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ABSTRACT

Laboratory observations regarding the limit conditions for particle entrainment
into suspension are presented. A high-speed video system was used to
investigate conditions for the entrainment of sediment particles and glass
beads lying over a smooth boundary as well as over a rough bed. The results
extend experimental conditions of previous studies towards finer particle
sizes. A criterion for the limit of entrainment into suspension is proposed
which is a function of the ratio between the flow shear velocity and particle
settling velocity. Observations indicate that particles totally immersed within
the viscous sublayer can be entrained into suspension by the flow, which
contradicts the conclusions of previous researchers. A theoretical analysis of
the entrainment process within the viscous sublayer, based on force—balance
considerations, is used to show that this phenomenon is related to turbulent
flow events of high instantaneous values of the Reynolds stress, in agreement
with previous observations. In the case of experiments with a rough bed, a
hiding effect was observed, which tends to preclude the entrainment of
particles finer than the roughness elements. This implies that, as the ratio
between particle and roughness element sizes becomes smaller, progressively
higher bed shear stresses are required to entrain particles into suspension. On
the other hand, an overexposure effect was also observed, which indicates that
a particle moving on a smooth bed is more prone to be entrained than the same

particle moving on a bed formed by identical particles.
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INTRODUCTION

The concept of a threshold bed shear stress for the
initiation of motion of a sediment particle lying in
a bed of similar particles has long occupied a
central position in sediment transport theory (e.g.
DuBoys, 1879; Shields, 1936). Nevertheless, Grass
(1970) and, later, Lavelle & Mofjeld (1987) criti-
cized the concept and proposed, based on empir-
ical evidence such as that by Grass (1971), an
alternative statistical view of particle movement
on the bed. Turbulent fluctuations in instantane-
ous bottom shear stress and the random exposure
of bed grains to the flow make it possible for
particles to move, even at very low values of the
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mean bed shear stress. From this point of view,
the definition of a threshold condition for the
initiation of motion appears to have only statis-
tical significance, although it may still maintain
its convenience in practice.

A similar argument can be used to address the
definition of the threshold conditions for the
entrainment of particles into suspension. How-
ever, the definition of a limit for particle entrain-
ment into suspension can also have practical
convenience, for instance in distinguishing re-
gimes of sediment transport such as bedload and
suspended load (Garcia, 2000), or to know under
what conditions contaminated sediment might be
resuspended (Lépez & Garcia, 2001).
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Different criteria and theories have been devel-
oped to define a threshold condition for particle
entrainment into suspension. In all these, the
turbulence of the flow is assumed to have a major
influence on the phenomenon. Indeed, the pro-
blem of particle entrainment into suspension has
been related to turbulence—particle interactions
taking place in the near-bed region of the flow (e.g.
Sutherland, 1967; Grass, 1974; Sumer & Oguz,
1978; Yung et al., 1988; Rashidi et al., 1990;
Williams et al., 1994; Kaftori et al., 1995a; Nino
& Garcia, 1996; Nifio & Musalem, 2000). According
to these studies, particles are lifted from the bed
and entrained into suspension under the action of
coherent flow structures related to the turbulent
bursting process (Robinson, 1991).

Bagnold (1966) proposed one of the first criteria
to estimate the threshold condition for particle
entrainment. This was based on the assumption
that particles remain in suspension as long as the
turbulent eddies have dominant vertical velocity
components, which would scale with the flow
shear velocity, u*, that exceed the particle settling
velocity, w,. Accordingly, the critical value of the
flow shear velocity for the initiation of suspen-
sion would satisfy the condition: u*/wg = 1.
Previously, Engelund (1965a,b) proposed two
different criteria to estimate the threshold condi-
tions for the initiation of suspension. These
criteria, which were also expressed in terms of
the ratio u*/w,, with values of 0-25 and 0-85,
respectively, have been discussed by Nifio (1995)
and Nino & Garcia (1998a).

More recently, van Rijn (1984) conducted a
series of experiments to determine the limit con-
ditions for the initiation of suspension. Although
he did not give enough details about the experi-
ments, it seems that they correspond to observa-
tions of particle entrainment from a mobile bed
formed by similar particles. van Rijn (1984) pre-
sented his results in the form of a range of limit
conditions for which sediment particles are lifted
from the bed into suspension. The analysis of these
results together with the condition proposed by
Bagnold (1966) is presented below.

In this paper, experimental results regarding
the threshold conditions for particle entrainment
into suspension are presented and discussed on
the basis of a theoretical analysis of this phenom-
enon. The entrainment of particles lying over a
smooth boundary as well as over a rough bed is
investigated, including the phenomenon of hi-
ding associated with the motion of particles with

sizes smaller than that of the roughness elements
of the bed.

PRELIMINARY CONSIDERATIONS

Consider a fully turbulent open channel flow
with a bed formed by granular material of small
size compared with the flow depth. A typical
dimensionless relation characterizing the limiting
conditions for the entrainment of bed particles
into bedload motion can be written as (Raudkivi,
1990):

fi(Repx, ) = 0 (1)

where Re,* = u*d,/v denotes a particle Reynolds
number, with u* denoting the flow shear velocity,
d, denoting a representative mean diameter of the
entrained particles, and v denoting the kinematic
viscosity of the fluid; also, t* = u**/(gRd,)
denotes a dimensionless bed shear stress (i.e.
Shields’ stress), with g denoting gravitational
acceleration, R = (ps — p)/p denoting the sub-
merged specific density, and ps; and p denoting
the density of the entrained particle and the
density of the fluid respectively.

It can be argued that Eq. 1 can also be used to
represent a dimensionless relation characterizing
the limit of entrainment into suspension of
particles lying over the granular bed of the open
channel flow. In fact, u* is a measure of the
turbulence intensity of the flow in the near-bed
region, therefore t* can be interpreted as a
measure of the ratio of turbulent lift to gravita-
tional force acting on the particle. On the other
hand, Re,* is a measure of the relative size of the
particle with respect to the thickness of the
viscous sublayer. Clearly, particles with larger
values of both t* and Re,* are more prone to be
entrained into suspension than those with lower
values of these parameters.

