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Plastic pollution in our aquatic systems is a pressing issue, and the spread of these particles
is determined by several factors. In this study, the advection and dispersion of negatively
buoyant finite-size particles of four different shapes (spheres, circular cylinders, square
cylinders and flat cuboids) and two sizes (6 and 9 mm) are investigated in turbulent
open-channel flow. The volume, mass and characteristic length are fixed for each size.
Four different turbulent conditions are considered, varying the free stream velocity U∞ =
0.25 and 0.38 m s–1 and turbulence intensity ((u′/U )∞ = 4 % and 9 %). The particles
are released individually from below the water surface. A catch-grid is placed along
the bottom floor to mark the particle landing location. The average particle advection
distance remains unchanged between the turbulence levels, suggesting that the mean
settling velocity is independent of turbulence in this regime. Based on the root mean square
of the landing locations, the particle dispersion varies with particle shape, size, settling
velocity and turbulent flow conditions. For the square cylinders investigated in this work,
the effect of particle shape on dispersion is difficult to predict at low flow velocities and
turbulence intensities. As the turbulent fluctuations increase, the dispersion becomes more
predictable for all shapes. An empirical expression is proposed to relate turbulent velocity
fluctuations, integral length scales, particle settling velocity and particle size to streamwise
dispersion. It is found that finite-size inertial particles do not disperse per simple turbulent
diffusion, meaning that particle geometry has to be incorporated into dispersion models.
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1. Introduction
Plastic pollution of many kinds, ranging from microplastics smaller than 5 mm to larger
objects like plastic bags and bottles, has contaminated a wide range of Earth’s ecosystems
(Cressey 2016; Prata et al. 2020). A significant and increasing amount of plastic pollution
ends up in the oceans. Individual plastic objects may retain their original shape or break
down, adding to the plethora of particle geometries. While some of this waste floats near
the surface, a considerable amount is negatively buoyant, either due to the inherent density
of the plastic or the increased density from biofouling (Kaiser, Kowalski & Waniek 2017).
Depending on the location, the concentration of debris floating on the ocean surface
can reach up to 600 items km−2, while on the ocean floor, this number can exceed
7700 items km−2 (Galgani et al. 2015). Research into the transport and dispersion of
plastic particles is an important part of understanding this global challenge (Sutherland
et al. 2023). Under the waves, large-scale currents and free stream turbulence characterise
ocean and river environments, affecting the spread of particulate matter along with particle
size, shape, inertia and concentration, to name a few.

To model the transport of negatively buoyant particles by turbulent flow, the particle
terminal vertical velocity (also known as the mean settling velocity, |Ws |) and dispersion
need to be quantified. Past studies focused extensively on how the mean settling velocities
of inertial particles are altered in homogenous isotropic turbulence (HIT). For spherical
particles with a characteristic size, l, much smaller than the Kolmogorov scale, η, i.e.
l � η, and particle-to-fluid density ratios much larger than unity (ρp/ρ f � 1), Maxey
(1987) showed that |Ws | increases under random flow fields compared with quiescent fluid.
The ability for the mean settling velocity for these inertial particles to supersede that of the
bulk flow is commonly explained as being due to preferential sweeping. This phenomenon,
also known as fast-tracking, which results from the tendency of inertial particles to avoid
vortex cores and oversample regions of downward-moving flow, has been observed in
several numerical and experimental studies (Squires & Eaton 1991; Nielsen 1993; Petersen,
Baker & Coletti 2019). In wall-bounded turbulence, the combined theoretical analysis
and point-particle direct numerical simulation (DNS) by Bragg, Richter & Wang (2021)
also showed that preferential sweeping enhances the average vertical velocity of inertial
particles far from the wall. Near the wall, however, turbophoretic drift – arising from
the combined effects of particle inertia and turbulence inhomogeneity – becomes the
dominant mechanism.

The enhancement of settling velocity with turbulence is not present in all particle-
laden flows featuring HIT as confirmed by Ferran et al. (2023). The analytical study
of small heavy particles by Dávila & Hunt (2001) showed that when |Ws | is smaller
than the root mean square (r.m.s.) of the fluid velocity fluctuations, u′, i.e. |Ws |/u′ < 1,
the settling velocity increases in turbulent flows when compared with quiescent flow.
Conversely, settling is hindered for particles with |Ws |/u′ > 1, though to a lesser extent.
For |Ws |/u′ > 4, the change in |Ws | is negligible. Good et al. (2014) reported similar
results in their study combining experimental data with DNS of water droplets in air
turbulence. The reduction in |Ws | when 0 � |Ws |/u′ � 0.1 was due to nonlinear drag
effects. Fornari et al. (2016) studied slightly negatively buoyant finite-size (l > η) spherical
particles with 0.19 � |Ws |/u′ � 4.81 in HIT numerically. The settling velocity was altered
by changing ρp/ρ f . They found significant reductions in |Ws | compared with quiescent
flow at low |Ws |/u′. As |Ws |/u′ increased, the reduction became less prominent. The
reductions in settling velocity in all turbulent cases were due to the vertical drag induced
by the particle cross-flow velocity. Lighter particles experience the highest cross-flow
velocities and thus more drag than heavier particles that fall along more vertical paths.
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Particle–turbulence interactions are multiscale in nature and depend on particle parameters
and turbulent scales beyond |Ws | and u′ alone (Balachandar & Eaton 2010; Tom & Bragg
2019). These results highlight the importance of considering a wider range of parameters
when investigating settling behaviour.

The field of settling anisotropic particles in turbulent flow is largely unexplored,
in contrast to flow regimes concerning spherical particles. Most existing research
explores simple ellipsoids (Voth & Soldati 2017), disks (Esteban, Shrimpton &
Ganapathisubramani 2020) and fibres (Giurgiu et al. 2024), to name a few. A recent study
by Tinklenberg, Guala & Coletti (2024) on thin millimetre-sized disks falling in HIT in
air with ρp/ρ f ≈ 103 reported that |Ws | was reduced by up to 35 % in strong turbulence
compared with quiescent flow, with the largest disks being most influenced. This reduction
is contrary to the case of disks settling in HIT in water, where ρp/ρ f = 2.7 (Esteban et al.
2020). In this case, settling was enhanced, highlighting the importance of the density ratio
on settling behaviour. Slight variations in geometry can also have severe effects on settling.
Chan et al. (2021) found that thin curved particles resembling bottle fragments exhibited
reduced settling velocities in conditions similar to Esteban et al. (2020). Meanwhile,
Shaik & van Hout (2023) investigated inertial and length effects of rigid fibres of different
lengths in turbulent channel flow. They found that as the fibre length and Stokes number
(St = τp/τ f , where τp is the particle response time to the surrounding fluid and τ f is a
flow time scale, usually the Kolmogorov time scale in HIT or viscous time scale in channel
flow) increased, the particles tended to lag in the flow away from the wall. For finite-size
particles of various shapes, a recent volumetric study by Tee, Dawson & Hearst (2025)
shows that the downwash from a group of freely falling particles increases the settling
velocity of the trailing particles, regardless of their shape.

