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Abstract 

 

If a channel connects a basin to the sea, the tide can induce a periodical flow in the channel. 

When the flow leaves the channel, a dipole can be formed. The dipole can either escape away 

from the channel, or get drawn back in to the channel as the flow reverses. It was thought that 

this behavior depended on the Strouhal number, where a critical number of 0.13 indicated the 

separation between the two characterizing behaviors. This value was also analytically 

predicted, based on the so-called WH-model (Wells and van Heijst, 2003). However, since 

errors are found in the WH-model, this report suggests improvements. These flow systems are 

also further studied in this report, by both numerical simulations and experiments. This is 

performed for various shapes of the channel, with special focus on corner refinements at the 

ends of the channel. It has been found that these different shapes are of great influence to the 

critical Strouhal number and have the capability to more than triple the critical value for 

certain cases. However, additional influences are found to have an impact on this value as 

well. For flows that are characterized by sucked back dipoles, observations are made 

concerning the longevity of the dipoles. If the vorticity from these dipoles survives long 

enough, several of these vorticity patches can interact with each other. Through the merging 

of these patches, stronger dipoles can be created which are capable to escape. In certain cases, 

these interactions also lead to periodical behavior with a period that is twice the tidal period.  
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1. Introduction 
 

If a channel connects a basin to the sea, the basin is subject to the influences of the tides. A 

flow can be induced into the channel, causing the water level in the basin to rise and fall 

accordingly. This current in the channel can be important for the exchange between these two 

bodies of water, with regards to the concentration of pollutants and nutrients. For example, a 

polluted river (i.e. by waste or a factory) that ends in a basin can cause a rise of concentration 

for these pollutants. If the basin cannot vent these pollutants properly through the channel(s), 

the buildup might become critical.  

For specific cases, the behavior around these channels can be regarded as quasi-two-

dimensional. If the fluid layer is relatively shallow, vertical motions can be considered 

negligible. This Q2D behavior can be further promoted by a stratification of the fluid layer, or 

by the influence of the earth‟s rotation. By neglecting the third dimension, the flow shows 

self-organizing behavior that can promote the occurrence of vortices. Such vortices are 

consequently widely observed in nature. (Carton, 2001) 

The flow in the channel can also create vortices. When the flow leaves the channel, two 

counter rotating vortices can be formed and pair up to form a so-called dipole. Observation of 

these dipoles have been made in (among others) the Venice lagoon (Gačić et al., 2009) and 

between the gulfs of San Matías and San José (Amoroso and Gagliardini, 2010). A satellite 

image of the latter situation is shown in figure 1.1. These dipoles can be dragged backwards 

when the flow reverses, depending on the situation. The results of this behavior can then have 

an impact on the rate of exchange between the two bodies of water (Chadwick and Largier, 

1999; Wells and van Heijst, 2003).  

 

Figure 1.1. Satellite image of the channel between the San José gulf (lower gulf) and the San Matías gulf (upper gulf), 

taken on July 28th, 2009. The image (with adjusted color scheme) shows various vortices/dipoles, enhanced by 

sediment transport. The image is obtained from http://www.eosnap.com/tag/golfo-san-jose/.  

Due to the importance of the dipoles on such flows, this has been the subject of various 

studies. In a study by Wells and van Heijst (2003) a model of such dipoles near a channel was 

developed (from here on called the WH-model). Their conclusion, backed up by experimental 

data, was that the behavior of the dipoles was defined by the Strouhal number of the flow. 

This number is defined by the width of the channel divided by characteristic speed and the 
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tidal period. If this dimensionless number is less than a critical value, the dipoles have the 

tendency to escape; if the ratio is to exceed that critical value the dipoles are drawn back into 

the channel.  

Other studies have been performed to investigate the influence of the geometry of the channel, 

using different sorts of the inlets. For example, a variety of different inlets have been studied 

experimentally by Nicolau del Roure et al. (2009). Bryant et al. (2012) investigated such 

variety of inlets as well, but for a fixed Strouhal number. They found that for a long enough 

channel, secondary vorticity is produced; the backflow pushes out the boundary layer from 

the previous tide, and rolls up into expelled boundary layer vortices or EBLVs. These new 

vortices then had the possibility to pair with the existing vortex patches into two new dipoles, 

each escaping the channel under an angle. Den Boer (2013) also investigated various 

geometries, with various lengths and formations. He also observed different behavior between 

these geometries. However, when he investigated the critical value of the Strouhal number, 

his conclusion was very close to Wells and van Heijst (2003). Results from numerical 

simulations (López-Sánchez and Ruiz-Chavarría, 2013) also suggested that the Reynolds 

number also had an influence on the flow. 

Inspired by these works, various influences on these flow systems are studied in this report as 

well, with in particular the role of several (short) geometries. Since the WH-model is also 

important to predict the behavior of the flow, this model is also discussed. 
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2. Statement of the problem  
 

 

Due to the influences of the tide, a periodic flow can be established in a channel that connects 

a basin to the sea. Upon the flow leaving the channel, two counter rotating vortices (a dipole) 

are created at the end of the channel. To investigate such a flow, both experiments and 

numerical simulations are performed. The basin and the sea can be approximated by a simple 

geometry as shown in figure 2.1. When flood raises the water level in the sea, the basin 

attempts to keep up and a flow in the channel is induced towards the basin. When the tide 

falls, the flow is reversed as well. The shape of the channel can influence the flow; figure 2.1 

shows three general shapes that were previously used by Nicolau del Roure et al. (2009). 

Bryant et al. (2012) and den Boer (2013). 

sea basin

 

Figure 2.1. A geometry used to model a periodic flow in a channel, that is caused due to the tides. Typical types of 

channels, used in various papers, are also shown.  

The process of a flow leaving a channel is sketched in figure 2.2a, where two counter-rotating 

vortices are created. The creation is due to the boundary layers because they generate 

vorticity. This vorticity is defined as the curl of the velocity field, 

                ,        (2.1) 
 

and can be reduced in two-dimensional situation to 

               
  

  
 

  

  
  

(2.2) 

 

in which u and v represent the x- and y-components of the velocity field, respectively. The 

vorticity then rolls up into two patches upon leaving the channel and together they form a 

dipole. This dipole has a self-induced velocity (Lamb, 1932) and therefore this self-

propagation forms an effective mechanism to escape. However, when the tide reverses, water 
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is drawn back into the channel (figure 2.2b) and effectively attempts to draw back the dipole 

towards the channel. The competition between these two mechanisms determines the fate of 

the dipole.  

U

Vdipole

W

Vsink

 

Figure 2.2. a) The flow leaving a channel generates two patches of vorticity, leading to a dipole. b) When the tide 

reverses, a competition emerges between the dipoles self-induced velocity and the backflow trying to draw it back. In 

the dipole, the plus and minus denote the sign of the vorticity in each of the patches. 

Many parameters that define the flow can influence this competition. This can be the 

geometry of the channel, or forcing factors of the flow, such as its non-dimensionalized 

frequency or velocity. These factors can alter the delicate balance between the self-induced 

velocity of the dipoles and the sink field and could lead to a new characterization of the 

situation. 

Wells and van Heijst (2003) found that this characterization mostly depends on the non-

dimensionalized frequency. Based on this number, they found a critical value that determines 

the flow; below this value the dipoles are expected to escape, while otherwise the dipoles are 

to be drawn back. 

Apart from the mechanism described in figure 2.2 to generate vortices, a second mechanism 

can be found in relatively long channels. When the flow goes back and forth, boundary layers 

are established each time along the walls that enclose the channel. When a new boundary 

layer is created, the old boundary layer does not vanish instantly but is displaced away from 

the channel wall. Hereby it can be ejected out of the channel, rolling up into (secondary) 

patches of vorticity. For this reason, they are called “ejected boundary layer vortices” or 

EBLVs. Once ejected, they can interact with the dominant vortex patches, possibly resulting 

in a very different flow behavior (Bryant et al., 2012).  

An attempt to illustrate the displacement of this old boundary layer is by looking at a model of 

a flow due to an oscillating infinite half plane (see e.g. Schram et al. 2010 and Kundu, 2012, 

p. 337). It describes the diffusion of momentum from the oscillating wall into the fluid. This 

a) b) 
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can be applied to a channel where the fluid oscillates instead of the wall and can be achieved 

by changing to a reference frame that moves along with the fluid. A sketch of a solution of the 

oscillating plane is shown in figure 2.3. The use of this oscillating half plane is further 

elaborated in Appendix C.  

 

Figure 2.3. A sketch of the velocity field for an oscillating (infinite) half plane, obtained from van Schram et al. (2010).  

The problem represents a reference frame moving along with the oscillating flow. 

When the oscillating wall creates a new boundary layer every half period, the old one moves 

vertically away, but is not (instantly) replaced. While it lingers on, it can be expelled at the 

opening of the channel due to the movement of the fluid and to roll up into a vortex. This also 

denotes the importance of the length of the channel. A longer channel means also that the old 

boundary layer becomes longer. Consequently, if the entire boundary layer rolls up into a 

vortex, it becomes stronger.  

 

2.1 Vena contracta   
 

As seen with the EBLVs, the length of a channel can have an effect on the flow. However, 

also the shape of the channel can have an impact on the flow, as can be illustrated by the vena 

contracta phenomenon. This effect happens if a flow is forced through a nozzle with sharp 

corners as sketched in figure 2.4a. Streamlines from all directions are deflected into the orifice 

and emerge as a jet outwards. However, the direction of streamlines cannot be changed 

abruptly, especially those streamlines that are near the wall and edges. Their direction will 

then still be changing after they pass the nozzle and can cause the emerging stream to contract 

even afterwards. The point where the flow is most contracted is called the vena contracta 

(Chanson et al., 2002). This contraction also leads to higher velocities in this emerging 

stream, because the flow rate has to be preserved. 
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Vena 

contracta

b)a)

 

Figure 2.4. Sketches of flows through an orifice. On the left, the flow is forced through an orifice with sharp edges. It 

forces the flow into a jet, that even contracts afterwards, illustrating the vena contracta phenomenon. On the right, 

the curved edges allow the flow to steadily adjust to the change in direction, and therefore the flow contracts less. 

If the streamlines are eased into this change of direction, this phenomenon will be weakened. 

Rounding the edges of the nozzle could have this effect, as figure 2.4b illustrates.  

 

 

2.2  Geometry of the channel 
 

As shown by the previously described effects, the geometry of the channel can be of influence 

on the resulting flow. Defining these geometries is therefore important. This report uses two 

basic geometries, which are the slit barrier (figure 2.5a) and the rectangular barrier (figure 

2.5b). For convenience, these geometries are abbreviated by their first letters, so that they 

become respectively „SB‟ and „RB‟.
*
 The slit barrier consists of two (very thin) walls which 

leave a gap that forms an infinitesimally short channel. A rectangular barrier consists of two 

rectangles, enclosing a channel of width W and length L. The geometry of the channel can be 

described by the non-dimensional number 

            
 

 
  

(2.3) 

 

Using this dimensionless channel length, a slit barrier is a rectangular barrier where Λ 

approaches zero. Slit barriers are not physical because the channel length cannot go to zero, 

although this limit is still useful. Also, corners can have a refinement which rounds them off. 

Therefore, two other geometries are introduced: the rounded slit barrier and the rounded 

rectangular barrier shown in figure 2.5c and figure 2.5d respectively. Like the geometries they 

are based on, these new geometries can also be abbreviated to „rSB‟ and „rRB‟ respectively. 

                                                 
*
These abbreviations can also have a subscript. The explanation of this subscript is given in section 4.1.1. 
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The corners from both geometries are rounded by a circle with a diameter r, and can be non-

dimensionalized to R by the width of the channel, so that it is defined by 

            
 

 
  (2.4) 

 

As a result, rounded slit barriers have an effective length of     , determined by the circles 

that refine the ends.  

2r

r

W

L

W

W

r

L

W

Slit barrier

Rounded slit barrier

Rectangular barrier

Rounded rectangular barrier

a)

c)

b)

d)

 

Figure 2.5. Several geometries of the channel. The frames correspond to the dotted rectangles in figure 2.1. 

 

2.3  Dipolar vortex models 
 

To describe the dipoles that are shed by the various geometries, several models can be used. 

Therefore, the strength of the dipole is defined by the circulation; a measure for the amount of 

vorticity in a certain area (Kundu, 2012, p.79). For a two-dimensional situation this is defined 

as  

            ∬    ∮      

 

(2.5) 

Calculating the total circulation of a dipole would be useless as the two counter rotating 

patches usually would cancel each other out. Therefore, the dipole is defined by the strength 

of each separate patch, and usually they are equal in absolute strength. 



11 

 

The simplest model to represent the dipole is by two point vortices of equal but opposite 

strength. Because both point vortices induce an equal velocity into the other, this results in a 

movement along a straight path with a velocity equal to (see e.g. Kundu et al., 2012, p. 205) 

                                 
 

   
 

(2.6) 

  

with a the distance between the point vortices and Г the absolute circulation of each point 

vortex. If the centers of each vorticity patch grow nearer to each other, a better model might 

be the theoretical Lamb-Chaplygin dipole (Meleshko and van Heijst, 1994; Flór et al., 1995) 

with a velocity given by 

                       
 

      
 

(2.7) 

 

with λ representing the distance between the centers of maximum vorticity of both patches, 

and Г the absolute circulation of each vorticity patch.  Examples of both models are presented 

in figure 2.6 in their co-moving frame. 

 

Figure 2.6. Stream line plots for two dipole models, following the model consisting of point vortices (on the left) and 

the Lamb-Chaplygin model (on the right). The dipoles are visualized in the co-moving frame, i.e. the dipoles are not 

translating while the fluid moves around them.   

 

2.4 Governing equations and dimensionless numbers 
 

 

In the investigation of the periodically generated vorticity, in both the experiments and the 

numerical simulations a non-rotating incompressible flow is considered. Such flow is 

governed by the Navier-Stokes equations  
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(2.8) 

 

 

and the continuity equation 

                (2.9) 

 

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

By non-dimensionalisation of the Navier-Stokes equations, dimensionless numbers can be 

found to describe the flows.  This can be achieved by transforming the variables according to 

 

          { 

    ̌   
    ̌    
    ̌    
      ̌

 

 

 

(2.10) 

where the inverted hats denote the dimensionless variables. Here, T is the tidal period and U 

represents the maximum velocity of the tidal flow. This transforms equation (2.8) into 

            
  ̌

  ̌
  ̌   ̌ ̌    ̌ ̌  

 

  
 ̌  ̌ 

(2.11) 

 
 

where St is the Strouhal number and Re the Reynolds number. These dimensionless numbers 

are defined as 

             
 

  
 

(2.12) 

 

and 

             
  

 
  

(2.13) 

 

The Reynolds number represents the ratio of inertia to the viscous forces. Therefore, the 

boundary layer and the strength of the dipole can be influenced by this number (López-

Sánchez and Ruiz-Chavarría, 2013). 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.   
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3. An analytic model 
 

In order to predict the critical Strouhal number, Wells and van Heijst (2003) developed an 

inviscid model, in short called the WH-model. This chapter discusses this model, and suggest 

some improvements to the model. 

 

3.1  WH-model 
 

In the WH-model, the created dipole is represented by two point vortices, growing in strength 

as the fluid leaves the channel. When the tide reverses, a model for the sink flow competes 

against the dipole. Upon calculations, this gives a clear answer whether the dipole is sucked 

back or escapes, depending on the Strouhal number. For the WH-model, the critical Strouhal 

number was found to be 0.13 as dipoles below this number were still able to escape. 

However, if the WH-model is carefully examined, small inaccuracies in their model can be 

found, as the sink model employed is based on wrong assumptions. The sink model that was 

used was actually a three-dimensional axisymmetric line sink (Kundu, 2012, p.235). Through 

an (invalid
*
) far-field approximation, the sink model was transformed to resemble a point 

sink. Such a point sink becomes singular at the origin (where the velocity goes to infinity). 

However, a mathematical error was also introduced into the sink model. The eventual point 

sink was therefore too weak by a factor of 4.

