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Abstract

Recent studies suggest that the vertical distribution of positively buoyant plastic particles
in turbulent open-channel flows can be described by a modified Rouse profile. However,
experimental evidence also indicates that floating particles often remain confined to the
air-water interface due to surface tension, with limited vertical exchange. These observations
suggest a tension in the interpretation of Rouse-type profiles for positively buoyant plastics.
To address this, we first derive an expression for a particle development length, defined
as the streamwise distance required for particles to interact with the controlling boundary.
This provides a diagnostic measure of whether particles have had sufficient opportunity
to interact with the boundary, and suggests that previous experimental studies may have
operated within a developing regime. Second, we develop a regime map that integrates free-
surface detachment and bed-entrainment processes within the Rouse framework, providing a
predictive description of when Rouse-type behaviour is physically valid for both positively
and negatively buoyant plastics. Together, these results highlight the critical role of boundary
interactions in plastic transport and support improved prediction of plastic pollution dynamics
in riverine environments.

1 Introduction

The distribution and behaviour of plastic particles in aquatic environments have become
crucial areas of research due to the widespread issue of plastic pollution. A key question in
understanding plastic transport and distribution in riverine systems is whether negatively
and positively buoyant plastics follow traditional sediment transport models, such as the
Rouse equation.

The Rouse equation provides a theoretical solution to the advection-diffusion equation
for sediment transport in water and has been widely used to estimate the vertical distribution
of suspended sediment concentrations (Rouse, 1937). The resulting Rouse profile is based
on several key assumptions: (i) the flow is two-dimensional, steady, and uniform, with
the streamwise velocity representing the dominant flow direction; (ii) the time-averaged
vertical velocity is zero, although instantaneous vertical fluctuations are nonzero; and (iii)
suspended particles are diffusively transported from regions of high to low concentration until
equilibrium is achieved between the downward flux due to gravitational settling (deposition)
and the upward flux due to turbulent diffusion (entrainment) (Dey, 2014).

Since the Rouse equation was developed to describe the behaviour of suspended sediment,
it implicitly assumes that particles are denser than water. This allows for interaction between
settling particles and the bed boundary, with continuous exchange between the bed load
and suspended load under equilibrium conditions. Such exchange is facilitated by lift forces
capable of re-entraining settled particles into the flow. In contrast, plastic densities typically
range between 850 and 1410 kg/m? (Gent et al., 2009; Mark, 2009; Grigorescu et al., 2019),
meaning that plastic particles can be either positively or negatively buoyant. Cowger et
al. (2021) were among the first to demonstrate that the classical Rouse formulation can
be extended to positively buoyant particles, leading to an inversion of the concentration
profile and accumulation toward the free surface. This extension can be expressed within

the classical Rouse framework as
_ H By
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where € is the particle concentration, G.¢ is a reference concentration, H is the water depth,
Zret 18 the reference elevation, and z is the vertical coordinate. The Rouse number is defined
as

(2)
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where wj is the particle settling velocity (taken as positive downward), u, is the shear velocity,
and « is the von Karmén constant. With this convention, negatively buoyant (settling)
particles correspond to 3, > 0, recovering the classical sediment case. Positively buoyant
(rising) particles are described by 3, < 0, leading to an inversion of the concentration profile
and accumulation toward the free surface. Note that the derivation of Equation (1) assumes
a parabolic eddy-viscosity profile and a turbulent Schmidt number of unity (i.e., equal
turbulent diffusivities for momentum and mass), consistent with the formulation adopted by
Cowger et al. (2021) and Valero et al. (2022) for buoyant litter transport.

Figure 1 illustrates an example application of Equation 1 for both positively and
negatively buoyant plastic particles, where the reference level for the surface layer was set to
Zref,surf/ H = 0.95, and for the bed layer to zyefbea/H = 0.05.
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Figure 1. Modified Rouse profile for (a) positively buoyant plastic particles with a reference level zyef,surt/ H = 0.95;
(b) negatively buoyant plastic particles with a reference level zref bea/H = 0.05

Equation 1 has been applied in several studies to characterize the vertical distribution
of positively buoyant plastics, including Cowger et al. (2021) and Wright et al. (2022). While
these studies indicate the applicability of the Rouse framework to buoyant particles, they do
not account for surface tension forces, which can entrap particles at the air—water interface
and inhibit exchange between the surface layer and the underlying flow. This mechanism
has been highlighted in recent studies, including Valero et al. (2022) and Kramer (2025),
suggesting that surface retention may play a dominant role in the transport of buoyant
particles.

Further, several experimental studies in the literature report Rouse-type concentration
profiles for buoyant plastics, yet simultaneously observe that floating particles remain confined
to the free surface, even under turbulent conditions. This inconsistency remains unresolved.
For example, Alsina et al. (2020) released floating particles at the free surface of a wave
tank and observed that “within the experimental conditions, floating particles do not detach
from the free surface, showing a large influence of the particle positive buoyancy”. Similarly,
Zaat (2020) performed flume experiments with HDPE sheets and reported that “releasing
of plastic at the water surface did not result in mizing at all. Sheets would remain at the



88
89
90

91
92
93
94
95
96
97
98

99

100
101
102

103

104
105
106

107
108
109
110
111
112
113
114
115
116
117
118
119

120

121

122
123
124
125
126

127
128

129
130
131

surface due to surface tension”. Finally, Born et al. (2023) observed in an open-channel flume
that floating particles “remained at the water surface, even under intense inlet turbulence
caused by the discharge entering the flume from the pump”.

Taken together, these observations suggest a tension in the interpretation of Rouse-
type profiles for positively buoyant plastics. While Rouse-like concentration distributions
have been reported, experimental evidence also indicates that floating particles can remain
confined to the free surface, with limited vertical exchange. This is critical because the Rouse
formulation assumes an equilibrium established through interaction with the controlling
boundary. If particles are retained at the surface by surface tension, or have not travelled
sufficiently far to interact with that boundary, the resulting concentration profile may not
represent a true equilibrium state.

This motivates two hypotheses. First:

“If a boundary exerts a controlling influence on particle distributions, a representative
concentration profile is only established after particles have travelled a finite development
length sufficient to enable interaction and exchange with that boundary.”

The second is:

“A Rouse profile can only exist for positively buoyant plastics when particle—surface
interactions sustain vertical exchange, which requires detachment from the free surface rather
than surface-tension-driven retention.”

