Although d and zo are used to describe the part 
of the flow which is not affected by the individual roughness elements they are nevertheless 
infl.uenced by the particular geometry of the surface. 

z U(z) 

Figure 2.2: Schematic representation of the logarithmic velocity profile above a rough surface 
with indication of the displacement height d and the roughness height zo . Source: Walter 
[2004] 
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The flow between the roughness elements is called the canopy flow. Attempts have been 
made to understand and model the complex canopy flow by several investigators among which 
Macdonald [2000], Bekher et al. [2003] and Coceal & Bekher [2004] . The canopy models are 
formalized by temporarily and spatially averaging the governing equations and are completed 
on parameterizing the turbulent mixing and the canopy element drag. 

Parametrization of the canopy element drag 

The canopy element drag is a body force per unit volume acting on the spatially averaged 
flow and can be related to the drag of an individual canopy element . It can be parameterized 
in different ways. 

Macdonald [2000] assumed that at each cross section the obstacle drag force and the local 
shear stress are balanced which yields for the differential drag per unit area 

1 I ( 2dAJ 
dr = -pCD z)u(z) -A 

2 d 
(2.32) 

with dr the change in shear stress, Cb(z) the sectional drag coefficient of the obstacles, Ad 
the usuallot area per obstacle or in other words the total surface area divided by the number 
of obstacles and dA f the portion of frontal area of the obstacle between levels z and z + dz. 
The change in shear stress can then be written as 

1 dr 2 --d = Oj(z)u(z) 
p z 

with Oj(z) the friction coefficient defined as 

Oj(z) = ~ Cb(z )ÀJ 
2 H 

(2.33) 

(2 .34) 

Here À f is the frontal area density that equals the ratio of the exposed frontal area of each 
obstacle AJ and the underlying surface area of an obstacle Ad . Furthermore Macdonald makes 
the assumption that the sectional drag coefficient is constant with height and can be replaced 
by the average sectional drag coefficient C' D· Equation (2.33) then becomes 

1dr 1C'DÀJ _( )2 __ ( )2 
--=---UZ = CTJU Z 
pdz 2 H 

(2.35) 

An alternative approach given by Bekher et al. [2003] is based on the approximations 
that the volume occupied by the canopy acts as a region of drag on the flow and that the 
finite volumes of the roughness elements of the canopy displace the flow . The average force 
per unit volume acting on the fluid within the canopy is then given by 

(2.36) 

with (3 the fraction of the canopy volume occupied by obstacles, H the average height of 
the obstacles, C' D the average sectional drag coefficient. The drag coefficient is divided by 
a factor of (1 - (3) to account for the fact that the drag of the canopy decelerates the fluid 
within the canopy and hence only acts on the fraction of volume occupied by fluid. 
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For a fully developed boundary layer flow the in-canopy and above-canopy flow are in 
streamwise equilibrium and there is a dynamic balance between the vertical stress gradient 
and the drag force within the obstacle canopy. 

1dT d_ -- = --utwt = D 
p dz dz 

(2.37) 

On dimensional grounds the canopy element drag can be expressed as the ratio of u(z )2 and 
a canopy drag length scale Le 

which yields the definition of the average canopy drag length scale 

L _ (1- f3)H 
e- ~C'dÀJ 

(2.38) 

(2.39) 

Notice that Le is determined by the geometry and layout of the obstacles but independent of 
the mean velocity. 

The dynamica! significanee of Leis found to be twofold. First Bekher et al. [2003] show by 
using sealing analysis of the momenturn equation for the canopy flow that mean winds within 
the canopy scale with Lel H. Hence the canopy drag length scale determines the penetration 
of the flow into the canopy and provides a dynamica! measure of canopy density. In case of a 
sparse canopy the flow will penetrate more into the canopy than in case it is dense so Lel H 
will be larger for sparse canopies. 

Secondly the canopy drag length scale also gives an estimate for the distance for an 
incident flow profile to adjust to the canopy. From the leading edge of a canopy the flow 
within the canopy is decelerated by the canopy drag. The deceleration is mainly inviscid and 
the nonlinear canopy dragis thus balanced by the nonlinear streamwise adveetion 

au u2 

u-,.....,-ax Le 
(2.40) 

This implies that the kinetic energy of the mean streamwise velocity, u2 12, is approximately 
exponentially reduced on a length scale Lel2. The canopy drag length scale represents thus 
the streamwise distance over which a flow parcelloses its kinetic energy to the canopy and the 
flow adjusts to the canopy. More specifically Coceal & Bekher [2004] show that a turbulent 
boundary layer adjusts to a canopy of roughness elements on a length scale of order xo with 

xo "'Le lnK (2.41) 

The logarithmic factor ln K depends on upwind conditions and varies roughly between 0.5 
and 2. Coceal & Bekher give a value for the proportionality constant of approximately 3. 

Parametrization of the turbulent Reynolds stress 

A simple Prandtl mixing length model for the momenturn transport in the canopy layer is 
presumed in order to model the spatially averaged turbulent Reynolds stress. 

dT(z) = .!}__ (vtau) = .!}__ [(zm 8u) 2

] 
dz dz f)z dz az 

(2.42) 
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with the turbulent diffusivity Vt defined in terms of the spatially averaged Prandtl mixing 
length lm. The mixing length represents a spatially averaged turbulence integrallength scale 
which depends on the charaderistics of the canopy. Several forms for the spatially averaged 
mixing length profile can be found in literature. 

Macdonald [2000] assumes a constant value of the mixing length lm inside the obsta
cle canopy. With the parametrization of the canopy element drag by equation (2.35) the 
differential equation (2.42) reduces to 

(2.43) 

Under the assumptions of lm being constant with height inside the obstacle canopy a simple 
exponential solution satisfying equation (2.43) can be found 

(2.44) 

with UH the mean velocity measured at the top of the roughness elements (at z = H) and 
a the attenuation constant. Filling in this solution for u(z) in equation (2.43) yields for the 
attenuation constant 

(2.45) 

with Ze the canopy turbulence length scale that is assumed to be constant. A better approxi
mation of a can be found by using the parametrization of the canopy element drag by equation 
(2.38) which takes into account the fact that the canopy drag acts only on the fraction of the 
canopy volume occupied by fiuid. 

(2.46) 

In order to conneet the exponential profile given by equation (2.44) in the canopy layer to 
the logarithmic profile given by equation (2.31) in the inertial sublayer above the roughness 
elements matching conditions must be established in the range H < z < Zw. Therefore 
Macdonald assumed a linear variation of the turbulent mixing length scale in the matching 
layer 

( 
z-H) lm(z) =Ze+ Zw _ H (K:(Zw- d)- Ze) (2.47) 

The value of the canopy turbulence length scale Ze has been calculated by fitting the expo
nential profile for the canopy flow to experimental data. With these assumptions a matching 
velocity profile has been derived 

u(z) _ ~l (A+Bz) 
u. - B n A+ BH +UH (2.48) 

with 

A Ze - ( Zw ~ H) ( K:( Zw - d) - Ze) (2.49) 

B = (zw ~ H) (K:(Zw- d) -Ze) (2.50) 
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Notice the appearance of the displacement height d in the expressions for the parameters A 
and B. The value for d has been calculated by fitting the logarithmic profile in the layer 
above the roughness elements to experimental data. 

U/u. 

0 

canopy 
la)'el 

z= H 2 z=z •. 3 

z/H 

inertial sublayer 

4 5 6 

Figure 2.3: Schematic representation of the model according to Macdonald for the mean 
velocity profile above a rough surface with surface roughness elements of height H. Source: 
Macdonald [2000] 

The spatially averaged mixing length profile adopted by Macdonald is thus 

{

lc for z < H, 

lm(z) = lc + (z:--~) (K:(zw- d) -Ze) for H < z < Zw, 

K:(z - d) for z > Zw. 

(2.51) 

with H the height of the obstacles and Zw the upper limit of the matching layer. Using this 
parametrization for the mixing length Macdonald developed a complete model for a boundary 
layer flow over an obstacle canopy composed of arrays of cubes. The mean velocity profile 
is represented in tigure 2.3. Although this is an acceptable model for the entire velocity 
profile within simple obstacle arrays some questions arise about the assumptions made in 
order to derive the matching profile. The matching layer is a theoretica! concept introduced 
by Macdonald to conneet the canopy profile to the outer logarithmic profile. Therefore he 
assumes a linear evolution of the turbulent mixing length in the range H < z < Zw to enhance 
the fitting of the experimental data without giving a satisfying physical explanation. 

Bekher et al. [2003] do not use the concept of a matching layer and propose a different 
model for the spatially averaged mixing length profile. For very sparse canopies they use a 
standard mixing length model. This means a linear increase of lm from the ground according 
to 

(2.52) 

After all the turbulence structure of the boundary layer in a very sparse canopy is not much 
affected by the canopy. The turbulent eddies are only blocked by the bottorn surface hence 
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Zm should be determined by the distance from the bottorn surface. 
In case of denser canopies however the turbulent eddies above the obstacle canopy are 

blocked by a st rong shear layer that is formed near the top of the canopy at z = H. Therefore a 
displaced mixing length model is used which is constant within the canopy and then increases 
linearly with height above the shear layer at the top of the canopy 

( ) { 
le for z < H, 

lm Z = 
K:(z- d) for z > H. 

(2.53) 

The general form of the mixing length profile proposed by Coceal & Bekher [2004] is the 
harmonie mean between a surface-controlled part, K:Z, and a constant part, Ze 

1 1 1 
--=-+
Zm(z) K:Z Ze 

(2.54) 

In fact this is simply the interpolation between the standard mixing length model and the 
displaced mixing length model for the extreme cases of a very sparse and a denser canopy 
respectively. 

a:(z-d) c(z- d) 

(a) (b) (c) (d) 

Figure 2.4: Schematic representation of (a) the standard mixing length model, (b) the dis
placed mixing length model, ( c) the mixing length model according to Macdonald [2000] and 
(d) the mixing length model according to Coceal & Belcher [2004] 

2.4 Three dimensional turbulent flows 

2.4.1 lnfluence of side walls 

Near the bottorn of the channel the flow is affected by the viscosity due to the bottorn wall 
and the influence from the side walls is negligible. At higher distauces from the bottorn the 
presence of the side walls becomes more and more important. There will be a competition 
between the effects of the boundary layers due to the bottorn and side walls. The diagram in 
tigure 2.5 represents the regions of domination of the competing effects. 
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Figure 2.5: Competition between the boundary layers due to the bottorn wall and the side 
walls 

2.4.2 Secondary circulation in three dimensional turbulent ftows 

Fluid motions perpendicular to the direction of the primary mean flow are called secondary 
flows. Secondary flows are ubiquitous in natura} rivers and laboratory flumes and they can 
be classified into two categories. The secondary flows of the first kind are induced by curved 
channels or meandering rivers. The secondary flows of the second kind however commonly 
arise in straight channels and are generated as a result of the anisotropy of turbulence which 
on his turn is caused by the siclewall effect, the free-surface effect or variations of bed topology. 
This kind of secondary flows are therefore also called shear- or turbulence-driven secondary 
flows. In this research the flow in a straight channel is considered so only secondary flows of 
the second kind are appropriate. 

In a three dimensional flow structure the presence of secondary flows can , according to 
their intensity, alter the distributions of the mean velocity and the stream wise Reynolds 
stresses. Wang & Cheng [2005] shows the redistribution of the turbulent characteristics of the 
mean flow in a open channel in which cellular secondary flows were artificially generated with 
alternate rough and smooth bed strips longitudinally aligned in the channel. The simplified 
pattem of the induced secondary flows is represented in figure 2.6. 

~ . . 

~hlYVn'\7~(7~ 
~.~·~:'V{ Q)~)~ ~ '----0 

I I 

-4 .0 -3.5 -3.0 -2 .5 -2.0 -1 .5 -] .0 -0.5 0.0 
rouebs.tr.ip 
r;:rooo..-th strip 

Figure 2.6: Secondary circulation artificially generated with alternate bed strips. Source: 
Wang & Cheng [2005] 
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Turbulence is transported by adveetion due to the secondary circulations causing the 
vertical profiles of the mean primary velocity and the stream wise Reynolds tensor to differ 
from the profiles observed for two-dirnensional open charmel flows. Figure 2.7(a) shows that 
the velocity profile generally curves down over the rough strip whereas it bends up over the 
smooth strip. A modification of usual logarithrnic law that takes into account the effect of 
the secondary currents is proposed in Wang & Cheng [2005]. The Reynolds stresses in the 
upper flow portion occur to be higher above the smooth strip and smaller above the rough 
strip. Near the bed however Reynolds stressestend to besmaller above the smooth strip and 
higher above the rough strip as can be verified in figure 2.7(b). 
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Figure 2.7: Distributions of (a) the rnean primary velocity and (b) the stream wise Reynolds 
stress affected by cellular secondary flows. Source: Wang & Cheng [2005] 

2.5 Turbulent mixing 

A mixing process can be described as the interaction between a velocity and a concentration 
field . The equations that describe a turbulent velocity field are discussed in §2.1. Here is 
focused on the equations governing the concentration field. 

The transport of a passive contaminant in a flow field ü = (u, v, w) is given by 

ac +ui~=~ (nm~) 
at axi axi axi 

(2.55) 

with c the molecular concentration of the contaminant and Dm t he molecular ditfusion coef
ficient . The transport in a turbulent regime is described by the average transport equation 
that has been obtained by applying the Reynolds decornposition . 

Ui-= - Dm-- ctuif aë a( aë -) 
axi axi axi 

(2.56) 
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The mean concentration field is thus determined by molecular ditfusion (first term on the 
right hand side) and by turbulent motions (second term on the right hand side). In this study 
the contribution due to the pure molecular ditfusion phenomenon is negligible compared to 
the contribution due to turbulent motions. Analogue to the concept of eddy viscosity, Vt, 

the correlation between the turbulent fluctuations of the velocity and the concentration is 
modeled by an eddy diffusivity coefficient, D, according to Fick's law 

(2.57) 

The ratio of the eddy viscosity to the eddy ditfusivity is given by the turbulent Schmidt 
number 

1/t 
CJt=-

D 
(2.58) 

In case of an equivalence of momenturn and mass transport the turbulent Schmidt nurnber 
equals CJt = 1. This equivalence is called the Reynolds analogy. Physically it implies that 
mixing is mainly driven by the turbulent eddies and that momenturn and mass are both 
transported at the same rate. 
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Chapter 3 

Experimental set up and 
measurement techniques 

Velocity measurements in the first place and later on combined velocity and concentratien 
measurements were performed in a hydraulic channel. Velocity has been measured using an 
non-intrusive optical partiele image velocimetry technique (PIV). For the measurement of 
concentratien a planar laser induced fiuorescence methad (PLIF) is chosen. A description of 
the two measurement techniques is given in §3.2 and §3.3 respectively. The experimental set 
up is represented in §3.1 

3.1 Experimentalset-up 

Experiment were performed in a 20 m long, 20 cm wide hydraulic channel. Figure 3.1 gives a 
schematic representation of the ft urne. Molds of real shells of the crepidula fornicata or slipper 
limpet have been attached on the bottorn of the channel in different configurations. The use 
of models of real shells instead of for example building-bleeks allows a study under natural 
conditions. The molds have an average height of H = 3.2 cm and they are approximately 5 
cm large. An overview of the different molds and their dimensions is given in appendix §A.2. 

L 

J 
(J) l~ (2) 

I 
m 

Figure 3.1: Schematic representation of the hydraulic channel with (1): the supply water 
reservoir, (2): the return pipe, (3): the pump, (4): a tranquilizing grid, (5) : the measurement 
channel with bottorn roughness, (6): the tailgate and (7): the reception water reservoir. 
Source: Walter [2004] 
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The measurement section is located 10 m downstream of the channel entrance. In this 
region the flow and the turbulent boundary layer are fully developed as has been verified by 
Vigie [2005]. An aluminurn grid is placed at the upstream end in order to tranquilize the flow 
entering the flume. 