 Incorporating this factor of 4 into the WH-

model will reduce the predicted critical Strouhal number by factor of 4
1/3

. This correction 

gives a critical number of 0.082 instead of the original 0.13. The whole derivation of the 

corrected WH-model, and its implications can also be found in Appendix B.4. 

These findings gave rise to the development a new model for the line sink (see next section 

3.2) and to corrections to the WH-model in section 3.3. 

  

3.2 Two-dimensional line sink 
 

In order to model a sink flow in 2D, the inviscid potential flow is used due to the known 

solution for a point sink. The potential is (Kundu et al., 2012, p. 201) 

                      
 

  
  ‖  ‖  

 

  
  ((    )

  (    )
 ) 

(3.1) 

 
 

                                                 
*
 The area of interest is actually in the near-field. The choice for this approximation in the original model is 

probably made due the simplification of the sink model. 

 If the far field approximation in eq. (3.5) is compared to the sink model of Wells and van Heijst (2003), the 

factor 4 becomes obvious. This is also derived in Appendix B.4. 
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where Q is the strength of the sink (expressed in m
2
/s) and the vector    represents the 

distance towards the point sink. The point sink can also be described in a Cartesian coordinate 

system, with the sink located at (x0,y0). This expression can then be integrated to obtain the 

potential for a line sink. Following the coordinate system in figure 3.1a, a new potential can 

be calculated by 

                    
 

  
∫   (   (    ) )    

 
  

  
 
 

 

 
 

(3.2) 

 

 

 

where q is the strength of the line sink (expressed in m/s) that satisfies     . By using 

             , the velocity field for a line sink is  

           (   )  
 

  
*

     .
  

 
/        .

  

 
/ 

(  (     
 )     (     

 ))
+ 

 

(3.3) 

 
 

 

with       

 
 . A more extensive derivation can be found in Appendix A. A similar result 

was also derived by Lamb (1932, p. 73). To visualize the flow field, the stream- and potential 

function are displayed in figure 3.1b. The sink in this model is placed in the channel and can 

be interpreted to be enclosed by barriers of type SB (of which the wall condition is no-slip). 

 

Figure 3.1. a) The coordinate system with respect to the channel. b) The stream function (blue) and the potential 

function (red) for a normalized width of the channel.  

On the x-axis, the velocity would reduce to  

            (     )   
  

 
    (

 

  
)  

(3.4) 

 
 

For the far field approximation, it can be expected the velocity field resembles a point sink. 

This is derived in Appendix A.2, and shows the point sink behavior 

b) a) 



15 

 

           (       )  
 

 

 

 
  

(3.5) 

 

To show their comparison, the profiles can be seen in figure 3.2. In the far field, they indeed 

converge. However, in the near-field, the point sink goes to infinity, while the line sink model 

remains bounded at the origin. (Singularities remain present though, as is discussed in 

Appendix A.) 

 

Figure 3.2. The arctangent from eq. (3.4) compared to its far field approach (a point sink) of eq. (3.5). 

It has to be noted that the obtained line sink solution is for a steady case. Applying this 

solution to the current problem might yields deviations, due to the time-dependent element 

involved. A comparison to numerical simulations can be found in section 6.5.1.  

 

3.3  Improvements to the WH-model 
 

Since the velocity field of a line sink is known, it can be implemented into the WH-model, for 

which the derivation can be found in Appendix B. The result is the path of motion for the two 

point vortices, described by the differential equation  

          
   

   
 

{
 
 

 
  *   

   (    )

  
  +                                                       

 

 

    
 

  
    *   (

 

  
)
  

  
+     (    )        

 

 
     

 

 

 

(3.6) 

 

 

in which the variables are non-dimensionalized by 

          {
          

    

    
  

      

  

 
 

(3.7) 
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Here,    is normalized by the distance covered after a half tidal period due to the self-

propagation of the dipoles (i.e., eq. (B.15)). Note that the sink part appears to be positive due 

to the plus-sign, while it is supposed to counter the self-propagation. However, this plus-sign 

is deceiving because the sinus term makes the sink term negative for the chosen time 

intervals.  

To obtain the path of motion for the point vortices, this differential equation can be solved in 

Matlab using an ode15s. For three different Strouhal numbers (eq. (2.12)) the resulting paths 

of motion are shown in figure 3.3. They illustrate the three classifications used in this report. 

The line with St = 0.060 shows the path of motion for a dipole that escapes. Because this 

escape happens without the dipole getting drawn back a little to the channel, it is therefore 

called „escaping‟. The trajectory with St = 0.095 also escapes eventually, but it has difficulty 

doing so. When the tide reverses, the sink flow draws it back, but the dipole can escape 

eventually. This behavior is classified as „hovering‟. The transition from „hovering‟ towards 

„sucked back‟ dipoles is marked by the trajectory with St = 0.108. At an even higher Strouhal 

number, the dipoles no longer have the capability to escape; therefore they are called „sucked 

back‟.  

.  

Figure 3.3. The position plotted against time for different Strouhal numbers, solved for eq. (3.6). Note that x* is non-

dimensionalized by the total distance it has traveled at t* = 0.5, according to eq. (3.7).  

The transition towards „sucked back‟ dipoles also marks the critical Strouhal number, which 

becomes 0.108 for this corrected model. This result is lower than the original result of 0.13 

from Wells and van Heijst (2003). However, if the error in the original WH-model is 

corrected, their adjusted critical Strouhal number becomes 0.082. Compared to this number, 

the result from figure 3.3 is actually higher.   
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4. Experimental and numerical methods 
 

4.1 Numerical setup 
 

For simulating a laminar two-dimensional flow, the commercially available program Comsol 

Multiphysics
® 

(versions 4.3 and 4.4) is used. To study the problem in dimensionless terms, 

the Navier-Stokes equations (2.8) are non-dimensionalized by 

          

{
 
 

 
 

 

    ̃   
    ̃    

   
 

 
 ̃    

      ̃

 

 

 

 

 

(4.1) 

where the tildes denote the dimensionless variables. Note that this is different from the non-

dimensionalization in eq. (2.10) for the time t, due to the manner of implementation into 

Comsol Multiphysics
®
. The Navier-Stokes equations can then be written as 

          
  ̃

  ̃
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Due to the different non-dimensionalization, this is different from the dimensionless Navier-

Stokes equations (eq. (2.11)) because of the disappearance of the Strouhal number. By using 

this implementation, the width of the channel W and the (maximum) characteristic velocity U 

are normalized. However, the tidal period T is still variable. Note that later on in this report, 

this tilde to denote the dimensionless variables will be dropped. 

The computational domain has a size of 60 x 14 and is sketched in figure 4.1. The exact 

geometry of the channel is subject to change between the simulations (as already has been 

discussed in section 2.1). At the walls near the channel, a no-slip boundary condition is 

enforced. Further away from the channel, the outer walls can vary in their type of condition, 

which is further described in section 4.1.1. 

W

L
o

p
en

in
g

Lbassin>>W=1

sea basin

no slip

x

y

Coordinate-system

)2sin(
1

tSt
L

u
opening

opening 
p=0

x̂
~

 

Figure 4.1. A sketch of the computational domain, with a size of 60 x 14. The no-slip walls are indicated by a fat line; 

the conditions of the walls with the thin lines are discussed in section 4.1.1. Section 2.1 further elaborates on the exact 

geometry of the channel.  
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In the computational domain, an oscillating current is established from the left boundary 

(seaward side) to the right boundary (basin side). This current is based on the assumption of a 

uniform flow through the channel, with a maximum velocity U. In equation form, this 

becomes  

                       (  
 

 
)      (       ̃) 

(4.3) 

  

with the tidal period T. It can be seen that the Strouhal number appears in this equation, which 

is due to the chosen non-dimensionalization (eq. (4.1)). The re-appearance of the 

dimensionless ratio means that for a given geometry a simulation is characterized solely by 

the Reynolds number and the Strouhal number. 

To create this current, a uniform velocity is enforced on the left boundary ( ̃ = -30), while 

satisfying the assumption for the flow in the channel. Preservation of flow rate dictates that 

the enforced velocity is weaker than the velocity in eq. (4.3), since the opening is wider than 

the channel. Since both U and W are normalized, this leads to a velocity forcing of 
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At the right boundary ( ̃     ), the velocity not is enforced, although the pressure is set to 

zero over its length (i.e.  ̃( ̃       ̃  ̃)   ). Note that from here on, the tilde will be 

dropped from the non-dimensionalized variables wherever simulations are concerned, since 

the use of the tilde is cumbersome.  

All the simulations start at    . The time steps are equidistant with 60 steps during a tidal 

period. The timespan of a tidal period is determined by eq. (4.4), and thereby becomes the 

inverse of the Strouhal number.  

For meshing the domain, it has been proven for the spatial distribution that the creation of 

vorticity was not affected. Around the channel, the created mesh is fine; further away from the 

channel the mesh is coarser. This means that escaping dipoles eventually will reach this 

coarse grid, where numerical dissipation will occur. This causes the vorticity of the dipole to 

be distributed and eventually dissipate. Towards the left and right boundary, the mesh 

becomes even coarser.  

The centers of the vortices are defined as the points of maximum or minimum vorticity within 

the vortices. To find the centers, two investigation areas are defined on both sides of the 

channel and are then searched for these extremes. Because the vorticity near the boundaries 

can reach high values, the area near the walls are excluded from the investigation windows. 

The x-position of the dipole is determined from the average of the centers of the two counter 

rotating vortices. 
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4.1.1  Boundary conditions of the outer walls 

 

As mentioned before, the boundary conditions for the outer walls are not constant between all 

simulations. The walls in question are shown red in figure 4.2 and have either slip or no-slip 

conditions. A difference between the two arises at the edges of the opening (marked in figure 

4.2 by the two circles). For the no-slip condition on the outer walls, two different velocities 

are enforced at these edges. The no-slip wall dictates the velocity to be zero at the wall, while 

at the opening a (mostly) non-zero velocity is enforced according to eq. (4.4). Therefore, two 

different velocities are enforced on the same point (the edges) and should lead to a 

contradiction. However, this „contradiction‟ is avoided in the simulation by averaging the two 

velocities. Since averaging the velocities leads to a decrease of the velocity at the edge, the 

total flow rate is also decreased, which amounts up to about 3.5%. Because the Strouhal 

number is based on the total flow rate (see previous section) this slightly alters the meaning of 

this ratio. However, if a slip wall is used for the outer wall conditions, no contradiction arises 

and therefore no reduction in flow rate. 
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Figure 4.2. The location of the outer walls. These walls can have either the slip or the no-slip condition. The dotted 

circles denote corners, where contradictions could arise between enforced velocities, if the no-slip condition was used. 

Another difference that could arise is the velocity profile in the domain, far away from the 

channel. Slip walls (that are parallel) do not alter the flow due to viscous stress. However, no-

slip walls could have this effect and can cause the flow to show a Poiseuille profile. The flow 

profiles are therefore investigated and are shown in figure 4.3. Do note that the mesh is rather 

coarse this far from the channel and is accordingly visible in the velocity profiles. 

For the profile with the no-slip walls, deviations along the walls stand out immediately. First, 

the velocity enforcing at the opening (     , the blue profile) can be observed. At the 

walls, the velocity is only half of what it should be, due to its averaging with zero (i.e. the 

velocity of the no-slip condition). Further into the domain, the no-slip condition can be 

actively enforced (i.e. no averaging) and is accordingly visible in the velocity profiles. 

However, this means a reduction of velocity near the walls. In order to preserve the rate of 

flow, velocities elsewhere have to be increased which leads to the peaks visible. 

The velocity profiles with the no-slip walls can be compared to the profiles with the slip 

walls. Aside from the edges the profiles the behavior differences between the two graphs are 
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minimal. The profiles are mostly flat throughout the domain; only near the channel, the flow 

starts to converge towards it.  

 

Figure 4.3. St = 0.08, t = 0.25T, geometry = rSB with R = 0.001. Velocity profiles on the sea ward side. The conditions 

of the outer walls are set respectively to a) no-slip and to b) a slip condition.  

The differences between the various simulations are small. The velocities profiles do not 

differ greatly due to the difference of the outer wall conditions and the difference between the 

flow rates is also small. However, there is still a preference for using slip walls, since 

boundary layers do not have to be resolved. Also, the flow rate does not deviate from the 

assumptions on which the Strouhal number is based. Still, since both outer wall conditions are 

used throughout the report, they are denoted in the caption of the graph via a subscript next to 

the abbreviation of the geometry. For a simulation that is enclosed entirely by no-slip walls, 

this is an „(X)‟; simulations which had slip walls as outer wall conditions are marked by a 

„(G)‟. An example of this would be rSB(G).  

Note that the simulations which can be marked by an „(X)‟ have another disadvantage. Near 

the completion of this report, most of the data for those simulations have been lost. Therefore, 

(parts of) the data are still presented in this report, but the simulations themselves cannot be 

retrieved anymore for future references.  

 

4.2 Experimental setup 
 

The method for performing the experiments used in this report is similar to the method used 

by Wells and van Heijst (2003) and den Boer (2013). To promote quasi-two-dimensional 

behavior, they both used the shallow fluid layer approximation. The tidal current in the 

channel was induced by an oscillating weight that is partially emerged in the water. The slow 

oscillation of the weight raises and lowers the water level, simulating the tide. Because the 

basin behind the channel tries to keep up with the tide, a flow is induced into the channel. In 

order to visualize this flow, dyes are used.  

b) a) 
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Figure 4.4. Sketch of the experimental set up.  

The dimensions of the tank used for the experiments are 1000 mm x 500 mm x 280 mm, with 

a water depth d. The bottom of the tank is made from PVC, although a black layer is spray-

painted on top of it and appeared to be hydrophilic. A wall (also made out of PVC) in the 

middle separates two parts of the tank into a sea and the basin. Through the wall, the two parts 

of the tank are connected by a channel. The barriers enclosing the channel form rectangular 

barrier of 2 mm; any rounding of the corners could not be observed. The plates that form the 

channel can be varied in width. 

The oscillation of the weight is induced by a rotating motor, moving a string that is attached 

to a weight as is illustrated by figure 4.4. This signal obtained from this mechanism is not a 

perfect sine. However, the signal can be approximated to be a perfect sine due to the length of 

the string. The weight used is a cylinder, with a diameter D and cross-sectional area A.
*
 The 

total height difference over which the weight oscillates is Δh.  

Under these circumstances, the velocity at the channel can be estimated. This is under the 

assumption of a uniform velocity profile through the channel, and that the water displacement 

of the weight directly contributes to the resulting flow. If the height of the cylinder is 

           ( )  
  

 
   (  

 

 
)  

(4.5) 

 

the maximum velocity can be estimated to be 

                                                 
*
Actually, multiple weights can be used to induce the tidal motion. In such a case, the areas of both cylinders 

count towards the total area A. 
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(4.6) 

 

The factor c in this equation is introduced as compensation, because the water level in both 

parts of the tank has to be adjusted. When the oscillating weight displaces water, not all of the 

displaced volume is forced through the channel to adjust the water level in the basin. The 

other part of the volume has to stay behind in order to adjust the water level at the seaward 

side. 

With the result for U, the dimensionless ratios can be calculated, so that the Strouhal number 

is given by 

             
 

  
 

   

        
 

(4.7) 

 

and the Reynolds number is given by 

             
   

 
  

       

     
  

 

(4.8) 

Note that now the Strouhal number has become independent of the tidal period T. Also, the 

Reynolds number has now become independent of another important parameter, namely the 

width of the channel W. 

As the weight oscillates, surface waves can be induced. To check the importance of these 

waves, the Froude number, which is defined as  

             
 

√   
  

(4.9) 

 

is computed. For typical experiments though (       ⁄         ) this number is 

much smaller than 1, so surface waves are not expected to have a great influence on the 

experiment.  

 

4.2.1  Bottom friction and a two-dimensional flow 

 

As a shallow fluid layer is used in the experiments, bottom friction can be an important factor 

in the flow evolution. To quantify the influence of the bottom friction, a Rayleigh friction 

time           is used. This Rayleigh friction time is based on the assumption of a no-slip 

condition at the bottom of the tank (Satijn et al., 2001). During this typical timescale, the 

velocity decreases exponentially to about 37% of its original value. The friction time is given 

by  
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This friction time scale can be compared to the tidal period T, and results in a so-called 

longevity factor 

            
         

 
  (4.11) 

  

For vortices to be long lived, it is favorable that this longevity factor is (much) larger than 

one. This ensures the vortex to escape effectively, and successive vortices to interact with 

each other. 

