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Present study focuses on

The time-averaged flow characteristics
Anisotropy analysis

Spectral analysis

Third-order correlations of velocity fluctuations
Turbulent kinetic energy

Energy budget

Bursting parameters




Kline ef al. (1967) and Robinson, (1991): wall zone 1s dominated by a sequence of

turbulent events, referred to as the bursting phenomenon.

Best (1992): attempted to link the high velocity sweeps with the sediment-

entrainment and bed defect.

Krogstad et al. (1992) and Papanicolaou et al. (2001): presence of bed packing
conditions in gravel bed streams affects the turbulence characteristics of the flow

and as a result the sediment-entrainment.

Papanicolaou ef al. (2001): threshold criterion based solely on the time-averaged

bed shear stress may under-predict.

Surtherland (1967): sediment threshold 1s associated with an eddy impact onto the
bed to produce a streamwise drag force being large enough enabling to roll the

particles about their points of contact.



Heathershaw & Thorne (1985) and Thorne et al. (1989): bed-load transport is not
correlated with the instantaneous Reynolds shear stress but rather correlated with

the near-wall instantaneous streamwise velocity.

Drake et al. (1988): majority of the sediment transport is associated with sweep

events. These events occur for a small fraction of time at any particular location of
the bed.

Song et al. (1994): time-averaged turbulence characteristics over a mobile gravel

bed have slight difference from their traditional values over a rigid rough bed.

Cao (1997): proposed a model for the sediment-entrainment based on the main
characteristics of the bursting structures (with time and spatial scaling) inherent in

wall turbulent flows.



Papanicolaou (2000): entrainment threshold correlates well with the streamwise

velocity.

Nikora & Goring (2000): characteristics of turbulence in flows over weakly
mobile beds is different from those over immobile beds and beds with intense

bed-load transport.

Sumer et al. (2003): sediment transport increases markedly with an increase in

turbulent level.

Dey & Raikar (2007): presented time-averaged velocity, turbulence intensities
and the Reynolds shear stresses in flows over gravel beds at the near-threshold of

motion.
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Schematic of experimental setup




ds Relative density o, Angle of repose Us,
(mm) (deg) (m/s)
1.97 2.65 1.28 29 0.036
2.92 2.65 1.2 30 0.046

4.1 2.65 1.13 32.5 0.058
5.53 2.65 1.1 34 0.07

In the above, u.. is the critical shear velocity obtained from the Shields
diagram

Table 1. Characteristics of sediments used in the experiments




Set Bed condition de, S h U
(mm) (%) (m) (m/s)
Immobile 1.97 0.083 0.14 0.49
I Entrainment 1.97 0.083 0.215 0.61
Immobile 2.92 0.143 0.12 0.54
2 Entrainment 2.92 0.143 0.15 0.63
Immobile 4.1 0.143 0.13 0.6
3 Entrainment 4.1 0.143 0.23 0.77
Immobile 5.53 0.286 0.12 0.66
4 Entrainment 5.53 0.286 0.185 0.81

Table 2. Experimental parameters




= A high-resolution acoustic velocimeter

=  Used to measure 3D water velocity in
a wide variety of applications from the
laboratory to the field with an acoustic
frequency of 10 MHz.

S-cm Down looking Vectrino (3D water velocity sensor)




10 —

1 Immobile
1 100

10 —
1 Entrainment

1 100

1 10+

+[\1 l_ 1_
*
1 1= ¥
*
*
Log-law Log-law A
0.1 "'g'l""l""l 0.1 --g-|---'|"" ¢  Set3
5 10 15 20 5 10 15 + Set4
0-1 |||| | |O.l || II
0 5 10 15 0 5

Vertical distributions of 7

* Innear-bed flow zone, there exists a departure in the distributions of
the time-averaged streamwise velocity from the logarithmic law due to the
roughness layer created by the sediment particles.

= Departure of data plots for immobile beds from the logarithmic law 1s
higher than that for entrainment threshold beds.
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Vertical distributions of uw™

Near the bed, normalised Reynolds shear stress for immobile and

entrainment threshold beds have a strong departure from the linear law.

Away from the bed, they are reasonably consistent with the linear law,

although there is a slight tendency to overestimate the law.

Near the bed, distributions of normalised Reynolds shear stress for

entrainment threshold beds diminishes more than that for immobile beds.



= The reduction of u. for entrainment threshold beds i1s due to a portion of the
fluid turbulent stress transferred to the bed particles to overcome the frictional

resistance at the contacts of the entrained sediment particles

* The damping of the Reynolds shear stress i1s associated with the provided

momentum for the flow to maintain their motion.

= The total bed shear stress 1s balanced by the sum of the bed shear stress in fluid

7,and that in particles 7, to overcome frictional resistance. Therefore, 7, = 7— 7,

7,= u(l —s)pg (7[61’503/6)51’1 and 7— =P (U*lz — u*zz)

1= Coulomb friction factor = tan¢

@ = angle of internal friction

s = relative density of sediments

& = fraction of particles entrained per unit area

n = number of bed particles per unit area, that is (1 — p,)/(7d:,%/4)
0o = porosity of sediments.
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Vertical distributions of normalised »* and w*

= In general, the distributions of streamwise turbulent intensity for entrainment
threshold beds exceed those for immobile beds within the wall-shear layer (z/4 < 0).