(a) (b) 

Figure 3.2: Front and top view of a mold made of real shells of the crepidula fomicata or 
slipper limpet. The average dimensions of the molds are H = 3.2 cm x W = 5 cm 

3.1.1 Opties and instrumentation 

Two measurement campaigns have taken place during the past year. A first campaign was 
set up in the summer of 2005 and had as main issue the study of the hydrodynamic properties 
of the flow. Therefore velocity measurements have been carried out using a Partiele Image 
Velocimetry (PIV) technique. The velocity was measured in different vertical planes across 
the width of the channel as wellas in horizontal planes at different distances above the bottorn 
of the plume. 

The experimental set up is schematically shown in figures 3.3(a) and 3.3(b) for measure
ments in vertical and horizontal planes respectively. Hollow glass spheres with a diameter of 
12 J.Lm (DANTEC dynamics) were used as PIV tracer partieles. For the illumination of the 
interrogation region a QUANTEL TWIN ULTRA double pulsed Nd:YAG laser system (532 
nm, 2x30 mJ/pulse) was used. A set of opties was minutely adjusted in order to bundle the 
laser beam in a thin planar laser sheet at the specified positions. The PIV image pairs were 
captured with a PCO 2000 camera (2048x2048 pixels) . A synchronization box allows the 
control of the delay and integration period of the camera with respect to the laser pulses. 
This first measurement campaign was part of the master intemship of Catherine Bourg at 
the IMFT from May 2005 till July 2005 (see Bourg [2005]) . 

A second measurement campaign was set up in the winter of 2005 in order to study 
the properties concerning turbulent mixing. For this purpose a high-resalution simultaneous 
velocity and concentration field measurement system is created by combining a Partiele Image 
Velocimetry (PIV) and a Planar Laser Induced Fluorescence (PLIF) technique. 
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Figure 3.3: Experimental set up for PIV measurements in a vertical (a) and horizontal plan 
(b) 

lm ;~ge ree ording 
system 

Figure 3.4: Schematic representation of the experimental set up combining a PIV and a PLIF 
technique for simultaneous measurements of instantaneous spatial distri bution of velocity and 
concentration respecti vely 

Hollow glass spheres were again used as PIV tracer particles and they were premixed with 
the water in the flume. A cylindrical nozzle was fixed in the channel (figure 3.6) through 
which the fluorescent dye for the PLIF measurements was continuously injected by a small 
pump. The injection pump was calibrated such that the injection speed approximately equals 
the mean fluid velocity at the injection point. 

A pulsed laser illumination sheet was generated by a QUANTEL TWIN ULTRA double 
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pulsed Nd:YAG laser system (532 nm, 2x30 mJjpulse). A combination of a cylindricallens 
and a mirror is used to bundie the laser beam in a thin planar vertical laser sheet. The 
eperation frequency of the doubled-pulsed laser is adjustable and is set to ftaser = 1 Hz. 

The images are recorded with two SENSICAM cameras (1280xl024 pixels, 12 bit cooled). 
Both cameras are equipped with a optical filter to separate the LIF light from the scattered 
laser light. As will be discussed in §3.3 the wavelength of the fiuorescence light is longer than 
the wavelength of the excitation light. Therefore a narrow-band pass filter (532±5 nm) was 
installed at the head of camera n°1 whereas a sharp cut-off filter P.•cut-off = 580 nm) was 
placed at the head of camera n°2. So only the scattered laser light is captured by camera 
n°l to form PIV images and camera n°2 receives only the fluorescence light to generate LIF 
images. The two receivers are brought to observe simultaneously the same locations by means 
of beam splitter opties and geometrical calibration. A photograph of the image recording set 
up is shown in figure 3.7. 

The timing of the laser illumination and image acquisition is tuned by a host computer 
via a synchronizer. The timing diagram for the experimentsis shown in figure 3.8. 

Figure 3.5: Photograph of the experimen
tal set up combining a PIV and a PLIF 
technique 

Figure 3.6: Position of the cylindrical in
jection nozzle through which the fluores
cent dye for the PLIF measurements was 
continuously injected by a small pump. 
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(a) (b) 

Figure 3.7: Top (a) and frontal view (b) of the image recording set 
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Figure 3.8: Diagram showing the timing of the Nd:YAG Q-switch pulses and the camera 
integration. The time interval between two pulse is !J.t and the frequency of the doubled
pulsed illumination is !laser) 
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3.1.2 Dye choice 

Commonly used dyes for measurements in liquids are rhodamine 6G, rhodamine B and fiu
orescein. The absorption and emission properties of these dyes are listed in table 3.1. The 
double pulsed Nd:Yag laser has its working point at 532 nm. Herree the rhodamine 6G has 
been selected for the LIF measurements. 

In order to avoid the effect of attenuation of the incident beam intensity along the beam 
propagation path the concentration of rhodamine must be less than the critica! concentration 
Ccr = 0.08 mg/1 according to Arcoumannis et al. [1990] . 

Dye Absorption spectrum (nm) Emission spectrum ( nm) Chemica! 
range peak range peak formula 

Fluorescein 430- 520 490 490- 600 510 C2oH100sN2 
Rhodamine B 460- 590 550 550- 680 590 C2sH31N203Cl 
Rhodamine 6G 460- 560 530 540- 660 560 C2sH31N203Cl 

Table 3.1: Characteristics of commonly used dyes for LIF measurements in liquids. Source: 
Arcoumannis et al. [1990] 

3.1.3 Shell configuration 

The shell molds have been attached on the bottorn of the channel in three different regu
lar contigurations in order to examine the infiuence of shell density. Two parameters that 
characterize the density of obstacles in a canopy layer are the fraction of the canopy volume 
occupied by obstacles, /3, and the packing density, >.. f, which is detined as 

ÀJ = AJ 
Ad 

(3.1) 

with Af the frontal area of a single obstacle and Ad the total surface area divided by the 
number of obstacles. 

In a tirst contiguration the shell are placed on the central line of the fiume, y = 0, with 
interstitial distance of 20 cm. A denser contiguration is abtairred by arranging the shell in 
three rows that farm a staggered pattern. There are now three shells on an area of 20 cm 
x 20 cm instead of one in the tirst contiguration. The third contiguration is a square in-line 
pattem in which the molds are laid out in rows one behind the other in such a way that a 
repetition unit of 20 cm x 20 cm contains 6 obstacles. Figure 3.9 shows schematically the 
three contigurations. The corresponding valnes of ÀJ and /3 are listed in table 3.2 

Shell contiguration ÀJ /3 
A 0.05 0.04 
B 0.12 0.10 
c 0.24 0.19 

Table 3.2: Values of the packing density ÀJ and the fraction of the canopy volume occupied 
by obstacles /3 for the three experimental contigurations 
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Figure 3.9: Schematic representation of the three experimental shell configurations. The 
dotted box represents the repetition unit 

3.1.4 Overview of laboratory experiments 

Hydrodynamic PIV measurements 

In the first stage of this study the accent lies on the hydrodynamic properties of the turbulent 
flow above a bed of shells. In order to determine the flow parameters necessary to model 
turbulence, PIV measurement are performed in the horizontal plane z = 1 cm and in specific 
vertical planes. The vertical measurement planes are located at different positions across the 
width of the channel symmetrie with respect to the centralline. Table 3.3 gives an overview 
of the performed experiments. In each case approximately 1000 pairs of images are recorded 
in order to allow meaningful statistica! calculations. 

shell configuration A 
experiment n o measurement plane Qchannel (lIS) 

1 vertical plane y = - 5 cm 20 
2 vertical plane y = - 2.5 cm 20 
3 vertical plane y = 0 cm 10 
4 vertical plane y = 0 cm 20 
5 vertical plane y = 0 cm 30 
6 vertical plane y = 2.5 cm 20 
7 vertical plane y = 4 cm 20 
8 horizontal plane z = 1 cm 20 

shell configuration B 
experiment n ° measurement plane Qchannel (lIS) 

9 vertical plane y = - 5 cm 20 
10 vertical plane y =- 2.5 cm 20 
11 vertical plane y = 0 cm 10 
12 vertical plane y = 0 cm 20 
13 vertical plane y = 0 cm 30 
14 vertical plane y = 2.5 cm 20 
15 vertical plane y = 5 cm 20 
16 horizontal plane z = 1 cm 20 
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shell contiguration C 
experiment n ° measurement plane Q channel (l / s) 

17 vertical plane y = - 5 cm 20 
18 vertical plane y = - 2.5 cm 20 
19 vertical plane y = 0 cm 10 
20 vertical plane y = 0 cm 20 
21 vertical plane y = 0 cm 30 
22 vertical plane y = 2.5 cm 20 
23 vertical plane y = 4 cm 20 
24 horizontal plane z = 1 cm 20 

Table 3.3: Overview of the experimental conditions for PIV measurements 

Combined PIV-PLIF measurements 

In a second stage a combined PIV-PLIF system was used for simultaneous measurements of 
the concentration and velocity field in order to study the process of turbulent mixing. Mea
surements were only performed in the vertical plane y = 0 cm because of the complexity of 
the experimental set up. However this gives already a general insight in the characteristic 
properties of the phenomenon. The laboratory conditions for the different experiments are 
listed in table 3.4. The injection flux Qinj was adjusted to ensure an injection speed approx
imately equal to the mean fluid velocity at the injection point . The injection position was 
chosen rather arbitrarily however it was taken into account that the fluorescence signal was 
strong enough and that there where sufficient levels of brightness. 

experiment fl uid channel properties dye injection properties 
no shell contiguration Qchannel (l / S) co (mgjl) (xi, Zi) (cm) Qinj (mljs) 
1 c 19.2 8.3 (-25 , 3.0) 1.27 
2 B 20.8 8.2 (-35 , 3.0) 1.27 
3 B 10.2 8.2 (-35 , 3.4) 0.59 
4 B 29.2 8.2 (-35 , 3.4) 2.22 

Table 3.4: Overview of the experimental conditions for combined PIV-PLIF measurements 
with Q channel the fluid flux through the channel, Qinj the injection flux , co the rhodamine 
concentration of the injected liquid and (xi, zi) the position of the injection nozzle with regard 
to the bottorn surface (z = 0 cm) and the start of the observation area (x= 0 cm) 
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(a) PIV image 1 

{b) PIV image 2 

( c) LIF image 

Figure 3.10: Simultaneous captured PIV and LIF images 
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3.2 Partiele Imaging Velocimetry technique 

3.2.1 Measurement principle 

Partiele Imaging Velocimetry (PIV) is a partiele velocimetry technique able to determine high 
resolution two dimensional velocity fields . The velocity fields are extracted from recorded 
image sequences. PIV is recommended for the present application since it is a non intrusive 
technique, which means that the flow is not disturbed, and it requires only two subsequent 
images to produce a velocity field. 

The schematic representation of a general experimental set up for partiele velocimetry is 
given in tigure 3.11. A thin light sheet illuminates the part of the fiuid that is to be imaged. 
The fiuid is seeded with tracer particles which have to be small enough in order to move 
passively with the fiuid. A camera records image pairs of the rnaving particles in the light 
sheet. The time interval t1t between the two images must be sufficiently small so the particles 
that are seen in the first image are still present in the second one . 
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Figure 3.11: A general experimental set up for partiele velocimetry. Source: van der Plas 
et al. [2003] 

PIV then determines the averaged displacement of the particles in conesponding image 
segments between two sequentia! images . To do so the first image of a recorded image pair is 
divided into rectangular sectors or interrogation areas. A cross correlation algorithm is then 
used to trace the particles from a interrogation area of the first image in the second image. 
This process is improved by limiting the searching area. This means that the second image 
is also divided into rectangular sectors denominated research areas. 

The mutual displacement t1x of the image patterns conesponding to optimal correlation 
is an estimate for the local average partiele displacement in that sector . The local average 
velocity is found by dividing the displacement vector t1x by the time interval t1t between two 
subsequent images. 
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3.2.2 PIV image processing 

During this study the PV-WAVE,VSV software developed by Fineham & Spedding [1997] 
has been adopted to realize the cross correlation between the interrogations areas and the 
conesponding research areas. The advantage of this software is that it allows its user to 
choose himself the size of the interrogation and research window. To determine the optima! 
dimensions of the boxes one has to keep in mind that the interrogation area must contains 
several particles but not too many and the research area must be sufficiently large to allow 
for the particles to be traced. However the larger the research area the longer the calculation 
time. 

The PV-WAVE,VSV software provides many processing options and several runs are ex
ecuted with different algorithms to achieve accurate calculations of the displacement vectors. 
During a first run the displacement field will be calculated and used as an estimation for 
the second run. With prediction of the displacement field the correlation boxes are deformed 
and rotated in the second run to take into account the random nature of the turbulent flow . 
This leads to better prediction of the displacement field. For additional runs the results will 
further converge to the real displacement field. 

For the first run the technique of Hart is used. This technique reduces noise and amplifies 
the maximum correlation peak. For the following runs this technique is inconvenient since it 
supports peak-locking which leads to errors on the displacement vectors. Peak-locking is the 
tendency for the determination of the maximum correlation peak to be biased toward integer 
values. This is a consequence of the fact that the cross correlation function is determined on 
the discrete pixels. 

3.2.3 Post-processing and turbulent statistics 

With the PV-WAVE,VSV software the instantarreons velocity field for each image pair is 
determined . For the visualization and interpretation of the results numerous routines have 
been developed in MATLAB. 

Statistica! quantities are calculated basedon the Reynolds decomposition, equation (2.1), 
which means that the instantaneous velocity is written as the sum of the average velocity 
and a term due to the turbulent fl.uctuations. For reasonable statistica! convergence of the 
average quantity a large number of samples is required. For each experiment in tables (3.3) 
and (3.4) approximately 1000 pairs of PIV images are recorded. According to Vigie [2005] 
the average velocity components u, v and w show satisfying convergence for averaging over 
at least 600 image pairs. The products of two velocity fl.uctuations, like utwt, converge slower 
and a number of image pairs close to 1000 is required in order for the convergence to be 
acceptable. 

The time interval between the acquisition of subsequent image pairs is i::J.t = 1 s. Con
sidering the order of magnitude of the measured veloeities this interval is large enough to 
avoid correlation between two successive image pairs. In other words when a vortex is ob
served in one image its structure will be completely lost in the next. The decorrelation of the 
subsequent measurements is very important for the quality of the statistica! calculations. 

With the extraction of the average velocity field the turbulent fl.uctuations are accessed 
as well by subtraction of the average field from the instantaneous global field. From the 
fl.uctuations the components of the Reynolds stress tensor are calculated. 

The average statistica! quantities are denoted with a bar, for example u is the time aver-
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aged longitudinal velocity component , whereas the turbulent fluctuations are denoted with a 
prime, for example ut. Since the flow under investigation is stationair the time average equals 
the ensemble average. 

3.3 Planar Laser lnduced Fluorescence technique 

Planar laser induced fluorescence (PLIF) is a non intrusive optica! measuring technique used 
to measure instant whoie-field concentration distributions in fluid flows . The technique is 
based on the spontaneous light emission of a molecule which is stimulated by means of laser 
radiation. 

3.3.1 Fluorescence principle 

Fluorescence is the slow emission of langer wavelength light that follows the absorption of 
shorter wavelength ( thus higher energy) radiation. By using a laser of an appropriate wave
length molecules are excited and their electrans jump from the ground state to a higher 
vibrational state. These electrans decay almast directly to the lowest excited state from 
which they slowly decay back to the ground state as illustrated in figure 3.12. The slow decay 
to the ground state is accompanied with theemission of a pboton whose wavelength is langer 
than the exciting wavelength. 

