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Abstract
In this research we gained more insight in the transport of sediment across a headland. Whenever a
current flows across a headland, the flow separates causing boundary layer separation. This separation
creates shed vorticity and forms a shed vortex due to shed vorticity roll-up. As the flow reverses, a
vortex with opposite sign vorticity forms on the other side of the headland. This work extends the
insight in sediment transport, trough the study of shed vortex behavior, growth and dipole formation. Laboratory experiments and numerical simulations performed, allow for a better qualitative
and quantitative insight into hydrodynamics and sediment transport. Moreover, diameter, path and
circulations strength of shed vortices are characterized. The results were based on the Strouhal (St),
Reynolds (Re) and length scale ratio numbers (δc and δh ). We observed different regimes, that can
be classified depending on the strength of the interaction between vortices formed on opposite side of
the headland. In particular, we observed, for certain regions of the parameter space, the formation of
dipolar vortices, since the two vortices rotate in opposite direction. Three regimes were found based on
the strength of the shed vortices, no dipole formation (I), dipole formation (II) and dipole propagation
(III). This allows for a greater knowledge, on predicting shed vortex behavior and sediment transport
with a headland present. It can be of interest for a wide range of applications, from artificial coastal
structures (harbours) to the research on natural occurring headlands.
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Chapter 1

Introduction
In coastal areas, local topography can play a major role in water movement by altering of velocity and
vorticity fields. For example, topographical structures in the vicinity of a coastline. These features are
called headlands, and occur in nature as higher located parts of land with a steep drop that extend
into the water body. They reach into an ocean or sea and alter the local flow profile. Therefore
the transport of suspended sediment near these headlands is also altered. Signell & Geyer [2] used
numerical models to analyze the hydrodynamics around such a headland. They found shed vortices
to form due too flow separation at the headland tip. Flow separation now occurs when the boundary
pressure gradient switches from direction along the boundary. It causes boundary layers to release,
and inject vorticity into the interior of the water body [2]. Finally, they roll-up eventually into a
so-called shed vortex as found by Southwick [3].
Pawlak & Macready [4] established the same conclusion regarding shed vorticity, and did some thorough research on the mechanism responsible for the transfer of momentum from boundary to interior
flow. They focused on the influence of organized residual flow patterns. Edwards et.al. [5] focused
solely on the hydrodynamic situation and found the form drag to be the primary factor, causing vorticity to be created from the boundary momentum. MacCready & McCabe [6], MacCready & Warner
[7] confirmed this conclusion and split the form drag into inertial drag and separation drag. Here, the
separation drag is essential, because it accounts for flow changes by eddies. It describes the energy
extracted by the headlands. According to both Signell & Geyer [2] and Southwick [3] the aspect ratio
of the headland, drag force per meter depth and the amplitude and frequency of the far field flow are
of the most important parameters.
The shed vortices created by flow separation are able to transport sediment in coastal environments
from one to another place. This sediment transport near the coast is mainly classified as erosion or
deposition. Berthot & Pattiaratchi [8] already put a lot of effort into understanding the hydrodynamical and sediment transport processes near a headland. According to their study, sandbanks occur on
both sides of the headland, being asymmetrical due to influences of ebb/flood asymmetry. They also
found that secondary circulation, caused by the headland, is significant for the maintenance of these
sandbanks. This maintenance is driven by the transport of sediment, which according to van Rijn [9],
is dominated by bed-load transport.
In this thesis, we gained more insight into these erosion and deposition processes around headlands,
upon using laboratory experiments and finite element numerical simulations (COMSOL Multiphysics).
For this purpose we first evaluated existing theories about sediment transport and particle behavior.
Then, we developed a theory about the applicable flow situation. Also we found all relevant dimensionless numbers to check scalability. In order to analyze erosion and deposition around a headland a
two-way approach was chosen. Laboratory experiments on a rotating table with a perspex basin con4

taining water were conducted to re-create the real situation. Main purpose of this set of experiments
was to determine the hydrodynamics in the presence of a headland and characterize the sediment
transport in a quantitative way. This last quantization was performed by using the light attenuation technique form Munro, Dalziel & Jehan [10]. Finite-element method numerical simulations were
created with Comsol Multiphysics in order to further validate the measurements and its conclusions.

1.1

Outline of the report

In chapter two, the theory behind transport of sediment in described. Also, theory-based modeling
gives valuable insight in the movement of shed vortices and the circulation value. A description of
the experimental setups, basin, used particles and techniques are given in chapter three. Chapter four
contains the characterization of the hydrodynamic situation in a basin, with and without a headland.
It also discusses the problems which arise upon re-creating a headland-ocean situation in a laboratory.
In chapter five quantitative experiments in sediment transport are analyzed and further discussed.
Chapter six describes conclusion and recommendations for further work.
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Chapter 2

Theory
When a flow with changing amplitude and frequency passes a coastline, which includes headlands
(topographic or artificial features reaching into the water body), local changes in flow profile will
occur. The flow across the headland side will cause boundary layer separation and induce shed
vorticity. This shed vorticity rolls up into a vortex, which is able to transport sediment and cause
erosion or deposition of the sediment. We show a description of the vorticity that is shed and the
created vortex core itself.

Figure 2.1: Schematic representation of the shed vortex problem. A triangular headland of dimensions Wh by Lh on a coastline with a passing oscillating flow Ω(t) = Ωsin(2πft) with oscillation
frequency f and amplitude Ω. The flow velocity is defined as U where the created shed vortex has
circulation strength Γ and diameter d. Relevant region of the ocean is defined by the length Lc and
width Wc .
Figure 2.1 shows a schematic representation of the problem, with an on average flat coastline having
a headland of length Lh and width Wh . A oscillating flow U = Ωsin(2πf t) with frequency f [s−1 ] and
amplitude Ω [rad s−1 ] causes boundary layer separation and induces shed vorticity. The shed vortex
which is created has a diameter d and circulation strength Γ . Dimensions of the ocean or basin are
here indicated by length Lc and width Wc .

6

2.1

Characterization using dimensionless numbers

Now that the relevant problem parameters are defined, we can find a way to characterize al these
parameters. It is common practice to reduce the number of variables of a problem to a few dimensionless numbers using the Buckingham-Pi theorem. For this problem the relevant numbers are
(Ω , U, ρ, µ, Wc , Wh , Lh ). These problem parameters are not yet independent, there exist some physical
relations between the above mentioned numbers. A well known relation is the one between viscosity
and density of the liquid given as
µ
(2.1.1)
ν= ,
ρ
where ν [m2 s−1 ] is the kinematic viscosity and µ [Pa · s] the dynamic viscosity. With the use
of Eq.(2.1.1), we are able to narrow the problem down to the following independent parameters
(Ω , f, ν, Wc , Wh , Lh ). From the Buckingham-Pi theorem, we now that any N variables can be written
as N − M dimensionless parameters. M represents the number of dimensions in the set of variables.
For our case, N equals six and M equals two, length and time. Therefore, we can find four independent
dimensionless parameters from the Buckingham-Pi theorem.
Π1 =

ν
,
U Wc

(2.1.2)

Π2 =

U
,
f Wc

(2.1.3)

Π3 =

Wh
,
Wc

(2.1.4)

Π4 =

Wh
,
Lh

(2.1.5)

where all the earlier described variables are used. Since these are all dimensionless parameters groups,
we can define any Π0 by, for example, inversing Π1 and Π2 , yielding
Π01 =

1
U Wc
,
=
Π1
ν

(2.1.6)

Π02 =

f Wc
1
=
,
Π2
U

(2.1.7)

Equation (2.1.6) is definition of the Reynolds number. According to van Rijn [9] for every forced
flow a dimensionless number can be found, describing the relation between the occurring velocity in
a flow and its natural or forced frequency or amplitude. This number is the Strouhal number, which
uniquely describes the mechanism of oscillating flow, relates the frequency of vortex shedding f , flow
velocity U and characteristic length scale of the system Wc , as given by equation 2.1.7. Equation
(2.1.4) gives the relation between channel or basin width Wc and headland width Wh . The aspect
ratio of the headland is given by Eq. (2.1.5), where the length of the headland Lh is measured at the
x-axis, for y = z = 0. Summarizing, for a quasi-2D flow in a basin with headland and an oscillating
flow, a dimensionless description can be given by four numbers:
U Wc
U Wc2
=
,
ν
ν

(2.1.8)

f Wc
ωWc
ω
≈
≈ ,
U
ΩWc
Ω

(2.1.9)

Re = Π01 =
St = Π02 =

δc =

Wh
,
Wc

7

(2.1.10)

δh =

Wh
,
Lh

(2.1.11)

where U = ΩWC . When the width of the headland exceeds its length, δh >> 1 the headland has a
sharp tip and eddies are expected to develop faster and have a higher circulation strength Γ. With
δh << 1 eddies are expected to have a lower circulation value. This change in circulation value,
and consequently lower decay time can be explained more clearly using the inverse of the Strouhal
number. This inverse can also be derived by defining the relevant timescale of this situation, with
λa the advective time scale determined by the ratio Wc/U . Also we need to take into account the
characteristic timescale determined by the time that it takes for a new eddy to regenerate at the
headland tip λv = 1/2f . By calculating the ratio between these two, we find the inverse of the
Strouhal number multiplied by a length ratio being the so-called timeratio number λva . It is expected
for large values of λva that dipole formation does not occur, in contrast with small values which make
dipole formation possible. The latter only occurs in the case with either a relative high frequency or
low amplitude. Since this dimensionless number is only a other way of writing the Strouhal number
it will only be used to clarify certain results, written as
λva =

λv
,
λa

(2.1.12)

where λv and λa are the relevant timescales. If a 3D situation is considered, two additional dimensionless numbers and one condition need to be considered. This Froude number and sediment to headland
height ratio can be defined as
Hs
δs =
,
(2.1.13)
Hh
Fr = √
s =

U
,
gWT

Hs
≥ s,min ,
D50

(2.1.14)
(2.1.15)

where Hs is the bed thickness, D50 is the median diameter of a particle size distribution and Hh the
headland height. To keep scalability with a real situation of a headland in an ocean or likewise the
headland needs to have a height which is large enough compared to the height of the sediment layer.
This minimum factor s,min is defined in Eq. (2.1.15).

2.2

Hydrodynamic description and properties of the flow

By determining the hydrodynamics in a square or circular basin containing water as liquid, a headland
and sediment, we can get better insight into sediment transport. To enable this, we first look at
physical principle behind the creation of shed vorticity.

2.2.1

Quantifying the vorticity

In this section, we look at the hydrodynamical situation in a square or circular basin with a headland.
As mentioned in the problem description now shed vorticity is ejected into the flow and forms eddies.
To get more insight into this process, we first look at a vorticity equation for this system. Since we
ultimately want to describe formation of shed eddies, we use the depth-averaged vertical component
of vorticity as done by Pingree [11], Zimmerman [12] and Signell & Geyer [2], in their studies on tidal
flow and topography interaction. We start with the depth-averaged shallow water equations and by
supposing homogeneous conditions and a hydrostatic approximation they can be written in the form
CD u|u|
∂u
+ u · ∇u + f (k̂ × u) = −g∇η −
+ ∇ · (AH ∇u),
∂t
h+η
8

(2.2.1)

∂η
+ ∇ · [u(h + η)] = 0,
∂t

(2.2.2)

where (î, ĵ, k̂) is the normal unit vector system, with h the water depth and η the free-surface elevation.
In this model CD is the drag coefficient. Turbulence is accounted for by the horizontal Reynold stresses
or eddy viscosity AH . By taking the curl of Eq. (2.2.1) and using Eq. (2.2.2) we can calculate a
depth-averaged equation given as
 
∂ω
ω + f  ∂η
CD u|u| 
Dω
=
+ u · ∇ω =
+ u · ∇H − ∇ ×
· k̂ + AH ∇2 ω,
Dt
∂t
H
∂t
H

(2.2.3)

where ω is the vertical vorticity component. According to Signell & Geyer [2], the l.h.s of this equation
describes the material derivative, or ”the total change in vorticity following a parcel of fluid with fixed
mass, bounded at the bottom and the free surface”[2]. The r.h.s. gives the processes acting as a source
of vorticity. The first term represents the vorticity by by squashing or stretching, where the third
term gives the diffusion of vorticity due to mixing processes. The second term describes the bottom
stress. For coastal regions the vorticity is mostly influenced by this bottom stress term, represented
by the curl of this term. By calculating this divergence of the bottom stress, as Signell & Geyer [2],
Eq. (2.2.3) can be rearranged to give

CD (u × ∇|u|) · k̂ CD |u|ω
CD u|u|  CD |u|
=
[u × ∇H] · k̂ −
+
,
∇×
H
H2
H
H

(2.2.4)

where the bottom stress vorticity is split. Signell & Geyer [2] define the terms on the r.h.s. as
”slope torque”, ”speed torque” and vorticity dissipation by bottom friction. ”Slope torque” (first
term r.h.s.) becomes a source of vorticity when there is a component of velocity normal to the depth
gradient. ”Speed torque” (second term r.h.s.) acts as a source of vorticity if their is a component of
velocity perpendicular to the gradient of speed. The third term on the r.h.s. indicates the vorticity
dissipation by bottom friction, with a decay time scale following the magnitude of friction H/CD |u|.
By this bottom stress, or by imposing a no-slip boundary condition in simulations or theory, vorticity
is mainly generated. This vorticity has a relatively small reach into the water body compared to the
variations in a general coastal region. Only when flow separation at the tip of a headland occurs, this
vorticity can be effectively be injected into the fluid interior, carried by streamlines leaving the coast
line [2]. This causes relative high vorticity to be injected in low vorticity areas and here we arrive
at the point of interest, the creation of transient eddies. We also call this injected vorticity the shed
vorticity, where the transient eddies are named as sheddies.

