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Abstract

The effects of near-bed coherent flow
structures on the entrainment probabilities of
mixed-size sediment are investigated in this
study. The  4th-order = Gram-Charlier
probability density function (GC pdf) of
near-bed streamwise velocity is employed to
account for the higher-order correlations
associated with turbulent bursting. As
compared to the previous models using
normal and lognormal pdfs, the present
results demonstrate significantly improved
agreement with the observed data for the
unisize and mixed-size sediments under
partial- and full-transport conditions. The
results also reveal that for fully rough beds
the 3rd-order GC pdf approximates the
4th-order one, however, for smooth beds the
4th-order GC pdf must be used to capture the
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effects of higher-order correlations.

Keywords: Entrainment probability, turbulent
bursting, near-bed coherent flow
structures, mixed-size sediment.

1. Introduction

In this study we investigate the effects
of near-bed coherent flow structures on
entrainment probabilities of mixed-size
sediments. A compilation of experimental
and numerical data for a wide range of
hydraulic roughness is used to parameterize
the higher-order (2nd-, 3rd-, and 4th-order)
correlations  associated  with  turbulent
bursting. The model predictions are broadly
compared with the experimental data for
unisize and mixed-size sediments under full-
and partial-transport conditions. Some new
insights into the process of sediment
entrainment are provided.

2. Near-Bed Coherent Flow Structures

The near-bed coherent flow structures
+

vary as a function of the height y
(=u.y/v) and roughness k; (=u.k,/v),
where y = distance from mean bed level,
u. =shear velocity, v =kinematic viscosity,
and k= roughness height. Generally, the

turbulence intensity o, (2nd-order moment)

increases with y* in the vicinity of the bed

surface, reaches its maximum value at a
distance from the bed and then decreases

with y™; the skewness factor S, (3rd-order



moment) is positive in the vicinity of the bed
but "
increases; the flatness (or kurtosis) factor F,

surface, becomes negative as y

(4th-order moment) decreases with y* in

the vicinity of the bed surface, reaches its
minimum value at a distance from the bed

and then increases with y*. Based on a

compilation of experimental and numerical
data for a wide range of hydraulic roughness
(shown in Figure 1), the higher-order

moments at y,; (= near-bed coherent height

where the turbulence intensity is maximal)
are extracted, and expressed as a function of

k; for smooth and transitional beds:
o, /u. =—0.187In(k} ) +2.93

S, =0.1021In(k;")
F, =0.1361In(k; )+2.30

for k7 <70
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Fig. 1. Variations of 2nd-, 3rd-, and
4th-order moments of streamwise

velocity fluctuation with roughness
Reynolds number

For fully rough beds,
moments appear to be independent of &,

the higher-order

1.e.,
o, /u. =214 (lb)
S, =043 for k! >70
F,=2.88
Eq. (1) can be wused to specify the

higher-order moments required for the
4th-order Gram Charlier (GC) pdf of
near-bed turbulent velocity, given by

772
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where U =u'/o, = normalized velocity

which

instantaneous

. . ) _
fluctuation, in u' =u,—u, ,

u, = near-bed streamwise

velocity, u#, =mean approaching velocity.

3. Computation Procedure

Input
T
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Triple-loop procedure for
computation of entrainment
probabilities
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Fig. 2.



Computation of the entrainment
probabilities is implemented with a
triple-loop procedure. The flowchart is
illustrated in Fig. 2, where the outer loop is
for the full range of exposure height A, the

middle loop is for the full range of friction
height A, , and the inner loop is for the full

range of downstream grain size D, .

4. Results and Discussion
4.1 Entrainment Probabilities

(1) Unisize Sediment

Variations of the lifting probability PL
with dimensionless shear stress € are
shown in Fig. 3, where the result of the
present model is in good agreement with the
data for unisize sediment. The results of three
earlier models are also shown in Fig. 3. The
present model demonstrates a significant
improvement in the prediction of PL ,
especially for the high value of 8 (=1)
where the earlier models have a consistent
tendency to overestimate PL . By
incorporating the 4th-order GC pdf and the
random grain protrusion, the present model
reduces the magnitudes of PL
corresponding to high values of 4, i.e., the
effects associated with smaller particle sizes
or lower lifting thresholds are more precisely
captured.
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Fig. 3. Variation of lifting probability with

dimensionless shear stress for unisize

sediment

To quantitatively demonstrate the

agreement between the predicted and

observed results, the Euclidean norm ||e||2
(i.e., the root-sum-square of errors) and

coefficient of determination R*  for
different models are listed in Table 1, where

the values of ||e||2 and R? associated with
the present model exhibit significant
improvements over those of earlier models,

primarily attributed to the additional factors
considered in this study.