--t·&-----11·--- gro und state 

Figure 3.12: Fluorescence energy levels 

3.3.2 PLIF image processing 

In order to determine the concentration of fluorescent dye inthefluid by means of the PLIF 
technique, the dye is illuminated using a laser. The frequency of the laser light must be 
within the absorption spectrum of the dye. A camera equipped with a low-pass filter is used 
to record the laser induced fluorescence light. The filter makes sure only the lower frequency 
fluorescent light will pass while the higher frequency excitation light will be blocked. The 
camera acts as an array of light detectors. 
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The relationship between the intensity of the laser induced fluorescence light, IJ(x, z), and 
the liquid dye concentration, c(x, z), is given by Hu et al. [2000],Walker [1987] 

Ij(X, z) = Ie(x, z)ArpELc(x, z) (3.2) 

with Ie(x, z) the intensity of the excitation light, A the fraction of fluorescence light collected 
by the camera, rp the quanturn efficiency of the dye at the laser excitation wavelength, E the 
molar absorptivity or the 'extinction coefficient' of the dye and L the lengthof the sampling 
volume along the incident beam. The concentratien distribution of the fluorescent dye may 
attenuate the intensity of the excitation beam. The intensity of the excitation light Ie(x, z) is 
thus a function of the position and the concentratien distribution of the fluorescent dye along 
the excitation beam before reaching the measurement point (x, z) . 

I,(x,z) = Ioexp ( -< l cdr') (3 .3) 

with Io the initial laser beam intensity and r the distance along the the beam propagation 
path. The fluorescence intensity then becomes 

I 1(x, z) = IoM<Lc(x, z) exp ( -< l cdr') (3.4) 

This expression is not appropriate for experimental use. However if the dye concentratien is 
below a critica! concentration, eer, the attenuation of the incident beam can be neglected and 
Ie = Io yielding the linear relationship 

IJ(x , z) = IoAr/JELc(x, z) (3.5) 

The critica! concentratien for rhodamine B under the experimental conditions found in liter
ature (Arcoumannis et al. [1990]) is Ccr = 0.08 mg/l. The local dye concentratien can then 
directly been measured from the local fluorescence intensity. A calibration procedure will 
determine the proportionality constant. 

This will allow the extraction of an instantaneous concentratien field for every PLIF 
image. Analogue to the Reynolds decomposition of the velocity components the instantaneous 
concentratien can be decomposed in a mean part and the turbulent fluctuation around the 
mean according to 

c=ë+cf 

Where the mean concentratien field is calculated by averaging again over approximately 1000 
images which gives a reasonable statistica! quantity. Thanks to the simultaneous measurement 
of the velocity and the concentratien field it is possible to access another important statis
tical quantity namely the component cfwf that describes the vertical ditfusion of a passive 
contaminant due to turbulent motions. 

3.3.3 Calibration procedure 

By using optica! fibers the fluorescence intensity IJ is recorded directly as a digital signal 
which is denominated the digital pixel response (DPR). 
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The injection concentration used in the experiments is kept low so the maximum con
centration in the observation area does not exceed 0.03 mg/ 1 which is well below the critical 
concentration eer. Consequently attenuation of the incident beam is negligible and the inten
sity of the excitation light is assumed to be equal to the initiallaser beam intensity Ie = Io . As 
a result the fiuorescence intensity, and thus the DPR, is a linear function of the concentration 
according to equation (3.5). 

However the initial beam density Io is not constant but is a function of position because 
of the specific shape of the laser illumination sheet as illustrated in figure 3.13. Therefore the 
response is assumed to be given by 

DP R(x, z) = f(c)g(x, z) (3.6) 

with f a function that depends solely on the concentration and g the function that takes 
into account the variability of the laser illumination with position. A calibration procedure 
has been carried out in order to determine the functions f(c) and g(x, z) and to verify the 
linearity of the response. 

~/ laser illuminatlon sheet 

laser souree 
observatlon area 

Figure 3.13: Illustration of the specific shape of the laser illumination sheet as a result of 
which the upper corners of the observation area less illuminated and the laser beam intensity 
Io is a function of the position 

The channel has been filled with water and then closed such that the water depth equals 
approximately 30 cm, i.e. the water depth during the experiments. By placing two partition
walls a small volume is sealed from the rest of the channel. Next a definite amount of 
rhodamine is versed in the sealed campartment and mixed thoroughly in order to get a 
homogeneaus mixture with a known concentration. A series of 20 images is recorded with 
the LIF camera. This has been repeated for three or four more different concentrations of 
rhodamine. For each value ofthe concentration, ei, a mean response, DPRi(x, z), is calculated 
by averaging over all images conesponding to the particular concentration. Expressed in 
function of f and g this gives 

DP Ri(x , z) = f(ci)g(x , z) (3 .7) 

The value f(ci) can then be estimated by 

(3.8) 

Where the angle brackets denote a spatial average. 
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Sirree background illumination has been subtracted when measuring the DPR the response 
to zero concentration should be zero which requires f(O) = 0. The concentration function is 
thus fitted by 

f(c) =A c (3.9) 

with A the fitting parameter. Figures 3.14-3.16 show the calculated values f(q) tagether 
with the linear fit for the different experiments respectively. The conesponding values of the 
calibration parameter A are collected in table 3.5. 

The linear fit of the calibration function f(c) is the best for the second experiment. It 
should be mentioned that it was very hard to entirely seal a campartment of the channel with 
the available materiaL The isolation was the most successful for the calibration procedure 
of the second experiment. In the two other cases there was considerable leakage through the 
partition-walls. This may explain the less good linear behaviour in these cases. 

experiment n ° A 
1 8710 
2 4858 

3,4 7384 

Table 3.5: Values of the calibration parameter A from the linear fit f(c) =A c 
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Figure 3.14: Representation of the calculated values f(ci) tagether with the linear fit for 
experiment n ° 1 
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Figure 3.15: Representation of the calculated values f(Ci) tagether with the linear fit for 
experiment n°2 
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Figure 3.16: Representation of the calculated val u es f ( Ci) tagether with the linear fit for 
experiment n ° 3 
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With the values f(Ci) estimated there remains the determination of the position function 
g(x , z). For each value of the calibration concentration Ci a position function 9i(x , z) is 
calculated as follows 

·( ) _ DP~(x,z) 
9t x, z - f (ci) (3.10) 

Next an average function g(x, z) is determined 

1Ln g(x, z) = - . 9i (x , z) 
n t=l 

(3 .11) 

The approximation of the position function by this way gives rise to a rms error of 3%. A 
representation of the calculated average position function is given in figures 3.17-3.19. The 
black areas indicate the position of shells. 

Figure 3.17: Representation of the function g(x, z) for experiment n°l determined using 
equation 3.11 
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Figure 3.18: Representation of the function g(x, z) for experiment n°2 determined using 
equation 3.11 
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Figure 3.19: Representation of the function g(x, z) for experiment n°3 determined using 
equation 3.11 



Chapter 4 

Discussion on the hydrodynamic 
properties 

During the first part of this work the accent is laid on the study of the hydrodynamic properties 
of a turbulent flow above a bed of shells. The aim is to investigate the influence of the 
roughness elements , in this case molcis made of real shells, on the flow above the obstacle 
canopy as well as to model the flow within the canopy. 

4.1 Turbulent flow field near a bed of shells 

The t urbulent flow above and inside a shell canopy is described by the three dimensional 
averaged velocity (u, v, w) . Since only two dimensional velocity measurements are performed 
in vertical and horizontal planes respectively it is impossible to give a full image of the flow 
field. However a lot of information can be extracted already from the flow structure in the 
central vertical plane (y = 0 cm) and in the horizontal plane close to the bottorn surface 
(z = 1 cm) separately. 

4.1.1 Flow structure in the central vertical plane 

The longitudinal and vertical velocity components u and w in the central plane z = 0 cm are 
represented in colormaps in order to give a overall view on the flow speed. The colormaps for 
the different shell configurations discussed in §3.1.3 are given by figures 4.2-4.7. The black 
areas are regions where no velocity could be measured because of the presence of shells. They 
indicate the positions of shells in the central plane except for the black ares at the sides in 
figures 4.4 and 4.5 that are only shadows of shells situated at the side. The main flow is in 
the longitudinal direction and goes from the right to the left in the figures . 

Some general features can be derived from these figures . First the main flow is decelerated 
by the obstacles. The higher the density of the roughness elements the lower the velocity in 
the canopy layer. Bebind the individual shells u reaches negative values which indicates a 
region of recirculation downstream of the shells. The extension of this region is approximately 
equal to the height of the obstacles. The preserree of the recirculation region is confirmed by 
the distribution of the vertical velocity. The magnitude of the downward motions diminishes 
when the density of the roughness elements increases. Thus the sparser the canopy the 
stronger the flow penetrates into the canopy layer. 

37 
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Secondly the flow above the shell canopy is invariant in the longitudinal direction. However 
there is a difference a.ccording to the shell configuration. This implies that the upper part of 
the flow is not afl'ected by the individual shells but nevertheless influenced by the geometry 
and the density of the roughness elements. 

Notice also the fact that for the low and the medium density case the velocity becomes 
constant above z ~ 5 cm and z ~ 7 cm respectively. This is due to the influence of the 
lateral boundary layers as discussed in §2.4.1. Clearly the region dominated by the bottorn 
boundary layer extents higher when the density of the roughness elements increases. This is 
schematically illustrated in figure 4.1. 

z z 

y y 

,A shell m olds 

domlnating effect of the si de walls 

- domlnatlng effect of the bottorn wall 

z 

y 

Figure 4.1: Competition between the bottorn boundary layer and the side wall boundary 
layers for different configurations of the bottorn roughness elements 

Another way of representing the structure of the velocity field is by means of streamlines. 
The streamline patterns of the flow over different shell configurations are given in figures 
4.8-4.10 . They clearly reveal the recirculation regions behind the individual shells. 

The colars indicate the magnitude of the turbulent kinetic energy production Pk which is 
defined as __ cru 

Pk = -ulw l
dz 

(4.1) 

It represents the rate of generation of turbulent kinetic energy by the interaction of the 
Reynolds stress with the mean shear. When positive it implies a loss of mean kinetic energy 
and a gain of turbulent kinetic energy. 

The regions of significant turbulent energy production are located behind the shells on the 
level of their tops where the shear stress is maximaL This is a region of enhanced boundary 
layer separation which leads to the creation of vertices downstream of the obstacles. The 
turbulent kinetic energy production behind each isolated obstacle decreases with the obstacle 
density since the overall production per surface area is distributed over a larger number of 
o bstacles per area. 
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Figure 4.2: Representation of the magnitude of the longitudinal velocity of a flow over a bed 
of shell in contiguration A. The black area indicates the position of a shell 
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Figure 4.3: Representation of the magnitude of the vertical velocity of a flow over a bed of 
shell in contiguration A. The black area indicates the position of a shell 
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Figure 4.4: Representation of the magnitude of the longitudinal velocity of a flow over a bed 
of shell in configuration B. The central black area indicates the position of a shell 
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Figure 4.5: Representation of the magnitude of the vertical velocity of a flow over a bed of 
shell in configuration B. The central black area indicates the position of a shell 
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Figure 4.6: Representation of the magnitude of the longitudinal velocity of a flow over a bed 
of shell in contiguration C. The black areas indicate the positions of shells 
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Figure 4.7: Representation of the magnitude of the vertical velocity of a flow over a bed of 
shell in contiguration C. The black areas indicate the positions of shells 
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Figure 4.8: Colormap representing the turbulent energy production tagether with the stream
line pattem of the flow over a bed of shells in configuration A 
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Figure 4.9: Colormap representing the turbulent energy production tagether with the stream
line pattem of the flow over a bed of shells in configuration B 
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Figure 4.10: Colormap representing the turbulent energy production tagether with the stream
line pattem of the flow over a bed of shells in contiguration C 

4.1.2 Flow structure in a horizontal plane close to the bottorn surface 

In order to get more insight in the secondary circulations induced by the canopy obstacles the 
time averaged two dimensional velocity field (u, v) in the horizontal plane z = 1 cm has been 
traced. The streamline pattems of the horizontal flow are represented in figures 4.11-4.13 
for different shell configurations respectively. The areas where shells are located and where 
their shadows hinder the measurement of the velocity are black. The main flow is still in the 
longitudinal direction and goes from the right to the left in the figures. 

The streamlines show a main flow in the longitudinal direction but with important sec
ondary circulations especially behind single obstacles. It is important to keep in mind that the 
overall flow is nevertheless three dimensional. Convergence and divergence of the horizontal 
streamlines indicate vertical motion which is in good agreement with the streamline pattems 
of the central vertical plane. 

Tagether with the streamline pattem the magnitude of the time averaged turbulence 
kinetic energy (TKE) k has been represented by means of a color scale. The turbulence 
kinetic energy is the mean kinetic energy per unit of mass associated with the eddies in the 
turbulent flow and is defined as 

k = ~ ( ut2 + vt2 + wt2
) (4.2) 

Since the vertical velocity fluc:tuations are small compared to the horizontal fluctuations k 
can be estimated by 

(4.3) 
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The turbulence kinetic energy is a measure of turbulence intensity. It is directly related to 
the transport of momenturn through the boundary layer. The regionsof significant TKE and 
thus enhanced turbulence intensity are located downstream of single obstacles. In the low 
density case this region is not symmetrie in the lateral direction. This is rather unexpected 
since the shell configuration is symmetrie in the lateral direction and confirms the presence of 
secondary circulations . Peak values of turbulence kinetic energy decrease with increasing shell 
density analogue to the production of turbulent energy production Pk· Turbulence intensity 
is thus more homogeneously spread in the higher density case. 
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Figure 4.11: Colormap representing the mean turbulence kinetic energy k together with the 
streamline pattem of the flow in a horizontal plane over shell configuration A 
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Figure 4.12: Colormap representing the mean turbulence kinetic energy k tagether with the 
streamline pattem of the flow in a horizontal plane over shell configuration B 
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Figure 4.13: Colormap representing the mean turbulence kinetic energy k tagether with the 
streamline pattem of the flow in a horizontal plane over shell configuration C 



46 Chapter 4. Discussion on the hydrodynamic properties 

4.2 Mean velocity profile 

In the previous section a general idea of the three dimensional topology of the turbulent flow 
field over a bed of shell is given. In this section the spatial averaged values of the quantities 
will be stuclied in order to generate a vertical profile that can be compared to theoretica! 
models . 

While time averages of quantities q are denoted with a bar, q, spatial averages are denoted 
with angle brackets, (q)x; · The index Xi gives the spatial direction over which the average is 
taken. In order to generate vertical profiles the quantities are averaged over the longitudinal 
and lateral direction and the indexes and even the angle brackets are often omitted. 

For each vertical plan the vertical distribution of the mean velocity components has been 
calculated. Figures 4.14, 4.15 and 4.16 show the evolution of (u) x in function of height for all 
vertical plans in case of the shell configurations A, B and C respectively. 

Clearly there is an asymmetry in the lateral direction. In the upper region (z > H ) the 
profiles for the vertical plans corresponding to negative y-values are below the profiles for the 
plans corresponding to positive y-values. In the canopy region (z < H) the inverse is true 
for the configurations with small and medium shell density. When the density of the shells is 
high the vertical profiles of the different vertical plans are rather close together in the canopy 
region and there is no sign of asymmetry. Lateral asymmetry is rather unexpected since the 
shell pattem is symmetrie with regard to the central line. Therefore it must be a result of 
secondary circulations induced by the geometry of the individual shells. 
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Figure 4.14: Vertical distri bution of the spatially averaged longitudinal velocity (u) x at dif
ferent lateral positions in the channel with shell contiguration A 
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Figure 4.15: Vertical distribution of the spatially averaged longitudinal velocity (u)x at dif
ferent lateral positions in the channel with shell contiguration B 
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Figure 4.16: Vertical distribution of the spatially averaged longitudinal velocity (u) x at dif
ferent lateral positions in the channel with shell contiguration C 
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A mean velocity profile independent of horizontal position is calculated by spatially averag
ing the velocity over the longitudinal as well as the lateral direction. Since the measurements 
are taken in specific vertical planes at lateral positions symmetrie with regard to the central 
line a mean profile is estimated by taking the average of the vertical profiles conesponding 
to the vertical measurement planes. The vertical distribution of the mean velocity (u) x,y 
calculated this way is represented in tigure 4.17 for three diflerent obstacle configurations. 
From this point forward only the spatially averaged mean velocity will be considered unless 
mentioned differently and u will be assumed to incorporate the spatially averaging. 