2.2.2

Boundary layer separation

Since flow separation is an essential condition in order for vorticity injection to take place, we need
to look further into this. An model of flow separation can be created by introducing an irrotational
liquid body interior with a thin rotational boundary layer (thin compared to headland). Also, a no-slip
condition is assumed on the coast with a constant depth-averaged drag coefficient CD . In this model,
consisting of boundary layer and water body interior, vorticity generation is only possible along and
not in the boundary layer. This assumption is valid by a implying linearized bottom friction and a flat
bottom everywhere except on the headland itself. By assuming the cross-shore (x2 ) derivatives much
larger than the alongshore (x2 ) derivative the momentum and continuity equations can be stated as
follows
∂u1
∂u1
∂u1
η
CD U0 u1
∂ 2 u1
+ u1
+ u2
= −g
−
+ Ah
,
(2.2.5)
∂t
∂x1
∂x2
∂x1
h
∂x22
∂u1 h ∂u2 h
+
= 0,
(2.2.6)
∂x1
∂x2
where g is the gravitational acceleration, η the free surface elevation and CD the relevant drag coefficient. This assumption is confirmed by the low values of vorticity in the cross-shore direction. We
9

now consider a steady flow with no bottom friction, wherein the flow accelerates until it reaches the
headland tip. At the tip, it begins to decelerate immediately. For the flow field, the maximum is
located at the headland tip, according to Bernoulli [2] the pressure field has a local minimum here.
Using this assumptions, a negative pressure gradient follows upstream of the headland tip and an
opposing one downstream of the headland tip, dependent on where the flow started. This negative
pressure gradient helps to maintain the momentum flux balance into the boundary and, trivially,
maintains the downstream flow direction. On the downstream side of the tip the positive pressure
gradient causes momentum to be extracted from the flow. This extraction of momentum causes the
flow to turn around at some point if the upstream increase of momentum is not in balance with the
downstream extraction. The location on the boundary layer where the flow turns around and has
zero velocity is called the separation point. At this separation point a boundary bound streamline
moves out into the interior of the water body causing the separated boundary layer to inject adverse
vorticity into the flow. A shed vortex now forms.

2.2.3

Estimating circulation strength

To estimate the circulation strength of the shed vortices we can use an approximation developed by
Longuet-Higgins [13]. He describes the rolling up of vorticity into a shed vortex as a discrete process,
multiple discrete vortices are created, one at a time. For this situation Longuet-Higgins [13] take an
oscillating flow across a rippled pattern. Here, the separation of the boundary layers is assumed to
take place at the crest of the ripples, in our case the tip of a headland. One basic form of determining
the strength of a shed vortex is to calculate the total vorticity flux across the headland boundary layer
which yields
Z
1
dq
(2.2.7)
q( )dη = Q2 ,
dη
2
dq
where η is the coordinate normal to the boundary and q dη
the flux of vorticity within the boundary
layer. Q specifies the velocity just outside of the headland assuming a finite velocity value at the tip,
known as the Kutta-condition. Equation (2.2.7) thus represents the rate at which vorticity is shed
from the tip of the headland. As earlier stated, the shedding is interpreted as a succession of layer
detachments creating discrete vortices carrying this vorticity. The circulation of each vortex is
Z T2
1 2
Γn =
Q dt,
(2.2.8)
2
0

Another method to calculate the circulation originates from QGBM modeling. This type of calculations use the quasi-geostrophic Brown-Michael equation, as derived by Southwick [3]. QGBM
modeling also allows us to compute vorticity flux along the boundary layer and relate this to shed
eddy growth as already done in Eqs. (2.2.7) and (2.2.8). Suppose we have a coordinate system
(x0 , u0 ) = (x0 , y 0 ), (u0 , v 0 ) and boundary layer thickness δ. The velocity profile is given by u0I (x0 , y 0 )
where the vorticity is computed as
ωI =

∂vI
∂uI
∂uI
−
≈
,
∂y
∂x
∂y

(2.2.9)

where the x-derivative is small compared to the y-derivative. When integrating over the total boundary
layer and multiplying vorticity with the velocity profile an expression for the boundary vorticity flux
is found which nicely matches with Eq. (2.2.8) with U defined as the upstream velocity. Now we
can relate the vorticity fluxes in the boundary layer to shed vortex growth. For a total balance one
needs to take into account the recirculation vorticity flux (zero at separation point) and the upstream
vorticity flux not disturbed by the headland tip. Since we are purely interested in the growth of the
shed vortex, we neglect this and yield for the vortex strength
Z U
Z δ
Z δ
0
U2
∂uI
0
0
ωuI dy ≈
uI dy =
uI duI =
,
(2.2.10)
2
0
0
0 ∂y
10

where U here represents again the velocity just outside the headland boundary layer. As is evident
from the result, this estimate for the circulation strength using the QGBM method is the same as
found in Eq. (2.2.8). Besides this circulation strength Γ also the path of the vortex could be of
interest, some derivations for this path were found by Longuet-Higgins [13] and Southwick [3].

2.3

Sediment transport modes

Last but certainly not less important we look at the transport of sediment itself, the way particles
move. According to van Rijn [9] sediment occurring in natural water bodies can be classified into
three different size-related categories:
• Particles with d ≥ 64µm including sand and gravels, on average impermeable particles.
• Particles with d ≤ 64µm including organic mud and clays.
• Mixed particles like mud including other sediment or sand including other sediment.
If we take a basic approach on sediment movement, movement of particles is limited to the ability
to sink or settle. Furthermore particles originate from a source like a river, shoreline or water body,
typically ending in a sink, being the water body bottom. Behavior of the sediment particles in this
approach strongly depends on this physical properties like size, weight and shape. The classification
of sediment is based on this size, weight and shape combined with the sediment composition and
cohesiveness. Particle motion can take place due to rolling and sliding motion, saltating motion or
suspended particle motion. Saltating motion is dominated by typical jumps of sediment particles
called ’saltations’ [9]. Following these options of movement dependent on the flow conditions different
transport modes can be dominant, depending on the situation.
According to Bagnold [14] suspended load transport is defined as a mode wherein the excess weight
of particles is supported fully by upward impulses caused by turbulent eddies. Bed-load transport is
based on the idea wherein successive contacts of particles with the bed are strictly limited to those
caused by the effects of gravitational forcing. A different approach is defined by Einstein [15] who
assumes bed-load transport to be the transport of sediment particles in a thin layer of two particle
diameters thick above the bed by rolling, sliding and saltating a distance of a few particle diameters.
Einsteins definition [15] allows us to separate the transport modes in two different regimes using the
saltation height as a characteristic parameter. Whenever a sediment particle moves a distance which
is greater than the maximum saltation height present in a set of sediment particles this particle is
transported as suspended load. When a sediment particle has a saltation or jump height lower than
the maximum saltation height it is transported as bed load. Bed-load transport leads to a more
accurate expression for the transport rate of sediment particles qb as
qb = ub δb cb ,

(2.3.1)

where ub states the particle velocity, δb the saltation height and cb the bed-load concentration. According to Van Rijn [9] this transport rate can be accurately described by using two dimensionless
parameters, being a particle parameter D∗ and a transport parameter T . This particle parameter D∗
defines a combination of the particles mobility and its Reynolds number. The remaining T-parameter
essentially expresses the mobility of the particle relative to the critical value needed to initiate motion.
They may be written as follows
(s − 1)g 1/3
] ,
(2.3.2)
D∗ = D50 [
v2
T =

(u0∗ )2 − (u∗,cr )2
,
(u∗,cr )2
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(2.3.3)

Figure 2.2: Saltating sediment particle relevant forces, from Van Rijn et al. [9], where FL implies
lift force, FD the drag force, FG the gravitational force and Vr the relative sediment particle velocity.
where u0∗ represents the bed-shear velocity related to the sediment, u∗,cr is the critical bed-shear
velocity. As bed-load transport is the dominant mode of transport around headlands [3, 9] we take a
further look into it. In bed-load transport saltating particle motion dominates and is usually confined
to a layer of about ten particle diameters thick. Gravitational forces act as the leading force here
although velocity gradients and turbulent forces can also initiate the saltating motion. Viscous skin
friction and flow pressure differences are the main cause of particle momentum. Figure 2.2 shows a
balance of the forces which account for the saltations of a particle. The gravitational forces due to
the particles submerged weight FG need no further explanation, both the lift force FL and drag force
FD are fluid forces originating from the hydrodynamics around the particle. The drag force is defined
opposite to particle velocity direction vr . Assuming that the forces based on particle acceleration like
the gravitational force are second order forces, a momentum balance can be set as follows
mẍ − FL (

ż
u − ẋ
) − FD (
) = 0,
vr
vr

(2.3.4)

ż
u − ẋ
) + FD ( ) + FG = 0,
(2.3.5)
vr
vr
where we assume particles of uniform and spherical density. The particle mass and added mass due to
fluid displacement are included in the definition of mass m where we define vr as the particle velocity
relative to the flow and u the local flow velocity. We suppose the drag force is mainly caused by
viscous skin friction and pressure forces [9]. The lift force is divided into a shear part and a part that
describes spinning motion in a viscous flow. Using normal force analysis, these forces may be written
as
1
1
(2.3.6)
m = (ρs + αm ρ)πD3 , FG = πD3 (ρs − ρ)g,
6
6
1
FD = cD ρAvr2 ,
(2.3.7)
2
r
√
∂u 2
FL(shear) = αL vr ρ ν
D ,
(2.3.8)
∂z
mz̈ − FL (

FL(spin) = αL vr ρωD3 ,

(2.3.9)

where CD is the drag coefficient, αm and αl the acceleration with ρ the density values. Following
the scale analysis from van Rijn [9] it can be shown that not all forces are of equal strength. When
a viscous flow is considered particles will feel more resistance to moving and thus the lift force due
to spin of the particle becomes a few orders of magnitude smaller. Compared with the force due to
12

shear effect it becomes non significant and thus does not need to be taken into account anymore. The
same approximation is made for a flow with turbulent flow conditions, neglecting the lift force due to
particle rotation. Finally we can define the general approximation of the vertical flow distribution,
using a turbulent flow pattern yields
u∗
z
u(z) =
ln ,
(2.3.10)
κ
z0
where u∗ is the shear velocity, z the vertical length scale and κ the Von Karman constant. This above
mentioned force balance and ratio between the friction in bed-load transport was used already earlier
by Shields [16] to determine his dimensionless number, the Shields number. The Shields number gives
a value to the threshold for the initiation of sediment motion. It relates the shear stress τ between
sediment to the gravitational forces. In figure 2.3 the shields curve is plotted with the critical value
for initiation of motion indicated for different kind of sands. By extending the dimensionless analyses,
we can define the critical shields stress τ∗ as follows
τ
,
(ρs − ρ)gD

(2.3.11)

τ∗
,
gd∆ρ

(2.3.12)

∆ρ = ρs − ρl .

(2.3.13)

τ∗ =

Sh =
where ∆ρ is the relative density defined as

Figure 2.3: Shields curve with critical values for different sized grains, from Ponce & Simons [17].
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Chapter 3

Methods
Upon further characterizing the sediment transport around a headland, the theory can be verified by
using numerical simulations and laboratory experiments. These can confirm earlier findings and set a
base for finding different regimes in which we can define the behavior of hydrodynamics and sediment
transport.

3.1

Laboratory experiments

We look into a laboratory setup with an oscillating flow, across a headland contained in a enclosed
basin, of dimensions Lc by Wc . The headland has a width of Wh and middle line length of Lh and
is contained in the basin, surrounded by a water body with density ρ and dynamic viscosity µ. The
flow is created by a forced oscillating rotating table, forcing with amplitude Ω and frequency f .

