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Key Points
• Secondary dunes show similar flow patterns as primary dunes on smaller scale, like flow convergence and
expansion above the secondary stoss and lee side respectively and a clear wake behind the secondary dune
crest.
• Secondary dunes play a major role in both flow dynamics and turbulence and should thus not be ignored
in river modelling and roughness calculations.
• Roughness values based solely on a novel bathymetry method show promising first steps in estimating
higher resolution bed roughness.
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Abstract
Secondary dunes superimposed on primary dunes are frequently observed in rivers. However, their effect on
flow dynamics and roughness remains largely unexplored. Here we present a flume study using fixed dunes with
varying lee slopes (30°, 20°, 10°) and different sets of secondary dunes with altering dune heights (1.5 cm, 3.0
cm), to consistently examine the effect on flow patterns, turbulence and roughness. Vertical velocity profiles
over the entire dune length were acquired using an ADVP measurement tool (UB-Lab 2c). The data suggests
that secondary dunes do not only function as added roughness, but that they also show distinct flow patterns on
the smaller scale, like flow convergence and expansion above the secondary stoss and lee side respectively, as well
as a clear wake behind the secondary dune crest. Small zones of permanent flow reversal are observed for 30°
and 20° primary dunes, which corresponds with the clockwise rotation patterns observed in the vertical velocity
profiles. Permanent flow reversal is absent for all secondary dune lee sides. A novel method for roughness
calculations was proposed and tested, which yielded Chézy values decreasing for both increasing lee side angles
and increasing secondary dunes. These values resulted in Chézy values of the same order of magnitude compared
to roughness values based on the shear stress for runs without secondary dunes. Runs with secondary dunes
led to higher but more uncertain roughness values. Despite the roughness uncertainty, the clear increasing
roughness trend shows that secondary dunes play a major role in roughness calculations and can thus not be
ignored in river modelling and roughness calculations. Furthermore, it demonstrates that roughness calculations
based solely on bathymetry can give valid estimations of the bed roughness. This study could be the starting
point for better roughness calculations on a higher spatial scale in field conditions, which would improve the
prediction and modelling of river roughness and water levels.
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1

Introduction

Climate change in the short future will lead to more
variability and extremes in river discharge. This increase in uncertainty will put more pressure on rivers
and increase the flood risk (Nijssen et al., 2001). River
bedforms, formed by the turbulent flow field, play an
important role in the flood risk due to added resistance of the river (Bhattacharya et al., 2013). Since
the terminology of these bedforms is not consistent,
this research will work with the terminology of Ashley (1990). This study recommends a single term,
’dune’, to be used for larger bedforms that correlate
with flow depth. Changes in roughness, caused by the
sub-aqueous river dunes, play a crucial role in the prediction of various flow dynamics, sediment transport
and water levels (Best, 2005). It has therefore been
an important research topic ever since the pioneering
work on morphodynamics by Exner (1925).

‘
Figure 1: Schematic representation of a train of multiple superimposed dunes (adapted from: Fernandez
et al., 2006)

2021). This phenomenon is caused by the fast migration speed of the superimposed dunes (Guala et al.,
2014). Smaller scaled laboratory experiments suggest
that superimposed bedforms are possibly responsible
for most of the total sediment transport (Venditti et al.,
2005). Their relative unexplored nature and general
importance to dune dynamics makes research to secondary bedforms vital.
Field research on superimposed dunes initiates
some practical problems. Superimposed dunes have
high migration velocities, making sediment transport
hard to measure (Claude et al., 2012). Due to the large
scale of rivers, measurements on small temporal and
spatial scale are both cost- and labor intensive, while
also often lacking in high resolution to measure detailed hydrodynamics. Despite these difficulties, field
research has been conducted on both the effect of primary and secondary dunes on the flow dynamics and
sediment transport. Secondary dunes have both been
observed on the stoss and lee side of dunes of the Rhine
(Carling et al., 2000) and Amazon (Galeazzi et al.,
2018) river during peak flood events. Contrary to these
unsteady flow conditions, superimposed dunes have
also been observed in steady flow conditions. Zomer
et al. (2021) found that under relatively stable low discharge conditions, secondary dunes traveled over the
lee side of their respective primary dunes. Although
these fields observations provide useful information on
secondary bedforms in the field, research is often diverted to the flume, where small-scale experiments can
be simulated in detail.

Dunes are generally considered to be the main influencer of both bedload and suspended sediment transport (Walker and Nickling, 2002). This is caused by the
turbulent shear layer, induced by the presence of the
dunes, which in turn is responsible for the movement of
the sediment (Maddux et al., 2003) on the grain scale.
On a larger spatial scale, dunes affect river management due to their effect on channel dredging for shipping and infrastructure stability (Reesink and Bridge,
2007; Julien et al., 2002). Considering their overall importance, the properties of dunes have drawn more and
more attention from research in both field and laboratory.
In various locations and settings, secondary bedforms have been observed on top of the primary dunes
(Venditti et al., 2005; Reesink and Bridge, 2007; Naqshband and Hoitink, 2020). Thought first of as only additional roughness to the primary dunes, recent studies
found that the importance of so-called superimposed
dunes is not to be underestimated (Fernandez et al.,
2006; Venditti et al., 2005). The term ’superimposed
dune’ might occasionally refer to a single secondary
dune on the crest of a primary dune (Warmink et al.,
2014). In this research, this term is solely used to describe the superimposition of multiple secondary bedforms with a considerably smaller scale than the primary dunes (figure 1). Both primary and secondary
dunes migrate as a result of sediment transport, where
sediment moves over the stoss side to the lee side, resulting in a movement of the dune. Field research
shows that the transport rate of secondary dunes is of
the same order of magnitude or even larger compared
to the transport rate of primary dunes (Zomer et al.,

The main advantage of flume research is the relatively easy implementation of river systems on a
smaller scale, which is often impossible to measure in
the field. Difficulties arising in the flume setting consist
mainly of scaling. When simulating field conditions in
the lab, linearly downscaling of the river is unviable
due to the large length of river dunes. Flume conditions with realistic dimensions are not representative of
dune shapes observed in rivers (Best and Kostaschuk,
2002).
Dunes created in smaller-scale settings often pos3

sess large height/length (H/L) ratios (> 0.06) with
steep downstream angles (> 30°) compared to the field.
These so-called high-angle dunes (HADs) occur in moving sediment settings for small flume scales. Most bedforms in natural deep rivers, so called low-angle dunes
(LADs), have lower H/L ratios (< 0.06) with gently
sloping slipfaces (< 24°; often < 10°) (Kostaschuk and
Venditti, 2019).

cal roughness coefficient is based on a relation between
water level, flow velocity and energy slopes. This dune
roughness is often determined based on the dune dimensions, which includes the magnitude and ratio of
the dune length and height (van Rijn, 1984).

Bedform morphology is strongly related to fluid
dynamics near the lee slope of the dune, which controls whether flow separation and reversal occur above
the lee and behind the crest of the dune (Best and
Kostaschuk, 2002). Flow accelerates over the dune
stoss side, while decelerating downstream of the crest,
leading to permanent flow separation when the lee side
angle is sufficiently large (Kwoll et al., 2016). For the
LAD settings in the field, detailed measurements are
often lacking, due to the difficulties in measuring close
to the bed (Kostaschuk et al., 2005). Despite this, Best
and Kostaschuk (2002) found that a permanent separation zone is absent for LADs (6 lee = 10°) in the
field, but was replaced with a smaller region of intermittent flow reversal. Flume research by Sukhodolov
et al. (2006) found no flow separation for LADs with a
6 lee of 12°.

ics, by conducting several experiments where the dune
lee slope and secondary dune presence are systematically varied. This will enable better predictions of local
flow and roughness, leading to better understanding
of dune dynamics. Furthermore, the local roughness
is determined with a novel technique to achieve more
precise values for dune roughness, as well as comparing this method with existing roughness calculation approaches. The focus of the research was sharpened by
answering the following research questions:

The previously mentioned roughness is the main
contributor to the uncertainty in modelling water levels
(Warmink et al., 2013). Many roughness calculations
Furtmerore, correct scaling of all forces becomes dif- also require detailed information on the flow characficult. There is an inherent trade off between several teristics, which is often absent for rivers. Calculating
forces, for example the difference of the Reynolds num- local dune roughness based purely on bathymetry will
ber for field and flume conditions in a Froude-scaled eventually lead to better roughness predictions and immodel (Henry and Aberle, 2018). These scaling issues proved river modelling.
often result in an unrealistic dune scenario when using
To this day, there is a paucity of research on the sole
a mobile bed. Using fixed bedforms without moving hydrodynamic effect of fixed superimposed dunes in a
sediment allows for the creation of LADs in a flume flume setting. This study aims to give insight into the
setting.
relevance of these secondary bedforms on flow dynam-

1. How do secondary bedforms superimposed on a
primary dune affect flow dynamics?
2. How does the resulting flow field affect bed roughness?

