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ABSTRACT
This paper presents a Lagrangian laboratory study of the passive tracer transport in and around a lateral, open-channel (square) cavity. Using
3D-particle tracking velocimetry (PTV), the trajectories of neutrally buoyant seeding particles are measured and analyzed to investigate the
processes governing the particle exchanges between the cavity and the adjacent main stream for a selected subcritical flow condition. The
tracked particles are classified using a Lagrangian approach based on their start and end positions, i.e., the cavity or the main stream region.
Next, the spatial distribution of the particles at the main stream–cavity interface is analyzed to distinguish the typical transport processes of
the different particle classes and identify preferential zones of net particle inflow, net particle outflow, and local zigzagging across the interface.
Finally, this paper investigates the influence of the zigzag motion of particles on the (net) mass exchange coefficient. Derived from the same
3D-PTV dataset, a comparison between the common Eulerian (velocity-based) and Lagrangian mass exchange coefficients suggests that the
transverse velocity method overestimates the net exchange significantly because of the particle zigzag motions.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0030922., s

I. INTRODUCTION
A. Context

An open-channel lateral cavity is a semi-enclosed embayment
adjacent to a main stream (e.g., a fluvial or coastal current) flow-
ing past its open end. Such lateral embayments can be subdivided
into three main categories depending on the presence and influ-
ence of cavities located upstream or downstream from the stud-
ied embayment: (a) isolated cavities (studied in the present paper
and, e.g., Refs. 1–5), (b) a series of lateral cavities with a par-
ticular spacing and present in either or both of the main chan-
nel sidewalls (e.g., Refs. 6–8), and (c) cavities located between two
consecutive groynes (e.g., Refs. 9–13). The present paper stud-
ies an isolated cavity of type (a), in which no other cavity influ-
ences the approaching flow in the main channel such that the
upstream part of the main stream is directed parallel to the side-
walls of the main channel. Such isolated lateral embayments can
be formed naturally, e.g., oxbows, cut-off meanders, and natu-
ral irregularities of the banks, or by human interventions, e.g.,

turning basins in waterways, harbors, docks, marinas, and entrances
to locks.

B. State of the art: 3D flow field
Research on lateral cavities often considers basins with a sim-

plified planform geometry, e.g., a rectangular or, as in the present
case, square shape. Numerous researchers have studied the 3D flow
pattern inside the cavity2,3,14,15 and the coherent turbulent structures
that arise at the interface between the main stream and the cav-
ity.3,14,16–19 Figure 1 gives a schematic overview of the main flow phe-
nomena, detailed below, in and around such a simplified (square)
lateral embayment.

Within a square or quasi-square shaped cavity, a single main
gyre occupies almost the whole of the cavity area, in addition to
smaller gyres in the corners of the cavity.20 Additionally, the flow
pattern within the cavity is characterized by the so-called tea leaf
paradox:2,21–23 a spatially varying pressure field drives a radial inflow
near the bed of the cavity, which is converted to vertical upwelling
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FIG. 1. Schematic of the flow phenomena typically present in the hydrodynamics
of a lateral (square) cavity. The displayed flow pattern is based on the existing
knowledge present in the literature. The red dotted curve stands for a typical main
stream-to-cavity particle trajectory, while the plain red curve stands for a typical
cavity-to-main stream trajectory.

close to the center of the embayment. In the vicinity of the free-
surface, the fluid spreads radially outwards and finally flows back
to the bed near the cavity walls, as such closing the recirculation
loop driven by this secondary recirculation. At the main stream–
cavity interface, the strong horizontal velocity gradient between the
bulk velocity of the main stream and the low-velocity zone inside the
cavity generates a mixing layer that governs the mass and momen-
tum exchange between both regions.14,24,25 Coherent vortices are
shed periodically from the upstream corner of the interface, which
are advected along the mixing layer until they impinge upon the
cavity wall near the downstream corner.15,17–19,26–28 The impinge-
ment point being slightly inwards with respect to the downstream
corner of the cavity indicates a time-averaged transverse deflection
(Fig. 1) of the mixing layer’s centerline,2,14 of which Refs. 2 and 5
showed that the mixing layer is injected back into the main stream
after impingement just inward to the downstream corner. As a final
important hydrodynamic aspect of the flow field with lateral cavi-
ties, both experimental2,14,16,29 and numerical3,11,30 results suggested
that inflow into the cavity (from the main stream) is mostly con-
centrated in the downstream end of the interface close to the bed. In
contrast, outflow out of the cavity was found to be more pronounced
in the upstream part of the interface close to the free-surface (see
Fig. 1).

C. State of the art: Mass and passive tracer transport
Given the large spatial extent of river systems, modelers of

mass and/or passive tracer transport in rivers often adopt 1D
approaches.31–35 To account for the presence of lateral cavities in
rivers, Ref. 33 suggested the so-called first order mass exchange
model, in which the typical cross section of a river is divided into
two distinct zones: the main stream and the laterally connected
dead zone(s). In Hays’ model, the mass exchange rate between these
two zones is considered to be governed by the transverse velocity
components across the main stream–cavity interface and param-
eterized by a single Entrainment or Exchange velocity, denoted E.

The time-average of E (denoted E in this paper) is then used to
describe the tracer concentration evolution in each zone with a sep-
arate (partial) differential equation. Reference 33 proved that the
combined system of these two equations better approximates the
observed skewness of the longitudinal concentration distributions
in the field compared to the classical advection–dispersion equation
used by, e.g., Refs. 31 and 36. Moreover, Ref. 37 formulated the so-
called entrainment hypothesis, which relates E to the bulk velocity
Ub of the main stream using the non-dimensional mass exchange
coefficient k by

E = kUb. (1)

In the literature, the mass exchange coefficient k has been quanti-
fied for various geometries and flow configurations, usually adopting
one of the two main methodologies presented here. First, Ref. 38
proposed the so-called transverse velocity method to estimate k, in
which the time-averaged exchange velocity E(z) at elevation z above
the bed is quantified by integration of the absolute transverse (nor-
mal to the interface) velocity component over the length of the main
stream–cavity interface located at y = 0 (Fig. 2),

E(z) =
1

2L ∫
L

0
∣v(x, z, t)∣dx, (2)

where v(x, z, t) is the instantaneous transverse velocity component
(along the y axis, perpendicular to the main stream) at time t, lon-
gitudinal position x (aligned with the main stream), and elevation
z; L equals the length of the (rectangular) cavity opening in the lon-
gitudinal x-direction (Fig. 2); the overbar denotes time-averaging;
and the factor 1/2 originates from the fact that both the in- and out-
flow (positive and negative velocities) are summed in the integral of
Eq. (2). Most experimental studies determined E for a single hori-
zontal plane, either at the free-surface using surface particle track-
ing10 or at a depth considered representative for the depth-averaged
flow field using, e.g., sub-surface particle image velocimetry.39 Sub-
sequently, the velocity-based mass exchange coefficient (denoted kvel
in this work) can be derived from Eqs. (1) and (2).

FIG. 2. Schematic top view (a) and bottom view photograph (b) of the experimental
setup, with the (square) cavity dimensions L and W equal to the width b of the
main channel (0.08 m). The adopted coordinate system in this work is drawn in
red, while the overlapping field of view of the four cameras (mounted below the
flume) is indicated in green and has a longitudinal extent of [ −0.45 < x/L < 1.5]
and transverse extent of [ −0.5 < y/W < 0.65].
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The second, so-called dye release method is based upon an
(image-based) registration of the time evolution of the depth-
averaged dye concentration inside the cavity. Herewith, dye is either
continuously released in the main stream while measuring its accu-
mulation in the cavity39–41 or injected instantaneously within the
cavity while recording the concentration decrease as it is ejected
toward the main stream.9,10,16,38,42 By fitting the time evolution of
the spatially averaged dye concentration inside the cavity to a the-
oretical exponential curve, the mass exchange coefficient (denoted
kdye in this work) is then derived (see Refs. 10 and 39 for more
details).

