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ABSTRAT 

The present paper concerns an experimental study of externally generated turbulence and its 

impact on the bed load sediment transport in an open channel flow. The external turbulence 

was generated by vertically oscillating a submerged grid, hereafter referred to as turbulence 

generator, in the flume with a clearance of 11 cm from the bed. Two kinds of experiments 

were performed: rigid flat-bed and plane sand-bed. One two dimensional (2-D) LDA was set 

up to measure the velocity profiles for different values of flow discharge, amplitude and 

period of oscillations of the turbulence generator. The mean velocities, turbulence intensities, 

Reynolds shear stress, and their impacts on the rate of sediment transport have been analyzed. 

The fractional contributions of burst-sweep cycles to the Reynolds shear stress have also been 

studied. The turbulence generated due to a vertically oscillating submerged grid is an 

analogous to the production of turbulence beneath the roller located on the front of broken 

wave, and the impact thus lies on the sediment transport. The Shields parameter was found to 

be correlated with the sediment transport rate; and the transport rate as a function of 

turbulence level is found to increase with turbulence level.  
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1. Introduction 

The influence of turbulence on sediment transportation and deposition has received much 

attention in the past. The transportation processes elucidate the highly turbulent nature 

associated with the turbulent bursting events, and its impact to the sediment movements. 

Mendoza and Shen(1990) studied numerically the mean and fluctuating components of 

turbulent flow along two-dimensional dunes. The turbulent field due to flow separation 

generated by bedforms was also described. Lyn (1993) measured the mean and turbulent 

characteristics of flows over space-periodic bed form features using two-dimensional Laser 

Doppler Velocimetry (LDV). The movement of sediment particles takes place due to the 

presence of excess turbulence generated because of the flow separation at the crests of the 

bed forms. Nelson et al. (1995a, b) studied the effect of near-bed turbulence on sediment 

movement in an erodible bed. They showed that sediment movement was a function of near-

bed turbulence caused by the flow separation. Several investigations were performed 

experimentally under controlled conditions in laboratory flumes to study the turbulence and 

sediment transport over smooth and rough beds. However, these studies were not concerned 

with the externally generated turbulence and its impact on sediment transport. The pioneering 

works on the externally generated turbulence by an oscillating grid in water tank were 

experimentally studied by Thompson and Turner (1975) and Hopfinger and Toly (1976) to 

estimate the decay law of turbulence and dependence of turbulence parameters on the mesh 

size, frequency and amplitude of the grid oscillations. Oscillating grid turbulence is often 

used to address the interfacial mixing in stratified fluids that widely exists in the ocean, the 

atmosphere and lakes. The idea of grid generated turbulence is used for entrainment across a 

salinity interface and the initiation of sediment transport at the bed. Brumley and Jirka (1987) 

generated the bottom-shear-induced turbulence structure in water environment by employing 

a vertically oscillating grid system, and measured the turbulence using split-film anemometer 
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probe. Huppert et al. (1995) performed a series of experiments with an oscillating grid 

located close to the bottom with sediment bed to simulate the action of stresses acting on the 

boundary, and compared the results with those obtained using the more extensively studied 

geometry in which a similar oscillating grid is located in the interior away from the boundary 

(Turner, 1986; Fernando, 1991). The mechanism of re-suspension of particles depends on the 

level of turbulence near the bottom boundary below the grid. Subsequently, Lyn (1995) 

carried out experiments on grid generated turbulence to study the initiation of sediment 

transport. Cheng and Law (2001) explored the turbulence generated by an oscillating-grid 

using non-intrusive instrument like Digital Particle Image Velocimetry (DPIV) technique. 

Eidelman et al. (2002) studied the fully developed turbulence generated from the grid 

oscillation in a tunnel.  

Sumer et al. (2003) described the results of an experimental study on the influence of 

externally generated turbulence on the bed load transport in an open channel flow. External 

turbulence was generated by three kinds of turbulence ‘generators’:- (1) a generator with a 

horizontal pipe placed with a clearance of 6 cm from the bed, (2) a generator with a series of 

grids placed in the flume with a clearance of 6cm from the bed, (3) a generator with an 

extended series of grids placed in the flume with clearance 2-18cm from the bed. They used 

three kinds of generators to obtain the different levels of turbulence in the experiments. The 

increased turbulence had a profound impact on the sediment transport rate. Medina et al. 

(2000) and Orlins and Galliver (2003) suggested that sediment transport phenomena such as 

incipient motion could be studied with grid generated turbulence and give an understanding 

that could not be realized in open channel flow. The particle–fluid interactions in grid-

generated turbulence were experimentally investigated by Poelma et al (2007). They 

evaluated systematically the role of particle size, particle density and volume load to study 

the decay of turbulence. Yan et al. (2007) made an excellent review on the study of 
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oscillating grid turbulence and its wide applications in the fields of hydraulic and 

environmental engineering. Herlina and Jirka (2008) performed experiments on gas transfer 

mechanism in a grid-stirred tank using a combined particle image velocimetry – laser induced 

fluorescence (PIV-LIF) technique, which enabled the measurements of two-dimensional 

velocity and dissolved gas concentration fields. The visualization of the velocity and 

concentration fields provided direct insight into the gas transfer mechanisms. 