Despite plenty of primary dune research in both
field and flume settings, a lot of uncertainty still remains when it comes to the hydrodynamics surrounding secondary dunes. The lee side slope for which
permanent or intermittent flow separation occurs for
both primary dunes and secondary dunes remains unclear, with different experiments suggesting varying lee
side angles (Venditti, 2007; Best and Kostaschuk, 2002;
Kwoll et al., 2016; Paarlberg et al., 2007).
Flow separation leads to increased turbulence intensities, which in turn increases the flow resistance by
momentum extraction in the wake of the flow, resulting in a higher bed roughness value (Huthoff, 2012). In
general, the roughness is evaluated by using the Nikuradse roughness height (ks ), which is often translated
to the Chézy coefficient. This ks value is the sum of
all roughness elements of the riverbed. The empiri-
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2.2

Theory

Roughness

In this section, two approaches for calculating the
The following section will give details on the theory
roughness over superimposed dunes are described. Avsurrounding the important hydraulic quantities (seceraging over time will be denoted with an overbar (x),
tion 2.1), followed by the theory behind the roughness
whereas averaging over space is denoted with angular
calculations (section 2.2).
brackets (hxi).

2.1

For the first method, we present a novel technique,
which aims to determine the roughness for two different zones within the measurement section; zones of
attached flow and zones of flow separation. The angle of the dune is the main driver for flow separation;
when surpassing a certain threshold value, the flow is
no longer able to follow the bed, leading to flow separation. This zone distinction is based on the adverse
pressure gradient, which will be explained in more detail in section 4.2. For both zones, roughness calculations are performed, leading to a total Chézy coefficient
based on the zone distinction method:

Hydraulics

Our main scaling variable of interest is the Froude number (F r). This variable was kept low to ensure subcritical flow, which is typical for deep rivers (flow depth >
2.5 m) (Naqshband and Hoitink, 2020):
U
Fr = p
<1
gHf

(1)

with U equal to the bulk flow velocity, g as the gravitational constant and Hf as the water depth. The research adopts a scaling similar to Kwoll et al. (2016),
which focuses on transport scaling, in order to keep
the Reynolds number fully turbulent by matching the
transport stage (T ) between field and flume conditions.
The transport stage is defined as the ratio between the
Shields number (τ∗ ) and the critical Shields number
(τ∗cr ). The Shields number is defined as:
τ
τ∗ =
(2)
gD50 (ρs − ρw )
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attached

where C̈tot is equal to the total Chézy coefficient based
on this method. psep is equal to the relative area of
the separation zone. Equation 6 is further elaborated
in the following section.

where τ is the boundary shear stress, D50 the grain
diameter and ρs and ρw the density of sediment and
water respectively. The critical Shields number (τ∗cr ),
defined as the Shields number for which sediment
transport occurs, is equal to 0.03 for sandy sediment
(Van Rijn et al., 1993). The boundary shear stress in
equation 2 is defined as:

Attached flow
For the section with attached flow, the grain roughness (Cgrain ) will be combined with a correction factor
(fatt ) to calculate the roughness for this zone. To not
only account for the skin friction (grain roughness),
but also the form drag, a correction factor is impleτ = ρw gHf S
(3) mented. The reason for this is the profound influence
of bed forms on the total flow resistance (Garcia, 2008).
where Hf is the water level and S the energy slope.
The grain roughness is determined using the Nikuradse
The description of the flow structure is based on mean roughness height (ks ), which translates to the Chézy
velocity and turbulence, using the same method as coefficient by using the Colebrook-White formula (van
Naqshband et al. (2014). This includes both the mean Rijn, 1984):
streamwise and vertical velocities, which are defined


12Rb
as;
(7)
Cgrain = 18 log
n
n
ks
1X
1X
u=
ui and w =
wi
(4)
n i=1
n i=1
with Rb as the hydraulic radius and ks equal to
with u0 = ui − u, w0 = wi − w and n equal to the total the Nikuradse roughness parameter, which scales with
observations at a single location. This n ranges from grain size; ks = 3D90 (van Rijn, 1984).
1 to 984 for every location. The Reynolds shear stress
Since we are using the grain Chézy coefficient for the
τuw is defined as;
attached flow zone, we need to correct for the form
n
X
1
drag caused by the dunes. This is accounted for by
(ui − u)(wi − w)
τuw = −ρw u0 w0 and u0 w0 =
n i=1
using a correction factor (fatt ). The starting point for
(5) this correction factor is the Chézy equation (Garcia,
5

Flow separation
For the flow separation section, the flow no longer fol(8)
lows the bed, making the Cgrain formula unusable.
where hui and huatt i equal the column averaged flow Therefore, a separate roughness value is calculated
velocities for the entire trajectory and the attached flow (Csep ) for this zone based on the momentum equation.
zone respectively. The total Chézy (Ctot ) and Chézy Starting point of this derivation is the momentum and
for attached flow (Catt ) in the formula above are equal mass balance, from which we can calculate the energy
to the roughness value for the entire measurement sec- loss between the start (location 1) and end (location
tion and the roughness value for the zone of attached 2) of the separation zone (figure 3):
 2

flow respectively.
u1
u22
∆H = ∆z + (d1 − d2 ) +
−
(13)
2g
2g
Garcia (2008) states that the the undulation of the
water surface is of much smaller amplitude that that with ∆H as the difference in hydraulic head, ∆z the
of the bed and that the two are nearly 180° out of change in bed level between points 1 and 2 and u and
phase. From this we can assume that the water level d the corresponding flow velocity and water depth for
deviations are negligible with relation to the bed level respectively location 1 and 2 (figure 3). Detailed indeviations. We can then state from the mass balance formation on this derivation can be found in appendix
that:
A.3 equations A.9-A.15. Combining equation 13 with
u0
d0
z0
0
0
the mass balance, yields another equation for energy
hudi = (hui + u )(hdi + d ) or
=−
=
hui
hdi
hdi
loss:
!

2
(9)
u22
d2
∆H ≈
−1
(14)
where d is the water depth and z the bedform height.
2g
d2 − ∆z
By neglecting water surface undulations, we can also
assume that variations in the velocity are explained by The complete derivation from equation 13 to 14 can be
changes in bed level height. From equation 8 and 9, found in appendix A.3 equation A.15-A.18.
2008), from which we can state:
τ¯b
g
g
= 2 hui2 ≡ 2 huatt i2
ρ
Ctot
Catt

we can calculate a Chézy correction factor (fatt ), valid Rewriting equation 8 using the Chézy equation given in
for the trajectory of attached flow:
Garcia (2008) gives us another formula for the Chézy
2
coefficient with the measured variables in the lab:
huatt i2
Catt
fatt = 2 =
2
Ctot
hui
U2
(10)

2

2 !
ρgHf S = ρg 2
C
huatt i
σatt
(15)
=
1+
g∆H d2
g
hui
hdatt i
=
C2
L u22
with hdi as the average water depth of the zone and
with σatt as the standard deviation of the bedform if we define S as ∆H/L, where L equals the length of
height, calculated as:
the section and set Hf equal to d2 . Combining equas
PN
tion 14 and 15 yields us a equation for the energy loss
2
i=1 (zi − z)
σatt =
(11) due to flow expansion:
N −1
!