Particle dispersion – like the settling velocity – is a function of particle size, inertia,
geometry and flow conditions. Tracers, defined as neutrally buoyant particles with l � η

or St � 1, act like fluid elements, and their dispersion is directly related to turbulent
velocity fluctuations. Gustavsson, Einarsson & Mhelig (2014) theoretically demonstrated
that even when particle inertia is negligible (St → 0), geometry remains important to
particle dynamics in turbulent flows. They showed that persistent regions of high vorticity
in turbulence lead to significantly higher tumbling rates for disks than for rods (see also
Jeffery (1922)). In HIT, particle dispersion was found to be larger for heavy particles
than for fluid elements in inertia-dominated (high St) flow regimes (Wang & Stock
1993). When |Ws |/u′ dominated over St, however, the particle dispersion was reduced
compared with fluid elements. Large-eddy simulations of sub-Kolmogorov size neutrally
buoyant spherical particles, disks and needle-like particles (fibres) in turbulent channel
flow were performed to investigate the effects of shape on particle dynamics (Njobuenwu
& Fairweather 2015). They found that the dispersion of fibres more closely resembled
tracers. Disks with a low aspect ratio, 0.1 < AR < 1.0, on the other hand, were more
dispersed by turbulence than spherical particles. In the previously discussed studies of
Esteban et al. (2020) and Chan et al. (2021) concerning disks and curved particles,
respectively, dispersion also increased when turbulence was added. Shin & Koch (2005)
performed DNS on neutrally buoyant fibres in turbulent flow. Similarly to Njobuenwu &
Fairweather (2015), they found that the fibres dispersed identically to tracers for particles
with l < η, however, as l increased beyond η, particles became less sensitive to small-scale
rapidly fluctuating motions, and their translational diffusivity was diminished.

For wall-bounded flows where small inertial particles remain in suspension for most
of the time, e.g. sediment transport in rivers, the streamwise dispersion coefficient
increases with |Ws | (Sumer 1974). In these flows, particles are prevented from permanently
depositing on the wall by a balance between |Ws | and turbulent resuspension (Baker &
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Coletti 2022). This happens when |Ws | < κuτ , where uτ is the friction velocity, and κ

is the von Kármán constant, which may be the case for high-drag inertial particles. The
increase in dispersion for faster settling particles may seem counterintuitive, as a higher-
inertia particle might be expected to have a greater resistance to turbulent fluctuations.
The increased dispersion is due to the higher likelihood of heavier particles spending
more time in the near-wall region, where turbulent fluctuations are greater. In contrast,
a lighter particle is likely to spend more time in the free stream where the velocity
gradient and turbulent fluctuations are small (Sumer 1974). Tee, Barros & Longmire
(2020) investigated finite-size spheres (1.006 � ρp/ρ f � 1.152) released from rest along
a glass wall in a turbulent boundary layer experimentally. For both lifting and wall-
interacting particles, spanwise forces in the boundary layer were found to be important as
particles were significantly dispersed in this direction. In addition, suspended spheres were
observed to occasionally descend faster than their mean settling velocities in quiescent
flow. Meanwhile, studies by van Hout (2013) and van Hout et al. (2022) also observed
particles interacting with coherent structures typically found in turbulent boundary layers,
like hairpin packets and transverse and longitudinal vortices. These interactions, which
induced fluctuations in particle velocity, further support the notion that boundary layer
effects are important to dispersion.

The recent experimental study by Clark et al. (2023) investigated the dispersion of
negatively buoyant anisotropic particles (rods, unit-aspect-ratio cylinders and disks) in
currents with and without gravity waves. There were two main particle parameters under
investigation in this study, the first being the aspect ratio, which has been found to
significantly influence the falling styles of disks (Auguste, Magnaudet & Fabre 2013).
The second was the Archimedes number, i.e. the ratio of gravitational to viscous forces,
Ar = (ρp/ρ f − 1)l3g/ν2, where g is gravitational acceleration and ν is the fluid kinematic
viscosity. The particle characteristic sizes were in the range 3 mm � l � 7 mm. They found
that the presence of surface gravity waves enhanced particle dispersion for all particle
types, except in the case of the largest cylinders. The observed effect was significant, with
the thinnest rods increasing their dispersion by a factor of four. In a later parametric study
(Sunberg et al. 2024), they found that for ellipsoid particles, the settling-wave time scale
ratio, i.e. the Stokes drift velocity to settling velocity ratio, led to the greatest range in
dispersion values. The conclusions drawn from these two papers are that particle shape and
volume, as well as wave parameters, must be taken into account when particle dispersion
is modelled.

While most research is directed towards settling particles in HIT or inertial particles
within the turbulent boundary layer (Brandt & Coletti 2022), the settling and dispersion
of particles due to free stream turbulence above the boundary layer have not been studied
extensively. The effects of sizes and shapes on top of particle inertia can also affect particle
dynamics. In an attempt to fill the gap, we conduct an experimental study to investigate the
advection and dispersion of inertial anisotropic finite-size particles (l > η) in a turbulent
open channel. An active grid is used to generate free stream turbulence with different
turbulent intensities and integral length scales. Negatively buoyant particles of various
sizes and shapes are released individually into the turbulent flow. All particles are of
high St and belong to the settling dominated regime |Ws |/u′ > 1. The goal is to study
the competing effects between the flow and particle parameters on particle settling and
dispersion. Section 2 describes the experimental set-up and measurement techniques used
in the study. Sections 3 characterises the various turbulent flow conditions considered.
Section 4 discusses the effects of turbulent conditions as well as particle shape and
size on settling behaviour, while § 5 tackles particle dispersion. In the final part of § 5,
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an empirical model obtained by dimensional nonlinear regression for the particle
dispersion is presented and discussed qualitatively.

2. Methodology

2.1. Experimental set-up
The experiments were conducted in the water channel in the Fluid Mechanics Laboratory
at the Norwegian University of Science and Technology (NTNU). The test section of this
channel is 11.2 m long in the x-direction, 1.8 m wide in the y-direction with a height of
1 m in the z-direction. For this experiment, the water depth was set to hw = 0.53 m. The
channel is of a recirculating design with a free surface and a 4 : 1 contraction upstream
of the test section. Past this contraction, at the start of the test section, an active grid
is used to produce tailored turbulent conditions (see Jooss et al. (2021) for more details
on the facility). The active grid allows for the generation of higher ReL = U∞L/ν and
Reλ = u′∞λ/ν than achievable with other approaches, e.g. passive grids; U∞ is the free
stream velocity, u′∞ is the standard deviation of the free stream velocity fluctuations, L and
λ are the integral length scale and Taylor microscale, respectively. The resulting turbulence
characteristics are primarily dependent on the grid Reynolds number ReM = U∞M/ν and
Rossby number, Ro = U∞/ΩM , where M is the grid mesh size and Ω is the mean
frequency of the grid-rod rotation (Larssen & Devenport 2011; Hearst & Lavoie 2015).
Increasing Ro results in higher turbulence intensities (u′/U )∞. The active grid used in
this study is the same as the one used by Jooss et al. (2021), which is based on the design of
Makita (1991). The grid is biplanar with 18 vertical rods and four horizontal rods immersed
in the water in this experiment. These rods can be rotated individually by stepper motors.
The mesh size is M = 100 mm. Attached to the rods are diagonally oriented square wings
with two holes – one on each side of the rod – which prevent full blockage and reduce the
load on the motors. Tailored turbulent conditions are created by controlling the rotational
frequency at which the grid rods spin. A grid setting is defined by a central frequency, Ω ,
and a bandwidth, ω. Each vertical rod of the active grid rotates at a random frequency in
the range Ω ± ω with a top-hat distribution. For all cases in the present study, ω = Ω/2.
At random intervals, a rod changes its frequency to rotate at a new speed in either the same
or opposite direction. The horizontal rods remain static in the open position with wings
parallel to the flow. Generally, lower values of Ω produce higher turbulence levels except in
the limit of Ω → 0 (Larssen & Devenport 2011; Hearst & Lavoie 2015). A wedge spanning
the width of the channel and extending 2 m downstream of the active grid is placed at the
water surface to dampen any surface waves directly produced by the grid. A schematic of
the test section of the water channel is provided in figure. 1.