Kurian and Fransson (2009) revisited the grid-generated turbulence using the energy spectra, 

turbulence length scales, energy dissipation, kinetic energy decay rate etc. with different 

mesh and bar widths. Chiapponi et al. (2012) studied the interaction between the turbulence 

and free surface using vertically oscillating grid moving beneath the free surface. Fluid 

velocity was measured through a hot-film anemometer, and the free surface elevation was 

measured by an ultrasonic sensor. Isaza et al. (2014) studied the grid-generated turbulence in 

the near- and far field regions, where they found that there was a turbulence decay region 

close to the generating grid that departed from the classical turbulence decay. In the ‘near-

field’ region, the turbulence energy decayed more rapidly than in the far-field and it exhibited 

unusual scaling properties. In spite of several papers mentioned above were devoted to study 

the turbulence and sediment transport in the past, little attention has been received with 

respect to sediment transport associated to the externally generated turbulence by a vertically 

oscillating grid plate, analogous to what happens under the broken waves, which creates more 

impact on turbulence and sediment transport. The production of turbulence takes place in the 

shear layer beneath the ‘roller’ located on the front of the broken wave (Fig. 1). Moreover, 

less attention has also been made to investigate the key parameters of turbulence generated 

from vertically oscillating grid plate, and their impact on sediment transport rate.  
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1.1 Objective of the present investigation 

The purpose of the present investigation is to study experimentally the impact of a vertically 

oscillating grid. As outlined above, Sumer et al. (2003) investigated two cases of additional 

external turbulence next to that formed in steady, uniform channel flow: (a) the additional 

turbulence is caused by a near-bed horizontal cylinder, placed perpendicular to the flow 

direction. In this case, the additional turbulence was mainly due to the contributions from the 

downstream vortex shedding behind the cylinder, and (b) turbulence generated behind a 

number of vertical grids placed a distance above the bed. These two cases demonstrate that 

the sediment transport increases due to the additional external turbulence. Quantitatively 

however, this increase strongly depends on the nature of the external turbulence, which can 

be caused by several reasons such as different structures located in the flow, or by changes in 

the flow due to non-uniformity and/or unsteadiness. 

         This investigation has been made to understand the turbulence generated by vertically 

oscillating grid on the flow and its impact on sediment transport rate in open channel flow. 

The submerged oscillating grid generates complex fluid flows with jet flows and wakes 

simultaneously interacting with each other in the flow region. Experiments were conducted 

for two types of bed surfaces: one is plane rigid-bed and other one is plane sand-bed. One two 

dimensional (2-D) Laser Doppler Anemometer (LDA) was used to measure the vertical 

velocity profile over the plane rigid-bed for different values of amplitude and period of 

oscillations of the grid. The mean velocities, turbulence intensities, Reynolds shear stress, and 

the fractional contributions of burst-sweep cycles to the Reynolds shear stress have been 

addressed for various values of amplitude and period of oscillation of the turbulence 

generator. Moreover, the impacts of turbulence parameters generated by oscillating grid are 

also analyzed to study the rate of sediment transport.    
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        The reason for selecting a vertical oscillating plate is to make an analogy to what 

happens under broken waves: in broken waves, the production of turbulence takes place in 

the shear layer beneath the ‘roller’ located on the front of the broken wave (Figure 1), and at 

a given fixed location the situation is as follows: during the passage of the roller, production 

of turbulence occur at this location. After the passage of the roller, this production decays, 

and a break in the production at the location occurs until the next roller reaches the specific 

location. This signal results in an oscillating variation with time at a specific location, similar 

to the variation in turbulence level below the broken waves. Such a variation is also obtained 

by the oscillating grid, where the production of eddies is moved up and down in the fluid, i.e. 

by varying the distance from the grid to the bed. The bed is hit by a varying strength of 

turbulence from above. 

The motivation for the present investigation is to gain insight in the complicated flow of 

broken waves and its impact on sediment transport capacity. Deigaard et al. (1986) calculated 

the turbulence kinetic energy (TKE) beneath a broken wave, and investigated the vertical 

distribution of sand in broken waves. However the work did not include the impact of surplus 

turbulence on near-bed sediment transport. The simple turbulence model of Deigaard et 

al.(1986) predicts a quite fast decay in turbulence intensity towards the bed. This decay is 

faster than measurements under real broken waves as discussed by Svendsen (1987), based 

on measurements by Stive and Wind (1982).  Because the full picture of the hydrodynamics 

beneath broken waves is rather complex, it can be discussed what causes this slower observed 

decrease in TKE towards the bed, and this issue still lacks a full understanding. One way to 

enlightening this puzzle is the study the different contributions to the production, diffusion 

and advection of TKE separately to get more detailed insight in the processes. This is the 

motivation for the present study to focus on only one of the contributions, namely pure 

vertical diffusion of TKE formed by an oscillatory TKE-signal. 
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Waves are breaking in near shore areas, and continue to propagate shoreward very similar to 

a migrating bore, (Figure 1). In broken waves, the bore – or “surface roller”- produces strong 

turbulence near the water surface during its migration. This bore moves forward with the 

wave speed, and has therefore significant larger flow velocity than the wave induced orbital 

flow beneath, (Deigaard and Fredsoe, 1989). The turbulence is produced in the shear layer 

between the roller and the flow beneath. From here the turbulence is diffused downward as 

sketched in Figure 1, and when the bore has passed a specific location, the diffusion at this 

location will cease, and the turbulence (quantified as TKE) will dissipate (Figure 1). This 

means that the turbulence level will oscillate around a mean value during the passage of a 

broken wave. Making a more or less sophisticated analysis of the turbulence in broken waves 

needs experimental verification, partly regarding the decay in TKE-level towards the bed, and 

partly on the impact from surface generated turbulence on bed shear stresses and also the 

resulting near-bed sediment transport. One way to reproduce/simulate this oscillatory 

variation near the bed can be achieved by moving a horizontal grid vertically up and down at 

a certain distance away from the bed. This grid will create additional turbulence like in the 

investigation by Sumer et al. (2003) and in the present case we get a cyclic variation in the 

near-bed TKE-level. 

2. Experiments 

The experiments were conducted in a 10m long, 0.3m wide and 0.3m deep hydraulic flume at 

Technical University of Denmark. Water in the flume was recirculated by a pump (Figure 2). 

The flow rate was controlled by a frequency inverter and monitored using an electromagnetic 

flow meter. The water depth h was maintained at 0.17 m for all the tests.  