−2
where z equals the bedform height and z the average
1 d2
∆z
g
=
1−
−1
(16)
2
bedform height over the attached flow section. A deCsep
2 Lsep
d2
tailed derivation of equation 10 can be found in appendix A.2 equations A.1-A.5. Equation 10 can be Detailed information on this derivation can be found
in appendix A.3 equation A.21-A.24. The end result of
rewritten to:
2

2 !

this derivation is an equation for the Chézy coefficient
σatt
hdi
1+
(12) for the separation zone based on measured variables
fatt =
hdi − ∆zatt
hdi − ∆zatt
(Lsep , d2 , ∆z). The Lsep is equal to the length of the
where ∆zatt equals the difference in bedform height separation zone, which is determined by the zone disbetween the attached flow section and the overall bed- tinction in section 4.2 for C̈tot . The Chézy value is also
form height and hdi equals the water level of the entire calculated for the theoretical zone of flow separation,
measurement section. A detailed derivation from equa- which ranges from 3-5 times the height of the brink
tion 10 to 12 can be found in appendix A.2 equation level (Fernandez et al., 2006; Paarlberg et al., 2007;
e3 and
A.8. The end result of this derivation is an equation for Engel, 1981). This Chézy value is denoted as C
e
the Chézy coefficient for the attached flow zone based C5 , with 3 and 5 being equal to the amount of brink
on measured variables (hdi, ∆zatt , σatt , D90 ).
level heights taken.
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When the Chézy coefficients for both attached and sep- (HADs) and on both the stoss and lee side (LADs) rearate flow are known, the total Chézy coefficient can spectively. The experiments can be directly compared
be calculated with equation 6, where psep equals the to experiments where secondary bedforms are absent.
relative area of the separation zone.
The secondary bedform height and length are also
The second method is based on Kwoll et al. (2016) and varied. Fernandez et al. (2006) found that the presuses the total shear stress τb , from which the Chézy ence of superimposed bedforms on the stoss side induced higher roughness on the stoss side, resulting in
coefficient can be calculated following Garcia (2008):
higher levels of turbulence. Field research shows that
U2
τb = ρgHf S = ρg 2
(17) secondary dune height is often one order of magnitude
Ĉtot
smaller than primary dune height (Zomer et al., 2021;
where U equals the columns averaged velocity for the Galeazzi et al., 2018). Flume research often concludes
entire measurement section, τb is acquired by linear that secondary dunes are in the order of centimeters
interpolation of the streamwise averaged vertical τuw in flume settings (Naqshband et al., 2014; Reesink and
profiles to the bed level (Kwoll et al., 2016). Ĉtot equals Bridge, 2009; Fernandez et al., 2006). Combining this
the total Chézy coefficient based on this method. This information, a secondary dune height of 1.5 and 3 cm
established method will allow for a comparison with was chosen. The secondary dune length varies, dependthe novel roughness method, to quantify the quality of ing on the location on the primary dune. Details on
the zone separation method. Section 4.4 will evaluate the dune dimensions can be found in appendix A.1.
both methods using the measured flow velocity field Secondary bedforms only tend to emerge in settings
containing sand. All secondary dunes were therefore
and corresponding bathymetry.
covered with sand (D50 = 0.72 mm), to provide proper
roughness (figure 2). The bedform dimensions were acquired using a line laser scanner combined with a 3D
3 Methods
camera, both mounted on a measurement carriage that
can move over the streamwise direction.

3.1

Experimental setup

Table 1: Overview of the experiments and correspondThe flume experiments were conducted in the Kraijening conditions.
hoff van de Leur Laboratory for Water and Sediment
Dynamics (Wageningen University and Research). A
Secondary
Primary Sec dune
tilting flume was used to enable the usage of a prededune location lee angle
height
fined slope in the experiments. The tilting flume has
1
absent
30°
0 cm
a test reach length of 14.4 meter, a width of 1.2 meter
2
absent
20°
0 cm
and is 0.5 meter deep.
3
absent
10°
0 cm
4
stoss
30°
1.5 cm
The primary dunes are shaped similar to the dunes
5
stoss
20°
1.5 cm
described in Kwoll et al. (2016), with no variation over
6
stoss
10°
1.5 cm
the width of the flume. The primary dune height equals
7
stoss
&
lee
10°
1.5 cm
10 cm, with dune length varying between 1.73 and 2.08
8
stoss
30°
3 cm
meters, depending on the primary dune lee side angle.
9
stoss
20°
3 cm
The primary dunes are covered with sets of superim10
stoss
10°
3 cm
posed dunes. The properties of these secondary dunes
11 stoss & lee
10°
3 cm
are chosen to give a proper representation of the superimposed dunes, as well as testing their influence on flow
dynamics and roughness compared to experiments with
Flow measurements were executed using the UBsolitary primary dunes (Galeazzi et al., 2018; Zomer Lab 2C measurement tool (Guta et al., 2019). This syset al., 2021; Reesink et al., 2018; Venditti et al., 2005;
tem makes use of the Acoustic Doppler Velocity ProReesink and Bridge, 2009; Doré et al., 2016; Fernandez filer (ADVP) technique, which uses one emitter comet al., 2006; Naqshband et al., 2014). An overview of bined with two receivers. Using these together enables
the experiment setup can be found in table 1.
the system to measure the Doppler frequencies at the
Primary dune angles are chosen to represent two
different situations; HADs with large H/L ratios, as
well as LADs with small H/L ratios. These situations
correspond to secondary dunes on only the stoss side

same time, from which the streamwise velocity and the
normal flow velocity are obtained (Guta et al., 2019).
Profiles were constructed for 180 seconds with a frequency of 5.5 Hz per location for both u and w in
7

‘
Figure 2: Overview of the experiment setup, for the runs with primary dunes (a), secondary dunes 1.5 cm (b)
and secondary dunes 3.0 cm (c)
Table 2: Overview of the hydraulic parameters and
their approximate values during the experiment

the center line of the second dune, to prevent any unwanted influence of the flume borders. Measurements
were taken from the stoss side of the second dune up
untill the stoss side of the third dune. The data was
collected with a horizontal and vertical resolution of
10 and 4 mm respectively. Specific locations of interest
were collected with a horizontal resolution of 3 mm,
to provide more detail. These zones of higher resolution vary for different experiments, but are most often
found near the crest/lee transition and near the end
of the stoss side. The outliers in the time series were
removed (-0.10 < u < 0.75 m/s & -0.20 < w < 0.20
m/s) for the turbulence data. The final averaged grids
were smoothed using a moving average filter (windowsize = 3). The ADVP needs to be completely submerged, leading to a zone of 5 cm at the top of the
water column with no measurements. The water levels
were monitored at 8 different locations, covering the
length of the flume. These were placed at 2, 3, 4, 5.5,
6, 8, 9.5 and 11 m from the start of the flume, to give
a representative water level to predict the water slope.

Variable
Q
S
τ
τ∗
τ∗ cr
Re
Fr
U
Hf
T

4

Unit
(m3 /s)
(−)
(N/m3 )
(−)
(−)
(−)
(−)
(m/s)
(m)
(−)

Value
0.130
1.0 × 10−3
3.34
0.29
0.03
1.1 × 105
0.18
0.32
0.34
9.6

Results

The following section will discuss the results, where the
general flow pattern is described first, after which the
roughness results are discussed. Several contour plots
are chosen to display the important findings. Contour
plots of all variables per run can be found in appendix
A.4

The transport stage scaling factor in Kwoll et al.
(2016) was set to 33. For this research, a lower transport stage of 9.6 was implemented, to ensure sufficient
water depths and a water slope which approaches uniform flow. This still ensures the mixed transport stage,
which leads to a subcritical regime where LADs occur
(Dade and Friend, 1998). This transport stage parameter results in a Shields number (τ∗ ) of 0.29, a shear
stress (τ ) of 3.34, after which the slope was calculated
using equation 3 (chapter 2). The discharge was set to
0.130 m3 /s, leading to water depths of 0.34 m. This
results in a bed slope of 1.0 × 10−3 . An overview of
the hydraulic parameters can be found in table 2. The
slope and discharge were kept constant during all experiments, to accurately compare the effect of the secondary bedforms. A schematic overview of the setup
is given in figure 3.