Negatively buoyant particles are dropped one by one from an automated release
mechanism 30 mm below the water surface at h = 0.50 m. The mechanism is positioned at
x/M = 50. This location was chosen for being sufficiently far downstream to avoid near-
grid effects from the active grid (Comte-Bellot & Corrsin 1966; Jooss et al. 2021). The
homogeneity of the free stream in the produced flows is explicitly demonstrated in § 3.
The particle release mechanism consists of a 65 mm wide triangular box with perforated
walls. Particles are released individually from rest by the actuation of a mechanical gate in
intervals of 20 s. Initial particle orientations are randomised while their starting locations
remain constant. From their release point, particles descend to the channel floor and settle
in a particle catch-grid. The catch-grid is 3.55 m long in the streamwise direction, 0.60 m
wide in the spanwise direction, and 7 mm high in the vertical direction, with rectangular
cells where 	x = 22 mm and 	y = 11 mm are the streamwise and spanwise cell side
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1.8 m

1.0 m

0.5 m

1 m

Water level

0.53 m

Particle catch-grid

Particle dispenser PIV measurements Cameras Weir and screenWedgeActive grid

5 m 10 m

y

z

z

x

x/M = 85x/M = 52.5

(a)

(b)

Figure 1. Schematic of the water channel test section. Note that the vertical height has been exaggerated in
(a) for readability. Panel (b) accurately represents the active grid dimensions.

lengths, respectively. The catch-grid is centred in the spanwise direction and located such
that its upstream end is 0.375 m downstream of the release point. The catch-grid is wide
enough that less than 1 % of particles settled outside its bounds. Two Logitech C925e web
cameras were mounted on top of the water channel along the streamwise distance to record
the particle landing locations. The centre of the grid cell in which a particle lands defines
its settling location (x p, yp). This measurement technique is based on the study by Clark
et al. (2023) who investigated the effects of gravity waves on particle dispersion. When
quantifying the dispersion, we focus on the first landing location of the particle after hitting
the wall. Hence, the catch-grid also helps to prevent the particles from moving along the
wall due to near-wall interactions (see also Baker & Coletti (2021) and Tee & Longmire
(2024)). A weir and a fine mesh screen are installed at the very end of the test section to
catch any stray particles and produce a hydraulic jump to prevent surface wave reflections.

2.2. Particle parameters
The particles investigated in this study come in four shapes similar to those in Tee
et al. (2025): spheres, circular cylinders, square cylinders and flat cuboids, with two
characteristic sizes of l1 ≈ 6 and 9 mm. They are 3D-printed with a Formlabs Form 3
resin printer using Formlabs’ Tough 1500 Resin with a density of ρp = 1150 kg m−3

(ρp/ρ f = 1.15). The 3D-printer’s resolution is 50 µm. For each characteristic size, the
different particles were designed to have the same volume and characteristic length, l1.
This was done to better investigate the effect of shape on results separately from size
effects. As a consequence, Ar has the same form for all particles as l1 is equal to the
diameter of a volume-equivalent sphere. Particle lengths were measured using callipers
with an accuracy of ±0.025 mm, and the average length based on 20 particles of each type
was computed. The aspect ratio, AR, is taken as the ratio between the side length of the axis
of rotational symmetry and its perpendicular side length. The value of AR is above unity for
prolate shapes (circular and square cylinders), below unity for oblate shapes (flat cuboids)
and equal to unity for perfect spheres. Due to print imperfections, the spherical particles
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l1
l1

l2 l1

l2l2 l1
l1

l2

Property Sphere Circular cylinder Square cylinder Flat cuboid

Symbol
l1 (mm) 6.05(7) 9.15(5) 6.35(4) 9.46(6) 6.36(5) 9.46(6) 6.33(5) 9.42(5)

l2 (mm) — — 4.82(4) 7.19(3) 4.31(3) 6.41(3) 3.12(5) 4.65(3)

AR 1.02(1) 1.031(7) 1.32(1) 1.32(1) 1.48(2) 1.48(1) 0.493(9) 0.494(4)

m (g) 0.131(2) 0.437(2) 0.135(1) 0.451(2) 0.134(1) 0.456(2) 0.134(2) 0.457(2)

|Ws | (m s−1) 0.156(8) 0.20(1) 0.12(1) 0.14(2) 0.10(1) 0.12(1) 0.088(6) 0.104(8)

Rep 890 1720 720 1250 600 1070 520 920
CD 0.49 0.43 0.79 0.88 1.27 1.35 1.12 1.23
C∗

D 0.49 0.43 0.77 0.85 1.09 1.17 1.42 1.57

Table 1. Particle parameters. Parentheses denote error estimates in the least significant digit computed as the
standard deviation of the measurements. For the variables l1, l2 and m, measurement errors have been included
using Pythagorean sums. Symbols listed in the table are used to denote particle shape and size in the subsequent
figures.

used in this study have aspect ratios slightly above unity. Aspect ratio was not explicitly
varied for a given shape in the present investigation. The particle mass was obtained by
measuring and averaging 20 particles of each type using a high-precision piezoelectric
scale with a measurement error of ±0.0005 g. The particle geometric parameters are
provided in table 1.

Trajectories of settling particles in quiescent flow were measured separately using a
stereoscopic imaging and calibration technique as explained by Muller et al. (2020).
Two GoPro Hero 12 Black cameras were set up looking from the sidewall to triangulate
the three-dimensional positions of the settling particles. The videos were captured at
50 frames per second with 5.3K resolution (5312 × 2988 pixels). For each particle type,
15–20 trajectories were captured (not shown here). For a single particle trajectory, the
terminal settling velocity, |Ws |, is taken as the descent’s mean vertical velocity after
reaching a quasisteady state. Here, smoothing was applied to the trajectories prior to
differentiation using a third-order Savitsky–Golay filter with a 15-point stencil (Buchner
et al. 2021). Differences in velocities calculated with and without smoothing are an order
of magnitude lower than the measurement standard deviations (see also Schneiders &
Sciacchitano (2017)). This settling velocity is used to obtain the particle Reynolds
number, Rep = |Ws |l1/ν, and mean settling drag coefficient, CD = mg(1 − ρ f /ρp)/

(1/2ρ f |Ws |2 A), where A is the flow-facing projected area as described in Goral et al.
(2023). In essence, A is the broadest projected area of a particle, e.g. the large square
face of the flat cuboids or the curved side of the circular cylinder. The drag coefficient
employing the projected area of a volume-equivalent sphere, C∗

D = mg(1 − ρ f /ρp)/

(1/2ρ f |Ws |2 A∗), where A∗ = π(l1/2)2 is also included for reference. The values of
CD for both spherical particles agree with the Re–CD relation of Clift, Grace & Weber
(1992). Values of |Ws |, Rep, CD and C∗

D are also listed in table 1 with the other particle
parameters.