For different shell densities the velocity u increases with height until a constant value U ~ 
40 cm/s is reached. The height at which the velocity becomes constant increases with shell 
density. Intuitively it is acceptable that the higher the density is the larger the extent of 
influence will be. Moreover the profile conesponding to the shell contiguration C lies entirely 
beneath the profile conesponding to the shell contiguration B which on his turn lies beneath 
the one conesponding to the lowest shell density. The velocity in the canopy layer is stronger 
decelerated as the density is higher. 
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Figure 4.17: Vertical distribution of the spatially averaged mean longitudinal velocity (u)x,y 
for different shell configurations 

So apparently the canopy volume occupied by roughness elements acts as a region of drag 
on the flow as a result of which the flow is decelerated. Furthermore the finite volumes of 
the roughness elements seem to displace the flow. According to Smart et al. [2002] the drag 
force D acting on the flow by the canopy can be approximated by 

H 

1- 1 J 2 1- ( 2)H D = 2CDPAJ H u(z) dz = 2CDPAJ u(z) z=D (4.4) 

z=O 
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with CD the average sectional drag coefficient of a single obstacle and Af the frontal area 
presented to the flow by each obstacle. This drag force is transferred to the bed as a shear 
stress via the obstacles only 

(4.5) 

withAd the lot area per obstacle. Combination of equation (4.4) and (4.5) yields for the drag 
coefficient 

CD= 2 Ta 1 Ad 
P (u(z)2)~=a At 

(4.6) 

After substitution of u; = Ta/ p and À f = A J /Ad 

(4.7) 

The drag of the canopy decelerates the fluid within the canopy and acts only within the 
fraction of volume occupied by fluid. Hence the drag should be divided by a factor (1 - (3) 
with (3 the fraction of the canopy volume occupied by obstacles. This yields for the drag 
coefficient for a single obstacle 

C' - 2(1 (3) u; 1 
D - - (-( )2)H À 

U Z z=a f 
(4.8) 

Table 4.1 collects the values of the quantities that determine C' D· The only missing parameter 
in order to calculate the drag coefficient is the fiction velocity u.. The determination of this 
important parameter will turn out to be rather complicated as discussed in the next section. 

shell contiguration I A I B I C \ 

Àj 0.05 0.12 0.24 
(3 0.04 0.10 0.21 

(u(z)2):=a [cm2 s-2] 513 255 70 

Table 4.1: Overview of the values of the quantities necessary todetermine the drag coefficient 
C' D according to equation ( 4.8). The value of the friction velocity lacks and will be calculated 
in the next section 

4.3 Determination of the friction velocity u* 

The friction velocity u. is an important parameter in modeHing open channel flow. lt is a 
major parameter in determining the mixing coefficient, it is used directly or indirectly in the 
calculation of many flow parameters such as the drag coefficient and several boundary layer 
charaderistics are commonly normalized using u •. 

Unfortunately it is often difficult todetermine the friction velocity accurately. In this study 
u. will be determined using the spatially averaged mean vertical profile of the Reynolds stress 
tensor u'w'(z). 
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4.3.1 Turbulent flow above a smooth surface 

In case of a turbulent flow above a smooth surface the friction velocity is defined as 

(4.9) 

The momenturn equation (2.5) for the x-component of a fully developed channel flow near 
the surface (z = 0) reduces to 

op &7 
= (4.10) ox oz 

with p the pressure according to Afzalimehr & Anctil [2001]. This shows that fora decelerating 
flow, which means a positive pressure gradient, the stress 7 must increase with height close 
to the surface. Since at the free surface (z = h) the stress falls to zero, the vertical profile of 
7 must be convex. On the other hand a concave profile is found for accelerating flows due to 
a negative pressure gradient. 

For a flow above a smooth surface the pressure gradient and the stress gradient are both 
constant. As elucidated in §2.3.1 the stress 7 canthen be expressed linearly in z by equation 
(2.16) repeated here 

7(z) = 7o (1- ~) 
Except for the very small region near the wall the total stress 7 equals putwf and the friction 
velocity can then be found by extrapolation of a linear fit of the experimental data of the 
Reynolds stress utwt(z) as shown in tigure 4.18. The value of the friction velocity under the 
experimental conditions for a discharge of Q = 30 1/s is found to beu* = 2.5 cmfs. 
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Figure 4.18: Determination of the friction velocity for a turbulent flow over a smooth surface 
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It should be noticed that for z > 10 cm ulwl is approximately constant with height. This 
is due to the influence of the side walls as discussed in §2.4.1 and schematically represented in 
figure 2.5. The effect of the side walls is that they cover up the free surface which is located at 
z ~ 30 cm and impose instead a virtual free surface at z ~ 10 cm. This is rather inconvenient 
and can be avoided by performing the experimentsin a channel with a larger width to height 
ratio. 

4.3.2 Turbulent flow above a bed of shells 

In case of a turbulent flow above a bed of shells it is more complicated to determine the friction 
velocity unambiguously. Three different approaches will be used and compared throughout 
this study. They are illustrated in figure 4.19. 

: 
*· ··'··· ..................... . 

•,f-...--;-.....",., .• -,--=,;{-', !!:....', 
' . . . 

.• 
(a) 

·* 

··' ........................ . 

(b) 

.. .. 

. . ..... · ............................ . 
•,,L-",._~~ • .,_, __,__::.::;;,.:=._J .• 

(c) 

Figure 4.19: Illustration of three different methods to calculate the friction velocity for a 
turbulent flow over a bed of shells 

First the same method as in the case of a smooth surface is used. The Reynolds stress tensor 
u'w' is again a linear function of z in a small region above the shells where the longitudinal 
pressure gradient is again constant. In this region u'w'(z) can be fitted by u'w' = A+ Bz 
and u* is estimated by 

(4.11) 

A secoud way of determining u* starts from the definition ( 4.9) but uses the value of the 
Reynolds stress at height z = H, with H the average height of the shells, insteadof its value 
at z = 0 to take into account the preserree of the shells. 

(4.12) 

A third way of estimating the friction velocity is simply by taking the square root of the 
maximal value of the Reynolds stress. 

(4.13) 

The three ways of calculation chosen here will each yield different values for the friction 
velocity u*. Further in this study it is investigated which of the three choices is the most 
appropriate one in order to compare experimental results with other sources. 
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The values calculated for the experiments outlined in §3.1.4 are gathered in table 4.2 and 
the vertical profiles of utwt for the shell configurations A, B and C are shown in figures 4.20, 
4.21 and 4.22 respectively. 

Notice that only in the high shell density case there is a distinct linear part. For the 
two other cases 87/ 8z is not constant in this region. This is a consequence of the influence 
of the side wall boundaries discussed in §2.4.1. Apparently when the bottorn is rougher the 
region dominated by the effect of the bottorn boundary layer has a larger extent. The same 
reflection was made earlier with the flatterring of the vertical velocity profiles. Same caution 
is thus required when interpreting the experimental results. 

shell contiguration I A I B C 

u~a) = JIA + BHI 2.14 3.42 4.38 

u~b) = Jlu'w'(z = H) I 3.17 4.69 4.97 

u~c) = Jmax lu'w'l 4.25 4.86 4.96 

Table 4.2: Calculated values of the friction velocity u. for a flow above a bed a shells. Three 
different methods of calculation are used for each shell configuration. The unit of u. is cm/s 
and the average height of the shells is set to H = 3.2 cm 
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Figure 4.20: Determination of the friction velocity for a turbulent flow over a bed of shell 
with bed contiguration A 
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Figure 4.21: Determination of the friction velocity for a turbulent flow over a bed of shell 
with bed contiguration B 
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Figure 4.22: Determination of the friction velocity for a turbulent flow over a bed of shell 
with bed contiguration C 
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4.4 Infiuence of the fiuid flux Q 

In order to model physical phenomena it is useful to search for non dimensional parameters. 
The friction velocity u* earlier introduced is assumed to be the appropriate velocity scale for 
turbulent flows above an obstacle canopy. 

Assuming that the obstacle drag force is balanced by the local shear stress the differential 
drag per unit area can be written as 

(4.14) 

This implies that the shear stress scales with u2 and the friction velocity u* with u. In 
consequence the longitudinal non dimensional velocity uju* should be independent of the 
fluid flux Q. 

In section §4.3 three different ways of determining u* have been discussed. The values of 
the friction velocity calculated using these three methods are listed in table 4.3. The range 
of calculated values is quite large which leads to different normalization of the velocity. 

shell configuration A 
Q = 10 1/s Q = 20 1/s Q = 30 1/s 

u~a) = JIA + BHI 1.41 2.26 2.60 

u~b) = )iu'w'(z = H)i 1.98 3.43 3.19 

u~c) = Jmax iu'w'i 2.67 4.95 6.93 

shell configuration B 
Q = 10 1/s Q = 20 1/s Q = 30 1/s 

u~a) = JIA + BHI 1.32 2.60 4.19 

u~b) = )iu'w'(z = H)i 2.86 5.95 6.27 

u~c) = Jmax iu'w'i 2.86 6.33 8.80 

shell configuration C 
Q = 10 1/s Q = 20 1/s Q = 30 1/s 

u~a) = JIA + BHI 2.38 3.85 5.81 

u~b) = )iu'w'(z = H) I 2.71 5.81 8.39 

u~c) = Jmax iu'w'i 2.92 5.81 8.98 

Table 4.3: Calculated values of the friction velocity u* for a flow above a bed a shells in case 
of three different values of the fluid flux Q. Three different methods of calculation are used 
for each shell configuration and fluid flux. The unit of u* is cm/s and the average height of 
the shells is set to H = 3.2 cm 
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For each different configuration of the bed of shells the mean vertical profile of the non 
dimensional velocity is compared for three values of the fluid flux: Q = 10 1/s, Q = 20 1/s 
and Q = 30 1/s. The velocity profiles where calculated for the central vertical plane only. For 

the normalization of u all three corresponding estimates for the friction velocity u~ a), u~b) and 
u~c) are tried out. All attempt are represented in appendix B.3. The evolution of the vertical 
profiles is very dependent on the friction velocity and the way it has been determined. 

Figures 4.23-4.25 show the velocity profiles normalized using u~c). With this estimate 
for the friction velocity the best results are accomplished and the curves corresponding to 
different fluxes show satisfying convergence for all shell densities. 
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Figure 4.23: Vertical profile of the normalized longitudinal velocity component uju~c) at 
different positions downstream of the central shell in configuration A 
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Figure 4.24: Vertical profile of the normalized longitudinal velocity component u/uic) at 
different positions downstream of the central shell in contiguration B 

10 

9 

8 . • • .. . ... 
7 

• • .• . .... 
6 .. 

~ 
:0 . 

1t .. .. 
• • • 

• 
3 ,; . 

• • 
2 . . .. • . .. . : .. ... 

::s .. I 
·· a= 10 v: I ···· a=20Vs 

a= 30 vs 
0 

... .. 
0 3 4 5 6 7 9 10 

z 

Figure 4.25: Vertical profile of the normalized longitudinal velocity component ufuic) at 
different positions downstream of the central shell in contiguration C 
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4.5 Comparison of the mean profile to the theoretica! profile 
according to Macdonald 

In this section the validity of the theoretica! model of Macdonald as discussed in §2.3.3 will be 
checked. Macdonald derived this theoretica! model of the mean velocity profile for application 
to arrays of three dimensional surface obstacles. More particular he considers two types of 
cube arrays: a square in-line pattem in which cubes are laid out in rows one behind the other 
and a staggered diamond pattem (Macdonald [2000]). Velocity profiles were measured at 
different points in the obstacle arrays. The location of the velocity profiles in the cube arrays 
are indicated in figure 4.26. The mean profile was obtained from a weighted average of the 
individu al profiles. 

malnflowl mainflowl 

D Q-40 

D D D D D 
H/2 

D D D D 
square (in-llne) array staggered array 

Figure 4.26: Location of velocity profiles in the cubes arrays in bath a square and staggered 
pattem with H the height of the cubes and S the spacing between two adjacent cubes. Source: 
Macdonald [2000] 

In order to campare with the mean profiles measured in this study the theoretica! model 
of Macdonald has to be evaluated. The values used to assign to the model parameters under 
different experimental conditions are gathered in table 4.4. 

Befare proceeding some remarks have to be made. First the parameter values represented 
in table 4.4 have been evaluated by Macdonald though application of the theoretica! model 
to a set of experimental data. The values are thus accorded by fitting which brings along an 
uncertainty. 

Secondly it should be kept in mind that the velocity in this study is measured in vertical 
planes and the mean profile was obtained from spatially averaging over several vertical mea
surement planes whereas Macdonald performed velocity measurements along verticallines and 
determined mean profiles from a weighted averaged of the profile measurements at specific 
locations. 

Furthermore the roughness elements in this study are bluffbodies whereas the obstacles in 
-I 

the study of Macdonald are cubes. For the cubic elements the sectional drag coefficient, CD' 
is assumed to be constant over the height of the elements. Macdonald used this assumption 
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to derivate an exponential velocity profile inside the obstacle canopy. However in reality C~ 
is expected to vary from larger at the base to smaller at the top of the cube. Because of 
the regular shape of the roughness elements this variation is believed to be negligible. The 
variation of the sectional drag coefficient over the height of the bluft' boclies on the other hand 
wil! be more significant and the assumption of a uniform C~ will induce an error on further 
calculations. 

Àj= 0.05 Àj= 0.11 Àj= 0.16 Àj= 0.20 Àj= 0.33 
sq st sq st sq st sq st sq st 

UH/u* 6.9 5.6 5.0 3.5 4.4 3.2 4.3 2.7 3.9 2.8 

zo/H 0.048 0.075 0.071 0.14 0.084 0.15 0.080 0.14 0.077 0.084 
d/H 0.066 0.078 0.26 0.26 0.32 0.32 0.42 0.47 0.47 0.65 

Zw/H 2.0 2.0 2.5 1.9 2.7 1.4 1.5 1.3 1.2 1.3 

lc/H 0.21 0.18 0.15 0.13 0.14 0.10 0.10 0.067 0.068 0.056 
a 0.63 0.69 1.09 1.20 1.32 1.64 1.80 2.36 2.78 3.16 

Table 4.4: Values of different parameters that characterize the velocity profile above a rough 
surface in typical cube arrays for various packing densities. The values are calculated by 
Macdonald [2000]. Two types of arrays are considered: a square (sq) in-line pattem in which 
the obstacles arelaidout in rows one behind the other and a staggered (st) diamond pattem 

For the three shell configurations A, B and C the normalized longitudinal velocity compo
nent u/u* is plotted in function of the non dimensional height z/ H in figures 4.27, 4.28 and 
4.29 respectively. Non dimensional quantities are used in order to allow general comparison 
with theoretica! profiles. For each shell configuration two theoretica! profiles are calculated 
using Macdonald 's parameters for the two cases that correspond the best to the experimental 
pattem and packing density. The velocity profile for shell configuration A is compared with 
the theoretica! profile for a ÀJ = 0.05 square pattem and a ÀJ = 0.11 square pattem. The 
evolution of u ju* for shell configuration B is compared with the theoretica! profilefora ÀJ = 
0.11 staggered pattem and a ÀJ = 0.16 staggered pattern. Finally the profile for shell config
uration C is compared with the one for a ÀJ = 0.20 square pattem and a ÀJ = 0.33 square 
pat tem. 

The problem encountered by normalizing u with u* is the inability to determine unambigu
ously the friction velocity. The values of u* calculated by the different methods discussed in 
section §4.3 can be found in table 4.2. In each graph the vertical velocity profile is represented 
for normalization with u~a), u~b) and u~c) respectively. 