To test these hypotheses, we adopt a combined analytical and numerical approach. First,
we derive an analytical expression for a particle development length based on a first-passage
formulation (§ 2), representing the streamwise distance required for particles to reach and
interact with the governing boundary. This provides a quantitative measure of the distance
over which boundary-controlled processes can influence particle distributions. Second, we
perform Lagrangian transport simulations of an idealized two-dimensional open-channel flow
(§ 3) under controlled turbulence conditions. To represent surface entrapment, we implement
an absorbing surface boundary condition, whereby particles are irreversibly captured at the
free surface. This formulation enables direct comparison between the first-passage framework
and Lagrangian simulations, providing a basis for validating the analytical predictions.
Finally, we compare the particle development lengths with experimental studies from the
literature (§ 4) and develop a regime map delineating the conditions under which the Rouse
profile is expected to hold for both positively and negatively buoyant plastics (§ 5).

2 Particle Development Length

2.1 Vertical first-passage formulation

The particle development length can be formulated as a first-passage problem by treating
the particle elevation as a stochastic process subject to upward buoyant drift and turbulent
vertical diffusion. In this framework, the relevant quantity is the downstream distance
associated with the time required for a particle released below the free surface to first reach
a thin near-surface capture layer. Let the particle be released at the dimensionless elevation

ZSOUI‘CE
C=—F (3)
where Zgource is the vertical release position measured from the bed and H is the local water
depth. We introduce the dimensionless vertical coordinate

n=—, (4)

where z is measured upward from the bed. Surface arrival is then defined as the first passage
to a thin capture layer located at n = 1 — &, where ¢ < 1. The capture layer thickness is
taken to correspond to a characteristic particle size D,, such that e = (3 D,)/H.
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Assuming steady, uniform, unidirectional flow, the vertical particle motion is represented
as an advection—diffusion process with constant upward rise velocity and turbulent diffusivity
following the parabolic profile commonly used in open-channel flow (Nezu & Nakagawa,

1993)
z
D.(2) = Kuxz (1 - E) , (5)
where u, is the shear velocity and £ = 0.41 is the von Kérmén constant. The corresponding

streamwise velocity is described using a logarithmic profile (Dey, 2014)

u(z) = % In (ZZO) : (6)

where z( is the hydraulic roughness length. This profile is used to relate the first-passage
time to the downstream particle development length.

Let T'(z) denote the mean first-passage time for a particle starting at elevation z to reach
the near-surface layer (1 —¢)H. The quantity of interest is therefore T'(2source ), corresponding
to a particle released at z = zsource- Following Gardiner (1985), the backward Kolmogorov
equation governing 7' is

D, (Z) -1, (7)

d?T dD, dT

—we | — =

dz? dz dz

where w; is the settling velocity, taken as positive downward. For positively buoyant particles,

wy < 0, such that —w, represents the upward rise velocity. The boundary conditions are
dT
(=0 T(0-eH)=0. 8)

z

Introducing the dimensionless mean first-passage time

Kl
®(n) = T(nH

() = "0 T (o), )

and the Rouse number 3, = w,/(ku.), Equation (7) becomes

d’® do
- s+ (1—2n—B,) — = -1 1
=) gz + (L=20=5) ¢ , (10)
with boundary conditions 4o

—(0) =0 ®(1—-¢)=0. 11
S O=0  e1-2) (1)

The quantity ®({) therefore represents the dimensionless mean first-passage time required
for a particle released at z = zsource to first reach the near-surface layer. Equation (10) does
not generally admit a simple elementary solution, but it can be written in integral form
and solved efficiently numerically. Its limiting behaviour is, however, obtained analytically,
yielding distinct turbulence-driven and buoyancy-driven asymptotic scalings.

2.2 Asymptotic regimes

To convert this first-passage time into a development length, we introduce a representative
horizontal advection velocity scale U. The corresponding dimensionless development length
is then

L U

== 8(0). (12)

For positively buoyant particles, 5, < 0, and —f3, represents the relative strength of
upward buoyant transport to turbulent mixing. Two asymptotic regimes follow directly
from Equation (10). For —f8, < 1, vertical transport is turbulence-driven, and the mean
first-passage solution scales as (Appendix A)

1-¢

e

®(¢) ~In ( ) . <l (13)
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Hence,

L U ln<1—¢

—_—~
KUy 3

) ) —Bp < 1. (14)
For —f, > 1, vertical transport is buoyancy-driven, and the mean first-passage solution
scales as (Appendix A)

1-(¢—¢

(9 5 —fBp > 1. (15)
p

Thus,

L U (1—(—5):U(1—C—6) 8> 1. (16)

H  Kus —Bp —Wsg
Equations (14) and (16) define two physically distinct limits of the particle development
length. In the turbulence-driven limit (—f, < 1), vertical transport is controlled by diffusion,
and the logarithmic dependence on (1 — ()/e reflects the time required for a particle to diffuse
across the depth to the surface. In the buoyancy-driven limit (—3, > 1), the development
length reduces to the distance for ballistic rise across the depth multiplied by the mean flow
velocity, recovering the scaling L ~ UH /(—ws).

Notably, the same scaling emerges in Claudin et al. (2011), who identified it as the
relaxation length governing the downstream distance required for a suspended sediment flux
to reach equilibrium following a change in flow conditions. The emergence of this behaviour
within the present framework suggests that particle development lengths for buoyant plastics
belong to the broader class of relaxation phenomena governing turbulent suspensions.

2.3 Horizontal velocity closure

To obtain an explicit hydraulic expression for the particle development length, the
representative horizontal advection velocity U may be approximated by the depth-averaged
streamwise velocity above the release elevation,

H
U= ﬁ /(H u(z)dz. (17)

Assuming that the streamwise velocity follows the logarithmic law, Equation (6), one

obtains ,{Z—,@ﬂl_g) [hl <Z) Cm <Cj> (1<)] (18)

The two asymptotic limits for the development length may therefore be written explicitly

as
and II;NFM[III(Z)_OH(CZI;)_O_O}, —B, > 1. (20)

Physically, Equations (19) and (20) show that the development length increases as
—pBp decreases, reflecting situations where the upward rise velocity weakens or turbulent
mixing dominates. The effect of bed roughness enters through zo, which shapes the velocity
profile and thus the horizontal transport of the particle. Particles released deeper in the flow
(smaller ¢) have farther to rise and are transported farther downstream.

