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ABSTRACT 

 

Sediment entrainment mechanisms were studied experimentally involving high-frequency 

particle image velocimetry (PIV) measurements synchronized with hydrodynamic force 

measurement and the entrainment of spherical particles. Two experimental series were 

conducted. The first experimental series termed fixed bed experiments, focussed on the 

relation between near-bed velocities and forces on a spherical sediment particle. The second 

series of experiments, termed the entrainment experiments, focussed on the flow structure and 

magnitude of the critical velocities causing entrainment. High frequency Particle Image 

Velocimetry (PIV) was used to capture the details of the flow.The study aimed to improve the 

understanding of sediment transport mechanics, particularly the link between particle 

entrainment and the velocity causing entrainment, hydrodynamic forces, and turbulent flow 

structures.  A spectral model of drag force based on quasi-steady theory is developed. The 

model is applied to experiments with different exposures of the target sphere. The 

performance of the model depends greatly on the choice of appropriate values of CD and A. In 

the formulation of drag force the product of coefficient of drag and exposed area ( DC A ) is 

found to be a more useful quantity.  An improved expression for pdf of lift force based on the 

normal error law is provided which matches the measured data up to 3
LF for all exposures. 

The skewness of the measured lift force is found to increase with increase in exposure 

indicating that the quasi-steady lift force starts to act with increase in exposure yielding a 

skewed distribution. The spectral density function of lift force as a function of streamwise and 

stream-normal velocity is developed and validated using the measured lift force data. The 

ratio of 
L DC A C A  is found to increase with increase in exposure and the fluctuating 
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Bernoulli‟s lift is found to play a dominant role in generating high lift on bed sediment 

particles. Predominance of fluctuating Bernoulli‟s lift, over lift due to stream-normal velocity 

fluctuations, is observed at all particle exposures. The influence of vortices on sediment 

entrainment was studied in detail using a model vortex. It was found in particular that the 

streamwise position of the particle with respect to an advecting vortex is important in terms of 

creating the forces on its surface responsible for entrainment. Experimental investigations 

using PIV revealed the predominance of clockwise eddies associated with hairpin vortices. 

However, anticlockwise eddies induced by large scale sweep events were found to be mainly 

responsible for entrainment. The flow field during entrainment was found to be significantly 

different from the normal flow field, marked by negatively correlated streamwise and stream-

normal velocity fluctuations, indicative of sweep events. For a completely shielded particle, 

the forces induced by an anticlockwise vortex are found to be the dominant entrainment 

mechanism. The particle is more likely to entrain by hydrodynamic lift (vortex and 

Bernoulli‟s) induced by an advecting anticlockwise vortex directly above it. For particles at 

higher exposure, the quasi-steady drag is found to be the primary entrainment mechanism 

aided by Bernoulli‟s lift. Sweep events were found to be responsible for entrainment of both 

shielded and exposed particles with lift and drag force being the dominant mechanism 

respectively. Impulse is found to be an important factor in initiating sediment entrainment. 

Quadrant analysis and pdf plots of the dominant hydrodynamic force reveal the higher 

probability of occurrence of high magnitude force induced by sweep events. Ejection events 

are found to be mainly responsible for extreme forces below the mean. PIV measurements of 

the velocity flow field for entrainment events revealed that the flow profile at the instant of 

entrainment is significantly different from the mean flow profile, featuring an increase in 

velocity. This increase in velocity is due to the occurrence of a large scale sweep event. A 

non-linear turbulence magnification factor is developed using regression analysis to account 
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for the role of turbulence and exposure in particle entrainment. The role of turbulence for a 

given flow depth is found to decrease with increasing exposure of the particle. An expression 

for the “threshold velocity” based on the mean and the fluctuating velocities at a particular 

elevation above the bed is developed for estimation of a new Shields type parameter. The new 

Shields type parameter is found to vary from 18 to 7 with increase in exposure of the particle. 

The proposed Shields type parameter is found to be dependent on exposure of the particle and 

considered to be more appropriate in defining the sediment transport threshold, since it 

closely represents the effect of near-bed turbulence and exposure. The study is extended for 

field applications by the use of similarity laws relevant to sediment entrainment, rendering the 

findings relevant to a large number of prototype flow configurations for a range of particle 

size based on flow depth and slope. The results of this study will be useful in developing new 

physically based formulation for numerical models of sediment transport based on physics of 

the particle entrainment. 
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CHAPTER 1. INTRODUCTION 

Over the last 100 years, much research work has been done to obtain insight into the 

fundamentals of bed stability and bed movement. The mechanics of sediment entrainment is, 

however, complicated by the fact that the interaction between flow and sediment on a bed is 

complex and that there is only limited knowledge of the mechanism of entrainment of bed 

material. 

 

Despite general acceptance in concept of the classical Shields description, the definition of 

threshold conditions of given sediment bed remains the subject of vigorous debate. The 

conditions defining the threshold of motion for a single particle are more readily defined 

although it is not yet fully clear as to what actually acts to move a sediment particle from rest 

on the bed. For example, which of the following parameters are important, averaged or 

instantaneous velocity, fluid stresses, fluid shear (velocity gradients), fluid accelerations, 

pressures and/or their gradients, shear instabilities, vortex structures, or ejection „„bursts‟‟ and 

inrush „„sweeps‟‟. Furthermore, what are the respective effects on entrainment of the sediment 

density, size, shape, packing, and exposure or hiding? 
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Approaches defining threshold conditions for sediment particles are based on the balance of 

particle forces at entrainment. Variations in these approaches arise in regard to which forces 

are considered (e.g., weight, buoyancy, drag, and lift), how the forces are combined, and in 

particular, how the forces are parameterized (e.g. Wiberg and Smith, 1987; Chiew and Parker, 

1994; Nielsen, 1992; Dey et al., 1999; McEwan and Heald, 2001; Papanicolaou et al., 2002; 

Nino et al., 2003; Lick et al., 2004; Hofland et al., 2005; Hofland and Battjes, 2006; 

Schmeeckle et al., 2007). Hydrodynamic drag and lift, for example, are expressed in terms of 

various flow properties: velocity (local, instantaneous, averaged, bed parallel, bed normal), 

shear stresses, pressure gradients, fluid accelerations, etc. Despite massive efforts, a 

satisfactory description of hydrodynamic entrainment at the particle scale is still not available 

[e.g., Schmeeckle et al., 2007; Coleman and Nikora, 2008]. This has also affected definition 

and interpretation of entrainment at the scale of the stream reach, which is important for many 

engineering and ecological applications. What has been lacking to date is availability and 

sound understanding of mathematical models that can accurately predict the key 

hydrodynamic forces (drag and lift) acting to entrain particles, and to guide how to combine 

these properties to describe threshold conditions at a range of scales [e.g., Hofland, 2005; 

Detert, 2008; Coleman and Nikora, 2008]. 