For the particular case in which the size of the
entrained particle is different from the size of
the particles forming the roughness elements of
the bed, dj, one more parameter must be included
in a relation such as Eq. 1. This takes the form of a
ratio d,/dp, which quantifies effects such as
hiding, when this ratio is <1-0, and overexposure,
when this ratio is >1-0.

In this case, Eq. 1 becomes:

fo(Bp, T, dp/dp) = 0 (2)

where the parameter Re,* has been replaced by
the parameter R, = (Hgdf,)l/z/v, which is a kind
of dimensionless particle diameter that depends
on the properties of the particle and the fluid,
but is independent of flow parameters. These
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two parameters are related by the transforma-
tion:

1/2

Re, = Rpt" (3)
In fact, van Rijn (1984) uses a relation equivalent
to Eq. 2 to plot his experimental results on the
threshold for particle entrainment into suspen-
sion (with d,/d; = 1), although van Rijn expres-
ses it in terms of a dimensionless parameter D*
instead of R, such that D* = R}Z,/ 3

Another alternative dimensionless relationship
for the limit of entrainment can be written as:

fs(Bp, ux/ws, dp/dp) = 0 (4)

As w; is related to the particle size, the ratio u*/w;
is equivalent to t*, and can be interpreted as a
measure of the ratio between turbulent lift and
forces that oppose particle motion, such as gravi-
tational and viscous forces acting over the parti-
cle. In fact, Bagnold’s (1966) criterion for particle
entrainment into suspension mentioned previ-
ously is expressed in terms of a relation equival-
ent to Eq. 4.

EXPERIMENTAL STUDY

The experiments were conducted in a rectangular
open channel, 18:6 m long and 0-30 m wide, with
a slope set to a value of about 0-0009. The channel
has an observation window located 12 m down-
stream from the entrance. A high-speed video
system, the Kodak Ektapro TR motion analyser,
was used to record particle motion. A strobe light
with a flash duration of 20 ps was synchronized
with the high-speed video system to provide
whole-field illumination and to reduce image blur
resulting from particle motion.

The experiments were carried out under uni-
form flow conditions. Particles were fed exter-
nally to the flow at a distance sufficiently far
upstream from the observation window (about
6 m) to ensure that particle motion reached
independence from initial conditions before
going into the field of view of the camera. The
amount of particles fed to the flow and their
distribution over the bottom wall were controlled
to create a uniform single-size layer of particles,
with a surface coverage of about 15-20%. Particle
motion was recorded from the side through the
observation window, using the high-speed video
system set at a recording rate of 250 frames per
second.

Different particle sizes were analysed. For each
particle size, the experimental conditions were
initially set so that the particles would move
close to the channel bottom, as bedload only.
After recording particle motion for a few minutes,
the flow rate was increased in order to increase
the flow depth and thus the bed shear stress.
The video recording of particle motion was
then repeated only after reaching uniform flow
conditions. This procedure was continued until
conditions of generalized particle transport in
suspension were obtained.

Two different series of experiments (S and T)
were conducted corresponding to two different
surface roughness conditions. The first series of
experiments (Series S) corresponded to a channel
with smooth walls. The second series (Series T)
corresponded to a channel with bottom roughness
in the transitionally rough regime. The bottom
roughness in this case was of the k-type (Perry &
Li, 1990), that is it was created by gluing sand
particles, with a mean size d, = 530 pum, to the
originally smooth surface of the channel bottom.

Flow depths used in both series of experiments
covered a range from about 25 mm to about
70 mm. Water temperature was in the range from
195 to 205 °C, and fluid kinematic viscosity was
estimated as v=1x10"°m?s™". Flow condi-
tions corresponded to values of the flow Reynolds
number (defined as Re = Uh/v, where U denotes
flow mean velocity, and h denotes flow depth) in
the range from about 5000 to about 35000, and
to values of the Froude number [defined as
Fr = U/\/(gh]] of about 0-5-0-6, which correspon-
ded to subcritical flows. Values of u*, estimated
for each experimental condition by means of a
best fit of velocity measurements made at the
channel centreline with a hot-film probe to the
logarithmic velocity distribution (Nino, 1995),
were in the range from about 0:015 m s~ to about
0040 m s™".

Five different types of particles, with uniform
size distributions, were used in the Series S and T
experiments, namely glass beads with mean
diameter, d,, of 38 and 94 um, and natural silica
sand particles with d, values of 112, 224 and
530 um respectively. Values of d,, correspond to
the median size dsp. All the particles had a value
of R = 1-65. Values of the dimensionless param-
eter R, were in the range from 0-9 to 50. For the
present range of values of particle diameter and
shear velocity, resulting values of the dimension-
less shear stress, t*, were in the range from 0-03 to
2, whereas the values of Re,* ranged from 0-6 to
20. In some of the experiments in Series S,
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particles had sizes smaller than the correspond-
ing thickness of the viscous sublayer (estimated
as 5v/u*). In the experiments in Series T, where
the size of the particles transported by the flow,
d,, was different from the size of the particles
forming the roughness elements of the bed, d;, the
ratio d,/d}, had values in the range from 0-07 to
1:0. A summary of the particle characteristics
used in the present experimental study is shown
in Table 1, including associated values of the
settling velocity estimated using:

(4 Rgd, 1/2
ws = (g Cp ) (5)

which is valid for spherical particles, and where
cp denotes the drag coefficient estimated from
(Yen, 1992):

24 0-208

cp (1+0-15Re}/* +0-017Rep) —

€p
(6)

with Re, = wyd,/v, this expression being valid
over the whole range of values of Re, in the
present experiments.