2.1Flat rigid-bed experiments 

The flat surface of the flume was made of hydraulically smooth plastic plates, fixed rigidly to 

the bottom of the flume. Two honeycomb cages, each of one meter length, were placed at the 
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upstream end of the flume in order to ensure smooth and vortex free uniform flow of water 

through the experimental channel. The measurement location was chosen at 6.5m 

downstream from the inlet of the flume, where the flow was fully developed in the 

undisturbed case. A 0.28m wide and 5m long ‘turbulence generator’ made from perforated 

steel plate was suspended in the flume with a clearance (e) of 0.11m from the flat rigid-bed.  

The perforated steel plate was 1.5mm thick with 10mm x 10mm square holes. The 

‘turbulence generator’ was positioned such that the measurement location was at 4.5 m 

downstream from the leading edge of the grid. The porosity of the plate was 70%. A 

schematic diagram of complete experimental set up with turbulence generator (vertically 

oscillating grid), test section, sediment trap, honeycombs, false bed and pumping system is 

illustrated in Figure 2. 

Prior to experiments performed for externally generated turbulence, one 2-D LDA was used 

to record the instantaneous velocity at different vertical positions up to the height 0.17m with 

the stationary submerged perforated plate (undisturbed flow) located at a clearance (e) 0.11m 

from the bottom at a discharge Q = 10 l/sec. The vertical profiles of mean velocity 

components  ,  u v  illustrate the characteristic features of the flow over the rigid-bed 

surface. Thereafter, the LDA was set up to record the velocity components at different 

vertical locations above the rigid-bed for different values of flow discharge, period (T) and 

carriage stroke (CS) of oscillations of the ‘turbulence generator’. The velocity data were 

collected at the sampling rate of 40Hz for 6 minutes at each vertical point at the measurement 

location. Each profile consisted of 10 points from 0.3mm up to 10 mm above the flat surface 

to ensure the full characterization of the turbulence near the bed. A photograph of the 

complete experimental set up with 2-D LDA is provided in Figure 3.The carriage stroke is 

defined as two times the amplitude (a), that is, CS = 2a.Details of parameters from the series 

of experiments using submerged oscillating grid plate are provided in Table 1.  
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2.2Plane sediment-bed experiments 

For these experiments, an acrylic sand bed of known grain-size distribution was put in the 

flume. The grain-size distributions are shown in Figure 4(a) for weight percentage and in 

Figure 4(b) for cumulative weight percentage. The median particle diameter d50 of the acrylic 

sand was 0.47mm and the standard geometric deviation g (=
16

84

d
d ) was 0.624. The 

specific gravity of sediments used for the experiments was 1.13. Experiments were 

performed over the plane-sand bed surface under exactly the identical flow conditions as 

previously used in the rigid-bed experiments. In all cases the discharge was so low that no 

sediment transport was present or bed forms developed without the external turbulence. This 

allowed the stationary undisturbed flow to be established before the external turbulence was 

switched on. The external turbulence was switched on until the sand bed in the given test 

started to form ripples due to the applied external turbulence. This procedure allowed for 

performing the experiments for 40-100 sec such that it may be assumed that the velocity 

profile and turbulence statistics apply also in the sediment-bed experiments.  

A sediment trap of size 500 mm long, 300 mm wide and 50 mm deep (Figure 2 and Figure 5) 

was placed in the flume with its leading edge at the location, where the flow velocities were 

measured in the rigid-bed experiments. The size of the sediment trap was chosen and placed 

in such a way that eroded sediment particles fall immediately from the sediment bed into the 

trap; and it was ensured that all eroded particles were deposited in the trap. A photograph of 

the complete set up of sediment trap together with sediment bed is provided in Figure 

5.Sediment transport rates were determined from the deposited sediment in the trap. The 

sampling time of sediment deposition in the trap varied from 40 to 100 sec depending on the 

test conditions; and it was as mentioned above determined by the appearance of ripples on the 

bed (the test was stopped once the sign of the ripples appeared in the bed). Because of the 

short duration of the tests, it was not possible to measure the flow quantities, i.e., flow 
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velocity and the bed shear stress. These were instead inferred from the rigid-bed experiments. 

Each test was repeated three times to reduce the uncertainty of sediment sample collection in 

the trap. The deposited sediment in the trap was extracted with help of a suction tube. 

Attention was made to extract the entire amount of sediment deposited in the trap. After 

decantation of water from the sediment sample containers, the samples were dried and 

weighed by an electronic digital scale. Thereafter, the mean values of three samples of 

extracted sediments from the trap were computed. Flow quantities and the sediment transport 

rate were also measured for two undisturbed flows, which serve as reference cases. In the 

following, the mean velocities, turbulence intensities, Reynolds shear stress from the rigid-

bed experiments and their impacts on the rate of sediment transport are analyzed for various 

values of oscillation period (T) and amplitude (a = CS/2) of the ‘turbulence generator’ at 

different discharges (Q).  

 

3. Generation of external turbulence and results 

3.1Results on turbulence characteristics for rigid-bed experiments 

In the text,  wvu  , ,  and  wvu   , ,  denote respectively the time-averaged and the 

fluctuations of instantaneous velocity components (u, v, w) in the (x, y, z)-directions (Figure 

2). Here x-axis is in the flow direction, y-axis is vertical coordinate and z-axis is 

perpendicular to xy-plane. For the immobile submerged perforated plate (undisturbed flow), 

the entire profiles of mean velocities  ,  vu  and turbulent intensities 
2 2,u v

 
   

 
at the 

centreline against the vertical height of 170mm are shown in Figure 6 for a discharge Q = 10 

l/sec. It is observed from the figure that the velocity ( u ) increases, reaches a maximum value 

at a level about y = 40 mm, then reduces up to the level y = 95 mm; then it shows an irregular 

variation within the range 95  y  125 mm around the submerged grid plate fixed at y = 110 
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mm; and there is no variation in velocity for y >125 mm (Fig. 6a). It also shows that the 

vertical component of velocity  v  is almost zero throughout the depth except around the 

level of submerged grid plate. For uniform open channel flow, there should not be significant 

change from the zero vertical velocity. This anomalous nature of velocities and intensities 

around the submerged perforated plate may be attributed to wakes and vortices generated 

from the immobile grids. This has not been investigated further since this is far from the bed 

and is not expected to influence the results. The intensities of turbulence vary from the 

bottom boundary up to the level of perforated grid plate with higher values for u -component 

than the v -component of intensity.  