Figure 3.1: Schematic representation of the basic setup. A triangular headland of dimensions WH
by LH is placed in an enclosed square (light, red lines) or circular (dashed dark, purple lines) basin
of dimensions Lc and Wc . The basin is filled with a liquid of density ρ, viscosity µ and which has a
velocity u. An oscillating rotating table with frequency f and amplitude Ω forces the basin to rotate.
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This forced oscillation is limited by practical limitations of the table motor, which gives for the
maximum possible acceleration
α = 2πf Ω = 0.6rad/s2 ,
(3.1.1)
where α is the acceleration value in rad/s. Due to the oscillation, the water has a velocity field
u = (u, v, w). At every half period, due to this oscillating movement, vorticity is shed from the
headland tip. This vorticity rolls up into one concentrated vortex which moves according to the
rotational direction, with a circulation Γ . A layer of sediment of thickness Hs is located at the
area around the headland, which get disturbed by the vortex movement. Relevant variables for this
problem thus are: the oscillation frequency, the angular rotation amplitude Ω, the density ρ, the
dynamic viscosity of water µ, the basin width Wc , the headland width Wh and the headland length
Lh . These parameters and the oscillating table are illustrated in a schematic representation in figure
3.1. After we defined the basic practical setup, we can look for methods to describe the flow and
sediment transport. In the next section we discuss these methods, in order to characterize oscillating
rotating basin flow and sediment transport.

Figure 3.2: Top view schematic representation of the setup for laser sheet visualization of a horizontal
plane. A square or circular transparent basin placed on top of a forced oscillating rotating table
(frequency f , amplitude Ω), illuminated in any desired plane by two side-bound aligned class IV lasers.

3.1.1

Laser sheet visualization

To analyze the hydrodynamics in this flow we use laser sheet visualization. Laser sheet visualization
is technique to determine the hydrodynamics in the basin and get qualitative insight into sediment
transport (erosion, deposition). This technique is used to lay a solid base by characterizing the flow
in the basin, with and without a headland. By using the setup depicted in a schematic representation
in figure 3.3 (top view in figure 3.2) it is possible to gain this insight into the hydrodynamics of a
basin on an oscillating rotating table. Two, red colored 50 mW lasers are placed on the lee sides of
the basins, exactly aligned opposed to each other, illuminating a horizontal plane of the basin. This
illuminated section is, dependent on the purpose of the measurement, chosen at different heights. By
using a camera in a dark room recording this illuminated plane we create a visualization technique.
Hereby, the polystyrene particles are acting as an indication of the flow direction and give a clear
indication of the basin flow.
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Figure 3.3: Side-view schematic representation describing the setup for laser induced characterization of the hydrodynamics, a square or circular transparent basin placed on top of a rotating table,
illuminated in any desired plane by two class IV lasers. Intensity field recorded by a top side placed
camera.

With a dedicated Labview program called streamer.vi recordings from the top-camera are shown
on the lab-pc, where they can be saved, edited or analyzed. This process is more clearly indicated in
the flowchart found in figure 3.4. Recordings from the top-camera coming from Labview are further
processed using MATLAB.

3.1.2

Light attenuation technique

In order to quantify the sediment transport, the light attenuation technique from Munro, Dalziel &
Jehan [10] seems most suitable. Where the laser sheet visualization focused on hydrodynamics, the
light attenuation method takes a next step and tracks sediment transport by measuring bed thicknesses
at different time-steps. An array of light bulbs placed under the basin on top of the rotating table
emits light throughout the whole basin. In order to make sure that we are able to speak of an uniform
lighting the light is diffused by a diffusing plate before reaching the basin. The polystyrene particles
used in the sediment layer are translucent, so the light can get trough. By using a top-camera which is
placed above the basin, it is possible to measure the intensity per pixel throughout the whole basin at
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Figure 3.4: Flowchart of total measurement process, using two dedicated Labview programs spin.vi
and streamer.vi.
different locations in the water/sediment layer. When comparing the intensity of the light at a certain
location on different times, we are able to characterize sediment transport. Places with less sediment
will have a higher light intensity than places with a low sediment concentration. This method makes

Figure 3.5: Top view schematic representation describing the setup for light attenuation characterization of transport of sediment, a square or circular transparent basin placed on top of an oscillating
rotating table, illuminated by an array of light-bulbs. The table oscillates with frequency f and amplitude Ω, ROI indicates the region of interest wherein the measurements are performed.
it possible to get quantitative insight in the sediment transport during the table oscillating rotation.
A top-view schematic representation of this setup can be found in figure 3.5 with the yellow marked
region as measurement area (region of interest) where a side view of the setup is given in figure3.5.
First we need to calibrate the top view camera at the start of the experiment with an uniform sediment
layer and scale all further measurements to this one. For this, we first discuss suggestions of Munro,
Dalziel & Jehan [10] before discussing the used calibration. According to them, the variations in
surface intensity P can be qualified by looking at the deviation originating from the ratio between
total depth and sediment layer depth z/d and camera angle ϕ. Suppose F and Q are arbitrary
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Figure 3.6: Side-view schematic representation illustrating the setup for light attenuation characterization of transport of sediment, a square or circular transparent basin placed on top of a rotating
table, illuminated by an array of light-bulbs.
functionals chosen to indicate the deviation caused by its functional variable. For a top-down camera,
the value for ϕ is zero, and we can write the dependence as


 
z
z
P
,ϕ = Q
F (ϕ),
(3.1.2)
d
d
where the ϕ dependence is removed. For very small sediment layer depths, we need to take into
account that the variation in P is also dependent of z/d which yields

 

z
z
z
P
,ϕ = Q
F ( , ϕ).
(3.1.3)
d
d
d
For now, we define (xp , yp ) as the coordinates in the camera recorded image, where P (xp , yp , ti )
indicates the pixel intensity at a point (xp , yp ). We now find a relation between the intensity field P
and the depth of the basin floor z(xp , yp ). Important here is to record an image sequence when no
sediment is located in the basin, in other words, the averaged intensity profile of the light bulbs array
trough an empty basin P (xp , yp , z0 ). Here, we set the camera aperture in such a way that the camera
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Figure 3.7: Skewed side-view of the setup with a square transparent perspex basin placed on top of a
rotating table, illuminated by an array of light-bulbs. Used to perform the light attenuation technique.
is nearly saturated. After that it is important to repeat this on different heights of sediment level
until the desired level is reached. Different sediment level heights are reached by using a scraper to
divide the sediment particles equally, using this fact we can state the intensity equation as
Ik (xp , yp ) =

P (xp , yp ; zk )
0 ≤ k ≤ n,
P (xp , yp ; z0 )

(3.1.4)

where P (xp , yp ; zk ) are the uniform sediment levels. Having these calibrated intensities per pixel,
we can now calculate a set of scaled intensity fields, as in Eq. (3.1.4) with n the desired number of
calibration levels. When Munro, Dalziel & Jehan [10] performed these calibrations for a high enough
number of levels, they found the intensity scaled to zero level to be exponential, as
  p 
I(z)
z
= exp α
(3.1.5)
I0
d
where p represents the number of calibration levels. Comparing with already known physics, they
suppose this ratio acts as the Lambert-Beer law of intensity. Using a minimal layer depth zs for this
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ratio, Eq. (3.1.5) can be written in the form
 

I(z)
z − zs
= exp β
z ≥ zs .
Is
d

(3.1.6)

To include the zero-depth limit, which indicates a difference in sediment concentration near the bottom
we can invert Eq. (3.1.6). It improves (3.1.6) by introducing the parameter p which yields

z(xp , yp ) = d

1
log
α



I
I0

1/p
.

(3.1.7)

This whole calibration was performed with MATLAB. In MATLAB, we made use of matrix calculation
to rearrange Eq. (3.1.7) which gives

 1/p
I
,
Z = d 1/α log
I0

(3.1.8)

where matrix Z contains the scaled pixel intensity information and I, the raw-image data matrix
contains the intensity per pixel. By rescaling the constants in the equation and changing to a more
convenient MATLAB form, we can find an expression for the scaled matrix
Z = [A − Blog(I)]C ,

(3.1.9)

where A, B, C are same-sized calibration matrices.

3.2

Materials in laboratory experiments

Scaling is important in laboratory experiments, due to the big dimensions it is not possible to keep
the headland ratio compared with basin ratio scalable with real-life. However, we can approach this
limit as much as possible. Factors which need to scale with the real-life situation are the sediment
properties, headland and basin size. Materials and sizes therefore need to be thoroughly picked in
these experiments.

3.2.1

Sediment and fluid

Sediment transported in ocean situations, contains a broad range of different sized particles. In this
experiment, one type of particles, namely particles of the material Polystyrene (PS ) are used having
a refractive index of approximately n = 1.6 and a density of 1.05 g/cm3 . Some more predefined
properties of these PS particles are given in Table 3.1. Upon delivery these particles come mixed in a
broad range of diameters. Therefore, particles were sifted before used in the experimental setup and
redistributed in three categories:
• Small particles or dust particles with diameter dp < 300µm;
• Particles of diameter 500 < dp < 600µm;
• Particles of diameter 600 < dp < 630µm.
An additional benefit of sifting the particles is that the range of particle size’s is known. For the
laboratory experiments particles with a diameter between 500 and 600 microns were used.
Normal fresh water, coming from the tap with a density of 0.999 kgm−3 was used in order to make
the particles more mobile. This increased the visibility of vortices in the laser sheet visualization.
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P roperty

V alue

P roperty

V alue

grain shape
np
ρp
g0
θcr
ν

spherical
1.6
1.05 g/cm3
0.0521g
0.0678
1.12×10−6 m2 /s

d
nl
ρl
D∗
Re∗cr
z

0.58 mm
1.3330
0.999 g/cm3
4.6374
2.6001
2 cm

Table 3.1: Overview of different relevant sediment and liquid properties for a Polystyrene PS sediment/fluid combination, where np is the refractive index,

3.2.2

Choice of basin size

In the laboratory experiments the water and headland was enclosed by a basin. Dimensions and shape
of this basin need to be chosen big enough to exclude influences of basin size in the experiments. For
practical reasons, the experiments started in a circular basin (most left in figure 3.8), supported by
a square shell around to prevent optical distortions from influencing measurements. The bulk of the
experiments were conducted using a square basin (middle image in figure 3.8).

Figure 3.8: Top schematic view of the different sized basins used in the laboratory experiments.
Height of the basin is indicated in the center of each basin. Most left image circular basin, second
image shows the second square basin and on the right the first square basin. Hb indicates the tank
height.
A small disadvantage of the original square basin, was that scratches at the bottom surface made for
inaccurate measurements. Therefore, another square basin (right image in figure 3.8 and figure 3.9)
is used for the last set of experiments, enabling the use of light attenuation technology.
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Figure 3.9: (left) top view, (right) skewed side-view of the square basin used in the laboratory
experiments.

3.2.3

Choice of headland size and terminology

Laboratory experiments and numerical simulations were carried out using two different sized headlands, to determine the influence of headland size on shed vortex creation. The cape size influences
the streamline pattern and shed vortex formation significantly. In a later chapter we will devote more
attention to these two phenomena. For now, it suffices to show the two different headlands used. We
chose triangle formed headlands because these simplify the process of determining and describing the
flow around them. Figure 3.10 illustrates these headlands. Furthermore, in his study on headlands,

Figure 3.10: Top-view illustration of the two headlands used in experiments and numerical simulations. (left) narrow headland having a base of 0.3m, (right) image gives the broader headland width a
base of 0.14m.
Southwick [3] made distinction between headland sides by flow direction. The side where the flow
first arrives is called the stoss side, the side where the flow ’leaves’ the headland is called the lee side.
This lee and stoss side are illustrated in figure 4.18.
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Figure 3.11: Lee and stoss side of a headland illustrated where U indicates the flow velocity

3.3

Numerical simulations

Further investigation into flow patterns around a headland and validation of measurements occurs
trough using numerical simulations. For these simulations, Comsol Multiphysics is used, which is a
multi functional modeling environment, which can solve a big diversity of scientific and engineering
problems. Comsol Multiphysics is a numerical simulation tool using the finite element method for
spatial discretization. It solves models including multiple kinds of physics, as much as the user wishes
to imply, by solving the relevant partial differential equations (PDE) numerically, both stationary as
time-dependent equations. This al happens trough using a easy to use graphical interface, with a
large amount of possibilities for model building and creation.