4.1

Mean Flow

The contour plots for different dune scenarios are
shown in figure 4 and 5. Clearly visible is the flow acceleration for all situations towards the primary dune
crest due to convergence of the flow. This streamwise
velocity reaches its maximum above the primary dune
crest. Flow deceleration due to expansion of the flow
is visible after the primary dune crest for all situations. Based on previous works (Naqshband et al.,
2014; Kwoll et al., 2016), negative velocities in the
trough are expected for the 30° and 20° runs. Zones
of negative streamwise velocities are present, though
minimal for these runs.
Convergence and expansion of the flow are both
clearly noticeable for the vertical flow velocities, with
8

‘
Figure 3: Overview flume and water level measurement locations H1-H8 (top). Sketch of the experimental setup
and measured parameters, with the blue and white color indicating the attached flow and flow separation zones
respectively (bottom).

‘
Figure 4: Mean streamwise velocity (u) for runs with secondary dunes 3.0 cm (a), secondary dunes 1.5 cm (b)
and primary dunes (c) for a 30° lee slope angle. Flow is from left to right. Arrows represent the mean velocity
vector field (u, w)
.

9

‘
Figure 5: Mean vertical velocity (w) for runs with secondary dunes 3.0 cm (a), secondary dunes 1.5 cm (b) and
primary dunes (c) for a 30° lee slope angle. Flow is from left to right.

‘
Figure 6: Vertical profiles of the mean streamwise velocity (u) for three different locations, for runs with
secondary dunes 3.0 cm (a), secondary dunes 1.5 cm (b) and primary dunes (c) respectively. Dotted horizontal
line indicates the crest bed level at specific location.

10

‘
Figure 7: Contour plot of the du/dz gradient close to zero for secondary dunes 1.5 cm with a 20° angle.
Interchange between the red and blue zone indicates the flow separation line.

negative velocities above and after the primary crest
and increasing velocities further up the stoss side.
Maximum downward flow is located at 3 times the
dune height distance from the crest (figure 5). Close
to the leeside slope, a small zone of upward velocities
is observed. This indicates some small clockwise rotation pattern for the vertical flow in the separation
zone, approving the flow separation mentioned for the
streamwise flow velocities. Near the top of the figure (z
= 0.20), the effect of the ADVP on the flow is clearly
visible.

lee angle dunes show the highest mean velocities above
the crest, where the mean velocity for secondary dunes
also increases, due to the smaller water depth. Near
the top of the water column, the velocity decreases
due to the effect of the ADVP. In the trough, the velocity profile shows a clear deviation from the logarithmic profile, with a negative velocity gradient over the
depth close the the bed, followed by a positive gradient from z = 0.02 m. Velocities near this depth tend
to approach zero. This flow separation, caused by the
adverse pressure gradient, is largest for high lee angles.
Differences in flow pattern between the primary and Above the stoss side, the profile becomes logarithmic
again, with little change between the different angles
secondary dune experiments are clearly distinguishable. Smaller zones of flow expansion and convergence and secondary dunes.
on the 3.0 cm dunes are visible after each secondary
dune, with increasing magnitudes further up the pri4.2 Flow separation
mary stoss side. The upward flow above the stoss side
of each secondary dune is clearly visible in figure 5a/b. Flow separation is likely to occur when there is an adIn the wake of each secondary dune, decreasing veloci- verse pressure gradient in the downstream direction.
ties in both the streamwise and vertical component are This corresponds to zones where the shear is in the
visible. Secondary dunes on the lee side of the primary upstream direction at the bed level (Prandtl, 1952):
dune (10°) lead to small zones with lower velocities in
 
the streamwise direction behind the secondary dune
∂u
<0
(18)
crest.
∂z z=zb
For decreasing lee side angles, the flow convergence
and expansion described above and shown in figures 4
and 5 do not differ significantly (Appendix A.4). However, for dunes with smaller lee side angles (10° & 20°),
the velocity gradient over the lee side is smaller. The
zone of vertical upward flow near the lee side is absent,
due to the gentle slope. This is the case for both the
secondary and primary dune experiments.
Vertical profiles of u are shown in figure 6 for the
crest, trough and stoss location. These are located at
the top of the last crest before the lee side (x ≈ 0.30),
the lowest point of the trough (x ≈ 0.55) and the middle of the fourth stoss side (x ≈ 1.39) for figure 4a. The
exact coordinates of these locations differ per run, due
to the change in dune dimensions. Above the crest, all
experiments show logarithmic velocity profiles. The 10°
11

The length of this separation zone (Lsep ) is thus determined by the zero shear gradient line at the bed level.
Figure 7 shows an example of a contour plot of the
du/dz gradient of the 20° run with 1.5 cm secondary
dunes, where the transition between negative and positive values pinpoints the flow separation line. The
separation zone length is determined from the brink
point up until the end of the flow separation line (table 3). For all situations with dune lee slopes of 10°,
no flow separation is visible, leading to a separation
zone length of zero. For primary dunes, the separation
zone length tends to increase for gentler slopes, until
it completely disappears for the 10° angle. For all situations, the 30° lee slope has shorter separation zone
lengths. This is caused by the steeper slope, which reduces the distance to the trough and consequently, the

‘
Figure 8: Contour plots of the intermittency factor (IF) for a 30° angle, for runs with secondary dunes 3.0 cm
(a), secondary dunes 1.5 cm (b) and primary dunes (c) respectively.

‘
Figure 9: Boxplots of the intermittency factor for the different experiments. The distribution of the IF factor
was sampled over the region delineated from the brink point height to 5 brink point heights in the downstream
direction and the minimum bed level to the brink height in the vertical direction. Runs (a) and (b) correspond
to experiments with absent and present secondary dunes on the lee side respectively.
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upward slope of the bed after the trough, reducing the zones of IF values > 0, indicating that these smaller
systems also create intermittent flow separation on a
flow separation zone.
Another definition of flow separation is given by smaller magnitude. Runs with lower primary lee anSimpson (1989), who defined flow separation as the gles show similar, though less pronounced, patterns bezone where the mean streamwise velocity is negative tween the primary and secondary experiments.
(u < 0). Time averaged velocity plots in chapter 4.1
show that little negative velocities and thus no permanent upstream flow is present. However, we do see clear
inverse pressure gradients around the trough location
for the streamwise velocities (figure 6). We therefore
consider the Intermittency Factor (IF ) and the du/dz
gradient to quantify intermittent flow separation. The
perseverance of flow separation during one measurement block is quantified by this IF , which is defined
as the percentage of the measurement time where the
horizontal flow is directed upstream (u < 0) (Best and
Kostaschuk, 2002). Permanent flow separation zones
are defined as zones with an IF > 0.5. In this study,
zones with both high IF values as well as a negative
du/dz gradient are therefore considered as flow separation zones.
The IF increases behind the primary dune crest for
all runs, reaching its maximum value near the end of
the primary lee side close to the bed (figure 8). Figure 9 shows different boxplots of the IF , where the
box extends from the lower to the upper quartile. The
whiskers show the range of the data without the outliers. The IF values increase for increasing dune lee
side angles, for both the median and quartile values.
The presence of secondary dunes reduces the amount
of outliers in the IF distribution. Both the median
and quartile values increase significantly for runs with
secondary dunes. This effect is largest for the 3.0 cm
secondary dunes. Interesting to note it the decrease in
IF for the runs with secondary dunes on the lee slope.
This seems to be caused by the increase in bed level of
the secondary dunes on the lee slope, which reduces the
IF compared to the 10° run without secondary dunes
on the lee slope, especially close to the bed.
The region for which high IF values occur increases
in the presence of secondary dunes. Figure 8 shows the
IF values for the 30° primary lee side runs. IF values
> 0.3 only occur below z = 0.045 for primary dunes,
whereas for runs with secondary dunes this only occurs
below z = 0.06 and z = 0.075 for 1.5 cm and 3.0 cm
secondary dunes respectively. This difference is likely
caused by the capturing of the flow by secondary dunes,
leading to an IF zone that is more spread out for the
secondary dune runs. The local slope after the trough
is increased due to the secondary dune, which might
induce more intermittent flow reversal. The superimposed dunes on the stoss side (figure 8 a/b) show small
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Table 3: Overview of the separation zone length (Lsep )
for the different experiments

