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Abstract

Various types of semi-enclosed basins have a free connection to the open sea,
making them subject to tides. These tides induce a current through the con-
necting channel. When the right conditions are met, escaping vortex dipoles
can be formed. In situations where the channel does not find itself in a central
position, creating a non-symmetrical system, the induced current and dipoles
can create a large residual circulation cell inside the basin. Depending on the
relative position of the channel, three individual regimes can be distinguished:
(1) the symmetrical regime which at first produces a symmetrical outcome, be-
fore collapsing into a turbulent state, (2) a single solid body rotation regime,
and (3) a double solid body rotation regime. Between all three of them, there is
a clear difference in the flushing rate of mass present in the basin, with the first
regime having the highest flushing rate and the third regime the lowest. The
formation of a large circulation cell is also verified experimentally.



Contents

1 Introduction 2

2 Theory 4
2.1 Governing equations and dimensionless numbers . . . . . . . . . 4
2.2 Circulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.3 Okubo-Weiss criterion . . . . . . . . . . . . . . . . . . . . . . . . 6
2.4 Continuity equation . . . . . . . . . . . . . . . . . . . . . . . . . 6

3 Numerical and experimental methods 8
3.1 Numerical setup . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

3.1.1 Geometry of the system . . . . . . . . . . . . . . . . . . . 8
3.1.2 Boundary conditions . . . . . . . . . . . . . . . . . . . . . 10

3.2 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . 10
3.2.1 Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.2.2 Dimensionless numbers . . . . . . . . . . . . . . . . . . . 12
3.2.3 Promotion of two-dimensional behaviour . . . . . . . . . . 12

4 Results 13
4.1 Numerical results . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

4.1.1 Influence of the position of the gap on the flow . . . . . . 13
4.1.2 Influence of the position of the gap on the flushing . . . . 20
4.1.3 Additional experiments . . . . . . . . . . . . . . . . . . . 23

4.2 Experimental results . . . . . . . . . . . . . . . . . . . . . . . . . 27
4.2.1 Dye experiment . . . . . . . . . . . . . . . . . . . . . . . . 27
4.2.2 Particle Tracking Velocimetry . . . . . . . . . . . . . . . . 29

5 Conclusion 33

1



Chapter 1

Introduction

Partly enclosed coastal bodies, such as bays and estuaries, have a free connection
to the open sea. The shape of the shoreline often serves as a barrier between
the rough sea and the calm, shallow flow inside the basin. The protective
environment this barrier creates together with the inflow of fresh sea water,
makes these basins among the most productive natural habitats in the world on
one hand, creating ideal locations for harbors and other human activities on the
other [1]. Their free connection to the open sea makes them subject to marine
influences like tides. The flows that occur due to the changing of these tides have
an impact on the deposition of sediments, causing the formation of sand banks
and making them important issues for sea traffic. As ecosystems, these basins
are under threat from human activities such as pollution by sewage, coastal
settlement, land clearance and more [2]. A decent flushing rate of pollutants
into the open sea is therefore an important aspect of keeping partly enclosed
basins a healthy environment for various organisms. Tidal flows are a leading
factor in determining the flushing rate.

The alternation between ebb and flood often leads to the formation of tidally
induced residual currents. These currents, such as vortex dipoles or other larger
circulation patterns, that form due to the tides inducing a flow through the
channel connecting the basin and the open sea, greatly improve the rate of
exchange of mass [3]. The formation and behavior of vortex dipoles have been
a subject of many studies by Wells and van Heijst [4], den Boer [5], Hoebers [6],
Nicolau del Roure et al. [7] and López-Sánchez and Ruiz-Chavarŕıa [8] to name
a few.

In this study, the possible formation and behavior of a larger circulation cell
inside the basin as a result of dipole injection is investigated. This is done both
through simulations and experiments. The focal point is the influence of the
position of the channel on the circulation inside the basin. The next step is to
examine the influence of the resulting circulation on the flushing of the basin.
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Figure 1.1: Residual currents visible in the San Mat́ıas and San Jose Gulfs (top)
and the Nuevo Gulf (bottom), enhanced by sediment transport inside the white
square (image obtained from http://www.eosnap.com/tag/golfo-san-jose/)

Throughout all of the simulations a two-dimensional model is used to simplify
calculations. This is a valid assumption since the fluid layer is relatively shallow
compared to the large horizontal dimensions of most semi-enclosed basins and
the huge horizontal dimensions of a sea or an ocean.
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Chapter 2

Theory

2.1 Governing equations and dimensionless num-
bers

In the investigation of periodically generated vorticity, a non-rotating incom-
pressible flow is considered in both the numerical simulations and the experi-
ments. In such a case, the flow is governed by the Navier-Stokes equations in
the following form:

∂~u

∂t
+ ~u · ∇~u = −1

ρ
∇P + ν∇2~u (2.1)

and the continuity equation for an incompressible fluid

~∇ · ~u = 0, (2.2)

where ~u denotes the velocity field, P the pressure, ρ the density and ν the
kinematic viscosity.