3.3.1

Governing equations

For this particular case we make use of the ”Laminar Flow” module of Comsol Multiphysics, where we
simulate the whole basin as being normal filled with fresh water. This is enabled in Comsol by applying
the material ”Water, liquid (mat1)” on the complete domain. In this laminar flow situation, a timedependent study of the problem is used, by letting Comsol solve the time-dependent Navier-Stokes
equation which governs the motion of fluids and is given by


∂u
+ ρ(u · ∇)u = ∇ · − P I + µ(∇u + (∇u)T ) + F ,
(3.3.1)
ρ
∂t
where I is the identity matrix, F indicates the external forces applied to the fluid where µ is the
dynamic viscosity of the fluid. The first and second term on l.h.s. corresponds to the inertial forces,
the first one on the r.h.s. to the pressure viscous forces and the last term as mentioned earlier to
external forces. The third term indicates pressure variation, valid everywhere except on the headland
points where it is constrained by a pressure constraint P = 0 following the Kutta-condition. Implying
this condition adjusts this term to
P ∇ · (u) = 0.
(3.3.2)
Initial velocity and pressure fields are set to zero, because the initial situation is one of rest. In order
to apply the forcing as created by the rotating table setup in the simulation, the derived set of forcing
Eq. (3.3.6) and Eq. (3.3.7) are set as an input in the ”Volume Force” section of the laminar flow
module. In order to determine the external invoked force vector F as found in the Navier-Stokes Eq.
(3.3.1), we first need to determine the flow in the rotating frame. To describe the hydrodynamics in a
rotating square or circular basin, we first define motion in a rotating system. In that way, we gain more
insight on the motion equations for the relevant frame of reference. Herein, we follow the approach of
van Gorp [1]. A quick derivation can be found below, the full derivation in Appendix A.1. We here
take the rotating frame as reference frame (since this is the relevant frame for the experiments, see
latter chapters), so the motion of unit vectors î(t)ĵ(t)k̂(t) can be defined in the origin of this frame.

∂

 ∂t î = Ω × î
∂
(3.3.3)
∂t ĵ = Ω × ĵ

 ∂
∂t k̂ = Ω × k̂
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Figure 3.12: (left) no-slip condition illustrated for a square tank, (right) no-slip condition indicated
for a circular tank. No-slip conditions illustrated (blue walls) for numerical simulations. Please note
that an arbitrary headland is chosen. Top wall or water surface has a slip condition implied.
By now following the derivation as given in Appendix A.1, an equation for the acceleration of the
fluid in the rotating reference frame is found as
du
∂Ω
∂u0
=
− 2Ω × u0 −
× r − Ω × Ω × r.
∂t
dt
∂t

(3.3.4)

We now consider a situation starting with a clockwise acceleration for half a period followed by a
counterclockwise one for half a period. This forcing oscillatory motion can be modeled by stating an
equation for the implied angular velocity as
Ω(t) = Ω1 sin(2πf1 t)

(3.3.5)

where Ω(t) describes the forced motion. Another interesting calculation is determining the forces
which come into play with the rotational motion, this is possible by inserting Eq. (3.3.5) into Eq.
(3.3.4) and multiplying with the density ρ which yields
Fx = ρ(2Ω sin(2πf t)v + 2πΩf y cos(2πf t) + x(Ω sin(2πf t))2 ),

(3.3.6)

Fy = ρ(−2Ω sin(2πf t)u + 2πΩxy cos(2πf t) + y(Ω sin(2πf t))2 ),

(3.3.7)

where Fx and Fy are the force fields in the x- and y- direction respectively.

3.3.2

Boundary conditions

In this model we make use of a no-slip boundary condition at the bottom and side walls meaning
u = 0. At the surface, a stress-free boundary condition is assumed. This condition is given by
u · n = 0,

(−pI + µ(∇u + (∇uT )))n = 0,

(3.3.8)

where K = µ(∇u + (∇uT ))n. We can now compute an equation for the stress-free condition as
u · n = 0,

K − (K · n)n = 0.

(3.3.9)

These stress-free and no-slip boundary conditions are further illustrated in figure 3.12 for both a
circular as for a square basin.
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3.3.3

Meshing of the model

Comsol Multiphysics uses meshing to divide the model into a finite number of elements. Laminar flow
equations are solved given the values for variables and boundary conditions. This mesh can be set to
any desired accuracy level, for a finer mesh solving will inevitably take longer than for a coarser mesh.
Comsol basic mesh settings range from extremely coarse, coarse to normal to fine and extremely fine.
However, this basic meshing uses the same tetrahedral mesh-patterns and meshing sensitivity along
the whole model, and is therefore only used for the surface meshing. For the boundary layers of
the headland, we wish to use a finer meshing, to solve for shed vortex growth and vorticity profile.
For this, we use the boundary layer meshing generator of Comsol, giving a more elaborate way to
accurately mesh the boundary layers. This boundary layer meshing creates smaller elements near

Figure 3.13: Surface meshing (left image sequence) and boundary layer meshing (right image sequence) for the laminar flow model. Boundary layer meshing in the right pictures will give higher
accuracy for this problem then surface meshing in the left pictures.
the boundary and adds a self defined number of boundary layer elements following the boundary, as
visualized in figure 3.13. For this figure, a circular basin and narrow headland is used for illustration
purposes, meshing for a square basin and/or broader headland is identical. Solving occurs via the
build-in Comsol time-dependent step solver for differential equations, with a desired relative tolerance
and time step.
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Chapter 4

Hydrodynamics of flow around a
headland
4.1

Characterizing of the flow without a headland

In order to characterize the basic flow in a square and circular basin we perform numerical simulations
and analyze velocity values and streamlines. The forced oscillation amplitude and frequency are thus
varied in numerical simulations where the maximum velocity found in the basin is determined for
different values of the relevant dimensionless numbers.

4.1.1

Results from simulations

The maximum velocity Umax is determined for different Reynolds and Strouhal numbers. Figure 4.1
shows the results of this characterization for both a square and a circular basin. For the Reynolds
diagram, we see a linear behavior for the square and the circular case. This linear fit for the Reynolds
diagram is proved using a curve fitting tool giving a R2 -value close to one at 0.99 which confirms the
linear relation. This can also be explained physically because of the direct velocity dependence of
the Reynolds number. The domain of Reynolds numbers is about half as large in the circular case
compared with the square one. This is mainly caused by a difference of a factor two in characteristic
length scale with the circular basin having a radius of 0.48m where the rectangular tank has a length
and width of 1m. In the right image of this figure we find the Strouhal diagram, showing a decrease
in maximum velocity for increasing Strouhal number, hereby the square and circular case show close
resemblance around their common points (St= 0.2-0.4). Since the Strouhal number is inversely dependent on the system velocity as in Eq. (2.1.9), we see a decrease in maximum velocity at increasing
Strouhal number.
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Figure 4.1: (left), linear fit of maximum velocity plotted versus the Reynolds number; (right), inverse
fit of the maximum velocity plotted versus the Strouhal number, confirming these relation with R2 values
close to one.
In the last part of this characterization, we can look at the streamlines in both basins, to be able to
compare these to later streamlines. Figure 4.2 shows the streamlines for a square and circular basin
at identical forced oscillation settings. Theoretical descriptions of the flow expected in a square or
circular basin placed on an oscillating rotating table can be found in §2.2. We can see non-intersecting
closed streamlines in both profiles as would be expected.

Figure 4.2: Streamlines for a square (left image) and circular (right image) basin for Ω=0.5
[rad s −1 ] and f=0.1 [s −1 ].
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4.2

Characterizing the flow in presence of a headland

In order to characterize the numerical simulations we mainly use two dimensionless numbers, Strouhal
(St) and Reynolds (Re). This time we add a headland to the basin and re-characterize the hydrodynamic situation, both a narrow and wide headland are used (as illustrated in §3.2.3).
Determining characterization parameters
The evolution of shed vortex diameter is tracked in Comsol using the Okubo-Weiss criterium [18, 19],
Chang & Oey [20] redefined the Okubo-Weiss criterium as
Q = s2n + s2s − ω 2 ,

(4.2.1)

where the relative vorticity ω, the normal strain component sn and the shear component of strain ss
can be defined as:
∂v
∂u
−
,
∂x ∂y
∂u ∂v
−
,
sn =
∂x ∂y
∂v
∂u
ss =
+
.
∂x ∂y
ω=

(4.2.2)
(4.2.3)
(4.2.4)

By using Eq. (4.2.2), we can rearrange Eq. (4.2.1) as

Q=

∂u
∂x

2


+

∂v
∂y

2





∂v ∂u
∂v ∂u
−2
+4
.
∂y ∂x
∂x ∂y

(4.2.5)

This Okubo-Weiss criterium computes the relative size of strain and vorticity, and it determines the
dominating mechanism. For an eddy, vorticity is the leading term, compared with the two strain
terms. Thus we can identify a shed vortex core by identifying a domain with a negative value for Q.
According to Bracco & Provenzale [21] these domains with a negative Q value are elliptical shaped,
where positive values indicate strong deformations and are hyperbolic shaped. Isern-Fontanet, GarciaLadona & Font [22] made an extension to the Okubo-Weiss criterium, by stating that a vortex is
defined as a region for which Q is smaller than a reference value Q0 . This threshold value is computed
as Q0 = −0.2σw where σw is the spatial standard deviation of the vorticity field ω. MATLAB is used
to calculated this standard deviation σw and thus the shed vortex radius. From a typical numerical
simulation (as described in §3.3, a result like figure 4.3 displays the vorticity magnitude in the whole
system. From a velocity magnitude plot the maximum velocity can be determined the same way as
with no headland present. Maximum velocity is calculated in a predefined region of interest (ROI)
around the headland, away from the walls of the tank. This side-margin is taken into account to
exclude effects from corner vortices.
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Figure 4.3: A typical numerical simulation result, displaying the vorticity field for the whole basin
after (left) 1/2 oscillation period and (right) 3/2 oscillation period. The Okubo-Weiss threshold value is
indicated as a contour, with average radius r . The region of interest (ROI) from where the maximum
velocity is determined is shown with a dashed line

4.2.1

Results from simulations

Figure 4.4 shows the Strouhal based characterization for maximum velocity and shed vortex diameter.
The shed vortex diameter decays with increasing Strouhal number, caused by the direct dependence
on the frequency and inverse dependence on velocity of the Strouhal number. Higher frequencies cause
less time to add shed vorticity to the shed vortex, and cause weaker vortices, with a smaller diameter.

Figure 4.4: Maximum velocity versus Strouhal [ms −1 ] (left) and shed vortex diameter rsheddie versus
Strouhal (right) for a range of Strouhal numbers (St) in presence of a narrow or wide headland.
The maximum velocity for both headland cases also shows a decaying trend with increasing Strouhal
number, caused by the same inverse dependence on velocity of the Strouhal number itself. This inverse
relation 1/Umax is confirmed by plotting the maximum velocity versus the inverse Strouhal number.
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Figure 4.5 shows this curve with a clear linear relation, proving the inverse relation 1/Umax on the
Strouhal number.

Figure 4.5: Maximum velocity plotted versus inverse Strouhal number. Linear curve trends proves
the inverse Strouhal number dependence on maximum velocity.
For both maximum velocity and shed vortex diameter, the decrease is steeper for the square basin.
In the square basin, the dimensions are big enough for the walls to have a small influence on the
flow. In the circular basin, curved walls combined with this smaller sized basin cause influence on the
flow. These curved walls alter the streamlines in a basin and thus the direction of movement of the
shed vortex causing this steeper decrease. Deformation of these streamlines due to the circular wall
is illustrated by numerical simulations in figure 4.6.

Figure 4.6: Simulated streamlines for a square (i), (St= 0.18, Re= 1 .4 × 10 5 ) and circular (ii),
St= 0.17, Re= 3 .0 × 10 5 ) based basin with narrow headland.
For the Reynolds number based characterization, both the maximum velocity and shed vortex diameter
are determined. Figure 4.7 shows the results for both the narrow and wide headland. In both cases,
we see an increasing trend, only for the square case the maximum velocity and shed vortex diameter
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values are half as large. In case of the maximum velocity these lower velocities are caused by the
curved walls in a circular basin. In a square basin shed vortices have a propagation path, which does
not get deformed by wall curvature as it does in a circular basin. This proximity of the curved walls
near the headland, plus the wall friction cause smaller sized shed vortex diameters in a circular basin.