= Qutside the wall-shear layer, w* becomes almost unity in conformity with Grass
(1971).
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*  The depth-averaged value of ,,, 1s 0.45 for immobile beds and 0.4 for
entrainment threshold beds.

* Hinze (1975) and Schlichting (1979) obtained r,, = 0.4 — 0.5 over most of the
extent of the boundary layer flows over smooth beds.

= For weekly mobile rough beds, Dey & Raikar (2007) reported that a nearly
constant value of r,,, = 0.43 exists for z/A < 0.6, but it decreases for z/h > 0.6.
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Vertical distributions of ratio of vertical to streamwise
turbulence intensity w*/u*

= The ratio w*/u* 1s about 0.3 near the bed, varying almost linearly with z/A and
reaching to 0.5 at z/4 = 0.6.

=  The ratio w*/u* in flows over immobile and entrainment threshold beds
remains less than those observed by Nezu & Nakagawa (0.55 for smooth bed) and
Dey & Raikar (0.6 for weakly mobile bed).



Anisotropy Analysis

Reynolds stress anisotropy tensor b,, is defined as the difference between the ratio
of Reynolds tensor terms to the turbulent kinetic energy and its isotropic equivalent
quantity (Lumley & Newman, 1977; Lumley, 1978).

bikzulfu'k/(2q)—5ik/3

where ¢q is the average turbulent kinetic energy o, 1s the Kronecker delta function
0,=01fi#korlifi=~k

Limits of 1D and 2D turbulence are given by the upper linear boundary that 1s

11 :(bikbik/ 2], 17 :bijbjkbki/ 3 while the first invariant is zero (I = b;; = 0).



A cross-plot of I against 1] 1s termed as anisotropic invariant map (AIM).

In an AIM, —II (positive or zero) represents the degree of anisotropy and /1 refers
to the nature of anisotropy.

for one-dimensional turbulence: 1l = (8 /3

), 1II=(16/9)
for two-dimensional turbulence: [ = (2/ 3), 1l = (—2/ 9)
0

for three-dimensional turbulence: —JJ = J]] =

Another method to estimate the overall anisotropy in the Reynolds stress tensor
is given by the invariant function as: F (= 1 + 911 + 271II)

F = 0 for two-dimensional isotropic state and F = 1 three-dimensional isotropic
state.
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= The data plots collapse on a band across the flow layers, where the values
of F approach closer to unity in the flows over entrainment threshold beds than
those over immobile beds.

= [t suggests that the turbulence in flows over entrainment threshold beds
satisfy 1sotropy better that over immobile beds.
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Spectral analysis

= Using discrete fast Fourier transforms of each data series, velocity power
spectra S,(f) were calculated.

= All velocity spectra display portions of constant f°/3 slope at higher
frequencies suggestive of the inertial subrange.

= At low frequencies, velocity spectral power exhibits similar relationships
between velocity components, in which S, (f) > S, .(f) > S,,..(H).

= The velocity power spectra is not influenced by the movement of the
sediment particles.



Third-order Correlations of Velocity Fluctuations :

Third-order correlations are directly correlated to the turbulent coherent structures
due to preservation of their signs.

The set of third-order correlations M), are expressed as:

1.5 1.5
~3
M, =u =u'u’u'/(u'u') M,, = w’w'w’/(w'w')

0.5 0.5
M, = u’u'w'/(u’u’)x (w'w') M, = u'w’w’/(u’u’) x(w'w’)
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* The mean trends of My; and M,, are positive for the entire depth in flows
over immobile beds, whilst those are negative near the bed (z/& < 0.08) and

positive for z/A > 0.08 1n flows over entrainment threshold beds. It means the

flux of 'y’ and the advection of w'w' are in downward direction in the near-

bed flow zone over entrainment threshold beds.

= Across the entire flow depth for immobile beds, the flux of 'y and the

advection of g 'y "are in upward direction and the same is attributed to the flow

zones for z/h > 0.08 for entrainment threshold beds.



Turbulent Kinetic Energy :

The vertical distributions of streamwise and vertical flux of the nondimensional
turbulent kinetic energy are defined as:

Fio (= fiuw®) and Fy, (= f,, Jud)

The streamwise and vertical flux of the turbulent kinetic energy are expressed as:

f, =0.75 (u'u'u’ + u’w’w’)

and f, = O.75(w’w'w'+ w'u'u')
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The increased near-bed positive value of streamwise flux of turbulent
kinetic energy and the negative value of vertical flux of turbulent kinetic
energy are associated with the sediment-entrainment.