These equations can be non-dimensionalised in order to find the dimension-
less numbers describing the flows. This can be achieved by transforming the
variables according to 

~x = Wg~̌x,

~u = Ug~̌u,
t = T ť,
P = U2

g ρp̌,

(2.3)

where the inverted hats denote the dimensionless variables. Here, Wg is the
width of the gap in the barrier, Ug is the maximum velocity of the tidal flow
at the gap and T represents the tidal period. This transforms equation (2.1)
into

St
∂~̌u

∂ť
+ ~̌u · ∇̌~̌u = −∇̌p̌+

1

Re
∇̌2~̌u, (2.4)
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where St is the Strouhal number and Re the Reynolds number. These dimen-
sionless numbers are defined as

St =
Wg

UgT
(2.5)

and

Re =
UgWg

ν
. (2.6)

The Reynolds number Re represents the ratio of inertia to the viscous forces.
Therefore, the boundary layer and the strength of the dipoles can be influenced
by this number [8], as well as the strength of the possibly resulting circulation in
the enclosed basin. The Strouhal number St represents the ratio between time-
dependent effects and inertial forces. Because of this, the number is important
in describing the behavior of the formed dipoles as noted before.

In order to investigate the exchange of matter between the sea-side and the
semi-enclosed basin, a typical convection-diffusion equation without a source
term is introduced:

∂c

∂t
= D∇2c− C ~∇ · (~uc) (2.7)

in which c is the concentration of a certain type of mass (a tracer of some
sorts) at a certain place and time. The constants D and C are the diffusion
and convection coefficients, respectively. The general velocity ~u is the velocity
at position x and time t as calculated by the non-dimensional Navier-Stokes
equation (2.4). The initial conditions are chosen to be

c(x, 0) =

{
0 if x < xB

1 if x ≥ xB
(2.8)

with xB the x-value of the position of the barrier between both basins.

2.2 Circulation

The circulation, which is given by the area integral of the vorticity, is a common
way to quantify the strength of the swirling motion of a fluid. The vorticity is
defined as the curl of the velocity field

~ω = ~∇× ~u (2.9)

which in a two-dimensional case can be reduced to

~ω = ωzk̂ = (
∂v

∂x
− ∂u

∂y
)k̂ (2.10)
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in which u and v represent the x- and y-components of the velocity field, re-
spectively.

The circulation Γ is then given by

Γ =

∫∫
ωz dA =

∫∫
( ~∇× ~u) · k̂ dA =

∮
~u · ~dl. (2.11)

2.3 Okubo-Weiss criterion

Calculating the total circulation over the enclosed basin will not grant much
information about the general swirling motion. In this study, the circulation is
given by the line integral over the inner side of the walls of the basin, the barrier
and the gap. Since the system holds a no-slip condition everywhere on that line
except at the gap, the value of the integral is solely defined by the magnitude
of the velocity there. As an equal amount of fluid successively flows in and out
of the system, this value averages to zero over one tidal period. In other words,
the total circulation also accounts for the boundary layers that have vorticity,
but are not part of any vortex per se.

For this reason, it is needed to find a way to be able to distinguish between
pure vorticity (solid-body rotation), pure strain (stagnation flow) and boundary
layers. In earlier work, the so-called Okubo-Weiss function is used to do the
trick [9]. For a non-divergent two-dimensional flow, the Okubo-Weiss function
is defined as

Q = s2 − ω2 = s2n + s2s − ω2, (2.12)

with

sn =
∂u

∂x
− ∂v

∂y
, (2.13)

ss =
∂v

∂x
+
∂u

∂y
, (2.14)

ω =
∂v

∂x
− ∂u

∂y
, (2.15)

in which sn is the normal strain, ss the shear strain and ω the vorticity according
to Okubo [10] and Weiss [11]. It should be clear that when the Okubo-Weiss
function has a positive value, the strain is dominant. When it has a negative
value, the vorticity is dominant.

2.4 Continuity equation

An important remark has to be made about the use of the incompressible Navier-
Stokes equation (2.1) in the numeric simulations of the system. These simula-
tions use a two-dimensional approximation, but because of the fact that the
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system is enclosed by impenetrable walls, problems arise when fluid is added or
drawn out by the use of a source or a sink, respectively.

In order to account for the periodic inflow of fluid, a possible solution is to not
consider the continuity equation for an incompressible flow (2.2), but instead
take the standard continuity equation

∂ρ

∂t
+ ρ~∇ · ~u = σ (2.16)

in which the density ρ is a constant and the source term σ is equal to the tidal
influx into the system. This gives

~∇ · ~u =
σ(t)

ρ
. (2.17)

Here, the fluid is assumed to have a height h in the third dimension with the
bottom of the fluid at z = 0 and the average surface height at z = H. When
the tidal motion starts pushing and pulling fluid in and out of the system,
the height h rises and falls by small amounts and thus is time dependent. A
second assumption is that the magnitude of the velocity in the x-direction u
and y-direction v do not depend on the z-coordinate. The first relation is the
incompressibility condition for a three-dimensional fluid:

~∇ · ~u =
∂u

∂x
+
∂v

∂y
+
∂w

∂z
= 0 (2.18)

which can also be written as

∂u

∂x
+
∂v

∂y
= −∂w

∂z
. (2.19)

Now, both sides are integrated over the average height of the fluid:∫ H

0

(
∂u

∂x
+
∂v

∂y
) dz = −

∫ H

0

∂w

∂z
dz . (2.20)

When calculated, these integrals give

H(
∂u

∂x
+
∂v

∂y
) = −(w(H)− w(0)) (2.21)

in which the last term is equal to zero, since fluid particles at the bottom can
not travel vertically. Notice that the velocity in the z-direction at the surface is
the actual change in the height h. In other words,

∂u

∂x
+
∂v

∂y
= − 1

H

∂h

∂t
(2.22)

is now the equation that gives the fluid the chance to expand with the help of
a ’virtual height’. The next step is to find an expression for the change in this
height. This can only be done once an inflow condition is defined in section
3.1.1.