The shallow flow is also used to promote two-dimensionality in the experiments. Durán-

Matute et al. (2010) predicted when a shallow flow could be called quasi-two-dimensional 

(Q2D) or would be in a transitional flow regime, by looking at the non-dimensional number 

Re η
2
. Here, η represents the non-dimensionalized fluid depth, given for the current problem 

by 

            
 

 
  

 

(4.12) 

If the ratio Re η
2
 is to be less than 6, the flow is estimated to be quasi-two-dimensional; for a 

ratio between 6 and 15, the flow is estimated to be in a transitional flow regime. This ratio can 

be expressed in terms of the longevity factor and the Strouhal number, by 

                
  

 

  

  
 

  

 

 

 
 

         

    

 

    
 

  

 

 

  
  

(4.13) 

 

For favorable values of the dimensionless ratios (i.e. Re η 
2

 ≈ 6 and ζ >> 1) the result for the 

Strouhal number becomes St >> 0.4. Since the various models (section 3.3) predict a critical 

value near Stcrit ≈ 0.1, a two-dimensional flows might be hard to achieve if the bottom friction 

is not reduced.  

 

4.2.2  Introducing stratification 

 

A way to reduce bottom friction is by using a stratified fluid layer in the experiments, in the 

form of a thin saline layer at the bottom. It has been noted before that the addition of this layer 

(Wells & van Heijst, 2003) promotes the two-dimensional behavior of the flow in the 

experiments. It works as the fresh fluid layer „slides‟ more easily over the saline layer than 

over the bottom. The addition of the saline layer adds one millimeter to the total depth d. The 

addition happened slowly through tubes, which were lowered to the bottom at both parts of 

the tank. The salt layer spread throughout the tank due to a gravity current. However, the final 

thickness of this salt layer before the experiments seemed to be thicker than the 1 mm as 
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calculated. This could be due to mixing and diffusion. The amount of mixing is tried to be 

kept to a minimum, although this could not be prevented during the addition. However, the 

growth due to diffusion could be described more accurately, using a thesis from Schmidt 

(1998, p. 83). Based upon this thesis, the layer thickness can be approximated by  

                      √   (4.14) 
 

in which κ is the molecular diffusivity of salt. This value of κ depends on both the temperature 

and to a lesser extent on the salinity itself, though can be approximated by a value of 

            . The growth described by this equation can be put into perspective; a salt 

layer of one mm would be doubled in about eleven minutes. For it to reach a full centimeter 

however, it would require about six hours.   
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5. Classification of the flows 
 

For the study of these flow systems, it is important to describe their behavior correctly. From 

figure 3.3, the solutions for the WH-model show three well-defined classifications; escaping, 

hovering and sucked back. These classifications could therefore also be applied to the 

simulations and the experiments.  However, in reality a sharp distinction between these 

classifications cannot be made. Therefore, it is important to discuss and define them in this 

section. 

If previous work is considered, it can be seen that their classifications have not even been 

consistent in between them. For example, Wells and van Heijst (2003) only use the two 

important categories* while Nicolau del Roure et al. (2009) and den Boer (2013) establish 

three categories. The extra category is used for flow systems which are near the critical value. 

The dipoles in these systems stay near the channel during the sink-phase, before eventually 

being expelled. Apart from the different number of classes, how dipoles are classified might 

differ as well. Den Boer discusses a particular flow system which he considers to be drawn 

back since a (large) portion of the dipole was sucked back. However, his most important 

argument towards his choice of classifications was that the center was drawn back towards the 

channel. However, a comparison with the WH-model (e.g. section 3.3) would perhaps not 

yield the same classification.  

To keep in line with the observations from the WH-model three classifications will also be 

used in this report. These classes are determined when the flow system reaches its steady 

state. However, due to the inherent differences between the simulations and the experiments, 

it is hard to keep the classification consistent even between the two methods. For the 

numerical simulations, the vorticity of the flow is usually considered, and the center of the 

vortices can easily be tracked in time. However, the experiments are visualized by adding dye. 

This means that the rotation of the vortices was less visible, and their centers cannot be 

tracked properly in time. This leads to a differentiation of classification in the transitional area 

between the dipole getting drawn back or still being able to escape.  

For the numerical simulations, the location of the (centers of the) dipoles can be easily 

tracked. Therefore, the term „hovering‟ is used to cover this transitional area between escape 

and sucked back, since its path of motion directed away from the channel is documented. 

These dipoles still have the capability to escape periodically, though they are affected strongly 

by the suction of the channel. The dipoles are classified in this category if they get drawn 

back towards the channel during their escape. Also, if their propagation velocity (directed 

away from the channel) is reduced to zero, the dipoles belong to this category. For the 

experiments, the centers of the vortices cannot be tracked as easily as in the simulations. 

However, it can be observed that a part of the original vorticity is sucked back, while the 

(weakened) dipole still escapes; this then leads to the term “partially”.  

                                                 
*
In the experiments, Wells and van Heijst use only two classifications. However, in their WH-model they 

actually recognize (the possibility of) the third classification, namely hovering.  
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5.1 Escaping 
 

Examples of escaping dipoles can be seen in figure 5.1, for both an experiment and a 

simulation. These flow systems are characterized by a structural behavior of dipoles escaping 

during each tidal period; one at each side. The escape of the dipoles is clean, which means 

that they continuously move away from the channel.  

 

Figure 5.1. Stills of two flows that are classified as escaping, with on the left an experimental result (geometry = RB,  

St = 0.25±0.03, W = 50 mm, stratified) at a time of t = 8.03±0.09 T and on the right a simulation (St = 0.20,  

geometry = rSB(X), R = 0.001) taken at t = 7.84 T. The line shows the path the dipole centers travel, where the circles 

denote their current positions. Asterisks are added to denote the position at key moments in time, which are 7½ T, 7¾ 

T and 8 T. Videos of these flow systems are referenced in Appendix D, under respectively video 1 and video 2. 

 

 

5.2 Partially/hovering 
 

This section presents flow examples that lie in between escaping and being sucked back. Due 

to the nature of visualizing and processing the flows, the classifications are not equal between 

the simulations and the experiments. Examples of such flows are presented in figure 5.2 and 

figure 5.3. The experimental result shown in figure 5.2 belongs to this transitional area, 

because part of the original vorticity is advected by the flow to the other side. Since the other 

part successfully escapes, this system belongs to the classification of „partially‟.  
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Figure 5.2. St = 0.49±0.05, geometry = RB, W = 50 mm. Stills of a flow that is classified as ‟partially‟, taken at 

respectively t =  7.53±0.09 T and t = 7.93±0.09 T. After creation, part of the dipole is sucked back, before (what 

remains of) the dipole escapes eventually. A video of this flow system is referenced in Appendix D, as video 3. 

For the simulated flows, the dipoles still escape with the same periodicity as in the 

classification of escaping. However, their behavior during the escape is different. Figure 5.3 

shows this, by displaying the path of motion of the dipole. Before the dipole eventually 

escapes, it is clear that it hovers near the channel and is even drawn back towards the channel 

around 8¾ T. Therefore, this behavior clearly classifies this system as „hovering‟.  

 

Figure 5.3. St = 0.50, geometry = rSB(X)  with R = 0.001. Vorticity field of a numerical simulation at t = 8.9T that was 

classified as hovering. The black lines denote the movement of the vortex centers in time, while for the current still, 

they are denoted by the circles. The asterisks denote the position of the centers at respectively t = 8¼T, 8½T, 8¾T and 

9T. The walls are barely visible due to the small corner refinements; the channel is located at x = 0 and |y| < 0.5. A 

video of this flow system is referenced in Appendix D, as video 4. 

Note that there are flow systems in which the dipoles have been observed to behave a little bit 

different on both sides. This could lead to systems where one side the dipoles hover and the 

other side the dipoles „cleanly‟ escapes. In this case, the flow system has been given both 

classifications. However, this does not apply to sucked back systems; their behavior is 

inherently different, which will be explained in the next section. 

b) a) 
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5.3 Sucked back 
 

In this third category, the flow systems are characterized by dipoles that are sucked back; the 

self-induced velocity of the dipole is usually not high enough to overcome the suction of the 

channel. An example of an experiment with this classification can be found in figure 5.4.  

 

Figure 5.4. St = 0.71±0.07, W = 60 mm, Re = 400±40, geometry = RB. An example of an experiment which is classified 

as being sucked back. The stills are taken (from left to right) at t = 6.53±0.09 T, 6.68±0.09 T, 6.80±0.09 T, 7.06±0.09 T. 

A video of this flow system is referenced in Appendix D, as video 5. 

As the vortices are long lived, sucked back dipoles can survive and their interaction with 

newly created vortices can become more complicated. This is especially true for the 

numerical simulations, since the lack of bottom friction enables the dipoles to live longer. 

This can even cause dipoles to escape, while the classification of the flow system would 

suggest otherwise. A process of such an escaping dipole is displayed in figure 5.5. In this 

example, a sucked back dipole is wedged in between the newly created dipoles. Subsequently, 

the sucked back dipole breaks up and pairs up with the newly created vortices
*
. Because the 

sucked back vortices are weakened, the new pairs are unbalanced. This causes them to rotate 

and linger on near the channel long enough till the next tide. During this tide, new patches of 

vorticity are created next to the rotating dipoles. Due to the two-dimensionality of the flow, 

vortices of the same sign have the tendency to merge into stronger vortices. This happens 

subsequently, causing the rotating dipoles to break up. The newly merged patches (of opposite 

sign) now form a new dipole, strong enough to eventually escape 

However, such dipoles that escape usually have lost all characteristics that can be found in the 

previous categories, while no structure in time can be found. Usually, the symmetry of the 

flow is lost, with respect to the x-axis. This is due to all the complicated interactions between 

the multiple vortices, which can amplify an imperfection. Due to these reasons, it cannot be 

justified to classify this behavior as escaping but should be described by its original behavior 

of being drawn back. 

                                                 
*
This breaking up is similair to Bryant et al. (2012) while studying long channels. Due to a secondary 

mechanism of creating vortices (EBLVs), a similair dipole is also wedges between the newly created vortices. 

They pair up to create two dipoles, but instead of rotating, the two dipoles escape under an angle. 
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Figure 5.5. St = 0.54, geometry = rSB(X) with R = 0.001. An example of a simulated flow system that is classified as 

sucked back, for the times of (from left to right, top to bottom) 0.4T, 0.9T, 1.4T, 1.8T, 2T and 2.5T. Eventually, due to 

the merging of multiple patches of vorticity, a dipole is created that is eventually strong enough to escape, such as the 

seaside dipole in last frame. This behavior does not deserve the classification of escaping though. A video of this flow 

system is referenced in Appendix D, as video 6.  

From figure 5.5, it can also be seen that the vortices are mostly concentrated on the left 

(seaward side) of the channel, since most vortices on the right (basin side) are sucked back. 

This is true for most of the simulations and experiments and is induced by the starting 

condition of the velocity forcing. This imposes that the first dipole is to be created in the 

basin, on the right side. When it is sucked back, it starts off an accumulation of vortices on the 

seaward side, while hardly any vortices reach the basin. (From figure 5.5, the last still is 

deceiving, because the vortices on the basin-side are about to be sucked back as the tide 

reverses.) The validity of this explanation seems to hold, due the symmetry of the 

construction of the sea and the basin (with respect to the y-axis). Therefore, the geometry 

cannot be the cause of this behavior. To back up the explanation, some simulations and 

experiments are started with a 180
o
 phase change of the velocity forcing; since the first dipole 

in created is the sea, vortices start to accumulate in the basin and confirm the explanation. 

Note that it can still happen that the vortices accumulate on the other side, though this not 

common. 

 

5.3.1  Multi-periodic behavior 

 

As shown above, certain dipoles in a sucked backed system still manage to escape due to 

merging of vorticity patches. Under certain circumstances, these difficult interactions can turn 

out to be structural and periodical. However, like the title of this section suggests, the total 
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period of this behavior does not consist of one tidal period but several. Such systems are then 

called multi-periodic. Because a necessary condition for these flow systems is to be sucked 

back, multi-periodic behavior can be regarded as a sub-classification. 

Due to all the interactions of the vortices involved in the multi-periodic behavior, it is hard to 

find a flow system in which this behavior occurs stably. This stability can be lost if the 

symmetry (with respect to the x-axis) is lost, causing the flow system to show irregular 

behavior. As noted before, the loss of symmetry can happen as multiple dipoles/vortices 

interact with each other. For multi-periodic with total periods that consists of three or more 

tidal periods, there are (increasingly) more interactions between several vortices. Therefore 

only indications of such long periods have been found, but no actual structural behavior. 

Periodic behavior that consists only of two tidal periods has been found. These are still hard to 

find though, since their stability depends on a high level of symmetry with respect to the x-

axis. This symmetry is for example promoted by adding a slip wall at     as shown in 

figure 5.6. It works as it prevents fluid to penetrate the wall; if fluid was to cross this 

symmetry axis, the symmetry would already be lost.  

no slip

slip

Upper 

side

Lower

side
 

Figure 5.6. Sketch of the addition of the slip wall on the x-axis. This slip-wall helps to promote symmetry around the 

x-axis in the simulations. This sketch represents the barriers, as is cut-out from figure 2.1. 

An example of a system that shows a multi-period of two tidal periods can be found in figure 

5.7. The graph denotes the x-position of the dipoles within the investigated area (shown in 

figure 6.1). The position is defined by (the average of) the position of the centers of the 

vortices.
*
 

During the first few periods no structural behavior can be observed in figure 5.7. However, 

after a while a state is reached where the flow promotes the mechanism for the multi-periodic 

behavior. Note that in this flow system, most of the vorticity is concentrated on the basin side, 

which is not common. Usually, the vorticity accumulates at the sea side, due to the starting 

conditions of the simulation, as explained in the previous section.  

                                                 
*
This also explains the irratic behavior in figure 5.7; between tides new vortices are created. The tracker can 

latch on to their (new) centers and can cause a (nearly vertical) jump in the graph. Because the boundary layer is 

excluded, the x-position cannot come near the walls as well. 
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Figure 5.7. St = 0.13, geometry = rSB(G) with R = 0.18 with slip wall as indicated in figure 5.6. The x-position of the 

extreme points, searched in the investigation area of figure 6.1. When a dipole appears in the investigation window, 

these extreme points latch on to the center of the dipole, as explained by the numerical method (section 4.1) The multi-

periodic behavior of two tidal periods can be found after t ≈ 10 T. A video of this flow system is referenced in 

Appendix D, as video 8.  

 

 

Figure 5.8. St = 0.13, geometry = rSB(G) with R = 0.18. An example of the repetitive pattern in the multi-periodic flow 

system, for times at (from left to right, top to bottom) 20T, 20¼T, 20¾T, 21T, 21¼T, 21½T. A video of this flow system 

is referenced in Appendix D, as video 8. 
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The repetitive behavior of multi-periodic flow systems is displayed in figure 5.8. It illustrates 

that during the specific behavior a dipole has to be sucked back to the other side. The 

interaction with the sucked back vortices causes the vortices to linger near the channel. As 

they linger, enough time is gained for a new dipole to be formed on this side. Consequently, 

the vortices can merge to a form a stronger dipole and escape. 

 

5.3.2  Oblique escaping dipoles 

 

In the previous section, it was shown that dipoles in a sucked back flow system eventually 

could have the ability to escape. However, in one particular flow system another manner of 

escape was observed. This simulation has parameters of St = 0.17 and R = 0.1, and during the 

beginning of the simulations, the flow system is classified as being sucked back. However, 

after about fifteen periods of showing such disorderly behavior, the particular simulation 

started to produce various escaping dipoles under an angle during every period. This behavior 

did not earn the classification of an escaping or hovering system though. During the 

production, the formed dipoles were not very consistent between each other, since all the 

dipoles showed different behavior. Also, the overall behavior of the system was still in 

disorder and therefore maintained its classification. However, due to the rarity of this 

occurrence, it is still worth mentioning. 