However, previous research has shown that the discrepancy
between the measured coefficients quantified by these two method-
ologies for the same flow configurations (see, e.g., Table 2 in Ref. 10)
is significant. These inconsistent results are believed to be related
to the simplifying assumptions made by these 2D and/or volume-
averaged approaches, which neglect one or multiple non-steady and
3D characteristics of the mixing layer governing the exchange.

First, both methodologies presume that the mass exchange
intensity does not vary over time (steady-state assumption), whereas
Refs. 14, 17, and 28 (among others) showed that the mixing layer’s
centerline undulates significantly in time. The latter suggests that the
interface separating the unidirectional main stream and the in-cavity
flow field is a time-dependent surface such that transverse veloci-
ties measured at the geometrical interface, at a given time, may be
located at either side of the hydrodynamic boundary. Neglecting
this fluctuating character of the mixing layer, the transverse veloc-
ity method integrates all transverse velocity fluctuations at the geo-
metrical interface, even though they do not necessarily contribute
to fluid or mass being net exchanged. Moreover, Ref. 18 observed
that, whereas the vortex shedding in the mixing layer is highly peri-
odic, the advected vortices enter the cavity intermittently. One of the
major phenomena responsible for mass exchange being aperiodic,
time-averaging of the exchange velocity E to compute kvel seems thus
not the most applicable methodology.

A second important aspect that is not captured by the two
classical mass exchange coefficient methods (kvel and kdye) is the
important 3D character of the flow within the cavity and at the main
stream–cavity interface (see Subsection I B). In particular, previous
studies have indicated a significant spatial variability of the velocities
and tracer concentration within the cavity (see, e.g., Refs. 11, 15, 16,
20, 30, and 43), the latter used for kdye, and the velocities at the inter-
face, used for kvel. Moreover, the transverse velocity method is based
on a fixed and arbitrary chosen cross section at which the transverse
velocity components are integrated, i.e., the geometrical interface (at
y = 0). This neglects the mixing layer deflection toward the embay-
ment (see Fig. 1) and accompanying ejection at the downstream
corner.2,5

To conclude, the hydrodynamic interface between the main
stream and the embayment seems in reality a time-dependent and
3D curved surface. Therefore, the two methodologies used in the lit-
erature to measure the mass exchange coefficient, i.e., kvel and kdye,
seem questionable to reliably quantify the mass exchange between a
main stream and a lateral embayment.

The 3D, intermittent, and undulating character of particle
transport at the interface was explored using a new Lagrangian
methodology by Ref. 5. These authors showed that passive seed-
ing particles can zigzag across the geometrical interface while finally

remaining in the region where they come from (the cavity or the
main stream). To exclude these zigzagging particles that do not con-
tribute to the net exchange, these authors proposed an alternative
Lagrangian mass exchange coefficient based on a statistical analysis
of the measured Lagrangian particle trajectories. Reference 5 sug-
gested that the Lagrangian mass exchange coefficient enables a direct
and physically based evaluation of the net particle exchange between
the cavity and the main stream.

D. Objectives
This paper intends to gain physical insights into the inter-

mittent and spatially varying mass and/or passive tracer exchange
between the cavity and the main stream in subcritical flow condi-
tions, i.e., with a Froude number Fr = u/

√

ghm < 1 in which u is
the velocity of the fluid, g is the acceleration of gravity, and hm is
the (mean) water depth. In particular, the present work focuses on
the particle transport across the main stream–cavity interface to bet-
ter understand the mass exchange processes and quantify the mass
exchange coefficient. Reference 5 proposed a Lagrangian approach
in which particles tracked by three-dimensional particle tracking
velocimetry (3D-PTV) were classified based on their total trajec-
tory path. Their Lagrangian methodology is improved in this work,
and the fine-tuned approach is applied to a higher-quality and larger
dataset obtained by employing an optimized 3D-PTV setup.

Particular effort is given to discern how and where particles
enter or leave the cavity at the geometrical interface. Additionally,
the Lagrangian analysis enables us to distinguish particles that are
net exchanged from particles only zigzagging across the interface
(with no net-exchange). As such, the typical transport processes
of the particles is investigated, in which Lagrangian and Eulerian
results are compared to refine the definition of net exchange of par-
ticles from one region to the other. Finally, a comparison of the
Lagrangian and Eulerian mass exchange coefficients is presented,
in which both coefficients are computed based on the same dataset
obtained through 3D-PTV. As such, this one-to-one comparison
provides a direct measure for the influence of the zigzagging charac-
ter of the particles on the quantification of mass exchange and illus-
trates the hypothesized overestimation of net exchange by a Eulerian
methodology.

II. EXPERIMENTAL APPROACH
A. Experimental setup

The experiments were conducted in the Hydraulics Laboratory
of Ghent University, Belgium, in a small-scale facility specifically
dedicated to 3D-PTV measurements.5 The cavity facility (Fig. 2)
consists of a polycarbonate-walled flume with a total length of 2.5 m
and a rectangular cross section with a width b of 0.08 m. The main
channel is connected to a square side embayment, having a length
L and width W of 0.08 m (Fig. 2). In this work, the right-handed
coordinate system shown in Fig. 2 is adopted, in which the x, y, and
z axes correspond with the streamwise (longitudinal), cross-stream
(transverse), and vertical directions, respectively.

For the current experiments, the bed is almost horizontal (angle
of the longitudinal slope of ≃1○). The mean water depth hm is
defined as the time-averaged water depth in the main stream at a
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longitudinal position x/L = −0.5 in the middle of the flume at y/W
= −0.5, which is set at hm = 0.015 m for the current experiments and
measured using an ultrasound sensor (UNDK 20I6912 S35A; mea-
surement uncertainty <0.5 mm). The streamwise length Li between
the upstream corner of the cavity and the inlet of the flume equals
2 m such that Li/hm ≃ 133. Compared to the suggested relationships
of Refs. 44 and 45 and the criterion Li/hm > 50 of Ref. 9, the inflow
length seems sufficient to expect a fully developed main stream when
reaching the cavity. Although not shown in this paper, it was verified
that the vertical profile of the longitudinal (streamwise) velocity in
the main stream is in good agreement with the theoretically expected
logarithmic law.46,47

An inline mounted pump creates a constant discharge from the
downstream to the upstream reservoir that is measured using an
electromagnetic flowmeter (accuracy of ±0.003 l s−1). The upstream
boundary condition is formed by a rounded transition connecting
the main channel to the upstream reservoir. At this inlet, a hon-
eycomb mesh is installed to break up large flow structures, while
a floating body suppresses surface irregularities due to the hon-
eycomb. The upstream tank is equipped with a cooling system to
ensure a known and constant water temperature during the mea-
surements (20.5 ○C ± 0.5 ○C). The downstream boundary condition
is established by a downstream reservoir with an adjustable and
controlled water elevation.

For the present experiments, the bulk discharge Q = 0.16 l s−1

leads to an average bulk velocity of the main stream Ub = Q/bhm
= 0.13 m s−1. This results in a subcritical Froude number of Fr
= Ub/

√

ghm = 0.35 and Reynolds number of ReDh = DhUb/νf
= 4bhmUb/νf (b + 2hm) ≃ 5900 in the main stream, with g being
the acceleration of gravity, Dh being the hydraulic diameter of the
main channel, and νf = 0.991 × 10−6 m2 s−1 being the kinematic
viscosity of the fluid (water) for an average water temperature of
20.5 ○C ± 0.5 ○C. The low Froude number ensures a very limited sur-
face deformation of the free-surface in the cavity (named seiching),
as investigated by Refs. 48 and 49.