 

The most challenging issue in sediment transport research is to quantify the hydrodynamic 

forces exerted on the sediment on a bed. The bed shear stress is widely used as the only 

hydraulic quantity for this purpose ever since Shields (1936) introduced it. The Shields 

stability parameter, however, does not explicitly take into account the influence of exposure 

and turbulence fluctuations in the flow, which has been proven to be of importance in 

sediment entrainment.  
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Despite the fact that much research on sediment entrainment mechanics has been accumulated 

over the years, our knowledge is still far from being advanced and reliable. The aim of the 

thesis is to refine the understanding of mechanics of sediment entrainment and 

hydrodynamics of flow and forces on a bed sediment particle. The thesis focuses on the 

mechanics involved with the entrainment of cohesionless sediment. Laboratory measurements 

and their detailed analysis are the core of the present work.  

 

Considerable effort and time was devoted in developing a „smart‟ sediment particle. The 

„smart‟ particle is a spherical sediment particle consisting of accelerometers and gyroscopes, 

which can measure the forces acting on it before, during and after its movement. This will 

represent the true forces acting on the particle at the time of entrainment. The smart particle 

can also be used in rivers where PIV and direct force measurements are not possible.  

Thesis outline 

A literature review concerning the hydrodynamic processes relevant to sediment entrainment 

in uniform turbulent flows is provided in Chapter 2. The governing equations, including the 

double averaging methodology, are presented. Flow and turbulence characteristics for rough 

uniform turbulent flows are discussed. Hydrodynamic forces, coherent flow structures and 

their role in the initiation of motion of bed sediment particle are discussed. Chapter 3 

describes the setup for the laboratory experiments to measure the flow properties relevant to 

entrainment of spherical sediment particles including the use of high frequency (100Hz) 

Particle Image Velocimetry (PIV) to capture the details of the flow, and the measurement of  

hydrodynamic drag and lift forces using a force sensor. Chapter 4 reports the flow conditions 

and flow characteristics relevant to entrainment experiments. These characteristics include 
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flow Reynolds number, shear velocity, Roughness Reynolds number (or grain Reynolds 

number), Froude number, distributions of double-averaged velocities, stresses and turbulence 

intensities. Chapter 5 is dedicated to spectral distribution of measured hydrodynamic drag 

force on a sediment particle using the spectral approach. A nonlinear, quasi-steady spectral 

model is developed to predict the drag force induced by the fluctuating streamwise velocity.  

Chapter 6 describes a study of lift force on a spherical sediment particle at different 

exposures. Probability distributions and spectral distributions of lift force are presented. In 

Chapter 7 an investigation of the role of coherent flow structures in sediment entrainment 

using theoretical and experimental approaches is presented. The objective of Chapter 8 is to 

better understand the role of turbulence, in order to develop improved estimation of near bed 

velocity, thereby allowing better predictions of the flow conditions leading to entrainment of 

sediment particles. Chapter 9 reflects the essential findings of this thesis and recommendation 

for further research.  

 

Considerable effort and time has been spent in developing the „smart‟ sediment particle. 

Smart sediment particle is a device consisting of accelerometers and gyroscopes which is 

capable of measuring the hydrodynamic forces before, during and after its movement. Since 

the results from the „smart‟ particle are not used in this thesis, the concept, design and 

preliminary results of the „smart particle are discussed in Appendix. 
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CHAPTER 2. GOVERNING PROCESS 

A literature review concerning the hydrodynamic processes relevant to sediment entrainment 

in uniform turbulent flows is given. The governing equations, including the double averaging 

methodology, are presented. Flow and turbulence characteristics for rough uniform turbulent 

flows, relevant to the present experiments, are discussed. Hydrodynamic forces and 

turbulence wall pressures are discussed, as are coherent flow structures in general and their 

role in the initiation of motion of bed sediment particle is discussed. The role of impulse in 

initiation of sediment and approaches to predict the sediment entrainment are included.  

 

The right handed coordinate system is adopted herein, i.e. the x-axis (u velocity component) is 

oriented along the main flow parallel to the averaged bed, the y-axis (v velocity component) is 

oriented towards the left bank, and the z-axis (w velocity component) is pointed towards the 

surface of the open channel flow. 
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2.1 Spatially averaged momentum equations 

Smith and McLean (1977) used spatial flow averaging to describe velocity profiles above a 

wavy bed. Subsequently, the approach was developed by atmospheric physicists to provide a 

tool for assessing flow variables within plant canopies (Wilson and Shaw, 1977; Raupach and 

Shaw, 1982; Finnigan, 1985). Relatively recently, attention has turned to the application of 

spatial averaging to open-channel flows (Nikora et al., 2001; Gimenez-Curto et al., 1996), for 

example gravel bed rivers and other channels with irregular rough surfaces. Flow subdivision 

into specific layers, based on the spatial averaging methodology, is shown in Figure 2.1 

(Nikora et al., 2001). 
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Figure 2.1: Flow subdivision into specific regions: (a) impermeable bed, and (b) permeable 

bed. (Adapted from Nikora et al. 2001) 
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In this figure, the term roughness sublayer, used in atmospheric literature, is referred to as the 

roughness layer, because the roughness layer is itself subdivided into interfacial and form-

induced sublayers lying immediately below and above the roughness tops, respectively 

(Figure 2.1). 

