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ABSTRACT
This study presents experimental investigations of entrainment events of a single sediment particle resting in a small pocket on a smooth bed in
an open channel flow. The data were acquired with a tomographic particle tracking velocimetry system. The shake the box algorithm, a spatially
high resolved Lagrangian tracking method, was applied to determine time-resolved and three-dimensional flow velocities in a volume during particle
entrainment. The proper orthogonal decomposition (POD) method was applied to identify motions in the flow field carrying the most turbulent kinetic
energy (TKE). Based on the POD method, the most energetic flow structures were linked with the occurring quadrant events at particle entrainment.
It was shown that particle entrainment follows TKE peaks based on low-order POD modes caused by large sweeps. Two streamwise elongated
counter rotating vortices with emerging sweeps in between were observed during particle entrainment. Here, most of the TKE exists in the first POD
mode. This signature is suggested to be part of very large-scale coherent motions.
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1 Introduction

Semi-empirical equations for describing sediment entrainment
and sediment transport (Meyer-Peter & Mueller, 1948; Shields,
1936; Smart & Jaeggi, 1983) are mostly based on averaged
flow parameters, especially on the shear stress. If the shear
stress exceeds a certain threshold value, which is often referred
to as the critical shear stress, sediment movement is assumed.
However, instantaneous flow structures that lead to peak events
regarding the streamwise velocity, drag force and lift force,
rather than the average flow conditions (e.g. time averaged shear
stress), result in sediment entrainment under the threshold con-
ditions of motion (Diplas et al., 2008; Valyrakis et al., 2010).
Experimental and numerical investigations (Celik et al., 2013;
Diplas & Dancey, 2013; Dwivedi et al., 2011; Schobesberger
et al., 2020; Vowinckel et al., 2016; Wu & Shih, 2012) have
shown that the entrainment of single particles is mostly caused
by coherent motions, which are often associated with so-called
hairpin vortices. While coherent structures in the form of hairpin
vortices and the autogeneration mechanism are well observed in
the near-wall region (Kline et al., 1967), the formation of and the
interaction between large- and very large-scale coherent struc-
tures are not fully understood. Researchers (Adrian et al., 2000;
Bagherimiyab & Lemmin, 2018; Deng et al., 2018; Hurther
et al., 2007; Wu & Christensen, 2010; Zhong et al., 2015) have
reported the existence of large-scale coherent motions (LSMs),
large-scale coherent shear stress structures (LC3Ss) and very
large-scale motions (VLSMs) in their studies. LSMs can extend
up to the free water surface and reach a size of up to 2–3
times the water depth in the streamwise direction (Adrian, 2007;
Adrian & Marusic, 2012). Structures with a larger extent are
further referred to as VLSMs. While the physics behind these
structures has been the focus of research, little is known about
the influence of these motions (especially LSM and VLSM) on
sediment particle entrainment and sediment transport as well as
the evolution of bed forms.

Based on tomographic particle tracking velocimetry (TOMO-
PTV) measurements, Schobesberger et al. (2020) reported the
presence of large-scale coherent structures in the form of sym-
metric and asymmetric hairpin vortices during single sediment
particle entrainment. These coherent motions had a vertical
extent up to 60% of the water depth and consisted of a group
of hairpin structures. Diplas et al. (2008) introduced the impulse
concept for describing the particle entrainment process, consid-
ering not only the peak of the acting forces on a particle but also
the duration of the peak event. Yücesan et al. (2020) used the
same flow conditions and geometry of the sediment particle as
in the experiments of Schobesberger et al. (2020) in their large
eddy simulation (LES). Yücesan et al. (2020) conducted a quad-
rant analysis initially proposed by Lu and Willmarth (1973) for
a statistical description of coherent structures during the highest
observed impulses on the sediment particle. The quadrants rep-
resented outward interaction QI (u’ > 0 and v’ > 0), ejections
QII (u’ < 0 and v’ > 0), inward interactions QIII (u’ < 0 and

v’ < 0) and sweeps QIV (u’ > 0 and v’ < 0). During the high-
est impulses, mostly QI and QIV were observed. Here, u’ and v’
correspond to streamwise and vertical velocity fluctuations. Fur-
thermore, Yücesan et al. (2020) studied the influence of coherent
motions on the drag coefficient. While small-scale structures
within the viscous layer resulted in negligible changes, large-
scale structures in the outer layer increased the drag coefficient
up to 19%. This result fits the observations of the Schobesberger
et al. (2020) experiment, where large-scale coherent structures
were found to be the decisive structures during sediment particle
entrainment.

Nevertheless, there is difficulty in differentiating which
coherent structures influence sediment particle entrainment and
which parameters are suitable for their description. For exam-
ple, Cameron et al. (2017) observed a bimodal distribution in
the pre-multiplied spectrum of streamwise velocity fluctuations
in open channel flows, revealing the presence of LSMs and
VLSMs. Furthermore, Cameron et al. (2019) estimated the influ-
ence of VLSMs on the drag forces and pressures placed on
fixed spherical roughness elements. The Cameron et al. (2019)
results indicate that sediment particle entrainment may relate to
the passage of low-pressure events during high-velocity flow
regions related to VLSMs. The experiments and the methods
used by Cameron et al. (2019) provide important statistical
information about VLSMs and on the relationship to relevant
parameters (such as the drag force) for describing sediment
particle entrainment. To go one step further, it becomes nec-
essary to conduct experiments with mobile sediment particles
and use approaches that can verify the influence of coher-
ent structures (e.g. LSM and VLSM) during sediment particle
entrainment.

However, identifying coherent structures in experimental
data (e.g. from particle image velocimetry – PIV) or numeri-
cal data (e.g. from LES, DNS) is not an easy task, as they are
often hidden behind incoherent structures (Kostas et al., 2005).
To separate these structures, proper orthogonal decomposition
(POD) could be a well-suited method. While POD is common
in the field of fluid mechanics, this method is rarely applied in
the field of sediment research.

POD was introduced as a mathematical tool for the decompo-
sition of data into spatiotemporal modes (Holmes et al., 1996).
Berkooz et al. (1993), Lumley (1967) and Holmes et al. (1996)
used this method, also known as the Karhunen–Loeve decom-
position, for studying turbulent flows, as this method identifies
motions in the flow field containing the most energy on average.
One of the advantages of the POD method is that it can be used
as a kind of filter to distinguish between highly turbulent kinetic
energy (TKE) zones and less TKE zones in the flow field. While
lower-order spatial POD modes correspond to high energetic
flow features and larger scaled motions (e.g. VLSM), high-order
spatial POD modes are related to fewer energy-containing flow
features and smaller scaled motions in the flow field (Holmes
et al., 1996). Under the assumption that POD modes with a cer-
tain amount of energy contribute to coherent structures, Lumley
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Figure 1 Experimental set-up and measurement system. Dimensions are in millimetre (mm)

(1967) first used this method in an investigation. Because of the
high computational effort of the classic POD method, Sirovich
(1987) introduced the snapshot method (Section 3.2).