B. Measurement technique: 3D-PTV
1. Details about the 3D-PTV implementation

The particle trajectories and resulting 3D velocity field are mea-
sured using three-dimensional particle tracking velocimetry (3D-
PTV) with (almost) the same setup as adopted by Ref. 5. Therefore,
the interested reader is referred to Ref. 5 for more details about the
design and validation of the 3D-PTV implementation. The 3D-PTV
optical setup comprises four monochrome CMOS sensor cameras
(Basler ace acA1920-155um, IMX174, 10 Bit, 1920 × 1200 pixels2)
mounted below the flume. The cameras are installed in a
(quasi-)square arrangement as suggested by Ref. 50, with an aver-
age vertical distance of 0.47 m to the bed of the flume and an average
viewing angle of 16○ with respect to the centerline of the four camera
viewing directions. Compared to the setup of Ref. 5, the camera-
flume distance of the current setup is reduced to zoom in onto the
horizontal region between −0.45 < x/L < 1.5 and −0.5 < y/W < 0.65
(Fig. 2), i.e., the interface region where fluid and particle exchanges
take place. The resulting average image magnification of 15 pixels
mm−1 ensures a sufficient particle size in the images to detect and
track the particles reliably. Moreover, the cameras are positioned

to prevent the walls of the flume from blocking the view of the
particles close to the cavity walls. This significantly reduces the loss
of particles during tracking and therefore facilitates the Lagrangian
trajectography (see further).

The cameras are synchronized at a frame rate of 100 Hz with a
shutter speed of 1/500 s, which is sufficient for the typical velocities
of the tracer particles during the current experiments. The imaged
volume is lighted from the side by a high-lumen LED panel (Fig. 2)
as a cost-effective solution compared to advanced and specialized
light sources.

The flow is seeded with polystyrene microspheres (material
density of ρp = 1060 kg m−3), with a particle diameter between
160 μm and 212 μm and an average particle diameter of dp
≃ 186 μm. For the present flow conditions, the Stokes number of
the particles equals 0.04 (following the definition of Ref. 51) in the
interface region where the most rapid velocity fluctuations occur (for
details, see Ref. 52). Being well below the threshold value of 0.1, it can
be expected that the tracing accuracy errors are smaller than 1%53

and the particles can thus be considered as reliable flow tracers.
Almost the entire 3D-PTV post-processing is accomplished

using the open source software OpenPTV,54–56 which was originally
developed at ETH Zürich57,58 and is still further being improved
by an international team of developers (including the current first
author). The resulting particle trajectories are then further processed
using in-house scripts, in which a least-squares Savitzky–Golay
smoothing filter59 is applied to the OpenPTV trajectory results.
Herewith, fitting the measured trajectories with a moving third order
polynomial in a window of 5 frames proved successful to obtain
reliable velocities without significant attenuation of the small-scale
particle motions. Next, an advanced trajectory-linking strategy60 is
applied in which a reasonable choice for the maximum gap time
(maximum time to link two broken particle trajectories) is estimated
as 6τK = 0.26 s, with τK being the Kolmogorov time scale of the flow,
corresponding to 26 frames for the current frame rate of 100 Hz.
The distance threshold is set at dmax = 4 mm, which is smaller than
the average particle distance (7.3 mm) during the measurements and
in the range of values recommended by Ref. 60 (estimated to be
6 mm–7 mm for the present case).

After the water depth and discharge are adjusted to the desired
values, sufficient waiting time is considered prior to the measure-
ments to ensure steady-state conditions. Due to constraints in the
transmitting speed between the cameras and the storage device, only
30 s of images can be recorded consecutively at the adopted frame
rate. To obtain convergence of the measured particle exchange char-
acteristics, the flow is reproduced and measured 40 times to obtain a
total measurement time of 20 min. It was verified (see the Appendix)
that these 20 min of measuring are sufficient to ensure convergence
of the time-averaged flow components, to obtain a converged value
of the Eulerian mass exchange coefficient kvel, and to derive a time-
independent distribution of the number of particles in every particle
class.

2. Calibration and validation of the 3D-PTV setup
Prior to the measurements, the 3D-PTV setup is calibrated to

determine a set of camera parameters that describes the mapping
from the detected 2D particle image projections in the (four) cam-
era images to the 3D coordinates of the particles in the scene. For
this purpose, a home-made multi-plane calibration unit is employed
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(for details, see Ref. 5). By combining the calibration targets of five
parallel and horizontal planes distributed over the water column, a
(virtual) calibration grid of 15 × 15 × 5 targets is obtained with an
intermediate spacing of 5 mm in the horizontal direction and 3 mm
in the vertical direction. After fine-tuning of the camera param-
eters, the resulting residual calibration error (defined as by Refs.
2, 5, and 61) equals 0.059 mm. The latter is an order of magni-
tude smaller than the targets’ diameter and thus considered to be
acceptable.

Using the calibrated camera setup, the so-called dynamic
or dumbbell validation2,5,61,62 is adopted to validate the 3D-PTV
obtained particle positions and velocities. Two seeding particles
(polystyrene microspheres with a particle diameter of ≃0.2 mm)
are glued onto the flat, black-coated end of a thin and handheld
rod. The dumbbell rod is moved manually within the measurement
volume with a similar velocity as the particles during the mea-
surements of 2000 images recorded at 100 Hz. Figure 3(a) gives
the distribution of the differences between the measured and fixed
physical (denoted d = 5.05 mm) spacing between the targets. The
mean absolute error (denoted ∣Δd∣) and the standard deviation of
the error on the targets’ spacing (denoted σΔd) equal 0.015 mm and
0.022 mm, respectively, so that σΔd/d = 0.4%. Given that most of
the observed errors are an order of magnitude smaller than the par-
ticle size, the accuracy of particle detection is assumed to be more
than acceptable. Additionally, the dumbbell validation is employed
to estimate the error of particle tracking and the resulting parti-
cle velocities. Since the particles should not move toward or away
from each other, the deviation of their relative velocity from zero
gives a direct measure for the error on the velocities derived from
the tracked particle observations. Figure 3(b) presents the distri-
bution of the relative velocities between the dumbbell targets over
the entire validation dataset (2000 images), of which the absolute
mean (denoted ∣ΔUD∣) equals 0.76 mm s−1 and the standard devi-
ation (denoted σΔUD ) equals 1.4 mm s−1. Compared to the average
velocity of 83 mm s−1 of the dumbbell points, which is representa-
tive for the average velocity of the particles during the experiment,
the mean relative error of the estimated velocities is thus in the
order of 1%.

3. Computation of Eulerian velocity fields
Since the Lagrangian 3D-PTV technique results in individual

3D particle trajectories, a Eulerian description of the (3D) flow field

requires binning of the particle velocities onto a fixed 3D grid cover-
ing the entire cavity and adjacent main stream region. The bin size is
chosen as a compromise between spatial resolution and a reasonable
convergence in most of the bins, in which the latter was verified for
all three velocity components inside the reconstructed volume (see
the Appendix). In this work, the dimensions of the 3D bins equal
Δxbin/L = 0.03, Δybin/W = 0.03, and Δzbin/hm = 0.1 in the x-, y-, and
z-directions (Fig. 2), respectively.

To determine the transverse velocities at the interface (will be
presented in Fig. 7) that are also used for the computation of the
velocity-based mass exchange coefficient kvel, the transverse extent
of the evaluated 3D bins at the interface starts at y/W = 0 and ends
inside the cavity (y/W = Δybin/W = 0.03). The fact that these 3D
bins are completely located at the cavity side of the interface avoids
that the main stream region (with a significantly lower transverse
velocity) affects the derived transverse velocity field.

III. LAGRANGIAN ANALYSIS METHODOLOGY
A. Lagrangian trajectory classification

Although the Lagrangian trajectory analysis adopted in this
work is almost equal to the methodology proposed by Ref. 5, the
Lagrangian classification methodology will briefly be repeated in
the current work for clarity of the present paper. Figure 4 shows
the location of four vertical control sections that are used in the
Lagrangian approach, i.e., (a) a transverse control section Mus
(slightly) upstream from the cavity, (b) a transverse control section
Mds (slightly) downstream from the cavity, (c) a longitudinal control
section Iexch inside the cavity, and (d) the longitudinal geometrical
interface Igeom between the main stream and the cavity.

The Lagrangian trajectory classification consists in evaluating
for every particle trajectory, considered independently, which con-
trol section(s) it intersects. Only trajectories crossing Igeom are pos-
sible exchange candidates, which either cross at least two times Iexch
or two of the cross sections Iexch, Mus, or Mds. As summarized by the
first four rows of Table I, the exchange candidates can be classified
in one of four main particle classes depending on the crossed con-
trol sections, i.e., MM, CC, MC, or CM, in which for each class, the
intersected sections are marked by the symbol X. The two-character
abbreviation of every class corresponds to the region where the tra-
jectory starts and ends for the first and second characters, respec-
tively, in which C stands for the cavity and M for the main stream.