The impact of these processes on the particle development lengths is illustrated in
Figure 2a, which shows the general solution of Equation (10) via Equation (12) together
with the two asymptotic limits. At large —f,, the buoyancy-driven scaling provides a close
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approximation to the general solution, while at small —f3, the diffusion-dominated scaling
governs. Equating Equations (19) and (20) gives the transition between both regimes at

_/B;Nl—g—e

w(=)

which evaluates to —f, ~ 0.2 for the parameters used in Figure 2a. Notably, this transition
occurs well below the classical criterion |8,| = 1 for physically relevant combinations of &
and ¢ (Figure 2b), reflecting the amplifying effect of the logarithmic factor in the diffusion-
dominated limit. It is important to note, however, that —3; does not represent the classical
transition between suspended and buoyancy-dominated transport in the Rouse sense. Rather,
it defines the crossover between diffusion-controlled and buoyancy-controlled scaling of the
particle development length.

(21)

(a)
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Figure 2. Particle development lengths for buoyant plastics evaluated for H/zp = 1000: (a) Dimensionless
development length L/H as a function of —f3, for ( = 0.2 and e = 1/60; (b) Transition Rouse number —f; as a
function of the dimensionless capture layer thickness e for three release positions (.

3 Lagrangian Transport Simulations

We simulate the transport of positively buoyant plastic spheres within a two-dimensional
open channel flume using a Random Walk Model. This approach extends the asymptotic
solutions for the particle development length. The water depth in the simulation is H = 0.3
m, and the flow is described by a logarithmic velocity profile, that is, Equation (6). For the
simulation, we used u, = 0.021 m/s, and zo = 3 - 10~% m, corresponding to a hydraulically
rough bed with H/zy = 1000. These parameters resulted in a depth-averaged mean velocity
of % fioﬂdz = 0.3 m/s. The selected conditions closely match those used in previous
laboratory studies, enabling direct comparison and validation of our numerical results.

Particle motion is governed by its position vector x,, with the particle velocity defined
by the time derivative
dx,

T up, (22)
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where ¢ denotes the time, the subscript p refers to a plastic particle, and u, is the velocity
vector of the point particle relative to an inertial frame of reference. Equation (22) can
be reformulated using a Random Walk Model. We adopt the scheme proposed by Visser
(1997), which has been successfully applied in previous studies (Nordam et al., 2019, 2023;
Wickramarachchi et al., 2024). This model accounts for both advective and diffusive transport,
described as follows

advection step diffusion step
~ =
_ D,
(t+A) =z,(t) + WAL+ LA+ R2ADS, (23)
X
) _ oD,
2, (t + At) = 2,(t) + (W — ws) At + 3 At + Ry/2AtD3. (24)
z

In these expressions, x, and z, represent the horizontal and vertical components of the
particle position vector x,. The superscript ’ in Equation (24) indicates an intermediate
step that is subsequently corrected to satisfy boundary conditions (e.g., particle reflection at
the bed or absorption at the free surface). The time step is denoted by At. The terms u
and w correspond to the time-averaged advection velocities in the horizontal and vertical
directions, respectively, with vertical flow velocities neglected in this model (w = 0). The
turbulent diffusivities in the horizontal and vertical directions are denoted by D, and D,,
where for simplicity, we assume D, = 0, and D, follows Equation (5).

The terms D} and D} are the local diffusivities evaluated at intermediate positions,
9D, At D, At D oD 2z

defined as z* = x, + TN and z* = 2z, + At Here, e 0, and 5E = Kl ( — ﬁ).
The parameter R is a normally distributed random number with zero mean and unit standard
deviation, and w; is the terminal settling velocity of the positively buoyant plastic (negative
sign). These velocities are selected so that the modified Rouse number 3, = w,/(ku.) takes
values ranging from —f, = 0.01 to —3, = 100. Note that this approach does not necessarily
require the selection of a particle diameter. However, as an example, assuming a plastic
density of p, = 950 kg/m? and applying the settling velocity formulation of Ferguson and
Church (2004), the corresponding particle diameters range between approximately 0.4 mm
< Dp < 5.6 mm. Both the assumed density and the resulting diameter range are consistent

with the particle properties used in the experiments of Born et al. (2023).

P Absorption
v ¢ PS ® [nitial position
° zp(t)
I O Particle after advection and
. diffusion step
: T A 2ot + At)
R g zp(t) zp(t) ® Particle at its final position
0<z(t)<H | —gi=o0 zp(t + At)

Figure 3. Illustration of implemented boundary conditions, including absorptive surface boundary and reflective
bed boundary.
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As the simulation domain is unbounded in the streamwise direction, boundary conditions
are applied only in the vertical (z) direction, accounting for particle-bed and particle—surface
interactions. Based on (i) literature evidence indicating that floating particles do not detach
from the free surface under typical flow conditions (Alsina et al., 2020; Zaat, 2020; Born et
al., 2023), (ii) the surface detachment formulation of Kramer (2025), which shows that the
prevailing shear velocity u. = 0.021 m/s falls well below the critical shear velocity required
for detachment, and (iii) our own accompanying experiments demonstrating surface retention
under the flow conditions considered here (Appendix B), the free surface is treated as an
absorbing boundary, as exemplified in Figure 3. In contrast, the channel bed is modelled
as a reflective boundary; however, interactions with the bed are rare due to the positive
buoyancy of the particles. Mathematically, the boundary conditions are applied through an
intermediate step, denoted as zz’g, which is subsequently corrected to ensure particles remain
within the physical domain. The implementation proceeds as follows

2p(t) + (W — ws) At + a;? At +R\2AtD: i 0 < 2,(t) < H,

2 (t+ Aty = H if 2,(t) = H, (25)

D
(W — w,) At + aa At + R\/2AtD: if 2,(t) = 0.
z

zp(t+At) i 0 < 2, (t + At) < H,

zp(t+At) =< H if z,,(t + At) > H, (absorptive boundary) (26)

—z,(t+ At) if z,(t + At) < 0. (reflective boundary)

Equations (25) and (26) ensure accurate representation of particle dynamics near the
boundaries, maintaining physical consistency throughout the simulation. An illustration of
the implemented boundary conditions is shown in Figure 3.

4 Results

4.1 Particle Trajectories and Surface Interactions

Using the Random Walk Model as described, we performed a total of 60 simulations,
comprising 20 simulations at each of the three release positions (¢ = 0.2, 0.5, and 0.8). In
each run, we simulated the trajectories of 100,000 positively buoyant plastic particles across
a range of modified Rouse numbers logarithmically spaced from —/, = 0.01 to —f, = 100.
The time step was At = 0.1 s, which is in accordance with previously established criteria
(Rossman & Boulos, 1996; Griwe et al., 2012). For each case, we tracked the length travelled
by each particle before surfacing, enabling a statistical characterization of particle arrival
distances.