POD delivers time-resolved data corresponding to tempo-
ral modes and spatial modes. For normalized spatial modes,
the squares of the temporal modes provide information about
the amount of TKE of each spatial mode at each time step.
Therefore, it is possible to investigate dominant flow struc-
tures at the moment of sediment particle entrainment (in
the time domain), in contrast to other approaches such as
the power spectral density. Here, the time relation is lost
due to frequency domain transformation by using long term
measurements.

In this study, the influence of large- and very large-scale
motions occurring during sediment particle entrainment, filtered
based on the POD method, is investigated experimentally. In
contrast to other experimental studies, where mainly single-
point or 2D measurements in a plane (laser Doppler velocime-
try LDV or 2D PIV) were conducted, this study is based on
time-resolved volumetric data. The data for the analysis were
obtained from tomographic particle tracking velocimetry. The
shake the box algorithm, a spatially highly resolved Lagrangian
tracking method, was used to calculate time-resolved and three-
dimensional velocities in a volume. To further analyse the
data during sediment particle entrainment, three methods were
applied: (i) decomposition of the velocity data into POD modes;
(ii) quadrant analysis to link the dominant TKE events obtained
from POD with coherent structures; and (iii) visualization of
the dominant three-dimensional coherent structures with iso-
surfaces based on the Qc.

2 Experimental and measurement set-up

The experiments were conducted in the hydraulic lab at the
University of Natural Resources and Life Sciences in Vienna.
A tilting hydraulic flume with a length of 12.5 m and a width
of 0.3 m was used. For all the experiments, the slope S was
set to 0.05%. The sidewalls of the flume are made of glass.
The flume has an internal water cycle that is equipped with
a speed-controlled pump. The discharge was measured by an
electromagnetic flow sensor (IDM) with an accuracy of 0.1%.
Laminated wooden panels were used as a bed in the flume.
Compared to gravel beds or idealized spherical beds the used
wooden panels can be described as a smooth bed. The hydraulic
conditions for the experiments are in the transitionally rough
regime. The smooth bed was chosen to avoid sediment particle
entrainment initiated by random turbulence peaks or flow sep-
arations behind roughness elements as it can be the case over
rough beds. Schmeeckle et al. (2007) concluded that especially
the drag coefficients of spheres used as particle and rough-
ness elements are not suitable for sediment transport models.
Therefore, the used particle was chosen to be a fluvial sediment
particle from the Danube River with dimensions of A = 13 mm
(in streamwise direction), B = 11 mm (bed normal or vertical
direction) and C = 14 mm (spanwise direction). The pocket for
the sediment particle was located seven metres downstream of
the flume inlet and in the flume axis. The pocket was made
from concrete and had the shape of the sediment particle’s
imprint at a depth of P = 2 mm. This ensured the same posit-
ing of the particle for all experiments. Figure 1 shows the
experimental set-up.
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2.1 Implementation of TOMO-PTV and the shake the box
algorithm

The TOMO-PTV system was used to acquire the u/v/w veloc-
ities in the X /Y/Z direction, where u is the streamwise (X )
velocity component, v is the vertical (Y) velocity component and
w is the spanwise (Z) velocity component. Particle images were
acquired first, and then particle tracks were calculated using
specific processing procedures; based on the tracks, the veloc-
ity components could be approximated on the chosen Cartesian
grid. The TOMO-PTV arrangement consisted of a high-speed
double-pulsed laser, four high-speed cameras in a linear con-
figuration, a timing box (PTU X – for synchronizing the laser
pulses with the image recording) and a PC, all from LaVision
GmbH (Goettingen, Germany). Polyamide particles with a mean
diameter of 50 μm and a density of 1.016 g cm−3 were applied as
the seeding. The laser beam was expanded with volume optics
to a size of X /Y/Z = 127/120/60 mm entering the measurement
region from the top. A mechanical aperture was used for sharp-
ening the edges of the laser volume. Thanks to a relatively
smooth water surface (without waves influencing the quality of
laser lightening), no additional phase interface (e.g. a submerged
glass box as in Lichtneger et al., 2020) was necessary. A single-
frame recording mode was applied with a frame rate of 800 Hz
to achieve sufficiently time-resolved data. Because of the inter-
nal storage capacity limitations of the high-speed cameras (18
GB/cam), the maximum number of frames was 6123, and the
maximum acquisition time was approximately 7.65 s. A detailed
summary of the main technical and measurement parameters
used is presented in Table 1. The laser volume covered 80 mm
upstream and 47 mm downstream of the particle centres. Con-
cerning the spanwise alignment, the particle was sighted in the
centre of the laser volume. A light barrier was mounted 200 mm
downstream of the particle (outside the field of view of all cam-
eras) to trigger the onset of particle movement. This was done
with an A/D electronic device (ADC-250-PCle) for external sig-
nals which was integrated in the timing unit. If the sediment
particle was entrained and crossed the light barrier, a signal
post-triggered the TOMO-PTV measurement system, where a
ring buffer was running. Based on these adjustments, particle
entrainment occurred around frame 5300 or after 6.6 s. A slid-
ing minimum of 7 pixels was subtracted, and the stored images
were normalized with a local average of 300 pixels. Further-
more, Gaussian smoothing over 3 × 3 pixels and sharpening
were applied.

The calibration was carried out with a 3D-calibration plate
(La Vision Type 204-15) consisting of two planes with cal-
ibration markers. The transverse distance between the planes
of the calibration target was 3 mm. A third-order polyno-
mial fit model was applied. The calibration error resulted in
0.26, 0.27, 0.22 and 0.27 pixels for cameras one to four,
respectively. Furthermore, the so-called volume self-calibration,
introduced by Wieneke (2008), was conducted, leading to
reduced calibration errors of 0.01 pixels for each camera. This

Table 1 Laser equipment and additional measurement character-
istics

Parameter Quantity

Laser • LDY PIV laser (Double Cavity High
Speed Laser, Litron)

• 30 mJ output energy
• 527 nm wavelength
• 1000 Hz repetition rate

Four high-speed
cameras

• Imager Pro HS 4M CMOS

• Maximum repetition rate of 1300 Hz
at max. resolution

• Maximum resolution of 2016 × 2016
pixels

• 12-bit digital output
• Pixel size 11 μm

Timing Box • PTU X High Speed
A/D electronic for

external signals
• Type ADC-250-PCle

Calibration target • La Vision Type 204-15
Lenses (#f) • 16
Objectives • 85 mm focal length (Zeiss)
Image Rate • 0.8 kHz
Number of frames per

camera
• 6123

Image Size • 1488 × 1400 pixels
Size of laser volume

X/Y/Z
• 127/120/60 mm

Flow seeding particles • Polyamide particles
• Diameter of 50 μm
• Density of 1.016 g cm−3

Seeding density • 0.04 ppp (particles per pixel)
Particle shift • Maximum 10 voxels (three-

dimensional pixel)
Light barrier • Reflection light barrier Sick WL8

is well below the proposed value of 0.1 pixels (Wieneke,
2008).