The starting point for the double averaged methodology is the mass conservation equation  

     0i

i

u

t x

 
 

 
                                                (2.1) 

and the Navier-Stokes momentum conservation equation,  

 
1i i i

j i

j i j j

u u up
u g

t x x x x




    
           

 (2.2) 

where iu  is the thi  component of the velocity vector, ig  is gravity acceleration;   is fluid 

density;  is kinematic viscosity and p  is  pressure. 

 

The Reynolds-averaged equation as applied to the Navier-Stokes Equation 2.2, is   

 
1i i i

j i i j

j i j j

u u up
u g u u

t x x x x




    
            

 (2.3) 

The corresponding equations for fluctuating motions are found by subtracting the averaged 

Equation 2.3 from the full Navier-Stokes Equation 2.2. This process yields:  

 
1i i i i

j j i j i j

j j i j j

u u u up
u u u u u u

t x x x x x




       
                  

 (2.4) 

 

For the spatial-averaging methodology, the Navier-Stokes equations are first time-averaged in 

the conventional way to produce the Reynolds-averaged Navier–Stokes (RANS) equations. 

Then the equations are averaged over a volume or plane large enough to eliminate local 

variation in the mean flow due to bed topography (just as the temporal averaging time scale is 
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chosen to eliminate the effect of turbulent fluctuations on the mean velocity). Supplementing 

Reynolds averaging with spatial averaging yields extra, physically meaningful terms 

including form drag and form-induced stress. 

 

The straight over-bar and angle brackets denote the time and spatial average of flow variables, 

respectively. The wavy over-bar denotes a disturbance in the flow variables, i.e. the difference 

between the time-averaged V  and double-averaged V   values. Hence, V V V   , where 

V = any flow variable defined in the fluid but not  at points occupied by roughness elements. 

The instantaneous fluid velocity can be decomposed as 

 i i i iu u u u    (2.5) 

 

int

form-induced term turbulence term viscosity term

pressure drag term

1 1 1 1

1 1 1
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int

viscous drag term

s

j
S

dS

   (2.6) 

where 
f oV V   is the roughness geometry function, which has a value of unity above the 

roughness tops, 
fV  is the fluid volume within the spatial averaging volume oV , intS  is the 

roughness-fluid surface interface, ig is gravity acceleration;   is fluid density;  is kinematic 

viscosity, p is pressure and in  is thi  component of the unit vector normal to the surface 

element dS  and directed into the fluid. 

 
int

1 s
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   (2.7) 
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Equations 2.7 and 2.8 represent the spatially-averaged instantaneous form and viscous skin 

friction interfacial forces per unit fluid volume appearing as the final two terms in Equation 

2.6. 

2.2 Turbulent flows on rough boundaries 

If boundary roughness elements protrude through the viscous sublayer, the roughness height 

sk becomes an additional parameter affecting the velocity distribution. Flows with roughness 

Reynolds number 
*

*s
k

k u
R


 (where *u  is the shear velocity and  is the kinematic viscosity of 

fluid) between approximately 5 and 70 have a transitional-type roughness, where both viscous 

and roughness effects are important. If 
*kR  is greater than 70, the viscous sublayer and buffer 

regions are disrupted by the roughness elements and viscous effects are insignificant 

throughout the flow depth.  

 

The velocity distribution in the logarithmic region of rough-bed flows exists in the region 

between 1-5 roughness heights above the roughness crests and z H <0.2 (Jimenez, 2004) 

and is defined by  

 
*

1
ln

s

u z

u k




 
  

 
 (2.9) 

where the parameter   is a function of the roughness Reynolds number 
*kR , but may also be 

a function of the relative submergence sH k  for low relative submergence flows (Jimenez, 

2004). 

For rough walls,  = 8.5 and equation (2.9) can also be represented as 
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* 0

1
ln

u z

u z

 
  

 
 (2.10) 

where 0 0.033 sz k  is equivalent sand roughness. 

2.3 Local bed origins 

The vertical location of the bed origin is another consideration for rough-bed flows. The 

theoretical wall level can be set at some position  , below the top of the roughness elements. 

For physical application the value of  should be at some intermediate point in the range

0 sk  . The values of sk  can be determined so that the mean velocity distribution fits the 

log-law. A range of values have been used in the literature indicating that the bed level is 

commonly taken as 0.15 sk  to 0.3 sk  below the top of the sand-grain roughness. The 

experimental data pertaining to sk  lead to slightly different results depending on the study; 

for example, sk =0.18 according to Grass (1971), sk =0.27 according to Blinco and 

Partheniades (1971), and sk =0.25 according to Nakagawa et al. (1975). 

 

Nikora et al. (2002) define separate bed origins relevant to measurements of flow depth and 

bed shear stress (Type 1), the reference level for the logarithmic velocity profile (Type 2), and 

the reference level for the spatially-averaged velocity distribution within the roughness layer 

(Type 3). They point out that the three origins do not necessarily coincide. While the Type 1 

origin can be defined as the spatially-averaged bed elevation, the Type 2 origin is still the 

subject of debate, with some researchers assuming the origin to lie at a level 0.2-0.3 sk  below 

the roughness tops (e.g. Bayazit, 1983). Others choose the origin to be that giving the best fit 
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of the logarithmic velocity profile. Nikora et al. (2002) suggest a technique where the 

horizontal intercept of a linear fit to the plot of z versus  
1

d u dz


   defines the Type 2 bed 

origin. Additionally, possible locations of the Type 3 origin are suggested as the minimum 

elevation of the roughness troughs, or alternatively the upper boundary of the roughness layer. 

