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A Coordinate system 
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B-1 

B Longitudinal profiles bed level 
 

Note that the presented longitudinal profile is a width averaged profile. 

15
15

.5
16

16
.5

17
17

.5
18

18
.5

19
19

.5

-6-5-4-3-2-1012

Lo
ng

itu
di

na
lp

ro
fil

es

X
co

or
di

na
te

[m
]

Bedlevelchange[cm]

A
1

A
2

A
3

A
4

B
2

B
3

C
2





 

C-1 

C Bed level contour plots 

C.1 Experiment A4  

Vane height 12 cm, angle of attack 40 degrees   

C.2 Experiment B3 

Vane height 6 cm, angle of attack 30 degrees 
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C-2 

C.3 Experiment A3 

Vane height 12 cm, angle of attack 30 degrees 

Remark: A3 was the first experiment. The left figure was measured after 8 hours 
of flow. The right picture, after the experiment had ended (42 hours). However, 
the measuring density was smaller.  
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C-3 

C.4 Experiment A1  

Vane height 12 cm, angle of attack 10 degrees 

C.5 Experiment A2  

Vane height 6 cm, angle of attack 20 degrees 
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C-4 

C.6 Experiment B2  

Vane height 12 cm, angle of attack 20 degrees 

C.7 Experiment C2  

Vane height 18 cm, angle of attack 20 degrees 
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D-1 

D Cross-sectional bed level plots 
 

D.1 Average x = 14.54 – 19.96 m. 
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 Note: vertical scale times 2 !! 

D.2 Average x = 14.80 – 15.20 m.  
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D.3 Average x = 15.20 – 15.60 m.  
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D.4 Average x = 15.60 – 16.20 m.  
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D.5 Average x = 16.20 – 17.20 m.  
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D.6 Average x = 17.20 – 18.50 m.  
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E Experiment A1 and A2 ‘early’ 
measurements 

Like experiment A3, the bed levels of experiment A1 and A2 were both measured 
already after a few hours of flow (resp. 17 and 16 hours). Like experiment A3 
checks were performed on the bed level measurement after the experiment had 
ended. In the case of exp. A3 it was visually clear that the bed had changed and 
therefore the measurements were repeated on coarse grid. But for experiment A1 
and A3 the changes were not so clear and only a few checks were performed. It 
was believed that small angles of attack, like 10 and 20 degrees would have 
reached their equilibrium after 2 days. During analyses, great differences were 
observed between the result of B2 and A2. Experiment B2 had far greater effect, 
while the opposite was expected. Taking a better look at the bed level checks of 
experiment A2 showed the changes of the bed in the period between 16 and 41 
hours of flow. Unfortunately, not enough measurements are available to use this 
data for the analysis of the whole bed. For experiment A1 no measurements 
behind the vane are available. This appendix shows the measurements for 
experiment A2 after 41 hours that are available. 

E.1 Contour plot experiment A2 after 41 hour 
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E.2 Comparison cross-sectional plot A2 after 16 and 41 
hours of flow 
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F Bed photographs 

F.1 Experiment A3 

A ruler with a length of one meter was photographed together with the bed. The 
vane is in all cases 0.4 meters. Unfortunately for A3 no good picture of the far-
field is available as the digital camera was not available at that time yet. 

Downstream view 
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F.2 Experiment A1 

Downstream view 
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F.3 Experiment A4 

Downstream view 
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F.4 Experiment A2 

Upstream view 

 



 

F-5 

F.5 Experiment B2 

Downstream view 
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F.6 Experiment C2 

Downstream view 
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F.7 Experiment B3 

Downstream view 
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G Transverse flow velocity measurements 
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G.1 Experiment A3, X=15.20, 15.80 and 16.60 m. 
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G.2 Experiment A1, X=15.20, 15.80 and 16.60 m. 

-0.3 -0.2 -0.1 0 0.1 0.2 0.3

-0.1

-0.05

0

0.05

0.1

0.15

0.2

bed level

Z
co

-o
rd

in
at

e
[m

]
0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

-0.3 -0.2 -0.1 0 0.1 0.2 0.3
-0.1

0

0.1

0.2

Y co-ordinate [m]

T
ra

ns
ve

rs
e

ve
lo

ci
ty

[m
/s

]

-0.3 -0.2 -0.1 0 0.1 0.2 0.3

-0.1

-0.05

0

0.05

0.1

0.15

0.2

bed levelZ
co

-o
rd

in
at

e
[m

]

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

-0.3 -0.2 -0.1 0 0.1 0.2 0.3
-0.1

0

0.1

0.2

Y co-ordinate [m]

T
ra

ns
ve

rs
e

ve
lo

ci
ty

[m
/s

]

-0.3 -0.2 -0.1 0 0.1 0.2 0.3

-0.1

-0.05

0

0.05

0.1

0.15

0.2

bed levelZ
co

-o
rd

in
at

e
[m

]

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

bed level

0.1 m/s

transverse velocity

-0.3 -0.2 -0.1 0 0.1 0.2 0.3
-0.1

0

0.1

0.2

Y co-ordinate [m]

T
ra

ns
ve

rs
e

ve
lo

ci
ty

[m
/s

]

 

0.2

Z=-18 cm
Z=-14cm
Z=-12cm
Z=-10cm
Z=-6cm
Z=-4cm
Z=-2cm
Z=0cm
Z=2cm
Z=4cm
Z=6cm
Z=9cm
Z=12cm
Z=18cm
Z=21cm
Z=24cm
Z=27cm



 