The “shake the box” (STB) algorithm was used to determine
the velocities. STB is based on Lagrangian particle tracking
and was introduced by Schanz et al. (2013). Based on the
STB algorithm, it is possible to use seeding densities up to
0.1 ppp (particles per pixel), which is approximately 20 times
higher than for conventional 3D-particle tracking velocimetry
(3D-PTV with 0.005 ppp) and similar to tomographic parti-
cle image velocimetry TOMO-PIV. The computational time is
approximately five to 50 times lower compared to TOMO-PIV.

For calculating the STB, the threshold for particle detection
was set to 30 light intensity counts. To give a reference value,
the average intensity in the measurement volume after image
post-processing was approximately 15 counts. The allowed
triangulation error was set to 1.8 voxels, and the maximum
particle shift was set to 10 voxels. The shake delta was set
to 0.2 voxels, which represents the “shake” distance around
the predicted particle position. With these adjustments, a total
number of approximately 24,000 particle tracks per time step
was achieved. Subsequently, the trajectories were fitted to a
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regular grid with (i) a subvolume size of 64 voxels; (ii) an
overlap of 75%; and (iii) a minimum number of three parti-
cles resulting in a regular grid of a 16 × 16 × 16 voxel or
1.5 × 1.5 × 1.5 mm. The track conversion was calculated with
a second-order polynomial fit at a minimum filter length of three
time steps.

To calculate the uncertainty of the fitted particle tracks to a
regular grid, the “track benchmarking method” introduced by
Schneiders and Sciacchitano (2017) was used. Applying this
method to the recorded data in this paper, the relative uncer-
tainty of all measurements ranged between 0.187% and 0.19%,
0.186% and 0.191%, and 0.332% and 0.385% for the stream-
wise velocity u, the vertical velocity v and the spanwise velocity
w, respectively.

2.2 Threshold conditions of particle entrainment

To determine the threshold conditions of sediment particle
entrainment, a total of 52 experiments were carried out. First, 44
mobilization tests were exclusively used to determine the flow
conditions during entrainment. Therefore, the sediment particle
was placed in the pocket at a constant discharge Q of 19.6 l s−1.
Then, the water level, which was controlled with a tail gate at
the end of the flume, was lowered gradually in steps of 1–2 mm.
It took approximately 30 s to obtain a steady water level after
each lowering step. The water level was then kept constant for
10 min. After a successful particle entrainment experiment the
water level was increased for decreasing the flow velocity. This
made it possible to replace the sediment particle into the pocket
for the next mobilization test. If the sediment particle did not
move within 10 min, the water level was lowered further until
entrainment occurred. The water levels were measured with a
manual gauge at two points in the flume axis, 2.8 m upstream
and 0.8 m downstream of the sediment particle. The differences
in water depths h at the two positions resulted in a deviation of
less than 0.2 mm. The resulting changes in the mean flow veloc-
ity lie within the uncertainty of the PTV measurement system.
The entrainment conditions of the mobilization tests (#44) are
shown in Fig. 2. It can be seen (Fig. 2) that sediment particle
entrainment occurred in a certain range concerning the water
depth h. Overall, the fluctuations of the water depth h during
entrainment, expressed as standard deviation, were ± 2.8 mm
at the same discharge Q, slope S and sediment particle posi-
tions. Based on observations of the preliminary experiments, the
sediment particle movement was characterized as rolling.

A total of eight TOMO-PTV tests (named 1S to 8S) were
carried out, under the same flow conditions regarding discharge
Q, slope S and sediment particle position (marked by crosses in
Fig. 2). The water level h was adjusted to the mean water level
h̄ resulting from the mobilization tests (compare to Fig. 2). In
the TOMO-PTV experiments, the time until sediment particle
entrainment was also recorded. In addition to the tests with sed-
iment particle entrainment, another test was conducted without a
sediment particle but under the same hydraulic conditions. This

Figure 2 Summarized sediment particle entrainment tests. Triangles
correspond to the mobilization tests, while the crosses correspond to
the TOMO-PTV tests. Here h (cm) is the water depth and h̄ (cm) the
mean water depth of all conducted tests

test is referred to as the reference case (RF) and allows a com-
parison between the flow with and without sediment particles
(entrainment).

Based on the tests, the following parameters were calculated:
(i) Reynolds number Re = 65,000 (Re = Uh/v); (ii) Froude
number F = 0.48 (F = U/

√
gh); (iii) particle Reynolds num-

ber (Re∗ = u∗d/v); and (iv) Shields parameter θ (θ = τ/(ρs −
ρ)gd). Here, U describes the mean flow velocity, g is the grav-
ity, v is the kinematic viscosity, u∗ is the shear velocity (u∗ =√

τ/ρ) and τ is the bed shear stress (τ = ρgRS). Here, ρw

describes the water density and R describes the hydraulic radius.
The water temperature was measured during the experiments,
resulting in v = 1.01 × 10−6 and density ρ = 998.21 kg m−3.
The density of the sediment particle ρs was assumed to be
2650 kg m−3. Table 2 shows the flow conditions of the RF and
the tests with sediment particle entrainment (S), measured with
TOMO-PTV, at the highest and lowest water depths marked
with the “upper” and “lower” limits in Table 2.

Based on the calculated particle Reynolds number Re∗ ∼
218 (Table 2), the critical Shields parameter was approximately
θc = 0.03 according to the Shields diagram (Shields, 1936). The
calculated Shields parameters θ were approximately 10 times
lower (Table 2). In this paper, a smooth flume bed was used, and
the sediment particle was exposed to the flow. The applicability
of the Shields criterion might be questioned, but it is given here
for comparison with other studies.

3 Turbulence statistics and implementation of POD

As shown in Fig. 1, the “investigation volume” for calculating
the POD had a length in the streamwise direction (X ) of 70
mm and a width in the spanwise direction (Z) of 30 mm. The
upstream distance between the particle and the downstream end
of the investigation volume for the POD calculation is equal to
the length of the particle in the streamwise direction. This dis-
tance was chosen to avoid any influence, such as deceleration,
upstream of the particle in the “investigation volume” and was
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Table 2 Summary of the flow conditions, where Q is the discharge (l s−1), h is the water depth (cm), U is the mean
streamwise velocity (m s−1), τ is the shear stress (N m−2), u∗ is the shear velocity (m s−1), θ is the dimensionless Shields
parameter and Re∗ is the particle Reynolds number

Q (l s−1) h (cm) U (m s−1) τ (N m−2) u∗ (m s−1) θ (–) Re∗ (–)

RF 19.6 12.6 0.52 0.336 0.0183 0.0031 217.6
S lower limit 19.6 12.3 0.53 0.331 0.0182 0.0030 216.1
S upper limit 19.6 12.7 0.51 0.337 0.0184 0.0031 218.0

also used by e.g. Dwivedi et al. (2010, 2011) and Schmeeckle
et al. (2007). Based on the investigations of Schobesberger et al.
(2020), coherent structures, during particle entrainment, had a
vertical extension of approximately Y/h = 0.6. This vertical
extension was also used for tests in this paper.