The particle Stokes number, St = τp/τ f , are estimated based on τp = ρpl2
1/18νρ f

(Brandt & Coletti 2022) and τ f = τη,∞ = √
ν/ε∞ where τη,∞ is the Kolmogorov

time scale in the free stream. The free stream dissipation rate of the turbulent kinetic
energy (ε∞) was estimated using second-order structure functions. In all flow cases, the
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Kolmogorov length scale is in the range 0.4 mm � η � 0.7 mm, which is close to the lower
limit of the characteristic range for small-scale, wind-driven oceanic turbulence (Jiménez
1997). The particle image velocimetry (PIV) data used to obtain τ f = τη,∞ is described
and expanded upon in § 2.3. For all cases, the particle Stokes numbers are above unity,
i.e. St > 1. The value of St increases with turbulence and particle size. For spheres, they
fall within the range 4 � St � 14 for 6 mm particles and 9 � St � 31 for 9 mm particles.

2.3. Flow measurements
The settling and dispersion of particles are investigated at two different free stream
velocities, U∞ ≈ 0.25 m s−1 and 0.38 m s−1 and active grid settings Ω = 0.05 ± 0.025 Hz
and 1.0 ± 0.5 Hz. To characterise the flow, PIV was employed at two locations: between
the particle dispenser and the catch-grid at x/M = 52.5, and near the downstream end
of the catch-grid at x/M = 85.0 (see figure 1). The measurements were performed to
obtain streamwise and wall-normal velocity fields (u and w, respectively). To capture the
entire vertical span of the flow field, two LaVision Imager MX 25-megapixel cameras
were placed on top of each other, viewing the flow through the sidewall. Both cameras
were fitted with a Sigma 105 mm focal length lens. A Litron Nano L 200-15 PIV Nd:YAG
laser produced a 200 mm wide laser sheet. The flow was seeded with 40 µm Dynoseeds
polystyrene particles. LaVision DaVis 10 was used for the acquisition and processing of
PIV data. The two-dimensional vector field was obtained using standard cross-correlation
with initial and final window sizes of 96 × 96 pixels and 64 × 64 pixels, respectively.
With 50 % overlap, the PIV vector spacing was 2.1 mm. The uncertainty associated
with PIV correlation calculations was less than ∼3 mm s−1 for the streamwise velocity
component based on the uncertainty approach of Wieneke (2015). Among the four flow
cases, the PIV acquisition frequencies were varied between 0.5 and 0.9 Hz such that the
subsequent image pairs were independent and uncorrelated. In total, 2000 image pairs were
taken per case. From these vector fields, free stream parameters were calculated. This
included the free stream velocity U∞ and the r.m.s. of the streamwise and wall-normal
velocity fluctuations, u′∞ and w′∞, respectively. These quantities were used to obtain the
free stream turbulence intensity, (u′/U )∞, anisotropy estimate, (u′/w′)∞, and Reynolds
number based on the hydraulic diameter, ReD = U∞Dh/ν, where Dh is the cross-sectional
area of the channel divided by the wetted perimeter. These free stream parameters are
taken as quantities averaged over the vertical region 330 mm � z � 420 mm. Additionally,
the bulk velocity Ub and the boundary layer shape factor H = δ∗/θ are calculated from
the velocity profile, where δ∗ and θ are the displacement and momentum thicknesses,
respectively. These values are reported in table 2 and discussed further in § 3.

In tandem with the PIV measurements used to obtain mean quantities, laser Doppler
velocimetry (LDV) measurements were taken 0.2 m upstream of each PIV measurement
location, i.e. at x/M = 50.5 and x/M = 83.0, at z = 410 mm. A 60 mm FiberFlow probe
from Dantec Dynamics was used in backscatter mode with a beam expander and a lens
with a focal length of 500 mm. Two lasers measured the streamwise and vertical velocities,
u and w, respectively. The laser measuring u has a wavelength of 514.5 nm, while the
laser measuring w has a wavelength of 488 nm. As the LDV and PIV measurements were
obtained simultaneously, they both relied on the same seeding particles. Average LDV
acquisition rates are dependent on the seeding density and were within the approximate
range of 45−55 Hz between cases. The sampling duration was set to 40 min. From these
long, higher frequency acquisitions, the large scales, L11, were taken as the integral of
the autocorrelation function of the velocity fluctuations up to the first zero-crossing. The
intermediate scales defined by the Taylor microscale, λ, were calculated from
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x/M U∞ Ub (u′/U )∞ (u′/w′)∞ ReD L11 Reλ H
(m s−1) (m s−1) (%) (×10−5) (mm)

52.5 0.244 0.229 4.38 1.5 3.08 67.0 220 1.22
52.5 0.246 0.232 8.50 1.7 3.11 210.4 468 1.18
52.5 0.374 0.352 4.00 1.4 4.70 64.5 230 1.21
52.5 0.375 0.355 9.11 1.8 4.73 292.0 664 1.18

85.0 0.250 0.224 3.83 1.6 3.15 48.2 178 1.75
85.0 0.251 0.226 6.71 1.4 3.17 178.1 319 1.71
85.0 0.381 0.341 3.19 1.4 4.79 54.4 140 1.77
85.0 0.382 0.344 7.18 1.5 4.81 265.2 391 1.69

Table 2. Flow parameters at upstream and downstream locations for all four flow conditions. The right-hand
column relates flow conditions to the colour legend used in all figures.

λ2 = 15ν

(
u′2∞
ε∞

)
. (2.1)

The Taylor microscale is used together with u′∞ to define the turbulent Reynolds
number Reλ.

3. Flow characterisation
Figure 2 shows the mean streamwise velocity and turbulence intensity profiles. In
figures 2(a) and 2(c), four different flow cases measured at the upstream location
x/M = 52.5 are compared. The mean velocity profiles for the four cases at two
different bulk velocities and with different turbulence intensities shown in figure 2(a)
are roughly collapsed, suggesting Reynolds number effects are not significant. Likewise,
the fluctuating velocity profiles in figure 2(c) show good agreement when comparing the
different bulk velocities. Not shown here are velocity and turbulence intensity profiles
at x/M = 85.0, which collapse similarly. In figures 2(b) and 2(d), we focus on the flow
case at U∞ ≈ 0.38 m s−1 with (u′/U )∞ ≈ 9 % as an example and compare the profiles
at x/M = 52.5 with and without the release mechanism, as well as at the downstream
location x/M = 85.0. For the upstream velocity profiles, a noticeable mean velocity deficit
(see figure 2b) and increased turbulence fluctuations (see figure 2d) below the release
height z/hw = 1 arise from the wake of the release mechanism, which protrudes 30 mm
below the surface. With the mechanism removed, the free stream is recovered below
z/hw ≈ 0.8. Between the upstream and downstream locations, the particle catch-grid on
the bottom wall acts as a roughness element, damping the near-wall mean velocity profile
(figure 2b) while enhancing velocity fluctuations (figure 2d). Otherwise, across all three
measurements, a significant portion of the flow, nominally 50 %–75 %, is ‘free stream’
wherein the mean velocity and the turbulence intensity (see figure 2b,d) do not change
substantially in the z-direction.