Prim
Sec 1.5 cm
Sec 3.0 cm

4.3

30°

20°

10°

0.46
0.49
0.58

0.53
0.59
0.65

0.00
0.00
0.00

10° incl
dunes on lee
n/a
0.00
0.00

Turbulence

Figure 10 shows contour plots of the principal Reynolds
shear stresses (τuw ) for a 20° primary dune lee angle.
Previous studies have shown that maximum values of
τuw are present at and just downstream of the reattachment point (Naqshband et al., 2014; Kwoll et al., 2016;
Venditti, 2007). The τuw pattern is similar to these
previous works. This includes a wake effect stretching
from the brink point, which decreases with increasing
streamwise direction. The τuw increases significantly
in the presence of secondary dunes, with the 3.0 cm
secondary dune runs resulting in maximum τuw values.
τuw values along the vertical profiles at the trough (figure 11) increase in the wake of the flow, with higher
values for higher dune lee angles. At the stoss, this
bulge is still visible, though less pronounced due to the
dispersal of the wake. The shear stress values increase
for z < 0.12 and decrease for z > 0.12. Over the crest,
a clear effect of the secondary dunes is visible. For
the primary dunes, little to no change over the water
column is found, whereas the secondary dunes show a
clear increasing pattern towards the bed.
The turbulence is further investigated by the means
of the double averaged Reynolds shear stress (<
τuw >). This was performed using the method proposed by Kwoll et al. (2016), where the τuw is averaged
in the streamwise direction to the mean bed elevation
over one dune length. Profiles of < τuw > are shown
in figure 12. Values along the vertical linearly increase
from the water level to the crest point for the primary
dunes. Runs with secondary dunes show slight deviations from the linear profile; the profile becomes more
s-curved, with higher values close to the crest point
and lower values closer to the water surface. An increase in the primary lee angle increases the < τuw >
values for both the primary and secondary dune ex-

‘
Figure 10: Contour plots of the principal Reynolds shear stress (τuw ) for a 20° angle, for runs with secondary
dunes 3.0 cm (a), secondary dunes 1.5 cm (b) and primary dunes (c) respectively.

‘
Figure 11: Vertical profiles of the principal Reynolds shear stress (τuw ) for three different locations, for runs with
secondary dunes 3.0 cm (a), secondary dunes 1.5 cm (b) and primary dunes (c) respectively. Dotted horizontal
line indicates the crest bed level at specific location.
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‘
Figure 12: Vertical profiles of the averaged principal Reynolds shear stress (< τuw >) for the different experiments. The dotted horizontal lines indicates the crest bed level for the specific run. Grey dotted lines indicate
the linear regressions for the linear part of the profile.

periments. Extrapolating the linear profile of < τuw >
towards z = 0 gives the total shear stress (τb ). Values
for these total shear stresses and their coefficients of
correlations are given in table 4 and 5. Red and orange colors indicate levels of uncertainty due to lower
correlation coefficients, with red being highly unrealistic (r2 < 0.2) and orange being susceptible to error
(r2 < 0.9)
Table 4: Overview of the total shear stress (τb ) for the
different experiments

4.4

Roughness

The results of the calculated Chézy coefficients are
shown in table 6. The different symbols above the
C relate to the different methods on which they are
based; Ĉtot for the total shear stress method (section
4.3), C̈tot for the zone distinction method based on the
e5 and C
e3 for the zone
du/dz gradient (section 2.2), C
distinction method based on the theoretical zone separation method (section 2.2).

All methods share a similar trend. For decreasing
lee slope angles, the Chézy coefficient increases,
10° incl
30°
20°
10°
i.e.
lower roughness. This tendency is clearest in the
dunes on lee
total shear stress method, where there are no deviaPrim
0.85 0.73 0.45 n/a
tions from the trend. Chézy values for secondary dunes
Sec 1.5 cm 2.31 2.10 1.64 1.63
experiments tend to have lower Chézy coefficients, as
Sec 3.0 cm 3.83 3.62 3.06 2.28
was expected due to the higher roughness. The different methods lead to Chézy coefficients in the same
Table 5: Overview of the coefficients of correlation (r2 ) order of magnitude, with a slight mismatch between
of the total shear stress (τb ) for the different experi- the shear stress method and the other three. It apments
pears that the shear stress method consequently gives
lower Chézy values compared to the zone distinction
10° incl
methods. The zone distinction is most often in agree30°
20°
10°
dunes on lee
e5 method.
ment with the theoretical C
Prim
0.987 0.990 0.980 n/a
The values for the zone distinction method (C̈tot )
Sec 1.5 cm 0.951 0.739 0.669 0.589
are
composed out of the Cgrain and Csep , where the
Sec 3.0 cm 0.109 0.726 0.670 0.023
latter increases the total roughness due to the energy
loss in the separation zone. This Csep ranges from 20 to
30 for different runs, which, combined with the different separation zone lengths and grain roughness, leads
to the values in table 6.
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Table 6: Overview of the Chézy coefficient for different methods. Experiment numbers relate to table 1. The
different symbols above the C relate to the different methods on which they are based; Ĉtot for the total shear
e5
stress method (section 4.3), C̈tot for the zone distinction method based on the du/dz gradient (section 2.2), C
e3 for the zone distinction method based on the theoretical zone separation method (section 2.2)
and C
Exp
1
2
3
4
5
6
7
8
9
10
11

Sec dune
location
absent
absent
absent
stoss
stoss
stoss
stoss & lee
stoss
stoss
stoss
stoss & lee

Primary
lee angle (◦ )
30
20
10
30
20
10
10
30
20
10
10

Sec dune
height (cm)
0
0
0
1.5
1.5
1.5
1.5
3.0
3.0
3.0
3.0

Ĉtot (m0.5 /s)

C̈tot (m0.5 /s)

e5 (m0.5 /s)
C

e3 (m0.5 /s)
C

34.23
36.94
47.04
20.76
21.78
24.64
24.72
16.13
16.59
18.04
20.90

47.78
46.60
54.25
41.51
46.73
44.97
n/a
35.18
38.35
41.14
n/a

47.37
47.12
54.25
43.36
42.98
54.64
54.47
37.19
41.75
54.46
54.44

42.71
42.33
54.25
37.27
35.08
54.64
54.47
28.51
35.38
54.46
54.44

larger in area and magnitude for mobile bed settings
in the laboratory. This is most likely caused by the
larger slope that these mobile settings tend to create.
The following section will discuss the different sections
Furthermore, mobile bed setting experiments usually
of the results and compare them to several other exprefer larger flow velocities, to surpass the sediment
periments. Afterwards, recommendations are given for
transport threshold. This induces lower water levels,
future research.
which in turn changes the water level/dune height ratio
(Hf /z). This is in line with the theory from Lefebvre
and Winter (2016), who showed that flow separation is
5.1 How do secondary bedforms supermore likely to occur for model simulations with smaller
imposed on a primary dune affect H /z ratios. Flow reversal appears to be highly susf
flow dynamics?
ceptible to changes in conditions (water levels, dune
height, lee side angle, flow velocities).
This current study focused on the effect of primary and
Further demonstrating the flow reversal is the clear
secondary dunes on the flow dynamics and roughness
over stationary dunes. Major difference between this positive vertical velocity near the lee side of the priresearch and previous work is the addition of secondary mary dune, which indicates a clockwise rotation patdunes superimposed on the primary dunes. Most re- tern of the flow, also seen in Naqshband et al. (2014)
search uses either fixed primary dunes (Kwoll et al., and Kwoll et al. (2016). This matches with the nega2016; Best and Kostaschuk, 2002; Venditti, 2007) or a tive streamwise velocities mentioned above. Previous
mobile bed (Naqshband et al., 2014; Warmink et al., experiments with HAD settings have shown permanent
2014), leading to both similarities and differences in flow separation for lee slopes larger than 10° (Wilbers,
results. Comparing the mean flow patterns of this 2004; Paarlberg, 2008), whereas other, similar experstudy to previous work shows comparable patterns in iment show no permanent flow separation at all for
both vertical and horizontal flow; Small zones of nega- dune lee slopes in a similar range (Venditti, 2007; Best
tive streamwise velocities are present for the high angle and Kostaschuk, 2002). Field research suggests that no
dunes (30°). This is in line with Kwoll et al. (2016) and permanent flow separation occurs for lee slopes smaller
Best and Kostaschuk (2002), who both observed inter- than 19° (Parsons et al., 2005; Kostaschuk and Villard,
mittent flow reversal zones, but minimal or absent per- 1996), which agrees with the results from the current
manent flow reversal zones. Other studies show larger study. Due to the absence of 30° dunes in the field,
zones of flow reversal in either fixed dunes setting (Fer- no comparison is made for these runs. Different definandez et al., 2006) or mobile bed setting (Naqshband nitions of flow separation have been used in previous
studies; Simpson (1989) based flow separation on the
et al., 2014; Wren et al., 2007).
zero line of the time averaged bed shear stress, Dey
It does appear that the flow reversal zone is both