2.4 Shear stress 

For steady ( 0t   ), uniform ( 0x   ), two dimensional ( 0v w y     ), no 

secondary currents flow above roughness tops ( 1f oV V   ), the momentum conservation 

equation in the principal flow direction becomes 

 ( )b i j i j

u
gS H z u u u u

z
   

 
        


 (2.11) 

where bS  is  mean bed slope and H  is  flow depth. The right-hand side of Equation 2.11 is the 

double-averaged fluid stress ( ( )z ), while the left-hand side is the gravity term. The 

vertical distribution of fluid stress is linear, from zero at the water surface to a maximum at 

the theoretical wall level, as balanced by the right-hand side term. In a 2D approach where no 

side wall friction exists ( 0)o z   . Consequently, the stress that acts on the boundary 

follows from Equation 2.11 to be 

 o bgS H   (2.12) 

As the form induced stress and viscous stress are of minor importance at a certain distance 

from the bed, the vertical distribution of the Reynolds stress becomes linear in the far bed 

region. 
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2.4.1 Methods for evaluating shear stress 

There are many available methods for evaluating the shear velocity. The following three 

methods are commonly used. 

Gravity method: The most popular method (due to its simplicity) for estimating the bed shear 

stress in gravel bed rivers with steady uniform flow condition is by using Equation 2.12. By 

measuring channel slope, water depth or hydraulic depth, shear velocity can be estimated. 

 

Logarithmic profile method: Shear velocity can be estimated by measuring mean velocity 

distribution in conjunction with the law of the wall (Equation 2.10). 

 

Near bed Reynolds stress method:  As the form induced stress and viscous stress are of minor 

importance at a certain distance away from the bed, the vertical distribution of Reynolds stress 

becomes linear in the far bed region. This linearity is used to extrapolate to the total fluid 

stress that acts on the bed. 

2.5 Turbulence Intensities 

One of the important statistical properties of turbulent flows is turbulence intensity. 

Turbulence intensity is the root-mean-square (RMS), or standard deviation of the turbulent 

velocity fluctuations, i.e.  

 

 
2

2 1( )

n

i i

i
u

u u

u
n

  



 


 (2.13)  

where  n is number of discrete elements in the time series. 
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Few mathematical expressions for turbulence intensity profiles in open channel flows are 

found in the literature. Bayazit (1976), based on limited data, obtained an empirical equation 

of the logarithmic type, for the turbulent intensity in the flow direction. The equation is 

applicable only in the outer flow region. 

 

A significant improvement over Bayazit‟s model was achieved by Nezu (1977). His relations 

for the streamwise and stream-normal direction distributions of turbulent intensities for 2D, 

uniform, fully developed turbulent open channel flows are 

 
*

u

z

u H
uD e

u

 

  (2.14) 

 
*

w

z

w H
wD e

u

 

  (2.15) 

The values of the constant coefficients for smooth and rough beds were found by least-square 

fits to be 1u w   , 2.3uD   and 1.27wD  . The values of the coefficients in Equations 

2.14 and 2.15 have been modified when new data have become available. Nezu and Rodi 

(1986) evaluated their data and those of other sources and obtained, for smooth and rough 

boundaries, that 2.26uD  , 0.88u  , 1.23wD   and 0.67w  . Cardoso et al. (1989) 

estimated that 2.28uD   and 1.08u   for smooth open channel flows. For flow experiments 

with movable gravel bed, Song et al. (1994) obtained the values 2.04uD  , 0.97u   

1.14wD   and 0.76w  . 

 

Mendoza and Zhou (2001), following the work of Jones (1976), proposed analytical equations 

for streamwise and stream-normal turbulence intensities. Their work further revealed the 

importance of both the “matched layer” (Phillips, 1967) and outer flow region in generation 
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and support of streamwise turbulence intensity. The resulting equation for streamwise and 

stream normal turbulence intensity is 

 
2 2

1 2 2 1 2

* * *

1
z z

b b
u H H

u u
e a e e n e n

u u u

      
       

    
 (2.16) 

 
1

1

* *

z
b

w H
u

a e
u u

  
  

 
 (2.17) 

where e1, e2, a1, a2, n1, n2, b1 and b2, are dimensionless positive constants. 

 

Though similar in its functional form to Equation 2.14 and 2.15, Equations 2.16 and 2.17 

indicates coupling between the mean and turbulence flow fields through the inner and outer 

flow regions. The validity of Equations 2.16 and 2.17, particularly near the bed, is supported 

by experimental observations reported by Nezu and Rodi (1986). From an optimization 

procedure, guided by both experimental and results from direct numerical simulations, 

Mendoza and Zhou (2001) obtained the following values of the constants; 1 0.57e  , 

2 0.5 1e   , 2 0.32 0.33a   , 2 12b  , 1 22n a ,  2 *max
1.06n u u ,

 
1 0.070 0.075a   ,

1 0.65 0.85b   . 

2.6 Coherent structures 

Despite the chaotic and random nature of turbulent flows, repeating and organised flow 

patterns can be observed on smooth and rough beds. These self-sustaining flow patterns are 

defined as coherent structures only if they are present in the flow for a relatively long time 

(viscous time scale and more) and are not just a transient phenomenon. Since these coherent 

motions are actually responsible for the production and dissipation of turbulence in a flow, the 
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study of turbulent structure is of fundamental importance to understand their role in sediment 

entrainment. 

 

Statistically, these coherent flow structures can be defined according to quadrant analysis 

(Willmarth and Lu, 1972), which involves the decomposition of Reynolds stress into four 

quadrants (Q1-Q4) based on the signs of the velocity component fluctuations u (streamwise) 

and w (vertical). Quadrant Q1 is characterized by u' > 0, w' > 0; quadrant Q2 by 

u' < 0, w' > 0; quadrant Q3 by u' < 0, w' < 0; and quadrant Q4 by u' > 0, w' < 0; where

u' = u-u , u  is instantaneous velocity, u  is mean velocity and u'  is fluctuation of the 

instantaneous velocity from the mean. Q1, Q2, Q3 and Q4 correspond to outward interactions, 

ejections, inward interactions and sweeps, respectively. 

 

The flow near the wall in a turbulent boundary layer has been studied in detail by Kline et al. 