3.1 Turbulence statistics

To compare the flow with existing literature, e.g. Nezu and
Nakagawa (1993), double averaged time and spatial turbulence
intensities σ of the streamwise 〈σu〉, vertical 〈σv〉 and spanwise
〈σw〉 velocities components were calculated. Time averaging
was performed over the whole measurement period, while spa-
tial averaging was calculated in the streamwise X direction and
spanwise Z direction in the investigation volume. The turbu-
lence intensities 〈σu,v,w〉 were normalized with the shear velocity
u∗ (Fig. 3).

Figure 3 shows the experimental normalized turbulence
intensities 〈σu〉/u∗, 〈σv〉/u∗ and 〈σw〉/u∗ compared to the empir-
ical investigations of Nezu (1977), which are well accepted in
the field of open channel flows. The dashed lines in Fig. 3 rep-
resent the semi-theoretical curves from Nezu (1977). While the
normalized turbulence intensities in the streamwise and span-
wise directions are in the range of the determined values of
Nezu (1977), the vertical turbulence intensities in the range of
Y/h = 0 to 0.2 are lower. A reason for the lower values concern-
ing the vertical turbulence intensities closer to the bed might
be that in this region, the growth of eddies is influenced by the
flume bed. Similar observations were made by Bagherimiyab

Figure 3 Turbulence intensities normalized with the shear velocity
u∗ of all tests (RF and 1S to 8S) measured with TOMO-PTV. Grey,
red and blue symbols correspond to 〈σu〉/u∗, 〈σw〉/u∗ and 〈σv〉/u∗,
respectively. The symbols describe the conducted tests RF, 1S to 8S
and are explained in the legend. The dashed lines correspond to the
semi-theoretical curves of Nezu (1977)

and Lemmin (2018) and Dwivedi et al. (2011). The cumu-
lative moving average was calculated to verify the velocity
averages. At two chosen points located in the measurement vol-
ume, streamwise velocities were extracted from the reference
test data. The two points were in the middle of the measur-
ing volume regarding the streamwise and spanwise directions
at heights of Y/h = 0.2 and Y/h = 0.6, respectively. For both
points, the fluctuations in the streamwise average values were
less than 0.7% after a time period of 3.75 s. Hence, steady flow
conditions with a time scale < 3.75 s could be assumed during
the tests and at the time of sediment particle entrainment.

3.2 Implementation of proper orthogonal decomposition
(POD)

To calculate the POD, all three velocity components in the
investigation volume were considered in this paper. First, time
averaged velocities U, V and W were subtracted from the
instantaneous velocities u, v and w to achieve instantaneous
fluctuating velocities u’, v’ and w’.

The POD method decomposes velocity data into the so-called
spatial modes φk and temporal modes ak. It uses M snapshots
un of the velocity data on N spatial points. These are combined
as columns in a matrix U leading to U ∈ R

3N×M . To obtain the
spatial modes, the eigenvalue problem must be solved:

R αk = UTUαk = lkαk, (1)

where the eigenvalues lk are arranged in descending order. Due
to this ordering, the lowest order modes describe the highest
amount of the TKE of the snapshots (Holmes et al., 1996).
The computational savings of the snapshot method come into
effect here. The matrix R is in R

M×M , and because M is a much
smaller number than 3N, the eigenvalue problem becomes easier
to solve. The spatial modes are defined as:

φk: =
Uαk

||Uαk|| . (2)

Due to the orthogonality of the eigenvectors αk the spatial
modes form an orthonormal system. The projection Pu of any
given vector u onto the subspace spanned by the spatial modes
can be described by the linear combination:

Pu =
M∑

k=1

bkφk = �b (3)
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where the coefficient vector b is, due to the orthogonality of the
spatial modes, given by:

b = �Tu. (4)

The temporal mode ak for the spatial mode φk is defined as the
kth row of the coefficient matrix A of the snapshot matrix U:

ak := (A)k := (�TU)k. (5)

Using the projection onto the subspace spanned by the spatial
modes one can approximate the entirety of the velocity data,
which leads to a large saving of memory with a minimum of
lost information.

When calculating the TKE within an approximated vector of
velocity data Pu we obtain:

1
2

Pu · Pu = 1
2

M∑

k,i

bkbiφk · φi = 1
2

M∑

k

bkbk, (6)

due to the spatial modes being an orthonormal system. Thus, the
TKE in the kth mode of the vector u is 1/2(bk)

2 and the TKE
in the kth mode for the snapshots is given by half the elemen-
twise square of the kth temporal mode ak. The equations used
in Section 3.2 are based on Holmes et al. (1996) and Sirovich
(1987).

A requirement for the application of the snapshot method is
that the number of spatial points 3N must exceed the number
of snapshots M (Saha et al., 2017; Sirovich, 1987). The num-
ber of used snapshots was M = 613 and the number of spatial
points in the investigation volume was N = 46,483, and thus the
requirement M < N was fulfilled. In this paper snapshots were
extracted from all data Mall = 6123 using an increment of 10.
This was done to reduce the computational effort. The changes
between M and Mall considering the difference in the TKE are
less than 0.6% for the lowest 10 spatial modes.

4 Results

The eight TOMO-PTV tests where sediment particle entrain-
ment occurred are labelled as 1S to 8S. RF represents the
reference case.

4.1 Cumulative and relative energy of the spatial modes

The cumulative TKE and the relative TKE of the spatial modes
were calculated (Eq. 6) over the entire investigation volume for
each test, 1S to 8S and RF (Fig. 4a and b). The number of the
lowest modes containing at least 50% of the cumulative energy
ranges between 5 (for test case 3S) and 12 (for the RF). This is
in line with investigations of Saha et al. (2017). As the lower
spatial modes contain more energy and are related to large-scale
coherent motions (Liu et al., 2001), the mode number (X -axis)
in Fig. 4a and b was restricted to mode 100. For a better visibil-
ity of the data, the X -axis is plotted logarithmically. Figure 4a
shows the cumulative TKE in per cent, and it is visible that all
test cases with sediment particle entrainment 1S to 8S contain
more TKE in the lower modes than the reference case, which is
marked with the dashed line. After approximately 20 modes, the
cumulative energy of the RF exceeds the cumulative energy of
test case 1S, which had the least cumulative TKE compared to
the other tests with sediment particle entrainment.

Figure 4b shows the relative energy of each mode, and it is
visible that the first mode of the test cases with sediment par-
ticle entrainment (1S–8S) contains more TKE compared to the
RF. The amount of TKE of the first mode varies between 23 and
39% for the test cases with sediment particle entrainment, while
the first mode of the RF covers just 17% of the total TKE. Fur-
thermore, it is visible that during the first five modes, the TKE
drops rapidly to less than 3.4% for all cases.