The normalized velocity profiles for various values of oscillation period and amplitude of the 

generator are plotted in Figure 7(a-h), where the figures 7(a, b) show the profiles for 

undisturbed flow cases (Tests T4 and T14). In the following figures, the symbols Ti (i = 1, 2, 

3..., 17) correspond to the respective tests numbers (Table-1).For the undisturbed cases (Tests 

T4 and T14, Figure 7a, b), the normalized stream-wise mean velocity ( u /u*) is found to fit 

well the van Driest (1956) velocity profiles as:  

2 2 2 1/20
2

1 {1 4 [1 exp( / )] }

y dy
u

y y A

 


 


   
                                                                   

 (1) 

where u+








*u

u  and y+ = yu*/ are the dimensionless stream-wise velocity and distance 

respectively. The velocity profile (1) approaches the logarithmic velocity for large y+ values and is 

given by  

u+ = (1/) ln y+ + 5                                                        (2)  

where (= 0.4) is the von Karman universal constant. It is observed from Figure 7(a, b) that 

the viscous sub-layer exists for y+< 5, buffer layer y+< 30, and beyond the logarithmic 

velocity distribution is approached. The friction velocity u* is determined from the fitted van 
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Driest (1956) profiles (Eq. 1) and the corresponding value of u*(Table-1) is used for 

normalization of velocity for plotting. 

For fixed discharge (Q = 4.0 l/s) and the time period(T = 1.0 sec) (TestsT15, T16, T17), the 

profiles of stream-wise mean velocity ( u


) are respectively shown in Figure 7(c-e) for three 

different values of carriage stroke (CS = 0.03, 0.05, 0.07m); and for fixed Q = 3.0 l/s and CS 

= 0.03 m (Tests T8, T9, T10), the mean velocity profiles (u


) are respectively presented in 

Figure 7(f-h) for different values of time period (T = 0.5, 1.0, 2.0sec) of the grid oscillator. It 

is observed from the figures that for fixed Q and T, the measured stream-wise velocity 

increases in the near-bed region up to 30y

  for CS = 0.03 and 0.05 m (Figure 7c-d), and 

beyond the level 30y

 , the velocity reduces significantly, except for CS = 0.07 m (Figure 

7e), indicating a strong shear layer generated by the turbulence generator. For fixed Q = 3.0 

l/s and CS = 0.03 m, similar trends are observed with increase in time period T (Figure 7f-h). 

Hence for a fixed Q, the velocity changes significantly far from the bed due to externally 

generated turbulence. Here the van Driest velocity equation (1) is fitted to the measured 

velocity profiles at the near-bed region for all CS values (Figure 7c-e); and it is observed that 

Equation (1) fits well only up to the level 30y

  for CS = 0.03 and 0.05 m (Figure 7c-d) 

and it is extended to the level 70y

 for CS = 0.07m (Figure 7e). These observations are in 

accordance with those in Sumer et al. (2003). Returning to Figure 7e, here the velocity 

measurements apparently did not extend far enough to show the strong shear layer generated 

by the oscillating grid. This is supported by the following observations. For fixed Q = 4.0 l/s 

and T = 1.0s (Figure 7c), the stream-wise mean velocity starts to reduce at a certain height 

about y+ = 25 for fixed CS = 0.03m; and that height of reduction increases with increase in 

carriage stroke CS (Figure 7c-e). Similar results in the reduction of velocity are also obtained 

with increase in time period T for fixed carriage stroke CS. 
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The normalized velocity 








*u
u profiles are plotted against vertical coordinate y in Figure 8(a-

f) for various values of discharge (Q), carriage stroke (CS = 2a) and period of oscillation (T) 

of the turbulence generator. From the figure the following qualitative observations can be 

made. For fixed carriage stroke (CS)and period (T) of the oscillating grid, the velocity 








*u
u  

increases with increase in flow discharge (Q) shown in Figure 8(a, b); for fixed discharge Q 

and time period T, the profiles of mean velocity 








*u
u diverge above the level y = 0.4 cm, 

where the larger CS (=2a) generally results in larger mean velocity, as shown in Figure 8(c, 

d); and for fixed Q and CS, the mean velocity profiles are shown in Figure 8(e, f) for different 

values of time period (T) of the grid oscillator. Here no significant change in the velocity 

profiles is observed. Returning to the effect of stroke of the turbulence generator, from Table 

1, tests (T5, T6, T7), (T9, T11, T13) and (T15, T16, T17),it is observed that for fixed flow rate and 

period of oscillation, the friction velocity u*decreases with increase in carriage stroke CS. 

The external turbulence generated due to carriage stroke CS apparently creates resistance to 

the flow, and hence decrease in u* due to the formation rollers generated from the oscillating 

grids. It is also observed that at the largest stroke (CS = 0.07 m, Test T7), the friction velocity 

u* is smaller than that of undisturbed flow (T4) at Q = 2.5 l/s, whereas at a lager discharge Q 

= 4.0 l/s, the value of u* shows almost same (T14, T17). For fixed flow rate and carriage 

stroke, the friction velocity u*experiences little to no change with increase in time period T 

(Table 1, Tests T8 toT10); which is also valid for other fixed value of carriage strokes CS (Test 

T11 toT12).  