EXPERIMENTAL RESULTS

The video recordings of particle motion were
analysed by two independent researchers to
define the regime of sediment transport prevalent
in each particular experiment. In general, the
onset of particle suspension was more or less
abrupt. For low values of the bed shear stress, the
particles moved in contact with the bed. In the
case of smooth flows, the particles moved along
the bed only by rolling and sliding. In the case of
transitionally rough flows, the particles moved
mainly in saltation, except for those with small
ratios d,/dp, which moved within the interstices
of the much larger roughness elements of the bed.
As the shear stress was increased, progressively

Table 1. Properties of the particles used in the
experimental study.

dp (um) ws (cm s™Y) R, dy/dy
38 013 0-9 0-072
94 0-70 37 0177
112 0-96 4-8 0-:211
224 3-00 135 0-423
530 891 491 1-:000

1+10%Re, "/

more frequent events occurred, during which
particles were suddenly entrained into the outer
regions of the wall layer and remained in sus-
pension for distances generally longer than 100
particle diameters. During these events, the par-
ticles clearly responded to large velocity fluctu-
ations in the flow, of the kind associated with the
turbulent bursting phenomenon (Robinson,
1991). Detailed descriptions of such responses,
including measurements of particle and fluid
velocities during entrainment events, and a full
discussion of the nature of the interaction between
particles and turbulence in these experiments
have been reported elsewhere (Nino & Garcia,
1996). The most frequent kind of coherent
structure observed to cause particle entrainment
into suspension corresponds to shear layers,
described by Garcia et al. (1995), which are
related to flow ejection events of the second
quadrant (see also Liu ef al., 1991; Urushihara
et al., 1993).

There appears to be a threshold level of bed
shear stress for the particle to respond to turbulent
ejections as defined by Nino & Garcia (1996).
Accordingly, a value of the threshold shear stress
for suspension was defined for each particle size
used in the present experiments, in terms of
whether or not the particles responded to the
turbulence and, in particular, to ejection events, as
observed in the video recordings. A particle was
considered to respond to ejections if, after en-
trainment, it remained in suspension for a dis-
tance longer than 100 particle diameters,
according to a similar criterion defined by van
Rijn (1984). Of course, the definition of the precise
threshold level has only statistical significance.
Actually, there is a transition range of increasing
values of the shear stress in which the frequency of
the entrainment events, and the number of parti-
cles entrained by those events, increases from a
negligible value to a large value (Nino & Garcia,
1996). Nevertheless, this range is, in practice,
rather narrow, and a more precise definition of the
threshold does not seem to be necessary.

A summary of the results obtained from the
analysis described above is presented in Table 2.
The results are also plotted in Figs 1 and 2, corres-
ponding to the experiments in Series S and T,
respectively, using the parameter space (Re,*, t*).

ENTRAINMENT FROM A SMOOTH BED

No particles in the experiments with d,, = 530 pm
were suspended for the present range of shear
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Table 2. Threshold conditions for particle entrainment into suspension.

dp h U u*
Series Expt (um) (m) (ms™) (ms™) R, Re,* T* Suspension
S1 S11 38 0025 0-261 0017 09 063 0-446 No
S12 38 0-:030 0-301 0:018 09 0:69 0-534 No
S13 38 0-:035 0-336 0-:019 09 0-74 0622 No
S14 38 0-:040 0-372 0021 09 079 0710 No
S15 38 0-:045 0-409 0-:022 09 0-84 0-798 Yes
S16 38 0-:050 0-448 0023 0-9 0-89 0-886 Yes
S2 S21 94 0-:025 0-261 0-:017 37 1-56 0-180 No
S22 94 0-:030 0-299 0-:018 3-7 1-70 0-216 No
S23 94 0:035 0-338 0:020 37 1-84 0:252 Yes
S24 94 0-:040 0-373 0-:021 37 1-96 0-287 Yes
S25 94 0-:045 0410 0-:022 37 2-:08 0-323 Yes
S26 94 0:050 0-444 0:023 37 2:19 0:358 Yes
S3 S31 112 0025 0-260 0017 4-8 1-85 0-151 No
S32 112 0-:030 0-300 0:018 4-8 2:03 0181 Yes
S33 112 0035 0-338 0-:020 4-8 2-19 0-211 Yes
S34 112 0-:040 0-375 0021 4-8 2-:34 0-241 Yes
S35 112 0-:045 0410 0-:022 4-8 2-48 0-271 Yes
S36 112 0-:050 0-444 0-:023 4-8 261 0-301 Yes
S4 S41 224 0-:025 0-261 0-:017 135 371 0-:076 No
S42 224 0-:030 0-300 0-:018 135 4-06 0-:091 No
S43 224 0:035 0-338 0:020 135 4-38 0:106 Yes
S44 224 0-:040 0-375 0-:021 135 4-68 0-120 Yes
S45 224 0-:045 0410 0-:022 135 4-96 0135 Yes
S46 224 0:050 0:446 0:023 135 523 0:150 Yes
S5 S51 530 0-:025 0-261 0-017 49-1 878 0-:032 No
S52 530 0:030 0-:300 0:018 49-1 961 0:038 No
S53 530 0-:035 0-338 0-:020 49-1 10-37 0-:045 No
S54 530 0-:040 0-375 0021 49-1 11-08 0051 No
S55 530 0:045 0:410 0:022 49-1 11-74 0:057 No
S56 530 0-:050 0-445 0023 49-1 12-37 0-064 No
T1 T11 38 0:043 0-:370 0:028 09 1-:08 1-258 No
T12 38 0-:053 0-428 0-033 09 1-25 1-681 No
T2 T21 94 0035 0-313 0-:024 37 2:26 0-335 No
T22 94 0-:039 0-339 0-:026 37 2-45 0416 No
T23 94 0-044 0-374 0-:029 37 2-70 0-520 No
T24 94 0-:044 0-375 0-:029 37 2:71 0-520 No
T25 94 0-:049 0-406 0-:031 37 2-93 0619 No
T26 94 0:052 0426 0:033 37 3-:08 0-:680 No
T27 94 0-:069 0-524 0-:040 37 3-79 1-027 No
T3 T31 112 0028 0-264 0-:020 4-8 2:27 0-:215 No
T32 112 0:032 0:297 0:023 4-8 2:55 0:273 No
T33 112 0-:040 0-346 0027 4-8 2-98 0-372 No
T34 112 0:048 0-:397 0:031 4-8 342 0-489 No
T35 112 0-:055 0-444 0-034 4-8 3-82 0613 No
T36 112 0-:069 0-525 0-:040 4-8 4-52 0-862 Yes
T4 T41 224 0-:028 0:268 0-:021 135 4-61 0-109 No
T42 224 0031 0-288 0-:022 135 4-96 0129 No
T43 224 0-:035 0-:317 0-:024 135 546 0-157 No
T44 224 0-:040 0-351 0-027 135 6-04 0-193 No
T45 224 0:045 0:379 0:029 135 6:53 0:225 No
T46 224 0-:048 0-399 0-:031 135 6-87 0:250 Yes
T47 224 0:052 0426 0-:033 135 7-33 0:285 Yes
T48 224 0-:057 0-456 0-:035 135 7-86 0-328 Yes
T5 T51 530 0-:069 0-524 0-:040 49-1 21-36 0-182 No
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stresses. In the case of smooth flows, such
particles just moved along the bed by sliding
and rolling, whereas in the case of transitionally
rough flows, they moved by saltation, with
increasingly higher and longer jumps for increas-
ing values of bed shear stress (Nifo & Garcia,
1998b).