 

Figure 5.9. St = 0.17, geometry = rSB(X) with R = 0.1. After several tides, the system starts to shed dipoles under an 

angle. Stills taken at times of (from left to right, top to bottom) 18
 

 
 T, 18

 

  
 T, 19

 

 
 T and 19

 

  
 T. A video of this flow 

system is referenced in Appendix D, as video 7. 
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5.4 Behavior during start-up 
 

For the most conditions, the behavior at the start of the simulation is different than the 

behavior of the flow system in steady state. Initially, this can be due to the absence or 

presence of previous produced dipoles (for the very first produced dipoles), which have an 

impact on the flow system. This process is a temporal evolution of the flow system and is 

visualized in figure 5.10. In this figure the path in time for the centers of the vortices is shown 

during the three different tides of the same flow system. During the first tide, the dipole is 

sucked back as can be observed in more systems. During the second tide, the dipole is no 

longer sucked back but has evolved to one that hovers instead. The flow system eventually 

evolves so that the behavior of the dipole can be classified as „escaping‟, which can be seen 

during the eighth tide. This behavior is further described in section 6.3.  

 

Figure 5.10. St = 0.30, geometry = rSB(X) with R = 0.001. An example of a temporal evolution; the positions of the 

dipoles (basin side) during the first, second and eighth tide for a single flow system. Positions at characteristic times 

are shown by the dark markers and denote the times at    ⁄ T,    ⁄ T,    ⁄ T and T into their respective tide. A video of 

this flow system is referenced in Appendix D, as video 9. 

 

5.5 Analyzing and comparing the different classifications 
 

In previous sections, the various classifications are explained and illustrated. To complement 

the observed differences, diagnostic lines are introduced to compare the classifications. These 

lines are placed at both sides of the channel at |x| = 1 and |x| = 2 as is indicated in figure 5.11. 

Along these lines, the (dimensionless) integral 

 (   )     ( )∫     
(5.1) 
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is calculated, as a measure of the total amount of vorticity passing through these lines. The 

function    ( ) (which is +1 for     and equals -1 for    ) is added for visualization 

purposes. 

x = 1x = -1x = -2 x = 2

Sea Basin

 

Figure 5.11. Schematic position of the integration lines at either side of the channel. 

These θ-signals from the line integrals give information about the dipoles, such as the 

periodicity of their behavior, the capability to escape and the propagation speed. Figure 5.12 

shows the θ-signals for three flow systems with different classifications. The θ-signals, 

obtained at |x|  = 1, are colored to denote their classification; green for escaping, black for 

hovering and red for sucked back. The blue lines in each graph are the θ-signals from the 

diagnostic lines at |x| = 2, calculated for their respective flow system. The division between 

the positive and the negative values of θ denotes whether the diagnostic lines are placed at 

either the sea or the basin, as explained before. 

In the θ-signal of the escaping flow system, the production of escaping dipoles has reached its 

steady state almost directly after the system is turned on; it needs only about one tidal period. 

However, if the hovering system is considered, the steady state is reached after about five 

cycles. What also can be observed is that the production on either side is not equal. This might 

be explained by the temporal evolution process which is better described in section 6.3. For 

the flow system that is sucked back, almost no vorticity reaches the basin side. This is because 

of the mechanism shown in figure 5.5, as all the vorticity usually accumulates at the sea side. 

Although in this system almost no vorticity is visible on the basin side, it is possible for 

vorticity to reach this side. However, it is usually not as frequent and intense and therefore it 

does not always reach the diagnostic lines as well. 
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Figure 5.12. Geometry = rSB(G) with R = 0.03. Three plots of θ for flow systems which are classified as (from top to 

bottom) escaping, hovering and sucked back, for respectively St = 0.13, 0.27 and 0.45. The green/black/red lines 

denote the diagnostic lines to be at |x| = 1 while the blue lines denote their accompanying diagnostic lines at |x| = 2. 

Videos of these flow systems are referenced in Appendix D, as respectively video 10, video 11 and video 12. 

The θ-signals can be evaluated even further, using Fourier-analysis. Flow systems that have 

the capability to escape do so periodically (as can be observed in the figure above). 

Meanwhile, for sucked back this periodicity is usually broken.
*
 This can accordingly be 

identified by the Fourier-transform Θ. Because the signal is discrete, a Fast Fourier Transform 

(FFT) can be applied to the signal θ so that 

           ( )     ( ) |   ( ( ))| (5.2) 
 

in which f represents the frequency, that is normalized by the tidal period T. This means that if 

the signal is to be periodic in T, the value of Θ peaks in f = 1 T 
-1

. As customary, the sign of x 

is added for visual purposes. 

Other analysis on the θ-signals can be performed to investigate the dipoles propagating away. 

This analysis combines the diagnostic lines placed at x = ±2 with their counterparts at x = ±1, 

in a manner that is closely related to a convolution. In formula form, this so-called semi-

convolution is defined as  

           (   ̂)   ∫ (    )  (      ̂)     
(5.3) 

 
 

                                                 
*
Do notice that multi-periodics (section 5.3.1) are an exception to the fact that sucked back systems have a 

broken periodicity. However, their specific periodicity/behavior does show in the analysis. 
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and differs with a convolution due to the sign in „(   ̂)‟. Effectively, the equation has 

transformed the time t into a so-called time-shift  ̂. Note that the plus-minus sign in front of 

the integral is present due to the convention. It has to be noted that the integral in eq. (5.3) 

suggests the signals are continuous although the signals actually consist of discrete time steps. 

To cope with this, the equation is adapted accordingly.
*
  

These two analyses are then applied to the θ-signals figure 5.12 and are both shown in figure 

5.13. For consistency, it uses the same color code as used previously. The processed time-

intervals are taken from 6T to 10T and therefore exclude any start-up effects that might be 

present.  

For the Fourier analysis (figure 5.13a) peaks can be observed at f = 1 T 
-1

 for the periodic 

signals, denoting its periodicity over the period of T. However, peaks at higher orders can be 

observed as well, at frequencies which are multiples of 1 T 
-1

. These peaks appear as the 

original signal is periodic, but cannot be described by a single sinusoidal of the same 

periodicity. Therefore, other sinusoidal functions at higher frequencies are needed to describe 

the full signal, as can be explained by using the theorem for Fourier series. The frequencies of 

these other sinuses result in those peaks. The Fourier analysis of the signal from the sucked 

back system shows a more irregular behavior in which no structure can be found anymore. A 

dulled peak at f = 1 T 
-1

 does appear, denoting the periodicity at this frequency. From the 

original signal (figure 5.12) the periodicity over this frequency is not instantly clear. An 

explanation would be that some of the periodicity in the velocity forcing might seep through 

into the signal after all. However, these peaks are not often represented in the Fourier 

transforms from sucked back flow systems.  

 

Figure 5.13. Geometry = rSB(G) with R = 0.03. The Strouhal numbers are respectively 0.13, 0.27 and 0.45, following 

the color code from figure 5.12. The Fourier-analysis (on the left) from the line integrals at |x| = 1, processed during 

the interval between 6T and 10T. The semi-convolution (on the right) of the line integrals, taken during the same time 

interval.  

                                                 
*
 The θ-signals were processed using Matlab, with the discrete signals already cut off at the appropriate intervals. 

The command used to process the semi-convolution was “conv( theta_x2( : ) , theta_x1( end : -1 : 1) )”. 
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The semi-convolution (eq. (5.3)) of the θ-signals is shown in figure 5.13b. Although the semi-

convolution spans from -4T to +4T (twice the duration of the processed interval) only the time 

shift interval between –T and T is shown. The semi-convolutions for the escaping system and 

the hovering system show well-defined peaks. These peaks denote the dipoles passing the 

diagnostic lines; the time  ̂ at which these peaks occur represent the time shift needed before 

the two signals correspond. Because the signals are periodic, these peaks occur at every tidal 

period. The height of these peaks is not equal for all of them, although this is less relevant. As 

the time signals are shifted further apart, their time intervals overlap only partially. The parts 

that are shifted out of the range of the other signal cannot contribute anymore towards the 

integral, resulting in a lower value. This also means that if the signals are shifted too far 

outwards, the signals no longer match due to the finite size of their time intervals. It also leads 

to the interval of  ̂ only being twice the size of the original intervals; the maximum time shift 

can only be ±T (on both the negative and the positive side) before the signals do not 

correspond at all. 

For the escaping flow system (green), the peaks for both the basin side (   ) and the sea 

side (   ) occur at the same value for the time shift,  ̂  (         )  .
*
 This means that 

at both sides the dipoles need the same time to travel from one diagnostic line to their 

respective other.  However, for the hovering flow system the peaks do not occur at the same 

shifted time; for the basin at  ̂  (         )    and for the sea  ̂  (         )  .  This 

is not surprising as it has already been noticed that in figure 5.12 both sides do not show 

exactly the same behavior. Apparently the dipoles on the basin side are faster and (implied to 

be) stronger than the dipoles on the other side.  

For the flow system that is sucked back, once again no real structure can be found. A peak 

around  ̂        can be found on the seaside; this represent the dipoles that eventually do 

manage to propagate away. However, these dipoles are formed due to the accumulation of 

vorticity patches (like in figure 5.5) and not from the structured behavior as can be seen for 

hovering and escaping dipoles. Also no periodicity in T can be found, which emphasizes the 

lack of structure. 

 

 

  

                                                 
*
Actually, because these peaks are found periodically, the times can be altered by    for    . This should not 

lead to a shifted time outside the interval [ -4T, 4T ] as no peaks can be found, causing   to be bounded 

accordingly. 



38 

 

6. Numerical results 
 

In this chapter, results from the numerical work are presented. These results are obtained, 

following the process previously described by the numerical (section 4.1) unless noted 

otherwise. 

 

6.1  Influence of different barriers and corner refinements 
 

In this section, various geometries are considered in order to observe their influence on the 

flow. The emphasis was placed on the corner refinements in short channels, for both rounded 

slit barrier and rounded rectangular barriers. 

The first approach is to observe the influence of the geometry on the circulation produced. 

This is performed for a fixed Strouhal number, St = 0.08. Initially, rounded slit barriers are 

considered with corner refinements ranging from R = 0.001 to R = 0.1. In order to quantify the 

circulation, area-integrals are defined that enclose the dipole and separate each vorticity patch. 

The separation is important since otherwise the contribution of each patch would cancel out 

each other. The investigation windows are shown in figure 6.1 and are separated by a line 

along the x-axis. The area is stretched (directed away from the channel) to account for the 

travel of the dipole.  Also, the boundary layer has to be excluded due to its concentration of 

vorticity; this is done by a line with a distance of 0.2 from the walls. This line also excludes 

parts of the tail, which leads from the edge to the dipole, as visible in figure 6.1. These tails 

are slightly curved due to the vena contracta phenomenon. However, it cannot be prevented 

that these tails are present in the investigation area and count towards the circulation. 

However, when the maximum circulation has been reached, the tails have disappeared by 

then.  

 

Figure 6.1. St = 0.08, t = 8.3 T, geometry = rSB(X) with R = 0.1. Plot of the vorticity field but also shows the 

investigation windows (numbered 1 and 2) which are used to determine the circulation of each dipole halve. Note that 

the boundary layer is excluded by a gap of 0.2 between investigation window and the walls.   
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The measured circulation of one of the dipole halves is shown in figure 6.2 for two full tides. 

During the first stages of the tide, they grow in strength until the tide is about to reverse; it is 

then that the vortices reach the maximum circulation. It can be observed that this maximum is 

lower for larger corner refinements. Eventually, the escaping dipoles leave the investigation 

window. Due to the finite size of the dipoles, more and more area of the dipole leaves the 

investigation area and causes a gradual decrease of circulation in the investigation window. 

For the vortices that are stronger, it can be seen that they leave the investigation area sooner 

than the weaker ones. This can be explained by their increased self-induced velocity; they 

travel faster and therefore reach the end of the investigation area sooner. Note that for the 

weakest dipole (R = 0.1) the circulation does not go to zero at the end of the period; the dipole 

has not yet fully left the investigation window before the new dipole is created, and leads to 

this overlap. 

 

Figure 6.2. St = 0.08, geometry = rSB(G). Evolution of the total circulation of one of the dipoles vorticity patch at the 

basin side, for different radii of the corner-refinement R. All the dipoles are classified as escaping.  

The reason for the higher circulation for the smaller corner refinements could partially be 

explained by the phenomenon of vena contracta. Smaller corner refinements cause the flow to 

contract more as the flow has not adjusted to the change of direction, while for bigger corner 

refinements the flow better adjusts to this change of direction. This contraction causes the 

velocities to increase, as can be seen in figure 6.3.  
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Figure 6.3. St = 0.08, t = 9¼ T, geometry = rSB(X). Velocity magnitude for R = 0.1 (on the left) and R = 0.001 (on the 

right) in order to visualize the importance of the vena contracta phenomenon for the different corner refinements. 

Another effect is the detachment of the boundary layer. For a small corner refinement, the 

boundary layer is more likely to separate than for a large corner refinement. If the flow takes 

along a gradual curved path, the streamlines can adjust more easily to the change of direction. 

As a result, the boundary layer does not detach as easily. In contrast, if the flow goes around a 

small corner refinement (which can almost be called “sharp”) the boundary layer can separate 

more easily, since the flow is less able to adjust to change of direction around this corner. An 

additional effect is that when the flow goes around the curve, the larger corner refinement also 

provides more distance for the boundary layer to develop. This delayed detachment of the 

boundary layer could possibly also explain why there is a delay in the production of 

circulation for larger corner refinements with respect to the smallest. Also, when the boundary 

layer is detached, it has to travel the length of the channel before it can roll up into a vortex. 

A similar investigation can be made for rounded rectangular barriers. The length of these 

barriers is chosen to be comparable to the previous situations. Since for rSBs applies that the 

length is twice the corner refinement, the current values for Λ become 0.002, 0.02, 0.06 and 

0.2. The corner refinement for these rRBs is R = 0.001. This means that for Λ = 0.002 the 

geometry actually converges to a rounded slit barrier. The circulation for these barriers is 

shown in figure 6.4 and is measured using the same area-integral (see figure 6.1).  

It can still be seen that the shortest barriers produce the strongest vortices, just like for the 

rSBs.
*
 However, if this series is compared one to one (i.e. compared for the same values of Λ) 

it can be seen that the vortices for the rectangular barriers are stronger. The vena contracta 

appears to be still strong, due to the small corner refinements. However, the longer rRBs do 

seem to have an impact, which might be due to the delay in production. A comparison 

between rRBs and rSBs can be seen in figure 6.5, as it shows a comparison between the series 

of two specific Λ values.  

 

                                                 
*
As noted before, an rRB with Λ = 0.002 and R = 0.001 has actually converged to an rSB with the same radius. 
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Figure 6.4. St = 0.08, geometry = rRB(G) with R = 0.001. Evolution of the total circulation of one of the dipole‟s 

vorticity patch at the basin side, for lengths of the barriers. The parameter values of Λ are chosen to correspond to 

those from figure 6.2.  

 

 

Figure 6.5. Comparison between the circulation growth of rSBs plotted in black (from figure 6.2) and rRBs plotted in 

red (from figure 6.4).  

8 8.25 8.5 8.75 9 9.25 9.5 9.75 10

0

0.5

1

1.5

2

2.5

3

3.5

4

t  ( T )



 

 

 = 0.002

 = 0.02

 = 0.06

 = 0.2

8 8.25 8.5 8.75 9 9.25 9.5 9.75 10

0

0.5

1

1.5

2

2.5

3

3.5

4

t  ( T )



 

 

rRB,  = 0.02

rRB,  = 0.2

rSB, R = 0.01

rSB, R = 0.1



42 

 

It can also be noted that the circulation production has a delay with respect to the production 

of the rRB with Λ = 0.002. This has been measured and is shown in figure 6.6. An 

explanation, which is especially valid for rRBs, is that when the boundary layer detaches from 

the first corners, it has to travel an extra distance before it can be cast out of the channel and 

grow into vortices. This travel distance L would satisfy the (dimensionfull) integral 

            ∫  ( )  
             

      

 ∫     (  
 

 
)   

             

      

  
(6.1) 

  

The variable tstart is included to denote when the flow separates at the beginning of the barrier. 