FIG. 3. Relative distribution of (a) the
position error Δd and (b) the velocity
error ΔUD during the dynamic valida-
tion with a fixed dumbbell spacing of
d = 5.05 mm, both depicting the fre-
quency of observations of every interval
during the entire validation measurement
time.
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FIG. 4. Illustrative examples of the measured particle trajectories of each particle
class defined in Table I, along with the four vertical control sections that are used
for the Lagrangian classification methodology (similar to that given by Ref. 5).

Figure 4 motivates that particles that are classified as class CC (green
dashed line), i.e., not leaving the cavity, should cross Iexch twice
(hence 2X in Table I): once before and once after they cross Igeom
(also twice). All particles that belong to class MM or CC cross the
geometrical interface Igeom, but they eventually remain in the region
where they come from (main stream or cavity, respectively) and are
thus not considered as exchange trajectories. These particles should
therefore cross the geometrical interface always an even number of
times (2n × X with n = 1, 2, . . . in Table I). Similarly, the exchanged
particles of classes MC and CM should always cross Igeom an odd
number of times [(2n − 1) × X with n = 1, 2, . . . in Table I].

As will be proven later in this paper, the analysis of the tra-
jectories assigned to class MM (crossing Mus, Mds, and Igeom but
not Iexch) shows that two physical processes can cause their paths to

TABLE I. Classification of particle trajectories based on which control sections they
intersect (indicated by the symbol X). The number of crossings of Igeom is character-
ized by n = 1, 2, . . ., indicating that particles of classes MM and CC always cross
Igeom an even number of times (2, 4, 6, . . .) and particles of classes MC and CM
always cross Igeom an odd number of times (1, 3, 5, . . .). Class MUS comprises all
particles that cross the upstream control section Mus in the main channel, while class
Main represents a subset of Mus including only those particles crossing Mus that never
cross Igeom and remain in the main stream region. The symbol ∗ indicates that the
particles may cross or not cross the considered cross section but that this does not
influence their classification to the specified particle class.

Class Igeom Mus Mds Iexch Net exchange?

MM: main–main 2n×X X X No exchange
CC: cavity–cavity 2n×X 2X No exchange
MC: main–cavity (2n−1)×X X X Exchange
CM: cavity–main (2n−1)×X X X Exchange
MUS ∗ X ∗ ∗ Unknown
Main X X No exchange

intersect the geometrical interface (although combinations of both
are obviously also possible):

1. MM-1 (blue dashed line in Fig. 4): These particles may oscil-
late back and forth across the interface while traveling down-
stream (zigzagging). This is caused by the transverse flapping
of the mixing layer and the advected mixing layer vortices,
i.e., regions of high vorticity resulting in fluctuating transverse
velocities.

2. MM-2 (red dashed line in Fig. 4): The trajectories of these
particles are deflected toward the embayment while traveling
downstream. However, the particles finally escape the cavity
by a local ejection of fluid (and particles) just upstream of the
trailing edge and are injected back into the main stream.

Note that in reality, some exchange candidates are lost during track-
ing and their measured trajectories are too short to classify them in
one of the four main trajectories. A methodology to process these
lost particles will be discussed later in this paper.

In this work, the same locations of Mus and Mds are chosen as
in Ref. 5, i.e., Mus at x/L = −0.025 and Mds at x/L = 1.025, while the
location of Iexch is also fine-tuned based on the flow phenomena gov-
erning the particle trajectories at the interface. To avoid that particles
of class MM-1 (zigzagging) cross Iexch, Iexch is located further inside
the cavity than half of the estimated mixing layer width. Based on
the present Eulerian velocity fields, the half mixing layer width is
estimated to extend over 0.12 W away from the interface following
the definition of the mixing layer width used by Ref. 17. Adding a
safety margin to account for a time-averaged mixing layer deflection
toward the cavity in the downstream part of the interface, y/W = 0.15
is considered to be a suitable position of Iexch in this work. Visual
analysis of the classified trajectories (as in Fig. 4) confirms that this
choice of Iexch is sufficient to avoid that particles coming from the
main stream still escape the cavity after crossing Iexch.

B. Definition of the Lagrangian mass
exchange coefficient

The Lagrangian mass exchange coefficient presented in this
work will be denoted kLagr and is an improved version of the defi-
nition proposed by Ref. 5. It is in agreement with the general ratio-
nale of the mass exchange coefficient given by Eq. (1), i.e., the ratio
between the mass exchanged between the cavity and the main stream
(∼ E) and the mass supplied/discharged by the main stream (∼Ub).
In practice, kLagr is computed by classifying (counting) the 3D-PTV
measured particles based on the trajectory classification of Table I.

First, following the Eulerian definition of the exchange velocity
E [Eq. (2)], the mass being exchanged could be determined by count-
ing all particles that cross Igeom (and dividing by two). However, as
mentioned previously, only the particles that belong to classes MC
and CM contribute to the net exchange. For steady-state conditions
and neglecting particle deposition in the cavity, mass conservation
suggests that these two exchange classes are theoretically equally
numbered. For those idealistic conditions, either one could thus be
used to quantify the Lagrangian mass exchange coefficient. While
the following theoretical derivation of the Lagrangian mass exchange
coefficient will be based on the number of particles of class MC, the
same methodology could be applied adopting the particles of class
CM.
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Second, the mass supplied in the main stream is quantified by
counting all particles that cross the upstream control section Mus
in the main channel and denoted class MUS (Table I). MUS com-
prises both particles entering the cavity (class MC, crossing Iexch) as
well as particles remaining in the main stream (crossing Mds). For
the latter, particles may zigzag across the geometrical interface while
being transported downstream (class MM), or they may never cross
Igeom and remain in the main stream region. These non-zigzagging
particles will be denoted Main and thus only cross Mus and Mds as
detailed in Table I. Similar to the interchangeability of classes MC
and CM, mass conservation in steady-state conditions implies that
the number of particles crossing Mds downstream from the cavity
could theoretically also be used to quantify the mass supplied in the
main stream (but not done in this paper).

In line with Eq. (1), the fundamental definition of the
Lagrangian mass exchange coefficient is given by

k0
Lagr =

#MC/L
#MUS/b

=
#MC/L

(#MC + #MM + #Main)/b
, (3)

in which # denotes the (absolute) number of particles classified to
MC, MUS, MM, or Main for the entire measurement period (20 min
for the present results) and where the exponent 0 refers to the
ideal case in which all particles would be classified. The Lagrangian
mass exchange coefficient thus represents the ratio of the num-
ber of particles entering the cavity to the number of particles sup-
plied from upstream in the main stream. Note that the number of
entering particles is divided by the entrance length of the cavity
(L), while the number of particles supplied in the main stream is
divided by the width of the main stream (b). As such, kLagr is less
geometry-dependent and easier to compare among different flow
configurations. For the specific geometry studied in this paper with
b = W = L, division by L and b cancels each other such that Eq. (3)
reduces to

k0
Lagr =

#MC
#MC + #MM + #Main

. (4)

As indicated above, particles crossing Mus may become lost during
tracking before intersecting either Iexch (to be classified as MC) or
Mds (to be classified as MM or Main) because of suboptimal track-
ing conditions (e.g., image noise, insufficient image contrast, no
visual access close to the walls of the flume, etc.). These trajectories
are too short to be classified and cause that actually #MUS > #MC
+ #MM + #Main. The lost fractions of particles that would have been
classified to classes MC, MM, or Main are further denoted LostMC,
LostMM, and LostMain. The general definition of the Lagrangian
mass exchange coefficient [Eq. (4)] in the case of particle loss then
becomes

kLagr =
#MC + #LostMC

#MC + #MM + #Main
´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶

ideal dataset

+ #LostMC + #LostMM + #LostMain
´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶

with loss of particles

.