7



Chapter 3

Numerical and
experimental methods

In the following sections, both the numerical and experimental used methods
are explained. All of the parameters used to describe the geometry of both the
computational domain and the experimental setup are chosen to promote the
formation of dipoles since their behavior and contribution to a larger circulation
are tested.

3.1 Numerical setup

3.1.1 Geometry of the system

All of the simulations were performed using the COMSOL Multiphysics R© mod-
eling software. The computational domain, sketched in figure 3.1, has a width
Ws = 15 and a length Ls = 45. The coordinates of all four corners are indicated
in the figure. The barrier is positioned at two thirds of the length of the total
system, at x = 30 if the origin is taken to be at the bottom left corner as in
the sketch, and it is chosen to be rather thin compared to the width of the gap
Wg = 0.5. Hence the name ’gap’ instead of ’channel’. A small ratio Λ =

Lg

Wg

between the length and the width of the channel has proven to produce stronger
vortex dipoles than a large one in previous studies [6]. The length of the gap
Lg is determined by the radius R = 0.025 of the enclosed circle that defines
each corner and is equal to Lg = 2R = 0.05. Round corners are preferred over
straight ones in order to reduce the vena contracta effect. Reducing it makes
for a greater certainty on the magnitude of the velocity right behind the gap.
In each run of the simulation, the position of the gap yg is varied. The gap is
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Figure 3.1: A sketch of the computational domain

moved from the middle of the barrier towards the wall at y = 15 in various steps
in order to investigate the effect on the resulting circulation.

An oscillating uniform inflow is imposed on the boundary at x = 0. It is defined
as

Us =
1

Ws
sin
(
2πť
)
. (3.1)

Preservation of flow rates dictates

Ug =
Ws

Wg
Us. (3.2)

Thereby, an oscillating uniform current with a maximum velocity Ug,max is
established through the gap. It is described by

Ug = Ug,max sin
(
2πť
)
. (3.3)

Remark how the maximum velocity at the gap now becomes Ug,max = 2, since
the width of the gap is Wg = 0.5. The reason why the gap has this width
instead of the regular non-dimensional value Wg = 1 is the fact that a smaller
gap induces a higher velocity which produces more vorticity and thus stronger
dipoles. One could also make the rest of the domain twice as large and chose
the width of the gap to be unity, for the resulting circulation would remain the
same as pointed out in an extra experiment in section 4.1.3.

Since all of the geometric parameters and the inflow condition are now deter-
mined, the expression for the two-dimensional divergence from equation (2.17)
can be found. Taking the height into account, the relation between inflow and
change in volume leads to

HWsUs = LsWs
∂h

∂t
. (3.4)
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Assuming the inflow condition (3.1), this gives

∂h

∂t
=
H

Ls

[ 1

Ws
sin
(
2πť
)]

(3.5)

which provides the needed expression for the change in height. This can now
be implemented in equation (2.22):

∂u

∂x
+
∂v

∂y
= − 1

H

[ H

LsWs
sin
(
2πť
)]

(3.6)

which leads to an expression for the two-dimensional divergence:

∂u

∂x
+
∂v

∂y
= − 1

LsWs
sin
(
2πť
)
. (3.7)

3.1.2 Boundary conditions

The following description is based on the system as it is depicted in figure
3.1. Three different conditions are imposed at the boundaries. On the far left
boundary, an oscillating normal velocity is imposed as described by equation
(3.1) in the previous section. The rest of the boundaries surrounding the system
have a no-slip condition, except for the left half of both boundaries enclosing
the sea-side (gray in the sketch). These have a stress-free condition imposed to
them. This is done in order to avoid two different velocities being imposed at
the edges of the inflow boundary. A no-slip condition on the left half of both
boundaries enclosing the sea-side would dictate the velocity to be zero at the
inflow-side edges, while at the inflow boundary a (mostly) non-zero velocity is
enforced according to equation (3.1). Such contradictions are avoided in the
simulation software by averaging the two velocities. This averaging leads to a
decrease of the velocity at the edges of the inflow boundary, also decreasing the
flow rate and thus altering the conditions of the system which is unwanted. A
more detailed explanation of this effect can be found in earlier work by Hoebers
[6].

3.2 Experimental setup

The method that is used for performing the experiments is similar to the method
used by Wells and van Heijst [4], den Boer [5] and Hoebers [6]. The tidal current
through the gap is induced by an oscillating weight partially submerged in the
water. The oscillation of the weight raises and lowers the water level, thereby
simulating the tide and forcing a flow through the channel. In order to visualize
the flows through the gap and in the basin, fluorescent dye and Particle Tracking
Velocimetry (PTV) are used.
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Figure 3.2: Sketch of the experimental setup (side view)

3.2.1 Setup

The tank that is used to conduct the experiments has the following dimensions:
1000 mm x 500 mm x 280 mm. Sketches of the setup are given in figure 3.2
and in figure 3.3. The barrier is positioned at 633 mm, measured from the
far sea-side boundary pictured left in the figure. Both sides of the tank are
connected through a gap in the barrier. The width Wg and position yg of this
gap are Wg = 10mm and yg = −180mm. Notice that the position of the gap
is negative, meaning that the gap is positioned below the center of the barrier,
closer to the lower border. This was done for practical reasons. The barrier has
a width of Lg = 2mm.