Energy Budget

Turbulent production :  #p = —U 'w’(@u / Oz )

Turbulent energy diffusion: ¢, =0f,, /0z

Viscous diffusion : vV, = -U(@Zk / 822)

Turbulent dissipation : e = (1 50/ 1/ ) ©u'/ 51)2

Pressure energy diffusion: P =0 ( pw'/ p) / Oz

The turbulent energy budget relationship : Pp =1, —e—1),
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In the near-bed flows over entrainment threshold beds, the turbulent
dissipation exceeds the turbulent production and the pressure energy
diffusion 1s considerably negative.




Quadrant Analysis:

A simple method for the quantitative assessment of the coherent structures 1s
the quadrant analysis.

Four quadrants are defined as:

= Ql, first-quadrant (u' w');, where u>0 and w0, denoting an event in which
high speed fluid moves toward the centre of the flow field (outward interaction).

= (2, second-quadrant (u' w'),, where <0 and w0, denoting an event in
which low-speed fluid moves toward the centre of the flow field, away from the
wall (ejection).

= (3, third-quadrant (u’ w');, where u'<0 and w'<0, denoting an event in
which low-speed fluid moves toward the wall (inward interaction); and

= (4, fourth-quadrant (u' w"),, where u>0 and w'<0, denoting an event in
which high-speed fluid moves toward the wall (sweep).
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A detection function is given by:

1, if (u',w')is in quadrant i and if [u'w/| > H (u's")** (W' w')**

Ay (2,t) =
. 0, otherwise

the contributions to — 'y’ from the quadrant i outside the hole region of size
H is estimated by

! / . 1 r ! !
(u'w"), = ;I_IEOFJ; ' (OW' (A, , (z,0)dt

Thus, the fractional contribution S, ,;to —u'w’ form each event is:

. i, H
Si,H —

The sum of contributions from different bursting events at a point 1s unity,
that 1s

i=4

[Si,H ]H:O =1

i=0

Net effect of O, and Q, events, AS, ;= S, ;,— S, i
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* The quadrant analysis of the data of velocity fluctuations corroborates
that ejection and sweep events in the near-bed flow zone for immobile beds
rescind each other giving rise to the outward interactions.

= Sweep events are the prevailing mechanism towards the sediment-
entrainment.

= At the top of the wall-shear layer, ejection events are prevalent.
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Time-durations and frequencies of the ejection and sweep

The nondimensional mean time-durations of ejection and sweep events are
represented by:

T,=ty /h and Iy =tg, /h

T and T for immobile beds are greater than those for entrainment threshold
beds.

The nondimensional mean frequencies of ejection and sweep events are

Fo=ihiu,  and  fs=isthiu

Frequency of ejection or sweep events for entrainment threshold beds is larger
than that for immobile beds.
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Conclusions

» Influence of an entrainment threshold of sediments on the turbulence
characteristics 1s primarily confined to the wall-shear layer that characterises the
near-bed flow zone. However, the turbulence characteristics in the outer-layer of
flows are indistinguishable for immobile and entrainment threshold beds.

» In near-bed flow zone, there exists a departure in the distributions of the time-
averaged streamwise velocity from the logarithmic law due to the roughness layer
created by the sediment particles.

» The departure of the velocity data plots for immobile beds from the logarithmic
law 1s higher than that for entrainment threshold beds.

» The near-bed distributions of the Reynolds shear stress for immobile and
entrainment threshold beds also deviate from the linear law of the Reynolds shear
stress having a relatively high damping in the distributions of the Reynolds shear
stress for entrainment threshold beds.

» The streamwise turbulence intensities for immobile beds have smaller
magnitudes than those for entrainment threshold beds within the wall-shear layer.



» The influence of sediment-entrainment on the vertical turbulence intensityis not
apparent.

> The correlation coefficient for immobile beds exceeds that for entrainment
threshold beds.

» Anisotropy analysis reveals that turbulence in flows over entrainment threshold
beds possesses isotropy better than that over immobile beds, even though the
turbulence in flows over both bed conditions 1s in general anisotropic (ratio of
vertical to streamwise turbulence intensities = 0.3 < 1).

» In the spectral analysis, the velocity power spectra and the cross-power spectra
are not influenced by the sediment-entrainment. The third-order correlations imply
that a streamwise acceleration 1s prevalent during sediment- entrainment and is
associated with a downward flux suggesting sweep events having a downward
advection of the streamwise Reynoldsnormal stress.

» The increased near-bed positive value of streamwise flux of turbulent kinetic
energy that migrates downstream and the negative value of vertical flux of turbulent
kinetic energy that migrates downward 1s associated with the entrainment threshold
of sediments.



» Energy budget identifies that for entrainment threshold beds, the turbulent
dissipation 1s 1n excess of the turbulent production and the pressure energy
diffusion becomes drastically negative.

» The quadrant analysis of the data of velocity fluctuations corroborates that
¢jection and sweep events in the near-bed flow zone of immobile beds rescind
cach other giving rise to the outward interactions; whereas sweep events are the
prevailing mechanism towards the sediment-entrainment.

»> At the top of the wall-shear layer, e¢jection events are prevalent.

» The mean-duration of sweep events for entrainment threshold beds is
smaller (and more frequent) than that for immobile beds.
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