Table 1. Euclidean norms and coefficients of
determination for different models

Entrainment Euclidean Coefficient of
probability norm, |e||2 determination,
model R?

Cheng and 0.541 0.858

Chiew (1998)

Wu and Lin 0.266 0.966

(2002)

Wu and Chou 0.245 0971

(2003a)

Present model 0.209 0.979

(2) Mixed-size Sediment

The present model is further used to
compute the total entrainment probabilities
PT of mixed-size sediment under partial-
and full-transport conditions. A comparison
of the predicted and observed PT values is
shown in Fig. 4(a), where satisfactory
agreement 1s demonstrated, with a global

coefficient of determination R* =0.971 .
The results indicate that the present model is
applicable to evaluating the entrainment
probabilities of mixed-size sediment under
partial- and full-transport conditions. The
merit of the present model is further
demonstrated by comparing our results with
those of two earlier models, one developed
for evaluating full transport of mixed-size
sediment (Sun and Donahue 2000) and the
other for entrainment of unisize sediment
(Wu and Chou 2003a). To explore the
suitability of the two earlier models to the
conditions beyond their original scopes, we



use the Sun-Donahue model to calculate the
partial-transport entrainment probabilities
[data from Wu and Yang (2004)] and use the
Wu-Chou model to compute the entrainment
probabilities of mixed-size sediment [data
from Sun and Donahue (2000)]. The results
are shown in Fig. 4(b), which reveal that the
Sun-Donahue model overestimates the
entrainment probabilities of partial transport
yet the Wu-Chou model consistently
underestimates the entrainment probabilities
of mixed-size sediment. In view of these, it is
clear that the applicability of the earlier
models to prediction of the entrainment
probabilities  for  partially transported
mixed-size sediment is rather limited.
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Fig. 4. Comparison of predicted and observed
total entrainment probabilities for
partial- and full-transport conditions of
mixed-size sediment (a) present model

(b) two previous models
4.2 Effects of Higher-Order Correlations

To investigate the effects of
higher-order correlations on flows over
smooth and rough beds, we compare the
truncated 2nd-, 3rd-, and 4th-order GC pdfs

of u,, as shown in Fig. 5, where £ =3

and k,=2 mm for smooth bed, while

k[ =100 and k, =20 mm for rough bed.

The results reveal that for the smooth bed,
the 2nd- and 3rd-order GC pdfs are similar to
each other but different from the 4th-order
one. However, for the rough bed, the 3rd- and
4th-order GC pdfs appear to be identical.
These results imply that for rough beds, the
3rd-order GC pdf approximates the 4th-order
one. However, for smooth beds, the 4th-order
GC pdf must be used to incorporate the effect
of higher-order correlations.

It is shown in Fig. 5 that the standard
deviation of f, (u,) for the smooth bed is

smaller than that for the rough bed, indicating
that for the rough bed the magnitudes of
near-bed velocity fluctuations (or turbulence
intensity) are significantly greater. For the
smooth bed, the primary difference between
the 4th-order GC pdf and normal pdf is in the
kurtosis, with the normally distributed u,

more concentrated in the vicinity of u, ;

while for the rough bed, the primary
difference between the 4th-order GC pdf and
normal pdf is in the skewness, with the
4th-order GC pdf more skewed to the left.
Thus, the conventional use of normal pdf for
turbulent velocity would result in an
overestimation of kurtosis for the smooth bed
but an underestimation of skewness for the
rough bed. To further investigate the
distribution effect, the LN pdfs (with u,
and o, identical to the values specified to
the GC pdfs) are also illustrated in Fig. 5. It
is revealed that both the skewness and
kurtosis of the LN pdfs are higher than those
of the corresponding GC pdfs, leading to an
overestimation of f,(u,) in the lower



near-mean region but an underestimation in
the further lower region, and an
underestimation in the upper near-mean
region but an overestimation in the further
upper region. It is speculated that the
discrepancies between the observation and
PL values predicted with earlier lognormal
models (Wu and Lin 2002; Wu and Chou
2003a), shown in Fig. 3, arise from such
higher skewness and kurtosis coefficients.

1

(a) Smooth

ke'=3
0] ®=9

0.6

fu(u)

0.4 4

0.2 4

0

1

2nd-order Gram-Charlier (Normal)
3rd-order Gram-Charlier
— —— 4th-order Gram-Charlier
Lognormal

(b) Fully Rough

osl (k' =100)

0.6

fuup)

0.4 4

0.2 A

Fig. 5. Comparison of truncated 2nd-, 3rd-,
4th-order GC pdfs and lognormal pdf
of u, for (a) smooth and (b) rough

beds
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