This can be solved and subsequently non-dimensionalized by eq. (4.1), thereby becoming
*
 

           ̃      
 

    
      ,   (       ̃     )         -   ̃       

(6.2) 

 

If the starting time is chosen at tstart = 0.032 T, this equation seems to fit well. However, this 

value cannot be compared to the starting time of the circulation production in figure 6.2 and 

figure 6.4. This is because the circulation in those graphs is determined by the integral over an 

area which is 0.2 separated from the walls; an extra delay in the graph could therefore be 

expected.  

 

Figure 6.6. St = 0.08. The delay time in the production of the circulation for the different barrier lengths. measured 

for figure 6.2 and figure 6.4. The delay is measured with respect to the circulation production at Λ = 0.002. Note that 

the error contained in the delay times is smaller than the markers. 

The delays for rRBs and rSBs seem to correspond. However, the explanation for the delay 

seems to differ. The delay for rSBs can be explained by a delayed detachment of the boundary 

layer while for rRBs the boundary layer has to travel the length of the channel before it 

contributes to the circulation. This raises the question whether (one of) the explanations are 

correct or whether it is just a „coincidence‟ that the delays match.  

                                                 
*
 Note that the tilde notation is briefly used in eq. (6.2), to emphasize that the variables are non-dimensionalized. 

However, after this equation, the tilde is dropped again. 
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Caution has to be used though with the usage of this apparent fit, due to the small amount of 

data points. An unverifiable parameter (i.e. tstart) is used to create an apparent correspondence 

with the data, and therefore is not beneficial to the credibility of this fit.  

A good extrapolation for longer channels cannot expected to be made, since vorticity is also 

produced along the walls. If the walls become longer, their influence becomes larger and will 

have an effect on the delay. 

 

6.2  Impact on the critical Strouhal number 
 

Due to the differences in these various kinds of rounded slit barriers, an impact can be 

expected on the critical Strouhal number. Since stronger circulation leads to a higher self-

induced propagation speed (section 2.3) the dipole can be expected to escape easier and 

therefore could lead to higher critical value. To observe how this corner refinement alters the 

critical Strouhal number, numerous simulations were performed for R = 0.1, 0.03, 0.01 and 

0.001. These simulations were then classified accordingly, resulting in the graph shown in 

figure 6.7. Note that this figure uses two different markers, because also the conditions for the 

outer walls were varied (section 4.1.1). Crossed markers denote the outer walls to be no slip 

and round markers denote them to be at a slip condition (otherwise denoted by an „(X)‟ and a 

„(G)‟, respectively). The differences between these two wall conditions are small as the 

classifications in figure 6.7 denote as well. Still, the outer walls are preferred to be at the slip 

condition (round markers) as was previously discussed in section 4.1.1. 

 

Figure 6.7. Geometry = rSB. Various simulations for rounded slit barrier geometries with different corner 

refinements classified in their categories, with respect to different Strouhal numbers. The shape of the markers 

determines the outer wall conditions (section 4.1.1) for that particular simulation, with the dots denoting a slip 

condition and the crosses a no slip condition. The systems have reached their steady-state. Flow systems that are 

classified as both escaping and hovering show each respective behavior on the two different sides of the barriers. 
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To derive the critical Strouhal number, the transition is observed between classifications in 

which dipoles have the ability to escape (escaping and hovering) and the classification where 

they are sucked back. This gives for the corner refinements of 0.1, 0.03, 0.01 and 0.001 

respectively critical values of 0.17±0.01, 0.34±0.02, 0.44±0.02 and 0.53±0.01. However, 

some of these results seem to deviate from the expectations set by previous work (Wells and 

van Heijst, 2003 and den Boer, 2013). The flow system at the largest corner refinement  

R = 0.1 seems to have critical Strouhal number close to the predicted value of around 0.13. 

However, other values for the corner refinement, the obtained critical value seems to deviate 

from the expectations.   

What also can be seen from the graph in figure 6.7 is that the region in which the dipoles 

hover becomes larger for smaller corner refinements as well. While those dipoles still have 

the capability to escape eventually, the influence of the suction backwards becomes 

increasingly larger. This is visible during their escape, because they are halted or even drawn 

back towards the channel a bit. The balance between the self-induced velocity of the dipole 

and the suction of the channel on the reversed tide appears to be delicate.  

For St = 0.25, R = 0.03, a flow system can be found that is classified as being sucked back. 

This is unexpected since at neighboring values the flow show a structured behavior and are 

classified as escaping. To verify its behavior, the simulation has been redone confirming the 

classification. The dipoles initially do seem to have a capability to escape. However, 

somehow a disturbance enters into the flow, causing it to show disorderly behavior and 

prevents the classifications of escaping or hovering. The disturbance is possibly due to a 

specific resonance that only occurs at these parameters.  

A factor that is important towards the critical Strouhal number is the temporal evolution 

process (introduced in section 5.4). A way to visualize its influence is to consider the very 

first dipole that is produced. Since it is unaffected by any pre-history, it can show a different 

behavior than when the system is in steady-state. This can thereby mean that the first dipole is 

sucked back while the system is not classified as such. To illustrate this, the behavior of the 

first dipole is categorized and graphed in figure 6.8.  

If this graph is compared to figure 6.7, it is clear that the first dipoles are more prone to being 

sucked back than those dipoles which are produced during the steady state. From figure 6.8, it 

is evident that the behavior of the dipoles depends on the geometry as well. For smaller corner 

refinements, the dipoles are less likely to be sucked back, just as for figure 6.7. Although both 

figure shows that the corner refinement is an important value, differences between the two 

figures can be seen. For R = 0.1, the tipping point (the Strouhal number between escaping and 

being sucked back) is (almost) the same. However, at R = 0.001 a huge difference can be seen 

in the tipping point; the value in figure 6.7 is almost twice the value as in figure 6.8. This 

shows the importance of the temporal evolution process, which also becomes increasingly 

important for smaller corner refinements. This process is explained in detail in the next 

section.  
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Figure 6.8. Geometry = rSB(X). Classifications of the very first dipoles produced in each simulation. These 

classifications can be different from the classification in steady state (figure 6.7). This is made apparent by the blue 

lines, since these blue lines indicate the the critical Strouhal number in the steady state (as obtained by figure 6.7). The 

classification of „undetermined‟ denotes a transitional area since the dipole is partially sucked back.  

 

6.3  Temporal evolution process 
 

As is evident from the previous section, temporal evolution can be very important for certain 

flow systems, due to its impact on the critical Strouhal number. This process happens during 

the start-up of the simulations, in order for the flow to reach a steady state. In an attempt to 

explain this process, figure 6.9 shows stills of the streamlines during three different tides 

(from the same flow system as shown in figure 5.10). The process that happens is closely 

related to the phenomenon of vena contracta, as explained in section 2.1. From the streamlines 

it is obvious that a dipole on the left acts as a barrier for the sink flow that is directed towards 

the channel. This causes the flow to rush in from the sides and thereby alters the dipoles that 

are produced on the other side. The streamlines that come in from the sides are forced around 

the corner into the channel; the change of their direction cannot happen abruptly. Therefore, 

this causes the centers of the newly produced vortices to be closer to each for the successive 

tides. This distance is important, as it is beneficial to the self-induced propagation speed 

according to the models in section 2.3.  

Due to the relation of this process to vena contracta phenomenon, this also could explain why 

this effect is diminished for big corner refinements. Since these systems are less sensitive to 

the effects of vena contracta, this process will not have as much influence as well. 
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Figure 6.9. St = 0.30, geometry = rSB(X) with R = 0.001 (same flow system as in figure 5.10). Three plots of the vorticity 

field and streamlines at times of (from left to right)    ⁄ T,   
  ⁄ T and   

  ⁄ T. The centers of the vorticity patches are 

denoted by (semi-)circles. A video of this flow system is referenced in Appendix D, as video 9. 

The process of the vortex-centers produced closer together can also be observed in figure 

6.10. For each dipole the distance between its centers is shown as a function of time. It can be 

seen that for each newly created dipole, they grow closer together. After about 5 periods this 

behavior has reached a steady state. It is evident that the starting distance of these dipoles 

(right after they are produced) has decreased from the dipoles produced in previous tides, and 

matches the observations in figure 6.9. Therefore, right after they are produced, the dipoles 

seem to have an advantage to escape. 

 

Figure 6.10. St = 0.30, geometry = rSB(X) with R = 0.001. The distance between the centers of the dipole, on the 

seaward side. A new line denotes when the tracker tacks on to the new dipole. 

The vortices in figure 6.9 also seem to become stronger after the first tide. Therefore, their 

circulation was measured at 0.5T into the tide for several tides and the results are shown in 

figure 6.11. These results verify that during this process the vortices indeed get stronger and 

that this happens almost immediately.  

There are multiple reasons to explain these vortices getting stronger. The first explanation is 

the observation of the increased vena contracta phenomenon. Although the dipoles are also 

created closer together, it also causes the velocities to increase in the emerging stream. This is 

due to preserved flow rate in this stream, as noted before in section 2.1 which describes the 

phenomenon.  
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Figure 6.11. St = 0.30, geometry = rSB(X) with R = 0.001. Strength of the vortices after creation, measured at 0.5T into 

their respective tides. Note that error bars are included as well, to signify the uncertainty in the measurement. 

A second explanation could be that the already created vorticity patches interact with the 

walls, creating extra vorticity that is beneficial to the creation of the new vortices. Because the 

vorticity patches linger near the walls, a boundary layer is induced into each of the barriers 

near to the edges. The strength of this secondary vorticity is dependent on the strength and 

location of the vortices that induced it. However, when the tide reverses, this boundary layer 

can be expelled towards the other side. This means that the secondary vorticity is entrained 

into the new vortices, strengthening them. Effectively, the creation of the new dipoles could 

have already begun even before the tide reverses.  

This effect could also explain the occurrence of flow systems with a different classification on 

both sides. Because the dipole on one side hovers, it interacts with the walls to strengthen the 

dipole on the other side. Due to its strengthening, the dipole makes a more clean escape but 

interacts less with the wall. Since it interacts less, the creation of the new dipole on the 

original side is not strengthened as much. This causes the dipole to hover once again, 

maintaining the mechanism that allows the two sides to have a different classification.  

In an attempt to visualize the effect of secondary vorticity, special simulations are run in 

which the effects of suction backwards are excluded. This prevents the secondary vortices to 

entrain into newly created vortices but rather separates on its own into a vorticity patch. To 

exclude the suction backwards, the original velocity forcing (eq. (4.4)) is altered, so that it 

becomes 

                   
 

        
   (     (       )    )  

(6.3) 

 

The addition of the maximum prevents the velocity forcing from becoming negative. This is 

only applied for a select few simulations. 
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Figure 6.12 shows stills of a simulation in which the velocity forcing was adapted. For the 

first half of the period, a dipole is created as normal. However, this dipole then begins to 

induce vorticity next to the wall; vorticity which eventually separates into the patches.  

 

Figure 6.12. St = 0.40, geometry = rSB(X) with R = 0.001 and a velocity forcing of eq. (6.3).  The pictures represent 

respectively (from left to right) t = 0.40T, 0.52T and 0.75T. The stills shows that the primary vortices can interact with 

the wall to induce secondary vortices, and consequently pair up with them. However, if a flow backwards was present 

during the reverse tide, these induced vortices would not have paired up. Instead, they could have contributed to the 

newly created vortices on the other side, effectively making those dipoles stronger. A video of this flow system is 

referenced in Appendix D, as video 13. 

The strength of these secondary patches could only be measured during the first tides; during 

subsequent tides the previously formed vortices could disturb the flow system. This has been 

done for several different corner refinements at t = 0.75 T and is shown in figure 6.13a. The 

induced patches are quite strong for these particular situation, around half of the circulation of 

the main vortices. However, this strength depends on the behavior of the main vortices; their 

movement and distance with respect to the wall is quite important. This makes that the effect 

can be quite unpredictable; also results shown in figure 6.13 have to be treated with caution as 

well. 

 

Figure 6.13. St = 0.40, geometry = rSB(X), with the velocity forcing of eq. (6.3). a) Circulation for the main and 

secondary patches at 0.75 T. b) The circulation of the secondary patch divided by the circulation of the main patch. 

Note that both graphs contain error bars, to signify the error in the measurement due to the exclusion of the tail.  

The shown data has to be treated with caution for another reason though. The lack of suction 

backwards could influence the flow system in various (unforeseen) ways. For example, the 

a) b) 
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effects of the temporal evolution process were excluded because of it. However, it has already 

been shown that this process can be of influence. Accordingly, the absence of these effects 

can have an effect on the data consequently. Also, suction backwards could alter the path of 

motion of the dipoles, thereby affecting the creation of the secondary vorticity.  

Another effect that can be of influence is that at higher Strouhal numbers the velocity profile 

through the channel is different. It can be seen in figure 6.14 that for St = 0.10 the velocities 

near the boundaries are reduced due to the no-slip condition (compared to a uniform profile). 

To preserve the flow rate through the channel, the velocities at the middle of the channel are 

increased. However, for the higher Strouhal number of St = 0.50, a very different profile can 

be seen. While still affected by the no-slip condition of the wall, the velocity near the wall is 

higher if compared to St = 0.10. These raised velocities near the edge could benefit the shed 

vortices and make them stronger. This means that if the critical Strouhal number is increased, 

this effect could be beneficiary and increase the critical value even more.  

Note that although several mechanisms have been described, it still does not completely 

explain why no hovering states can be found for the large corner refinement of R = 0.1. It has 

been seen that some effects indeed do depend on the R value. Also it might be that certain 

beneficial effects are only of influence at certain higher Strouhal numbers. Since dipoles that 

are produced near larger corner refinements have a lower circulation (section 6.1) it might be 

that they cannot escape at higher Strouhal values and therefore be influenced by these 

beneficial effects. An accumulation of all these effects could lead to the absence of observed 

hovering states for R = 0.1, though it cannot be said for certain. 

 

Figure 6.14. t = 0.25T, Geometry = rSB(G), R = 0.001. a) Velocity profile of the x-component in the middle of the 

channel (x = 0, y   [-0.5 , 0.5] ). The dashed line represents the characteristic uniform velocity. b) Vorticity 

distribution in the middle of the channel, near the wall. Note that the scaling on the y-axis is different between the 

graphs. 

 

 

a) b) 
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6.4  Asymmetric geometry 
 

The previous section showed vast differences between simulations in which the geometries 

varied only little between each other. All these geometries are symmetric with respect to the 

y-axis. It can therefore be interesting to study asymmetric geometries as well. For example, 

geometries with different corner refinements on each side, as sketched in figure 6.15. Since 

the asymmetric basis exists out of two different rSBs, the geometry will be abbreviated with       

a-rSB. The geometry is now defined by two corner refinements, namely Rsea and Rbasin. 

Because the most differences can be observed between the largest and the lowest corner 

refinement, R = 0.1 and R = 0.001 are chosen to form the basis of the asymmetric geometry in 

this section. 

rsea  

W

90
340

201

90
340

201

rbasin  

 

Figure 6.15. A sketch of an asymmetric geometry, based on an rSB, but with a different corner refinement on either 

side. Due to base for this geometry, this asymmetric geometry will be abbreviated by a-rSB. 

A simulation for this geometry has been run for St = 0.20, and is presented in figure 6.16. As 

is visible, the flow system can be classified as escaping. However, based upon a naive 

estimation, this could have been expected differently. For a symmetric rSB with R = 0.1, the 

dipoles are sucked back above the critical Strouhal value of 0.17±0.01. Since the asymmetric 

is partially built with an R = 0.1, the behavior on one particular side could (naively) be 

predicted to be the same as they would do for a symmetric rSB (with the same corner 

refinement). That means that after the critical value, the dipoles would be sucked back. And 

once these dipoles on this particular side are sucked back, the classification of the whole flow 

system is affected. Therefore, the low critical value of 0.17 can naively be expected to 

dominate (over the value of 0.54 for an rSB with R = 0.001). However, from figure 6.16 is 

evident that this naïve estimation is not correct, because an escaping flow system is found at 

St = 0.20.  