Experimental points corresponding to values of
Re,* lower than about 5 (Fig. 1) are associated
with particle sizes smaller than the thickness of
the viscous sublayer of the flow (this thickness
corresponds approximately to a value y* = yu*/v
= 5, where y denotes the distance from the bed).
According to the present observations, particles
totally immersed in the viscous sublayer are
entrained into suspension if the bed shear stress
is sufficiently large, which contradicts previous

entrainment was observed. The line
represents the threshold of entrain-
ment and was traced by eye.

100

observations by Sumer & Oguz (1978) and Yung
et al. (1988) (see also Nino & Garcia, 1996). Also,
as the particle size decreases, progressively high-
er values of the dimensionless shear stress are
required for entrainment. This is rather obvious,
as the turbulence intensities of the flow surround-
ing the particle, which are responsible for lifting
the particle into suspension, become relatively
less strong as the particle becomes more and more
immersed in the viscous sublayer (Nezu &
Nakagawa, 1993; Garcia et al., 1995). A theoret-
ical analysis of this phenomenon is presented in
the next section.

A comparison of the present experimental
values of the threshold of entrainment in smooth
flows with the experimental results of van Rijn
(1984) and also with the theoretical relationship
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proposed by Bagnold (1966) is represented in
Fig. 3, in the parameter space (R, t*). The
classical Shields’ curve for the limit of particle
motion is also plotted in Fig. 3 as a reference, as
given by the equation proposed by Brownlie
(1981). Bagnold’s (1966) criterion for the initi-
ation of suspension, given by: u*/w,; =1, was
plotted in Fig. 3 using the relation:

2 2

L w
= = 7
’ Rgd, Rgd, (7)

According to van Rijn (1984), Bagnold’s criterion
defines an upper limit at which a concentration
profile of suspended sediment starts to develop,
whereas his limit of entrainment defines an
intermediate stage at which locally turbulent
bursts of sediment particles are lifted from the
bed into suspension. In this sense, van Rijn’s
criterion for defining the limit of entrainment is
equivalent to the one used in the present study.
For values of R, larger than about 8, the range
proposed by van Rijn (1984) for the limit of
entrainment agrees fairly well with the threshold
curve resulting from present observations (Fig. 3).
For lower values of this parameter, however, van
Rijn’s range tends to underestimate the present
limit values of t* for which particles were
entrained into suspension. Apparently, van Rijn
did not conduct experiments in the range of
values of R, lower than about 8, but rather
assumed that the limit of entrainment would
approach the Shields’ curve for very fine parti-
cles.

On the other hand, although Bagnold’s criter-
ion indeed overestimates the limit of entrain-

10

ment obtained from present observations for
values of R, larger than about 10, Bagnold’s
limit of entrainment at lower values of R,
defines threshold values of t* that are too low
compared with the present results. This is
expected because Bagnold assumes that vertical
velocity fluctuations of the flow, which must
balance the settling velocity for the particle to be
suspended, are of the order of u*. This is true
only at distances from the bed that are within
the wall layer but at the same time outside the
viscous sublayer as, inside the viscous sublayer,
the vertical velocity fluctuations are dampened
rather strongly as the bed is approached (Naka-
gawa & Nezu, 1981). Because of this, Bagnold’s
criterion is not applicable for values of Re,*
lower than about 5, or equivalently for values of
R, lower than about 10.

The experimental limit of suspension (Fig. 1)
can also be expressed in terms of the ratio u*/w;
(Fig. 4), as any given pair (Re,*, t*) can be
transformed into a pair (R,, u*/w,) using Eq. 3
together with Eq. 5. In Fig. 4, the experimental
limit for the initiation of suspension proposed by
van Rijn (1984), given by:

" s = {4-03,,2/3 1< Rp < 32 ®)
04 R, > 32

is also plotted together with Bagnold’s (1966)
criterion. Figure 4 shows tendencies similar to
those discussed for Fig. 3; however, a comparison
of the present results with Eq. 8 is not possible for
values of R, larger than about 50 because the
present range of flow conditions did not allow
entrainment of such large particles.

T*

0.1 f

Bagnold

Fig. 3. Comparison between
experimental results of Series S, I
Bagnold’s (1966) threshold of ®

o No suspension

Suspension

entrainment criterion and Shields’ 0.01
curve. Also plotted is the region of 0.1
threshold conditions for entrain-

ment according to van Rijn (1984).

1 10 100
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A THEORY FOR ENTRAINMENT
FROM A SMOOTH BED

A theoretical condition for particle entrainment
can be expressed in terms of force—balance con-
siderations. If W, denotes the submerged weight
of the sediment particles and F; denotes the
turbulent lift force acting over the particles, then
the threshold condition for entrainment can be
expressed as:

Fr =W, (9)

Considering spherical particles with mean diam-
eter d,, then W; = (p; — p)gnd; /6. Two different
approaches are explored to estimate F;.