Clearly there is a very strong dependenee on the friction velocity and the way it has been 
determined. A smal! change in the choice of the average height of the roughness elements 
H sensitively alters the position of the curves. Furthermore there is an uncertainty on the 
theoretica! curves as a result of the determination of the model parameters by fitting. Hence 
it is very difficult to draw an appropriate conclusion. Nevertheless in case of the high density 
shell configuration there is satisfying accordance. In the other density cases there is a gap 
between the experimental and theoretic curves but their shapes of are conform. 
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Figure 4.27: Vertical evolution of the mean velocity normalized with u~a), u~b) and u~c) re
spectively for shell contiguration A (>.. 1 = 0.05). Represented for comparison the theoretica! 
profiles according to a ÀJ = 0.05 square pattem (Macdonald(a)) and a ÀJ = 0.11 square 
pattem (M acdonald(b)) 
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Figure 4.28: Vertical evolution of the mean velocity normalized with u~a), u~b) and u~c) re
spectively for shell configuration B (>..! = 0.12). Represented for comparison the theoretica! 
profiles according toa ÀJ = 0.11 staggered pattem (Macdonald(a)) and a ÀJ = 0.16 staggered 
pattem (M acdonald(b)) 
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Figure 4.29: Vertical evolution of the mean velocity normalized with u~ a), u~b) and u~c) re
spectively for shell contiguration C P·J = 0.24). Represented for comparison the theoretica! 
profiles according to a ÀJ = 0.20 square pattem (M acdonald(a)) and a ÀJ = 0.33 square 
pattem (M acdonald(b)) 

In the preceding discussion a theoretica! curve was calculated starting from the values 
of the characterizing parameters as they are given by Macdonald [2000]. It is also possible 
to work the other way around. Starting from the experimental profile the characterizing 
parameters are estimated by fitting the different parts of the velocity profile. 

An exponentiallaw, ü(z) = c1 exp(c2z), is nsed to fit the evolntion of the longitndinal ve
locity in the canopy layer (z < H). Compared to the exponentiallaw proposed by Macdonald, 
ü(z) =UH exp[a(z/ H- 1)], the fitting parameters c1 and c2 correspond to 

a 

H 

In figures 4.30, 4.31 and 4.32 the natural logarithm of the velocity is plotted in function of 
the height z tagether with the exponential fit of the profile in the canopy layer. The valnes of 
the fitting parameter a are listed in table 4.5 tagether with the conesponding values given by 
Macdonald. The exponential evolution of the velocity in the canopy layer is experimentally 
verified for all three bed confignrations and there is a good agreement for the valnes of the 
attenuation constant. 

Above the canopy layer a logarithmic velocity distribution should be found 

( 4.15) 

with d the displacement height and zo the roughness height. According to Macdonald this 
behaviour should be found for z > 2.5H. However no experimental data is available for z > 9 



4.5. Camparisou of the rnean profile to the theoretica! profile according to Macdonald 61 

cm and even if it would be available it would not be reliable because the effects of the si de wall 
boundaries are dominant in that region. The side walls seem to become important already 
at lower heights. Above shell configuration A the velocity profile is flattened above z ~ 5 
cm by the influence of the lateral boundary layers. Above shell configuration B the same 
thing happens above z ~ 6 cm whereas in case of the dense shell configuration C the region 
dorninated by the bottorn boundary layer extents higher and obstructs the flattening effect of 
the lateral boundary layers. Nevertheless attempts are made for all three configurations to find 
a region above the canopy layer where the velocity evolutes approximately logarithmic. By 
linearly fitting exp( "'u( z) /u*) in this region the parameters d and zo are estimated. Different 
values for u* alter the course of the curve that is fitted which results in different values for 
the displacement height and the roughness height. 

Figures 4.33, 4.34 and 4.35 show the evolution of the normalized longitudinal velocity with 
height and the region where the logarithmic fit is applied for shell configurations A, B and C 
respectively. In order to allow general comparison d and zo are divided by the average shell 
height H which is set to H = 3.2 cm. The non dimensional parameters d/ H and zo/ H are 
gathered in table 4.5 tagether with the theoretica! values given by Macdonald. 

The agreement between the experimental and theoretica! values is rather good for high 
shell density. In this case the values of zo and d calculated using u~b) or u~c) are in very good 
agreement with the values calculated by Macdonald. Only for contiguration C there is little 
disturbance from the side wall boundary layers and a clear logarithmic layer was verified. 
Hence it is not surprisingly that for the other configurations the results for zo and d are less 
good. 

For all shell densities the velocity distribution inside the shell canopy was satisfactory 
fitted by an exponential profile. The experimentally determined values of the attenuation 
constant a coincide well with the theoretica! results for all three shell configurations . 

.. 
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shell configuration A 
square cube pattem square cube pattem 

(Macdonald) (Macdonald) 

ÀJ 0.05 0.05 0.11 
a 0.88 0.63 1.09 

zcia) I H 0.0004 
zbb) I H 0.0081 0.0048 0.071 
zbc) I H 0.0266 
d(a)IH 0.75 
d(b)IH 0.54 0.066 0.26 
d(c) I H 0.38 

shell configuration B 
staggered cube pattem staggered cube pattem 

(Macdonald) (Macdonald) 

ÀJ 0.12 0.11 0.16 
a 1.14 1.20 1.64 

z6a) lH 0.006 
zbb) I H 0.035 0.14 0.15 
zbc) I H 0.043 
d(a)IH 0.79 
d(b)IH 0.62 0.26 0.32 
d(c)IH 0.59 

shell configuration C 
square cube pattem square cube pattem 

(Macdonald) (Macdonald) 

ÀJ 0.24 0.20 0.33 
a 2.37 1.80 2.78 

z6a) lH 0.052 
zbb) I H 0.078 0.080 0.077 

zbc) I H 0.083 
d(a)IH 0.70 
d(b)IH 0.64 0.42 0.57 
d(c)IH 0.63 

Table 4.5: Overview of experimental and theoretica} values of the characteristic non
dimensional parameters that govem a turbulent flow above a rough surface. The theoretica! 
values originate from Macdonald [2000] 
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Figure 4.30: Vertical distri bution of the naturallogarithrn of u for shell configuration A. The 
fitting equation for the flow in the canopy layer is u= c1 exp(czz) 
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Figure 4.31: Vertical distribution of the naturallogarithrn of u for shell configuration B. The 
fitting equation for the flow in the canopy layer is u= c1 exp(czz) 
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Figure 4.32: Vertical distri bution of the naturallogarithm of u for shell contiguration C. The 
fitting equation for the flow in the canopy layer is u = c1 exp( c2z) 

20,----,--~----,---~----,----,----.----.---, 

18 

16 

. 14 

12 

8 .. .. 
6 

2 

.. 

/···· 
-~····• •···• 

/ . 
.• ~······· 

. . 

. •··•·. ~-· •··• ~ . 

•· ·• ·• .... . ·• . 
. ··•···• ... . . ·• 

• with u!•> 
· • with u!!'> 

1 ·· • with u!'' 
0ol_ __ -L--~2----~--~4----~---~6----~===8~==~9 

z(cm) 

Figure 4.33: Evolution of u(z) normalized with u~ a), u~b) and u~c) respectively in case of shell 
contiguration A. The logarithmic part of the flow is fitted by uju* = 1/rdn[(z- d)/zo] 
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Figure 4.35: Evolution of u(z) normalized with u~ a), u~b) and u~c) respectively in case of shell 
configuration C. The logarithmic part of the flow is fitted by u ju* = 1/ K. ln[(z - d) /zo] 
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4.6 Discussion on the drag coefficient C~ 

At the end of §4.2 a formula has been derived that allows for the calculation of the average 
-I 

sectional drag coefficient CD of a single obstacle 

c' - 2(1 - /3) u; ~ 
D - (-( )2)H À 

U Z z=O f 
( 4.16) 

The values of all quantities appearing in the equation are gathered in table 4.6 as well as the 
-I 

calculated values of CD· 

shell configuration I A I B I C I 
Àj 0.05 0.12 0.24 

!3 0.04 0.10 0.21 

(u(z)2):=o [cm2 s-2] 536 257 71 

,(a) 
u* [cm s-1] 2.14 3.42 4.38 

(b) 
u* [cm s-1] 3.17 4.69 4.97 

(c) 
u* [cm s-1] 4.25 4.86 4.96 
dia) 

D 0.33 0.68 1.82 
-'(b) 
CD 0.72 1.28 2.34 
-'(c) 
CD 1.29 1.38 2.34 

Table 4.6: Overview of the valnes of the average sectional drag coefficient C~ and the quau
tities necessary todetermine C~ according to equation (4.16) 

Although the calculation is very sensitive on the friction velocity and the way it has been 
-I 

determined the values for CD are of the right order of magnitude. According to Coceal & 
Bekher [2004] the average sectional drag coefficient varies for 1.2 to 2.6. The limiting values 
correspond to the extreme cases of an isolated cube near a logarithmic velocity profile and a 
relatively dense array with no logarithmic profile respectively. Macdonald on the other hand 
assumes slight variation of the sectional drag coefficient with the attenuation constant, a, and 
thus with the roughness element density 

-I 
CD = 1. 2 [ 1 - exp (- 2a)] ( 4.17) 

Table 4. 7 shows the resulting val u es for the sectional drag coefficient using Macdonald 's 
parameters for the cases that correspond the best to the different experimental patterns and 
packing densities. 

-I 
Clearly the variation of CD with packing density is much slighter for the values calculated 

by Macdonald than for the values calculated from the experimental data. Moreover the former 
have a maximum value of 1.2 for dense canopies with large values of the attenuation constant 
whereas the latter are larger in all cases up to approximately a factor of 2 for the most dense 
canopies. 
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I cube pattem I square I staggered I staggered I square I square I 
ÀJ 0.05 0.11 0.16 0.20 0.30 
a 0.63 1.20 1.64 1.80 2.78 
-I 

CD 0.86 1.09 1.15 1.17 1.20 

Table 4. 7: Overview of the val u es of the average sectional drag coefficient C~ calculated using 
equation ( 4.1 7) as proposed by Macdonald 

4. 7 Discussion on the turbulent mixing length lm 

The typical length scale of the eddies that determine the dissipation rate in a turbulent 
boundary layer is given by the turbulent mixing length lm. According to Prandtl's mixing 
length theory discussed in §2.2 this length scale is given by 

(4.18) 

In §2.3.3 the mlXlng length profiles proposed by Macdonald [2000], Belcher et al. [2003] 
and Coceal & Belcher [2004] have been represented. Macdonald and Belcher et al. , in the 
displaced mixing length model, assume a constant turbulent mixing length in the canopy 
layer. The vertical evolution of the turbulent mixing length for different shell configurations 
is represented in figure 4.36. 

3.5 

1 2.5 
_E 

2 

~ Shell configuration A 
-..-- Shell configuration B 
-- Shell configuratlon C 

z(cm) 

Figure 4.36: Vertical distribution of the turbulent mixing length for different shell contigura
tions 
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In the canopy layer the turbulent mixing length can be assumed constant within an ac
ceptable range. The constant value of the canopy mixing length is denoted lc and the non 
dimensional values of lel H, with H = 3.2 cm, are gathered in table 4.8 tagether with the 
values given by Macdonald [2000]. Only in the small shell density case the value of lel H is 
well predicted by Macdonald. In the other density cases the calculations of Macdonald seem 
to underestimate the value of the canopy mixing length. This is a rather surprising condusion 
since the best accordance between the theoretical velocity profile and the profile according 
to Macdonald was found for high shell density. The disagreement can be due to an error 
in Macdonald's calculation methad of the canopy mixing length or to an inaccuracy in the 
measurements close to the bottorn surface or to a combination of both. 

Macdonald derived an expression for the canopy mixing length by rewriting expression 
(2.45) for the attenuation constant a 

~ = C'dÀJ 
(

- ) 1/2 

H 4a3 (4.19) 

The values Macdonald used for the average sectional drag coefficient C' d are gathered in table 
4. 7. According to §4.6 it is likely that these values underestimated C' d and that the difi"erence 
is larger for higher densities. As a consequence le will be underestimated too. 

Purthermare as discussed in §2.3.3 equation (2.46) gives a better approximation of the 
attenuation constant since it takes into account the fact that the canopy drag acts only on 
the fraction of the canopy volume occupied by fl.uid. This would introduce a factor 11(1- (3) 
into the expression for le 

lc C'dÀj 
( 

- ) 1/2 

H = 4(1 - j3)a3 
(4.20) 

Since the factor 11(1-/3) is larger than unity it would yield a larger value for the canopy mixing 
length when taken into account. Moreover it becomes more important when the density of 
roughness elements increases. Therefore this might also be a reason for the underestimation 
of le by Macdonald. 

shell contiguration A 0.05 0.18 ± 0.07 
square cube pattem (Macdonald) 0.05 0.21 
square cube pattem (Macdonald) 0.11 0.15 
shell contiguration B 0.12 0.21 ± 0.08 
staggered cube pattem (Macdonald) 0.11 0.13 
staggered cube pattem (Macdonald) 0.16 0.10 
shell contiguration C 0.24 0.23 ± 0.09 
square cube pattem (Macdonald) 0.20 0.10 
square cube pattem (Macdonald) 0.33 0.068 

Table 4.8: Overview of experimental and theoretical values of the non-dimensional canopy 
turbulent length scale lel H. The theoretical values originate from Macdonald [2000] 

The strong increase of lm at z ~ 5 cm for low shell density and at z ~ 7 cm for medium 
shell density is due to the flatterring of the velocity profile u(z) which leads to a very small 



4.8. Condusion 69 

gradient duf dz. For high shell density on the other hand lm increase approximately linear 
with height above the canopy layer. This is exactly the behaviour described by the displaced 
mixing length model used by Bekher et al. for dense canopies. 

4.8 Condusion 

The objective of this part on hydrodynamic properties was to model the turbulent boundary 
layer flow above and inside an obstacle canopy of arrays of real shell molds. 

The mean velocity profile calculated inside the shell canopy was found to match well the 
exponential profile derived by Macdonald. The characteristic hydrodynamic parameters that 
desc:ribe the flow in this region are the attenuation constant a and the canopy turbulent 
mixing length lc. It was verified that the latter is indeed constant inside the canopy layer. 
The calculated values given by Macdonald predict well the experimentally measured values 
of a. However they seem to underestimate lc as a result of an underestimation of the average 
sectional drag coefficient C' d· 

Above the canopy layer the comparison is more complicated. First the velocity must be 
normalize in order to allow comparison. The typical scale to normalize the velocity above the 
canopy layer is the friction velocity u*. As extensively explained before the friction velocity 
can not be determined unambiguously from the Reynolds stress profile utwt(z). 

Secondly when the shell density is lower the effect of the side wall boundary layers becomes 
dominant at lower heights. As a consequence the velocity profile above the canopy layer 
is flattened for the low and medium shell density and no distinct logarithmic part can be 
distinguished. Only for the high density case the evolution of the velocity above the shells is 
logarithmic and the displacement height dj Hand the roughness height zo/ H can be accessed. 
The fitted values of these characteristic parameters are close to the values calculated by 
Macdonald for cube arrays of the conesponding packing density À f. In order to verify whether 
this agreement would also be valid for the lower shell density experiments have be to performed 
in a channel with a larger width to height ratio to avoid influence of the side walls. 

Although the model of Macdonald was derived for arrays of cubic obstacles which could 
be representative for a simple urban type surface it seems to be applicable to describe the 
turbulent boundary layer flow above a surface covered with molds of real shells. The values 
of hydrodynamic properties such as the turbulent mixing length, the displacement height and 
the roughness height calculated in case of roughness elements with a quite partienlar geometry 
such as shells are comparable to the valnes found in case of a contiguration with obstacles of 
a very simple geometry such as cubes. 

This is a very important result. It implies that all the theory and knowledge about urban 
and vegetative canopy flows can now be adopted in the study of the turbulent boundary layer 
flow above a bed of shells. 
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Chapter 5 

Discussion on the transport of 
dissolved and suspended matter 

The dispersion mechanism of a passive tracer in an obstacle canopy has been investigated 
experimentally by means of simultaneous measurements of the concentration and velocity 
field. These measurements were performed using a combined PIV-PLIF system in order to 
study the process of turbulent mixing. 