Apparently, the small corner refinement on the other side helps the dipole to escape. This 

might help the boundary layer to separate more easily. Another effect could be due to the 

beneficial effects from the dipoles on the side with the small corner refinement; these dipoles 

are stronger and better capable to escape. This could then enable the process of temporal 
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evolution (section 6.4) and therefore strengthen and/or help the weaker dipoles (on the side of 

the bigger corner refinement) so they can escape eventually. 

 

Figure 6.16. St = 0.20, t = 10T, geometry = a-rSB with Rsea = 0.1 and Rbasin = 0.001. The vortices can be observed to be 

stronger on the sea side (left) than those on the basin side (right). A video of this flow system is referenced in 

Appendix D, as video 14.  

If the Strouhal number is increased to 0.30, the flow can be classified as sucked back. Due to 

the longevity of the dipoles, some can escape through difficult interactions and merger. As 

discussed in section 5.3, from which side they escape is usually determined by the starting 

conditions of the velocity forcing. Once the first dipole is sucked back, usually multiple 

vortices start to accumulate on the side to which it is sucked back.  

However, if the asymmetric geometry of this section is used, it can influence the side where 

this accumulation happens. If the geometry is mirrored in the y-axis (i.e. swapping Rsea and 

Rbasin) the side on which the dipoles accumulate/escape changes as well. Examples of this 

preference can be seen in figure 6.17 for geometries that are each other mirrors. Although 

figure 6.17 only shows stills at t = 10T, (merged) dipoles created during other tides express 

the same preference.  

Note that in both simulations, the first dipoles (created on the basin side) are sucked back. As 

mentioned before, this creates a (passive) mechanism that expresses a preference at the 

seaward side (left) for the dipoles accumulate/escape. However, as figure 6.17b shows, the 

influence of the asymmetric geometry actively overrides this passive mechanism. Although 

this passive mechanism dominates during the first two tides (resulting in the first dipole 

escaping to the sea) its influence becomes irrelevant after the second tide.  
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Figure 6.17. St = 0.30, t = 10T, geometry = a-rSB with R = 0.1 and R = 0.001. This geometry is mirrored between a) 

and b). The vorticity fields for sucked back flow systems. Mirroring the asymmetric geometry has a clear influence on 

the side at which dipoles accumulate and escape. Video of these flow systems are referenced in Appendix D, as 

respectively video 15 and video 16.  

 

6.5 Comparison with the improved WH-model 
 

In chapter 3, the theoretical WH-model has been discussed, and also improved by replacing 

the (incorrect) sink-model by a line sink model. However, even though this correction has 

been made, the model still does not seem to correspond to the results found so far. This 

section discusses the differences to the numerical work and the shortcomings of the model, 

but also the validity of the line sink model. 

 

6.5.1  Validating the line sink  

 

To validate the two-dimensional line sink model (as discussed in section 3.2) it is compared 

against the numerical simulations. Such a comparison can only be made in the absence of 

vortices, because they would disturb the sink flow. This means a comparison can only be 

b) 

a) 
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performed during the first tidal period at the sea side, where the domain shows a sink flow. In 

order to compare the two, a relative error εrel can be defined as 

              (   )  |
    (   )      (   )

    (   )
| 

(6.4) 

 

where Usim represents the speed obtained from the simulation and Ulsm the speed from the line 

sink model. Such a comparison is shown in figure 6.18a for a relatively low Strouhal number 

of 0.10. The value of this comparison indicates the level of agreement between the two for 

any given position. For a value that is close to zero, the agreement is good and is shown by a 

blue color. If the value of εrel is increased, this would indicate that the simulation diverges 

from the theoretical model; the color indication diverges away from blue, and is saturated at 

red above 20%. Such a deviation is best visible at the boundary layers at x = 0 since the no-

slip conditions on the walls are enforced. These boundary layers also enclose the entrance of 

the channel (x = 0, y   [-0.5, 0.5]). 

 

Figure 6.18. St = 0.10, t = 0.25 T, geometry = rSB(G) with R = 0.001. a) The relative error εrel of the simulated sink flow 

to the line sink model. The color is saturated for values above 0.2. The channel is located on the right side at x = 0 

between y   [-0.5, 0.5]. b) The x-component of the velocity u at the middle of the channel, and is the same as shown in 

figure 6.14. The dashed blue line represents the characteristic uniform velocity.  

It can be seen that the simulated flow agrees relatively well with the theoretical model, though 

deviations remain. Such a reason for a deviation between the theoretical simulation and the 

sink model is due to the enforcement of a no-slip condition on the walls in the simulation. 

Since the theoretical model does not account for such a no-slip condition, saturated color-

patches (red) can be seen on the right side of the shown domain. This no-slip condition is also 

the cause of a higher average velocity in the channel, shown by figure 6.18b. The 

characteristic velocity U is based on the prediction for a uniform flow through the channel, 

shown by the dotted blue line. Due to the no-slip condition, the velocity near the walls is 

decreased. Preservation of flow rate (compared to the uniform flow) leads an increased speed 

in the middle of the channel. 

Another reason for deviations could be due to the chosen domain for the simulations (figure 

4.1). The comparison is better near the channel but deviates further away from the channel. 

b) a) 
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The theoretical model assumes the flow (in sink formation) to originate from every direction 

equally, while in the simulations the flow enters from one particular side of the domain. A 

model of a potential flow that would agree better with a sink-source flow in such a rectangular 

domain is described by Belaud and Litrico (2008). However, this model is very complicated, 

and especially near the channel, there is no need for it.  

The line sink model can also be compared to the simulated velocity on the x-axis, as can be 

seen in figure 6.19. The velocity from the line sink model on the x-axis is given by eq. (3.4). It 

can be seen that the velocity in the simulation (blue line) is higher than the theoretical velocity 

(red line), though this is linked to the increased velocities in the middle of the channel, as can 

be seen in figure 6.18b.  

 

Figure 6.19. St = 0.10, t = 0.25 T, geometry = rSB(G) with R = 0.001. A graph of the x-component of the simulated 

velocity (blue) and the predicted velocity (red) according to eq. (3.4) for the x-axis (y = 0).  

If the Strouhal number is increased to 0.50, the simulation and the line sink model do not 

agree as well as they did for the lower Strouhal number. Figure 6.20a shows this, as the 

relative error εrel is calculated for the field. Especially near the channel the simulated flow 

diverges from the theoretical. Figure 6.20b visualizes this, by showing the velocity profile 

across the middle of the gate. A bit further from the channel (around x = 1) the comparison is 

already better. An explanation for the increased deviation is to be found in the time-

dependency. The line sink model is derived for the stationary case. If the Strouhal number 

increases, this could lead to (increased) deviations, as previously seen in figure 6.14.  

As the deviations at higher Strouhal numbers increase, the line sink model might become less 

suitable to be incorporated at those high values. However, since the critical Strouhal number 

found in chapter 3 (Stcrit = 0.108) is still relative low, the line sink still seems to be a valid 

model in that regime. If the line sink model is to be used in a regime with higher Strouhal 

numbers (e.g. due to improvements), the application of the line sink model has to be 

reconsidered.  
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Figure 6.20. St = 0.50, t = 0.25 T, geometry = rSB(G) with R = 0.001. a) The relative error εrel of the simulated sink flow 

to the theoretical sink flow, for a higher Strouhal number. The values above 0.2 are saturated. b) The x-component of 

the velocity across the middle of the channel (x = 0) which profile is also shown in figure 6.14. For reference, the 

characteristic velocity U = 1 is shown in the dashed blue line. This is also the velocity as imposed by the line sink 

model. 

 

6.5.2  Comparison with the results 

 

Although the WH-model has been improved by using the line sink model, it is still not able to 

explain the results found in this report. The model fails to describe some of the processes that 

happen, as is made clear due to the critical Strouhal numbers found (figure 6.7). 

For example, any effects of the temporal evolution are not incorporated into the (improved) 

WH-model. Also, the model uses a constant distance between the point vortices. This distance 

is important due to its impact on the self-propagation speed (section 2.3). However, in the 

simulation the distance between the vortices changes in time (see for example figure 5.10). 

Therefore, a variable distance between the vortices can be modeled into the corrected WH-

model. However, if calculated, this results in a negligible shift of the vortices towards each 

other. Apparently, the only influence in the model that could shift them together cannot 

describe it. Because the model lacks the interaction with no-slip walls, this seems to be the 

cause.  

The WH-model is also an inviscid model and therefore no boundary layers are present. 

However, this boundary layer can effectively reduce the width of the channel
*
 and might 

cause the Strouhal number to effectively change. These boundary layers can also affect the 

velocities, as can be seen in figure 6.14a. Consequently, this „reduction in width‟ can have a 

quadratic effect on the effective Strouhal number. This is similar to the square dependency on 

the width to the calculation of the Strouhal number for a given flow rate (eq. (4.7)).  

                                                 
*
The thickness of the boundary layers depend on the Strouhal number and Reynolds number (i.e. see also 

Appendix C) but also on the corner refinement. 

b) a) 
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7. Experimental results 
 

In this chapter, results from the experimental work are presented. These are obtained, 

following the process previously described by the experimental method, section 4.2, unless 

otherwise described. 

 

 

7.1 Experiments without stratification 
 

As the critical Strouhal numbers (obtained in the simulations) deviate from expectations set 

by previous work, this was also investigated experimentally. At first, the experiments are 

performed for shallow fluid layers with no stratification, for a depth d of 10 mm and 20 mm. 

To vary the Strouhal number, the width of the channel is primarily changed, although not 

exclusively. The forcing period T is for most experiments kept constant at 12.8 s, although for 

several experiments a shorter period of 10.0 s is used (in order to obtain higher Strouhal 

numbers). The Reynolds number for the experiments is around 350, although it varies for 

different experiments.  

Using both the (non-dimensionalized) Rayleigh friction time and the ratio of       (section 

4.2.1), the longevity of the vortices can be predicted, as well as whether the flow can be 

estimated to have a (quasi-)two-dimensional behavior. The values of the respective quantities 

look to be favorable for the series in which d = 10 mm. The ratio       has values ranging 

from 3 to 21 and the longevity ratio   is between 2.5 and 5. (For the fluid depth d = 20 mm the 

estimated two-dimensional behavior is worse though, since       ranges from 14 to 68. The 

value for   seems to be more favorable as it is larger than 12. 

In order to find the critical Strouhal number, the experiments are classified in their respective 

categories, resulting in figure 7.1. It is remarkable that in the experiments with a fluid depth d 

of 10 mm, none of the flows were categorized as sucked back. It has to be noted though that 

in the flows that are classified as escaping, the dipoles are either very weak or die out within 

one period. However, this observation is hampered by the dye that is used to visualize the 

flow. The escape seems largely to happen after a full tide, since it is expelled due to the new 

fluid coming into the basin, but not due to the self-advection of the dipole. 

For the experiments with d = 20 mm, the dipoles can be sucked back, compared to the 

experiments with the more shallow fluid layer. However, the critical Strouhal number is close 

to unity, which is a rather large value compared to the expectations (Wells and van Heijst, 

2003; den Boer, 2013). 
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Figure 7.1. Geometry = RB. Classification of different experiments with respect to the Strouhal number, for a fluid 

depth of d = 10 mm (on the left) and d = 20 mm (on the right). The width of the channel has a prescribed relation with 

the Strouhal number, according to eq. (4.7), although slight variations in other parameters might influence this 

parameter. The grey dotted line is the approximation of the critical Strouhal number.  

The flow does not always optimally represent a two-dimensional flow. Due to the friction at 

the bottom, the fluid near the bottom moves slower than the fluid near the surface, and thus 

results in flow profile that is not uniform in the vertical. This has also an effect on the 

vortices: due to their movement, they become slanted with respect to the vertical (Albagnac et 

al., 2014). Also for the experiments in thicker fluid layers, the values of       are increased, 

indicating the flow can no longer be classified as two-dimensional. As three-dimensional 

effects take over, this indicates that the vortices are not long lived as well (Durán-Matute, 

2010).  

Note that during the experiments, the length L of the barrier was kept constant at 2 mm. 

Because the width of the channel was not kept constant, the ratio Λ changed as well, ranging 

from 0.020 to 0.048. The numerical work in section 6.1 suggest the change in Λ has an effect 

on the strength of the produced vortices. The effect appears to be small, although it is not to 

be neglected. 

 

7.2 Stratified experiments 
 

To improve the (quasi-)two-dimensionality of the flow, stratification was introduced to the 

fluid layer, as described in section 4.2.2. The improvements are positive, because three-

dimensional effects in the flow lessened and the longevity of the vortices was increased. The 

experiments were performed for various Strouhal numbers as the width of the channel was 

varied. Two different Reynolds numbers were used, by using a tidal period of either 12.8 s or 

24.9 s. Because the weight moves slower as a result, the velocity U is affected accordingly. 

Note that this change of tidal period does not influence the Strouhal number. This is because 
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the effect of T on the characteristic velocity counterbalances the longer tidal period as 

indicated by eq. (4.7). The other parameters in the experiments were kept constant, with the 

fluid depth d at 21 mm, the height difference of the weight Δh at 13.9 mm, the (total) area of 

the weight A at 6100 mm
2
 and the length of the barriers L at 2 mm. 

Each experiment was given a classification and is shown in figure 7.2. These can be compared 

to figure 7.1b. Especially figure 7.2a can be compared to this graph, since the used Reynolds 

numbers and fluid depths are close/comparable for both experimental series. It can be 

observed that the differences are small, although the critical number for the stratified 

experiments seems to be lower. However, compared to the values presented in previous work 

(Wells and van Heijst, 2003; den Boer, 2013), they still are quite high. 

 

Figure 7.2. Geometry = RB, experiments with added stratification. Classification of different experiments with respect 

to the Strouhal number, for a water depth d = 21 mm. The tidal periods were changed between the left  

(T = 12.8 s) and the right figure (T = 24.9 s) leading to Reynolds numbers of respectively 400±40 and 205±20. The 

width of the channel has a prescribed relation with the Strouhal number, according to eq. (4.7), although slight 

variations in other parameters might influence this parameter. The grey dotted lines are the approximation of the 

critical Strouhal number.  

If the two graphs from figure 7.2 are compared, the change of the Reynolds number seems to 

be lowering the critical Strouhal number. Also an impact on the flow can be observed. At the 

higher Reynolds number, sucked back dipoles can still escape to the seaside due to their 

longevity.
*
 However, sucked back dipoles at the lower Reynolds number showed no such 

behavior. Rather, the behavior on both sides seemed to be the same. 

 

 

 

                                                 
*
The side at which the dipoles accumulate and escape seems to be largely determined by the starting condition of 

the forcing of the tides, as already discussed for sucked back flow systems (section 5.3).  
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7.3 Stratified experiments with corner refinement 
 

Apart from experiments with rectangular barriers, experiments with corner refinements were 

performed. Based upon the critical Strouhal number obtained from the numerical simulations 

(section 6.2, figure 6.7) a dependency on R could be expected. Since the emphasis of the new 

experiments is on the geometry, the manner of varying the Strouhal number has to be 

changed. In the previous experiments, the width W was varied to change the Strouhal number. 

Because the length of the channel was unchanged, the non-dimensionalisation of this length Λ 

was varied with the width W (although not significantly). However, since eq. (2.4) couples R 

and W, the width cannot be changed. To still vary the Strouhal number, the tidal period T and 

the area of the cylinder A are changed. This varies the Strouhal number (eq. (4.7)) but leaves 

the Reynolds number (eq. (4.8)) unchanged due to a constant ratio of T/A. Effectively, this 

means that only the tidal period T is varied while the characteristic velocity U is unchanged.  

The corner refinements that are investigated are R = 0.030±0.002 and R = 0.100±0.003, and 

mimic two of the corner refinements that are chosen for the simulations (section 6.1 and 6.2). 