The oscillating weight has a total area A = 10, 681.42mm2, which is the sum
of the areas of two separate cylinders. They are suspended by a string that is
connected to a rotating motor. The adjustable height difference is chosen to be
δh = 7mm. The oscillation of the total weight can be approximated by a cosine
wave with a period T = 12.8s. The height of the cylinders can be described
by

γ(t) =
∆γ

2
cos

(
2π

t

T

)
. (3.8)

This height can be used to estimate the maximum velocity of the fluid at the
gap:

Ug = c
A

WgH
max

∣∣∣dγ(t)

dt

∣∣∣ =
cA∆γπ

WgHT
(3.9)

in which c is a factor that is introduced in order to compensate for the fact that
not all of the displaced water flows through the gap. Not all of the displaced
volume is used to adjust the water level of the basin-side, a fraction of the
volume is used to adjust that of the sea-side.
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Figure 3.3: Sketch of the experimental setup (top view)

3.2.2 Dimensionless numbers

With the expression for U presented in the previous section, it is now possible
to deduce the expressions for the dimensionless ratios. The Reynolds number is
given by

Re =
UgWg

ν
=
cA∆γπ

HTν
, (3.10)

while the Strouhal number is given by

St =
Wg

UgT
=

W 2
gH

cA∆γπ
. (3.11)

Notice that the Strouhal number St has become independent of the tidal period
T , while the Reynolds number Re has become dependent of that same parame-
ter. In addition, the Reynolds number has become independent of the width of
the channel Wg.

3.2.3 Promotion of two-dimensional behaviour

The waves in figure 3.2 are only drawn to indicate the water surface. The
wavelengths on the surface are considered to be large enough and the amplitudes
are small enough to be neglected in the experiment. The fluid is chosen to be
relatively shallow. It is composed of two thin layers: at the bottom, there is
a layer of saline water with a thickness of about 1 mm, and on top, there is a
layer of tap water of 10 mm. Hence, the total fluid depth H = 11mm. This
sort of configuration has previously been used to promote the two-dimensional
behavior of the flow [4].
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Chapter 4

Results

4.1 Numerical results

4.1.1 Influence of the position of the gap on the flow

In this section, the influence of the position of the gap on the flow in the
basin is studied. Six different positions along the barrier are chosen: yg =
[0; 1.35; 2.7; 4.05; 5.4; 6.75]. The case where the gap touches the outer wall is
avoided, because in that case, no dipoles would form. For yg = 6.75, the part
of the barrier above the gap is still large enough for the positive vortex to
form.

After performing all six simulations, it becomes clear that three different regimes
can be distinguished. The first regime occurs when the position of the gap is
at yg = 0, in the middle of the barrier. The development of the generated
vorticity patterns are given in figure 4.1. During the first few periods, the
symmetrical nature of the system provides a symmetrical outcome. The dipoles
move in a quasi-straight line towards the back wall, the first few dipoles catch
up with each other and merge into a bigger dipole (figure 4.1.a). Both poles
move apart as soon as this first dipole approaches the back wall. The following
dipoles feed into these two poles, resulting in two large circulation cells: one
with negative vorticity in the lower half of the basin and one with positive
vorticity in the upper half of the basin (figure 4.1.b). However, this system
becomes unstable after approximately 15 periods (figure 4.1.c). After this, the
circulation pattern changes erratically. Newly formed dipoles do not follow a
straight path and are pulled upwards and downwards, depending on where the
flow is strongest (figure 4.1.d-4.1.f). When the total circulation is measured
over the total area of the semi-enclosed basin, its value is very close to zero
as seen in figure 4.2. An explanation for this is given in section 2.3. Note
that the total circulation equals almost exactly zero until t = 300, which is
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(a) (b)

(c) (d)

(e) (f)

Figure 4.1: Vorticity field for yg = 0 at several times: (a) T = 2.5; (b) T = 13;
(c) T = 15; (d) T = 25; (e) T = 100; (f) T = 200

at 15 periods, after which it deviates from the zero value. This indicates that
at the moment the system becomes unstable, the software starts making small
calculation errors.

The second regime appears when the gap is positioned at yg = [1.35; 2.7; 4.05; 5.4].
With only six values for yg used in the different experiments, it is impossible to
fully determine the (probably smooth) transition between this regime and the
other two. In this regime, a large negative circulation builds up until it reaches
an average maximum. If the gap is moved in the negative instead of the positive
y-direction, this will of course result in a positive circulation. It becomes clear
that a very small (positive) deviations of the middle of the barrier will already
result in a preference for the system to build up a large negative circulation
that eventually takes up nearly the complete basin as shown in figure 4.3. For
yg = 2.7, a much smaller but apparently stronger opposite circulation builds
up in the corner of the basin around x = 32, y = 13. For yg = 1.35, a cer-
tain amount of positive vorticity accumulates in the same corner, but it fails to
generate an actual sustained circulation.
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Figure 4.2: Total circulation in the semi-enclosed basin for yg = 0

(a) (b)

(c) (d)

Figure 4.3: Vorticity field after 200 periods for several positions of the gap in
the second regime: (a) yg = 1.35; (b) yg = 2.7; (c) yg = 4.05; (d) yg = 5.4
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(a) (b)

(c) (d)