5.1 Mean concentration field 

A mixing process is described as the interaction between a velocity and a concentration 
field. The velocity field and the hydrodynamic properties of a turbulent flow above a canopy 
composed of shells have been discussed in the previous chapter. 

This section considers the concentration distribution of a passive tracer injected upstream 
ofthe observation area at the level ofthe shell tops as discussed in §3.1.4. Figure 5.1 schemat
ically shows the position of the injection nozzle and the observation area. 

Figure 5.1 : Schematic representation of the position of the injection nozzle and observation 
area in the central vertical plane y = 0 cm 

The fluorescence dye has been injected in the central vertical plane y = 0 cm in the 
streamwise direction and the injection speed was tuned to approximately equal the mean fluid 
velocity at the injection point. As a consequence it is assumed that the lateral ditfusion flux 

71 
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will be negligible compared to the vertical flux and it is sufficient to perform measurements 
only in the central vertical plane in order to get insight in the diffusion properties. The 
instantaneous concentration measurements will be time averaged and normalized with the 
injection concentration co . An example of a PLIF image and the corresponding instantaneous 
concentration field are shown in figure 5.2. 

(a) (b) 

Figure 5.2: A single PLIF image (a) together with the corresponding instantaneous concen
tration field (b) 

Visualizations of the time averaged normalized concentration field are show in fÏ.gures 5.5 
and 5.4 in case of shell contiguration B and C respectively. The black areas indicate the 
positions of shells in the central plane except for the black area at the left in figure 5.5 which 
is only the shadow of a shell situated at the side. The main flow is in the longitudinal direction 
and goes from the right to the left in the figures . 

The concentration decreases with decreasing height and although the rhodamine has been 
injected at the level of the canopy surface the concentration reaches a maximum at the bottorn 
surface between the shells. Apparently the passive tracer is trapped inside the canopy. Above 
the canopy layer the concentration is homogeneously distributed in the longitudinal direction. 

For the high shell density case the region of maximum concentration is located right bebind 
an individual shell and coincides with the recirculation region associated with this shell. In 
case of intermediate shell density on the other hand the region of maximum concentration 
has a larger extent . From the data shown in figure 5.5 it might seem as if the concentratien 
inside the canopy layer is nearly homogeneously distributed along the x-direction. However 
some caution is required here. 

The observed canopy area in the case of intermediate shell density is only a part of the 
actual canopy area as shown schematically in figure 5.3. In these pictures the small plain 
boxes indicate the observed canopy area while the dotted boxes indicate the actual canopy 
area between two successive roughness elements. For shell contiguration B there is thus no 
information available for a large part of the canopy area under the present experimental 
conditions. This has to be kept in mind when interpreting the experimental data in the 
region for z < H with H the average height of the roughness elements. 
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(a) Shell contiguration B (b) Shell contiguration C 

Figure 5.3: Schematic representation of the part of the canopy area over which the quantities 
are spatially averaged (small plain box) and the part of the area over which the spatially 
average should be taken in order to yield adequate results ( dotted box) 

In order to calculated an adequate mean vertical distribution the time averaged concentra
tion has to be spatially averaged over a repetition unit of the roughness element distribution. 
The vertical evolution of the normalized mean concentration (ë) x / CfJ, as shown in figures 
5.6(a) and 5.6(b) for shell configurations B and C respectively, has been generated by spa
tially averaging the time averaged quantity over the length of the observed area. 

Above the canopy layer the concentration is homogeneously distributed in the longitudinal 
direction and the length over which the spatial averaged is taken will have no significant 
inftuence. Inside the canopy layer on the other hand a longitudinal gradient is expected and 
the spatially average should be taken over the actual length of the canopy area in order to 
generate adequate results. 

For configuration C the observed canopy area coincides well with the actual area between 
two successive roughness elements and the profile shown in figure 5.6(b) is presumed to be 
a good representation of the vertical evolution of the normalized mean concentration. It 
demonstrates that the concentration decreases smoothly with decreasing height. 

For configuration B on the contrary a large part of the canopy area is omitted by the 
spatially average. Therefore the evolution of (ë)x /CD as shown in figure 5.6(a) is not very 
reliable in the region for z < H and the discontinuity at z ::::::: H may just be a consequence 
of the inadequate spatially averaging. More specifically the concentration in the missing 
zone of the canopy area is expected to decrease with downstream direction according to the 
distribution observed in the high density case. This would imply a decrease of the spatially 
averaged concentration especially in the upper region of the canopy layer and consequently a 
smoother decay of the normalized mean concentration with height. 
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Figure 5.4: Representation of the magnitude of the concentration of a passive contaminant 
injected over a bed of shell in configuration C. The black areas indicate the positions of shells 
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Figure 5.5: Representation of the magnitude of the concentration of a passive contaminant 
injected over a bed of shell in configuration B. The black area at the right indicates the 
position of a shell 
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Figure 5. 6: Vertic al profile of the normalized mean concentration (ë) x /co 

5.2 Dispersion mechanism of a passive tracer 

Turbulent mixing is generally stuclied through the eddy viscosity Vt and the eddy diffusivity 
D coeffi.cients. They are known as the momenturn and solute exchange coeffi.cients and they 
are important in understanding ditfusion and dispersion for passive contaminant transport 
processes. 

5.2.1 Turbulent ditfusion of momenturn 

The diffusive behaviour of a turbulent flow may be assumed to be qualitatively similar to that 
of a laminar flow but with a much larger diffusivity. The correlation between the turbulent 
velocity fluctuations is then modelled by 

__ du 
-utwt = Vt

dz 
(5.1) 

with Vt the turbulent eddy viscosity. According to the Prandtl mixing length theory discussed 
in §2.2 the turbulent eddy viscosity is given by 

2dU 
lJt = l -mdz 

(5.2) 

with lm the Prandtl mixing length. The different mixing length models proposed by Macdon
ald [2000], Belcher et al. [2003] and Coceal & Belcher [2004] have been gathered in §2.3.3. 

Starting from equation (5.2) it is possible to develop insight in the expected turbulent 
viscosity profile when some knowledge about the evolution of the mixing iength and the mean 
streamwise velocity is available. The mean velocity profile can be modelled by assuming 
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a exponential profile inside the canopy layer and a logarithmic profile above the roughness 
elements 

u= {uHexp[a(-H-1)] 

u. ln (z-d) 
K ZQ 

for z < H, 

for H < z. 

Using furthermore the displaced mixing length model introduced by Belcher et al. 

lm(z) = { 
lc 

/'\:(z- d) 

yields for the turbulent eddy diffusivity 

for z < H, 

for z > H. 

Vt = {z; Tt UHeXp [a (-H -1)] 

U*/'\:(Z - d) 

for z < H, 

for H < z. 

(5.3) 

(5.4) 

(5.5) 

Inside the obstacle canopy the profile of Vt is thus expected to be approximately exponential 
while at a certain distance above the canopy the turbulent diffusivity is expected to increase 
linearly with height. 

The measured vertical profiles of the mean turbulent stress (utwt)x and the mean velocity 
gradient (dU/dz)x are represented tagether in figures 5.7 and 5.8 for the two shell configura
tions B and C respectively. 

From these profiles the vertical evolution of the eddy viscosity has been calculated using 
equation (5.1). The resulting profiles for intermediate and high shell density are shown in 
figures 5.9(a) and 5.9(b). 

Notice the different behaviour of the turbulent stress and especially of the velocity gradi
ent for the different shell densities. The profiles corresponding to high obstacle density are 
quite smooth and reach their maximum value at the level of the canopy top. The profiles 
corresponding to intermediate obstacle density on the other hand are less smooth and show 
a strongly pronounced peak at the level of the canopy top. 

As discussed in the previous section the way the spatially average has been determined 
in the canopy layer for the intermediate density case is inadequate and might induce an 
discontinuity at the canopy top level. A velocity discontinuity causes a sharp peak in the 
velocity gradient distribution. 

As a consequence of the different turbulent stress and velocity gradient profiles the evolu
tion of the turbulent eddy viscosity is not the same neither for the different shell configurations. 
For shell configuration C the turbulent diffusivity increases approximately linear with height 
above z:::::! 2 cm. This is exactly the behaviour expected by equation (5.5). 

On the contrary the evolution of Vt corresponding to configuration B does not satisfy at 
all equation (5.5). The turbulent diffusivity decreases with height inside the canopy layer. A 
pronounced minimum appears at z :::::! H as a consequence of the strong peak in the velocity 
gradient there. Above z :::::! 6 cm Vt increases again. Remember that this is approximately the 
level at which an imaginary surface was induced due to the infiuence of the lateral boundary 
layers. 



5.2. Dispersion mechanism of a passive tracer 

.. 
!\ t . 

70 

50 

40 

30 

I \ 
I \ 

: l' \_ 

Z(tm) 

77 

Zlctn) 

(b) (äujdz)x 

Figure 5.7: Vertical profile ofthe mean turbulent stress (u!w!)x and the mean velocity gradient 
(dU/dz)x fora flow above shell contiguration B 
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Figure 5.8: Vertical profile of the mean turbulent stress ( ulw!) x and the mean velocity gradient 
(au 1 dz) x for a flow above shell contiguration c 
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Figure 5.9: Vertical profile of the eddy viscosity coefficient Vt 

5.2.2 Turbulent diffusion of concentration 

The correlation between the turbulent fluctuations of the velocity and the concentration is 
modelled by 

-- dë 
-ctwt = Dz-

dz 
(5.6) 

with Dz the eddy diffusivity coefficient. This relation implies that the local gradient deter
mines the the flux. 

The measurement of the vertical profiles of the mean cross correlation (ctwt)x and the 
mean vertical concentration gradient ( dë/ dz) x allows the determination of the eddy diffusivity 
along the vertical. Figures 5.10 and 5.11 show each the vertical profiles of (ctwt)x and (dë/dz)x 
for the shell configurations B and C respectively. The vertical evolution of Dz for different 
densities is represented in figures 5.12(a) and 5.12(b) 

Clearly there is a difference in behaviour for the two density cases. Remember hereby that 
as argued in §5.1 the spatially averaged values inside the canopy layer for the intermediate 
shell density case may contain an more or less important error. 

When the shell density is high the eddy diffusivity increases almost linearly with height 
as aresult of increasing turbulent transport whereas Dz increases approximately logarithmic 
with height when the shell density is lower. 
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Figure 5.10: Vertical profile of the mean cross correlation (c1w1)x and the mean concentratien 
gradient (àc/dz)x for a flow above shell contiguration B 

.. "'.._ 
/ '""-. 

I \ 
I \ 6· . .. y ......... 

,I . .r· 
) 

o r ,.: 
0~1~ 3 4 5 6 7 8 

z(cm) 

_, 

"" ·1.5 

·2 

·2.5 

' 0 , 2 3 4 5 6 1 11 9 
zeem) 

(b) (áë/dz)x 

Figure 5.11: Vertical profile ofthe mean cross correlation (c!w!)x and the mean concentratien 
gradient ( dë/ dz) x for a flow above shell contiguration C 
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Figure 5.12: Vertical profile of the eddy diffusivity coefficient Dz 

5.2.3 Reynolds analogy 

The coupling between turbulent eddy diffusivity for momenturn and for concentration is 
studied through the turbulent Schmidt number which is defined as the rate of the eddy 
viscosity Vt to the eddy diffusivity coefficient Dz 

Vt 
O't =-

Dz 
(5.7) 

The vertical profiles of the turbulent Schmidt number for intermediate and high shell density 
are represented in figures 5.13(a) and 5.13(b). The dotted line indicates the level at = 1 
conesponding to equivalent momenturn and concentration diffusion. This equivalence is called 
the Reynolds analogy. 

Above z :::::: 2.5 cm the experimentally calculated values of at are scattered around one 
within an acceptable error margin. Close to the bottorn surface the data points strongly 
deviate from the equivalence value which can have several causes. 

First it is difficult to perfarm good measurements in this region. Very small velocity 
gradients and values of the cross correlation between concentration and velocity fiuctuations 
close to zero give rise to large values of the turbulent Schmidt number. 

Moreover the way the spatially average values have been determined in the canopy layer is 
inadequate for the intermediate shell density case and cause erroneous results in this region. 

Finally close to the bottorn surface the three dimensional aspect of turbulence becomes 
more and more important. Turbulence generated secondary flow cells due to the anisotropy 
of the turbulence give rise to an anisotropic eddy diffusivity tensor (Dx, Dy, Dz) and the 
Reynolds analogy ceases to be valid. 

Nevertheless these results are promising. They show that the assumption of an equivalence 
between momenturn and concentration diffusion is indeed acceptable at least in the region 
above the roughness elements and in the shear layer at the interface between the in-canopy 
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Figure 5.13: Vertical profile of the turbulent Schmidt number at. The dotted line indicates 
the level conesponding to O't = 1 

and the above-canopy flow. As a consequence of the latter it will be possible to quantify the 
exchanges of mass and momenturn across the shear layer at the top of an obstacle canopy 
by a single parameter, the exchange velocity UE. The concept of exchange velocity will be 
discussed into detail in the next section. 

5.3 Exchange velocity 

The concept of exchange velocity was introduced as an attempt to quantify the average ex
change rate between in-canopy and above-canopy flows. Bentham & Britter [2003] developed 
a very simple model for estimating UE· 

They simplified the mean velocity profile within and above the obstacle canopy as illus
trated schematically in figure 5.14. The spatially and temporally averaged in-canopy flow 
is characterized by a single constant velocity uc. This in-canopy velocity uc is the mean 
velocity experienced by the obstacle canopy. The force acting on a control volume of fluid 
within the canopy can then be written 

1 2-
TH = 2pucC' DÀJ (5.8) 

with TH the equivalent canopy surface shear stress, p the fluid density, C' D the drag coefficient 
of a single obstacle and ÀJ the packing density. An expression for the drag coefficient has 
been derived at the end of §4.2 and is given by equation ( 4.8). Using also TH/ p = u; equation 
(5.8) can be rewritten into an expression for uc 

(5.9) 

with (3 the fraction of the canopy volume occupied by obstacles. 
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The velocity above canopy level is assumed to be constant as well and is characterized by 
a reference velocity Uref. The reference velocity must be the velocity at some point above the 
obstacle height H and as a result of the assumed nature of the velocity profile Uref should 
be significantly larger than uc. Consiclering the experimental conditions in this study the 
reference velocity is estimated by the measured velocity at the reference height Zref = 8 cm. 

uref ~ .. _"_"_,,!--------

IT(z) --+ IT(z) 

H z z 

Figure 5.14: Simplified velocity profile within and above an obstacle canopy 

The next step in the derivation of a spatially averaged exchange velocity UE between in
canopy and above-canopy flows is assuming that there are two levels of momenturn exchange in 
the shear layer at the canopy surface. By turbulent mixing processes momenturn is exchanged 
between the fast rnaving fluid above the canopy and the slow rnaving fluid within the canopy. 
Furthermore momenturn is lost by the slow rnaving fluid due to bluff body drag around the 
obstacles. Hence the drag force exerted by the canopy surface on a control volume within the 
canopy should be balance by momenturn flux across the shear layer at z = H 

TH= PUE(Uref- uc) (5.10) 

Tagether with TH/ p = u; this yield for the exchange velocity 

(5.11) 

The canopy, the reference and the exchange velocity have been calculated for a turbulent 
boundary layer flow above three different shell configurations. Therefore the experimental 
data from the PIV experiments listed in §3.1.4 have been used. The calculated values of uc, 

Uref and uE as well as the parameters required for calculation are gathered in table 5.1. 
According to equation (5.11) the exchange velocity is proportional to the square of the 

friction velocity. Hence the results of the calculations will be highly sensitive to the value of 
u* used. Since in the previous chapter the best results were obtained estimating the friction 
velocity by u~c) only this value is used to limit the number of calculations. 
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shell configuration A B c 
ÀJ 0.05 0.12 0.24 
(3 0.04 0.10 0.21 

(u(z)2):=o [cm2 s-2] 536 257 71 

uc [cm s ·1] 23.1 16.8 9.4 

Uref [cm s-1] 39.3 40.5 39.0 
u~a) [cm s-1] 2.14 3.42 4.38 

(b) 
u. [cm s-1] 3.17 4.69 4.97 

(c) 
u. [cm s-1] 4.25 4.86 4.96 

~ 5.4 3.5 1.9 
u. 