(1967) by flow visualisation using the hydrogen bubble method, and by Kim et al. (1971) who 

used the hydrogen bubble method along with hot-film anemometry. According to these 

investigations, in the region 5 < z < 70 (where + superscript denotes dimensionless wall units,

*z zu   ) in the turbulent boundary layer (i.e. about one percent of the boundary layer 

thickness at high Reynolds number) there is strong activity in the wall region. The flow in this 

region shows the presence of low speed streaks or islands of hesitation at a span wise spacing 

of 100 to 150 wall units interspersed by areas of faster moving fluids. These streaks appear as 

stretched filaments moving more slowly in the downstream direction than the surrounding 

fluid. The vortices are generated at the edges of the low speed streaks, their primary 

orientation being in the longitudinal direction. However, each vortex stands slightly inclined 

upwards in the downstream direction. When their distance from the wall reaches 5 < z < 30, 
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these streaks begin to oscillate and then break-up in to fairly violent action called „hash‟ or 

„burst‟. There are no visual data for high speed regions but Robinson et al. (1989) showed, 

using data from direct numeric simulations, that they could be `pocket-shaped'. 

 

From the Eulerian point of view, a strong sweep (i.e. high momentum fluid directed towards 

the wall) follows immediately after the last ejection. This cycle, which begins with an ejection 

and ends up with a sweep, has been called a burst. Ejections and sweeps are considered to be 

the two major events responsible for the production of the turbulent stresses, because they are 

associated with strong peaks in the Reynolds stress tensor (above the viscous sub- layer). 

Locally, a strong gradient in the fluctuations u' and v' is observed as well as a strong 

production of Reynolds stresses. 

 

It should be pointed out that there is no real consensus, even now, on conceptual models 

explaining the bursting phenomena. Other models claim that the intermittence observed in the 

Eulerian velocity field is due to the displacement of a large structure. This structure is 

associated with the convection of an internal shear layer (see Nakagawa and Nezu, 1981; 

Robinson et al., 1989; Johansson et al., 1991; Garcia et al., 1995).  

 

At present, the most plausible physical model of the bursting phenomenon is a horse-shoe 

vortex, originally proposed by Theodorsen (1952). He was first to suggest the existence of 

horse-shoe vortices (see figure 1.7) in wall turbulence by considering the transport equations 

of the vorticity.  
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Figure 2.2: Horseshoe vortex by Theodorsen (1952) 

Their origin would be the instability of the instantaneous velocity profile evolving into 

transverse vortices. They are supposed to be tilted at about 45
0
 downstream, owing mainly to 

the mean velocity gradient which stretches them and to the mechanism of self-induction 

which lifts them up. 

 

Townsend (1976) added to this description the „attached-eddy‟ hypotheses, in which the legs 

of horseshoe vortices would remain attached to the wall during their development. The mean 

spacing between these legs is about 100 wall units (which will be noted 100+ hereinafter for 

the sake of compactness), but the aspect ratio of the horseshoe vortices is Reynolds-number 

dependent (see Head and Bandyopadhyay, 1981). Indeed, these eddy structures appear more 

elongated at higher Reynolds number and are then called hairpin vortices. Robinson (1991) 

detected them using pressure criteria in the direct numerical simulation (DNS) of a flat-plate 
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boundary layer by Spalart (1988). He noticed that these hairpin vortices generally appear 

more asymmetric than sketched in the literature, having more of a cane shape (with two legs 

of different lengths) than the usual symmetric hairpin shape put forward by most previous 

authors. 

2.7 Sediment entrainment mechanics 

The conditions defining the threshold of motion of a single particle are more readily defined 

although it is not yet clear as to what acts to moves the sediment particle from rest on the bed. 

For example, any of averaged or instantaneous velocity, fluid stresses, fluid shear, fluid 

accelerations, vortex structures or ejections and sweeps may play a role. In the following 

paragraphs, the roles of coherent structures and hydrodynamic forces in the process of particle 

entrainment are discussed.  

 

2.7.1 Role of coherent structures in sediment transport 

Near-wall coherent structures in a turbulent boundary layer lead to intense variations of the 

shear stress. Researchers have long suspected coherent structures to be involved in sediment 

transport and tried to explain phenomena such as particle uplift from the bed in terms of the 

existence of these structures. Sumer and Deigaard (1981), Yung et al. (1989), Rashidi et al. 

(1990) and Garcia et al. (1996) provided the first experimental evidence of the influence of 

bursts on the incipient movement of solid particles. 

 

Johan and Michel (2004) carried out particle image velocimetry experiments in a turbulent 

boundary layer wind tunnel in order to study the coherent structures involved in the 
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generation and preservation of wall turbulence. In the logarithmic region, they observed that 

eddy structures appear to organize like elongated vortices, tilted downstream, mainly at an 

angle of about 45
0
 and that they have a cane shape. The origin of such vortices appears to be 

at a wall distance of about 25 wall units as quasi-streamwise vortices. These vortices migrate 

away from the wall while tilting to form a head and a leg. Away from the wall, their radius 

increases and their vorticity decreases very slowly so that their circulation is nearly constant. 

Johan and Michel (2004) also found that both ejections and sweeps are highly correlated to a 

near-wall vortex, while the opposite correlation is less strong. This means that a near-wall 

vortex is required in order to generate a sweep or ejection, but not all of them do so. Again, 

this point is accepted by several modellers and explicitly made, for example, by Zhou et al. 

(1999). 

 

In an attempt to link the characteristics of turbulent episodes with the entrainment of 

sediment, several researchers (e.g., Keshavarzy and Ball, 1999; Kaftori et al., 1998; Nino and 

Garcia, 1996; Kirkbride, 1994; Lapointe, 1992; Rashidi et al., 1990; Dyer and Soulsby, 1988; 

Grass, 1983; Sumer and Deigaard, 1981; Cleaver and Yates, 1976) have considered that the 

sweeps cause the initiation of bed load motion in a stream bed, while the ejections (or, 

interchangeably, bursts) are primarily responsible for the particles' suspended motion. The 

reasoning behind this consideration is that sweeps and ejections are the only events associated 

with the bursting process that contribute positively to the fluctuating Reynolds shear stress 

component ( u w  ) and, therefore, augment the turbulence production term.  