Figure 4.4: y-component of the velocity v(x) along a line through the center of
the basin defined by y = Ws/2 after 200 periods for several positions of the gap
in the second regime: (a) yg = 1.35; (b) yg = 2.7; (c) yg = 4.05; (d) yg = 5.4

In order to quantify the properties of the large circulating body, two lines are
drawn through the center of the semi-enclosed basin: a line defined by y =
Ws/2 = 7.5 along which the velocity in y-direction v is measured in function of
x and one defined by x = 5Ls/6 = 37.5 along which the velocity in x-direction
u is measured in function of y. These velocity profiles are given for different
values of yg after 200 periods in figure 4.4 and figure 4.5. At this time,
the vorticity and speed of the circulation have reached their maximum and the
system has become stable, except for the new dipoles still being fed into the
system. However, the large circulation has become very strong compared to
the individual dipoles, so their influence can be neglected. The profile lines run
from left to right and from the bottom to the top respectively.

It is seen in figure 4.4 and figure 4.5 that both velocity profiles of the circula-
tion for each of the four values of yg resemble that of a solid body rotation, with
the velocity increasing as a linear function of the distance to the center of cir-
culation. That is, until the boundaries of the basin are approached. Because of
the fact that a no-slip condition is applied to those borders, the velocity profiles
also show a return to the value of zero towards the x- and y-values at which the
walls are positioned. It is clearly visible in figure 4.3 that this creates a large
amount of wall vorticity or boundary layers. When the total circulation is mea-
sured over the total area of the semi-enclosed basin, its value is once again very
close to zero as seen in figure 4.6 for the gap position yg = 5.4. This means
that the vorticity in the boundary layers is equally strong as the vorticity in
the large circulation cell itself. An explanation for this is given in section 2.3.
An interesting remark to make, is the fact that the total circulation is slightly
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(a) (b)

(c) (d)

Figure 4.5: x-component of the velocity u(y) along a line through the center of
the basin defined by x = 5Ls/6 after 200 periods for several positions of the gap
in the second regime: (a) yg = 1.35; (b) yg = 2.7; (c) yg = 4.05; (d) yg = 5.4

Figure 4.6: Total circulation in the basin for yg = 5.4

negative until it switches to being slightly positive at around t = 600 (after 30
periods), which is around the time at which the large solid body rotation starts
to build up.

To fully quantify the rotation, the total circulation does not suffice since it
gives values of around zero as described above. A new integrand has to be
chosen in order to filter out all boundary layers and dipoles and only integrate
over the vorticity associated to the large solid body rotation. To exclude the
wall vorticity generated by strain, the Okubo-Weiss function Q introduced in
section 2.3 is demanded to be negative. In the areas where Q < 0, the flow is
dominated by solid body rotation. The only problem that arises, is the fact that
every new dipole introduced into the system by the tidal motion also consists
out of two pure vorticity poles, a negative and a positive one, which also have
to be excluded. It is observed that the negative pole gets absorbed very quickly
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Figure 4.7: Graphical representation of the integrand for the circulation of the
solid body rotation after 200 periods

by the large circulation cell once this is well established. Thus, only the positive
vorticity has to be filtered out, which is easily done by demanding the vorticity
to be negative: ω < 0. The resulting integrand after 200 periods is given in
figure 4.7, it is clear that only the wanted region of solid body rotation has a
value not equal to zero. Note that the integration is only over the area inside
the basin.

The resulting circulation as a function of time is given in figure 4.8. All four of
the values for the position of the gap within the large solid body rotation regime,
yg = [1.35; 2.7; 4.05; 5.4], have a similar profile for the circulation. However, the
maximum for the circulation for all of these positions oscillates around a different
value. For the gap position yg = 5.4, this is around Γ = −12, for yg = 4.05
this is lower, for yg = 1.35 and yg = 2.7 this value is higher. This could mean
that there is some sort of minimum and/or maximum for the circulation as a
function of the position of the gap. Another difference is to be found in the time
it takes to reach their respective cap.

The third regime appears when the gap is located close to the upper wall (or the
lower wall in the mirrored case). In this experiment, this corresponds with the
position yg = 6.75. In this regime, the first dipoles already start to bend of very
quickly towards the center of the basin and back towards the gap. A possible
reason for this behavior might be that the dipole experiences the pushing force
of a mirrored virtual ’sibling’ dipole close to the walls that drives it away from
the borders. The sucking action of the ebb flow may also play a role, since
this resembles a sink flow that is very non-symmetrical so close to the wall and
will therefore have a greater pulling force in the direction of the center of the
basin. This way it will promote the formation of negative circulation close to the
gap. From the first pair of dipoles on, the centers of negative vorticity collide,
with the positive poles swirling around their combined (negative) circulation.
The negative poles keep feeding into each other, creating a compact center of
circulation right in front of the gap. After a while, the force of this circulation
on the surrounding fluid sets a second circulation cell in motion that spins in
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(a) (b)

(c) (d)

Figure 4.8: Circulation Γ calculated with conditions Q < 0 and ω < 0 for
several positions of the gap in the second regime: (a) yg = 1.35; (b) yg = 2.7;
(c) yg = 4.05; (d) yg = 5.4

the opposite direction and which is not quite as strong, but it is larger in size.
The reason for the formation of this second circulation could also be seen as the
culmination and eventual release of strain vorticity from the first circulation,
rolling up to form a second patch of, in this case positive, vorticity. Both
rotating bodies can clearly be recognized in figure 4.9.