~ 9.3 8.3 7.9 c u. 

:ToY 0.26 0.21 0.17 
u • 

...!!:.E... 
Uref 

0.028 0.025 0.021 

Table 5.1: Results of the calculations of the exchange velocity UE, the friction velocity u. and 
the in-canopy characteristic velocity uc together with the values of the parameters required 
for the calculations 

Table 5.2 shows in bold the results of the calculations of the canopy, the reference and 
the exchange velocity tagether with the estimated values by Bentham & Britter for a range 
of packing densities. 

0.05 5.1 8.6 0.29 0.033 
0.05 5.4 9.3 0.26 0.028 
0.10 4.0 7.3 0.31 0.042 
0.12 3.5 8.3 0.21 0.025 
0.15 3.8 6.9 0.32 0.047 
0.20 3.2 6.8 0.27 0.040 
0.24 1.9 7.9 0.17 0.021 
0.25 2.8 6.9 0.25 0.036 

Table 5.2: Predictions of the exchange velocity UE, the friction velocity u. and the in-canopy 
characteristic velocity uc given by Bentham & Britter [2003] and calculated from experi
mental data 

The results of Bentham & Britter show a reasonable variation of the exchange velocity 
with packing density. Sparse canopies will not generate much turbulence or a strong shear 
layer at the canopy top level hence UE/Uref is rather small. Increasing obstacle density will 
enhance the mechanica! production of turbulence as a result of which there will be more 
exchange. The value of uE/Uref will increase with packing density up to the point where 
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skimming flow sets in and the in-canopy and above-canopy flows are decoupled. This leads 
to a reduction of the exchange. 

Although the experimentally calculated values are of the right order of magnitude com
pared to the estimations of Bentham & Britter they do not reflect the correct variation of 
uE/Uref with packing density. This is not very surprising consiclering the numerous error 
sourees and the fact that since the values are close to each other a small absolute error can 
represent a large relative error and cause an inverse variation with ).. f. 

As mentioned before the exchange velocity is highly sensitive to the value of the friction 
velocity which can not be determined unambiguously under the present experimental condi
tions. This will be the most important souree of error. But also the precision of the reference 
velocity is questionable. The value of Uref was estimated by the experimental value of the 
mean velocity at a certain reference height Zref well above the canopy top level. However in 
this region the mean velocity profiles for the small and intermediate shell density cases are 
flattened due to the influence of the side wall boundary layers. Hence the reference velocity 
in these cases is likely to be underestimated. 

The profit of introducing the concept of exchange velocity will be for the quantification 
of transport properties. The definition of UE implies that the exchange velocity is a measure 
for the turbulent momenturn transport between the in-canopy and the above-canopy flow 

<I>mom =(uw)+ (ulwl) = UE(Uref- uc) (5.12) 

with <I>mom the momenturn flux by turbulence. In §5.2.3 it was shown that the Reynolds 
analogy which expresses the equivalence between momenturn and concentration diffusion (vt = 
Dz), is valid in the shear layer at the interface between the in-canopy and the above-canopy 
flow. As a consequence the mass flux <I>mass across this shear layer can be written analogously 
with equation (5.12) as 

<I>mass = (c Ui)+ (clwl) = UE(CC- Cref) (5.13) 

The exchanges of mass and momenturn across the shear layer at the top of an obstacle canopy 
can thus be quantified by a single parameter, the exchange velocity UE. 

Cc 

c(z) ... c(z) (uJ 
I 

ere! ·-·-··-·-· 

H H 
z z 

Figure 5.15: Simplified concentration profile conesponding to the simplified velocity profile 
within and above an obstacle canopy 
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5.4 Sedimentary processes 

The benthic shear stress and the near-bed structure of turbulence play fundamental roles in 
the nature of sediment transport. The benthic shear stress is the primary determinant of 
where particulate matter scours, rolls, saltates, setties and consolidates. It controls thus the 
erosion and deposition of sediments at the bed as well as their ditfusion in the water column. 

At locations experiencing high shear stress sediment matter will be eroded and the sus
pended solids will be deposited on locations experiencing lower rates of benthic shear stress. 
The intensity of traction which would trigger the movement of a particular class of sediment 
particles is the critica! shear stress, Ter, for those particular particles. The critica! shear stress 
determines when banks erode, how nutriments are distributed and where waste matter settles. 

The experimental conditions do not allow a direct measurement of the benthic shear stress 
sirree there is no access to the velocity and the Reynolds stress components close enough to 
the bottorn surface z = 0 cm. 

In order to get estimates for the benthic shear stress the velocity measurements in the 
horizontal plane z = 1 cm will be used. These measurements only yield values for the 
horizontal velocity components, u and v. The idea is now to estimate the vertical velocity 
component, w , by using the continuity equation 

du dv dw 
-+-+-=0 
dx dy dz 

(5.14) 

Assuming a no slip condition at the bottorn surface, u, v, w(z = 0) = 0, the vertical velocity 
in the z = 1 cm plane can be estimated by 

z [du dv ] w(x , y, z = 1cm) = - 2 dx (x , y, z = 1cm) + dy (x , y , z = 1cm) (5 .15) 

Notice that this is a quite crude estimation sirree there is no account taken of the recirculation 
motions near the bottom. Nevertheless the resulting values of the component of the Reynolds 
stress tensor, utwt, are rather satisfying as can be conclude from figures 5.16-5.18. These 
figures compare, for three different shell configurations respectively, the estimated values of 
utwt in the horizontal plane z = 1 cm with the measured values in the vertical plane y = 0 
cm along the longitudinal intersection line of the two planes. 
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Figure 5.16: Comparison of the estimated values of utwt in the horizontal plane z = 1 cm 
with the measured values in the vertical plane y = 0 cm along the longitudinal intersection 
line of the two planes for shell configuration A 
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Figure 5.17: Comparison of the estimated values of utwt in the horizontal plane z = 1 cm 
with the measured values in the vertical plane y = 0 cm along the longitudinal intersection 
line of the two planes for shell configuration B 
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Figure 5.18: Comparison of the estimated values of ulwl in the horizontal plane z = 1 cm 
with the measured values in the vertical plane y = 0 cm along the longitudinal intersectien 
line of the two planes for shell configuration C 

Subsequently the benthic or bed shear stress Tbed is estimated by 

Tbed(x, y) = p V u1w12(x, y, z = 1cm) + vtwt2(x , y , z = 1cm) (5 .16) 

Figures 5.22-5.24 represent the distribution of the estimated benthic shear stress for different 
shell configurations respectively. 

A mean bed shear stress can now be calculated by taking the spatially average Tbed in the 
z = 1 cm plane. 

(Tbed ) = p ( utwt2 + vtwi2J x ,y,z=lcm . (5.17) 

The resulting estimated values of the mean bed shear stress for the three different shell 
densities are listed in table 5.3 . 

Shell configuration 

A 
B 
c 

Table 5.3: Estimated values of the mean benthic or bed shear stress (Tbed ) for different shell 
densities. The unit of (Tbed) is N/ m2 

The mean bed shear stress decreases with increasing shell density which seems reasonable. 
When the shell density is higher the canopy velocity is decreased and the sediment bed is 
sheltered. 
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In order to showneven more explicitly the infiuence of the macroscopie roughness elements 
the ratio of the average benthic shear stress and the equivalent canopy surface shear stress, 
Tbed/TH , has been calculated. Where the equivalent canopy surface shear stress has been 
determined from the friction velocity 

(5.18) 

Besides the three data points resulting from experimental measurements two data points are 
added corresponding to the extreme cases with no roughness elements at all, À f = 0, and a 
totally spaeed out canopy, À f = 1. The additional data points are then 

{

Tbed/TH (Àj = 0) = 1 

Tbed / TH (Àj = 1) = 0 

Notice that a totally spaeed canopy will only have a packing density of unity when the 
roughness elements are cubic. In the present case the roughnèss elements are molds of shells 
and ÀJ will be less than unity but the cubic approximation will nevertheless be applied. 

The evolution of Tbed / TH in function of the obstacle density ÀJ has been plotted in tigure 
5.19. The shear stress ratio seems to decrease approximately with À"t. 
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Figure 5.19: The ratio of the mean benthic shear stress to the equivalent canopy surface shear 
stress Tbed / TH in function of the packing density ÀJ 

In order to tell whether or not the movement of a particular class of sediment partiele 
will be trigged it is indispensable to have an estimate of the cri ti cal shear stress Ter· One 
way ofachieving this is by using the traditional Shields curve given in tigure 5.20. This curve 
represents the prediction of the dimensionless mobility number, e, as a function of the grain 



5.4. Sedimentary processes 

size Reynolds number, Re*. Which are defined respectively as 

e = 

Re* = 

T 

(Ps - p)gd 

Vr7P d 
va 

89 

(5.19) 

(5.20) 

with T the local benthic shear stress, p the density of the fluid, p8 the density of the sediment 
matter, g the gravitational acceleration, d the sediment partiele diameter and va the kinetic 
viscosity of the fluid. The traditional Shields curve has been obtained for planar homoge
neaus sediment beds. Nevertheless it will be used here for further calculations because it is 
assumed that the regions between the macroscopie roughness elements can be seen as planar 
homogeneous sediment beds. 

0.1 1 10 

Grain size Re· 

100 "1000 

Figure 5.20: Traditional Shields curve representing the prediction of the dimensionless mo
bility number, e, as a function of the grain si ze Reynolds number, Re*. Source: Peterson 
[1999] 

Sediment matter will generally be put into suspension when the mobility number is above 
the Shields curve. For points on the curve both the mobility number and the Reynolds grain 
size number include the critical shear stress. 

Apparently for sediment matter with small grain sizes (Re* < 2.5) the Shields curve is 
linear with a slope of -1 on logarithmic paper 

(5.21) 

After replacing e and Re* by their definitions (5.19) and (5.20) equation (5.21) can be 
rearranged to give an expression for the critical shear stress 

7 = ('Y;v2p) 1/3 
er 100 (5.22) 

with 'Ys = g(p8 - p) the specific weight of thesediment particles. 
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For sediment matter with large grain sizes (Re* > 100) on the other hand the Shields 
curve is approximately constant with zero slope 

Ber = 0.05 (5.23) 

which yields 
Ter= 0.05 "(8 d (5.24) 

Contrary to the small grain size number case the critical shear stress for large grain size 
numbers is dependent on the sediment partiele diameter d. 

For cases conesponding to an intermediate grain size number the Shields curve is more 
complex and it is more difficult to derive an expression for Ter straightforward. However the 
critical shear stress can be estimated by the maximum value of Ter calculated by equations 
(5.22) and (5.24) respectively. 

Subsequently the critical shear stress for sand particles at a sediment-water interface can 
be calculated. With p ~ 1000 kgjm3 the density of the water, v ~ w-6 m2 /s the viscosity 
of water and p8 ~ 2000 kg jm3 the density of wet sand the critical shear stress calculated 
using equation (5.22) yields Ter~ 0.10 Nfm2 . Equation (5.22) is only valid for Re*< 2.5 and 
an estimate of the conesponding maximum sediment partiele diameter can be calculated by 
filling in the value of Ter in the definition of Re* 

Re-:nax vo 
dmax = r:::-ï": = 250 J.lm 

V Tcr/P 
(5.25) 

From the Udden-Wentworth scale in tigure 5.21 which gives a dassification of sediment matter 
according to the sediment partiele diameter it can be conclude that the approximation Ter = 

0.10 Njm2 is applicable for very fine and fine sand. 
For the other sand sediment classes with d > dmax the critical benthic shear stress will be 

estimated using equation (5.24) and the upper limit partiele diameter of the sediment class. 
The resulting values are collected in table 5.4. 

I Wentworth size class Ter 

Very coarse sand 0.98 
Coarse sand 0.49 
Medium sand 0.24 
Fine sand 0.10 
Very fine sand 0.10 

Table 5.4: Estimated values of the critical benthic or bed shear stress for different Wentworth 
size classes of sand. The unit of Ter is N /m2 

When consiclering erosion and sedimentation processes one have to take into account the 
spatial distribution of the benthic shear stress. If locally Tbed exceeds the critical bed shear 
stress for a particular class of sediment particles the movement of these particles will probably 
be triggered. Figures 5.25-5.27 are colormap representations of the local benthic shear stress 
for shell configurations A, B and C respectively. The colars indicate erosion sensitive regions 
for particular sediment classes. Yellow for example corresponds to regions where Tbed > 0.10 
N /m2 , the critical shear stress for very fine and fine sand, orange to Tbed > 0.24 N /m2 , 
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the cri ti cal shear stress for medium sand, red to Tbed > 0.49 N /m2 , the critical shear stress 
for coarse sand and dark red to regions where even very coarse sand is likely to be put in 
suspension, Tbed > 0.98 N /m2

. 

In the small and intermediate density cases astrong erosion region can be clearly observed 
behind the centrally positioned shell. In the high density case no regular pattem with respect 
to the shell configuration can be detected . This can be a result of the important turbulence 
generated secondary flow cells. When the turbulent secondary circulation becomes important 
the derivation of the vertical velocity component from the lateral velocity components as 
given at the beginning of this section will no longer be valid . Consequently the estimation of 
the bed shear stress by equation (5.16) will no longer be a adequate. 

Furthermore when the density of roughness elements is high there are no dark red regions 
and only very small red regions conesponding to the erosion of very coarse and coarse sand 
respectively. This situation changes when the density of the roughness elements decreases. 
The obstacles thus seem to proteet thesediment bed from being eroded. 

Mill imeters IJ1ll Wentworth size class 
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Figure 5.21: Udden-Wentworth grain-size scale for the classification of sediment. Source: 
Tarduno et al. [2002] 
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Figure 5.22: Colormap representing the distribution in the horizontal plane z = 1 cm of the 
estimated benthic shear stress Tbed [N / m 2] of the flow over shell contiguration A 
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Figure 5.23: Colormap representing the distribution in the horizontal plane z = 1 cm of the 
estimated benthic shear stress Tbed [N / m2

] of the flow over shell contiguration B 
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Figure 5.24: Colormap representing the distribution in the horizontal plane z = 1 cm of the 
estimated benthic shear stress Tbed [N /m2] of the flow over shell configuration C 
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Figure 5.25: Representation of the regions in the horizontal plane z = 1 cm where the bed 
shear stress Tbed [N/m2] exceeds the critica! bed shear stress Ter for different sand sediment 
partiele classes for the flow over shell configuration A 
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Figure 5.26: Representation of the regions in the horizontal plane z = 1 cm where the bed 
shear stress Tbed [N/m2] exceeds the critical bed shear stress Ter for different sand sediment 
partiele classes for the flow over shell contiguration B 
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Figure 5.27: Representation of the regions in the horizontal plane z = 1 cm where the bed 
shear stress Tbed [N/ m2] exceeds the critical bed shear stress Ter for different sand sediment 
partiele classes for the flow over shell contiguration C 
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5.5 Condusion 

In this part the results of combined PIV-PLIF measurements have been discussed with the 
aim of giving insight in the dispersion mechanisms of momenturn and mass. 

Firstly the time averaged concentration distribution of an injected passive tracer was 
shown. It was demonstrated that the tracer was trapped inside the obstacle canopy although 
the injection point was situated on top of the canopy. 

Subsequently the momenturn and mass ditfusion mechanisms have been investigated by 
means of the eddy viscosity and the eddy diffusivity parameter respectively. Although the 
behaviour of Vt and Dz individually is different for two different obstacle density cases the 
Reynolds analogy is found to be valid in the region above the roughness elements and in 
the shear layer on top of the canopy. As a consequence of the equivalence of momenturn 
and concentration ditfusion in the shear layer at the interface between the in-canopy and the 
above-canopy flow it will be possible to quantify the exchanges of mass and momenturn across 
the shear layer by a single parameter, the exchange velocity UE. 