The profiles of normalized turbulence intensities or r.m.s. values for various values of 

discharge (Q), carriage stroke (CS) and time period (T) of the turbulence generator (Table 1) 

are plotted against normalized vertical height (y+)in Figure 9(a-c) for steam-wise 



14 
 











*u/u 2
 intensity, and in Figure 10(a-c) for bottom-normal  2

/ *v u

intensity,including the undisturbed flow (Test T4), for reference. The high turbulence 

intensity is often used as an indicator of the flow potential for erosion and suspension of 

sediment particles. It is observed that the stream-wise intensity of turbulence 









*u/u 2

decreases with increase of discharge (Q) ranging from Q = 2 to 4 l/sec (Figure 9a, TestsT2, 

T6, T11, T16) for fixed CS = 0.05 m and T = 1.0 sec; it increases with increase in carriage 

stroke CS (Figure 9b, TestsT5, T6, T7)for fixed Q = 2.5 l/sec and T = 1.0 sec; and the intensity 

first decreases, then increases with the time period of oscillations T (Figure 9c, Tests T8, T9, 

T10) for fixed Q = 3 l/sec and CS =0.05 m. Similar behaviours are also observed for the 

normalized intensity of turbulence 
2

*/v u
  
 

in the bottom-normal direction for same 

parameter values (Figure 10a, TestsT2, T6, T11, T16; Fig.10b, TestsT5, T6, T7 ; and Fig. 10c, 

Tests T8, T9, T10). Here both the mean intensities show irregular pattern with time period of 

oscillation T for fixed discharge Q and carriage stroke CS (Fig. 9c and 10c). It is observed 

that stream-wise intensity of turbulence 









*u/u 2
is greater than the bottom-normal 

intensity 
2

*/v u
  
 

for all cases. For comparison, the intensity components 

2 2

* */ , /u u v u
   
 

for the undisturbed flow (Test T4) are respectively plotted in Figure 9(a-

c) and 10(a-c). It is observed that for the undisturbed case (Test T4) the turbulence intensity











*u/u 2
first increases very near the bottom boundary, reaches maximum value, and then 

decreases with the vertical distance y+ from the bed. This trend and the actual values agree 
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with those reported by Nezu and Rodi (1986, Figure 12) in the present measuring range 

extending to a y+ level of approximately 40. 

Figure 11 displays the results of normalized Reynolds shear stress component  2  
*

u v u 

against normalized vertical distance y+ for various values of the discharge (Q), the period (T) 

and the carriage stroke (CS) of the turbulence generator, including the undisturbed flow 

(TestT4), for reference. It is noticed that the Reynolds shear stress  2  
*

u v u  decreases 

with increase in discharge (Q) ranging from 2.5 to 4.0 l/sec (Figure 11a, Tests T7, T13, T17) 

for fixed CS = 0.07 m and T = 1.0 sec. Test T3 is the lowest flow rate combined with the largest 

stroke (CS = 0.07m) of the oscillating grid. Here it is noted that the combination of low flow rate 

and large stroke of the oscillating grid in test T3 is challenging in respect to measuring 

accuracy and this is believed to be the reason for test T3 not following the described trend. 

Furthermore, the Reynolds shear stress increases with CS (Figure 11b, Tests T5, T6, T7) for 

fixed Q = 2.5 l/sec and T = 1.0 sec; and shows irregular pattern with increase in time period T 

(Figure 11c, TestsT8, T9, T10) for fixed Q = 3.0 l/sec and CS = 0.03 m. The normalized shear 

stress in the undisturbed case increases with distance to the bottom boundary, and then levels 

off in the range 20 < y+< 30. The trend of Reynolds shear stress  2  
*

u v u  in the near 

bed region agrees reasonably well with that of Nezu and Rodi (1986, Figure 3) for the 

undisturbed case (T4). 

Figure 12 shows RMS values of fluctuations of Reynolds shear stress (  /' 2
) against the 

vertical coordinate (y) for various values of Q, T and a = CS/2 of the turbulence generator to 

the flow, where u v u v        is the fluctuating shear stress. The RMS value of 

fluctuating shear stress
'2 / 

 
 
 

decreases with increase in discharge (Q) for fixed CS 
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and T shown in Figure 12a (TestsT3, T7, T13, T17); it increases with increase in CS for fixed Q 

and T shown in Figure 12b (TestsT1, T2, T3) and it shows irregular behaviour with T for both 

Q and CS in Figure 12c (TestsT8, T9, T10).  

 

3.2 Conditional statistics 

The quadrant-analysis is originally devised to sort out the contributions of turbulent events to 

the Reynolds shear stress τ from each quadrant of instantaneous values on the u′v′- plane. The 

turbulent boundary layer is directly associated with intermittent large-scale coherent 

structures. These structures are quasi-periodic and they occupy the entire depth of flow, and 

are characterized randomly by ejection and sweep events. The intermittent contributions to 

shear stress are associated with these ejection and sweep events. These events characterize 

the kinematics of structures in the vertical plane. The normalized shear stress τdim is sought to 

examine the turbulence over the structures with respect to turbulent events. Researchers (Lu 

and Willmarth, 1973; Clifford et al., 1993; Katul et al., 2006; Ojha and Mazumder, 2008; 

Mazumder et al., 2009 and Maity and Mazumder, 2014) attempted to determine quantitative 

results about the structure of Reynolds shear stress from the velocity data, The turbulent 

events are defined by four quadrants (Qi, i = 1, 2, 3, 4) with outward interaction (i = 1, u′ > 