Mean lift force within the viscous sublayer

Mollinger & Nieuwstadt (1996) conducted a series
of experiments to measure the mean lift force over
spheres immersed within the viscous sublayer of
a wall-bounded turbulent flow. They adjusted a
model to their data, which is expressed as:

F; = kpv®/2™Rep+™ (10)

where F; denotes the mean lift force acting over a
particle lying on the bottom wall, and k and m are
constant coefficients with values of 569 and 1-87
respectively. Eq. 10 is valid in the range
06 < Re,* < 4. Similar relationships have been
proposed by Hall (1988), Leighton & Acrivos
(1985) and Saffman (1965), and are valid for
different ranges of Re,* values and have different
values of k and m. These values and the range of

mental results of Series S and the
1000 threshold of entrainment criteria
proposed by Bagnold (1966) and
van Rijn (1984).

validity corresponding to each of the above
relationships are shown in Table 3.
Assuming that F; = F), then Eq. 9 reduces to:

= 4(n/6k)*/ " RAZ/m-1) (11)

which provides an equation to estimate the
threshold dimensionless shear stress for entrain-
ment as a function of the dimensionless particle
diameter. A comparison of this relationship with
the present experimental data is shown in Fig. 5
for the different values of k and m in Table 3.
Saffman’s relationship seems to provide the
best fit to the present experimental results
(Fig. 5), although it 1is wvalid for wvalues
Re,* < < 1. On the other hand, Mollinger and
Nieuwstadt’s (1996) relationship, which should
work best for the present experimental range of
Re,*, predicts that entrainment should occur for
much lower values of the dimensionless shear
stress than observed in the present experiments.
It also predicts that the threshold dimension-
less shear stress increases as R, increases, in

Table 3. Values of coefficients k and m and range of
validity of models for the mean lift force F;.

Range of
Authors k m validity
Saffman (1965) 646 3-00 Rey,* < <1
Leighton & 922 400 Rey,*<<1
Acrivos (1985)
Hall (1988) 2090 231  Re,* > 6
Mollinger & 5690 187 06 < Re,* <4

Nieuwstadt (1996)

© 2003 International Association of Sedimentologists, Sedimentology, 50, 247-263



Threshold for particle entrainment into suspension

255

10

Fig. 5. Comparison between -
experimental results of Series S and .
theoretical predictions based on w Ol r
estimation of the mean lift force
within the viscous sublayer. The
solid lines represent different pre-
dictions obtained by using the
models for the lift force proposed by
Saffman (1965), Leighton & Acrivos

0.01 |

O No Suspension

NN @® Suspension

(1985; L & A), Hall (1988) and 0.001
Mollinger & Nieuwstadt (1996; M & 0.1
N). The dashed lines represents

curves of equal Re,*.

opposition to the experimental observations
(Fig. 5). These results suggest that the condition
F, = F; > W, does not necessarily imply that the
particle is going to be lifted away from the viscous
sublayer. In other words, it appears that the mean
lift force, F}, acting over particles lying on the bed
within the viscous sublayer of the flow is not
large enough to cause their entrainment into
suspension. Apparently, a force larger than that
associated with the mean flow is required. This
means that a different mechanism might be
associated with particle entrainment rather than
solely the lift forces associated with mean flow
conditions. The following section adopts a dif-
ferent approach, in which the force responsible
for entrainment, F;, is estimated in terms of a
turbulent velocity scale associated with flow
events with large values of instantaneous shear
stress.

Lift force associated with high
instantaneous shear

It is assumed here that entrainment is caused by
an intermittent force generated by a local, high
instantaneous value of the Reynolds stress, such
as those associated with the bursting process
(Robinson, 1991). The force F; is estimated using
a drag formulation:

F; =1/2Cppuind: /4 (12)
where u, denotes a velocity scale associated with
the entrainment. Using Eq. 5, it is easy to show
that replacing Eq. 12 in Eq. 9 yields:

u/wy, =1 (13)

1000

which is basically Bagnold’s condition for entrain-
ment, although u, needs to be correctly estimated.
In order to estimate u,, it is assumed that this
velocity is related to the instantaneous Reynolds
stress that is causing entrainment. The following
relation is proposed:

ue = &(tp/p)"? (14)
where 1, denotes the local value of the mean
longitudinal Reynolds stress at a vertical distance
from the bed equal to d,/2, and ¢ is a coefficient
that may be assumed to be constant for the sake of
simplicity. This coefficient is expected to be
much larger than unity, mainly because the
entrainment is associated with absolute values
of the instantaneous Reynolds stress that are
much larger than t,. Nino & Musalem (2000)
have observed that sediment entrainment is
associated with instantaneous values of the
Reynolds stress as large as about 5-10 times 1.
Based on these observations, ¢ is expected to have
values of the order of 10.

The local value of the shear stress 1, is related
to the value of this variable at the bed through the
parameter: ¢ = 1,/(p u*?). Replacing ¢ in Eq. 14,
and then the resulting expression for u, in Eq. 13
yields:

ufws = (1/&)¢ " (15)
To estimate ¢, an eddy viscosity model is intro-
duced, such that the shear stress at a distance y
from the bed can be estimated as (Nezu &
Nakagawa, 1993; O’Connor, 1995):

w(y) = pvir®(1 — y/h)/(v + v)  (16)
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Evaluating this expression at y = d,/2 gives:
¢ = (vi/v)/(1 + vi/v) (1 — (Re,/2)/Rey) (17)

where Re*j, = u*h/v, and v; denotes the eddy
kinematic viscosity at a distance from the bed
equal to d,,/2. The ratio v,/v is estimated according
to the model proposed by O’Connor (1995), which
is valid in the outer region as well as in the inner
region, all across the viscous sublayer of the flow:

vi/v = K(Re,/2)° /[T + Re},/2)°] (18)
where « is von Karman’s constant with a value of

0-4 and Ty is a constant equal to 7-4.
Replacing Egs 17 and 18 in Eq. 15 yields:

u'/wy = (1/¢)(8/x)"*Re, */* (T + Rey? /4
+xRe;?/8)"/(1— (Re}/2)/Re;,)"?

which provides an equation to estimate the
conditions for entrainment as a function of the
particle Reynolds number and the flow Reynolds
number Re*;. A comparison of this relationship
with the present experimental data (Fig. 6), for
different values of Re*;, shows that a value of
¢ =10 provides the best fit of Eq. 19 to the
experimental results.