Figure 4.7: (left), maximum velocity plotted versus the Reynolds number; (right), shed vortex diameter rsheddie plotted versus the Reynolds number.
Combined with these numerical simulations, we can now analyze the measurements done on the
basin-headland combinations. As mentioned earlier in §3.1.1, characterization of the hydrodynamics
in experiments occurs by using a laser visualization technique. In this way, movies of the behavior
at different frequency/amplitude settings can be made relatively easily. Later on, these laser sheet
visualizations will be used for the regime analysis, but now they are analyzed with MATLAB to
determine the path of the vortex in the first oscillating half-period of the table. Tracing of the shed
vortices for half a period shows the interesting difference between a circular and square basin. The
curvature of the walls in a circular basin influences the path of the shed vortex, as can be seen in
figure 4.8. These images are created trough the tracing of the maximum intensity value, the center of
the vortex. Some deviations occur due to calculation methods, as can be seen with the two outlying
data points in the lower left image. The background image is the intensity plot per pixel in the first
frame taken from the stream data. The upper left image shows on average a almost straight path for
all the frequency/amplitude data points for half a period. The graph in the right upper corner is the
same one but extended to a full period, so the movement of the first shed vortex while the second is
created. This is also valid for the lower images, only these are for a circular based basin, showing the
clear deformation due to wall curvature. We are now able to compare the case with no headland to
the case with a headland. Figure 4.9 and 4.10 shows this. Clearly, for a circular basin, the increase in
Umax is significantly lower than with a headland present. Both the Reynolds as the Strouhal diagram
show this for both headlands.
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Figure 4.8: Shed vortex path in circular (top images) and square basin (bottom images) for f=0.10
s −1 and 0 .6 ≤ Ω ≤ 1 .1 [rad s −1 ]. These different frequency/amplitude combinations are represented
by the different colored lines. For other frequency/amplitude values the difference in path shape is the
same, only velocity magnitude and shed vortex diameter differs. Color bar indicates the velocity field.
In the left column, paths are shown for half a period, where the right column shows vortex paths for a
full period T .

Figure 4.9: Maximum velocity plotted versus the Reynolds number for a basin with, as well as without
a headland
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Figure 4.10: Maximum velocity plotted versus the Strouhal number for a basin with, as well as
without a headland.

4.3

Regimes in flow around a headland

After performing numerical simulations to characterize the flow with and without a headland in
different shape basins we can start looking more into the hydrodynamics. By determining the behavior
of the shed vortices in numerical simulations as well as experiments and combining these two later on
it is possible to get a clear insight in the different relevant regimes.

4.3.1

Regimes from numerical simulation

Numerical simulations are performed within the earlier described domain for oscillation frequency and
amplitude, which are limited by the value of the maximum table acceleration α in Eq. (3.1.1). First,
a qualitative analysis will be given after which a division in regimes will be suggested.
General considerations
Before defining different regimes for the hydrodynamics we first look at some general considerations.
It is interesting to notice presence of small shed vortices in shed vortex simulations, located in the
wall-headland corners. Illustrated in figure 4.11, these vortices only occur for sharp enough corners
which is the case for a circular basin/narrow headland configuration. These small shed vortices only
occur in the circular shaped basin, probably because of the smaller headland-wall corner angle. In
the square basin these vortices do not occur. For the wide headland these ’headland corner vortices’
are smaller than the narrow headland, because of the higher headland-basin wall angle. Some other
deviations that due occur when a square basin is used are corner vortices in the corners of the basin.
However due to the relative size of the basin as defined in Eq. (2.1.11) to the headland, these corner
vortices do not influence the experiments.

33

Figure 4.11: Headland corner vortices illustrated for a circular shaped basin, which only have a
significant size in the case of a sharp enough corner. Color bar indicates the vorticity scale [rad s −1 ].
As earlier confirmed by numerical simulations in figure 4.4, a narrower headland causes a bigger
diameter shed vortex, also in the experiments. This is caused by a steeper headland side and thus faster
boundary layer release than in the thick headland case. Furthermore, it is important to notice that
we describe the shed vortices increasing in number with symbol Zi . With these general considerations
in mind, a more distinctive approach in separating different regimes can be used. We will describe
the regimes one-by-one.
Overview of the regimes
Whenever the current flows across the headland, the flow separates creating a vortex. As the flow
reverses a vortex with opposite sign vorticity forms on the other side of the headland. We observed
different regimes that can be classified depending on the strength of the interaction between the
vortices formed on opposite side of the headland. In particular, we observed, for certain regions of the
parameter space, the formation of dipolar vortices since the two vortices rotate in opposite direction.
For a vortex pair to be a vortex dipole we use the following conditions, as defined by Wu, Ma &
Zhou [23]. A vortex dipole consist of a straight vortex pair with circulation strength of the same
magnitude but opposite sign, outside the dipole the flow is irrotational and the vortex pair moves
with a constant velocity in one direction. Furthermore we apply the Okubo-Weiss criterium on each
timestep to determine whether there are two vortex cores or just vorticity patches.
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I. No dipole formation
In the first regime, we include all simulations where no dipole is formed. Typically for this regime, a
first shed vortex Z1 is formed on the lee side of the headland which is identified and confirmed using
the Okubo-Weiss criterium. A second shed vortex Z2 is formed starting at t=1/2T on the stoss side
of the headland. On the same time, the first shed vortex Z1 starts moving from the lee to the stoss
side of the headland, losing strength. When it reaches the stoss side of the second shed vortex Z2 ,
it is not identified as a vortex core anymore according to the Okubo-Weiss criterium. So, for this
case, no dipole is formed since the shed vortices have a smaller decay time than for the next shed
vortex to be formed. In this regime, decaying times differ. However, a dipole is never formed. Figure
4.12 illustrates this regime, for two different headlands and basins. As we can see from all the image
sequences a shed vortex is formed with positive vorticity, however it is decayed before reaching the
other side of the headland. As earlier mentioned, no dipole will be formed since their is only a negative
vortex core on the right side of the headland. This also occurs for the subsequent periods of these
simulations.

Figure 4.12: The first regime illustrated with the vorticity field for increasing time: rectangular
basin and wide headland, St=0.28 (i), rectangular basin and narrow headland, St=0.41 (ii), circular
basin and wide headland, St=0.44 (iii), circular basin and narrow headland, St=0.44 (iv). Color scale
represents vorticity with a minimum of -10 [s −1 ] to a maximum of 10 [s −1 ]. Black lines indicate the
critical Okubo-Weiss threshold; i.e. the area inside of these circles is vorticity dominated.
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II. Dipole formation
For the second regime, a dipole is formed from two shed vortex cores with equal circulation strength
(only equal magnitude at one timestep, not continuous). First, a shed vortex Z1 is formed on the lee
side of the headland, which moves at 1/2T to the stoss side of the headland. While Z1 is moving to the
stoss side, a second shed vortex Z2 is formed on this side of the headland. During this formation the
first shed vortex Z1 is still identified as a vortex core by the Okubo-Weiss criterium. When the second
shed vortex Z2 has grown to a considerable size, such that it is also identified as a vortex core by the
Okubo-Weiss criterium, the first and second shed vortex cores form a dipole. This dipole has the same
order in circulation strength but opposite sign. This happens during every oscillation period for each
subsequent shed vortex core. In the higher Strouhal number regions of this regime (low amplitude),
we see a curved dipole path, it bends towards the headland-bound wall. This is caused by dominant
vorticity of one of the vortex cores, for the first oscillation period as just described the negative
core is of slightly bigger magnitude, causing this curved path movement to the headland-bound wall.
This process is illustrated in figure 4.13. In the lower Strouhal number regimes a higher amplitude
causes the first shed vortex to be stronger and have a vorticity closer to the second shed vortex when
reaching the other side. This causes for the dipole to have a straighter path with increasing amplitude.
The path of the second shed vortex is thus slightly influenced by the first shed vortex trough dipole
movement, although it is not strong enough to keep this path. Moreover, for this regime, the dipole
decays before reaching the wall. This is illustrated in 4.14, where in the upper image sequence, the
short dipole movement can be seen.

Figure 4.13: The second regime (II) illustrated with the vorticity field for increasing time: rectangular
basin and wide headland, St=0.09 (upper image sequence), rectangular basin and narrow headland,
St=0.08 (lower image sequence). Color scale represents vorticity with a minimum of -10 [s −1 ] to a
maximum of 10 [s −1 ] as indicated right from the image. Circles indicate the critical Okubo-Weiss
threshold, the area inside of these circles is dominated by vorticity.
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Figure 4.14: The second regime (II) illustrated with the vorticity field for increasing time: circular basin and wide headland, St=0.09 (upper image sequence), circular basin and narrow headland,
St=0.12 (lower image sequence). Color scale represents vorticity with a minimum of -10 [s −1 ] to a
maximum of 10 [s −1 ] as indicated right from the image. Circles indicate the critical Okubo-Weiss
threshold, the area inside of these circles is vorticity dominated.
III. Dipole propagation
In this regime, after the dipole is formed, it also propagated. The dipole keeps moving until it reaches
the no-slip side wall. At this moment, the dipole is already moving in a circular path, due to the
spin-up motion of the table. Thus it moves parallel to the wall, as can be seen in (ii) of figure 4.15.
The vortex core of the dipole that is closest to the wall, and its patch of vorticity around it, will
stretch over the length of the wall (iv). After that, the dipole will split up, and the vortex core closest
to the wall will move back to the headland-bound wall. Now, the vortex core furthest from the wall
will move away from the headland, keeping its sign and strength.
Also in this regime, the dipole connection is strong enough to release the second shed vortex from its
vortex patch when it has the same strength as the first shed vortex. This vortex patch is the patch
of vorticity connecting the headland tip with the vortex core and feeding the vortex. Due to the fact
that the rotational direction is not changed yet a new shed vortex on the same side is formed which
is also confirmed and identified by the Okubo-Weiss criterium. This newly formed shed vortex forms
the base for a rewind of the earlier described process as seen in figure 4.15 (v).
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Figure 4.15: The third regime (III) illustrated: rectangular basin and wide headland, St=0.28. Color
scale represents vorticity with a minimum of -10 [s −1 ] to a maximum of 10 [s −1 ] as indicated in the
color bar on the right side. Circles indicate the critical Okubo-Weiss threshold, the area inside of these
circles is vorticity dominated.
The increase in vorticity and vortex path size from the second (II) to the last (III) regime can typically
be illustrated using simulation results. Figure 4.16 shows the difference in vorticity patch size, vorticity
strength and shed vortex path for increasing amplitude. These images are taken at equal time, since
the frequency is the same this is exactly the same moment for each simulation. As mentioned earlier,
for regime (II) the influence of the first shed vortex on the path of the second shed vortex is minimal.
However for the dipole propagation regime (III) the path of the second shed vortex gets curved by
the influence of the first shed vortex path. This is all confirmed by the increasing vorticity patch size
and deformed path of the second vortex which we see. Also, with increasing amplitude Ω the shed
vortices size and traveled distance increase as would be expected.
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Figure 4.16: Overview showing vorticity in the case of a square basin with wide headland for different
Strouhal numbers. Amplitude increases from left to right, top to bottom of 0.2 [rad s−1 ] - 1.0 [rad
s−1 ] with equal frequency of 0.1 [s −1 ]. Color scale represents vorticity with a minimum of -10 [s −1 ]
to a maximum of 10 [s −1 ], regime number is indicated in the top right corner of each image. Circles
indicate the critical Okubo-Weiss threshold, the area inside of these circles is vorticity dominated.

4.3.2

Examples from laboratory experiments

Since only laminar flow and body force approximations are applied in numerical simulations, laboratory experiments can show some different behavior from the simulations. Therefore, we can use the
laboratory experiments as examples for the different regimes, sorted per regime.
Examples of dipole formation (II): oscillating motion dominant
Due to boundary layer releasing at clockwise rotational motion a shed vortex Z1 is created on the lee
side of the headland tip. When the counterclockwise motion sets in this Z1 pairs up with the second
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shed vortex Z2 and form a dipole which moves diagonally away from the headland tip, for a square
shaped basin. For a circular shaped basin this motion would be altered by the curvature of the basin
walls.

Figure 4.17: Example of regime (II) further illustrated for the case Ω=0.18 [rad s−1 ] and f=0.54
[s−1 ] with St=0.33.
Where the dipole motion is dominant over the feeding from the headland tip, another shed vortex,
Z3 , is formed during this same counterclockwise motion. This shed vortex Z3 however never pairs up
with the dipole because it is immediately forced to the lee side of the headland due to the alternating
of motion. On this lee side, it pairs up again with the new shed vortex Z4 from clockwise motion and
forms a dipole which lifetime is about half a period. Then, the rest of the vorticity that is fed forms a
new shed vortex, Z5 , again and is forced to the stoss side due to the oscillatory forcing. This process
is repeated until the motion stops.
Examples of dipole formation (II): high frequency
In this particular example, a clockwise motion sets in causing the boundary layer to release and create
shed vorticity on the lee side of the headland. Due to continuous feeding via an infinitesimal vortex
sheet this enables a shed vortex Z1 . Again, the path of Z1 is influenced by the deformed streamlines
due to the wall curvature. When the rotational direction changes, the first shed vortex Z1 moves
to the stoss side of the headland and tries to form a weak dipole with the still growing second shed
vortex Z2 . High frequency settings of the oscillatory motion, alternating the rotational direction fast,
again causes Z2 to move towards the lee side of the headland tip again and ’loosen’ itself from the
first shed vortex Z1 . The vorticity here is not strong enough to resist the oscillatory motion of the
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table. Just as the second shed vortex Z2 surpasses the headland tip, motion is switched again and
a third shed vortex Z3 on the lee side forms. While the first shed vortex Z1 is almost decayed, the
second shed vortex Z2 tries to pair up with the third one Z3 . However, due to the high frequency
setting a counterclockwise motion has set in causing the second shed vortex Z2 to decay and partly
increase the circulation of the third shed vortex Z3 which now moves, trivially to the stoss side of the
headland tip repeating the above mentioned process over again.
So, for this frequency setting or in general for high-valued frequency setting compared to amplitude,
a shed vortex will be formed but does not form a dipole.