Finally is focused on the nature of sediment transport and the benthic shear stress which 
controls the erosion and deposition of sediments. The local benthic shear stress as well as 
an average value have been estimated. The macroscopie roughness elements influence the 
average bed shear stress such that Tbed/TH decreases approximately with >..'t. 

An expression for the critica! shear stress has been derived for small (Re* < 2.5) and 
large (Re* > 100) grain size numbers. These approximations have been used to estimate the 
critica! shear stress for different classes of sand sediment particles. 

The critica! shear stress is the intensity of benthic shear stress which would trigger the 
movement of a particular class of sediment particles. Once the sediment matter is put in 
suspension it is mixed throughout the canopy layer giving rise to a canopy layer concentration 
Cc· Under the assumption of equivalent momenturn and mass difl'usion (vt = Dz) in the shear 
layer on top of the canopy layer the exchanges of sediment matter between the in-canopy and 
above-canopy flow are quantified by the exchange velocity parameter UE and depend on the 
reference concentration Cref of sediment particles in the above-canopy region. 



96 Chapter 5. Discussion on the transport of dissolved and suspended matter 



Chapter 6 

Conclusion and perspectives 

In this study the impact of shells of the slipper limpet on a turbulent boundary layer flow 
and on the momenturn and mass diffusion mechanisms has been investigated. 

The mean velocity profile inside an obstacle canopy of arrays of real shell molds matches 
well with the exponential profile derived by Macdonald. The charaderistic hydrodynamic 
parameters that describe the flow in this region are the attenuation constant a and the 
canopy turbulent mixing length Ze. The calculated values given by Macdonald predict well 
the experimentally measured values of a. Huwever they seem to underestimate Ze as a result 
of an underestimation of the average sectional drag coefficient C' d· It was also verified that 
the turbulent mixing length is constant inside the canopy layer. 

Above the canopy layer the velocity has been normalized with the friction velocity .u* 
in order to campare with theoretica! models. The predicted logarithmic evolution of the 
velocity of the above-canopy flow has been verified for the high obstacle density case. The 
fitted values of the characteristic parameters which are the displacement height d/ H and the 
roughness height zo/ H are close to the values calculated by Macdonald for cube arrays of the 
conesponding packing density ÀJ· 

In case of smaller obstacle density no distinct logarithmic part can be distinguished be
cause the velocity profile of the above-canopy flow is flattened. This is an undesired effect of 
the side wall boundary layers that become dominant already at low heights in case of small 
and medium shell density. 

Another problem that affects all density cases is the fact that the friction velocity can not 
be determined unambiguously from the Reynolds stress profile utwt(z). 

Furthermore vertical profiles are determined for time and spatially averaged quantities. In 
order to calculate adequate spatially averaged values the quantities must be averaged at least 
over one length of a repetition unit of the obstacle configuration. Huwever the observation 
area in the present experimental set up does not cover an entire repetition unit. 

Although the model of Macdonald was derived for arrays of cubic obstacles describes quite 
well the turbulent boundary layer flow inside and above an obstacle canopy of arrays of real 
shell molds. The values of the hydrodynamic properties such as the attenuation constant, 
the displacement height and the roughness height calculated in the present case where the 
roughness elements have a particular geometry are in good accordance with the values found 
in the case of a contiguration with obstacles of a very simple geometry such as cubes. The 
cubic obstacles are a good representative for a simple urban type surface. As a consequence 
all the theory and knowledge about urban and vegetative canopy flows can now be adopted 

97 
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in the study of the turbulent boundary layer flow above a bed of shells. 
The average concentration distribution of an injected passive tracer shows that the tracer 

is trapped inside the obstacle canopy even though the injection point was situated on top of 
the canopy. 

The characteristic parameters that describe dispersion mechanisms of momenturn and 
mass are the eddy viscosity and the eddy diffusivity respectively. Even though the behaviour 
of both parameters Vt and Dz individually is different for two different obstacle density cases 
the momenturn and mass ditfusion is found to be equivalent not only in the region above the 
roughness elements but also in the shear layer at the interface between the in-canopy and the 
above-eanopy flow. As aresult of the latter the exchanges of mass and momentum across the 
shear layer can be quantified by a single parameter, the exchange velocity UE. 

The benthic or bed shear stress which controls the erosion and deposition of sediments has 
been estimated from velocity measurements in a horizontal plan at 1 cm above the bottorn 
surface. The macroscopie roughness elements influence the average benthic shear stress such 
that Tbed/TH decreases approximately with À "t. For small grain size number cases (Re* < 
2.5) on one hand and large grain size number cases (Re* > 100) on the other hand an 
expression for the critical shear stress has been derived. These approximations have been 
used to estimate whether or not particles of a particular sand sediment partiele class are 
locally put in suspension. Once the movement of the sediment particles is triggered the 
eroded sediment matter is mixed throughout the canopy layer which gives rise to a canopy 
layer concentration Cc. Assuming an equal rate of momenturn and mass exchanges (vt = Dz) 
in the shear layer on top of the canopy layer the ditfusion of sediment matter between the 
in-canopy and above-canopy flow is quantified by the exchange velocity parameter UE and 
depends on the reference concentration Cref of sediment particles in the above-canopy region. 

Figure 6.1: Photographs of the preparations of the experimental set up for the planned 
measurement campaigu in a 110 cm wide hydraulic channel 
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A challenge for further research is to find solutions for the inconvenient influence of the 
side walls and the problems encountered by the determination of the friction velocity and by 
spatially averaging the measured quantities. 

In order to avoid influence of the side wall boundary layers experiments have to be per
formed in a hydraulic flume with a larger width to height ratio. A new measurement campaign 
is planned in a 110 cm wide hydraulic channel in the summer of 2006. Shell molds are at
tached to the bottorn of this channel across the whole width as shown in the photographs of 
figure 6.1. The density of the obstacle configuration is chosen to be approximately equal to 
the density of shell configuration B. It is also expected that the measurements of the compo
nent of the Reynolds stress tensor utwl will be more accurate and allow a better estimation 
of the friction velocity. Furthermore it would be interesting to campare the experimental 
results with in-situ measurements that have been executed in Brestand with two dimensional 
numerical simulations that have been carried out in Banyuls. 
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Appendix A 

Crepidula fornicata 

A. l D escript ion 

The crepidula fornicata also known as the slipper limpet, the American limpet, the common 
Atlantic slippersnail or oyster-pest , is a gastropod mollusk. 

Figure A.1: A short chain of crepidula fornicata or slipper limpets with small rnales on the 
top and larger females on the bottom. Photo: Steve Trewhella (published on the MarLIN 
Web site) 

They are sequentia! hermaphrodite which means that the organisms are male at birth and 
may change sex and develop into females in the course of their lives. The individuals pile up 
on each other with the young rnales on top of the older females. The male specimens may 
eventually turn into females as the pile grows. Chains of up to 12 animals can be found. 

The slipper limpet is typically found attached to shells, like shells of mussels and oysters, 
and stanes on sand or gravel bottoms. They can tolerate a wide range of environmental 
conditions but the populations are particularly well developed in sheltered and shallow areas 
as bays or estuaries . 

The shell of the crepidula fornicata is aval and can be up to 5 cm in length. The large 
aperture has a shelf or septurn that extends half its length. The spire is much reduced and 
the shell is smooth with irregular grow lines. The colour of the shells varies between white, 
cream, yellow and pinkish with red or brown streaks or spots. 
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Figure A.2: A high density impact of crepidula fomicata on a fine sediment surface. Source: 
Thieltges [2003] 

Slipper limpets often occur in enormous numbers and compete with other filter-feeding 
invertebrates for food and space. Hence they are unwanted species in commercial oyster beds. 
Furthermore it has been reported that crepidula fomicata modify the texture of the colonized 
grounds by altering the sediment characteristics. 

A.2 Shell molds 

In order to perform experiments that approach natural conditions real size models of shells 
of the crepidula fomicata or slipper limpet have been used . Eight different shell molds with 
variable dimensions have been made. 

Table A.1 gives and overview of the height , the volume and the frontal area of the different 
shell molds. Figures A.3-A.10 show pictures of the frontal and top view of the eight models. 

mold n° H [cm] At [cm:l] V [cmj] 
1 4.2 ± 0.2 25.1 ± 0.5 55 ± 3 
2 3.2 ± 0.2 18.7 ± 0.5 45 ± 3 
3 3.4 ± 0.2 15.4 ± 0.5 40 ± 3 
4 3.1 ± 0.2 14.5 ± 0.5 40 ± 3 
5 3.0 ± 0.2 13.6 ± 0.5 35 ± 3 
6 3.1 ± 0.2 13.1 ± 0.5 32 ± 3 
7 2.7 ± 0.2 9.8 ± 0.5 25 ± 3 
8 2.6 ± 0.2 9.5 ± 0.5 21 ± 3 

Table A.l: Overview of the height (H), the volume (V) and the front al area (Af) of the eight 
different shell molds 

The shell molds have been attached on the bottorn of the channel in three different regular 
configurations. Figure A.ll shows schematically the three configurations. The numbers 
indicate which of the eight shell molds is placed where. 
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(a) (b) 

Figure A.3: Front and top view of shell mold n° 1 

(a) (b) 

Figure A.4: Front and top view of shell mold n° 2 

(a) (b) 

Figure A.5: Front and top view of shell mold n° 3 
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(a) (b) 

Figure A.6: Front and top view of shell mold n° 4 

(a) (b) 

Figure A.7: Front and top view of shell mold n° 5 

(a) (b) 

Figure A.8: Front and top view of shell mold n° 6 



A.2. Shell molds 107 

(a) (b) 

Figure A.9: Front and top view of shell mold n° 7 

(a) (b) 

Figure A.lO: Front and top view of shell mold n° 8 

20 cm 

(a) Shell contiguration A (b) Shell contiguration B (c) Shell contiguration C 

Figure A.ll : Schematic representation of the three experimental shell configurations. The 
numbers indicate which of the eight different shell molds is used 
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Appendix B 

Vertical velocity profiles 

B .1 Downstream of the central shell 

JHimary flow 

.0 '· 
Figure B.l: Schematic representation of the different positions where the vertical velocity 
profiles are taken 

The vertical distribution of the longitudinal and vertical velocity components has been 
calculated at different positions downstream of the central shell. The profiles of u(z) are 
represented in figures B.2, B.3 and B.4 for the shell configurations A, B and C respectively. 
The evolut ion of w(z) for the different shell configurations is shown in figures B.5 , B.6 and 
B.7. 
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Figure B.2: Vertical profile of the longitudinal velocity component u at different positions 
downstream of the central shell in contiguration A 
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Figure B.3: Vertical profile of the longitudinal velocity component u at different positions 
downstream of the central shell in contiguration B 
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Figure B.4: Vertical profile of the longitudinal velocity component u at different positions 
downstream of the central shell in contiguration C 
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Figure B.5: Vertical profile of the vertical velocity component w at different positions down
stream of the central shell in contiguration A 
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Figure B.6: Vertical profile of the vertical velocity component w at different positions down
stream of the central shell in configuration B 
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Figure B.7: Vertical profile of the vertical velocity component w at different positions down
stream of the central shell in configuration C 
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In order to get insight in the infiuence of the bed configuration the velocity profiles taken 
at a specific distance behind the central shell for different shell configurations are shown in 
figures B.8-B.15. 
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Figure B.9: Evolution of the longitudinal velocity component u(z) 2 cm downstream of the 
central shell for different shell configurations 
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Figure B.ll: Evolution of the longitudinal velocity component u(z) 4 cm downstreamof the 
central shell for different shell configurations 
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Figure B.l3: Evolution of the vertical velocity component w(z) 2 cm downstream of the 
central shell for different shell configurations 
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central shell for different shell configurations 
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B.2 Upstream of the central shell 

0 

0 

llrimary flow 
~ 
~ 

0 

0 
Figure B.l6: Schematic representation of the different positions where the vertical velocity 
profiles are taken 

The vertical distribution of the longitudinal and vertical velocity components has now 
been calculated at different positions upstream of the central shell. The evolution of u(z) 
for the different shell configurations A, B and C are shown in figures B.l7, B.l8 and B.l9 
respectively. The profiles of of the vertical velocity component are shown in figures B.20, B.21 
and B.22. 
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Figure B.l7: Vertical profile of the longitudinal velocity component u at different positions 
upstream of the central shell in configuration A 
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Figure B.l8: Vertical profile of the longitudinal velocity component u at different positions 
upstream of the central shell in configuration B 
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Figure B.l9: Vertical profile of the longitudinal velocity component ü at different positions 
upstream of the central shell in configuration C 
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Figure B.20: Vertical profile of the vertical velocity component w at different positions up
stream of the central shell in configuration A 
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Figure B.21: Vertical profile of the vertical velocity component w at different positions up
stream of the central shell in contiguration B 
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Figure B.22: Vertical profile of the vertical velocity component w at different positions up
stream of the central shell in contiguration C 
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In order to get insight in the influence of the bed contiguration the velocity profiles taken 
at a specific distance before the central shell for different shell configurations are shown in 
figures B.23-B.26. 
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Figure B.23: Evolution of the longitudinal velocity component u(z) 1 cm upstream of the 
central shell for different shell configurations 
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Figure B.24: Evolution of the longitudinal velocity component u(z) 2 cm upstream of the 
central shell for different shell configurations 
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Figure B.25: Evolution of the longitudinal velocity component u(z) 3 cm upstream of the 
central shell for different shell configurations 
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Figure B.26: Evolution of the longitudinal velocity component u(z) 4 cm upstream of the 
central shell for different shell configurations 
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Figure B.27: Evolution of the vertical velocity component w(z) 1 cm upstream of the central 
shell for different shell configurations 
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Figure B.28: Evolution of the vertical velocity component w(z) 2 cm upstream of the central 
shell for different shell configurations 
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Figure B.29: Evolution of the vertical velocity component w(z) 3 cm upstream of the central 
shell for different shell configurations 
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Figure B.30: Evolution of the vertical velocity component w(z) 4 cm upstream of the central 
shell for different shell configurations 
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Figure B.31: Vertical profile of the normalized longitudinal velocity component uju~a) at 
different positions downstream of the central shell in contiguration A 
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Figure B.32: Vertical profile of the normalized longitudinal velocity component uju~b) at 
different positions downstream of the central shell in configuration A 
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Figure B.33: Vertical profile of the normalized longitudinal velocity component uju~c) at 
different positions downstream of the central shell in configuration A 
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Figure B.34: Vertical profile of the normalized longitudinal velocity component uju~a) at 
different positions downstream of the central shell in contiguration B 
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Figure B.35: Vertical profile of the normalized longitudinal velocity component uju~b) at 
different positions downstream of the central shell in contiguration B 
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Figure B.36: Vertical profile of the normalized longitudinal velocity component uju~c) at 
different positions downstream of the central shell in configuration B 
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Figure B.37: Vertical profile of the normalized longitudinal velocity component uju~a) at 
different positions downstream of the central shell in configuration C 



B.3. Influence of the fluid flux 131 

12 

10 

8 

e. 
;; 

~ 6 

. . ····• ·• ... . . •. ..6. ....• .. t: ~· . ... . ... ..... ,.: .. • .. . ! t: s: t· .. . ~ .. ~ • ~· . . 
4 

~ 

. 
2 

• . 
. . . . 

•· 1·. 
. .. 

·I : 0 
~· 

0 

I 
. 

Q=10V;j ··• Q=20Vs . Q=30Vs 

6 7 8 9 10 

Figure B.38: Vertieal profile of the normalized longitudinal velocity component uju~b) at 
different positions downstream of the central shell in contiguration C 
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Figure B.39: Vertical profile of the normalized longitudinal velocity component uju~c) at 
different positions downstream of the central shell in contiguration C 