 

Recently, a second school of thought (e.g., Nelson et al., 1995) has supported the opinion that 

sweeps are not the only events responsible for bed load transport of gravel, but that outward 

interactions are also responsible. Nelson et al. (1995) have clearly shown that when the 
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magnitude of the outward interactions increases comparatively to the other events of a 

bursting cycle, the sediment flux increases too, although the magnitude of the Reynolds stress 

decreases. They found a poor correlation between the sediment flux and the Reynolds shear 

stress component. Instead, they have indicated a significant positive correlation between the 

streamwise instantaneous velocity u  and the sediment flux for flow conditions well above the 

sediment incipient motion conditions. Nelson et al. (2001) suggested that the optimal 

conditions for high-lift events are a combination of high velocity (and associated low 

pressure) over the top of a particle and lower than average velocity (with higher pressure) 

beneath a particle, with such conditions produced by coherent flow structures of a similar 

scale to the test particle. 

 

Similarly, Sterk et al. (1998), Clifford et al. (1991), and Williams et al. (1989) have suggested 

that the normal stresses in the longitudinal and vertical direction, 2u and 2w , may be more 

important in sediment transport than the shear stress component ( )u w  . This suggests that 

calculations of sediment flux should not be based on shear stress alone, as many of the 

equations predicting bed load and/or suspension rates generally do. Moreover, it was shown 

that although the term u w   remains the principal shear stress component, its contributions to 

the total turbulent stress are much less than those of 2u and 2w . However, an increasing 

number of observations indicate that Reynolds stress is not the most relevant factor for the 

entrainment and transport of sediment. Rather, sediment entrainment and bed load transport 

are highly correlated to the instantaneous streamwise velocity (Williams et al., 1989; Nelson 

et al., 1995; Papanicolaou et al., 2001; Schmeeckle and Nelson, 2003; Cameron, 2006).   

 

Hofland (2005) used a 15Hz PIV (Particle Image Velocimetry) system to measure the flow 

field over a 30mm instrumented target particle in a gravel bed during actual entrainment. 
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From their experiments, they concluded that the particle movement was associated with 

periods of high streamwise velocity, with the initial movement often caused by fluctuating 

vertical velocities. The fluctuating vertical velocities were found to be associated with clock-

wise vortices (ejection). Figure 2.3 show a characteristic flow field just before the movement 

of a stone. 

 

Hofland (2005) additionally suggested that sweep events on their own are less effective in 

entraining sediment because the downward directed flow reduces the lift force, which is 

particularly important for entraining particles with low exposure.  

 

Cameron (2006) conducted 100Hz, 2D PIV measurements with 40mm diameter spherical 

particles as roughness elements. He concluded that the start of particle motion corresponds to 

the tail end of the hair-pin vortex and the high streamwise velocity reaching the particle.  In 

contrast to Hofland (2005), where ejection flow events are indicated to provide the initial 

particle uplift before sweep entrainment, Cameron‟s entrainment experiments did not indicate 

an ejection flow event. Rather, the particle started to move only when a sweep flow structure 

reached the particle. 

 

Detert (2008) carried out experiments in a laboratory flume using 8Hz PIV, roughened with 

spheres of diameter 25.4mm. In a streamwise vertical plane, large-scale wedge-like flow 

structures were observed, where in the sense of a sweep event, a zone of faster fluid over-rolls 

a zone with slower fluid. The resulting shear layer inclines at an angle of 10-20
0
 to the bed, 

and is densely populated with clockwise rotating eddies. In contrast to similar experimental 

studies of Hofland (2005), Cameron (2006) and Detert (2008) did not study the entrainment of 

a single particle explicitly. 
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Figure 2.3: Details of instantaneous flow field just before movement of the target stone.  2-D 

PIV: Hofland and Booij (2004). Vectors are 0.65u u  . Shading indicates vortex cores 

identified by 
2

ci  criterion (Zhou et al., 1999). 

 

As suggested by Mazumder (2000), coarser particles create their own flow field capable of 

eroding, transporting and depositing other grains. Two vortex systems are created around such 

grains: (1) a standing vortex generates „„rolling down‟‟ of the boundary layer upstream of the 

particle and (2) a separation zone at the downstream end with a shear layer (a zone of strong 

velocity gradient between the free steam and the separation bubble) along which Kelvin–

Helmotz instabilities develop. The separation zone produces horseshoe-shaped vortices that 

propagate through the outer flow. The frequency of such vortex generation (popularly known 

as „„eddy shedding‟‟) is expressed by the Strouhal number ( St ): 

 
fD

St
u

  (2.18) 

where f  is  frequency of eddy shedding, D is obstacle size and u is flow velocity. 
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These prior studies suggest that the linkage of sediment motion with the turbulent flow 

components responsible for the initiation of motion remains unresolved despite the substantial 

progress that has been attained in sediment-flow interaction research over the last decade. 

2.8 The fluctuating force due to turbulence 

In a fully developed flow, the gradients of the fluctuations are much greater than those of the 

mean quantities. Therefore, it is expected that maximum forces are associated with the 

fluctuating pressure which is governed by Equation 2.4. Bachelor (1951) and Hill and 

Thoroddsen (1997) have shown that viscous force is small as compared to pressure force, 

which represents the major contribution to the total fluid acceleration.  

Since the mean flow is in the x direction, v  and w u , and Equation 2.4 reduces to  

 
u u p

u
t x x

 
    
  

  
 (2.19) 

Equation 2.19 shows that large instantaneous pressure increments must exist, with a 

magnitude comparable to the product of the mean velocity and velocity fluctuations. 

2.8.1 Drag force 

At high Reynolds number (based on flow velocity), of the order of 3Re 10 , the skin drag 

(due to viscous effects) becomes negligible and the instantaneous drag force is given by  

 
21

( ) ( )
2

D D D DF t F F t C u A    (2.20) 

where 
DC  is drag coefficient and A  is projected area perpendicular to the flow velocity. 