Figure 4a shows exemplary trajectories of twenty particles, released at ¢ = 0.2, with
a modified Rouse number of —f, = 5.46. In this panel, we also added the mean arrival
distance into the surface capture layer (vertical blue line), as well as the 95th percentile of
the first-passage distance into the surface capture layer (vertical red line). The mean gives
the streamwise distance at which a typical particle first reaches the capture layer, and the
95th percentile marks the distance within which 95 % of particles have done so.

Arrival distances follow a log-normal distribution, and their corresponding cumulative
distribution function (CDF) is presented in Figure 4b, showing that 95 % of the particles
reach the surface layer at Lgs ~ 2.58 m. To connect these particle development lengths with
concentration profile convergence, we next assess whether the simulated vertical distributions
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Figure 4. Numerical simulation results: (a) Selected trajectories of twenty particles for —3, = 5.46, released at
¢ = 0.2; (b) Cumulative distribution function of surface arrival distances, with Lyean and Lgs indicating the mean
and 95th percentile of the distribution, respectively; (c) Percentiles of particle development lengths corresponding
to the AC = 0.05 profile-convergence criterion as a function of the modified Rouse number; (d) Comparison of
analytical and simulated development lengths for a release position ¢ = 0.2; the ratio H/zo = 1000 and € = 1/60
are used throughout.

attain an equilibrium downstream form. Profile convergence was quantified using the
Bray-Curtis dissimilarity (Bray & Curtis, 1957)

foH [c2(2) — Cret(2)] dz

AC = , o7
fOH (EI(Z) + Eref(z)) dz ( )

where )
Cul2) = _wl(®) (28)

fOH C:(2)dz

is the local vertical concentration profile at streamwise location x, obtained by binning
particle elevations over the water column and normalizing to unit area. C.f(2) is the
corresponding reference profile, which was taken here as the profile where 98 % of particles
reached the surface, which is taken as a practical proxy for an empty water column. Note the
metric AC is bounded between 0 and 1, where 0 indicates identical normalized profiles and 1
indicates non-overlapping profiles. AC is shown in Figure 4b as a red line, and it decreases
monotonically with streamwise distance, approaching zero as the local profile converges onto
the reference.

—10-
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We adopt AC' = 0.05 as the convergence criterion, i.e., the streamwise location at which
the local profile differs from the reference by less than 5 %, and report the corresponding
percentiles of particle development lengths in Figure 4c. For the absorptive surface boundary,
the convergence length closely tracks Lgs across the tested range of Rouse numbers, confirming
that the streamwise distance required for the vertical profile to reach its equilibrium coincides
with the near-maximum particle arrival distance rather than the mean. For completeness,
we also implement a reflective surface boundary, where ¢,0¢(z) corresponds to the theoretical
Rouse profile, representing the equilibrium state for a reflective boundary. Note that the
two convergence lengths are defined relative to different reference states: for the absorptive
boundary, convergence is measured relative to a fully depleted water column, whereas for
the reflective boundary, it is measured relative to the Rouse equilibrium, consistent with the
reflective-boundary solution of Wickramarachchi et al. (2024). For the latter, the convergence
percentile increases towards —3, ~ 1 and thereafter coincides with the absorptive convergence
length (Figure 4c). This implies that the choice of surface boundary condition affects the
development length only in the turbulence-influenced regime (—f, < 1), where surface
interaction alters the evolving profile. For —8, 2 1, buoyant rise dominates, and both
boundaries yield the same convergence length.

A comparison of the development lengths obtained from the Lagrangian transport
simulations with Equations (19) and (20) is presented in Figure 4d. We observe a strong
agreement between the analytical solutions and the simulated mean arrival distance (L ~
Linean), thereby validating the first-passage framework against the Lagrangian simulations.
The development length Lgs is significantly larger than Lyean (Figure 4d), reflecting the
influence of turbulence in increasing the spread of particle arrival distances and causing
some particles to travel much farther before surfacing. For practical purposes, Lgs is
more relevant than Lean, Since it corresponds to the streamwise distance at which the
vertical concentration profile reaches convergence (Figure 4c). Using Lgs as the design
benchmark therefore ensures a physical domain long enough to capture the delayed arrival
of turbulence-influenced particles.

While Lyean is approximated by L from the first-passage solution, Lgs additionally
requires the spread of the arrival-distance distribution. Because the arrival distances are
log-normally distributed, the 95th percentile follows in closed form

L
H’

Los = exp(1.645 or — %0%)

- (29)

where 1.645 is the 95th percentile of the standard normal distribution and oy, is the standard
deviation of In(L/H). The spread oy, is well described by a bounded sigmoid in the modified
Rouse number 0.930

L= 0.742 7 (30)

14 (—B,/2.01)

which reproduces the simulated spread with R? = 0.998 and predicts Lgs to within 3% on
average over 0.01 < —f,, < 100. The coefficients in Equation (30) are fitted for the release
position ¢ = 0.2, which is a conservative choice; deeper releases modify the spread, since the
release elevation sets the streamwise path over which turbulence acts on the rising particles.
Equations (29) and (30) thus provide an explicit expression for Lgs/H.

4.2 Comparison of Development Length with Prior Studies

Here, we compare our analytical expressions, Equation (10) via Equation (12), and
Equation (29) with previous flume experiments. In Figure 5, the experimental flume lengths
(L/H)exp of Zaat (2020), Valero et al. (2022), and Born et al. (2023) are plotted on the
ordinate against predicted particle development lengths L/H and Lgs/H, which allows us to
assess whether the experiments satisfied the particle development length required for profile
convergence. As discussed in the previous section, Lgs is the more relevant benchmark for
practical purposes. It is seen that the majority of the experiments from Zaat (2020) and
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Valero et al. (2022) may not have converged, while the experiments of Born et al. (2023) fall
to the left of the 1:1 line (Figure 5b).