4.2 Temporal modes and energy during sediment particle
entrainment

Based on the results of Fig. 4b, where the first spatial mode for
the tests with sediment particle entrainment covers more energy
than the first spatial mode for the RF case, an investigation of
the first temporal mode was conducted. The temporal modes for
tests 1S-8S were calculated. In Fig. 5, the first temporal mode
a1 is shown, where the vertical dashed line marks the time of
sediment particle entrainment (te). For all tests, except for test
6S, a maximum or local peak in the positive coefficient value
a1,te is visible at the time of sediment particle entrainment. Test

Figure 4 Cumulative TKE (a) and relative TKE (b) of the spatial POD modes for each test and the reference case. The symbols describe the
conducted tests RF, 1S to 8S and are explained in the legend. A logarithmic scale is used
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Figure 5 First temporal mode a1 of the tests with sediment particle entrainment (a) 1S, (b) 2S, (c) 3S, (d) 4S, (e) 5S, (f) 6S, (g) 7S and (h) 8S. The
dashed line marks the time of entrainment (te)

Figure 6 Summed turbulent kinetic energies (TKE) for the first five modes M (black lines) of the tests with sediment particle entrainment (a) 1S,
(b) 2S, (c) 3S, (d) 4S, (e) 5S, (f) 6S, (g) 7S and (h) 8S. The grey shaded area shows the TKE contribution of only the first temporal mode M. The
dashed line marks the time of entrainment (te)

6S is an exception. Here, the coefficient value a1,te of the first
temporal mode a1 is close to zero.

The turbulent kinetic energies of the first five temporal modes
were calculated based on Eq. (6) to compare the proportions of
the temporal modes. Figure 6 shows the turbulent kinetic ener-
gies for the first temporal mode (grey shaded area) as well as the

cumulative energy of the first five temporal modes (solid line)
for all tests. It is visible that for all tests, except for test 6S, par-
ticle entrainment again occurred at a peak value regarding the
cumulative TKE (black line in Fig. 6). This is not surprising,
as the first spatial mode covers the most energy, and sediment
particle entrainment appeared at positive peak coefficient values
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of the first temporal mode (Fig. 5). In Fig. 6, it is visible that
for these tests, the TKE of the first temporal mode more or less
covers the entirety of TKE of the first five temporal modes at
the time of sediment particle entrainment. Instead of the high
peak events during particle entrainment observed in Fig. 5 for all
tests, except for test 6S, the TKE of the first five temporal modes
shows peak events but not the maximum TKE containing events
at particle entrainment. Only test 5S shows a maximum peak
regarding the TKE at the time of sediment particle entrainment.
For test case 6S, the TKE hardly contributes to the cumulative
energy of the first five modes at sediment particle entrainment.
By comparing the peaks of the negative coefficient values of the
first temporal modes in Fig. 5 with the peaks of the cumulative
turbulent kinetic energies in Fig. 6, it becomes evident that the
negative peaks regarding the first temporal modes match with
the highest peak events concerning the cumulative turbulent
kinetic energies.

To investigate which temporal mode contributes the most to
the TKE at sediment particle entrainment, Table 3 compares the
contribution of the individual temporal modes to the cumula-
tive TKE of the first five temporal modes. The first temporal
mode covers, except for test 6S, more than 79% of the cumula-
tive TKE based on the first five temporal modes. Test 4S shows
the highest proportion of mode 1 with 96.20%. An exception
concerning the distribution of the TKE is test 6S. Here, the first
temporal mode contains only 0.37% of the cumulative TKE,
while the second and fourth temporal modes are dominant with
27.03 and 65.78%, respectively.

4.3 Quadrants during sediment particle entrainment over
time

To link the coherent structures with the TKE, quadrant anal-
ysis was used. The quadrant analysis was performed based

on two different input vector fields in the investigation
volume.

(1) The quadrant distribution in the investigation volume was
conducted based on the Reynolds decomposed velocities
(velocity fluctuations) u’, v’ and w’ of the original vector
fields for each test case 1S to 8S.

(2) The velocity vector field of the investigation volume was
approximated (Eq. 3) based on the first five POD modes for
each test case, and quadrant analysis was conducted. The
results of the approximation were velocity vector fields con-
taining approximately 50% of the TKE. Therefore, the POD
method can also be seen as a lowpass filter because it selects
flow structures containing a certain minimum amount of
TKE for further investigations.

The different quadrant distributions, either based on the origi-
nal Reynolds decomposed velocity vector fields (REY) or based
on the approximated POD vector fields including the first five
modes, are listed in Table 4 for each test case at the time
of sediment particle entrainment. Here, the quadrant distribu-
tions define how much each single quadrant covers from the
investigation volume.

The quadrant distributions of the Reynolds decomposed test
cases show that at the time of sediment particle entrainment,
mainly QI and QIV events are dominant. For all tests, except
for test 6S, QIV motions are present at the time of sediment par-
ticle entrainment, covering at least 48.8% (test 1S) of the whole
investigation volume. Outward interactions QI, at a minimum
of 20.4% (test 8S) and a maximum of 43.9% (test 1S), were
observed at sediment particle entrainment. Except for test 6S,
these two quadrants cover a minimum of 90.3% (test case 3S)
and a maximum of 99.9% (test case 7S) of the investigation vol-
ume at the time of sediment particle entrainment. In contrast to

Table 3 TKE per temporal mode ak in percent based on the cumulative energy of the first five modes
at the time of sediment particle entrainment (te)

1S 2S 3S 4S 5S 6S 7S 8S

a1,te 90.52 94.23 87.89 96.20 79.03 0.37 79.83 91.34
a2,te 0.61 0.93 10.66 0.17 18.06 27.03 1.66 3.56
a3,te 1.60 0.08 0.03 0.45 0.28 3.96 16.72 1.96
a4,te 7.20 4.00 1.32 3.18 0.10 65.78 1.65 2.35
a5,te 0.07 0.75 0.10 0.00 2.52 2.86 0.13 0.79

Table 4 Quadrant distribution in percent of the investigation volume for (i) Reynolds decomposed velocity vector fields (REY) and (ii) POD
approximated velocity vector fields based on the first five modes for each test case at the time of sediment particle entrainment

1S 2S 3S 4S 5S 6S 7S 8S

REY POD REY POD REY POD REY POD REY POD REY POD REY POD REY POD

QI 43.9 13.8 31.0 13.4 27.4 6.9 22.2 1.9 29.7 10.6 16.0 17.4 22.0 28.2 20.4 1.7
QII 4.9 0.0 0.3 0.0 6.7 0.0 1.4 0.0 4.0 0.9 27.6 58.9 0.1 0.1 0.7 0.2
QIII 2.5 0.9 0.3 0.0 3.0 0.0 2.9 0.0 1.0 0.0 31.6 6.2 0.0 0.0 0.3 0.2
QIV 48.8 85.2 68.4 86.6 62.9 93.1 73.5 98.1 65.3 88.5 24.8 17.6 77.9 71.7 78.6 97.9
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the other tests, where mainly QIV and QI occurred during sedi-
ment particle entrainment, these quadrants covered only 24.8%
(QIV) and 16.0% (QI) for test 6S. During sediment particle
entrainment, quadrants QII and QIII play a minor role, except
for test 6S, where quadrant QII covers 27.6% and QIII covers
31.6% of the investigation volume. For the other test cases, the
percentage of the mentioned quadrants is below 10%.