If the flow is accelerating, an additional “added mass” term is included (e.g. Nielsen, 1992) 

such that total drag is described by  
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  21
( ) 1

2
D D aF t C u A a C V     (2.21) 

where a  is acceleration of the fluid, aC is the added mass coefficient (which depends on the 

flow pattern around the object) and V  is volume of the object. 

Applying Reynolds decomposition, the instantaneous fluctuating drag force is given by 

  2 21
( ) ( ) 2 ( )

2
D DF t C A u t uu t u       (2.22) 

It is to be noted that 2u  is the variance of u  (Equation 2.13). If the ambient flow is uniform, 

the assumption u u  is valid and the first term in Equation 2.22 can be neglected. 

However, close to the bed, extreme values of u can have the same order of magnitude as u . 

For low exposure of sediments the experimental values are in the range of 

 0.4 0.8
DF DF  

 
(Chepil, 1959; Cheng and Clyde, 1972; Xingkui and Fontijn, 1993).Thus 

the non-linear term cannot be neglected near the bed. 

 

The drag coefficient and exposed area are the two important parameters in Equation 2.22 and 

the magnitude of fluctuating force depends on their choice. It is obvious from Equation 2.22 

that the value of drag coefficient ( DC ) can be calculated if exposed area A and the reference 

velocity are known. Noting the fact that flow velocity near the bed has a large vertical 

gradient, a different reference velocity can lead to different values for DC . For example, the 

DC values calculated using u  at 0.15D above the top of sphere, with u measured at the height 

of the centre of the sphere, and DC  calculated using shear velocity ( *u ), can differ by an order 

of magnitude.  
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Similarly, the exposed area ( A ) can be the entire projected area or the exposed part of it. For 

a completely shielded particle the area exposed to flow is almost negligible and hence the 

applicability of Equation 2.20 for the completely shielded particle is doubtful. 

2.8.2 Lift force 

Lift forces on natural sediment near the bed of a turbulent open channel flow are not yet fully 

understood. It is not yet clear if an equation similar to Equation 2.20 is appropriate for lift 

force. The pressure difference between the top and bottom of a particle can create a lift force 

(for example buoyant force). For the near-bed particles, flow moving over the top of the 

particle moves faster than flow at the bottom of the particle. Bernoulli‟s equation for inviscid 

flow shows that an increase in velocity corresponds to a decrease in pressure. Pressure is 

therefore less at the top than at the bottom of the particle and there is lift in the direction of 

higher fluid velocity. Therefore, lift force can be written as 

  2 21
( )

2
L L t bF t C u u A   (2.23) 

where tu  and bu  are velocities at the top and bottom of the particle respectively, LC is lift 

coefficient and A  is cross-sectional area of the particle. 

 

For a particle placed between other particles, LC values of 0.15 to 0.22 are found at high grain 

Reynolds number * *kR u D   (Einstein and EL-Samni, 1979; Xingkui and Fontijn, 1993; 

Benedict and Christensen, 1972). Wiberg and Smith (1985) empirically obtained a coefficient 

of 0.2LC   using the data of Chepil (1958) for evenly spaced spheres. 
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Lift force on a sphere has different characteristics depending on its position from the 

boundary. Willets and Murray (1981) found that close to a smooth solid boundary, spheres 

experience large lift forces away from the boundary, except for a small zone when the gap lies 

between 0.02 and 0.1 times the sphere diameter. For larger gaps, the lift record is strongly 

time-dependent, the fluctuations being associated with the effect of free-stream turbulence on 

the boundary layer of the sphere. For sediment on the bed it is quite possible that no negative 

lift will occur, as the gap between the sediment and the bed is entirely different. 

 

For the fluctuating part of the lift force, the following relation is proposed by Radecke and 

Schulz-DuBois (1988); 

 LF auu buw     (2.24) 

The first term on the right-hand side is caused by the Bernoulli effect. Similar to fluctuating 

drag force, it is the linear expansion of Equation 2.20. The second term is similar to vertical 

drag due to vertical velocity. 

 

Using Equation 2.24, Radecke and Schulz-DuBois (1988) found that most of the variance in 

lift force originated from the first term of Equation 2.24. The second term caused a small part 

of the variance in a frequency band corresponding to the Strouhal number of the eddies shed 

from the spheres. Radecke and Schulz-DuBois (1988) used Equation 2.24 to determine the 

gain function from the velocity spectrum to the force spectrum for a sphere on a smooth wall. 

Using this gain function they could predict 20-70% of the power spectrum of the forces based 

on the point velocity data. The spectrum for the lowest frequencies was well predicted from 

the measured gain function. 
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Martin (2008) compared Equation 2.24 against his pressure measurements and found clear 

negative correlation between pressure fluctuations and the quasi-mean shear term (first term 

of Equation 2.24) The influence of the second term was of minor importance with respect to 

pressure fluctuations. 

2.8.3 Force due to flow separation from the surface of the sediments 

Fluid flow will undergo separation from the uppermost grain even for rather low Reynolds 

numbers. This signifies that forces on bed sediments are due mainly to the pressure difference 

between their upstream and downstream faces, the skin friction being negligible. The 

fundamental effects of vorticity generated at the interface by the separation phenomenon not 

only determine the nature and magnitude of the mean forces on sediment, but are more 

profound and very strongly affect the disturbed flow. 

 

Turbulent fluctuations are defined as departures from ensemble averaging, but the boundary 

conditions at the surface of the grains obliges the ensemble averaged values  to vary strongly 

spatially, which introduces disturbances in the ensemble averaged flow (see Equation 2.6). 

The mean velocity gradient causes the flow to separate from the surface of the sediment, thus 

generating vorticity which is accompanied by strong pressure variations. In such a case the 

vorticity effects associated with separation phenomenon become important and cannot be 

neglected in the calculation of forces. 

 

If the flow separates from the crest of the bed grains, the viscous force vif  is expected to be 

negligible as compared with the pressure force pif . Disregarding the buoyancy effects in the 
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sediment forces, the balance of forces in the mean flow between bed-grains in x and z 

directions are 

 
1

0 i j px

u
u w u u f

z z
   



  
         

   

 (2.25) 
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 (2.26) 

Note that 
pxf  and 

pzf  are forces acting on the fluid, therefore 
pxf  and 

pzf  

represent the forces acting on the sediment per unit of fluid volume. 