0,v′ > 0), when high-speed fluid moves far away from the bottom boundary; ejections (i = 2, 

u′ < 0,v′ > 0), for low-speed fluid moving far away from the bottom boundary; inward 

interactions(i = 3, u′ < 0,v′ < 0),for low-speed fluid moving towards the bottom boundary; 

and sweeps (i = 4, u′ > 0,v′ < 0),occurring when high-speed fluid moves toward the bottom 

boundary (Nakagawa and Nezu, 1977).The quadrant technique and the conditional averaged 

method are used to examine the characteristics of bursting events. The ejection is a sudden 

outward motion of low-speed fluid from the bottom boundary associated with the values of 

u′v′ in the second quadrant (u′ < 0,v′ > 0). Similarly, a sweep phase is the motion of high-
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speed fluid moving toward bottom boundary associated with the amplitude values of u′v′ in 

the fourth quadrant (u′ > 0,v′ < 0). Two dimensional quadrant analyses are performed to study 

the effects of different events on the Reynolds shear stress for various values of flow 

discharge (Q), and period of oscillation (T) and carriage stroke (CS = 2a) of the turbulence 

generator. At any point in a steady flow, the contributions of the turbulent events to the 

Reynolds shear stress from quadrant i, excluding a hyperbolic hole region H, is given by 

 ,,

0

lim ( ) v ( ) ( ), v ( )

T

i Hi H T
u v u t t I u t t dt


                                                                              (3)                                       

where square brackets denote a conditional average and the indicator function ,i HI  is defined 

as 

,

1,   if (u'v') is in the ith quadrant and  | |

( )

0,  otherwise

i H

u v H u v

I u v

    


   

                                      

(4) 

The parameter H is a threshold level in the Reynolds stress signals. The contributions to each 

quadrant of the extreme value of shear stress were determined (Nezu and Nakagawa, 1993; 

Clifford et al., 1993). Here the stress fraction is given by 

,

,

i H

i H

u v
S

u v

 


                                                                                                                  
(5) 

By definition, Si,H> 0 if i is even (ejections and sweeps) and Si,H  < 0  if i is odd (outward and 

inward interactions). Moreover, S1,0+S2,0 + S3,0 + S4,0= 1 for threshold level (hole size) H = 0. 

For a fixed discharge Q = 3 l/sec, the contributions of stress fraction |Si,H| to the Reynolds 

shear stress for all four quadrant events are plotted against the threshold parameter H in 

Figure 13a for y = 0.3cm, CS = 3 cm and T = 1, and 2 sec (Tests  T9 and T10); in Figure 13b 

for y = 0.15 cm, T = 1sec and CS = 3, 5 cm (Tests T9, T11); and in Figure 13c for T = 1 sec, 

CS = 5 cm (Test T11) and y = 0.15, 1.0 cm. The overall trend of these figures shows that the 

contributions of ejections and sweeps (Q2and Q4) to the shear stress |Si,H| are much higher 
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than that of the outward and inward interactions(Q1 and Q3) for any hole size H for all these 

parameter values (Figure 13). The intensities of stress fraction |Si,H| for all events decrease 

with increasing the vertical distance from the near-wall, that agree reasonably well with Fer  

et al. (2004). This increment near the boundary is probably linked with relatively high 

turbulence level. For example, at the bottom level y = 0.15 cm for threshold parameter H=2, 

period of oscillation T = 1 sec, carriage stroke CS = 5cm (Test T11), the contributions of stress 

fraction from all the quadrants are S1, 2 = - 0.06, S2, 2 = 0.47, S3, 2 = - 0.04, S4, 2 = 0.49; the sum 

of which is 0.86, i.e., 86 % of average shear stress τ, and at the higher level y = 1.0 cm, sum 

of contributions from the quadrants is 10 % of average shear stress. It implies that the sum of 

contributions of all quadrant events decreases from the bottom level to height y = 1.0 cm for 

threshold parameter H> 0 (Figure 13c).For fixed value of y = 0.3cm, CS = 3cm at H = 2; the 

contributions from the quadrants are S1,2 = - 0.64, S2,2 = 0.98, S3,2 = - 0.54, S4,2= 0.97; the sum 

of which is 0.77, i.e., 77 % of average shear stress τ for period of oscillation T = 1 sec. (Test 

T9), and the 88 % of average shear stress τ is for T = 2 sec(Test T10) (Figure 13a).For fixed 

level y = 0.15 cm, T = 1 sec, the contributions from the quadrant events are S1, 2 = - 0.47, S2, 2 

= 0.97, S3,2 = - 0.52, S4,2 = 0.99; the sum of which is 0.97, i.e., 97% of the average shear stress 

for carriage stroke CS = 3cm (Test T9); and the 86 % of average shear stress τ is for CS = 

5cm (Test T11)  (Figure 13b). 

 

3.3 Results for the sand-bed experiments 

Sand-bed experiments are carried out for the undisturbed flow (TestsT4, T14 in Table1), 

which are the reference cases for the present experiments. Deposited sediment materials 

collected from the sediment trap are analyzed for size distribution. Percentage and cumulative 

percentage plots of grain-size distributions of the deposited materials for the Test T14 are 

shown respectively in Figure 14(a, b). Table-1 presents the test conditions and the results of 
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the plane rigid-bed as well as the sand-bed experiments. Altogether 17 test runs are 

considered. In the table, U is the cross-sectional mean velocity (U = Q/A), where A is the 

cross-sectional area (A = 170mm x 300mm), q is the rate of bed load transported in volume 

per unit time per unit width, and qu is the rate of bed load transported for the undisturbed flow 

conditions. The sediment transport rate for tests (T15, T16, T17) is normalized by that measured 

in the undisturbed case qu, while the turbulence level is normalized by the mean value of the 

bed shear stress . The qu has been measured to be qu = 0.011x10-2cm3/cm.s for undisturbed 

flow (Test T14, column 13). Figure 15 displays the sediment transport rate 
q

qu
normalized 

by undisturbed transport rate qu against the turbulence level 
'2

0

/
y

 


 
 
 

measured for 

different values of CS with fixed Q and T, indicated by the tests T15, T16, and T17. No clear 

trend is observed in the normalized sediment transport rate
q

qu
as a function of the 

turbulence level 
'2

0

/
y

 


 
 
 

although the table shows a significant increase in the 

sediment transport with increasing carriage stroke CS. 