Figure 4.18: Example of regime (II) illustrated, high frequency f=0.5 combined with Ω=0.2 [rad
s−1 ] with St=0.38.
Examples of dipole propagation (III): strong dipole connection
In general, in case of a strong dipole connection, where the path of both vortices is connected until they
hit the wall, we see the creation of an additional shed vortex. Suppose we have a vortex Z1 , created on
the lee side of the headland during the first half period t ≤1/2T . In the next half period (1/2T ≤ t ≤ T )
a second shed vortex Z2 is created on the stoss side, forming a dipole Z12 with the first shed vortex.
At this moment, the dipole propagates with uniform velocity and causes the second shed vortex Z2 to
lose its vortex patch connection with the headland tip. Shed vorticity is still fed from the headland
tip since we are still in the time frame 1/2T ≤ t ≤ T and so, a third shed vortex Z3 , also on the
stoss side, is formed. This is something already described in regime III of the numerical simulations.
However for the laboratory experiments we see this mostly occurring in the higher amplitude regions.
This is illustrated in figure 4.20. In part i we see the creation of a dipole from the first and second
shed vortex (enclosed by the big circle). This dipole continues movement as in ii while shed vorticity
is still fed from the headland tip and a new third shed vortex arises. Part iii clearly shows the dipole
and the new third shed vortex. As we can see from part iv a small vortex patch keeps feeding the
third shed vortex until the motion reverses, then the third vortex moves to the other side v, forming
a dipole with the new fourth shed vortex as in vi. Another example of the third regime is the case
where the dipole does not hit the wall due to the circular motion, but decays short after the third
shed vortex is formed. Forced motion of the circular basin is started by a clockwise motion for half a
period, followed by a counterclockwise one. During the clockwise motion a vortex (Z1 ) is shed from
the released boundary layer, forming on the lee side of the separation point. This shed vortex Z1 is
fed by an infinitesimal vortex string, as long as it is located on the side it was also formed. When the
clockwise motion is put to a hold and reverses to the counterclockwise motion, the shed vortex Z1
moves along its streamlines towards the stoss side of the headland. It will still get fed by the boundary
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Figure 4.19: Example of dominant dipole motion in regime (III) further illustrated for the case
Ω=0.6 [rad s−1 ] and f=0.1 [s−1 ] with St=0.18.
layer until it moves past the headland tip. As from the moment the rotational direction reverses, from
clock- to counterclockwise, a second shed vortex Z2 is created on the stoss side of the headland. Since
the first shed vortex Z1 has just surpassed the headland tip, it starts to form a weakly bound dipole
with the second shed vortex Z2 . As the dipole motion velocity component becomes dominant over
vortex sheet feeding, the newly created weak dipole moves away from the separation point. However,
the forced oscillation still makes the table rotate in counterclockwise direction, causing continuous
release of the boundary layer and continuous formation of shed vorticity on the stoss side. Because of
this continuous shedding of vorticity a new, third shed vortex Z3 is created on the stoss side just as
Z2 . Causing the weak dipole and third shed vortex Z3 to be both visible. As the rotational direction
is reversed back to clockwise rotation, the weak dipole is almost fully decayed leaving only the third
shed vortex Z3 on the stoss side which now moves towards the lee side of the headland. As mentioned
earlier, for Z1 , this third shed vortex Z3 is fed until it moves across the headland tip. A dipole is again
formed with the fourth shed vortex Z4 (created on the lee side), much weaker than the first dipole.
This is because the third shed vortex Z3 was created from only a small amount of shed vorticity.
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Figure 4.20: Example of regime (III) illustrated, dipole connection breaks up the shed vortex patch
creating a new shed vortex, the dipole breaks up after hitting the wall. Parameter settings are Ω=0.62
[rad s−1 ] and f=0.11 [s−1 ] with St=0.09.
Figure 4.20 shows an example of regime (III) as an image sequence. In part (i) of this figure we see a
vortex dipole consisting of the first and second shed vortex, where part (ii) shows the hydrodynamic
situation a moment after the dipole detaches from the shed vortex patch. Clearly, we see here a
separate dipole and third shed vortex, forming from vorticity that is still shed. This third shed vortex
keeps being fed by shed vorticity, until it moves across the headland tip. Image (iv) shows this feeding
of vorticity, together with the first dipole. A second dipole is now formed from the third and fourth
shed vortex (v) and (vi) which collides with the wall. Upon collision the dipoles splits and the vortex
cores change sign, each moving another direction.
Examples of dipole propegation (III): twisting dipole
For this particular example, alternating motion of the oscillating table is significantly faster than the
creation time of a shed vortex. Therefore, when in clockwise motion a shed vortex which is created
on the lee side of the headland tip moves in a circular path around the headland, it moves towards
the stoss side. A dipole is then formed with the second shed vortex Z2 on the right side, which moves
towards the wall in a circular path. In the meanwhile, rotational direction has changes and a new
third shed vortex Z3 forms on the lee side. Where the reverse in rotational direction causes the dipole
to directly decay, oscillation frequency in combination with amplitude are high. In this way, the next,
third, shed vortex Z3 already reaches the stoss side, forming a dipole with the fourth shed vortex Z4 .
This new dipole follows exactly the same path as the first dipole and eventually ends up at the same
location where it dissipates again, but this time a little further in its path. For every next full period
a dipole ends up at the location of the old dipole, adding vorticity to the rest circulation of this vortex
causing it to follow its path. In the end, this process continues, and the shed vortex dipole follows a
clockwise circular path right next to the headland. End point of this is the point where the dipole
originally starts, at the right headland side.

43

Figure 4.21: Example of a case from regime III ’twisting dipole’ further illustrated for the case
Ω=0.3 [rad s−1 ] and f=0.3 [s−1 ] with St=1.
Combining laboratory and numerical regimes
Now, it is time find a general representation for the hydrodynamic regimes. The second example
belongs to regime (II) of the numerical simulations, a dipole is formed but it will stay only for a short
time. In the third example, we also see the formation of a dipole for a very short time due to the fast
change between rotational direction. This example of high frequency setting can be seen as a case of
numerical regime (II). The ’twisting dipole’ example, can be seen as a special case of the numerical
regime (III), since a strong dipole is formed which propagates. The only difference is that the dipole
stays in a relative small area on one side of the headland. Now we arrive at a general description of
three different regimes, following from numerical simulations and confirmed by laboratory experiments
with an extension of two special examples.
• Regime I: No dipole formation
• Regime II: Dipole formation
case II-1: High frequency
• Regime III: Dipole propagation
case III-1: Twisting dipole
These three regimes uniquely describe the hydrodynamics in a circular or rectangular basin with a
headland. Also, they give insight into the propagation of vortex cores and formation of dipoles.
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Hydrodynamic regime diagrams
We can use the earlier find regimes in order to create a regime diagram. In this regime diagram,
the frequency/amplitude sets are plotted on a Strouhal, Reynolds graph. By using two dimensionless
numbers, we can get more insight in the regimes and predict what other sets in the same region will
do. These regime diagrams were created using simulation data, and validated with the laboratory
experiments.

Figure 4.22: Regime diagram for a circular basin, based on two type of headlands: narrow and wide.
Axis are the Reynolds and Strouhal number, where the different type indicators show different regimes.
For a circular basin, figure 4.22 shows the results in a regime diagram. The three earlier defined regimes
are represented with separate indicators. In the low Reynolds and high Strouhal number section we
find the first regime, no dipole formation. High Strouhal numbers indicate a low characteristic velocity
and therefore explain why no dipole is formed. Vortices are not able to reach across the headland.
The second regimes stretches from about Re=1.0 x 105 to Re=3.0 x 105 , where a dipole is formed but
decays or splits after only a short time. For high Reynolds numbers (Re ≥ 3.0 x 105 )the third regime
is found at relative low Strouhal numbers. A high characteristic velocity matching the relatively high
amplitude explain the location of this regime.
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Figure 4.23: Regime diagram for a square basin, based on two type of headlands: narrow and wide.
Axis are the Reynolds and Strouhal number, where the different type indicators show different regimes.
In the case of a square basin, the regime diagram for both a narrow as wide headland can be found
in 4.23. Again, the first regime, where no dipole formation takes place, can be found at low Reynolds
and high Strouhal numbers. The second regime stretches from about Re=2.0 x 105 to Re=8.0 x 105
with 0.1≤ St ≤0.25. Both outliers that are located near regime (III) indicators are from a narrow
headland. Regime (III) is located at both combinations of high Reynolds numbers (Re ≥8.0 x 105 ),
low Strouhal numbers and Reynolds from Re=2.0 x 105 to Re=6.0 x 105 with Strouhal numbers
0.25≤ St ≤0.5.

4.4

Estimating shed vortex size by headland aspect ratio

From a fluid dynamics perspective we would expect the rate of detachment of the boundary layer to
influence the velocity flux and thereby the diameter of a shed vortex. In other words, a headland
using a larger part of a channel (or ocean) would result in a different shed vortex diameter compared
to a smaller headland. As mentioned earlier, this headland aspect ratio is defined as δc and equals
the proportionality of headland to channel width. Therefore, we can roughly separate cases for the
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headland-channel aspect ratio.


0





0 < δc < f rac12
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δc =
= 12

Lc

 1 < δc < 1

2


1

→ no headland, no effect
→ suitable for measurements
→ maximal headland size
→ not suitable for measurements
→ headland blocks channel

(4.4.1)

In figure 4.24 these cases are further illustrated. As can be clearly seen, for δc = 0 the basic flow pattern
is found. For δc = 1, the headland blocks the whole channel and two closed ellipsoidal streamline
patterns can be seen. When 0 < δc < 21 the situation is suitable for measuring detachment of shear
layers and formation of shed vortices because streamline patterns still continue past the headland.
Using dimension analysis we can find an expression the flows main velocity given as
U = F (Wh , Lc , Ω),

(4.4.2)

where Wh is the headland width, Lc the characteristic basin length scale (for a circular case, the
radius) and Ω the forcing amplitude.
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(a) Streamline profile in a channel with headland for δc =0

(b) Streamline profile in a channel with headland for δc = 21

(c) Streamline profile in a channel with headland for δc =1

Figure 4.24: Streamlines for a basin with headland for different headland aspect ratio’s using a
constant amplitude Ω of 0.5 [rad s−1 ] and frequency f of 0.1 [s−1 ].
For now, we suppose that the length and width of the basin are much larger that the water level (Hw ),
creating a quasi-2D flow where the influence in vertical direction can be neglected. Also we suppose
that the length Lc of the basin is large enough to neglect influences of vortices originating from basin
corners on the flow. Using a quasi-2D approach, an approximation for the flow speed U can be found
where Lc is the characteristic basin length scale. From theory, we can relate the complex velocity
potential φ and the stream function ϕ, by satisfying the Laplace equation which yields
∇2 ϕ = 0.