(5)
For the ideal dataset [Eq. (4)], no particle is lost and all particles
crossing Mus are either categorized in classes MC, MM, or Main such
that k0

Lagr = kLagr . For actual experiments, however, loss of particles
during tracking always occurs.

To compute kLagr based on Eq. (5), LostMC, LostMM, and
LostMain need to be quantified. For this purpose, two possible

strategies A and B will be followed in this work, of which the result-
ing Lagrangian mass exchange coefficients will be denoted kLagr ,A
and kLagr ,B, respectively.

1. Strategy A
In the first strategy, it is assumed that the lost particles have sta-

tistically the same behavior as the classified particles so that remov-
ing the contribution of lost particles in Eq. (5) does not modify kLagr .
In that case, the contribution of LostMC, LostMM, and LostMain can
be neglected such that Eq. (5) simplifies to Eq. (4). The resulting
Lagrangian mass exchange coefficient is denoted kLagr ,A. This sim-
plification is only valid if the probability of loss is equal for particle
classes MC, MM, and Main, which may not necessarily be true due
to their different transport behavior. Herewith, particle classes with
zigzagging trajectories may be more challenging to track such that
MC and MM may be more likely to be lost compared to Main.

2. Strategy B
The second strategy consists of trying to classify all lost par-

ticles within the three possible categories (LostMC, LostMM, and
LostMain). This is done by estimating the relative distribution of
all non-classified particles of class MUS to the fractions LostMC,
LostMM, or LostMain based on the statistics of the unambiguous clas-
sified particles (MC, MM, and Main). In this work, the lost particle
trajectories crossing Mus are classified based on their final position
during tracking (just before being lost) with the following strategy:

First, we subdivide the region where particles may become
lost into multiple subregions, in which this total region of inter-
est is comprised between Mus, Mds, and Iexch. For each subregion,
the number of classified particles of class MUS (MC, MM, or
Main) passing through this subregion is counted. In theory, 3D vol-
umes with a vertical extent smaller than the water depth could be
employed to include the variability of the particle class distribution
with elevation above the bed. However, this work uses 2D volumes
covering the entire water column (thus only defined by horizontal
extents along x and y axes) to ensure that enough classified particles
pass through each subregion. The idea is to determine the probabil-
ity that a particle passing through a specific subregion corresponds
to class MC, MM, or Main, which is estimated based on the class
distribution of the known and classified particles of class MUS. For
a given subregion i, these estimated probabilities are denoted Pi, MC,
Pi, MM, and Pi, Main for classes MC, MM, and Main, respectively, in
which Pi, MC + Pi, MM + Pi, Main = 1. Next, the lost particles with a
final tracked position in subregion i (denoted Losti) are distributed
among the three classes LostMC, LostMM, and LostMain according to
the estimated probabilities. After applying this methodology for all
subregions i = 1 . . . N, with N being the total number of subregions
in which the region of interest is subdivided, the total number of lost
particles of classes LostMC, LostMM, and LostMain is found by

#LostMC =
N

∑

i=1
Pi, MC × #Losti,

#LostMM =
N

∑

i=1
Pi, MM × #Losti,

#LostMain =
N

∑

i=1
Pi, Main × #Losti.

(6)
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Finally, combining these estimated particle classes for the lost par-
ticles with the known (unambiguous) classes MC, MM, and Main
gives the second Lagrangian mass exchange coefficient kLagr ,B based
on Eq. (5).

IV. RESULTS AND DISCUSSION
A. Particle trajectory classification

Table II gives for the current experiments the number of parti-
cles classified to the four main classes (MM, MC, CC, and CM). The
first row of Table II represents the absolute number of particles (#),
and the second row gives the relative number of particles (#rel). The
latter expresses the absolute number of particles (#) of every class as
a fraction of the number of particles coming from Mus and cross-
ing Igeom (2210 particles in the present experiment) for classes MC
and MM and as a fraction of the number of particles coming from
Iexch and crossing Igeom (787 particles in the present experiment) for
classes CC and CM.

In the case of neutrally buoyant particles and steady-state con-
ditions, continuity implies that the number of particles of class MC
(entering the cavity) and class CM (leaving the cavity) should the-
oretically be equal. In practice, however, some particles settle in
low-velocity regions, which is the result of their material density
ρp = 1060 kg m−3 being slightly larger than ρf = 998 kg m−3 of water
at 20.5 ○C ± 0.5 ○C (Sec. II A). In the present experiment, deposi-
tion of particles mainly occurred in the low-velocity core region of
the cavity and within the low-velocity core of a secondary vortex at
the upstream corner of the cavity next to the geometrical interface.
These settled particles caused the number of particles entering the
cavity (MC) to be larger than the number of particles leaving the
cavity (CM). Moreover, these settled particles locally complicate the
particle tracking by creating light reflections, causing false matches
and blocking the view on particles floating above. Compared to the
particles of class MC that mainly entered the cavity in regions with
high velocities where almost no deposition took place, a significant
number of particles of class CM were transported across or close to
these low-velocity deposition areas. The more challenging tracking
of particles of class CM results in more CM-particles to be lost, hence
#CM = 528 < #MC = 1112.

While particle loss could not be completely avoided, improv-
ing the setup and 3D-PTV processing (fine-tuning of the tracking
parameters) compared to Ref. 5 enabled to reduce the number of
particles being lost compared to their preliminary results. Without
particle loss, the sum of the relative number of particles coming from

TABLE II. Number of particles classified in each of the four main classes of the pre-
sented trajectory classification. The first row (#) indicates the absolute number of
particles in each class, while the second row (#rel ) gives the number of particles as a
fraction of the number of particles coming from Mus and crossing Igeom for classes MC
and MM and as a fraction of the number of particles coming from Iexch and crossing
Igeom for classes CC and CM.

MM MC CC CM

# 495 1112 60 528
#rel 0.22 0.50 0.08 0.67

the main stream and crossing Igeom (MM and MC) would be equal to
1. Similarly, the sum of #rel for the particles coming from within the
cavity (crossing Iexch) and crossing Igeom (CM and CC) would add up
to 1. For the present experiments, the second row (#rel) in Table II
shows that the sum of the relative number of particles coming from
the main stream (MM and MC) equals 0.22 + 0.50 = 0.72 < 1.
This indicates that 72% of the possible exchange candidates crossing
Mus and Igeom can be classified (unambiguously) to class MM or MC.
Similarly, the sum of #rel for classes CC and CM being 0.08 + 0.67
= 0.75 < 1 (Table II) shows that 25% of the particles crossing Iexch
and Igeom are lost. Admittedly, the lost and thus unclassified parti-
cles may create a bias due to a potential different probability of loss
depending on the particle trajectory class. Although this impedes
that the results of Table II can be considered as a guaranteed prob-
ability of the particle class distribution, it is believed that particle
loss does not impede a meaningful analysis and characterization of
the particle trajectories in this work. In this respect, it was verified
(but not shown) that the relative distribution of the particle classes
is relatively constant for a small change in the transverse position of
Iexch. Since this would not have been the case if loss of particles was
significantly influencing the class distribution, the consequences of
particle loss for a reliable quantification of kLagr are expected to be
limited.

Comparing the relative numbers (#rel) of non-exchanged (MM
and CC) and net-exchanged (MC and CM) particles, the second
row of Table II shows that at least half of the possible exchange
candidates are effectively net-exchanged. Nonetheless, the fact that
#relMM = 0.22 indicates that a non-negligible amount of particles
still escapes the cavity after traversing the geometrical interface.
These trajectories are expected to lower the reliability of the Eulerian
kvel estimates.

To quantify the magnitude of the zigzagging character of the
particles at the interface, the number of times each trajectory crosses
the geometrical interface is determined. Herewith, one transverse
oscillation of a particle being transported across the interface thus
corresponds to two crossings of Igeom. Table III gives the relative
number of particles that cross Igeom a specific minimum number of
times, i.e., the absolute number of the considered fraction divided
by the total number of particles of the corresponding class. For the
not net-exchanged particle classes MM and CC, a non-negligible
number of particles cross Igeom more than twice (i.e., 4, 6, . . . times,
but always an even number). Similarly, Table III suggests that the
particles of the net-exchanged classes MC and CM also show the

TABLE III. The number of particles in each class crossing the geometrical interface
Igeom a specific number of times, normalized by the total number of particles in the
corresponding class. The number of particles crossing more than six times for classes
MM and CC and more than five times for classes MC and CM is negligible.