The effect of Re*}, on the threshold conditions
for entrainment is negligible in the range
Re,* < 20 for values of Re*} > 100, and this range
extends to Re,* <1000 if Re*j; is >5000. The
present model does seem to capture the observed
variation in the threshold of entrainment within
the viscous sublayer, although it tends slightly to
overestimate the threshold value of u*/w; in the

range 1< Re,* <5. In order to compare the
model predictions in van Rijn’s parameter space
(Fig. 4), the pair (u*/w,, Re,*) of Eq. 19 was
transformed into the pair (u*/w;, R;,) using Egs 3,
5 and 6. The resulting relationship, evaluated for
a value ¢ = 10 (as in Fig. 6), is plotted in Fig. 7,
together with a curve fitted to the experimental
data of Fig. 4. In the range R, < 20, this curve is
given by:

u*/ws = 15R,"? (20)
A very good agreement between Eqs 19 and 20 is
observed, which validates the model proposed
here at least for values of R, lower than about 50,
which is the range covered by the present
experimental study.

These results support the argument that parti-
cle entrainment within the viscous sublayer is
caused by intermittent turbulent activity associ-
ated with large values of the instantaneous
turbulent stress that are much larger than the
local Reynolds stress. The capacity of the flow to
entrain particles from the viscous sublayer decays
as the particles become more immersed within
the viscous sublayer, at a rate similar to that of the
decay of the Reynolds stress as the bottom wall is
approached within the viscous sublayer.

HIDING EFFECTS: ENTRAINMENT
FROM A TRANSITIONALLY ROUGH BED

No particles of sizes smaller than 112 pnm were
entrained in the experiments with the transition-
ally rough flows for the present range of shear
stresses (Fig. 2). In those cases, the particles were

100 g
10
Bagnold
us/wg 1 2> N
Re+p=100 1000
0.1 E | © No suspension Fig. 6. Comparison between experi-
5000 mental results of Series S and the-
® Suspension oretical predictions based on a
bursting lift force. Solid lines rep-
0.01 resent the theoretical predictions
0.1 1 10 100 1000 corresponding to different Re*),
R values. Bagnold’s entrainment cri-
Cp* terion is also plotted as a reference.
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100 E
N Experimental
————— Theoretical
10
us/wg
1¢E

Fig. 7. Comparison between the
experimental threshold of entrain-
ment curve corresponding to Series SN
S and theoretical predictions based T ——
on a bursting lift force. Note that for 0.1 -
the range of R,, values plotted, the 0.1 1 10 100 1000

effect of Re*};, on the theoretical
prediction is negligible.

small enough to move within the interstices of the
bed roughness elements from where they could
not be taken away by the turbulence of the flow.
In other words, the bed roughness elements seem
to contribute to a hiding effect that precludes
particle entrainment by locally affecting the tur-
bulence structure of the flow.

In Fig. 8, the results from Series S and T,
already presented in Figs 1 and 2, are plotted
together for comparison. The threshold curve
defining conditions for the initiation of suspen-
sion in Series T is displaced towards higher
values of t* with respect to that corresponding
to Series S. This implies that, as the bed
roughness increased (from smooth to transition-
ally rough), higher values of the dimensionless
shear stress were required to entrain particles of
the same size, which appears to be related to the

hiding effect discussed in the previous para-
graph.

In Figs 1, 2 and 8, experimental points corres-
ponding to the same particle diameter, that is to
the same value of R, define straight lines given
by Eq. 3. These lines in Figs 2 and 8 (experiments
from Series T) also correspond to the same values
of the ratio d,/d}. As this ratio becomes smaller,
higher values of t* are needed to entrain a given
particle, compared with those needed to entrain
the same particle from a smooth bed (Fig. 8).

To analyse this hiding effect, the ratio between
the suspension threshold value of t* correspond-
ing to a particle of size d, entrained from a bed of
roughness dj, and that corresponding to a particle
of the same size d,, entrained from a smooth bed,
T*,/1*,, is plotted in Fig. 9 as a function of the
ratio d,/d,. This is done by working directly with

10
Fig. 8. Threshold of entrainment F
into suspension. Experimental
results of Series S and T plotted
together. Circles represent experi-
ments from Series T, and triangles 1
represent experiments from Series
S. Clear circles and triangles denote
experimental conditions at which T*
no entrainment was observed. Black
circles and triangles denote experi-
mental conditions at which
entrainment was observed. The
dashed lines represent the threshold
of entrainment. Note that the
experimental points align them-

0.1 f

Threshold of
Entrainment 0.07

selves along lines of equal R, values 0.01
or, equivalently, equal d,/d, values. 0.1
Shields’ curve is also plotted as a

reference.
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10

Eq. 21

Tl Tg

Fig. 9. Ratio between dimension-
less shear stresses associated with
the threshold of entrainment of a
particle of size d,, entrained from a
bed of roughness d, and the same
particle entrained from a smooth
bed, plotted as a function of the
dp/d,, ratio. Circles represent values
obtained from the analysis of the
experimental threshold of entrain-
ment curves in Fig. 8, the solid line

0.1

dp/dp

the threshold curves and not with the individual
experimental points. For values of d,/d; larger
than about 0-5, the ratio t*,/t*; has an almost
constant value of about 2-0. For lower values of
this parameter, t*,/1*; tends to increase as d,/d,
decreases. A power law was fitted to the data, and
the following relation was obtained:

T/t = 11(dp/dy) "% dp/dp <05 (21)
Remarkably, Eq. 21 resembles an equivalent
equation proposed by Parker (1990) to estimate
the effect of hiding in the limit conditions for the
initiation of particle motion, which can be written
in the form:

i/ = (di/dp) ™7 (22)

where 1*; denotes the threshold dimensionless
bed shear stress for the initiation of motion of a
particle of size d; lying on a surface layer formed
by particles of size dj, which have an associated
threshold dimensionless bed shear stress t*,. A
theoretical evaluation of the exponent f, based on
the concept of equal mobility, gives a value equal
to 1 (Parker et al., 1982); however, field evalua-
tions of this parameter give values in the range
from 065 to 09 (Parker, 1990). An excellent
summary of some other relations equivalent to
Eq. 22 is given by Buffington & Montgomery
(1997), with the most recent of these relations
being that of Wathen et al. (1995).