The errors in R for these physical barriers seem small, but this might be deceiving. This error 

is mainly based on the error in the thickness of the barrier and the width, but might imply 

perfect round corners that enclose the channel. However, because these corners are machine 

made at rather small length scales, such deviations can be expected. Since these deviations are 

rather subjective,
*
 they are photographed and presented in figure 7.3. 

 

Figure 7.3. Photos of the barriers, used in the experiments with rSBs (section 7.3) and create corner refinements of 

respectively a) R = 0.030±0.002 and b) R = 0.100±0.003. Note that these barriers are not placed at the correct distance 

W.  

The results of the experiments with these corner refinements are shown in figure 7.4. If the 

corner refinement R = 0.030 is compared to figure 7.2a, no real influence is observed. This 

could partially be due to the limited number of experiments, but also because an rSB is 

compared to an RB. If the larger corner refinement R = 0.100 is considered, a huge influence 

                                                 
*
The subjectivity is because the shapes of these corner refinements might tend towards ovale/rectangular shapes, 

or can contain asymmetries. These different kinds of deviation from a perfect circle can all have their peculiar 

influence, of which section 6.4 can be an example of such an influence.  

9.9 mm 
3.1 mm 

b) a) 
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of the corner refinement is observed. The critical Strouhal number is far lower than previously 

found in experiments. Since the numerical work predicted such a huge influence of the corner 

refinement, this is in line with the expectations.  

 

Figure 7.4. Geometry = rSB, W = 50±0.3 mm, U = 8.0±0.8 mm/s. Experiments are performed for R = 0.030±0.002 and 

0.100±0.003 and are given a classification accordingly. The apparent relation between the Strouhal number and the 

tidal period is due to the choice of the parameters in the experiment. The grey dotted line is the approximation of the 

critical Strouhal number.  

 

 

7.4 First dipoles 
 

Apart from a classification in steady state, the first dipole was also considered and classified. 

This has already been done for numerous simulations (figure 6.8) and resulted in a different 

behavior than expected (section 6.2). Therefore, the first dipoles of the previously shown 

experiments are classified as well, and are shown in figure 7.5. The shown graphs are ordered 

with respect to the order in which they have been presented in the previous sections, as 

indicated by the caption.  

As expected (based upon the numerical simulations, section 6.2) the change in classification 

for the first dipoles are usually lower than the critical Strouhal number. However, stretched 

upon these same expectations, a bigger corner refinement would reduce this difference; this 

seems to be the case for figure 7.5f. This also suggests that in the experiments the temporal 

evolution (section 6.3) is important. However, when (large) corner refinements are applied 

this process is disturbed. 
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Figure 7.5. Classification of the very first dipoles. The graphs shown here are ordered with respect to the graphs from  

previously shown experimental series. The approximate critical Strouhal numbers (based upon the classification in 

the steady state) are also shown, if possible, by the dotted line. This approximation is based upon the Strouhal 

numbers that enclose the critical value, although its location might be different due all the errors involved. Any 

relation between the horizontal axes and the Strouhal number can be explained by the controlling equations (i.e. eq. 

(4.7) and (4.8)) a,b) Based upon the same experimental series as respectively shown in figure 7.1; the experiments were 

not stratified, and between these series the fluid thickness was changed (respectively from d = 10mm to d = 20mm). 

c,d) Based upon the same experimental series as respectively shown in figure 7.2; the experiments were stratified, and 

between these series the tidal period T was changed (resulting in a change of Reynoldsnumber from respectively 

400±40 to 205±20) e,f) Based upon the same experimental series as respectively shown in figure 7.4; the experiments 

were performed with rSBs rather than RBs, with different corner refinements between the two series (respectively     

R = 0.030±0.002 and R = 0.100±0.003).  

. 
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7.5 Experiment on a skewed bottom. 
 

To investigate some concerns in the unstratified experiments about the slope in the bottom, 

the tank was tilted intentionally to see its influence on the experiment. As denoted by figure 

7.6, this slope caused the water level to vary across the width of the channel. The experiments 

were performed in a system that was classified as partially, with the parameters  

d = 20±1 mm, W = 50.0±0.3 mm, St = 0.51±0.05 and Re = 384±35.  

Such a slope creates different heights in the fluid layer. Because the bottom friction is linked 

to this fluid depth (as noted in section 4.2.1) this is also expected to have an impact on the 

flow. Note that for experiments with stratification, this slope is expected to be of limited 

interest. Since the pycnocline is mostly affected by gravity, it should remain horizontal. 

Therefore the fresh fluid above this pycnocline is expected to be less affected by (the friction 

of) the bottom. 

Δd

d

W

 

Figure 7.6. A schematic representation of the tilted tank while the water level remains horizontal. 

The tilt χ is expressed in the height difference Δd across the channel, divided by the average 

water depth d, so that 

            
  

 
  

 

(7.1) 

Note that while the bottom has a slope, the walls that enclose the channel are tilted as well. 

Because they are perpendicular to the bottom, they are under the same angle (as indicated by 

figure 7.6). 

It was found that small slopes were of limited influence to the experiments. Asymmetries in 

the dipoles arose around a χ of 0.025, though the overall characteristics of the system were 

maintained. When the slope χ is increased to about 0.035, the flow gets more asymmetric. 

Sometimes this results in one of the vortices to be drawn back strongly while the other vortex 

remains unaffected; however, the system still is still random as to which of the vortices is 

affected. An explanation for the flow to suck back only one of the vortices is that the center of 
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the created dipole deviates from the middle line. Because one of the vortices is more in front 

of the channel than the other, the flow backwards has more pull on the dipole. 

From a χ of about 0.05, the system is already affected strongly, since it draws back one of the 

vortices even more often. However, the system still does not have a structural preference for 

which patch of the dipole it affects. For a χ of about 0.20 a more structural behavior can be 

found; the dipoles are created under an angle, slanted towards the shallower side. This slanted 

creation is due to the flow in the channel, which is also under an angle, directed towards the 

shallower side.  

 

Figure 7.7.  St = 0.51±0.05, W= 50.0±0.3 mm, geometry = RB with Λ = 0.040±0.002. Stills of dipoles in a tilted tank, 

taken as the flow is drawn back towards the channel. a) χ = 0.025±0.003, t = 7.83±0.09 T. The vortices on the shallow 

side is partially drawn back. b) χ = 0.045±0.005, t = 13.8±0.1 T. The shown vortex on the deeper side is drawn back 

entirely, while the other vortex survives. c) χ = 0.080±0.008, t = 6.75±0.09 T. d) χ = 0.20±0.02, t = 19.6±0.1 T. Video of 

these flow systems are referenced in Appendix D, as respectively video 17, video 18, video 19 and video 20. 

  

Shallow side 

Deeper side a) b) c) d) 
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8. Discussion 
 

 

8.1 Subjectivity of the classification 
 

 

In this report, classifying the flow systems is rather important, because the definition of the 

critical Strouhal number rests upon these classifications. For numerical simulations, these 

classifications are rather objective. The difference between the escaping and hovering 

classification is objective, since it is based on the propagation of the escaping dipoles away 

from the channel. Identifying the sucked back classification is also clear due to the (radical) 

different behavior that is shown by the flow systems. However, for the experiments, the 

classifications of the flow systems becomes much more subjective. This is due to the 

visualization by dye, and the lack of data (i.e. the path of motion of the dipoles is not well 

defined and can therefore not be used to classify flow systems). A third reason is the three-

dimensional effects of the flow, since their presence makes it difficult to classify the flow 

system correctly. This subjectivity is probably also (partially) the reason that the classification 

system used in previous work has not been consistent. Sorting out these defects in the 

classification system could improve the comparability between papers. 

 

 

8.2 Vertical velocity profile in the experiments 
 

 

The parameters in the experiments (W, T, A, Δh and d, as introduced by section 4.2) were 

accurately controlled and used to define the flow in terms of the Reynolds number and the 

Strouhal number. However, the derivation of these dimensionless numbers is based on several 

assumptions (as described by the methods, section 4.2). For example, the flow rate is based 

upon the water displacement of the cylinder. As the water level on the sea side changes due to 

the weight, the water level at the basin side is expected to change evenly. This enables a 

calculation of the flow through the channel, since it is the leading cause for the change of 

water level in the basin. However, it can be expected that the change of water level lags 

behind and thereby affects the flow through the channel as well. This discrepancy is solved by 

assuming the flow to be quasi-stationary, but no real justification for this assumption is given. 

As a result, the flow rate through the channel might differ from the expectations, and therefore 

affects the characteristic velocity. 
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However, this characteristic velocity might differ due to a second reason. During the 

calculation of the velocity from the flow rate, a uniform vertical velocity profile through the 

channel is assumed by the two-dimensionality of the flow. However, a no-slip condition at the 

bottom of the tank
*
 (as mentioned in section 4.2.1, regarding the two-dimensionality of the 

flow) contradicts this uniform vertical profile. Therefore, this means that the velocities near 

the bottom are reduced. If the rate of flow is preserved (compared to a uniform vertical 

profile; a questionable assumption) this loss of flow rate at the bottom has to be compensated. 

This compensation is achieved by increasing the velocities somewhere else and may therefore 

differ from the original estimation of the velocity. 

 

 

8.3 Comparison to real situations 
 

In comparison to real situations, many influences in this report were idealized. For example, 

to simulate the tides, a sinusoidal velocity profile is used in this report. However, the tides are 

influenced by many factors which can cause the tidal velocity profile to deviate from the 

perfect sinusoidal. Examples on a longer time scale are the cycle between spring tide and neap 

tide, and the diurnal inequality, as figure 8.1a shows. Also, deviations in a single tide can 

occur, as figure 8.1b shows. These „deviations‟ can influence the flow, for example 

preventing a stationary state, or interrupting effects that are linked to temporal evolution. 

Especially a situation where the Strouhal number is close to critical could be affected 

strongly, e.g. near high tide the created dipoles could escape while near neap tide the dipoles 

are weaker and are sucked back. Therefore, applications of the results found in this report into 

practical situations could become complicated.  

The geometry is also idealized in this report, compared to real channels. For example, the 

shape of the channel at the Venice lagoon (Gačić et al., 2009) and the channel between gulfs 

of San Matías and San José (Amoroso and Gagliardini, 2010) both deviate from the idealized 

barriers as studied in previous work (den Boer, 2013; Bryant et al., 2012; López-Sánchez and 

Ruiz-Chavarría, 2013; Nicolau del Roure et al., 2009). Also the (three-dimensional) geometry 

of the channel bed can be of importance to the dipole formation (Wells and van Heijst, 2004). 

However, other influences in real situations can be of influence as well, such as stratification 

(e.g. induced by fresh water from a river) and tidal straining.  

 

                                                 
*
The walls of the channel are supposed to be no-slip as well and therefore would disturb the uniformity of the 

flow as well. However, these effects are an essential part of the experiments but also for the simulations (as 

figure 6.14 shows) and are therefore not denoted as being a disturbance. 
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Figure 8.1 a) Predicted water level on astronomical grounds, for port Taranaki, New Zealand, during March 2006.* 

The graph clearly shows the cycle between spring tide and neap tide. Also the diurnal inequality is visible, between the 

6th and 8th of March, and between the 22nd and 30th; clear differences are visible between succesive high and low 

water heights in these periods. b) Waterlevel in the North Sea near Texel with respect to the NAP, predicted for 22 

januari 2015 on astronomical grounds, according to Rijkswaterstaat.*  

 

 

8.4 Suggestions for future work 
 

 

With respect to the work presented in this report, suggestions can be made for future work. 

For example, this report shows that the assumption of a single critical Strouhal number (Wells 

and van Heijst, 2003) is up for revision. Therefore, further investigation into the role of the 

geometry is necesary. The influence of different corner refinements is already shown 

demonstrated (i.e. see section 6.2). However, as figure 6.4 suggests, the length of the channel 

could also have an effect. If the channel was to be extended, it could be well that the critical 

Strouhal number would lower to the previously found result of 0.13 (Wells and van Heijst, 

2003). However, longer channels can also generate EBLVs that influence the flow (Bryant et 

al., 2012) and could therefore complicate the search for the critical Strouhal numbers. Apart 

from the geometry, the Reynolds number can be relevant to the critical Strouhal number as 

                                                 
*
The figures are obtained respectively from http://www.linz.govt.nz/sea/tides/introduction-tides/tides-around-

new-zealand and http://getij.rws.nl/getij_locaties.cfm?taal=nl. Note that the figures show the water height; any 

velocities induced would be a derivative of the height profile. 

b) 

a) 



67 

 

well. Since it influences the strength of the vortices, the critical Strouhal number may very 

well be altered as a result. Therefore, as a result, this warrants further investigation.  

Another suggestion for further investigation could be asymmetric channels. As section 6.4 

shows, it can influence the flow in unexpected ways. But not only the geometry can 

asymmetric, but also the velocity profile. This could be an offset caused by outflow of a river, 

the diurnal inequality or the spring/neap tide cyclus, as discussed in section 8.3.  

It could also be interesting to study how particular flow systems have an impact on 

(concentration) of particles. Because particles seem to be trapped by vortices, sucked back 

flow system could be interesting due to their preference for a particular side (as described in 

its appropriate section 5.3).   
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9. Conclusion 
 

When a channel is connected to the sea, a periodic tidal flow can be established. When the 

flow leaves the channel, dipoles can be formed that can behave very specifically; either they 

escape away from the channel, or get drawn back into the channel as the flow reverses. This 

flow can be influenced by many factors, such as the Strouhal number (time dependence), the 

geometry or the Reynolds number.  

Previous work (Wells and van Heijst, 2003 and den Boer, 2013) suggested that this behavior 

could mainly be characterized by a single critical Strouhal number of 0.13. However, this 

report shows that a single critical Strouhal number does not cover all situations, and can be 

varied, depending on the various factor. The exact geometry of the channel seems to be a 

major factor, and can cause the critical Strouhal number to change by a factor of about three 

(as far as observed). Effects that seem to be important to these flows are (among others) the 

created strength of the dipoles, the vena contracta effect and the prehistory of the flow.  

Wells and van Heijst (2003) also introduced an analytical model, the WH-model, used to 

predict the critical Strouhal number. However, the part of their model that described the sink 

phase was found to contain several errors and affected their prediction. Therefore, this report 

suggested to improve the WH-model with a two-dimensional line sink, since the model 

seemed to be in agreement with simulation. Application of this improvement led to a new 

prediction for the critical Strouhal number of 0.108. However, in spite of the correction, an 

agreement with the observed results in this report still seems to be farfetched. It has to be 

noted that the use of short channels in this report might be the cause of this discrepancy as 

well (since the model might be better suited to describe the behavior of the flow in longer 

channels). 

Apart from the previously noted effects, the behavior of the dipoles can also be affected by 

bottom friction, longevity of the vortices and the Reynolds number. Bottom friction seems to 

have an impact on the quasi-two-dimensional behavior in the experiments, but also the 

longevity of the dipoles. The longevity also seems to be influencing the flow, especially for 

flow systems that are classified as sucked back. Vortices linger near the channel, and during 

subsequent tides they interact and/or merge with the newly created vortices. This can result in 

the unexpected behavior of a merged dipole that is capable of escaping, while the 

classification of the flow would suggest otherwise. In rare cases, the flow system shows 

multi-periodic behavior, which is suddenly repetitive in multiple tidal periods instead of a 

single period. 

To conclude, it seems that describing the flow is much more difficult than previously 

suggested; describing the main characteristics the flow by only the Strouhal number is not 

sufficient. However, also within the classifications, behavior does not have to be straight 

forward; sucked back flows systems can show escaping dipoles through merger, a behavior 

which can even have a periodic time scale of its own.  
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Appendix A - Derivation 2D line sink 
 

As discussed in section 3.2, a model for a line sink was calculated using potential theory. 

Since the full derivation is quite long, this appendix shows the full derivation. Note that Lamb 

(1932, p. 73) derived a similar result. 

 

A.1 The derivation 
 

To start the derivation, the potential of a point sink ϕ is considered (Kundu et al., 2012, p. 

201) 
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where Q represents the strength of the sink and    the position vector from the point sink. The 

point sink can also be observed in a Cartesian coordinate system, where the sink is located at 

(x0,y0). This point sink can be integrated towards a line sink. The coordinates and the 

orientation of the sink are shown in figure A.1. Note that the coordinate system used here 

does not correspond to the coordinates used in the simulations and experiments, but will be 

converted to this coordinate system later on. 
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Figure A.1. Coordinate system for the derivation. The grey line represents the line sink. 