Number of crossings MM MC CC CM

1 . . . 0.94 . . . 0.87
2 0.94 . . . 0.80 . . .
3 . . . 0.06 . . . 0.12
4 0.06 . . . 0.18 . . .
5 . . . 0 . . . 0.01
6 0 . . . 0.02 . . .
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FIG. 5. Probability density function (PDF)
of the location of the different crossings
with the geometrical interface Igeom (y/W
= 0) for the non-exchanged particles of
classes MM (first column) and CC (sec-
ond column), i.e., the particles remain-
ing in the main stream or in the cav-
ity after crossing Igeom, respectively. For
both columns, the different rows visual-
ize the spatial distributions of the first
[panels (a) and (b)], second [panels (c)
and (d)], third [panels (e) and (f)], and
fourth [panels (g) and (h)] crossings with
Igeom as indicated on the right.

zigzagging behavior and exhibit 3, 5, . . . crossings (always an odd
number), which will be explored more in detail in Sec. IV B.

B. Spatial distribution of trajectory classes
To improve our vision on how particles enter or leave the cav-

ity through the geometrical interface Igeom, this section presents the
spatial distribution of the crossings of the different particle classes.
Figures 5 and 6 present the probability density function (PDF) of the
different crossings (first, second, third, etc., for the different rows) of
the four particle classes separately. The 2D plots show the prefer-
ential regions of inflow toward the cavity (v > 0) or outflow away
from the cavity (v < 0), in which any spatial integral of this estimate
is a measure for the probability that a particle crosses the geometri-
cal interface in this area. To compute the PDFs, the interface plane

Igeom is first subdivided in a grid of n × m rectangular 2D cells, with
n = 32 being the number of cells along the longitudinal x axis and
m = 10 being the number of cells along the vertical z axis. Next,
the number of particles crossing the interface through each cell is
counted, which is expressed relative to the total number of crossings
to estimate the probability that a particle crosses Igeom in a specific
cell. The 2D plots are finally normalized by the mean of each sub-
plot such that a uniform spatial distribution of particle crossings in
a specific subplot would yield a value of 1 over the entire depicted
interface area.

1. Spatial distribution of not net-exchanged particles
First, Fig. 5 shows the location of the crossings of Igeom for

the particles that are not net-exchanged and only zigzag across the

FIG. 6. Same as Fig. 5 but for the net-
exchanged particles of classes MC (first
column) and CM (second column), i.e.,
the particles being transported from the
main stream toward the cavity or vice
versa. For both columns, the different
rows visualize the spatial distributions of
the first [panels (a) and (b)], second [pan-
els (c) and (d)], and third [panels (e) and
(f)] crossings with Igeom as indicated on
the right.
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interface while remaining in the main stream (class MM in the first
column) or in the cavity (class CC in the second column).

Figure 5(a) suggests that the first crossings of class MM (com-
ing from the main stream) enter the cavity region in the downstream
half of Igeom with a peak concentration around x/L ≈ 0.8–0.9. Not
unexpectedly, also the third entering crossings in Fig. 5(e) (inflow)
are mainly located further downstream than crossings correspond-
ing to outflow out of the cavity [subplots (c) for the second and (g)
for the fourth crossings] that seem concentrated just upstream of
the downstream edge (x/L ≃ 1). For the latter, the largest amount of
particles ultimately leaves the cavity close to the free-surface. The
present results thus confirm that a considerable fraction of parti-
cles being temporarily located at the cavity side of the interface still
escapes the cavity just upstream of the downstream corner. This local
outflow of particles (denoted MM-2 in Fig. 4) corresponds to the
locally ejected jet out of the cavity after impingement of the mixing
layer close to the downstream corner. In contrast to previous find-
ings in the literature (Fig. 1), both the crossings toward the cavity
[subplots (a) and (e)] and away from the cavity [subplots (c) and
(g)] are relatively well-distributed over the water column, except
for the concentration of outflow near the downstream corner at the
free-surface.

As could be expected, Fig. 5 also shows that most particles of
class CC first cross the interface [subplot (b)] in the upstream half of
the interface, after which they re-enter the cavity in the downstream
half of the interface [subplots (d): inflow into the cavity]. The PDFs
in Figs. 5(f) and 5(h) are derived from a relatively small number of
particles crossing the interface a third and a fourth time but show
the same zigzagging trend.

2. Spatial distribution of net-exchanged particles
Similarly, Fig. 6 shows the spatial distribution of the crossings

of the net-exchanged particles of class MC (first column) and class
CM (second column). Note that Table III showed that most particles
of classes MC and CM do not zigzag after their first crossing with
Igeom such that the PDFs of Figs. 6(c)–6(f) are based on a relatively
low number of particles compared to Figs. 6(a) and 6(b).

For particles of class MC, the crossings corresponding to inflow
[subplots (a) and (e)] are concentrated in the downstream half of the
interface, i.e., 0.5 ≤ x/L ≤ 0.9, but with a relatively uniform distribu-
tion over the water column. The observation that almost no crossing
is observed in the region just upstream of the downstream edge of
the interface is explained by the locally ejected mixing layer, which
was discussed earlier. The spatial distribution of zigzag-crossings of
class MC toward the main stream is shown by Fig. 6(c), in which
the small amount of zigzagging mainly occurs within the streamwise
interval [0.25 ≤ x/L ≤ 0.75]. These temporarily ejected particles still
finally enter the cavity further downstream, in which Fig. 6(e) shows
that these third crossings mainly occur in the interval [0.65 ≤ x/L
≤ 0.95].

For the particles of class CM, originating from within the cav-
ity, the spatial distributions of the first crossings [outflow, subplot
(b)] and the second crossings [inflow, subplot (d)] are both rela-
tively distributed over the interface. Similar to class MM, Fig. 6(b)
shows that a part of the particles of class CM leaves the cavity by
the locally ejected mixing layer. Although this local outflow occurs
over the entire water column, the largest concentration of ejected
particles is located close to the free-surface. Additionally, Fig. 6(b)

suggests that a significant fraction of class CM leaves the cavity in the
streamwise interval [0.4 ≤ x/L ≤ 0.8], especially around mid-depth.
Although the number of particles crossing Igeom three times is rela-
tively limited compared to the number of first crossings (Table III),
Fig. 6(f) indicates that also the third (outgoing) crossings of class CM
are concentrated in the locally ejected mixing layer just upstream of
the downstream edge.

3. Discussion
Eulerian findings in the literature suggested outflow away from

the cavity and inflow toward the cavity to be concentrated in the
upstream and downstream parts of the interface, respectively, with
the most significant outflow near the free-surface (as summarized
in Fig. 1). For a more straightforward comparison between a Eule-
rian and a Lagrangian approach, Fig. 7 shows for the current data
the Eulerian time-averaged velocity field of the transverse veloc-
ity component v (along the y axis) at the interface (y/W = 0), in
which the time-averaged transverse velocities v are displayed dimen-
sionless by normalization with the bulk velocity Ub of the main
stream. Although the vertical variation of in- and outflow in Fig. 7
is slightly different from statements in the literature,14,29,30 the cur-
rent Eulerian results confirm in Fig. 1 that inflow (v > 0, red) and
outflow (v < 0, blue) are mainly concentrated in the downstream
and upstream parts of the interface, respectively. Additionally, out-
flow velocities just upstream of the downstream edge are caused
by the locally ejected mixing layer (similar to, e.g., Refs. 2 and 5).
Although in general (some of) the particle in- and outflow regions
are well captured by a Eulerian approach, the Lagrangian analy-
sis in Figs. 5 and 6 reveals that the region where particles enter
or leave the cavity actually depends on the particle class and cor-
responding number of crossings. This proves the added value of
a per class Lagrangian approach, providing more physical insight
into the physical transport processes. The discrepancy between the
spatial distributions of not net-exchanged (classes MM and CC,
Fig. 5) and net-exchanged (classes MC and CM, Fig. 6) particle
classes results in a difference between the time-averaged flow fields
(Fig. 7) and the spatial distribution of the net particle exchange
(Fig. 6).