The resemblance between Eqs 21 and 22
indicates that the same physical principle is
operating with regard to the hiding effect in both
cases, the initiation of bedload motion and the
initiation of suspension. The experimental evi-

corresponds to a power law fit given
1 by Eq. 21. The dashed line is plotted
as a reference and shows that, for
values of d,/dp > 05, T*,/1%; =~ 2.

dence of Nino & Garcia (1996) shows that the
entrainment of particles into suspension is
related to the existence of turbulent ejection
events. The roughness elements of the bed
induce a shielding action over the smaller
particles, which tends to preclude their lifting.
It is possible to speculate, based on evidence
and arguments given by Wallace et al. (1972),
Raupach (1981) and Raupach et al. (1991), that a
less local phenomenon could also be operating.
This is related to the modification of the near-
bed turbulent structure of the flow, and also of
the relative frequency of occurrence of sweeps
and ejections, resulting from the presence of
roughness elements, with respect to the case of a
smooth wall.

CRITERION FOR PARTICLE
ENTRAINMENT INTO SUSPENSION

The results shown in Fig. 9 suggest that, in the
range 05 < d,/d, < 1.0, the ratio t*,/t*; has a
value of about 2:0. This means that a particle
moving on a smooth bed is more prone to be
entrained into suspension than the same particle
moving on a bed formed by particles of similar
size. This overexposure effect is well known in
the case of initiation of motion from gravel beds
(Parker, 1990), and is implicitly accounted for in
Eq. 22 for values of d;/d, larger than unity.
Overexposed particles are subjected to lesser
resistance forces from surrounding smaller grains
in the bed than when they are in a more
homogeneous bed, surrounded by grains of
similar size, which results in reduced threshold
shear stress values for the overexposed particles.
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Bedload particles that are entrained from a bed of
smaller perched grains, as a response to larger net
fluid drag forces than those acting over the
smaller grains, have been called ‘overpassing’
grains (e.g. Everts, 1973; Allen, 1983; Carling,
1990). This overpassing phenomenon is thus
closely related to the overexposure effect
observed in the present experiments and refers
to the same mechanisms of sediment transport.

Taking into account the previous discussion,
the threshold values of t* for the initiation of
suspension corresponding to a situation such as
van Rijn’s (1984) experiments, should be in the
order of about twice those obtained here for
Series S. Similarly, in terms of the ratio u*/ws,
the limit of suspension corresponding to a
situation such as van Rijn’s should be in the
order of about v/2 times those corresponding to
Series S.

In order to compare the present results with van
Rijn’s (1984) under the same conditions of parti-
cle entrainment from a bed formed by similar
particles, the present threshold values of the ratio
u*/wg were corrected, multiplying them by a
factor of v/2. The results obtained show that, in
the range of values of R, from 10 to 50, the
corrected limit values of u*/w, tend to locate
slightly above those of van Rijn. For values of R,
lower than about 10, the corrected limit values of
u*/wg are much larger than those of van Rijn, and
define a completely different tendency (Fig. 10).
Based on the present results and using van Rijn’s
to extrapolate the observed tendencies towards
higher values of R, the following threshold
condition for the initiation of suspension is
proposed:

. —12 < < .
u*/Wsz{zqu 1<R, <273 (23)

04 R, >273

Eq. 23 preserves the limit value u*/w, = 0-4 given
by Eq. 8 in the range of values of R, larger than
about 30 and improves the performance of that
equation for lower values of R, according to the
present experimental results (Fig. 10).

The limit value R, = 27-3 for which the change
of the exponent from -1:2 to 0 occurs in Eq. 23
corresponds to a value of Re,* of about 8. That is,
it corresponds to particles with a size comparable
to the thickness of the viscous sublayer of the
flow. This means that grains that are completely
immersed within the viscous sublayer behave
differently from those protruding over the viscous
sublayer, in that they require exponentially high-
er turbulent intensities to become entrained into
suspension.

DISCUSSION

The present results have obvious limitations that
need to be considered in an attempt to generalize
them. In particular, the experimental conditions
of Series T correspond to the entrainment into
suspension of fine particles from a coarser bed
without bedload transport. According to flow
visualizations made in a related study, the pres-
ence of bedload does not seem to have a major
effect on the turbulent events responsible for the
ejection of particles from the bed, at least for
moderate to low concentrations of particles in the
saltation layer (Nino, 1995). However, detailed
measurements of fluid and bedload particle

100

Fig. 10. Experimental threshold of 10 F
entrainment of Series S corrected to

represent the threshold of entrain- us+/wg
ment of particles from a bed of

similar particles. The proposed cri- 1
terion of entrainment given by Eq.

23 is plotted as the solid thick line

together with van Rijn’s (dashed

line). The proposed criterion uses

Series S

Eq. 23

the present experimental results in 0.1
the range R, lower than about 30 0.1
and van Rijn’s criterion for higher

values of this parameter.

1 10 100 1000
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velocities over a fixed flat bed covered by similar
particles have shown that the presence of bedload
generates turbulence enhancement in the near-
bed region, at least for particles of sizes compar-
able to the larger grains used in the present study
(Best et al., 1997). With bedload, increments up
to about 20% in the turbulence intensities of the
vertical component of the fluid velocity with
respect to those in an equivalent clearwater flow,
have been reported by Best et al. (1997). Bound-
ary layer turbulence modification by the presence
of moving particles in the near-bed region has
also been reported by several other researchers
(e.g. Rashidi et al., 1990; Kaftori et al., 1995a,b).
This evidence suggests that the conditions for
particle entrainment into suspension would also
be affected by the presence of bedload because, as
has been shown in the present paper, entrainment
is modulated by the turbulence characteristics of
the near-bed region. In the present experiments,
entrained particles moved as bedload up to the
moment of entrainment. Because of this, it can be
argued that boundary layer turbulence modifica-
tion might have occurred as a result of the
presence of particles in the near-bed region of
the boundary layer, and that the entrainment
threshold proposed here takes into account such
an effect. The question whether the bedload
motion of coarser particles in addition to the
finer entrained grains would create further modi-
fication of the near-bed turbulence, changing the
entrainment threshold, cannot be answered with
the present database. More experimental evi-
dence is required to elucidate this further.
Another limitation of the present results is that
they do not consider the effect of bedforms on the
threshold of entrainment. It is well known that
bedforms induce a major modification of the near-
bed boundary layer structure, even in the case of
small-amplitude ripples. Boundary layer detach-
ment and reattachment downstream from the
crest of bedforms, for instance, cause strong
modification of the bed shear stress structure
with respect to that of a flat bed (e.g. Nelson et al.,
1993). Nino & Musalem (2000) analysed particle
entrainment from the crestal region of sand
ripples, relating entrainment events to strong
ejection and sweep events, supporting mecha-
nisms of entrainment such as those proposed in
the present paper. Entrainment from the crestal
region of ripples was observed to be more intense
than in other regions of the bedforms, and a
bypass effect was observed, in which particles
entrained from the crestal region were able to flow
over the separation region downstream. It can be