Single-pixel PIV calculations (Westerweel, Geelhoed & Lindken 2004) were applied to
the near-wall field at the upstream measurement location, the results of which are shown
in figure 2(a). Applying the method of Rodríguez-López et al. (2015) and Esteban et al.
(2017) to the single-pixel data yielded estimates of the friction velocity uτ = (τw/ρ f )

0.5,
where τw is the wall shear stress. The obtained values of the friction velocity were
approximately uτ = 0.01 and 0.015 m s−1 at U∞ ≈ 0.25 and 0.38 m s−1, respectively. This
yielded Reτ = uτ δ/ν in the range 2600 � Reτ � 4500, where δ is the boundary layer
thickness. The values of U∞ and Ub are slightly higher in the high-turbulence cases as
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mechanism
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U/U∞
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(u′/U )∞ ≈ 4 %

U∞ ≈ 0.25 m s–1
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U∞ ≈ 0.38 m s–1
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Figure 2. Wall-normal profiles of the (a,b) normalised mean streamwise velocity component U (z)/U∞ and
(c,d) turbulence intensity u′(z)/U∞. Panels (a) and (c) show profiles at x/M = 52.5 for all flow cases while
panels (b) and (d) show the differences between upstream profiles at x/M = 52.5 – with and without the
release mechanism installed – and downstream profiles at x/M = 85.0 for a sample case (U∞ ≈ 0.38 m s−1,
(u′/U )∞ ≈ 9 %). Points in the near-wall region in (a) are results from single-pixel PIV.

compared with the low-turbulence cases. The increase in Ub is small, less than 2 % for
both U∞ ≈ 0.25 m s−1 and 0.38 m s−1. The effects of this on the particle mean settling
locations will be discussed in § 4. Free stream anisotropy is in the range 1.4 � (u′/w′)∞ �
1.8. The increase in the shape factor between the upstream and downstream locations is
large compared with the boundary layer study of Jooss et al. (2021), which was performed
in the same facility, because the catch-grid of the present investigation represents a rough-
wall where H increases with surface friction (Castro 2007) in contrast to the smooth wall
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Figure 3. Scatter plots of all 32 experimental cases. Panels (a) and (b) depict scatter for 6 mm and 9 mm
particles, respectively. Blue markers denote U∞ = 0.25 m s−1, while red markers correspond to U∞ =
0.38 m s−1. The dark circles and light squares are scatter of particles in low turbulence ((u′/U )∞ ≈ 4 %) and
high turbulence ((u′/U )∞ ≈ 9 %), respectively. Subpanels (i) to (iv) correspond to spheres, circular cylinders,
square cylinders and flat cuboids, respectively. Axes are equal in aspect ratio.

of Jooss et al. (2021). This change in shape factor is therefore to be expected. Note that
integral length scales increase with turbulence intensity. This will be discussed further in
§ 5. An overview of the flow characteristics from PIV and LDV measurements is presented
in table 2. In the subsequent discussion, the different turbulent cases are referred to by their
turbulence intensity for convenience.

4. Mean settling location and vertical velocity
The particle settling locations for all experimental cases are presented in figure 3. In
each experimental case, 200 particles were dropped. Clark et al. (2023) reported good
convergence in wavy flows with only 100 particle drops per case. Subsampling half of
each case of the present experimental data also revealed good convergence with particle
dispersion values lying within 0 %–12 % of the final value. To avoid extreme events heavily
influencing the results of the particle drops, data points lying more than 3.5 standard
deviations away from the mean have been removed. The number of such outliers is low,
less than 1 % in all cases. From the scatter plots of figure 3, one can immediately get
a general idea of the effect of changing particle size and shape, advection velocity and
turbulence intensity.

It is clear that particle shape is important. The anisotropic particles tend to travel farther
than the spheres, with flat cuboids being advected farther than square cylinders, followed
by circular cylinders. This is expected due to the differences in drag experienced by the
particles (see table 1). Larger particles tend to travel a shorter distance than smaller
particles before being deposited on the channel floor. Drag forces increase with surface
area. However, this drag is superseded by the increased gravitational forces due to the
higher mass, ensuring the net downward force increases, and particles are advected a
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Figure 4. Discrete probability distributions of the streamwise settling locations of particles, x p . Bins represent
the physical locations and widths of the particle catch-grid cells, while the y-axes show the relative frequency.
Dark blue ( ) and light blue ( ) bars correspond to low and high turbulence intensity at U∞ ≈ 0.25 m s−1,
respectively, while dark red ( ) and pink ( ) bars correspond to low and high turbulence at U∞ ≈ 0.38 m s−1.

shorter distance. Unsurprisingly, increasing the free stream velocity also increases the
value of the mean streamwise settling location, x p. As U∞ increases by approximately
50 % from ∼0.25 to 0.38 m s−1, x p increases by 55 %–70 % depending on shape. This
velocity change enhances the advection of spherical particles the most, followed by
circular cylinders, square cylinders, and flat cuboids. In other words, those particles that
travel the shortest distance before being deposited are also the ones whose advection is
most enhanced by changes in U∞. In all experimental cases, the mean spanwise settling
location, y p, lies close to the channel centreline. The histograms of figure 4 show the
discrete probability distributions of particle settling locations, ncell/ntot., where ncell is the
number of particles landing in cells with a given streamwise settling location and ntot. is
the total number of particles dropped per case.

When it comes to the effect of turbulence on the settling of particles, figures 3 and 4
indicate that it is significant. Mainly, the dispersion, (σx , σy) taken as the r.m.s. of the
streamwise and spanwise particle settling locations, respectively, is greatly affected by
increasing turbulence intensity. For example, the flatter distributions of the high turbulence
cases in figure 4 imply larger streamwise dispersion. This relationship will be discussed
in detail in § 5. What is not immediately apparent from looking at the particle scatter
is how turbulence influences x p. A measure of how the mean settling location changes
with respect to turbulence for a given particle and U∞ is the ratio x p,h/x p,l, where the
subscripts ‘l’ and ‘h’ correspond to low turbulence intensity (4 %) and high turbulence
intensity (9 %), respectively. Accounting for the marginal changes in Ub between the high
and low turbulence intensity cases measured at the same U∞, the mean settling ratio
becomes

1023 A32-12

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/jf

m
.2

02
5.