Two separate pairs of lines are needed to construct a velocity profile for both
centers of circulation. The first pair of lines crosses through the center of vor-
ticity of the small circulation cell. They are defined by y = 12.5 and x = 32.5.
Their velocity profiles for v(x) and u(y) are given in figure 4.10. The second
pair crosses through the center of the large circulation cell and they are defined

(a) (b)

Figure 4.9: (a) Velocity magnitude and (b) vorticity field after 200 periods for
yg = 6.75

19



(a) (b)

Figure 4.10: (a) y-component of the velocity v(x) along a line defined by y = 12.5
and (b) x-component of the velocity u(y) along a line defined by x = 32.5 after
200 periods for yg = 6.75

(a) (b)

Figure 4.11: (a) y-component of the velocity v(x) along a line defined by y = 5.5
and (b) x-component of the velocity u(y) along a line defined by x = 36 after
200 periods for yg = 6.75

by y = 5.5 and x = 36. Their velocity profiles are given in figure 4.11. It is
clear that both cells once again have a velocity profile that resembles that of a
solid body rotation. In figure 4.10 for the small circulation cell, this is visible
at the first part of the curve for v(x) and the last part of the curve for u(y). In
figure 4.11 for the large circulation cell, this is visible at the first parts of the
curves for both v(x) and u(y).

4.1.2 Influence of the position of the gap on the flush-
ing

Not only does the difference of the position of the gap yg have an influence on
the flow patterns in the basin, it also has an influence on the rate of exchange
of fluid between the basin-side and the sea-side. To investigate the difference
behavior for various positions of the gap, the fluid in the semi-enclosed basin is
covered with a virtual tracer and its spreading in time is examined. To simulate
this, an extra equation is solved by the computational software using as input
the output from the main flow equations of Navier-Stokes. The equation used is
a typical convection-diffusion equation (2.7) with a high convection coefficient
C = 1 compared to a low diffusion coefficient D close to zero. Ideally, this
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(a) (b)

(c)

Figure 4.12: Concentration of the virtual tracer after 0.75 periods for several
positions of the gap: (a) yg = 0; (b) yg = 4.05; (c) yg = 6.75

diffusion coefficient would be chosen to be exactly zero in order to focus solely
on advection. After doing this however, errors arise in the calculations by the
used software since if D = 0, no two boundary conditions can be applied. Thus,
D is chosen to be a very small number. The initial conditions are as introduced
in equation (2.8) with xB = 30 as in the computational model. Since the solving
of both of these equations simultaneously by the software takes a long time, one
position for the gap is chosen to represent each of the three different regimes:
yg = [0; 4.05; 6.75].

As can be seen in figure 4.12, each new dipole contains a ’package’ of fluid
originating from the other side of the barrier. This package remains quite well
contained until the vortex dipoles dissipate. After several periods the mixing
of the tracer shows a distinct behavior for simulations with different values of
yg as seen in figure 4.13 and figure 4.14. In order to evaluate the rate of
exchange between both basins, the concentration of the tracer c is integrated
over the area of the basin through time. The results of these integrations are
compared in figure 4.15.

It is immediately clear that the exchange of fluids between both basins is heavily
dependent on the position of the barrier and the resulting flows. The tracer
concentration seems to decay exponentially for every value for yg, but the decay
rate is drastically different for each value. For the gap position yg = 0, the
exchange of mass happens at the highest rate. In about 80 periods, only half of
the original mass, in this case highlighted by the tracer, remains in the basin.
The other half is flushed out into the sea. For yg = 6.75, the rate of decay
of the exponential is slowest. A possible explanation for this slow rate is that
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(a) (b)

(c)

Figure 4.13: Concentration of the virtual tracer after 25 periods for several
positions of the gap: (a) yg = 0; (b) yg = 4.05; (c) yg = 6.75

(a) (b)

(c)

Figure 4.14: Concentration of the virtual tracer after 50 periods for several
positions of the gap: (a) yg = 0; (b) yg = 4.05; (c) yg = 6.75
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(a) (b)

(c)

Figure 4.15: Total amount of the virtual tracer inside the basin as a function of
time for several positions of the gap: (a) yg = 0; (b) yg = 4.05; (c) yg = 6.75

the two circulation cells close to the barrier ’shield’ that rotating fluid from
the rest of the basin. For yg = 4.05, half of the original mass is flushed out
in about 100 periods, making the large circulation cell the second best flushing
mechanism.

Another interesting feature of the curves is seen when zoomed in on them as in
figure 4.16: the falling of the curve is not entirely smooth. For every period,
the curve is observed to dip in the first half and to very slightly rise in the
second half. This proves that each dipole brings along fluid from the other side
of the barrier, but since the dip happens in the first half, this means that the
addition of fluid without tracer from the sea-side makes the total concentration
go down.

4.1.3 Additional experiments

In this section, a number of additional questions that arose during the simula-
tions are answered.