argued that the threshold of entrainment condi-
tions proposed in this paper is valid in the
presence of bedforms such as ripples, as identical
entrainment mechanisms operate in both cases.
However, local values of the bed shear stress
should be considered to establish local conditions
of entrainment. This means, obviously, that, in
the presence of bedforms, the entrainment con-
ditions vary along the bed depending on the
relative position of the bedforms.

CONCLUSIONS

High-speed video recordings of particle motion
were analysed to determine the limiting condi-
tions for the entrainment of sediment into sus-
pension. A threshold level of the bed shear stress
was defined. For values of this variable lower
than the threshold, particles are not suspended by
turbulent flow ejections in the near-bed region.
For values of the shear stress larger than the
threshold, turbulent bursts of sediment particles
are lifted from the bed into the outer regions of
the wall layer, which remain in suspension for
distances generally longer than about 100 particle
diameters.

Bagnold’s (1966) criterion seems to define an
upper limit for the bed shear stress at which a
concentration profile of suspended sediment
starts to develop and, hence, it is different from
the criterion for the initiation of suspension
defined previously. On the contrary, van Rijn’s
(1984) criterion for the threshold of entrainment
is equivalent to that used in the present study.
The present results for smooth wall conditions
were corrected to represent the situation in which
particles are entrained from a bed formed by
similar particles. The corrected results were then
compared with those of van Rijn (1984). For
values of R, lower than about 30, the corrected
limit values of u*/w, are much larger than those
predicted by his relation (Eq. 8 in the present
paper), and define a completely different ten-
dency. For higher values of R, however, the
present results agree sufficiently well with those
of van Rijn (1984). A new criterion for the
suspension limit is proposed (Eq. 23), which
nonetheless preserves the van Rijn criterion for
values of R, larger than about 30.

The present observations (Series S) indicate
that particles totally immersed within the viscous
sublayer can be entrained into suspension by
the flow, which contradicts previous experimen-
tal results. Nevertheless, as the particle size
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decreases, higher values of the bed shear stress
are needed for entrainment, which seems to be a
consequence of the rather abrupt drop in turbu-
lent intensities within the viscous sublayer as the
bed is approached. This is supported by the
theoretical development presented in this paper,
which also shows that the entrainment of parti-
cles totally immersed within the viscous sublayer
is related to the occurrence of turbulent flow
events of high instantaneous values of the Rey-
nolds stress, rather than to mean flow conditions.
In the experiments in Series T, the roughness
elements induce a hiding effect that tends to
preclude particle entrainment into suspension.
The hiding effect was measured by the ratio t*,/
1*¢, which indicates how much larger the dimen-
sionless bed shear stress should be to entrain a
particle with a given ratio d,/d; with respect to
that needed to entrain the same particle from the
smooth bed. For values of this ratio lower than
about 05, the ratio t*,/t*; follows a power law
(Eq. 20), which is similar to equivalent equations
for estimating the effect of hiding in the limit
conditions for the initiation of bedload motion.
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NOTATION

The following symbols are used in this paper:

cp = drag coefficient;

D* = H; = dimensionless diameter;

dp = size of roughness elements;

d; = particle diameter of fraction i;

d, = mean diameter of entrained particle;

F; = mean lift force over a particle lying on the
bottom wall;

Fr = U/\/(gh) = Froude number;

F; = lift force that causes particle entrainment
into suspension;

g = gravitational acceleration;

h = flow depth;

k = coefficient in the model for the mean lift force
Fy

m = exponent in the model for the mean lift force
Fy;

R = (ps — p) = particle submerged specific den-
sity;

Re = U h/v = Reynolds number of the flow based
on the mean flow velocity and the flow depth;

Re, = w, d,/v = Reynolds number of the particle
based on the settling velocity and the particle
diameter;

Re,* = u*d,/v = Reynolds number of the particle
based on the shear velocity and the particle
diameter;

Ry, =+/ (Bgdf;) /v = dimensionless diameter;

U = flow mean velocity;

u, = velocity scale associated with particle en-
trainment;

u* = flow shear velocity;

w, = particle settling velocity;

W, = submerged weight of sediment particle;

y = normal distance from the bed;

f = exponent in power law for hiding effect;

¢ = 1,/(pu*?) = dimensionless longitudinal Rey-
nolds stress;

I'y = 74 = constant in O’Connor’s model for the
eddy kinematic viscosity;

x = von Karman’s constant;

v = kinematic viscosity of the fluid;

v; = eddy kinematic viscosity at a distance from
the bed equal to d,/2;

p = fluid density;

ps = particle density;

1(y) = local value of the longitudinal Reynolds
stress at a distance from the bed equal to y;

T, = local value of the longitudinal Reynolds
stress at a distance from the bed equal to d,/2;

T = u*z/(ngp) = dimensionless bed shear
stress;

t*, = u*?*/(gRdp) = threshold dimensionless bed
shear stress for the entrainment into suspen-
sion of particles of size dj;

t*; = u*?*/(gRd,) = threshold dimensionless bed
shear stress for the entrainment into suspen-
sion of particles of size d;;

T*, = u*z/(ngp) = threshold dimensionless bed
shear stress for the entrainment into suspen-
sion of particles of size d,, in the experiments in
Series T;

T*g = u*z/(gde] = threshold dimensionless bed
shear stress for the entrainment into suspen-
sion of particles of size d,, in the experiments in
Series S;

& = coefficient in the model for the entrainment
velocity scale u,.
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