10
85

1 
Pu

bl
is

he
d 

on
lin

e 
by

 C
am

br
id

ge
 U

ni
ve

rs
ity

 P
re

ss

https://doi.org/10.1017/jfm.2025.10851


Journal of Fluid Mechanics

1.20

1.10

1.05

1.00

0.95

0.90

0.85

0.80

1.15

0.10 0.200.15

(a)

|Ws|/(m s–1)

0.10 0.200.15

|Ws|/(m s–1)

Rx̄

0.22

0.18

0.16

0.14

0.12

0.10

0.08

0.20

(b)

W
e/

(m
 s

–
1
)

Figure 5. (a) Mean settling ratio Rx for all particles at U∞ = 0.25 m s−1 ( ) and U∞ = 0.38 m s−1 ( ).
(b) Estimated mean vertical particle velocity We (4.2) plotted against the quiescent settling velocity |Ws |. Dark
blue ( ) and light blue ( ) markers correspond to low and high turbulence intensity at U∞ ≈ 0.25 m s−1,
respectively, while dark red ( ) and pink ( ) markers correspond to low and high turbulence at U∞ ≈
0.38 m s−1. Circle , spheres; triangle , circular cylinders; diamond , square cylinders; square , flat
cuboids. Solid markers, 9 mm particles; hollow markers, 6 mm particles.

Rx = x p,h

x p,l

Ub,l

Ub,h
. (4.1)

The results of this comparison between high- and low-turbulence cases are plotted in
figure 5(a). This investigation shows that the mean values remain relatively unchanged
even though an individual particle’s settling location may be greatly affected by changing
turbulent conditions, reflected in the increased scatter visible in figure 3. With this in mind,
it is prudent to ask whether x p can be predicted using parameters determined in laminar
or quiescent flow. For example, if one knew the value of Ub and |Ws | a priori, could one
estimate, with some certainty, how far a particle will be advected on average before being
deposited? In a simplified scenario, assuming constant horizontal and vertical velocity, the
time required for a particle to travel the horizontal distance x p at a velocity of Ub equals
x p/Ub. This length of time must equal the one required to travel the vertical distance h at
some estimated vertical velocity, We, i.e. h/We. The expression for We then becomes

We = h

x p
Ub. (4.2)

The values of We are plotted against |Ws | in figure 5(b). The diagonal line indicates We =
|Ws |. The lower values of We than |Ws | for particles advecting in the faster flow (red
markers) as compared with the slower flow (blue markers) show that there appears to
be some dependencies on Ub. This is likely due to the bulk velocity not capturing the full
effect of the differences in the velocity profiles as the particles descend. Moreover, between
turbulence levels (darker and lighter markers), We remains relatively unchanged. Turbulent
effects on the mean particle settling velocity are, in other words, negligible compared with
other parameters like Ub and particle geometry in this particular particle–turbulence flow
regime. This result stands in contrast to the theory of Maxey (1987) and Bragg et al. (2021)
on small inertial particles, however, it agrees with Fornari et al. (2016), who found that the
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Figure 6. Particle dispersion ratios of high-to-low turbulence in (a) streamwise and (b) spanwise directions.
Blue ( ) and red ( ) markers correspond to U∞ = 0.25 m s−1 and 0.38 m s−1, respectively. Circle , spheres;
triangle , circular cylinders; diamond , square cylinders; square , flat cuboids. Solid markers, 9 mm
particles; hollow markers, 6 mm particles. Error bars correspond to standard deviations computed using
bootstrapping.

retarding effect of turbulence diminishes as ρp/ρ f increases, the magnitude of which is
comparatively very high in the present study. Applying the method of least squares reveals
that We ≈ c1|Ws |, where c1 = 0.941 ± 0.005. This linear relationship between the mean
settling velocity estimated by x p and the quiescent settling velocity shows that the former
works well as an analogue to the latter. Therefore, obtaining a reasonable prediction of x p
using only |Ws |, Ub and h is possible.

Although We is useful in comparing the mean settling velocity between different
turbulent flows, it is effectively an integral value that integrates the particle’s motion
linearly over time and space using bulk velocity and total particle mean displacement. It
does not account for the instantaneous changes in the particle velocity due to the turbulent
structures, the initial transient period wherein a particle accelerates from rest, or the effects
of the developing turbulent boundary layer on the particle dynamics near the wall (see
Tee & Longmire 2024). As such, We is only used to compare the mean settling behaviour
between the turbulence levels, as it does not consider the instantaneous settling dynamics.

5. Particle dispersion
Even though the overall mean settling location of the finite-size particles remains constant
with turbulence, their dispersion is highly dependent on it. The ratio of dispersion
between high and low turbulence conditions, Rσ = σh/σl, in the streamwise and spanwise
directions are plotted against the particle Reynolds number, Rep = |Ws |l1/ν, in figures 6(a)
and 6(b), respectively. This ratio, Rσ , is above unity for all particles, indicating that
increasing turbulence intensity increases dispersion. This positive correlation also agrees
well with the existing literature (Fornari et al. 2016; Esteban et al. 2020; Chan et al. 2021).
There is a trend in which particles with higher values of Rep experience a lower relative
increase in dispersion by the added turbulence. Indeed, when l1 is increased from 6 to
9 mm, Rσ is decreased for almost every particle shape. This result agrees well with the
experimental findings of Wang & Stock (1993) who found that heavier particles tend to
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Figure 7. (a) Streamwise dispersion (σx ) and (b) spanwise dispersion (σy) normalised by drop height h plotted
against the ratio of settling velocity to turbulent fluctuations (|Ws |/u′∞). Dark blue ( ) and light blue ( )
markers correspond to low and high turbulence intensity at U∞ ≈ 0.25 m s−1, respectively, while dark red ( )
and pink ( ) markers correspond to low and high turbulence at U∞ ≈ 0.38 m s−1. Error bars are standard
deviations of σx and σy computed using bootstrapping.

disperse less in settling-dominated flow regimes, Shin & Koch (2005) who found that
dispersion decreased with particle size, and Chan et al. (2021) who similarly found that
dispersion decreased with Ar . Clark et al. (2023) also found that dispersion was less
sensitive to gravity waves with increasing particle size.

As can be seen in figure 6(a), the dispersion ratio in the streamwise direction, Rσ,x ,
is larger for certain particle geometries. Generally, flat cuboids ( ) and circular cylinders
( ) tend to be more affected by changes in turbulent conditions compared with square
cylinders ( ) and spheres ( ). In this flow regime, inertial and size effects ensure that
particle-flow interactions are characterised by wakes, and their dynamics are therefore
complex. Both square and circular cylinders have similar values of l1 and l2. Despite this,
they exhibit very different behaviours when placed in turbulent flow, suggesting particle
shape has a similar, if not greater, influence on dispersion than size.

The streamwise and spanwise particle dispersion (σx , σy) normalised by the drop height
is plotted against the ratio |Ws |/u′∞ in figures 7(a) and 7(b), respectively. In general,
dispersion in both directions decreases exponentially with an increase in |Ws |/u′∞. This
suggests an inverse relationship between a particle’s settling velocity and dispersion. When
comparing between σx and σy , it is clear that σx/σy � 1 for all particles. This is because
anisotropy is present in the free stream with (u′/v′)∞ > 1 (assuming v′∞ ∼ w′∞). In HIT,
turbulent fluctuations are statistically independent of direction. This is not the case for
turbulent advecting flows. Hence, particles are not expected to disperse equally in the x-
and y-directions. This is to say that, even though Rσ,y > Rσ,x in many cases, as shown
in figure 6, both the absolute dispersion and the absolute increase in dispersion with
turbulence are larger in the streamwise direction than the spanwise direction.