5

Discussion
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et al. (2020) went with the zero mean streamwise velocity line, while Prandtl (1952) based it on the negative shear gradient (equation 18). The lee slope over
which this flow separation occurs has been a topic in
many previous studies.
The maximum downward flow is located at roughly
3 times the brink height distance from the top of the
dune, which is further downstream compared to Kwoll
et al. (2016), but more in agreement with Naqshband
et al. (2014) and Venditti (2007). The presence of secondary dunes reduces the maximal downward flux near
the primary lee side, whilst also increasing the vertical streakiness in the plots. Underlying reason for this
streakiness could be the measurement time of 3 minutes, which might have been too short, leading to turbulence in the mean plots. Secondary dunes located on
the lee side of the 10° dunes led to a less pronounced
wake in the vertical velocity. Reason for this could be
the slight increase in dune level right after the crest.
This leads to some small scale flow convergence, reducing the negative vertical flow wake.
Another factor which influences the variance between the runs is the difference in crest height for the
runs with and without secondary dunes. Despite the
rather similar setup in dune dimensions, the crest level
is higher for runs with secondary dunes. Additionally, due to the presence of secondary dunes between
the brink and crest point, the drop occurring after the
brink point is steeper for runs with secondary dunes.
Both this and the higher crest height influence the flow,
especially in the zone above the lee side. Although
this might effect the absolute values, the comparison
between the runs is mainly based on the patterns observed.

Contour plots of the principal Reynolds shear stress
show a clear wake behind the crest of the primary dune.
This wake differs between the runs with and without
secondary dunes in both magnitude and pattern; for
the secondary dune runs, the wake starts directly after the crest of the primary dune, in stead of slightly
below the crest level for the primary dune runs. The
likely cause for this pattern is the change in the dune
geometry before the crest. For the primary dune runs,
a gently sloped section occurs after the brink point,
whereas the secondary dune runs immediately drop
steeply after the crest. Due to this steeper drop, as
well as the higher crest level, the magnitude of the
Reynolds shear stress also increases. This again shows
the importance of the dune geometry, since this primary dune wake pattern is also observed in other primary dune experiments (Kwoll et al., 2016; Best and
Kostaschuk, 2002; Venditti, 2007), but differs for runs
with secondary dunes. The wake decreases in strength
for lower lee side angles, whilst also being lower in the
water column. This agrees with observations by Best
and Kostaschuk (2002) and Kwoll et al. (2016). Our
measurements suggest that the presence of the shear
layer influences the adverse pressure gradient, leading
to non-logarithmic profiles. This relates to high shear
stress values, despite the absence of a permanent flow
separation zone. This zone of large turbulence production likely occurs during intermittent flow reversal,
where the velocity gradients are high. This further
shows that the zone distinction method based on permanent flow reversal might lead to an underestimation
of the roughness, due to the large energy loss in the
wake of the flow.

The filtering of the Reynolds shear stress showed
significant effect on the contour and lineplots. RemovMost of these previous studies have only focused on ing the outliers led to better results near the top of
primary dunes, with no mention of secondary dunes the water column, by reducing the effect of the outliers
and their effect on flow separation. These secondary caused by the ADVP. The manual filtering between the
dunes, especially at the lower side of the stoss, were velocity ranges -0.10 & 0.75 m/s for u and -0.20 & 0.20
expected to capture the rotating flow and increase the m/s for w is applied for every depth in the turbulence
amount of flow reversal and separation. This effect calculations. This means that for velocity values close
is somewhat visible in the IF , but does not lead to to the bed, the range of filtering is close to the meapermanent flow reversal. To still quantify a flow sepa- sured values, possibly leading to the removal of correct
ration zone, the IF and zero du/dz gradient were used. velocity values. Using a separate filter range for each
This method led to separation zone lengths in the or- depth level is recommended for future filtering, to preder of 4-6 times the dune height, which is in line with vent the discarding of useful data.
other studies (Naqshband et al., 2014; Paarlberg et al.,
The calculation of the total bed shear stress, based
2007). For the runs with secondary dunes on the lee
side, the du/dz pattern became to inconsistent to make on the method proposed by Kwoll et al. (2016), shows
rather accurate predictions of the total shear stress for
valid estimates of the flow separation zone. For these
runs, only the theoretical roughness values are calcu- primary dunes, with correlation coefficients close to 1.
Introducing secondary bedforms to this method leads
e3 and C
e5 ).
lated (C
to less linear profiles and therefore more inaccurate
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(2014); Fernandez et al. (2006), suggesting that it is
a rather accurate method for predicting the separation zone. A small remark for this zone distinction is
again the rather small zone of mean negative streamwise velocities, which suggests little permanent flow
separation. Due to the lack of flow separation over the
secondary dunes, no distinct zones are selected on this
smaller scale. This decision is based on the relative
small zones of high IF and the zero du/dz gradient
line, which shows little zero shear further up the stoss
side. For the theoretical values of 10°, no flow separation was assumed (pexp = 0), leading to high Chézy
values. These roughness values are close to the grain
roughness, due to the small impact of the correction
factor (equation 12). Main reason for this is the loss
of the first term of this equation, since ∆zatt = 0. The
second reason is the small value for the standard de−2
The profiles shown in figures 6 and 11 only go up to viation of the dunes (order of magnitude 10 ). The
0.20 meters, whereas the water depth is 0.34 meters. roughness reduction due to the correction factor apThis is due to the submergence of the ADVP, which pears to be too small for cases with no zone distinction
to apply for the form drag of the dunes. This might
influences the velocity profiles near the top of the water column, creating velocity reduction, which is still be caused by the low variability in the dunes due to
visible for some runs. Values above 0.20 meters are their fixed form. For field conditions, the standard detherefore largely influenced by the ADVP, resulting in viation of the dunes is likely to increase, leading to a
larger correction factor impact.
the lower shear values above z = 0.20.
The correction factor calculated using equation 12
Total shear values are a factor 2 smaller than simcan
be compared to the correction factor based on
ilar experiments in Kwoll et al. (2016). This could be
caused by the significant change in z/h ratio, which equation 10, since the velocity data for the experialso differs by a factor of 2. Due to the s-shaped curve ments is known. Differences between these two corand fixed intercept at the top of the water column (fig- rection factors range from -2.3 to 5.4%. This shows
that for field conditions, where detailed flow informaure 11), total shear stress values increase significantly
with the addition of secondary dunes. The regression is tion is often lacking, equation 12 is a valid estimation
based on the linear part of the profile, which is suscep- of the correction factor.
predictions of the total shear stress. As seen in figure 11, there is underestimation in the upper column
and overestimation in the lower column for the secondary dune lines, leading to a more s-shaped profile
compared to the more linear primary dune line and
the profiles in Kwoll et al. (2016). Close to the bed,
where the secondary dunes have a large impact on the
local bed shear stress, the total bed shear stress is increased. This leads to higher values in the lower water
column, which is clearly visible for the secondary dune
runs. The linearization works correctly for zones sufficiently far from the dune level. The combination of
the low water depths and secondary dunes on top of
the primary dunes, which also largely effect the shear
values close to the bed, makes this method less suited
for the secondary dune runs, which is also shown in the
correlation coefficients of these experiments.

tible for error when choosing the correct fit, especially
with the slightly non linear profiles. The total shear
stress values for the secondary dunes of 3.0 cm should
therefore be treated with caution.