Overall, our findings suggest that several previous experiments may have been conducted
within a developing regime, in which particles had not yet travelled far enough to interact
with the controlling boundary, rather than under the fully developed conditions implicitly
assumed by the Rouse framework. In such cases, the reported concentration profiles may
reflect a transitional state rather than true equilibrium, which should be considered when
interpreting the results. More constructively, the presented particle development length
provides a quantitative design criterion for future experiments. Evaluating Lgs/H from
Equation (29) for the target particle and flow conditions yields a minimum flume length
beyond which the vertical concentration profile is expected to have reached equilibrium.
In the turbulence-dominated regime (—f3, < 1), however, this criterion can demand flume
lengths on the order of hundreds of water depths (Figure 4d), which may be impractical
to realise in the laboratory. This reinforces the view that equilibrium Rouse profiles are
difficult to attain for weakly buoyant plastics, and that surface interactions, rather than a
fully developed vertical distribution, often govern their transport.

m Zaat (2020) —_—1:1
e Valero et al. (2022) [ (L/H)exp > L/H (or Los/H)
4 Born et al. (2023) CI(L/H)exp < L/H (or Lgs/H)

(a) (b)

T
100 | 100 |
5 5
) )
3 50 13 50 i
— oo o ° - e® o o °
n
0 | | 0 | | |
0 100 200 300 0 200 400 600 800
L/H; Eq. (10) via Eq. (12) Los/H; Eq. (29)

Figure 5. Comparison of particle development lengths versus previous studies: (a) L/H; (b) Los/H.

5 Discussion

5.1 Surface Detachment—Rouse chart

To consolidate our study, we develop a regime map that integrates free surface detachment
and bed entrainment processes with the Rouse profile. This map delineates the dominant
plastic transport modes and identifies the conditions under which the Rouse profile remains
valid for both positively and negatively buoyant plastics, across a range of flow regimes and
particle characteristics. The regime map can be interpreted in two complementary ways: as
a Surface Detachment—Rouse chart, which emphasizes surface detachment thresholds and
plastic transport modes, and as a Shields—Rouse diagram, which highlights bed entrainment
thresholds and transport regimes.
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Figure 6. Regime maps for plastic transport in fluvial systems: (a) Surface Detachment-Rouse chart for positively
buoyant plastics; the reference particle is a spherical plastic with D, = ds0; (b) Shields-Rouse diagram for negatively
buoyant plastics; the reference particle is a sediment particle with Ds = ds0; incipient motion literature data from
Waldschliger and Schiittrumpf (2019) and Goral et al. (2023), as re-analysed by Kramer (2025).

The critical surface detachment parameter for positively buoyant plastics normalizes
the critical shear velocity u, ¢, required to detach particles from the free surface against key
flow and particle properties. It was first introduced by Kramer (2025), following earlier force
considerations by Valero et al. (2022)

uf 9.17T
C'_')cr,p: — N = C Cra (31)

where O, ), is the dimensionless shear velocity at surface detachment (referred to as surface
detachment parameter), and the subscript “cr” denotes a critical threshold. Here, D, is
the sphere volume-equivalent plastic diameter, g is the gravitational acceleration, p,, and
pp are the water and plastic densities, respectively. I'c; is a plastic-based Bond number at
detachment (see Appendix C), and Cp p, is a drag coefficient associated with the turbulent
downpull force F,, as defined in Valero et al. (2022) and Kramer (2025). The parameter
ap = AprojDp/Vp is a shape factor, where Ap,o; is the projected area of the particle parallel
to the streamwise flow direction and V, is the particle volume. Note that Equation (31) is
expressed in squared form compared to the original formulation in Kramer (2025), in order
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to align dimensionally with the classical Shields parameter. Additionally, the assumption
Pw > pp implies that this formulation is specifically valid for positively buoyant plastics.

To represent Equation (31) in our Surface Detachment—Rouse chart, we first define
a reference particle, analogous to how natural sediment is used in the classical Shields
diagram, to normalize flow and particle properties. We select a spherical plastic particle
as the reference and assume that its diameter corresponds to the median grain size of the
underlying sediment, that is, D, = d5¢. This assumption maintains consistency between the
two diagrams and provides a standardized basis for our analysis; the influence of varying
particle shapes and sizes is addressed subsequently.

To construct the surface detachment curves, we proceed as follows: First, we select a
particle size corresponding to a specified bed diameter dsg, as well as a particle density p,,.
Next, we evaluate Equation (31), where the shape factor is taken as cy, = 1.5, corresponding
to a spherical particle. We also assume Cp g, = 5, which represents a conservative estimate
for the turbulent drag coefficient acting on buoyant plastics in natural flow conditions. With
these parameters, we compute Og; p ds,, Where the subscript dsg indicates that this value
corresponds to our reference particle. Having computed Oc; p 4., We evaluate the critical

0.5
shear velocity using vy o = (@cr7p7d50 ("“’/%“’) gDp) , which is simply a re-arrangement
of Equation (31). Finally, we evaluate the shear Reynolds number as Re. = (ts,crds50)/Va,
where v,, is the kinematic viscosity of water. An example calculation illustrating this

procedure is provided in Appendix C and is included in Figure Ga.

Figure 6a shows the surface detachment curves for two density ratios, p,/p., = 0.85
and 0.95, representative of commercially available positively buoyant plastics. Because the
normalization follows the classical Shields formulation, the density ratio enters both sides of
Equation (31), leaving a residual dependence on p,/p.,; this dependence is weak, as illustrated
in Figure 6a. The key result is that the vast majority of positively buoyant plastics remain
entrapped at the free surface (surface load regime) under typical flow conditions, detaching
only at relatively high shear velocities. This is consistent with our surface entrapment
experiments (Appendix B) and with the absorptive free-surface boundary condition used in
the Lagrangian transport simulation, both shown in Figure 6a. For reference, the critical
surface detachment parameter exceeds O p 4, > 100 for dsp < 3.09 mm, confirming that
surface load is the dominant transport mode for small, buoyant plastics.

To illustrate other transport modes, we added curves of constant Rouse numbers 3, to
our plot, as defined by Equation (32)

2
u? 0.75C5 Re? 0.75C5 Re2  Re, 1
* _(_ x - — 32
e (VT ) @

Pw

which was adopted from Pekker (2018) to account for positively and negatively buoyant
plastics. Here, C; and C5 are empirical coefficients that describe particle drag behaviour in
the Stokes and Newton regimes, respectively, with typical values of C; = 18 and C; = 0.4 for
smooth spheres (Ferguson & Church, 2004). Equation (32) was incorporated into Figure 6
to provide a more comprehensive regime classification, with typical 3, ranges for different
transport modes, such as wash load, suspended load, and others, summarized in Table 1.

As discussed previously, we constructed the Surface Detachment-Rouse chart for spherical
reference particles with D, = ds9. To account for variations in particle shape and size, we
relate the surface detachment parameters of an arbitrary plastic particle to those of the
reference particle by expressing

Op %50 CpFydso T 33
5 = - T (33)
P,ds0 Qp D,Fy, dso
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Table 1. Comparison of plastic transport modes for settling and rising particles with typical Shields parameter
and Rouse number ranges. Transport mode thresholds are based on the Rouse-number framework of Cowger et al.
(2021), with the introduction of a subsurface-load regime and Shields-based surface-detachment criteria for buoyant
particles.