 

Assuming b be the Shield parameter as: 

2
*

( 1) 50

u

b
g s d

 


                                                                                                              (6) 

in which u* = / = friction velocity , is the shear stress, is the density of water and g is the 

acceleration due to gravity. The quantity cr is the critical value of the Shield parameter 

corresponding to the initiation of motion of the particle at the bed. The grain Reynolds 

number (Rf = u*d50/) was always kept below 5 (Table 1) ensuring that the bed in the 
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sediment transport experiments acted as a hydraulically smooth boundary. Therefore, the bed 

shear stress in the case of sediment bed will be the identical as that measured in the case of 

rigid-bed experiments. The parameter 
b is the dimensionless form of the bed load discharge 

and is defined as  

3
( 1) 50

q

b
g s d

 



                                                                                                         (7) 

The values of 
b and corresponding b are presented in respective columns 16 and 15 in 

Table-1 for various test runs. Figure 16 shows the plots of dimensionless Shields parameter 

b versus dimensionless bed load discharge 
b  for different ranges of

'2

0

/
y

 


 
 
 

for all 

the test runs T2, T3, T4, T5, ……., T17. The tests T4 (Q = 2.5 l/s) and T14 (Q = 4.0 l/s) represent 

the undisturbed experiments. As there were no sediment transport in T4, only the data of T14 

for undisturbed experiment are presented, which is reasonable as reported by Sumer et al 

(2003). The line indicated by M in Figure 16 is drawn from the formula of Meyer-Peter and 

Muller (1948) with cr = 0.05 (See Sumer et al. 2003). For runsT15, T16 and T17, the bed load 

discharge 
b increases with carriage stroke CS. The similar result is observed for runs T5 to 

T7. For runs T8, T9 and T10, the value of 
b show minor change (perhaps with a small 

reduction) with increasing period T. Finally for runsT3, T7, T13 and T17, no change in 
b  is 

observed with increase in discharge Q for fixed CS = 0.07 m and period T = 1.0 s. Similar 

result is also observed for runs T2 and T6 for fixed CS = 0.05 m and T = 1.0 s. Overall the 

figure indicates that for a given value of b, the sediment transport rate increases with an 

increase of
'2

0

/
y

 


 
 
 

for different test runs.  
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4. Conclusions 

The purpose of the present study was to ascertain the relative influence of externally 

generated turbulence using vertically oscillating grid plate to the sediment transport rate. The 

turbulence generated from the oscillating grid plate is analogous to what happens under the 

broken waves, which produces turbulence in the shear layer beneath the roller on the front of 

the broken wave (Figure 1). In the plane rigid-bed experiments, the stream-wise mean 

velocity profiles for the undisturbed flow match quite well with that of van Driest (1956), 

whereas the velocity profiles generated by the external turbulence begin to deviate from the 

van Driest at the distance y+ = 25 from the bottom (Figure 7).The deviation of velocity 

profiles arises due to the wakes generated from the submerged grid oscillator. At the plane 

surface for the undisturbed flow, the qualitative behaviour of RMS values of turbulence and 

shear stress agrees reasonably well with Nezu and Rodi (1986) near boundary region, 

whereas for the externally generated turbulent flow, the RMS values of turbulence and shear 

stress change significantly. It is interesting to note that the overall trend of the contributions 

of ejections and sweeps (Q2and Q4) to the shear stress |Si,H| are much higher than that of the 

outward and inward interactions(Q1 and Q3) for any hole size H for all the parameter values. 

In the plane sand-bed experiments, we repeated the series of experiments under exactly the 

identical flow conditions to study the bed load transport. The bed shear stress in the case of 

sediment bed was maintained same as that of rigid-bed experiments. The normalized 

sediment transport rate 
q

qu
as a function of turbulence level 

'2

0

/
y

 


 
 
 

increases with 

increase in carriage stroke CS. For a given value of b, the sediment transport rate
b  

increases with an increase in 
'2

0

/
y

 


 
 
 

 and it increases significantly from the 

undisturbed flow.  
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Notations: 

A = Cross-sectional area; 

a =  amplitude of turbulence generator; 

d50 = median diameter of sediment particles; 

e  = clearance from the edge of turbulence generator to the bed; 

g = acceleration due to gravity; 

h = flow depth; 

H  = threshold level (hole size); 

M = line indicates Meyer-Peter and Muller (1948); 

Q = flow rate; 

q = measured bed load sediment transport rate (sediment trap method); 

qu = measured bed load sediment transport rate for undisturbed condition (sediment trap    

method, plane-bed experiments only); 

Rf = grain Reynolds number (Rf = u*d50/); 

s =  relative density; 

SiH = stress fraction at ith quadrant; 

T = wave period of turbulence generator; 

Ti  = test runs for i = 1, 2, 3,…..17. 

u, v, w = instantaneous velocity components; 

 wvu  , ,  = mean velocity components 

(u΄, v΄, w΄)  = fluctuating components of velocity; 

u* =  friction velocity; 

u+ = dimensionless velocity; 

 y = distance from the bed; 

y+ = dimensionless distance from the bed; 
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θb = Shields parameter corresponding to bed friction velocity; 

  = kinematic viscosity; 

ρ  = density of fluid; 

σg = geometric standard deviation (=
16

84

d
d ); 

τ = instantaneous shear stress; 

τ΄ = fluctuating shear stress; 

b  = dimensionless bed load discharge. 
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Table1. Details of the parameters generated from the experiments with or without disturbance. 

 

Test 

No.  