The deviation of the final roughness equation:
1
psep
1 − psep
=
+ fatt 2
2
2
Csep
Cgrain
C̈tot
| {z }
| {z }
{z
}
|
total

separate

contains multiple assumptions.

5.2

(19)

attached

Firstly, the water

How does the resulting flow field af- depth deviations are assumed to be of much smaller
amplitude than the bed level deviations and are thus
fect bed roughness?

The zone distinction mentioned earlier, which is used
to divide the measurement section in different zones,
plays a large part in the calculation of the Chézy coefficient in section 4.4. The uncertainty and bias in
choosing these zones therefore influences the final values. To quantify this uncertainty, different zone distinctions were used. As shown in table 6, most of the
zone distinctions based on du/dz = 0 values correlate
with the theoretical value of a separation zone equal
to 5 times the brink height. This agrees with previous
studies of Paarlberg et al. (2007); Naqshband et al.
18

neglected, leading to the simplification of equation 9
(Garcia, 2008). It is therefore reasonable to assume
that these deviations are inversely proportional to each
other. The second assumption is the neglecting of the
term in equation A.14 due to the low Froude number.
With a Froude number of 0.17, the second term on
the right hand sight in equation A.13 scales with the
F r2 (0.03), which is assumed negligible. Applying this
method on experiments with higher velocities or lower
water depths (i.e. higher Froude numbers), might lead
to errors using this simplification. To keep this margin of error sufficiently low (< 10%), it is advised to

not use the simplification for experiments with Froude 27 for the Chézy coefficient, which is a significantly
numbers > 0.3.
smaller range than the values found in this and preThe water level used at the end of the separation vious works. This underprediction of the hydraulic
roughness is likely related to the influence of the seczone contains a small margin of error due to inaccurate
water level measurements. These water levels showed a ondary dunes. The dune prediction of van Rijn does
positive water slope for several runs, which is infeasible not take any superimposition of smaller dunes into acdue to the negative bedslope. These values were there- count, which does affect the roughness values of the
experiments. The small value range when only using
fore only used in equation 12 for the overall water level
and in equation 16 for the water level at location 2 (see dune dimensions also shows that the large variety in
figure 3). Reason for this inaccuracy in the water levels conditions (water level, flow velocity, Reynolds numcould be the location of the stilling wells, which were ber, dune dimensions, grain size) significantly alters
the roughness.
close to the wall of the flume, possibly leading to disturbance in the water levels. Despite this, water levels
For increased lee side angles, the roughness tends
above the dune are used near the end of the separation to be higher. This is both linked to the flow separation
zone. The deviation between the different water levels and the shear stress induced by the dunes. The flow
is sufficiently small (order of magnitude 10−2 ), making separation tends to be more prominent for larger lee
it suitable to use. A hypothetical error of 5 % in the slope angles. This is clearly shown in the clockwise flow
water levels translates to only a 1.7 % difference in the pattern of the vertical velocity and negative streamwise
Csep term, which is acceptable.
velocities for steeper angles (figures 4 & 5).
In order to compare the Chézy values calculated in
section 4.4 to previous works, the Chézy values can
be rewritten to the Darcy-Weisbach friction factor (f ),
which relates to the Chézy coefficient via the following
equation (Lefebvre and Winter, 2016):

The method proposed in section 2.2 was originally
proposed for field observations, where purely based on
the bathymetry of the riverbed, roughness could be
predicted. For field conditions, where the assumption
of a large water level compared to the dune height
is true, the simplification of equation A.24 (bottom)
8g
f= 2
(20) holds up. This assumption was not valid for flume
C
Using equation 20, experiments using the Darcy- conditions, leading to the complete equation used in
Weisbach friction factor can also be compared. Similar the roughness calculation (equation A.24 top). This
experiments with secondary dunes gave a friction fac- does however show that the method proposed in 2.2
tor which ranged from 0.10 to 0.04 for concrete dunes offers possibilities for roughness predictions based only
containing superimposed dunes, which translates to a on the bathymetry in the field.
Chézy coefficient range of 28 to 44 for water depth
ranges of 0.2 to 0.4 meters (Ogink, 1989). Similar
flume experiments with only primary dunes gave val- 5.3 Recommendations
ues ranging from 0.02 to 0.07 Kornman (1995) for f ,
where mobile bed experiments yielded values between The first main goal of this research was determining the
0.05 and 0.12. This equals Chézy ranges of 33-62 and impact of secondary dunes on the flow characteristics.
25-40 respectively. Several field experiments in the For future research, it could be interesting to see the
Nile (Abdel-Fattah et al., 2004) and Rijn (Julien et al., impact of these flow characteristics on sediment trans2002) led to roughness coefficients in a similar order of port. The dimensions of the dunes compared to the
magnitude. The large variety in both flume and field water levels were relatively large. Further experiments
experiments makes in complicated to directly compare should be conducted with smaller dunes or larger waroughness values between different settings, but the ter levels, to give more realistic Hf /z ratios. It is also
Chézy ranges show that the values in this study have notable that the dunes used in this experiment are 2D,
with no variation over the width of the flume. This
a realistic order of magnitude.
The roughness values are also compared to the dune is a strong simplification to the 3D dune topography.
roughness prediction model of van Rijn (1984), to asses Experiments with 3D dunes might give insight in the
the quality of the data. The method proposed by van differences in flow pattern with 2D dunes.
The second goal of the research was creating and
Rijn is widely considered as a representative way to acquire bed roughness solely based on dune dimensions. testing a novel method to calculate roughness for inIt is based on a large amount of flume and field ex- dividual dunes based on the bathymetry of the bed.
periments. This method yields values between 24 and This method proved reasonable for estimating rough19

ness coefficients. The large margins in the different experiments however suggest further research to test the
method in different situations. Field observations including bed bathymetry of the entire river are proposed
to test the methodology for field conditions. Combining the latter with reliable roughness measurements
might lead to accurate predictions of the local roughness.

6

Conclusions

The effect of secondary dunes on flow dynamics and
roughness have been investigated by detailed flow measurements in controlled flume conditions, whilst exploring a novel calculation method for the roughness. The
main findings of this study can be summarized as follows:
1. Secondary dunes superimposed on the stoss side
show a clear flow pattern on the smaller dune
scale. This involves flow convergence above the
secondary stoss side, which increases towards the
crest, as well as flow expansion in the wake region
after the secondary dune crest. Similar findings
hold true for flow over primary dunes.
2. Permanent flow reversal is absent and minimal for
flow over both low and high angle dunes respectively, despite the occurrence of a clockwise rotation pattern in the vertical velocities. The magnitude and area of intermittent flow reversal increases with larger lee side angles. The start of
the intermittent separation zone moves towards
the trough for lower lee side angles. Flow separation over secondary dunes absent.

larger secondary dunes, but minimal for smaller
secondary dunes, suggesting a flow pattern that
resembles flow over a flat bed.
4. Chézy values based on averaged Reynolds shear
stresses increase for both increasing lee side angles and the presence of secondary dunes. Values
for primary dunes show significantly higher coefficients of correlation compared to secondary dune
experiments, suggesting that the method is primarily suited for primary dunes with no or small
secondary dunes. The higher turbulence production and therefore energy loss for secondary and
high angle dunes is the main driver for the higher
roughness coefficients.
5. A novel method to calculate roughness, primarily based bedform bathymetry, shows promising
results when applied under controlled conditions.
Values based on this method show roughly equal
roughness values for primary dunes and values
twice as large compared to the roughness based on
the averaged Reynolds shear stress for secondary
dunes. These values are still in a realistic range
compared to previous work in both field and lab
settings. The new method requires further elaboration and validation to capture more nuances and
improve the overall quality.
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A
A.1