(4.4.3)

A sudden increase in angular speed Ω of a system is called spin-up flow Ωf > Ωi or spin-down flow
Ωf > Ωi . Upon considering spin-up flows we can then add a source term to the Laplace equation
which gives a Poisson type equation as
∇2 ϕ = −ωz .
(4.4.4)
Since we assume a quasi-2D approach the derivative of the vertical velocity u in the x-direction can be
neglected and ωz can be written as only the derivative of the horizontal velocity v in the y-direction
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which gives


du dv
−ωz = −
−
dy
dx


=−

du
,
dy

(4.4.5)

where the vertical vorticity is given as negative. The increase in a spin-up situation in Ω is called ∆Ω,
upon inserting into Eq. (4.4.5) and can be used to describe the relative vorticity of the flow to the
rotating reference frame as
du
≈ −2∆Ω,
(4.4.6)
dy
where −2Ω is the relative vorticity of the flow to the rotating reference frame. By estimating the
y-derivative or ωz as velocity divided over basin length scale Lc an approximation for du/dy can be
computed
U
≈ ∆Ω,
(4.4.7)
Wc
where we now have and estimate for this derivative. Since we thus have Eq. (4.4.7) from potential
theory, by applying the headland-channel ratio δc we can estimate the flow velocity as
U ≈ F(

Wh
, Wc Ω0 ) ≈ F (δc , Wc Ω0 ).
Wc

(4.4.8)

From dimensional analysis, we can state that the shed vortex diameter Dsv must equal the product
of flow velocity U and a time parameter τ related to the period of the oscillation. Since this time
parameter has to do with the creation of one shed vortex and only one it is equal to exactly the time
it costs to create one shed vortex, being half a period. Therefore τ equals 1/2T which gives π/f if one
period T is defined as T = 2π/f ; we apply this reasoning to Eq. (4.4.8) which yields
Dsv = τ F (δc , Wc Ω0 ) =
rsv =

F (δc )Wc Ω0
π
F (δc , Wc Ω0 ) ≈
,
f
f
F (δc )Wc Ω0
,
2f

(4.4.9)

(4.4.10)

where the last term on the r.h.s. indicates an estimate for the shed vortex diameter. The shed vortex
radius rsv is defined as half this number. From numerical simulations it seems that we can only find a
fit or a good predictive function for lower headland-basin length ratio’s. For higher valued headlandbasin length ratios, (δc ≥ 0.3) this function does not fit. For the lower headland-basin length ratios we
1/2
can define the function for δc as a polynomial function times a scaling factor F (δc ) ∼ 0.1δc . Figure
4.25 shows the results of numerical simulations compared with predicted values of δc by using Eq.
(4.4.10) with this polynomial relationship. Simulations are performed at f =0.1 [s−1 ] and Ω=0.5 [rad
s−1 ]. Minimum deviation between values is found for small values of δc . However when approaching a
value of δc = 0.3 simulated diameter of shed vortices move more and more towards a constant value.
At a headland size of δc 0.3, the streamlines in the basin start to split up and create circular connected
shapes on both sides of the headland. These areas are now small enough and closed, allowing them
to posses their own vorticity or circulation, opposing the circulation sign of the shed vortex which
prohibits the shed vortex from growing. With a bigger domain, this threshold value also is higher. It
also causes a smaller part of the shed vorticity to be included in the shed vortex and thus a smaller
or constant smaller shed vortex.
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Figure 4.25: Deviation between predicted value for δc and value from numerical simulations. High
deviation for δc ≥ 0.35 caused by splitting of the streamlines.
Breaking up of streamlines caused by headland width is further illustrated in figure 4.26. It shows
a velocity magnitude and direction plot on the left side and streamline plots on the right side at
identical time step. Time step is chosen so that the shed vortex from one oscillation (t = 1/2T ) is fully
developed. Numerical simulations indicate deviating values for δc ≥ 0.35. From Figure 4.26 we see a
normal situation for a radius of 0.15 [m] if the shed vortex is located on the right side of the headland.
For a radius of 0.35 [m] the streamlines clearly indicates the existence of three vortices. The upper
vortex is still the shed vortex from the last time-step, where the middle vortex is the shed vortex from
the chosen time-step. However, the lower third vortex originates from vorticity creating circulation
on the right side of the headland, an unwanted effect due to the large size of the headland. This can
be seen even more clearly for the third value of the radius 0.50 [m] where the lower unwanted vortex
stops the shed vortex from growing further.
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Figure 4.26: Comparison of vorticity field [s−1 ] (left side) with streamlines of same time-step (right
side) for different values of headland radii at constant amplitude Ω=0.6 [rad s−1 ] and frequency f=0.1
[s−1 ]. Streamline profiling clearly indicate the existence of an unwanted vortex on the right side of the
headland for δc ≥ 0.35.
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Chapter 5

Sediment transport due to shed
vortex formation
Munro, Dalziel & Jehan [10] developed a light attenuation technique to quantify the transport of sediment, we apply this on a basin with a headland, sediment and water. Chapter 3.1.2 already described
the main working points of this technique, and its advantages and disadvantages, contemplating the
usefulness of this technique. Local pick-up of sediment is what drives erosion, local piling-up of sediment is called deposition. Measurements took place inside the rotating frame, inside an area defined
as the region of interest, as explained earlier in §3.1.2 (see figure 3.5).

5.1

Calibration

According to Munro, Dalziel & Jehan [10] their light attenuation technique, a calibration ranging
in bed thicknesses (uniform) is needed for every basin configuration. Ranging from a basin with no
sediment, to the maximum bed thickness possible with the available sediment. Multiple calibration
images are taken at intervals in this range. Calibrations are done for the square basin with a narrow
as well as a wide headland. These calibrations are also performed for a wide headland in the same
way.

5.2

Final morphology

For the sediment transport measurements, four oscillation periods are recorded. A total of eight spin
up and/or spin-down which each last half a period are thus analyzed. To characterize the erosion and
deposition around the headland, it is interesting to look at the final rest situation, when the sediment
is settled some time t = tf inal after these four periods. The final morphology is different for every
set of frequency/amplitude settings. All measurement results, either for a narrow or wide headland
show a secondary area affected by erosion. This area is located at a distance of twice the headland
length from the headland. This eroded area shows strong similarity with the location of the piled-up
sandbanks, found by Barthot & Pattiaratchi [8]. Using the same settings of an uniform sediment (in
their case: sand) layer across the whole domain. The sandbanks caused by deposition described by
them, are also most probably found here, further downstream from the eroded areas. In this case
downstream should be interpreted as further away in the basin. The location of the sandbank in the
experiments is determined by the start rotational direction, as is illustrated by figure 5.1. Barthot &
Pattiaratchi [8], however, found areas of deposition symmetrical on both sides of the headland. This
difference is caused by the not matching simulation time in [8] of 150 days, and experimental time
of four periods used in these experiments. Causing first the erosion to only be visible in the location
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illustrated in figure 5.1. This described ”final morphology” is different for other angled headlands. In

Figure 5.1: Comparison of starting rotational direction and consequence for location of erosion and
deposition.
this research, we only use two kinds of headlands, narrow and wide ones and will describe the final
morphologies for these.

5.2.1

Final morphology for a narrow headland

In order to gain more insight into the sediment transport, we first look at the final morphology for
a narrow headland, at different frequency/oscillation combinations. Hereby, we especially focus on
interesting sets found in the regime research of chapter four. This way, we gain more insight into the
sediment transport occurring at the different hydrodynamic situations.
Final morphology
Figure 5.2 shows the final morphology for different values of the oscillation amplitude at set frequency
of 0.1Hz. The left image shows this morphology for a amplitude value of 0.5rad/s (St=0.2), clearly
only a small amount of sediment is transported. On the left side of this headland a small area is
eroded, caused by the oscillation. In the case of a ten times as small amplitude we still see the erosion
on the same location, however, a much smaller area is eroded now.
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Figure 5.2: Final morphology for different values of Ω at constant frequency f=0.1[s−1 ]. Strouhal
numbers vary from St=0.02 (left image) for Ω=0.05[rad s−1 ], f=0.1[s−1 ] to St=0.2 for Ω=0.5[rad
s−1 ], f=0.1[s−1 ]. Sediment height is indicated by the relative measure of light intensity, indicated by
the color value. Brighter, or higher values indicate the presence of more sediment.
The sandbanks are located on the right side of the headland because the motion started in counterclockwise direction. A start of the motion in clockwise direction, would result in a eroded area on the
other side, as illustrated in figure 5.1.
Change in bed thickness over time
To investigate the exact influence of the forced oscillation setting on the final morphology of the
sediment, we can look at the difference in bed thickness. This difference is analyzed between the
initial and final morphology, the final is defined as the morphology after four full oscillations. In
figure 5.3 to figure 5.6, the difference in bed thickness between initial and final situation is shown for
amplitudes ranging from 0.1 [rad s−1 ] to 1.1 [rad s−1 ]. Steps of 0.1 at constant frequency 0.1 Hz are
used. Darker areas represented highly eroded locations, white or light area’s indicate locations with
high deposition of sediment. Erosion or deposition quantitative values of 0.02m are indicated (as can
be seen in the color bar). For both image (i) and image (ii) in figure 5.3 there is no significant change
in bed thickness, this is caused by fairly limited sediment transport due to the relative low amplitudes.
At a amplitude of 0.2 [rad s−1 ], image (iii) a clear eroded area shaped as a long-stretched oval is seen
on the left side of the headland as earlier explained in figure 5.1.

Figure 5.3: Difference in bed thickness for (i) Ω=0.02 [rad s−1 ], f=0.1 [s−1 ], St=5, (ii) Ω=0.1 [rad
s−1 ], f=0.1 [s−1 ], St=1, (iii) Ω=0.2 [rad s−1 ], f=0.1 [s−1 ], St=1/2.
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The measurements shown in figure 5.4 show already higher affected areas by both erosion and deposition. Foremostly image (ii) shows a large area affected by significant erosion, deposition occurs here
outside of the region of interest. A smaller eroded area is found in image (i), this is trivial since also
the amplitude is smaller. Image (iii), an amplitude of 0.5 [rad s−1 ] finally shows also erosion in the
vicinity of the headland, all the way to the boundary of the region of interest. Due to a practical
measurement error, a bright high valued rectangular area is found at the top of the basin. This can
be neglected in analysis.

Figure 5.4: Difference in bed thickness for (i) Ω=0.3 [rad s−1 ], f=0.1 [s−1 ], St=1/3, (ii) Ω=0.4 [rad
s−1 ], f=0.1 [s−1 ], St=1/4, (iii) Ω=0.5 [rad s−1 ], f=0.1 [s−1 ], St=1/5.
For higher amplitudes, starting at 0.6 [rad s−1 ] we see large areas where deposition took place. Here
the difference in bed thickness has a positive value around 0.1-0.15 [m]. This is illustrated more in
figure 5.5. Image (ii) and (iii) show also signs of erosion, in a long-stretched oval like area crossing
the region of interest. For both images, this oval area is located on another side. The same pattern
of high deposition locations is seen in figure 5.6 where for amplitudes of 0.9, 1.0 and 1.1 [rad s−1 ]
the bed thickness difference is plotted. Image (iii) shows again a white rectangular area in the top of
the region of interest, which was caused by a practical measurement flaw and needs to be neglected.
The difference and switch to deposition, instead of erosion, for the higher amplitudes is believed to be
caused by a higher percentage of particles in suspension. Most of the sediment particles will go into
suspension now.

Figure 5.5: Difference in bed thickness for (i) Ω=0.6 [rad s−1 ], f=0.1 [s−1 ], St=1/6, (ii) Ω=0.7
[rad s−1 ], f=0.1 [s−1 ], St=1/7, (iii) Ω=0.8 [rad s−1 ], f=0.1 [s−1 ], St=1/8.
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Figure 5.6: Difference in bed thickness for (i) Ω=0.9 [rad s−1 ], f=0.1 [s−1 ], St=1/9, (ii) Ω=1.0
[rad s−1 ], f=0.1 [s−1 ], St=0.1, (iii) Ω=1.1 [rad s−1 ], f=0.1 [s−1 ], St=0.09.
Another interesting case, is to look at higher frequency valued measurements. Figure 5.7 (i) shows the
height difference for a frequency of 0.5 [s−1 ] and amplitude 0.2 [rad s−1 ]. Clearly, the higher oscillation
frequency cause the vortices to move more quick across the headland forth and back. Less sediment
will thus be picked up. What we see here is exactly the behavior as described in the (II-1) Twisting
dipole regime. The dipole connection is strong enough to keep the vortices on one side, where the new
shed vortex moves directly to the same side. This way, a dipole is sustained on this side. The second
image (ii) shows the reversed situation for amplitude and frequency, an increase of 0.1 [rad s−1 ] in
amplitude compared to 5.5 (iii). We see a clear increase in eroded area upon comparison, together
with a local pile-up of sediment on the left side of the headland.

Figure 5.7: Difference in bed thickness for (i) Ω=0.2 [rad s−1 ], f=0.5 [s−1 ], St=0.4, (ii) Ω=0.5 [rad
s−1 ], f=0.2 [s−1 ], St=2.5, (iii) Ω=0.3 [rad s−1 ], f=0.3 [s−1 ], St=1.

5.2.2

Final morphology for a wide headland

In this part, we describe the found final morphologies for a square basin containing a wide shaped
headland. Also, trough determining the difference in bed thickness we get insight into erosion and
deposition caused by shed vorticity.
Final morphology
In case of a wide headland, the effect of erosion in the vicinity of the headland is larger than in the
case of a narrow headland. This is illustrated by the final morphologies shown in figure 5.8.
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Figure 5.8: Final morphology for different values of Ω at constant frequency f=0.1 [s−1 ]. Strouhal
numbers vary from St=0.5 for Ω=0.2 [rad s−1 ], f=0.1[s−1 ] to St=0.2 for Ω=0.5[rad s−1 ], f=0.1[s−1 ].
Bed thickness is indicated by the relative measure of light intensity, indicated by the color value.
Brighter, or higher values indicate the presence of more sediment.
Cases where the amplitude value equals the frequency values, cause a relative symmetrical erosion
area with the start of ripples formation (as described by van Gorp [1]). This relative symmetrical
erosion area around the headland can be seen in the middle (Ω=0.2 [rad s−1 ], f =0.2 [s−1 ]) and right
image (Ω=0.3 [rad s−1 ], f = 0.3 [s−1 ]) in figure 5.9. Figure 5.9 also shows two other final morphologies
where it also seems evident that a frequency of 0.25 [s−1 ] combined with an amplitude of 0.1 [rad s−1 ]
gives an even larger erosion area around the headland.