Transport Mode 0y (=), ©p (-) Bp (=) Interpretation

Settling Particles (8, > 0)

Bed retention Op < Ocrp N/A Particles remain immobile
Bed load Op = Ocrp Bp > 2.5 Particles travel predominantly at
the river bed
Suspended load Op > Ocrp 0.8 < By <25 Particles intermittently lifted
Wash load Op > Ocrp 0<Bp,<0.8 Turbulence keeps particles fully
suspended

Rising Particles (3, < 0)

Wash load Op > Ocrp 0<—B,<0.8 Turbulence keeps particles fully
suspended
Suspended load Op > Ocrp 0.8 < —fp < 2.5  Particles intermittently detached
Subsurface load Op ~ Ocrpp —Bp > 2.5 Particles travel predominantly
beneath the surface
Surface load Op < Ocr,p N/A Particles become entrapped at the
surface

which leads to the following normalization of ©,

Op
ap,50 CD, Fy,dsg T
Qp Cp,ry Lagg

®p7d50 = (34)

Here, T' and T'y,, are evaluated at their respective critical submergences (h., /Dy )cr,
determined by maximising the net restoring force following Kramer (2025), such that the
normalisation is consistent with the detachment curve construction. This normalization
enables us to adjust the detachment parameter for plastics of varying shapes and sizes,
thereby extending the regime map’s applicability beyond spherical reference particles to a
wide range of plastic particle geometries and dimensions.

Note that a similar approach was proposed by Goral et al. (2023); Kramer (2025) for
bed entrainment, who demonstrated that the classical Shields diagram for natural sediments
can be applied to plastics by expressing the plastic Shields parameter 0, as

Op

a, tan (¢p) (Dp ) —0.67
ap tan (¢s) \ dso

087d50 = (35)

where the subscript s refers to sediment, and dsg denotes the reference sediment particle
diameter Dy = dsg. The work of Kramer (2025) represents an extension of the concept
proposed by Goral et al. (2023), and the form of the plastic Shields parameter is analogous
Pp—Pw

Puw

to that for natural sediments, given as 6, = u?/ (( ) gD,,), assuming p, > p,. In
the context of bed entrainment, the shape factor o, includes the projected area of the
particle taken perpendicular to the flow direction. The friction coefficient ¢ accounts for
particle-bed interactions: ¢, represents the friction coefficient between the plastic particle

and the underlying sediment, while ¢, represents the friction between a sediment particle and
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the sediment bed. The corresponding Shields-Rouse diagram for negatively buoyant plastics
is shown in Figure 6b, where the threshold for motion is given by an empirical correlation

Ocr.s.d5o = 0.165(Rey +0.6) 9% 4+ 0.045 exp(—40 Re; '3), (36)

which was proposed by Sui et al. (2021). For completeness, normalized critical plastic Shields
parameters 0, , from Waldschliger and Schiitttrumpf (2019) and (Goral ct al., 2023), as
re-analysed by Kramer (2025), are also included in Figure 6b.

In summary, this section has developed a comprehensive regime map that integrates
surface detachment, bed entrainment, and the Rouse profile to classify plastic transport modes
across a range of particle properties and flow conditions. By normalizing key parameters for
different particle shapes and sizes, we extended classical sediment transport frameworks to
plastics with varying buoyancies. The green and orange shaded areas in Figure 6 illustrate
the parameter space where the Rouse profile provides a valid description of vertical plastic
concentration distributions for positively and negatively buoyant particles, respectively. While
the Rouse profile appears broadly applicable for negatively buoyant plastics, its applicability
for positively buoyant plastics seems more limited, primarily due to the dominant influence
of surface tension forces acting on small particles. This finding carries important implications
for plastic surface monitoring strategies, which are further discussed in the next section.
Overall, the regime map offers a valuable framework for understanding and predicting plastic
transport dynamics in fluvial environments.

5.2 Limitations and Implications

While the proposed framework provides a useful basis for understanding plastic transport
in fluvial systems, several limitations should be acknowledged

¢ Hydrodynamic simplifications: Our analysis does not account for waves and
windage. While we anticipate that these processes are generally negligible in open-
channel flows, they may be important in estuarine or coastal environments.

e Surface boundary condition: We applied an absorptive boundary in the Lagrangian
transport simulation, corresponding to the orange shaded region in Figure 6a. This
assumes irreversible surface entrapment and is corroborated by our experiments
(Appendix B).

« Assumed drag coefficient: In the absence of direct measurements, we adopted a
constant turbulent drag coefficient of Cp g, = 5. While conservative, this assumption
requires experimental validation for improved accuracy.

+ Reference particle geometry: Spherical particles were selected as a reference in
the Surface Detachment—Rouse chart. This offers a reasonable first approximation,
and shape effects are addressed through normalization. However, the detachment
formulation may require revision for open-shaped or flexible particles, such as cups or
films. As throughout the manuscript, this is a single-particle framework and does not
account for particle—particle or particle-sediment interactions.

« Effective density assumption: Our proposed framework incorporates effective
particle properties, including modified density due to processes such as fragmentation,
degradation, and bio-fouling. While this provides flexibility, it assumes that such
modifications are known or can be reasonably estimated. This distinction also limits
direct comparison with field studies reporting positively buoyant particles distributed
throughout the water column, as particles are commonly cleaned and washed prior
to characterisation, such that reported densities often represent material properties
rather than the effective hydrodynamic properties governing transport under field
conditions.

« Particle size effects: The proposed framework explicitly accounts for particle-size
effects through the capture-layer thickness in the development-length formulation and
through the particle diameter D, in the Surface Detachment-Rouse chart. While the
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underlying concepts are expected to remain applicable across a range of particle sizes,
additional validation would be beneficial.

Our findings have several important implications for understanding plastic transport in
fluvial systems. Most notably, the results suggest that the applicability of classical Rouse-
profile concepts to positively buoyant particles may be limited when surface-tension effects
are significant. They also indicate that experimentally observed concentration profiles can be
sensitive to the available development length, with measurements obtained over insufficient
distances potentially reflecting transitional rather than fully developed transport conditions.