Closer look on the the circulation profile

When zoomed in on, the profiles for both the total circulation and the pure
solid body circulation show some interesting characteristics. This zooming is
done on the last few periods, as the circulation has reached its minimum there,
apart from the oscillations caused by the injection and ejection of dipoles. As
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Figure 4.16: Zoomed in on the concentration curve for yg = 6.75

shown in figure 4.17.a, the total circulation shows two dips during each period,
indicating that both the injection of dipoles in the first and the sink flow in the
second half of each period shortly decreases the total circulation before it rises
again. An explanation for this behavior is yet to be found, but it is worth
mentioning nonetheless. The pure solid body circulation on the other hand,
shows one dip per period. This indicates that the injection of dipoles ’feeds’ the
larger negative circulation cell inside the semi-enclosed basin, while the pulling
action of the sink slows it down. Yet, there is a difference in the rate at which
both actions do what they do: the slope is different for both sides of the dip.
When the dipole is pushed into the basin, the circulation drops at a high rate,
while the pulling of the sink flow slowly makes it rise as pictured in figure
4.17.b.

Dependence on dipole formation

An other interesting question to be asked is if the existence of large scale cir-
culation cells is a direct consequence of the formation of dipoles. In an effort
to answer this question, attempts were made to create a system with largely
the same properties as the one already investigated, but without the forma-
tion of dipoles. An easy way of getting rid of the dipoles would of course be
to change the values for the Reynolds (Re) and Strouhal (St) numbers. Do-
ing this however, would drastically change the general properties of the flows,
thereby probably also changing the way the large circulation cells in the basin
are formed. Therefore, a couple of other possible solutions were tried: imposing
a stress-free condition to all of the walls around the sea-side in the hopes of
getting rid of boundary layers releasing to form dipoles, imposing a stress-free
condition to every wall in the system for the same reason, changing the edges of
the gap from being rounded to right-angled and changing the mesh from being
triangular-shaped to being rectangular-shaped. None of these countermeasures
against dipole formation seemed to have a large effect though, since dipoles kept
on being produced with every tidal period as seen in figure 4.18. It seems that
boundary layers and the rounded edges of the gap are not the primary cause
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(a)

(b)

Figure 4.17: Zoomed in on both (a) the total (T = [190..200]) and (b) the solid
body (T = [182.5..200]) circulation for yg = 4.05
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(a) (b)

Figure 4.18: (a) and (b) Dipole formation despite taking all of the countermea-
sures explained above

(a) (b)

Figure 4.19: (a) Velocity field and (b) vorticity field after 100 periods for yg = 5.4
with the sea-side enlarged

for the formation of dipoles, but the instability that arises when a jet of fluid is
pumped into a stationary body of fluid.

Sea-side circulation

During almost every simulation that involved a distinct circulation in the semi-
enclosed basin, a mirrored circulation cell of opposite polarity is observed on the
sea-side. The question arose whether or not this sea-side circulation was in some
way related to what was happening in the basin or if it was simply due to the
influence of the walls on the dipoles. The computational domain was modified
so that the sea-side became three times wider in order to avoid any influence of
those walls on the dipoles. The position of the gap was taken to be yg = 5.4,
for this position is part of the second regime in which a large circulation cell
forms in the original experiment. The results were clear: a large circulation cell
still forms in the basin, but on the sea-side any form of cohesive circulation was
non-existent as shown in figure 4.19. The velocities are way lower than in the
original experiment though, which is a consequence of the way the width of the
system Ws is incorporated in the expression for the two-dimensional divergence
(3.7).
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Figure 4.20: Circulation Γ calculated with conditions Q < 0 and ω < 0 for
yg = 10.8 in the regular dimensionless model

Dimensionless model

As pointed out in section 3.1.1, all of the above experiments might as well have
been performed with a regular dimensionless model in which the width of the
gap Wg is unity, Wg = 1, instead of the chosen Wg = 0.5. In order to achieve
the same results with the same dimensionless numbers and geometric ratios,
some other parameters have to be changed: the width Ws and the length Ls of
the system as well as the thickness of the barrier Lg all have to be doubled. The
vorticity will be lower at each position, but since the integration of the vorticity
happens over a larger domain, it will result in exactly the same circulation Γ
for the large cell once this is completely established. In figure 4.20, this is
shown for yg = 10.8 in the regular dimensionless model. Here, the resulting
circulation maximum is equal to that for yg = 5.4 in the model used in the
experiments.

4.2 Experimental results

The simple goal of the conducted experiments is to ascertain the actual for-
mation of a large circulation cell in a real experimental setup rather than a
simulation. In order to assure the formation of dipoles, a dye experiment is
carried out. To investigate the actual formation of a large circulation cell, a
Particle Tracking Velocimetry (PTV) experiment is performed.

4.2.1 Dye experiment

In order to visualize the flows inside the semi-enclosed basin, a fluorescent dye is
used. The room is made as dark as possible, with only two light sources shining
into the basin through a slit slightly below the surface level of the water. A
camera set at capturing 30 frames per second is mounted above the basin-side
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(a) (b) (c)

Figure 4.21: (a) Dye flowing through the gap into the basin, (b) dipole forming
and (c) dipole bending away from the wall towards the center of the basin during
the third period

in order film the flows as they evolve (in black and white). The emphasis is on
capturing the formation of dipoles, but some other interesting features of the
flows are also recognizable.

The motor is turned on and a little while later the first drops of dye are added,
meaning that the first dipole pictured in figure 4.21 is actually the dipole
formed during the third period. Already it is clear that the dipole is bending
away from the closest outer wall, pictured on the right. This image is proof of
the fact that dipoles form for the chosen parameters. It is visually verified that
in later stages dipoles keep forming.