Considering the quadrant analysis of the approximated vec-
tor fields based on the first five most energetic modes, covering
approximately 50% of the energy, it is visible that the most dom-
inant quadrant of the Reynolds decomposition becomes even
more pronounced in the approximated POD velocity field. For
most test cases, QIV increases. Consequently, the increase in
the proportion regarding the QIV quadrant leads to a reduction

of the other quadrants. The outward interactions of quadrant QI
covered at least 20.4%, which dropped after the approximation
to 1.7% (test 8S). In a similar manner, quadrants QII and QIII
also played a minor role, except for test 6S. Here, the propor-
tion of quadrant QII increased to 58.9% compared to Reynolds
decomposed quadrant QII, where 27.6% was obtained. How-
ever, quadrant QIII was reduced from 31.6% (REY 6S) to 6.2%
(POD 6S).

To link the observed quadrant events with the TKE emanat-
ing from of the first five modes, the quadrant distribution was
calculated over the whole measurement time in the investiga-
tion volume. This makes it possible to evaluate which coherent
structures, described as quadrants, are responsible for high or
low TKE events. Figure 7 shows the TKE progression based

Figure 7 Quadrants QII and QIV plotted as light grey spheres (indicating ejections) and dark grey squares (indicating sweeps); the TKE (m2 s−2)
based on the first five modes is plotted as black solid line in the investigation volume over the measurement period. Time of entrainment is marked
with a vertical dashed line and labelled with te. The right vertical axis related to quadrants, describes the proportion of ejections QII and sweeps QIV
in the investigation volume. (a) 1S, (b) 2S, (c) 3S, (d) 4S, (e) 5S, (f) 6S, (g) 7S and (h) 8S
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on the first five modes in comparison to the occurring fractions
of the quadrant events QII and QIV. There, the quadrant events
are related to the approximated vector fields based on the first
five modes. Since QIV and QII were dominant at the time of
sediment particle entrainment, only these events are shown in
Fig. 7.

During the “highest” peaks concerning the TKE either a large
fraction of QII (light grey line) or a large fraction of QIV (dark
grey line) was present for all test cases. These motions (QII
and QIV) alternated over time. Although the maximum TKE
of the ejections exceeded the maximum TKE of sweeps for all
test cases (except for test 5S), particle entrainment was never
observed during the highest TKE events related to ejections. For
tests 1S, 2S, 4S, 5S, 7S and 8S, sediment particle entrainment
occurred at the highest TKE value during a sweep. Figure 7
shows for the abovementioned tests that sweep motions with
a similar proportion, such as at the time of sediment particle
entrainment but with less TKE in the investigation volume, did
not lead to sediment particle entrainment. In the case of test
3S, the highest TKE peak of a sweep event was observed after
approximately 1.8 s, but entrainment was not observed at that
time. In contrast to the other tests, sediment particle entrainment
in the case of 6S cannot be described with a TKE peak caused by
QIV. This may be due to vortical motions in the flow field dur-
ing sediment particle entrainment, where the quadrant analysis
would result in a more even distribution, and hence dominant
quadrant events such as sweeps would not be observed.

4.4 Dominant spatial modes at sediment particle entrainment

In summarizing the results, two different modes were dominant
at sediment particle entrainment. As shown in Table 3, for all
tests except for test 6S, most of the TKE is covered by the
first temporal mode, with values of at least 79% during sedi-
ment particle entrainment. In contrast, for test 6S, most of the
TKE (65.78%) was covered from the fourth mode at sediment
particle entrainment. Here, one of the advantages of the POD
method becomes obvious. While the temporal mode provides
information about the TKE content, the spatial modes classify

the signatures of flow structures (Zhong et al., 2012). Hence, it
is possible to visualize the dominant flow structures during sedi-
ment particle entrainment based on the TKE content. To analyse
the different spatial signatures of the abovementioned dominant
temporal modes, Fig. 8 illustrates the fourth spatial mode of test
6S and the first spatial mode of test 8S. Here, test 8S was cho-
sen for comparison because the TKE content of the first mode
corresponds approximately to the average under consideration
for all conducted tests. However, the first spatial mode for all
tests looks similar. The visualized spatial modes in Fig. 8 are
slices through the investigation volume in a streamwise-vertical
plane and in the middle axis of the flume and sediment particle.
The sediment particle is outside of the vector field (investiga-
tion volume) at the horizontal position X /h = 0. In principle,
the coefficient values of the temporal modes define the direc-
tion of the vectors in the spatial modes. Considering the first
spatial mode (Fig. 8b), with positive coefficient values at sed-
iment particle entrainment, a sweep motion with dimensions
larger than the extracted slice was observed. Usually, the first
mode is related to the largest coherent structures in the flow
field (Zhong et al., 2015). The spatial signature of the fourth
spatial mode for test 6S is shown in Fig. 4a. At the time of sed-
iment particle entrainment, the coefficient value of the fourth
mode is negative, which results in a counter-clockwise rotating
(retrograde) vortex, which is marked with an ellipsoid (Fig. 8a).
Between the flume bed and the observed retrograde vortex core,
sweep motions are present. The observed retrograde vortex is
located at the Y/h value of approximately 0.15, which is close
to the outer edge of the logarithmic layer. Furthermore, a shear
layer with an angle of approximately 20° was observed, which
is shown as a line in Fig. 8a.