G-4 

G.3 Experiment A4, X=15.20, 15.80 and 16.60 m 
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G.4 Experiment A2, X=15.20, 15.80 and 16.60 m. 
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G.5 Experiment B2, X=15.20, 15.80 and 16.60 m. 
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G.6 Experiment C2, X=15.20, 15.80 and 16.60 m. 
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G.7 Experiment B3, X=15.20, 15.80 and 16.60 m. 
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H Longitudinal flow velocity measurements 
The longitudinal flow velocity has been plotted at the cross-section x = 15.80 m. 
For experiment A4 no data was available in this cross-section, so this appendix 
contains six plots.  
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I Delft3D-MOR simulations 

I.1 Reference simulation, no vane 

 



 

I-2 

I.2 Type I, initial flat, comparison vortex-line model 

 



 

I-3 

I.3 Type I, initial flat bed, comparison initial vortex  

 



 

I-4 

I.4 Type I, initial bed experiment A4 

 



 

I-5 

I.5 Type I, initial bed experiment B3 

 



 

I-6 

I.6 Type I, initial bed experiment A4, sediment withdrawal 

 



 

I-7 

I.7 Type II vane, initial bed experiment A4 
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J Alternate bars 
By defining two parallel channels in a straight flume and describing the interaction 
of water movement and sediment transport between the two channels, alternate 
bars can be explained as an oscillatory response of the system to an internal 
instability or a forced disturbance [Struiksma & Crosato, 1989]. The following 
equations contain the original equation and its solution.  

2 3 2

3 2

1 1 3
1

2
m ce

w w x x w s w w s w s

T HH H d H d H b H H

t x t x x xλ λ β β λ λ λ λ λ λ λ
    ∂ ∂ ∂ ∂ − ∂

+ − + − + − + =    ∂ ∂ ∂ ∂ ∂ ∂    
 (I.1) 
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In which 

rω  growth rate 

mT  morphological time scale 

iω  wave frequency 

Bk  cross-sectional wave number 
m  Fourier mode in cross-sectional direction 
B  width of the channel 

rk  spatial damping number 

DL  damping length 

ik  wave number 

pL  wave length 

xβ  coefficient for influence of longitudinal slope on 

sediment transport 

wλ  characteristic length scale water movement 

sλ  characteristic length scale sediment movement 

d  average water depth 
b  power in sediment transport formula 

The interaction parameter (IP) is defined as s

w

λ
λ and can be written out into the 

following equation: 
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 (I.3) 

In which,  



 

J-2 

yβ  coefficient influence cross-sectional slope on 

sediment transport 
C Chézy roughness coefficient 
 

Substituting the solution (Equation (I.2)) into the original Equation (I.1) under 
certain assumptions, where these assumptions are based on a certain expected 
behaviour, solves the differential problem. The first solution is obtained by 
assuming a stable bar pattern by neglecting the damping of the solution ( rk =0). 

This solution describes free alternate bars that move through a system. The other 
solution describes forced alternate bars that are on a fixed position is the system 
and damp out. This solution is obtained by neglecting the wave frequency and 
growth rate.   

J.1 Free alternate bars 

The first solution has been worked out in the handouts CTwa5311 [de Vriend, 
Wang & Havinga, 2001]. The elaboration results in the following equation 
describing the growth rate of alternate bars. 

 

( ) ( )2 41 1 1 1

1 2i i w i w
i w x w x w

b d d
T k k
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ω λ λ

λ β λ β λ
  − −

= − + + +  +      (I.4) 

The presence of these free alternate bars can also be determined on base of the 
marginal stability curve [Columbini, Seminara & Tubino, 1987, Mosselman & 
Wang, 1994]. The curve describes the boundary value of IP for which alternate 
bars will start developing. 
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with, 
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In which 

ξ  coefficient influence longitudinal slope on sediment 

transport 

( )f θ  coefficient influence gravity on cross-sectional 

slopes based on the shields parameter. 

 

Equation (I.3) and (I.5) are graphically presented in Figure J.2 and Figure J.1 
below. The flume characteristics have been used, and are: sλ =1.1, wλ =13.8, b = 

5, and m = 1. The influences of the cross- and longitudinal slope have been 
defined using: 

• Cross-sectional slope influence,
2

8 ( )
, ( ) 0.85y

f
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θβ θ θ
π

= =  
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• Longitudinal influence, assuming ξ  = 0.03, 2

1
x
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=  
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Figure J.1: Growth rate of alternate bars 
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Figure J.2: Marginal stability curve alternate bars 

Figure J.1 shows that the growth rate for alternate bars is strongly negative, and 
Figure J.2 shows that instability can only occur for IP>0.7. So both figures clearly 
indicate that free alternate bars are absent.  
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J.2 Forced alternate bars 

Placing the vane in the flume might somehow force an alternate bars pattern. In 
this case the bars are not migrating, but are on a fixed position and are present 
as a response to the local disturbance by the vane.  

By neglecting the time dependency of Equation (I.2), the equation reduces to: 

 ' ˆ cos( ) ik x
rH H k x e−=  (I.6) 

Substituting this equation into the original differential equation reveals the 

following expressions for damping length, 
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  [de Vriend, Wang & Havinga, 2001]: 
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 (I.7) 

Using sλ =1.1, wλ =13.8, and b = 5 results in DL = 2.3 m and a non-existent 

solution for pL . Physically this means that there in no oscillatory solution and the 

solution damps or grows exponentially according to D

x

Le
−

. So the flume is also not 
sensitive for forced alternate bars. The solution has also been obtained by solving 

Equation (I.5) in Matlab with initial conditions (0) 0.1H =  and 0
H

x

δ
δ

=  (value 

function and derivative). Figure J.3 below shows the solution. 
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Figure J.3 Flume response to initial disturbance 

Analysis was done for a width of 2.5 meter, the flume width. For smaller widths, 
the stability of the system only increases; so alternating patterns are excluded for 
those cases too. 

 