Combining the spatial distribution of class MM [Figs. 5(c) and
5(g)] and class CM [Figs. 6(b) and 6(f)] at the interface, both leav-
ing the cavity region, the Lagrangian analysis indicates that two
dominant outflow regions can be distinguished: (1) in the middle
of the cavity around the mid-depth and (2) at the streamwise end
of the interface, with the highest concentration close to the free-
surface. To explain these two dominant outflow regions at a different

FIG. 7. Contours of the time-averaged transverse velocity component v/Ub normal
to the main stream–cavity interface at y/W = 0.
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elevation above the bed, Fig. 8 shows the streamlines of the time-
averaged horizontal flow and its magnitude

√

u2 + v2
/Ub for six hor-

izontal planes at different elevations above the bed (in analogy with
Refs. 2 and 14). Note that the uncertainty in the velocities rise in

FIG. 8. Time-averaged horizontal velocity field (contour plot and streamlines) in
the cavity and main stream at different elevations above the bed (z/hm).

the cavity due to the local larger Stokes number, i.e., the particles
are less reliable flow tracers inside the cavity. Nonetheless, compar-
isons with 2D-PIV measurements at several horizontal planes reveal
relative differences lower than 3%–4% of Ub. Neglecting the unre-
liable velocities in the middle of the cavity for z/hm = 0.05 caused
by settled particles, Fig. 8 shows that the typical shape of the recir-
culating flow changes from quasi-circular in the lower half of the
cavity to a distinct ellipsoidal shape of which the main axes are in line
with the cavity diagonals. Since particles within the cavity are mainly
transported by the high-velocity perimeter region of the (depth-
dependent) recirculating flow field, the characteristic shape of the
streamlines inside the cavity can be considered as an indication of
the expected (elevation-dependent) particle trajectories. Therefore,
particles leaving the cavity can broadly be grouped based on the
elevation at which they cross the interface (as illustrated by Fig. 9):

● Particles around the mid-depth:
These particles follow a quasi-circular path within the cav-
ity and, transported by the high-velocity perimeter region,
end up in the mixing layer region at a streamwise position
between [0.4 ≤ x/L ≤ 0.8]. Subsequently, a considerable num-
ber of these particles are able to cross the mixing layer to
leave the cavity toward the main stream.

● Particles near the free-surface:
The streamlines closer to the free-surface have a more ellip-
soidal shape following the cavity diagonal such that the
majority of particles near the free-surface only reach the
mixing layer region close to the downstream wall and no
longer in the streamwise middle of the interface. Conse-
quently, they mainly escape the cavity by the locally ejected
jet out of the cavity at the downstream corner of the cavity.

Note that observing almost no particles leaving the cavity at the bed
is not surprising since both the current Eulerian results (Fig. 8) and
results in the literature showed a radial inflow toward the center of
the cavity near the bed. Figure 9 then shows a sketch of the typical
transport of particles for all classes near the interface.

FIG. 9. Summary of the new findings by the Lagrangian trajectory analysis: typical
trajectories of the different particle classes based on the current 3D-PTV results.
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While not shown in this paper, the spatial distribution of the
different particle classes in the main stream region upstream (at
Mus) and downstream (at Mds) of the cavity was also analyzed.
As expected, almost all particles crossing Igeom are located close
to the main channel wall comprising the cavity along both Mus
and Mds sections. Besides, no significant differences between the
net-exchanged particles (classes MC and CM) and only zigzagging
particles (classes MM and CC) could be distinguished.

C. Comparison of the Eulerian and Lagrangian mass
exchange coefficients

This last section presents a quantitative comparison of the mass
exchange coefficients computed by the (Eulerian) transverse veloc-
ity method and the Lagrangian methodology explained in Sec. III B.
First, a depth-averaged velocity-based mass exchange coefficient kvel
is computed as

kvel =
1

hm

∫

hm
0 E(z)dz

Ub
= 0.037, (7)

with E(z) given by Eq. (2). Note that the average Stokes num-
ber St = 0.04 in the interface region (Sec. II B 1) ensures that the
velocities of the particles are reliable to quantify the velocity-based
mass exchange coefficient. Moreover, kvel = 0.037 found for the cur-
rent experiments (ReDh ≃ 5900) is in agreement with Fig. 7(a) of
Ref. 39.

For the quantification of the Lagrangian mass exchange coef-
ficient, settled particles caused the number of particles of class MC
to be larger than those of class CM (1112 > 528, see Table II), as
explained in Sec. IV A. Blocking of the camera views by the deposited
particle heap (mainly in the center of the cavity) also made track-
ing of particles of class CM more difficult compared to class MC.
Although the issues related to particle deposition were reduced by
using relatively short measurements (duration of 30 s) and repeat-
ing the experiment multiple times, particle deposition still occurred.
In contrast with the idealistic conditions assumed in Sec. III B, this
caused #CM to be an underestimation of the exchange between
the cavity and the main stream. Particle deposition thus justifies
the choice of only adopting the particle class MC to characterize
the intensity of (steady-state) exchange [nominator in Eqs. (4) and
(5)] for the current results, as was already applied in the theoretical
derivation of kLagr described in Sec. III B.

The present optical setup was focused on the interface region
such that only half of the main channel (−0.5 < y/W ≤ 0) was imaged
and thus only half of the particles supplied in the main stream
could be identified, tracked, and classified. Since Eq. (5) is based on
L = b = W, the number of particles classified to MUS was doubled
to quantify the total number of particles supplied in the main stream
over the entire main channel width [the denominator of Eqs. (4) and
(5)]. Since additional experiments (not shown) showed that parti-
cles transported in the main stream region within [−1 ≤ y/W ≤ −0.5]
never entered the cavity, the nominator of Eq. (5) representing the
number of particles exchanged with the cavity was not modified. The
additional experiments also showed that the asymmetry of the flow
and particle distribution in the main stream upstream of the cavity
was negligible such that doubling the number of classified particles
to MC, MM, and Main to estimate #MUS can be considered a valid
strategy.

During the total measurement period, ∼5.2 × 104 trajectories
crossed the imaged half of Mus (−0.5 < y/W ≤ 0, see Fig. 2) and
were classified to MUS. 61% of these particles could be classified to
MC, MM, or Main, while the remaining 39% was lost and did not
cross Iexch or Mds during tracking. The region comprised between
Mus and Mds in the x-direction and between Iexch and the middle
of the main channel in the y-direction was subdivided into 21 sub-
regions, as displayed in Fig. 10: 10 subregions at each side of the
geometrical interface with a transverse extent of 0.15 W and one
large subregion spanning [−0.5 < y/W < −0.15] between Mus and
Mds. Since this large subregion in the main channel is located outside
the estimated mixing layer extent (0.12 W, see Sec. III A), the corre-
sponding passing particles are not expected to enter the cavity. The
color in each subregion of Fig. 10 represents the sum of the proba-
bilities of MM and Main: Pi, MM + Pi, Main. The latter corresponds to
the probability that a particle passing through this region remains
in the main stream (classes MM or Main) and ultimately crosses
Mds. Not unexpectedly, Pi, MM + Pi, Main is higher in the main stream
region compared to within the cavity, in which Pi, MM + Pi, Main = 1
for the large subregion spanning [−0.5 < y/W < −0.15]. Nonethe-
less, the blue colored subregions at the cavity side of the geometrical
interface indicate that also a significant number of particles zigzag
across the interface (class MM), especially in the upstream part of the
interface. The white colored numbers in Fig. 10 display the number
of particles that were lost in the corresponding subregion (#Losti).
These are multiplied by the estimated probabilities Pi, MC, Pi, MM,
and Pi, Main to determine #LostMC, #LostMM, and #LostMain following
Eq. (6).