4.5 Three-dimensional flow structures at sediment particle
entrainment based on the approximated vector fields

The approximated vector fields of the first five modes, cov-
ering approximately 50% of the TKE, were further three-
dimensionally investigated in the whole investigation volume.
For all tests except for test 6S, the first mode contributes the

Figure 8 Comparison of the most TKE modes for test 6S and 8S. In case of 6S (a) the fourth spatial mode is shown and for test 8S (b) the first
spatial mode. Flow direction is from left to right. Note that the reference vector in (a) is double the size of (b)
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Figure 9 Comparison of the coherent structures based on the approximated vector fields between test 6S and 8S. Grey iso-surfaces correspond to
the Qc = 1 (s−2) and the vectors correspond to the approximated fluctuating velocities. Horizontal plane at a height of half the particle diameter (a)
and (b), vertical plane view in streamwise direction one particle diameter upstream of the sediment particle (c) and (d) and 3D view with the flow
direction from left to right (e) and from right to left (f) are shown. (f) shows just one of the two observed structures for a better visibility. Contours
in (a), (b), (c) and (d) show the turbulent streamwise velocity u’ in m s−1. Note, that in (a), (b), (c) and (d) just every second vector is shown and a
reference vector is given

most to the TKE at sediment particle entrainment; only tests 6S
and 8S are shown for comparison in Fig. 9. In Fig. 9, coher-
ent structures are visualized with grey iso-surfaces based on
the Qc in X /Z, Y/Z and the 3D view. The Qc is defined as
1/2(||Ω||2 − ||Sr||2), where Ω is the mean vorticity vector and
Sr is the mean rate-of-strain tensor. The used value of the Qc
is the same for both test cases, i.e. Qc = 1. The vectors in the
X /Z and Y/Z views correspond to the fluctuating velocities after
the approximation. For test 6S, a streamwise elongated structure
rotating in the Y/Z plan is visible at sediment particle entrain-
ment. In contrast, test 8S shows two counter-rotating structures
in the Y/Z plan, which are also elongated in the streamwise
direction but are approximately double the vertical extension of
the observed structure in test 6S. Between the counter-rotating
vortices, the fluid was directed towards the flume bed (Fig. 9d),
resulting in a sweep motion which was further visualized with

the contour corresponding to the streamwise velocity fluctua-
tions u’. The direction of rotation is shown with black vectors
in the Y/Z views of Fig. 9c and d. Both observed structures
are larger than the length of the investigation volume, which is
approximately 0.5 times the water depth (Fig. 9). Furthermore, a
kind of developing or growing effect in the vertical direction Y,
seen in the flow direction, is visible in the 3D views of Fig. 9e
and f. Figure 9f shows only one of the streamwise elongated
structures for better visibility.

5 Discussion

Researchers (Elyasi & Ghaemi, 2019; Liu et al., 2001; Roussi-
nova et al., 2010; Wu & Christensen, 2010; Zhong et al.,
2015) have reported that the first 10 POD modes contain
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approximately 50–60% of the TKE. These studies used the POD
method to investigate large- and very large-scale coherent struc-
tures. The present research showed that 50% of the TKE was
covered by the first five to 12 POD modes (Fig. 4a). This is
in line with the aforementioned references. In the conducted
tests, a steep drop regarding the relative energies (Fig. 4b)
is visible. While the first modes had an energy proportion of
approximately 23–39%, the fifth mode, for example, showed
relative energies of less than 3.5%. This is in accordance with
the observed values of Roussinova et al. (2010) and Wu and
Christensen (2010). Furthermore, the results based on the rela-
tive and cumulative energies for the tests with sediment particle
entrainment in this paper showed that the first mode contained
more TKE than the RF when considering the whole measure-
ment period of the tests (Fig. 4). This leads to the assumption
that large coherent motions are present during the tests with sed-
iment particle entrainment, as the first mode corresponds to the
largest structures in the flow field (Bomminayuni et al., 2011;
Holmes et al., 1996).

When considering the first temporal modes of the tests, sed-
iment particle entrainment was observed mostly during a peak
of the normalized coefficient value and the consequent TKE.
The first temporal mode covered at least 79% considering the
cumulative TKE of the first five modes (Table 3). This was
the case for all tests except for test 6S. Here, the fourth tem-
poral mode contained the most TKE, which will be discussed
later. The quadrant analysis was conducted based on the approx-
imated vector fields with the first five spatial modes to link
the energy peaks with outward interactions QI, ejections QII,
inward interactions QIII and sweeps QIV. For all tests, except
for test 6S, sweeps with a proportion of at least 71.7% in the
investigation volume were present at the time of particle entrain-
ment (Table 4). Ejections and sweeps were alternating during
the measurement period and correlated well with the peaks of
the TKE (Fig. 7). During the highest TKE events, ejections
were present (except test 5S), but they played no role regard-
ing sediment particle entrainment, while the highest TKE peaks
related to a sweep, initiated sediment particle motion. Zhong
et al. (2015) used the snapshot POD method for the investiga-
tion of LSM and VLSM based on 2D-PIV measurements in a
smooth channel flow and found that peaks of the first temporal
POD mode show dominant sweeps or ejections in the corre-
sponding fluctuating velocity fields. If there was a positive peak,
the fluctuating flow field was dominated by sweep events. Ejec-
tions were mainly observed at negative peaks of the temporal
mode (Zhong et al., 2015). Similar observations have been made
in our investigations. The results in this paper and from Zhong
et al. (2015) show that peaks in the temporal modes, which are
also peaks concerning the TKE in the flow field, contribute to
positive Reynolds stress events (sweeps and ejections). This is
in line with the observations of Liu et al. (2001), where based
on low-order eigenmodes containing 50% of the TKE, the flow
field contained approximately 2/3 to 3/4 of the total Reynolds
shear stress.

The first and (except for test 6S, which is an exception) the
fourth spatial modes contributed the most to the TKE during
sediment particle entrainment; however, they showed two dif-
ferent signatures (Fig. 9). While sweep events were detected
by the first spatial mode for all cases during sediment particle
entrainment, the fourth mode consisted of a spanwise vor-
tex (for tests 3S, 6S, 7S and 8S). In the case of test 6S, the
fourth mode covered the most TKE at sediment particle entrain-
ment. At that time, the flow field in the investigation volume
consisted of a counter-clockwise rotating vortex (retrograde vor-
tex). Natrajan et al. (2007) observed that retrograde vortices
are common at the edge of the logarithmic layer Y/h = 0.2
and are often paired with prograde vortices (clockwise rotating
vortices), which can be interpreted as signatures of so-called
hairpin vortices. In the case of test 6S, the observed retro-
grade vortex at sediment particle entrainment is at Y/h = 0.15.
A shear layer with an angle of approximately 20° was observed
above the retrograde vortex. This angle is close to the observed
angles of Adrian et al. (2000) during a passing hairpin vor-
tex in the flow field. Beneath the retrograde vortex sweeps and
outward interactions were present in test 6S at sediment par-
ticle entrainment. Shih et al. (2017) and Wu and Shih (2012)
postulated that these quadrant events are responsible for sin-
gle particle entrainment and are caused by a retrograde vortex
in the flow field. Schobesberger et al. (2020) observed similar
signatures in the flow field during sediment particle entrain-
ment and showed that quadrant events akin to Wu and Shih
(2012) were present during passing hairpin vortices at parti-
cle entrainment. Although the TKE in test 6S was lower than
the other tests, sediment particle entrainment occurred. The rea-
son for this could be the observed retrograde vortex (Fig. 8a)
and the vortex tube (Fig. 9a, c and e), which possibly had
a similar effect on sediment particle entrainment as the TKE
peaks caused by sweeps. Therefore, it can be hypothesized that
sediment particle entrainment was initiated by the observed
vortex tube.