Appendix
Dune dimensions

‘
Figure A.1: Detailed overview of the secondary dunes, with the 1.5 cm dunes on the left and the 3.0 cm dunes
on the right. Numbers correspond to the different locations on the primary dune; 1 for dunes on the stoss side,
2 and 3 for dunes on top of the crest and 4 dunes on the lee side.
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A.2

Derivation attached flow zone

leads to:

This chapter contains a detailed derivation of the attached flow zone equations. In the following section,
averaging over time will be denoted with an overbar
(x), whereas averaging over space is denoted with angular brackets (hxi). The subscripts denote the variables
for specific sections of the trajectory; xatt for zones of
attached flow, xsep for zones with flow separation and
xtot for the entire trajectory. Starting point for the
derivation attached flow is based on equation 17:
τ¯b
g
g
= 2 hu2tot i ≡ 2 hu2att i
ρ
Ctot
Catt

2
Catt
hu2 i
huatt i2 hu2att i
= att
=
2
2
Ctot
(hu i)
(u2tot ) huatt i2


2
huatt i2
σatt
=
1
+
(hu2 i)
hdatt i2


2 
2
hdi
σatt
=
1+
hdatt i
hdatt i2

2

2 !
hdi
σatt
=
1+
hdi − ∆zatt
hdi − ∆zatt

= fatt
(A.8)

(A.1)

A.3

Derivation flow separation zone

where we can use Reynolds decomposition to state:
u2att (x)

0

Starting point derivation flow separation: is the momentum and mass balance:

2

= (huatt i + u (x))

= huatt i2 + (u0 (x)2 ) + 2huatt iu0 (x)

(A.2)
0.5g(∆z+d1 )2 +u21 d1 = 0.5g(∆z+d2 )2 +u22 d2 = (A.9)

Since hu0 (x)i = 0, averaging over the zone of attached
flow leads to:
hu2att (x)i = huatt i2 + hu0 (x)2 i

(A.3)

(A.10)

which can be rewritten to:
∆z 2
d2
2∆zd21
2u2
2u2
+ 21 +
+ 2 =1+ 2
2
2
d2
d2
d2
gd1
gd2

(A.11)

which equals:

When we divide by huatt i2 :
hu2att (x)i
huatt i2

u1 d1 = u2 d2

0

=1+

2

hu (x) i
huatt i2

(A.4)



∆z 2
d21
2∆zd21
d2
2
+
+
=
1
+
2F
r
1
−
d22
d22
d22
d1
with F r =

Which can be rewritten with the mass balance to:
2
hu2att (x)i
σatt
=
1
+
huatt i2
hdatt i2

(A.12)

√u
gd2

Slight rewriting leads to:


(A.5)

∆z
d1
+
d2
d2

2



d2
= 1 + 2F r2 1 −
d1

From this we can assume:


∆z
d1
+
≈1
d2
d2

by using:

(A.13)

(A.14)
u0
d0
z0
=−
=
hui
hdi
hdi
(A.6) due to the low Froude number (0.17) during the experiassuming that the deviation in the water level equals ments. The energy loss by expansion can be quantified
the deviation bedform height. The σatt is equal to the using:

 2
standard deviation of the bedform height (i.e. z 0 ).
u2
u2
− 2
(A.15)
∆H = ∆z + (d1 − d2 ) +
To calculate the average water depth for the attached
2g
2g
zone (hdatt i), we use ∆zatt = zatt − ztot to presume:
Rewriting and using the mass balance (equation A.10)
leads to:
dtot
hdatt i = dtot − ∆zatt or huatt i = utot
(A.7)
hdatt i
∆Hd21
∆z d21
d31
d21
u22
u22 d21
=
+
−
+
−
d22
d22
d2
d2
2g
2g d22
(A.16)


which is possible due to the previous assumption.
d21 ∆z
d1
d21
u22 d21
=
+
−
−
Combining this with equation A.1 and equation A.5
d22 d2
d2
d22
2g d22
hudi = (hui + u0 )(hdi + d0 )

or
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Which can be simplified using equation A.14 to:


u22 d21
∆Hd21
=
−1
(A.17)
d22
2g d22
which can be rewritten to:
!

2
u22
d2
∆H ≈
−1
2g
d2 − ∆z

(A.18)

From equation 17 we can state:
τ¯b = ρgHS = ρg

U2
C2

(A.19)

From which we can define the Chézy coefficient as:
g∆H d2
g
=
2
C
L u22

(A.20)

Combining this equation with equation A.18 leads to:
!

2
g
g d2 u22
d2
u22
=
−
C2
L u22 2g d2 − ∆z
2g

2
d2
d2
d2
(A.21)
−
=
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2L
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2
d2
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2L
d2 − ∆z
Where we can say that:
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Which can be rewritten to:
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d2
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2∆z
d2 (1 − d2 + ∆z
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d22

1
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Which can be combined with equation A.21 to:
!

−2
1 d2
∆z
g
=
1−
−1
C2
2 Lsep
d2
≈ isep

(A.23)

with isep

(A.24)

∆z
=
Lsep

This last assumption is valid for small heights of the
separation zone ( ∆z
d2 << 1), which is reasonable for
most bedforms in the field. For the flume setting ( ∆z
d2 ≈
0.29), this assumption is invalid. therefore, the top
equation is used in the calculations.
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A.4

Additional figures

‘
Figure A.2: Contour plots of the mean streamwise velocity (a), mean vertical velocity (b), IF (c), du/dz (d),
Reynolds shear stress (e) for a 30° angle with primary dunes.
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‘
Figure A.3: Contour plots of the mean streamwise velocity (a), mean vertical velocity (b), IF (c), du/dz (d),
Reynolds shear stress (e) for a 20° angle with primary dunes.

‘
Figure A.4: Contour plots of the mean streamwise velocity (a), mean vertical velocity (b), IF (c), du/dz (d),
Reynolds shear stress (e) for a 10° angle with primary dunes.
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‘
Figure A.5: Contour plots of the mean streamwise velocity (a), mean vertical velocity (b), IF (c), du/dz (d),
Reynolds shear stress (e) for a 30° angle primary dune with secondary dunes (1.5 cm), without secondary dunes
on the primary lee side.

‘
Figure A.6: Contour plots of the mean streamwise velocity (a), mean vertical velocity (b), IF (c), du/dz (d),
Reynolds shear stress (e) for a 20° angle primary dune with secondary dunes (1.5 cm), without secondary dunes
on the primary lee side.
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‘
Figure A.7: Contour plots of the mean streamwise velocity (a), mean vertical velocity (b), IF (c), du/dz (d),
Reynolds shear stress (e) for a 10° angle primary dune with secondary dunes (1.5 cm), without secondary dunes
on the primary lee side.

‘
Figure A.8: Contour plots of the mean streamwise velocity (a), mean vertical velocity (b), IF (c), du/dz (d),
Reynolds shear stress (e) for a 30° angle primary dune with secondary dunes (1.5 cm), with secondary dunes
on the primary lee side.
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‘
Figure A.9: Contour plots of the mean streamwise velocity (a), mean vertical velocity (b), IF (c), du/dz (d),
Reynolds shear stress (e) for a 30° angle primary dune with secondary dunes (3.0 cm), without secondary dunes
on the primary lee side.

‘
Figure A.10: Contour plots of the mean streamwise velocity (a), mean vertical velocity (b), IF (c), du/dz (d),
Reynolds shear stress (e) for a 20° angle primary dune with secondary dunes (3.0 cm), without secondary dunes
on the primary lee side.
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‘
Figure A.11: Contour plots of the mean streamwise velocity (a), mean vertical velocity (b), IF (c), du/dz (d),
Reynolds shear stress (e) for a 10° angle primary dune with secondary dunes (3.0 cm), without secondary dunes
on the primary lee side.

‘
Figure A.12: Contour plots of the mean streamwise velocity (a), mean vertical velocity (b), IF (c), du/dz (d),
Reynolds shear stress (e) for a 30° angle primary dune with secondary dunes (3.0 cm), with secondary dunes
on the primary lee side.

32