After several periods, the lights in the room are turned on and the experiment
is kept running. Two interesting features are discovered: the first being a dark
spot in the basin surrounded by dye that seems to be spinning around the spot
and the second being a sink flow pattern in the second half of each period. The
fact that there is a spot around which the rest of the water rotates, seemingly
indicates the presence of a center of circulation. This can be seen in figure
4.22. It is later observed that the positive pole of each dipole merges into
this center of circulation, comparable to what the negative poles are doing in
the simulations. Remembering the fact that the value for yg is negative in
the experiments, this merging of vortices is the same in both the experimental
domain and the computational one, but mirrored. This process is pictured in
figure 4.23, the two dark spots swirling around each other are the merging
vortices. In that same figure, an interesting flow pattern is observed close to
the gap. In the second half of each period, the dye seems to be pulled back
equally from all directions towards the gap, indication the presence of a sink
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Figure 4.22: Dark round spot about half way between the center of the basin
and the right wall possibly indicates the center of a large circulation cell

flow.

4.2.2 Particle Tracking Velocimetry

In order to assure the existence of a large general circulation in the basin, the
Particle Tracking Velocimetry (PTV) technique is used. The surface of the
water inside of the basin is covered with a large amount of tracer particles (in
this case small white paper snips) as shown in figure 4.24. The experiment is
started and the particles are filmed as they move along the basin. The generated
images are then run through some software in order to literally connect the dots
and determine the path of every particle.

Before actually turning to the PTV software, a trick is used in the mathematical
software package MATLAB R©. A number of images is superimposed onto each
other, thereby summing up the gray-values of each picture and dividing the
obtained numbers by the number of pictures. The result as seen in figure 4.25
indicates the positions at which each of the particles has been, in other words
they highlight the pathlines of the flow. These pathlines reveal a presence of
some large circulation cell inside of the basin. It is also observed that the lines
are not quite as straight as may be expected. On the contrary, the particles
show an oscillating behavior towards and away from the gap.

Using the actual PTV software, it is possible to reconstruct the streaklines of the
flows inside the basin. The results are visible in figure 4.26. A large circulation
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Figure 4.23: The positive pole of a vortex dipole merges with the suspected
center of a circulation cell, while a sink flow is visible near the gap in the down
right corner

Figure 4.24: Tracer particles are suspended on the surface of the water inside
the semi-enclosed basin
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Figure 4.25: Pathlines of the particles visualized using MATLAB R©

is visible and the black dot discovered in the dye experiment in section 4.2.1
turns out to be the actual center of that circulation. This proves that in reality
a general circulation cell will form, just like in the simulations. Presenting
the results in a clear way turns out to be quite tedious though. The software
is written in such a way as to picture the paths of particles. The minimum
or maximum length of the paths pictured can be chosen freely. The problem
is that the low velocity and oscillation of the particles makes it hard for the
software to link the right particles in each time step, breaking the tracks up
into small pieces and making it impossible to plot long tracks on the left and
top sides of the figure. Since the oscillation happens (almost) perpendicular to
the paths there, they get very easily broken up. Simply plotting shorter paths
is possible solution. However, since the paths on the right side are often a lot
longer, plotting more paths makes this region an obscure ravel of lines crossing
each other. But since this is not really the region of interest, this solution is
used anyway. Still, a small circulating body seems to appear in the down right
corner, similar to what is seen in the simulations for yg = 2.7.
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Figure 4.26: Result of the PTV experiment
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Chapter 5

Conclusion

When the right conditions are met, vortex dipoles can form and escape away
at the channel connecting a semi-enclosed basin to the sea as proven in recent
studies by Wells and van Heijst [4], den Boer [5] and Hoebers [6]. Simulations
show that depending on the relative position of the channel various different
residual currents can arrise. These are divided into three regimes: the sym-
metrical system leading to a turbulent state, a single solid body rotation and a
double solid body rotation.

The first regime starts out as a symmetrical system, but after a certain number
of periods instabilities start to arise and it collapses into a turbulent system. The
relative position for the gap (channel) yg = 0 represents this first regime. The
second regime exists when the gap is moved away from the center of the barrier
towards the borders, but not too close to these borders. For the simulations
in which yg = [1.35; 2.7; 4.05; 5.4], a large residual circulation arises that has
the same velocity profiles as a solid body rotation. Using a the Okubo-Weiss
criterion and filtering out the positive vorticity, the circulation of those cells is
measured. For each position of the gap, a different minimum is found. The
lowest value is found for yg = 4.05, indicating that there might be a minimum
and/or maximum value depending on the position of the gap. The last regime
is found when the gap is moved very close to a wall, in this case for yg = 6.75.
In the matching simulations not one, but two solid body rotations are witnessed
to exist.

The three regimes not only differ in their respective flow pattern, but they are
also associated to different flushing rates of the basin. A virtual tracer is applied
to the fluid inside the semi-enclosed basin and its concentration is measured at
every time step taken by the computer. It is clear that the flushing of the tracer
happens at a much higher rate in the first regime compared to the others. The
injected dipoles have the chance to transport tracer mass far into the ocean or
sea. The slowest rate is found for the third regime, indicating that the small
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circulation cell in front of the gap acts as a barrier between the basin and the
sea-side.

It is experimentally verified that the formation of a larger circulation cell is
not some computational artifact. First the formation of dipoles is tested for
the chosen parameters using a fluorescent dye. During this experiment, traces
of a larger circulation are already witnessed. In order to take away any form
of doubt, a second experiment is performed using the Particle Tracking Ve-
locimetry technique. Now it is clear that a large portion of the applied particles
perform a slow, but certain, large circulational movement.
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