Based on Fig. 7, fluctuating sweeps and ejections covering
the whole investigation volume during the measurement period
were present. Similar alternating large-scale sweep and ejection
events were found by Nakagawa and Nezu (1981), Shvidchenko
and Pender (2001) and Zhong et al. (2015). These researchers
hypothesized that alternating large-scale sweeps and ejections
are signatures of VLSMs with sizes in the streamwise direction
greater than 2–3 times the water depth, forming large counter-
rotating streamwise tubes (with rotation in the Y/Z direction).
VLSMs oscillate in the spanwise direction and are responsible
for large sweep and ejection events related to a plane or in the
streamwise/vertical slice (measured with free surface PTV and
2D-PIV from Tamburrino & Gulliver, 2007; Zhong et al., 2015).
Similar observations were made by Cameron et al. (2017), who
showed that streamwise velocity fluctuations are correlated with
repeating counter-rotating vortices or patterns that are related to
VLSMs. Furthermore, Cameron et al. (2019) conducted experi-
ments to investigate the influence of VLSMs on the drag force
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of immobile spherical particles with different protrusions used
as roughness elements in open channel flows. Therefore, pre-
multiplied spectral analyses were used, resulting in a bimodal
shape of the drag force fluctuations, where a low-frequency
and a high-frequency spectral peak were observed. As the low-
frequency peak was related to high coherence between the
drag force and the streamwise velocity components, Cameron
et al. (2019) postulated/suggested that this was because of
VLSMs. Based on the results of Cameron et al. (2019), VLSMs
should be considered regarding sediment particle entrainment.
The methods used by Cameron et al. (2017) and Cameron
et al. (2019), such as spectral analysis and two-point correla-
tion, provide important statistical information about the exis-
tence and influence of VLSMs on immobile particles. However,
these methods are not suitable to investigate the instantaneous
behaviour of VLSMs during sediment particle entrainment.
To detect these three-dimensional vortical motions, appropriate
measurement systems that are able to resolve three-dimensional
velocity fields in a volume are necessary. The TOMO-PTV
system and the POD method used for the present investiga-
tions were able to collect the needed three-dimensional data.
Information about the shape and behaviour of the observed
structures in a three-dimensional context during sediment par-
ticle entrainment could be gathered. Zhong et al. (2015) noted
that the first POD mode is related to VLSMs, which he termed
super-streamwise vortices. Signatures of VLSMs, such as those
from Tamburrino and Gulliver (2007), Zhong et al. (2015) and
Cameron et al. (2017), were found at sediment particle entrain-
ment in all cases (except for 6S) in the present study. Two
counter-rotating vortical structures elongated in the streamwise
direction were present (Fig. 9) during sediment particle entrain-
ment. The fluid in between the two counter-rotating vortices
was transferred towards the flume bed causing a sweep motion.
In Fig. 9f, the counter rotating streamwise vortex pairs have
a vertical extent of approximately Y/h = 0.2. This is consis-
tent with the findings of Balakumar and Adrian (2007) where
the wavelengths of VLSMs exist approximately to the edge of
the logarithmic region. However, based on the restricted inves-
tigation volume a visualization was just partly possible. The
observed structure in Fig. 9f was stable over a time period of
approximately 0.7 s, which can also be seen in Fig. 7h, where
the sweep motion was present in the investigation volume. This
can be seen as a result of the counter rotating vortices observed
in this paper and e.g. from Zhong et al. (2015). Estimating
the streamwise extent of the approximately 0.7 s long stable
structure with the mean streamwise velocity U would lead to
a length of approximately three times the water depth. Based
on the partly visualized signatures and the estimated length
( ∼ 3h), the observed structures in Fig. 9f might be part of a
VLSM. At sediment particle entrainment, the TKE peak was
caused by a sweep event. It is well accepted that sweep motions
correspond to higher drag forces (Schmeeckle et al., 2007)
and impulses (Dwivedi et al., 2011), which underlines their
importance.

6 Conclusion

Under the given experimental design, the following conclusions
can be drawn.

• During the tests with sediment particle entrainment the first
temporal modes contained more relative TKE than the refer-
ence case.

• At sediment particle entrainment, the first temporal modes
showed positive peak values except for test 6S. Compared to
the TKE contained in the first five modes, the first mode dom-
inated from at least 79% up to 96% of the TKE proportion.
For test 6S, the fourth mode was dominant at sediment par-
ticle entrainment, showing a retrograde vortex in the spatial
mode.

• It was found that during high TKE events, ejection and sweep
events were mainly evident in the flow field, covering up to
100% of the investigation volume. These opposite quadrant
events alternated over time. Ejections were responsible for the
highest TKE peaks during the measurement period, but they
did not lead to particle entrainment. Although the maximum
TKE peaks evoked by sweeps are smaller than the ejection
TKE peaks, sweeps were responsible for sediment particle
entrainment.

• Streamwise elongated counter rotating vortices were found
based on the approximated vector fields during sediment par-
ticle entrainment. Based on their direction of rotation fluid
was transferred towards the bed and a sweep emerged. Based
on the observed signatures a VLSM during sediment particle
entrainment can be suggested.

• For test 6S, sediment particle entrainment was caused by a
retrograde vortex or vortex tube containing less TKE in the
lower modes compared to the other test cases. This leads
to the hypothesis that these vortical motions have a similar
influence on sediment particle entrainment.
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Notation

A = streamwise length of sediment particle (m)
B = vertical length of sediment particle (m)
b = coefficient vector (m s−1)
C = spanwise length of sediment particle (m)
d = particle diameter (here the average of A, B and C was

used) (m)
F = Froude number (–)
g = gravity (m s−2)
h = water depth (m)
h̄ = mean water depth (m)
M = number of snapshots (–)
N = number of spatial points (–)
P = depth of pocket (m)
Q = discharge (l s−1)
Qc = Q-criterion (s−2)
R = hydraulic radius (m)
Re = Reynolds number (–)
Re∗ = particle Reynolds number (–)
S = slope (%)
Sr = mean rate-of-strain tensor (s−1)
U = mean flow velocity (m s−1)
u = instantaneous streamwise velocity (m s−1)
u’ = streamwise velocity fluctuations (m s−1)
u∗ = shear velocity (m s−1)
V = mean vertical velocity (m s−1)
v = instantaneous vertical velocity (m s−1)
v’ = vertical velocity fluctuations (m s−1)
W = mean spanwise velocity (m s−1)
w = instantaneous spanwise velocity (m s−1)
w’ = spanwise velocity fluctuations (m s−1)
X = horizontal or streamwise coordinate (m)
Y = vertical coordinate (m)
Z = spanwise coordinate (m)
ak = temporal modes (m s−1)
θ = Shields parameter (–)
θc = critical Shields parameter (–)
lk = eigenvalues (m2 s−2)
v = kinematic viscosity (m2 s−1)
ρ = water density (kg m−3)
ρs = sediment particle density (kg m−3)
σi = turbulence intensities of velocity components (m s−1)
τ = shear stress (N m−2)
φk = spatial modes (–)
Ω = mean vorticity vector (s−1)
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