Figure 5.9: Final morphology for a range of different amplitude/frequency combinations. Bed thickness is indicated by the relative measure of light intensity, indicated by the color value. Brighter, or
higher values indicate the presence of more sediment.
Change in bed thickness over time
First, we start by analyzing measurements in the region of interest at constant frequency f =0.1 Hz for
low amplitudes. For an amplitude of 0.02 [rad s−1 ] no or no significant sediment transport is noticed,
higher amplitudes in (ii) and (iii) enable sediment transport and thus change in bed thickness. A
special situation occurs for Ω=0.08[rad s−1 ] where deposition of sediment occurs within the region of
interest, indicated by the bright, almost sandbank-like spots.

57

Figure 5.10: Difference in bed thickness for (i) Ω=0.02 [rad s−1 ], f=0.1 [s−1 ], St=5, (ii) Ω=0.05
[rad s−1 ], f=0.1 [s−1 ], St=20, (iii) Ω=0.08 [rad s−1 ], f=0.1 [s−1 ], St=0.1.
In figure 5.11, bed thickness changes are shown for increasing amplitude at constant oscillation frequency 0.1 [s−1 ]. Image (i) shows a almost symmetric pattern on both sides of the headland, with a
small deviation on the side of the last oscillation half period. A rather larger eroded area can be seen
in image (ii) and image (iv). This would be expected, for the second image and amplitude 0.2 [rad
s−1 ] this area seems clearly defined and four times as large as for Ω=0.1 [rad s−1 ].

Figure 5.11: Difference in bed thickness for (i) Ω=0.1 [rad s−1 ], f=0.1 [s−1 ], St=1, (ii) Ω=0.2 [rad
s−1 ], f=0.1 [s−1 ], St=1/2, (iii) Ω=0.3 [rad s−1 ], f=0.1 [s−1 ], St=1/3, (iv) Ω=0.4 [rad s−1 ], f=0.1
[s−1 ], St=1/4.
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In higher amplitude cases (figure 5.12) we see the same things as for the narrow headland, sediment
begins to settle more random due to high amplitudes and besides eroded areas we also see areas with
more deposition. Also, for increasing amplitude (i to iii) a larger growing area gets eroded more and
more, this is visible by the locations in the regions of interest getting more darker.

Figure 5.12: Difference in bed thickness for (i) Ω=0.5 [rad s−1 ], f=0.1 [s−1 ], St=1/5, (ii) Ω=0.6
[rad s−1 ], f=0.1 [s−1 ], St=1/6, (iii) Ω=0.7 [rad s−1 ], f=0.1 [s−1 ], St=1/7.
As would be expected from the narrow headland analysis, also for the wide headland amplitudes
ranging from 0.8 to 1.1 [rad s−1 ] (f =0.1[s−1 ]) we see a more randomized bed thickness pattern. These
are illustrated in figure 5.13. There is no clear sandbank or area of erosion visible, moreover there are
a lot of small areas affected by erosion or deposition.

Figure 5.13: Difference in bed thickness for (i) Ω=0.8 [rad s−1 ], f=0.1 [s−1 ], St=1/8, (ii) Ω=0.9
[rad s−1 ], f=0.1 [s−1 ], St=1/9, (iii) Ω=1.0 [rad s−1 ], f=0.1 [s−1 ], St=0.1, (iv) Ω=1.1 [rad s−1 ],
f=0.1 [s−1 ], St=0.09.
As was seen in figure 5.7 for relatively high frequency values compared to the amplitude value, a
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clearer defined eroded area is expected. Also, since the frequency is so high that the shed vorticity
can not move far from the headland, we expect a sandbank or local pile-up of sediment to be created
(location is dependent on starting rotational direction). This is exactly what we see for a frequency
of 0.4 [s−1 ] combined with a 0.2 [rad s−1 ] valued amplitude in figure 5.14 (i). The reversed situation
is seen in (ii), where a the higher valued amplitude compared to frequency makes a smaller eroded
area, and less deposition on the left side.

Figure 5.14: Difference in bed thickness for (i), Ω=0.25 [rad s−1 ], f=0.4 [s−1 ], St=1.6 and (ii)
Ω=0.4 [rad s−1 ], f=0.25 [s−1 ], St=1.6
Figure 5.15 shows the results of bed thickness difference determination for the other measurements.
Image (i) shows a measurement at an amplitude of 0.25 [rad s−1 ] at frequency 0.1 [s−1 ]. This particular
morphology is an in-between step for the cases shown in 5.11. A more interesting case is shown
in image (ii), where an equal amplitude and frequency value cause ripples [1], and small areas of
erosion/deposition occur.

Figure 5.15: Difference in bed thickness for (i) Ω=0.25 [rad s−1 ], f=0.1 [s−1 ], St=0.4, (ii) Ω=0.3
[rad s−1 ], f=0.3 [s−1 ], St=1.
To validate the influence of the frequency oscillation component on the erosion around the headland
we now look at low amplitude-valued measurements at a frequency of 0.2 [s−1 ], doubled compared to
the other measurements. What we note from figure 5.10 is that no significant sediment transport for
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an amplitude of 0.02 [rad s−1 ] takes place, only the path of the first and second shed vortex can be
recognized. Compare this with 5.10 where half the frequency (f =0.1[s−1 ]) was used. We see sediment
which was picked-up at the right side, transported to and deposited on the left side. At increasing
amplitude (ii) 0.05 [rad s−1 ] and (iii) 0.08 [rad s−1 ] the diameter and circulation strength of the shed
vortex becomes larger and thus a larger area gets eroded. This area gains in symmetry with increasing
frequency since shed vorticity now has high circulation from the first period and on. In the case of
low amplitude the strength of this shed vorticity is not equal for all periods, since it has a lower decay
time. It loses momentum by the friction caused by the sediment bed.

Figure 5.16: Difference in bed thickness for (i) Ω=0.05 [rad s−1 ], f=0.2 [s−1 ], St=4, (ii) Ω=0.08
[rad s−1 ], f=0.2 [s−1 ], St=2.5, (iii) Ω=0.2 [rad s−1 ], f=0.2 [s−1 ], St=1, (iv) Ω=1.1 [rad s−1 ], f=0.1
[s−1 ], St=0.09.
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Chapter 6

Conclusion
In this report, we started with discussing the theoretical background on sediment transport, using
the earlier findings from Van Rijn [9] and Pattiaratchi & Berthot [8]. By showing the background
of shed vorticity and further defining mechanisms for sediment transport a greater insight in this
transport was developed. The dominant transport mode here is bed-load transport combined with
the movement of sediment due to shed vortex pick-up.
By using a laser sheet visualization technique we characterized the hydrodynamics in a square and
circular basin and created a solid base knowledge about shed vortex formation. The light attenuation
technique developed by Munro [10, 24] combined with insights from laser sheet visualization techniques enabled us to find both a qualitative and quantitative description of shed vortex formation and
sediment transport.
These earlier mentioned techniques formed a starting ground to determine different hydrodynamic
and sediment transport regimes. For certain regions of the parameter space, we found there to be
three different regimes. Regime (I) represents no dipole formation, regime (II) dipole formation and
regime (III) dipole formation and propagation. From these regimes we found regime diagrams enabling the prediction of sediment behavior at any frequency/oscillation combination.
For a circular basin we found low Reynolds and high Strouhal number for the first regime. The
third regime was found to exist at relative low Strouhal numbers. In the case of a square basin,
the first regime was found at low Reynolds and high Strouhal numbers. The second regime has intermediate values for the dimensionless numbers. Regime (III) is located at both combinations of
high Reynolds numbers and low Strouhal numbers. Also, a preliminary model about estimating shed
vorticity size by headland size was created.
Furthermore, besides confirming the found regimes, we used the technique from Munro, Dalziel &
Jehan [10] to look at other interesting features of sediment transport. Measurements confirmed the
existence of sandbanks by deposition or sediment-poor area’s by erosion. Scripts were developed
to analyze the difference in bed thickness between start and final morphology of the sediment bed.
Analysis into final morphology gave more insight into erosion specifically around a headland.

6.1

Recommendations

Further research into shed vortex dynamics can be performed by analyzing trapping/transporting of
sediment by shed vortices. This research will give valuable insight into the mechanisms responsible
for sediment transport. In theoretical sense, it would be valuable to develop a model of this trapping.
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Eventually it is useful to confirm this with numerical simulations. Also, the theory on estimating shed
vortex diameter can be further developed.
For the laboratory experiments it would be useful to perform experiments with more different kinds
of headland diameters. These can be replaced by Gaussian-shaped headlands later on, which can be
easier shaped to represent the reality and improve scalability. Also it seems interesting to extend the
region of interest to the whole basin, extending the light bulb source and camera view. Or take even
a greater basin. At this moment parts of the sediment transport process are not seen because the
camera is out of reach. Another way to improve scalability of the experiment is to alter the density
of the water using salt, or matching the indexes using the index matching technique from Saksena,
Christensen & Arne-Pearlstein [25].
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Appendix A

Derivations
A.1

Fluid motion in a rotating reference frame [1]

The equations of motion for a rotating frame of reference can be based on a set of unit basis vectors
î(t)ĵ(t)k̂(t) . From these base vectors a system of motion equations can be derived by taking the axis
of rotation at the origin of the rotating frame giving

∂

 ∂t î = Ω × î
∂
(A.1.1)
∂t ĵ = Ω × ĵ

 ∂
∂t k̂ = Ω × k̂,
where Ω is the oscillation amplitude in radials per second. When picking an arbitrary vector function
f composed of functions in every direction from (A.1.1) the total time derivative can be written as
df
∂fx
∂ î ∂fy
∂ î ∂fz
∂ k̂
=
î + fx
+
ĵ + fy
+
k̂ + fz
,
dt
∂t
∂t
∂t
∂t
∂t
∂t
∂fx
∂fy
∂fz
=
î + Ω × fx î +
ĵ + Ω × fy ĵ
k̂ + Ω × fz k̂,
∂t
∂t
∂t


∂
+ Ω × f.
=
∂t

(A.1.2)

The velocity in the inertial reference frame can be defined where the velocity of the reference frame
follows after subtracting the velocity in the rotating reference frame which yields
u=

dr
∂r
=
+ Ω × r,
dt
∂t

(A.1.3)

dr
∂r
=
+ Ω × r,
(A.1.4)
dt
∂t
where u and u0 are the velocity in the initial and rotating reference frame respectively. From A.1.4
the velocity-time derivative can be determined by derivation, yielding
u0 =

du
d ∂r
d
∂2r
∂r
∂
=
+ Ω×r = 2 +Ω×
+ (Ω × r) + Ω × Ω × r,
dt
dt ∂t
dt
∂t
∂t
∂t
∂2r
∂r ∂Ω
= 2 + 2Ω ×
+
× r + Ω × Ω × r,
∂t
∂t
∂t
∂u0
∂Ω
=
+ 2Ω × u0 +
× r + Ω × Ω × r.
∂t
∂t
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(A.1.5)

Where from it follows that the acceleration in the rotating reference frame can be calculated upon
rearranging this function, which yields after computation
∂u0
du
∂Ω
=
− 2Ω × u0 −
× r − Ω × Ω × r,
∂t
dt
∂t

(A.1.6)

where [1] indicates −2Ω × u0 states the Coriolis acceleration, −Ω × Ω × r the correction for the
rotational frame or centrifugal acceleration and −∂Ω/∂t × r the euler acceleration. After deriving the
equations of motion for this case it is we define the angular velocity of the table as
Ω(t) = Ω1 sin(2πf1 t),

(A.1.7)

with f the oscillation frequency [s−1 ]. By inserting this equation into Eq. (A.1.7) we can compute a
suitable solution for the forces accounting for the sediment movement as
Fx = ρ(2Ωsin(2πf t)v + 2πΩf ycos(2πf t) + x(Ωsin(2πf t))2 ),

(A.1.8)

Fy = ρ(−2Ωsin(2πf t)u + 2πΩxycos(2πf t) + y(Ωsin(2πf t))2 ),

(A.1.9)

where Fx and Fy are the body forces in respectively x and y direction.
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