The strength of the point sink is remodeled by distributing the strength of the sink, so that 
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This can then be transformed into 
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using the shorter notation of       

 
   Once the potential is known, the velocity can be 

calculated through               which gives  
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for the y-component, forming the vector  
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A.2 Behavior at the axes 
 

As the full velocity field is calculated, the behavior at the axes can be checked. This gives at 

the x-axis 
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and at the y-axis it gives    

           (   )  
 

 
[

 

    (
 

  
)]  

(A.6) 

 

 

From both eq. (A.4) and (A.5) it can be seen that for | |   

 
  that the solution becomes 

singular. For most of the line sink (| |   

 
 ) only the y-component of the velocity has a 

removable singularity. This singularity can be removed by either observing only half of the 

plane, or considering a sink on one half of the plane and a source flow on the other half.
*
 

However, for the edges (| |   

 
 ) both velocity components become singular and the value 

depends more strongly on the path chosen. For example, for the path towards the line sink 

over | |   

 
 , the velocity becomes 
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This is in the limit of      equal to  
 

 ⁄  and does not compare to the limits that were 

found in eq. (A.5). 

 

 

A.3 Deriving the strength of the line sink 
 

In order to find the value of q, the limit of      is taken so that the characteristic speed    

(of a sink-flow) is obtained, or 

           (| |   

 
      )    .         

From eq. (A.4), this can then be solved for q, giving 

               .  (A.8) 

 

The factor 2 in this equation might be unexpected, though it can easily be seen that it derives 

from the line sink dividing the plane into two sides. Both sides have to provide a sink flow of 

UW on each side of the line sink, effectively doubling the strength of the entire sink. 

 

                                                 
*
 The solution from Lamb (1932, p. 73) does not have this particular singularity, as he considers the flow from 

one half plane to the other through a small orifice. Singularities at the edges of the orifice remain though. 
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A.4 The stream function 
 

To find the stream function ψ the classical relationships   
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 are integrated, 

giving 
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This stream function, together with the potential function, is presented in figure 3.1 in section 

3.2. 

 

A.5 The approximation of a line sink at greater distance  
 

At a greater distance from the line sink, the velocity field should have the behavior of a point 

sink. For this, the behavior at the axes (eq. (A.5) and (A.6)) are approximated. Since for a 

small angle a tangent can be approximated by its angle, the reverse is true for an arctangent so 

that      ( )    . Therefore, for the y-axis, the velocity becomes 
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For the approximation of the x-component of the velocity, the Taylor series   (   )  

    

 
    

 
    (  ) has to be invoked, so that 

           (       )  
  

  
[  .  

 

 
 /

 

   .  
 

 
 /

 

] 

 

 
 

 
(  |  

 

  
|    |  

 

  
|)  

 

 

 

 
 

 

 

(A.11) 

 

 

and returns the classical velocity field for a point sink. Note that these point sink 

approximations can compared to the sink model used by Wells and van Heijst (2003). If done 

so, it becomes obvious they modeled their sink model too weak by a factor of 4, as mentioned 

in section 3.1.  
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A.6 The axis transformation 
 

Because the simulations and the experiments have a different coordinate system than used for 

this derivation, a coordinate transfer has to be used to re-calculate the velocities. The 

transformation from (xn,yn)  (xf,yf)  (and also (un,vn)  (uf,vf) ) is shown in figure A.2 and is 

defined by 

               ,               

   

               ,          

 

(A.12) 

 
 

where the „f‟ denotes the variables used in the derivation and the „n‟ denotes the „new‟ 

variables used in the experimental coordinate system.  
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Used in derivation
 

Figure A.2. The transformation between the coordinate system used in the derivation (left) and the coordinate system 

used in the simulations and experimental work (on the right). The walls that enclose the line sink are grey. 

The definition of          

 
  (similar to the convention used for eq. (A.3) is used for 

shorter notation, so that the velocities in the new coordinate system become 
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Appendix B - Improvements to the WH-model 
 

As in the WH-model a wrong sink model was used, this was improved with a newly found 

sink model, derived in the previous appendix. This appendix shows the full derivation of the 

improved model, following the method that Wells and van Heijst (2003) used. However, also 

the errors in the original model are shown. Note that the derivation uses the same coordinate 

system as used for deriving the line sink model (figure A.2). 

 

B.1 Modeling the dipole 
 

As mentioned before, the driving force behind the dipole to escape is its self-induced speed. 

For two point vortices, the self-induced velocity is stated in eq. (2.6). Because the velocity 

depends on both the circulation and the positions of the point vortices (with respect to each 

other) the accuracy of the model depends on this. However, the position of the point vortices 

not only affects Vdipole but also the (localized) strength of the sink. Therefore, following Wells 

and van Heijst, the starting points of the vortices are chosen to be at the edges at the end of the 

channel. For the self-induced velocity (eq. (2.6)), this means that the distance between the two 

vortices is the width of the channel (i.e.    ). This distance between the point vortices is 

assumed to remain constant while the dipole propagates. In this model, this is a good 

approximation since the effect of the x-component in eq. (3.3) is negligible. 

For estimating the circulation, Wells and van Heijst chose the strength to be 
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where the circulation only grows for      

 
 . During the second half of the period, 

circulation is considered to remain constant. The velocity is taken to be  ( )      (     ) 

and makes the total circulation after half a period  (   

 
 )        .  

The self-induced velocity of the point vortices is based upon the calculation of the circulation, 

as is described is section 2.3. From these velocities, the position y of the dipole can be 

calculated. During the first half of the period, the displacement of the dipole is purely due to 

its self-induced speed, and can be calculated to be 
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B.2 Modeling the sink 
 

After the dipole is correctly modeled, attention needs to be directed towards modeling the 

sink. From the previous section the point vortices are modeled to start at the edges of the 

channel and move away from there. This means that both positions will have | |   

 
 , and 

the velocity of eq. (A.7) is obtained. For     the velocity will become singular, as 

described in section A.2. However, the singularity remains bounded (i.e.   | |    

depending on the approach) and only has a limited impact. The discrepancies with parallel 

approached are only small, as figure B.3 shows. Therefore, the detail is overlooked.  

 

Figure B.3. The velocity profile at and near the edges around | |   

 
 , according to eq. (A.4). All the paths are taken 

over a constant x-value that is indicated by the legend. 

 

 

B.3 The dipole versus the sink 
 

As the velocities for both the dipole and the sink are known, they can be modeled into a 

differential equation 
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Here, the sign before the sink-term seems to be wrong. However, since the sine is negative on 

that given interval, it works out. Following Wells and van Heijst, the equations are then non-

dimensionalized by  
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where the asterisk denotes the dimensionless variables. This transforms the equations into 
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This can then be solved, giving a new critical Strouhal number of 0.108 (see figure 3.3) which 

is more realistic than the 0.082 from the recalculated WH-model.  

 

B.4 Original errors in the WH-model 
 

The original sink model in the WH-model was based upon a three-dimensional axisymmetric 

line sink (Kundu, 2012, p.235). Since the problem is two-dimensional, another model should 

have been chosen. However, following the methods of Wells and van Heijst, it can be shown 

what mistakes were made, and the effect they have on the end-results.  

To start the derivation, the three-dimensional sink model yields the stream function  
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which uses the convention   
     

 
  (assuming that the line sink is located in the origin, 

at | |   

 
 ,    . Here, k is modeled to be the strength of the line sink, analogues to q in 

the previous appendix. The velocity on the y-axis can be derived by taking the x-derivative, 

for which can be obtained that 
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At this point, the (three-dimensional
*
) value for k could have been checked, analogues to the 

method in Appendix A.3. Instead, they defined their line sink strength as     . If this 

                                                 
*
 Doing so would yield        However, since the original model was three-dimensional, this would still be 

incorrect for the two-dimensional case. Still, by doing so, they could have discovered the use of the wrong 

model. 
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value is compared against eq. (A.8), it can be seen that it is already a factor two too low. In 

their next step, they apply a far field approximation of    ; however, since the model 

focuses on near field interactions, the use of this approximation is incorrect. The result is  
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Comparing this result to a far-field approximation of a two-dimensional line-sink (eq. (4.10)) 

makes it clear that their result deviates a factor 4 from its supposed strength. The explanation 

is twofold. A part of the explanation has already been observed, since the line strength k was 

modelled a factor 2 too low. The other part of the explanation is due to the projection of a 3D-

model onto a 2D-model. The solid angle in three dimensions is a factor 2 higher than the 

angle in two dimensions (4π versus 2π) and therefore could be the reason for the (extra) 

deviation.  

It is now known that the sink part was off by a factor 4. However, it is not obvious what the 

implications would be to their end result, namely their predicted critical Strouhal value of 

0.13. Therefore, this factor 4 should be incorporated into their model. First, their differential 

equation is observed (eq. (13) in their paper
*
) and gives the (non-dimensionalised) path of 

motion between 
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The first term in the equation accounts for the self-advection of the dipole, and the second 

term accounts for the sink. For this equation, it is known that the critical Strouhal number is at 

(   ⁄ )         . The original equation can now be adapted with the factor 4, yielding 
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This new equation still yields the same critical value, but now for . 
 

    ⁄ /
    

     . 

From here on, it becomes obvious that this factor 4 reduces the critical Strouhal number by a 

factor  
 

  and therefore becomes      
 

  ⁄       . 

 

  

                                                 
*
 Note that the original paper contains a typo, which is corrected in eq. (B.23). The sink term should be negative 

to counteract the self-advection. For this reason, a negative sign was added, perhaps for visual purposes. 

However, for the given time-interval the sine is negative and makes the minus-sign redundant. 
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Appendix C - Oscillating channel flow 
 

In chapter 2, it is mentioned that the solution for an oscillating infinite half plane is known 

(Schram et al., 2010). Using this solution, the creation of Ejected Boundary Layer Vortices 

(or EBLVs) can be better understood. If a change of reference frame is used, the oscillating 

wall can be converted to an oscillating flow with a stagnant wall. For an application in a 

channel, the channel has to be assumed to be „wide‟, since the solution merely describes a 

boundary layer effect. This makes sure that the second wall does not influence the boundary 

layer near the first wall. Also, the channel has to be long enough, so that the flow is 

developed. 

 

C.1 Applying the solution 
 

From Schram et al. (2010), the solution for the velocity of an oscillating plate (see also figure 

2.3) is 
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In this equation u represents the x-velocity of the fluid, U the maximum velocity of the wall, 

z’ the distance to the wall, δ a measure for the boundary layer in the problem, ν the viscosity 

of the fluid and ω the radial frequency at which the plate oscillates. 

This problem can be translated so that the fluid oscillates instead of the wall by moving the 

coordinate frame with       (  ), so that the velocity becomes 
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For a channel, this expression may become relevant for a wide channel. In such a channel, the 

walls are apart far enough, so that the fluid around the walls behaves like there is a (semi-) 

infinite plane above. Using two boundary layers for each wall, the two profiles can be fused 

together creating an expression for the channel flow. A new coordinate    is needed and is 

defined as the deviation from the middle-line in the channel and follows  
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where |  |   

 
 and is denoted in figure C.4. Using this transformation, the expression for a 

channel becomes 
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This can be non-dimensionalized by using eq. (4.1) and using the relation      ⁄ , the new 

expression becomes 
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A characteristic profile for such an infinite channel flow is visualized in figure C.4. 

 

Figure C.4. A sketch of a channel, with coordinate system and velocity profile for Re = 1000, St = 0.40 and t = ½ T. 

 

C.2 Wide channel approach 
 

As mentioned before, the validity of this approach depends on a „wide‟ channel. This means 

that the velocity in the middle of the channel approaches the maximum velocity closely. To 

quantify this, δ0.99 is considered because it marks the distance where the velocity reaches 99% 

of the characteristic velocity. Due to the exponent in eq. (C.28),       can be approached to be 

about     Because this has to be satisfied for both boundary layers on each sides, the 

condition therefore becomes 
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Rewriting   in terms of the Strouhal number and the Reynolds number, the equation becomes 

𝑥  

𝑦  
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To put this in perspective, if the Reynolds number was to be 1000, a lower bound for the 

Strouhal could be found at about 0.032. Note that this condition only indicates if the approach 

of combining the solution in the middle together may be used. Whether the solution is 

applicable to a channel with a (perfect) oscillating flow is discussed in the next section, as the 

flow rate is considered. 

 

C.3 Flow rate 
 

For the results above, the flow rate Q can be derived. This derivation gives (using a dummy 

variable    
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(C.32) 

It can be observed that the flow rate follows in approximation the ideal flow rate for a perfect 

tidal period. However, a (small) sine term prevents the flow rate from becoming zero when it 

ought to be (i.e. at        (   ) when the dominating cosine is zero). This means that if 

this was ever to be implemented, one has to be careful with this, since the condition for the 

wide channel above might not be enough. 

  

                                                 
*
 Do note the similarity to the Womersley number α  (Womersley, 1955).  



83 

 

Appendix D - References to video files 
 

In this report, many figures (try to) show the evolution of flow systems. And while it is said 

that a picture is worth a thousand words, the same statement can go for videos compared to 

pictures (although the irony in this case is, that there would be clinging actual truth to the 

statement). Therefore, many videos are included in a separate folder. In this appendix, a 

reference to their filename is given, so that they can be looked up in their appropriate folder. 

These filenames are compiled in table D.1.  

Table D.1. An overview of all the figures and the filenames of the videos that correspond. 

Video # - “filename” Figure # 

Video 1  - “escaping dipole, experiment – RB, St=0.25.mpg (2014-07-25b)” Figure 5.1 

Video 2  - “escaping dipole, simulation – rSB, St=0.20 Re=1000 R=0.001” Figure 5.1 

Video 3  - “partially, experiment - St=0.49 (2014-07-25a)” Figure 5.2 

Video 4  - “hovering dipole, simulation - rSB, St=0.50, Re=1000, R=0.001” Figure 5.3 

Video 5  - “sucked back dipole, experiment - RB, St=0,70 (2014-07-29a)” Figure 5.4 

Video 6  - “sucked back dipole, simulation - rSB, St=0.54, Re=1000, R=0.001” Figure 5.5 

Video 7  - “Angled, simulation - rSB, St=0.17, R=0.1 t=[18.5,20]” Figure 5.9 

Video 8  - “multiperiodic, simulation - rSB, St=0.13, Re=1000, R=0.18” Figure 5.7 

Figure 5.8 

Video 9  - “evolution, simulation - rSB, St=0.30, Re=1000, R=0.001” Figure 5.10 

Figure 6.9 

Video 10 - “escaping, simulation - rSB, St=0.13, Re=1000, R=0.03”  Figure 5.12 

Video 11 - “hovering, simulation - rSB, St=0.27, Re=1000, R=0.03” Figure 5.12 

Video 12 - “sucked back, simulation - rSB, St=0.45, Re=1000, R=0.03” Figure 5.12 

Video 13 - “altered velocity forcing max(sin,0), simulation - rSB, St=0.40, R=0.001” Figure 6.12 

Video 14 - “Asymmetric geometry, simulation - a-rSB, St=0.20, R=0.1 and 0.001” Figure 6.16 

Video 15 - “asymmetric geometry, simulation - a-rSB, St=0.30, R=0.1 and 0.001 - a” Figure 6.17a 

Video 16 - “asymmetric geometry, simulation - a-rSB, St=0.30, R=0.001 and 0.1 - b”  Figure 6.17b 

Video 17 - “Tilted, experiment – RB, St=0,51 (2014-06-5b) Added 5mm to one side” Figure 7.7a 

Video 18 - “Tilted, experiment – RB, St=0,51 (2014-07-8a) Added 9mm to one side”  Figure 7.7b 

Video 19 - “Tilted, experiment – RB, St=0,51 (2014-07-9c) Added 16mm to one side” Figure 7.7c 

Video 20 - “Tilted, experiment – RB, St=0,51 (2014-07-15a) Added 40mm to one side”  Figure 7.7d 

 