The presented Surface Detachment—Rouse chart (Figure 6a) highlights that the majority
of positively buoyant particles are transported as surface load, suggesting that surface
monitoring may be sufficient to capture the bulk of buoyant plastic transport under typical
flow conditions. However, this conclusion is sensitive to hydrodynamic conditions and particle
properties, as certain conditions can lead to surface detachment (Figure 6a). While the
available evidence suggests that spherical buoyant particles are predominantly transported
as surface load, further investigations are required to assess whether similar transport
behaviour extends to more complex particle shapes such as films, fragments, and other
irregular geometries. The apparent tension with field studies reporting positively buoyant
particles distributed throughout the water column (e.g., Lenaker et al. (2019)) may partly
reflect the effective-density limitation noted above. Since particles are typically cleaned
and dried prior to characterisation, their reported densities may not represent the effective
hydrodynamic densities governing transport under field conditions, including the effects of
biofouling. Consequently, field observations of positively buoyant particles throughout the
water column are not necessarily inconsistent with the proposed framework.

In addition, the developed Shields—Rouse diagram (Figure 6b) shows that negatively
buoyant plastics are often transported as suspended load or wash load, which requires
subsurface or depth-integrated sampling strategies to accurately quantify transport. Overall,
our findings emphasize the importance of adapting monitoring approaches to the prevailing
plastic types and local flow regimes, as a one-size-fits-all strategy may lead to substantial
over- or underestimations of total plastic flux.

6 Conclusion

This study highlights the complex interactions between turbulent mixing and interfacial
forces that govern the vertical distribution of buoyant plastics in open channel flows. By
deriving an analytical expression for the particle development length, validated through
Lagrangian simulations, we show that previous experimental investigations may not have
fully met the streamwise distance required for plastics to reach an equilibrium vertical
concentration profile. The introduction of a regime map integrating free surface detachment
and bed entrainment processes with the modified Rouse profile provides a unified framework
to predict the transport behaviour of both positively and negatively buoyant plastics. These
insights are critical for improving the accuracy of plastic transport models and for designing
effective sampling and mitigation strategies in riverine environments. Future work should
focus on validating this framework across a range of flow conditions and particle properties
to deepen our understanding of the physical processes controlling plastic transport and to
refine predictive models of buoyant particle behaviour in riverine environments.
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Notation

The following symbols are used in this paper:

Latin Symbols

Aproj projected area

c instantaneous plastic concentration

c time-averaged plastic concentration

c plastic concentration fluctuation

Co normalised vertical concentration profile at location x
Crof normalised reference concentration profile

Cq, Cy empirical coeflicients describing particle drag

Cp,r, drag coefficient for downpull force

dso median grain size of underlying sediment

D, sphere volume-equivalent plastic diameter

D, sphere volume-equivalent sediment diameter

D, turbulent streamwise diffusivity

D turbulent streamwise diffusivity at intermediate position x*
D, turbulent vertical diffusivity

D; turbulent vertical diffusivity at intermediate position z*

AC Bray-Curtis dissimilarity metric
Fp buoyancy force
Fw weight force
F, downpull force
F, surface tension force
g gravitational acceleration
B submerged particle depth
H water depth

first-passage mean development length
mean mean particle development length
95th percentile particle development length
contact length for surface tension
specific discharge
shear Reynolds number
random number with zero mean and unit standard deviation
time
mean first-passage time
instantaneous streamwise water velocity
time-averaged streamwise water velocity
fluctuating streamwise water velocity
bed shear velocity
particle velocity vector
representative horizontal advection velocity
particle volume
submerged particle volume
instantaneous vertical water velocity
time-averaged vertical water velocity
fluctuating vertical water velocity
particle settling velocity
streamwise coordinate
streamwise particle position
particle position vector
vertical coordinate
hydraulic roughness length
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Zp vertical particle position (m)
z intermediate particle position for boundary condition (m)

Greek Letters

ap plastic shape factor (-)
Bp = ws/(Kku.); plastic Rouse number (-)
B, transition Rouse number (-)
r plastic-based Bond number (-)
At simulation timestep (s)
€ dimensionless capture-layer thickness (-)
¢ dimensionless particle release elevation (-)
i dimensionless vertical coordinate (-)
0, plastic Shields parameter (-)
0 sediment Shields parameter (-)
0, plastic surface detachment parameter (-)
K von Kéarman constant (-)
Vy kinematic viscosity of water (m? s~ 1)
Pp plastic particle density (kg m~3)
Pw water density (kg m~3)
o surface tension (Nm™1)
or, standard deviation of In(L/H) (-)
Dp friction coeflicient between plastic and sediment bed (-)
s friction coeflicient between sediment particle and sediment bed (-)
o} dimensionless mean first-passage time (-)
U contact angle (°)

Indices and Operators

bed channel bed

cr critical

max maximum

P plastic particle
ref reference

s sediment
source plastic source
surf free surface

w water

Appendix A Asymptotic Solutions of the Mean First-
Passage Equation

The dimensionless mean first-passage time ®(n), Eq. (10), satisfies

)

d?® do d
— 1—2n)— — — =-1 Al

diffusion turbulent drift buoyant drift

n(1—n)

where ®(n) = (ku«/H) T(z) is the dimensionless mean first-passage time and 7 = z/H is the
dimensionless elevation. The boundary conditions are %(O) =0and ®(1 — &) = 0. We seek
asymptotic solutions in the two limiting cases —3, < 1 (turbulence-driven) and —f, > 1

(buoyancy-driven).
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A.1 Turbulence-Driven Regime (—f, < 1)

When |3,| < 1, buoyant drift is negligible relative to turbulent diffusion, and Equa-
tion (A1) reduces at leading order to

d?® de

?7(1—77)(772441—277)* = -1 (A2)

The left-hand side is a perfect derivative,

d de
—_— —-—n)—| =-1 A
&[5 (A3)
Integrating once gives
(1-m) 7d<I> =-n+C (A4)
n n an =N 1-

Applying the no-flux boundary condition g—:(()) = 0: as n — 0 the left-hand side vanishes, so
C; =0, and

d® -1
Ao g (A5)
Integrating again,
D) = In(1 =) + Cs. (A6)
The absorbing boundary condition ®(1 —¢) = 0 gives Cy = —In(e), so
@(n):1n<1;’7), B, < 1. (A7)

Evaluating at the release elevation n = ¢ recovers Equation (13). The logarithmic dependence
on (1—()/e reflects the time required for diffusion to transport a particle across the remaining
depth H(1 — () to the capture layer of thickness ¢H.