The decreasing relationship between σx and |Ws |, as seen in figure 7, does not hold
true in all flow cases for particles of different shapes. To highlight this effect, figure 7
is replotted as separate figures in figure 8 for different flow cases. Focusing on three out
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Figure 8. (a) Streamwise dispersion (σx ) and (b) spanwise dispersion (σy) normalised by drop height h plotted
against the ratio of settling velocity to turbulent fluctuations (|Ws |/u′∞). Error bars are standard deviations of
σx and σy computed using bootstrapping.
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of four particle shapes in figure 7(a) (excluding square cylinders ), similar to what was
observed earlier, there is a clear decreasing trend of σx with increasing |Ws |. Specifically,
in all flow conditions, flat cuboids (which have the lowest value of |Ws |) are more dispersed
than circular cylinders, which in turn are more dispersed than spheres (which have the
highest value of |Ws |). The trend also holds for σy in figure 7(b) with the exception of
9 mm spheres at U∞ = 0.25 m s−1. In this context, it can be hypothesised that particles
with lower settling velocities remain suspended longer in the flow, giving them more
opportunities to be randomly dispersed by turbulence.

However, in figure 8, it is clear that the square cylinders ( ) deviate from this strictly
decreasing trend at lower values of U∞ and (u′/U )∞. At (u′/U )∞ = 4 %, the square
cylinders disperse more during their descent than the flat cuboids, despite settling farther
upstream, supporting the notion that particle dispersion is not simply a product of the
time spent suspended in the turbulent flow. Further confirmation of this can be found
from the Gaussian-like distributions of figure 4. If particles that spent more time in the
flow were more dispersed as a rule, then one could expect the probability distributions
to feature long tails downstream of the peak, which is not observed here. Therefore, it is
important to incorporate particle geometry in dispersion models at certain values of U∞
and (u′/U )∞, or one could risk underestimating the spread of certain particles. As the free
stream velocity and turbulence intensity increase, a more robust trend appears between
σx/h and |Ws |. This is due to Rσ,x (see figure 6) being lower for square cylinders than for
the other anisotropic particles, ensuring that the dispersion of flat cuboids overtakes that
of square cylinders as (u′/U )∞ is elevated. This ‘stabilising’ effect obtained by increasing
free stream turbulence happens sooner for smaller particles. By increasing either U∞ to
0.38 m s−1 or (u′/U )∞ to 9 %, the dispersion of 6 mm flat cuboids has already increased
beyond that of square cylinders. The 9 mm particles take longer to reach this regime. It
is only when both U∞ and (u′/U )∞ are increased that the square cylinders adhere to
the same trend as the other particles. These results show that the settling velocity of a
particle becomes a more accurate predictor of dispersion as turbulence increases. Thus,
at high values of ReD and (u′/U )∞, it is enough to know a particle’s characteristic size
and settling velocity to estimate its dispersion. This is not to say that the effects of particle
geometry are not important, however, they do become more predictable.

To provide a more quantitative assessment of the relationship between the dispersion of
particles, their characteristics and free stream turbulence conditions, the scaling parameter
σx/h was fit against dimensional parameters via regression analysis. Clark et al. (2023)
used best subsets linear regression to identify the relative importance of different particle
parameters. In the present discussion, a nonlinear approach similar to Berk et al. (2018) is
employed to generate an empirical model based on both particle and flow parameters. The
parameters used in the fit are the particle size, l1, the particle settling velocity, |Ws |, the
r.m.s. of the turbulent fluctuations, u′∞, the integral length scale estimate, L11, kinematic
viscosity, ν, and gravitational acceleration, g. The flow parameters, u′∞ and L11, are both
taken in the quasihomogeneous region. As ν and g remained relatively constant, they could
not be reliably fit using nonlinear regression. Instead, they are included to balance the
fit dimensionally. These parameters were chosen based on observations concerning how
particle parameters and turbulence affect dispersion. The resulting nonlinear fit has the
form

σx

h
= A

(
lα1
1 |Ws |α2(u′∞)α3 Lα4

11να5 gα6
)± e, (5.1)

where α1, . . . , α6 are fitted exponents, A is a constant and e is the r.m.s. of the residuals.
The results of the nonlinear fit are listed in table 3. Note that l2 is not among the variables
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A α1 α2 α3 α4 α5 α6 e

50.5 0.2 −1.5 1.5 −0.5 0.2 −0.1 0.018

Table 3. Fitted coefficients for (5.1) using nonlinear regression.

included in 5.1, and as such, the aspect ratio does not appear in any of the following
equations. Analysis of the data using different combinations of particle parameters
(l1, l2 and |Ws |) to create a nonlinear fit yielded the best results when l2 was excluded,
suggesting that AR makes a less accurate predictor of dispersion than l1 or |Ws |. This
may be because the aspect ratio only varied in the range 0.5 � AR � 1.5 in the present
study, which may have been insufficient to identify aspect ratio effects. The particles were
specifically designed to all have approximately the same aspect ratio.

With six variables and two dimensions (length and time), four non-dimensional groups
can potentially be obtained according to the Buckingham Π theorem. In this discussion,
two different non-dimensional groupings are presented to gain insight into particle–
turbulence interaction. The first grouping uses the ratio of turbulent velocity fluctuations
to the settling velocity (u′∞/|Ws |) and the particle length scale to turbulent integral length
scale ratio (l1/L11),

σx

h
= A

(
u′∞
|Ws |

)1.5 ( l1
L11

)0.5
(

ν2

l3
1 g

)0.1

. (5.2)

The third term is inversely proportional to the Archimedes number, Ar = (ρp/ρ f −
1)gl3

1/ν2. The Archimedes number is the square of the Galileo number, Ga, a ratio of
gravitational forces to viscous forces. Substituting Ar into (5.2) yields

σx

h
= B

(
u′∞
|Ws |

)1.5 ( l1
L11

)0.5

Ar−0.1, (5.3)

where B = A(ρp/ρ f − 1)0.1. The empirical expression in (5.3) is plotted against
experimentally obtained values in figure 9. Most cases lie within the 95 % confidence
interval with decreasing relative errors as U∞ and (u′/U )∞ increase. As such, (5.3) yields
better predictions at higher turbulence levels and advection velocities. The differences
in anisotropy between flow cases suggest that the addition of w′ to (5.3) may have
some higher-order effects on the dispersion. However, while substituting u′∞ with an
approximation of turbulent kinetic energy, k = 1/2(u′2∞ + 2w′2∞), yields increased scatter
in the data, it does not significantly alter the overall trend.