(Ti ) 

Turbulence  

 Generator  

Q  

(l/s) 

U  

= Q/A 

(cm/s) 

Temp 

oC 

Carriage  

stroke  

CS  (m) 

 

 

 

 

Stroke (m) 

Period  

T (sec)  

u* 

(cm/s) 

/ 

cm2/s2 

('2)0 

 

(2/)0 

 

(u*d50)/ q 

(cm2/s) 

 

q
qu

 θb 
b  

1 Grid plate  2.0 3.92 24.2 0.03 1.0 ------ 

 

----- 0 ----- ---- 0.004x10-2 --- --- --- 

2 Grid plate 2.0 3.92 24.1 0.05 1.0 0.35 0.12 0.0219 0.1794 1.60 0.042x10-2 --- 0.0204 0.0036 

3 Grid plate 2.0 3.92 23.5 0.07 1.0 0.35 0.12 0.1966 1.6095 1.60 0.298x10-2 --- 0.0204 0.0259 

4 Undisturbed  2.5 4.90 24.4 0.0 0.0 

 

0.37 0.14 0.0167 0.122 1.74 --- --- 0.0228 --- 

5 Grid plate 2.5 4.90 24.6 0.03 1.0 0.45  0.20 0.0215 0.1063 2.11 0.021x10-2 --- 0.0338 0.0018 

6 Grid plate 2.5 4.90 24.5 0.05 1.0 0.43 0.18 0.0585 0.3165 2.02 0.080x10-2 --- 0.0308 0.0069 

7 Grid plate 2.5 4.90 24.4 0.07 1.0 0.30 0.09 0.0948 1.0538 1.41 0.284x10-2 --- 

 

0.0150 0.0246 

8 Grid plate 3.0 5.88 24.4 0.03 0.5 0.57 0.32 0.0092 0.0284 2.68 0.090x10-2 --- 0.0542 0.0078 

9 Grid plate 3.0 5.88 24.6 0.03 1.0 0.53 0.28 0.0171 0.0610 2.49 0.017x10-2 --- 0.0469 0.0014 

10 Grid plate 3.0 5.88 24.8 0.03  

 

2.0 0.55 0.30 0.009 0.0298 2.59 0.013x10-2 --- 0.0505 0.0013 

11 Grid plate 3.0 5.88 24.4 0.05 1.0 0.50 0.25 --- --- 

 

2.35 0.067x10-2 --- 0.0417 --- 

12 Grid plate 3.0 5.88 24.4 0.05 3.0 0.50 0.25 --- --- 2.35 0.029x10-2 --- 0.0417 --- 

13 Grid plate 3.0 5.88 24.4  

0 

0.07 1.0 0.42 0.18 0.1965 0.8306 1.97 0.29x10-2 --- 0.0294 0.0259 

14 Undisturbed 4.0 7.84 24.4 0.00 0.0 0.55 0.30 0.0367 0.1216 2.58 0.011x10-2 1.000 0.0505 0.0009 

15 Grid plate 4.0 7.84 24.2 0.03 1.0 0.62 0.38 0.0404 0.1052 2.91 0.015x10-2 1.364 0.0641 0.0013 

16 Grid plate 4.0 7.84 24.2 0.05 1.0 0.60 0.36 0.0391 0.0957 3.01 0.107x10-2 9.727 0.0683 0.0093 

17 Grid plate 4.0 7.84 24.4 0.07 1.0 0.57 0.32 0.0541 0.1667 2.68 0.280x10-2 25.455 0.0542 0.0243 

 

---- Not computed, and qu is computed from Test-14 as qu = 0.011x10-2 cm3/cm.s for undisturbed 

flow. 
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List of Figure Captions 

Figure 1. Sketch of broken waves migrating towards right. 

Figure 2. Schematic of the experimental set up with oscillating grid plate and LDV, flow from left to 

right. 

Figure 3. Photograph of experimental setup with LDA at DTU, Denmark. Flow is from right to left. 

Figure 4. Grain-size distribution of sand bed: (a) percentage weight and (b) cumulative percentage 

weight.  

Figure 5. Picture of sediment trap together with sediment bed, flowing from right to left. 

Figure 6. Mean velocities and turbulence intensities of the undisturbed flow with submerged grid 

placed at level 110 mm with a discharge Q = 10 l/s. 

Figure 7.  Plots of normalized stream-wise mean velocity profiles along with fitted van-Driest profiles. 

: Experimental data, □: fitted profiles due to van-Driest (1956) for various values of discharge (Q),

carriage stroke (CS = 2a) and period of oscillation (T) of turbulence generator. Test runs T4 and T14

(Figures 7 a, b) represent undisturbed flow.

Figure 8. Normalized stream-wise mean velocity profiles against vertical coordinate y for various 

values of discharge (Q), carriage stroke (CS = 2a) and period of oscillation (T) of the turbulence 

generator. 

Figure 9. Turbulence intensity profiles along stream-wise direction for various values of discharge (Q), 

carriage stroke (CS = 2a) and period of oscillation (T) of turbulence generator.  

Figure 10. Turbulence intensity profiles along bottom-normal direction for various values of Q, CS, and 

T of turbulence generator. Symbols are same as in Figure 9. 

Figure 11. Reynolds shear stress profiles against normalized vertical coordinate for various values of Q, 

CS, and T of turbulence generator.  

Figure 12.  RMS values of fluctuations in Reynolds shear stress. 

Figure 13. Plots of contributions of stress fraction to the Reynolds shear stress against threshold 

parameter H for all four quadrant events at a fixed discharge Q = 3 l/s.  

Figure 14. Grain-size distribution of the transported materials in the sediment trap: (a) percentage 

weight and (b) cumulative percentage weight for undisturbed flow (Test T14, Q = 4.0 l/s).  

Figure 15. Normalized sediment transport rate versus turbulence level in bed shear stress, where qu = 

0.011x10-2 cm3/cm.s for undisturbed flow (Test T14, Q = 4.0 l/s) which is used for all tests. 



Figure 16. Plots of dimensionless Shields parameter θb versus bed load discharge b


 for different 

ranges of  

'2

0

/
y

 


 
 
 

. The test run T14 represents the undisturbed experiments for discharge Q = 4.0 l/s. 

Here M: the line from Meyer-Peter & Muller (1948) formula with θcr= 0.05, (Sumer et al., 2003).   
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