A.2 Buoyancy-Driven Regime (—f, > 1)

When —f, > 1, upward buoyant drift dominates turbulent diffusion. The diffusion oper-
ator and the turbulent-drift correction (1 — 27))‘31—‘2 are both subdominant and Equation (A1)
reduces at leading order to

by G =1L (A8)
giving immediately
do 1
i = _—ﬂp. (A9)
Integrating,
®(n) = _73 +Cs. (A10)
p

Applying the absorbing boundary condition ®(1 —¢) = 0 gives C3 = —(1 —¢)/(—fp), so

(1-¢)—n

p

Evaluating at n = ¢ recovers Equation (15). In this regime ®(¢) is simply the dimensionless
distance to the surface, (1—¢—(), divided by the dimensionless rise velocity (—f,), consistent
with purely ballistic vertical transport.
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Appendix B Surface Entrapment Experiments

A series of laboratory experiments were conducted in a 9 m long, 0.6 m wide, and
0.7 m high horizontal flume at the Hydraulics Laboratory of the University of New South
Wales (Canberra). The experiments were designed to investigate the potential for particle
detachment under flow conditions representative of open-channel shear over a rough bed.
The channel bed was lined with a fixed layer of natural pebbles (median grain size dsg = 0.02
m) glued onto PVC sheets, providing a hydraulically rough and immobile boundary condition
for all experiments.

Four experimental runs were performed using 3D-printed spherical particles with con-
stant diameter D, = 0.014 m and varying densities p,, while the hydraulic forcing was
systematically varied. The discharge was measured using a Promag W 400 flow meter,
the median grain size of the bed material was determined via sieve analysis, and the bed
shear velocity u, was computed from particle image velocimetry (PIV) measurements of the
near-bed velocity field, similar to Condo-Colcha et al. (2024). For each run, 40 particles were
initially released at the channel bed, and after surfacing, their subsequent behaviour was
monitored to assess whether detachment from the surface occurred.

Table B1 summarises the experimental conditions. The hydraulic forcing is characterised
by unit discharge ¢, flow depth H, bed median grain size dsg, bed shear velocity u,, and
shear Reynolds number Re,, while the particle properties are defined by diameter D,, and
density p,. The surface detachment parameter ©, = u?/ (%) gDp) was computed
from measured shear velocities and particle properties, and the normalised parameter O, 4.,
was evaluated using Equation (34), where the Bond number ratio I'/T'y,, was obtained by
evaluating I'c, at the critical submergence for both the experimental particle (D, = 0.014 m)

and the reference particle (D, = dso = 0.02 m), following the procedure of Kramer (2025).

Table B1l. Summary of flow and particle conditions for surface entrapment experiments.

¢ (m?/s) H (m) dso (m) w.(m/s) Re. Dp(m) p,(kg/m®) O, Opay

0.1175 0.185 0.02 0.073 1457  0.014 882.5 0.33 0.24
0.1013 0.175 0.02 0.068 1350  0.014 964.7 0.95 0.52
0.1032 0.175 0.02 0.069 1375 0.014 998.0 1736 7.03
0.0403 0.165 0.02 0.029 580 0.014 998.0 3.08 1.24

In all experimental runs, particles rose and attached to the free surface after release, and
no subsequent detachment was observed. Notably, several conditions approach the surface
detachment threshold in Figure 6a, yet surface entrapment persisted throughout, confirming
the validity of the detachment curve and the dominance of the surface load regime across
the tested range of flow intensities and particle densities.

Appendix C Worked Example for Surface Detachment
Curve Construction

In this appendix, we provide a detailed example calculation to illustrate the procedure
for constructing surface detachment curves for buoyant plastic particles in open channel
flows. Using a reference particle size dso and particle density p,, we demonstrate how to
evaluate the critical surface parameter O, p 45, based on Equation (31). Let us assume a
particle with D, = d5o = 0.005 m and p, = 950 kg/m3. We further assume a drag coefficient
Cp,r, = 5, which is a conservative estimate for buoyant plastics in turbulent flow, and we
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consider the particle to be spherical. For a sphere, the shape factor «, is given by the ratio
of projected area times diameter to particle volume. This results in
_ AprOij _ (%Dg) Dy _ %Dg

D T N3 T3
VP GDP GDP

BN

=1.5. (C1)

Next, we consider the plastic-based Bond number, denoted as I'.., at the point of
detachment. It is defined as the ratio of the net vertical forces acting on the particle to the
maximum buoyant weight difference, given by Kramer (2025)

FB)Cr - FW + (Fa)cr _ Pw g (Vp,w)cr - ,Ongp + (La)crO—Sin(\I})

(
. =
. |FB,max - FW| ng |pw - Pp|

(C2)

Here, Fg is the buoyancy force acting on the particle, Fy is the particle weight, and
F, represents the surface tension force acting along the air-water-particle contact line. The
parameters p,, and p, are the densities of water and the particle, respectively, while g is
the acceleration due to gravity. The variable V, = %Dg = 6.5450 - 1078 m?® denotes the
total volume of the particle, and (Vp . )er is the critical submerged volume of the particle at
detachment. The term (L, )¢ is the critical length associated with surface tension forces,
o = 0.072 N/m is the surface tension coefficient, and ¥ = 105° is the contact angle. The
particle’s relative submergence at detachment, that is (hy/Dp)er, is given as 0.679 (Figure
B1 in Kramer (2025)), so
haw,cr = 0.679 - D, = 0.0034 m. (C3)

For a spherical particle, (V). and (Lg ) are related to her through (Kramer, 2025)

h2
Vo), = T 5”” (1.5D, — her.w) = 4.9547 - 1075 m?, (C4)

(LU)Cr = 277\/m = 0.0147 m. (05)

Substituting these values into Equation C2 gives

1000 - 9.81 - 4.9547 - 1078 — 950 - 9.81 - 6.5450 - 1078 + 0.0147 - 0.072 - sin(105°)

Uer
¢ 9.81 - 6.5450 - 10~ - (1000 — 950) (C6)

= 27.9141.

This result is then used in Equation (31) to compute the critical surface detachment parameter

u? 9.17T 9.17 - 27.9141
Ocr pdsy = Sear _ o _ = 34.1297. (C7)
(Pwpwl)p) g Dp ap CD,Fw 1.5-5
The critical shear velocity is
o — p 0.5
Us,cr = (Gcr,p,dw ( - P) gDp>
10%% — 950 00 (C8)
= (34.1297' <1000> -9.81- 0.005) = 0.2893m/s,
which corresponds to a shear Reynolds number of
«d 0.2893 - 0.005
Re, = 22950 _ = 1446.6. (C9)

Vi 1-10-6

The calculated pair of critical values, Re, = 1446.6 and O, p 45, = 34.13, characterizes
the onset of particle detachment for the given buoyant plastic particle under the specified
flow conditions (Figure 6a).
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