There is some elegance to the formulation of (5.3) in that it encompasses many of the
physical mechanisms that one would expect from such a model. The first term (u′∞/|Ws |)
compares the velocity scales of the turbulence and the mean particle settling. The latter
also implicitly contains information on the particle itself, as the mean settling velocity is
a function of the geometry and settling dynamics. The second term (l1/L11) compares
the relative length scales of the particle and the turbulence. Finally, the Archimedes
number compares the relative importance of gravitational and viscous forces, which also
encompasses the relative density difference between the particle and the fluid.

The scaling with u′∞/|Ws | of (5.3) is in agreement with the previous discussion
concerning figure 8. The sphere, which settles the fastest, has the smallest dispersion,
while the flat cuboid, which settles the slowest, has the largest dispersion. In many previous
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Figure 9. Equation (5.3) (solid line) plotted against experimentally determined values of σx/h. Dashed lines
are 95 % confidence intervals. Dark blue ( ) and light blue ( ) markers correspond to low and high turbulence
intensity at U∞ ≈ 0.25 m s−1, respectively, while dark red ( ) and pink ( ) markers correspond to low and high
turbulence at U∞ ≈ 0.38 m s−1. Circle , spheres; triangle , circular cylinders; diamond , square cylinders;
square , flat cuboids. Solid markers, 9 mm particles; hollow markers, 6 mm particles.

studies concerning particle settling in turbulence, the ratio u′∞/|Ws | has proven important
to settling behaviour (Dávila & Hunt 2001; Good et al. 2014; Fornari et al. 2016), providing
support to the validity of (5.3) even though it has not, to our knowledge, been directly
tied to finite-size particle dispersion in this way. The proportionality with the square
root of l1/L11 might initially suggest that increasing particle size leads to an increase
in dispersion, which disagrees with the present experimental results. This is due to the
interdependency between the non-dimensional groups in (5.3). Specifically, changing l1
causes a change in |Ws | that is difficult to determine exactly a priori. Nevertheless, within
the present experimental parameters, |Ws | scales with l1 such that increasing the particle
size attenuates dispersion. Finally, the inverse proportionality with Ar entails that if one
could keep the other ratios constant, a higher-volume particle would experience reduced
dispersion. This agrees with Shin & Koch (2005) and Chan et al. (2021), who found
an inverse relationship between dispersion and particle size. As discussed in § 1, Clark
et al. (2023) also found that Ar is an important parameter when determining the effect
of gravity waves on dispersion. Lastly, it should be noted that in the present study the
particles’ aspect ratios did not vary significantly from unity, i.e. 0.5 � AR � 1.5. Studies
specifically designed to investigate AR have found it to be an important parameter that
influences dispersion (Njobuenwu & Fairweather 2015; DiBenedetto, Ouellette & Koseff
2018; Clark et al. 2023) and particle dynamics (Shapiro & Goldenberg 1993; Shin & Koch
2005; Tinklenberg 2024). Here, we do not conclude that AR is not an important parameter,
but rather note that it was not specifically tested. Particles with AR values far outside the
range of the present study may settle differently, and the application of (5.3) in such cases
should be done with care.

In HIT, the dissipation rate of turbulent kinetic energy, ε, is related to the turbulent
velocity fluctuations and the integral length scales by ε ∼ (u′∞)3/L11 and is balanced
by the rate of turbulent kinetic energy production (Pope 2000). Equation (5.3) can be
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rearranged to be expressed in terms of ε to obtain

σx

h
= C

(
εl1

|Ws |3
)0.5

Ar−0.1, (5.4)

where the constant C is introduced due to the substitution of ε. A common way of
modelling the dispersion of suspended particles in turbulence is to equate it to a diffusive
process (Brandt & Coletti 2022). Under this assumption, dispersion is proportional to the
eddy diffusivity, K ∼ u′∞L11 (Tennekes & Lumley 1972). While diffusion may play a key
role in other particle transport scenarios, for the inertial, finite-size particles investigated
in this study, (5.4) suggests that the dispersion is not simply a diffusive process as σx
increases with ε rather than K . This emphasises the importance of taking into account
particle size and inertia when developing numerical models.

6. Conclusions
In this experimental study, the advection and dispersion of negatively buoyant finite-
size spherical and non-spherical particles in turbulent open channel flow have been
investigated. Eight different particles of four geometries (spheres, circular cylinders,
square cylinders, flat cuboids) and two sizes (6 and 9 mm) are considered. The results
based on their settling locations have yielded insight into their behaviour when travelling in
different turbulent conditions. It was found that the average distance particles are advected
before being deposited, x p, is primarily a function of the bulk velocity and the particle
settling velocity in quiescent flow. Altering the turbulence level had little to no effect on
x p. From this, it can also be inferred that, even though individual particle trajectories are
distinct, the average vertical velocity is independent of the turbulent fluctuations in the
present particle–turbulence regime.

In contrast, the dispersion of particles increases with turbulence in all cases. The level of
enhancement was found to be highly dependent on particle geometry and size. Generally,
increasing particle size resulted in reduced sensitivity to changing turbulence levels, with
the dispersion ratio, Rσ , being smaller for higher values of l1. Framing this relative to
the Stokes number, St, increasing the l1 results in higher St, and thus the diminishing
effect of turbulence falls in line with expectations. Circular cylinders and flat cuboids are
more sensitive to turbulence changes than square cylinders and spheres. This result was
observed despite circular and square cylinders having similar aspect ratios, highlighting
the importance of particle geometry in determining dispersion.

For the majority of the particles considered, the streamwise and spanwise dispersion (σx ,
σy) decrease with the mean settling velocity (|Ws |). From this, it can be hypothesised that
dispersion is partially a function of time spent suspended in the turbulent flow. Although
the settling velocity is a good predictor of σx at high flow speeds and turbulence levels,
not all particles adhere to this relationship. The square cylinders are much more dispersed
than the flat cuboids at low values of U∞ and (u′/U )∞, despite settling faster. This
phenomenon is amplified by particle size, with 6 mm particles more readily conforming
to a monotonic decrease in σx with |Ws | at higher values of U∞ and (u′/U )∞ than 9 mm
particles.

To quantify the interplay between turbulent conditions and particle dispersion, a
nonlinear fit relating σx to turbulent fluctuations, integral length scale, particle settling
velocity and particle size is proposed. This fit confirms the importance of u′∞/|Ws | as
in earlier studies of small inertial particles, such that particle dispersion increases with
turbulent velocity fluctuations while decreasing with the settling velocity. Increasing
the particle size leads to higher settling velocities, which in turn causes a decrease in
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dispersion. Another possible interpretation of the empirical relation is that σx scales with
the turbulent kinetic energy dissipation rate, ε ∼ (u′∞)3/L11. This stands in contrast to a
purely diffusive process wherein particle dispersion is proportional to the eddy diffusivity,
K ∼ u′∞L11.

The geometries and sizes of plastic waste in the ocean are diverse and varied. In
modelling the dispersion of negatively buoyant finite-size particles in turbulent flows,
the present results show that size and geometry effects must be considered. Even though
shape effects are ‘stabilised’ at higher turbulence levels and Reynolds numbers, assuming
a monotonic reduction in dispersion with settling velocity can lead to underestimating the
spread of particles in certain turbulent conditions. Nonetheless, there appears to be some
universality governing the underlying physical mechanisms.
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