FIG. 10. Subdivision of the region comprised between Mus and Mds in the x-
direction and between Iexch and the middle of the main channel in the y-direction,
resulting in 10 subregions in the cavity and 11 subregions in the main stream. The
color in each subregion represents the probability that a particle passing through
this subregion remains in the main stream (classes MM or Main). The white col-
ored numbers represent the number of particles that were lost in the corresponding
subregion (#Losti), i.e., have their final tracked position within this zone.
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TABLE IV. Overview of the number of particles (#) in all classes that are used to
compute the Lagrangian mass exchange coefficients kLagr ,A and kLagr ,B based on
Eqs. (4) and (5).

Particle class #

MUS 52 072

MC 1 112
495

30 149

⎫
⎪⎪⎪⎪
⎬
⎪⎪⎪⎪
⎭

#Unambiguous particles = 31, 756MM
Main

#LostMC 767
354

19 195

⎫
⎪⎪⎪⎪
⎬
⎪⎪⎪⎪
⎭

#Lost = 20, 316#LostMM

#LostMain

Table IV gives an overview of the number of particles of the
known and unambiguous particle classes (first four rows) and addi-
tionally the number of particles of the estimated particle classes (last
three rows for the lost particles). Based on rows 2–4 of Table IV,
Eq. (4) results in kLagr ,A = 0.018. Remarkably, however, Eq. (5)
including the lost particles (last three rows of Table IV) also gives
an estimated mass exchange coefficient kLagr ,B = 0.018. The fact that
kLagr ,A ≃ kLagr ,B indicates that the statistical distribution of classified
and lost particles seems equal and that the particle class does not
have a major influence on the probability that a particle is lost. While
this may also be partly the result of the followed strategy to estimate
#LostMC, #LostMM, and #LostMain, it still gives a good indication that
particle loss is not detrimental for the applicability of the Lagrangian
methodology.

In analogy with Table 2 of Ref. 10, the current 3D-PTV results
enable to compare a Lagrangian and Eulerian methodology to quan-
tify mass exchange. Moreover, because the Eulerian and Lagrangian
results are based on the same 3D-PTV measurements, the discrep-
ancy between the computed mass exchange coefficients cannot be
asserted to unintended variations in the measured flow conditions
or complications originating from the measurement procedures.
Therefore, the difference between kvel and kLagr is unambiguously
caused by the different definition of mass exchange. Not surpris-
ingly, kLagr (=0.018) is significantly smaller (∼51%) than the Eulerian
result kvel = 0.037. This confirms the aforementioned hypothesis
that the (commonly adopted) transverse velocity method (kvel) over-
estimates the intensity of mass exchange as a consequence of the
zigzagging flow pattern across the interface. The transverse veloc-
ity method includes the velocities of all particles crossing the inter-
face, while not all of these particles ultimately cause a net exchange
(notably CC and MM), and the method also counts more than once
the particles of classes CM and MC that zigzag across the interface.
In contrast, the Lagrangian methodology avoids that the quantifi-
cation of k is affected by this undulating character of particles at
the interface and also does not depend on assumptions regarding
the shape and steadiness of the hydrodynamic interface between the
cavity and the main stream. The interface being in reality a three-
dimensional surface variable over time, the Lagrangian methodol-
ogy seems more robust to compute a reliable indicator for mass
exchange.

V. CONCLUSIONS

This paper presented a Lagrangian laboratory study of the par-
ticle transport in and around a lateral (square) cavity adjacent to
an open-channel main stream. Using three-dimensional particle
tracking velocimetry (3D-PTV), the 3D trajectories of passive par-
ticle tracers were registered and analyzed to investigate how mass
is exchanged between a lateral embayment and the adjacent main
stream in subcritical flow conditions. For this purpose, this paper
focused on a statistical analysis of the trajectories in the region of the
interface, exploiting the Lagrangian trajectory information obtained
with 3D-PTV. While the same setup as Ref. 5 was used, fine-tuning
of the camera positioning and processing parameters facilitated par-
ticle detection, reduced the fraction of particles being lost, and, as
such, improved the quality of the current dataset for a Lagrangian
analysis.

First, the trajectory classification of Ref. 5 was applied for the
current larger and improved dataset, in which the tracked parti-
cles were classified depending on whether their trajectories started
and/or ended in the cavity or in the main stream. Confirming the
preliminary results of Ref. 5, this showed that a significant fraction of
particles crossing the interface did not effectively enter or leave the
cavity. As could be expected, the number of zigzag motions across
the interface was smaller for the net-exchanged particles compared
to the non-exchanged particles.

Based on this trajectory classification, the spatial distribution
of the different particle classes at the interface was analyzed, which
enabled us to determine the preferential regions of inflow, outflow,
and zigzagging across the interface. This Lagrangian information
revealed that the location of entering or leaving the cavity is highly
dependent on the particle class (net-exchanged or not). Most of
the entering net-exchanged particles only crossed the geometrical
interface once, in which their position of entering seemed concen-
trated in the downstream half of the interface within the interval [0.5
≤ x/L ≤ 0.9]. In contrast, two main regions of outflow were distin-
guished, either in the streamwise interval [0.4 ≤ x/L ≤ 0.8] around
mid-depth or just upstream of the downstream corner of the inter-
face with the highest concentration near the free-surface. The latter
seemed confirmed by the Eulerian results. Moreover, the new find-
ings based on the Lagrangian results could be (partly) explained by
relating the spatial distribution of effective in- and outflow with the
depth-dependent streamlines within the cavity.

Finally, the influence of the particle zigzag motions on the mass
exchange coefficient was investigated. For this purpose, an improved
Lagrangian mass exchange coefficient kLagr was presented, in which
two strategies were employed to deal with lost particles during track-
ing that could not be classified straightforwardly. Remarkably, a
comparison of both strategies suggested that the lost particles had
the same statistical distribution as the classified trajectories such that
the probability of particle loss seemed not dependent on the particle
class. Next, the Lagrangian mass exchange coefficient was compared
with the Eulerian velocity-based mass exchange coefficient kvel. Both
being quantified based on the same dataset, this one-to-one compar-
ison confirmed the hypothesis that the commonly adopted trans-
verse velocity method results in a mass exchange coefficient that
overestimates the net exchange. For the present data, kLagr proved
51% smaller than kvel, which is mainly attributed to the zigzagging of
particles at the interface.
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APPENDIX: TIME CONVERGENCE OF THE DATA
This appendix illustrates the time convergence of the data used

in this paper, in which the flow and mass exchange parameters are
presented as a function of the measuring or averaging time (20 min
in total). In particular, Figs. 11 and 12 give the cumulative time-
averaged velocity components for two positions within the cavity or
at the interface, respectively. Next, Fig. 13 illustrates the relative dis-
tribution of the particle classes for an increasing measurement time.
Finally, Fig. 14 gives the velocity-based (kvel) and Lagrangian (kLagr ,A
and kLagr ,B) mass exchange coefficients as a function of the averag-
ing time. Since all cumulative averages stabilize to a constant value

FIG. 11. Time convergence of the mean flow velocities at two positions in the
cavity: cumulative averages for the three velocity components as a function of the
averaging time at y/W = 0.5 and z/hm = 0.55, with longitudinal positions x/L = 0.1
(full line) or x/L = 0.9 (dashed line).

FIG. 12. Time convergence of the mean flow velocities at two positions in the
interface: cumulative averages for the three velocity components as a function of
the averaging time at y/W = 0.5Δybin/W = 0.015 and z/hm = 0.55, with longitudinal
position x/L = 0.25 (full line) or x/L = 0.75 (dashed line).

FIG. 13. Time convergence of the Lagrangian class distribution: relative distribution
as a function of the averaging time. The definition of the different particle classes
(MM, CC, MC, and CM) is given in Sec. III A.

FIG. 14. Time convergence of the velocity-based (kvel : red) and Lagrangian mass
exchange coefficients (kLagr ,A: green and kLagr ,B: blue): estimated mass exchange
coefficients (computed following the methodology described in Secs. III B and
IV C) as a function of the averaging time.

before the end of the measurement period of 20 min, it is justified to
state that the results discussed in this paper are time-converged and
thus independent of the adopted measurement time.
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