 

Gimenez-Curto and Corniero (1996) showed that, regardless of the type of flow (laminar or 

turbulent), if the flow separates from the bed grains the spatial flow disturbances scale with 

parameter  
1 3

oD   , where 2

o o oU G   represents a global length scale of the flow, 
oU  

and 
oG  being characteristic scales of global velocity and driving force per unit volume. For 

uniform open channel flow oU represents the mean bulk velocity and sino xG g g   , the 

longitudinal component of gravity,   being the angle of the channel bed to a horizontal line. 

 

Gimenez-Curto and Corniero (1996) showed that the magnitude of the spatially averaged 

pressure difference between the front and the rear face of the bed sediment is 
2 2

op U  

and the thickness of the flow shear layer under the bed surface in which stresses are 

significant is H ( where H  is the flow depth). 

 

Except for the case of laminar flow, where the viscous component dominates in Equation 2.25 

(whereas it is absent in Equation 2.26), the mean flux of z momentum has a magnitude 
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comparable to the mean flux of x momentum, which means that the spatially averaged  lift 

force has the same order of magnitude as the spatially averaged drag force. 

2.8.4 Turbulence induced wall pressures 

Pressure fluctuations caused by turbulent eddies could contribute considerably to the forces 

that initiate the entrainment of bed particles. These pressure fluctuations, induced by passing 

of eddies, are termed as turbulence wall pressures (TWP). 

 

The Poisson equation for the fluctuating pressure is derived by taking the divergence of the 

incompressible momentum equations, applying the Reynolds decomposition to separate the 

mean and fluctuating pressures and then subtracting the mean pressure (Chang et al., 1999). It 

is given by 

 
 2

2

2
i j iji

i i j i i j

u u u uuup

x x x x x x
 

     
  

     
 (2.27) 

It follows from Poisson‟s equation that TWP in an incompressible fluid are caused by the 

velocity fluctuation gradients.  

 

Emerling (1973) used an optical method to investigate the instantaneous wall pressure field. 

He theoretically associated zones of high amplitude pressure fluctuations with the bursting 

phenomenon. Maximum pressure peaks up to six times the standard deviation were observed. 

These findings confirm that TWP can become very large and can influence the entrainment of 

bed sediment. 

 

Hofland (2005) suggested that TWP are of importance for the entrainment of granular 

material, especially for stones that are shielded by other stones. A passing vortex induces a 
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resultant force on the bed particles. Pressure fluctuations of the order of seven times the 

standard deviation of the TWP have been found in wind tunnels (Schewe, 1983). 

 

Smart (2007) measured pressure at the top of sediment as well as differential pressure on a 

gravel bed river. He observed more lifting events in the differential uplift pressure than when 

bed surface pressures alone were considered. This indicates that when there is low pressure at 

the top of the particle, there exists high pressure underneath the particle, thereby increasing 

the differential pressure. A large eddy creates a high pressure downdraft that pressurizes the 

bed and causes greater uplift when a low pressure zone immediately follows on the bed 

surface. 

2.9  Effect of duration of fluctuating forces 

The effect of the duration of fluctuating forces acting on a sediment particle is less studied. 

Two recent studies acknowledging the importance of impulse in sediment entrainment are 

Smart (2007) and Diplas et al. (2008). According to Newton‟s second law of motion: 

 
pdu

F mass
dt

   (2.28)  

which can be transformed to, 

 pF dt mass du    (2.29) 

where pu  is particle velocity. Equation 2.29 states that the impulse applied to a particle is 

equal to change in particle velocity times particle mass. 

 

Diplas et al. (2008) initially performed laboratory flume experiments to examine the role of 

turbulent fluctuations on particle movement under incipient conditions by using 12.7mm 
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teflon spheres. They found that although all sediment movements coincide with high local 

instantaneous velocity values, well above the mean value, very few resulted in particle 

movement. From their flume experiment, they concluded that peak values in the fluctuating 

velocity record indicate a necessary but not sufficient condition for particle dislodgement. The 

complete data record revealed that the majority of the events lasted over such a short period of 

time (milliseconds or tens of milliseconds) that, even though they may impart adequate force 

to move a particle within its pocket, they do not last sufficiently long to accomplish 

dislodgement. They concluded that impulse is an important parameter affecting bed sediment 

entrainment. 

 

It is apparent from Equation 2.29 that magnitude of impulse can increase either with increased 

duration or increased force. Therefore, the relation between normalised force minDN D DF F F  

and the normalised duration maxDN D DT T T  is hyperbolic;  

 
0.990.96DN DNF T   (2.30) 

Smart (2007) measured the hydrodynamic pressure on the top and bottom of a sediment 

particle. By evaluating the duration of peaks in uplift pressure, Smart concluded that the 

duration of a lifting event can be approximated by an exponential distribution. He found that 

the duration of lifting events has a mean value of 29ms and standard deviation of 20ms for his 

experiments. The impulse delivered by lift force exceeding the threshold for the 26mm 

diameter particle was exponentially distributed with a mean value of 2 2secN m . Smart 

(2007) also suggested that there is a strong linear relationship between the duration of lifting 

events and the resulting impulse. 

2.10   Properties of sediment affecting entrainment 
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The magnitude, ratio and relative influence of drag and lift depends on a wide range of 

features that characterize the sediment. These are the shape, the size, and the position of 

sediment relative to neighbouring sediment particles. These properties are briefly described 

below. 

2.10.1 Shape 

The shape of the particle influences the mean velocity of the flow at which the particle on the 

bed moves, the fall velocity and the bed load transport. Since naturally-worn sediment 

particles assume many shapes, such geometrical shapes as cube, sphere, cylinder, cone, 

ellipsoid become inadequate to describe the shape of the particles. What is required is a single 

parameter which is amenable to quantitative analysis. Many such parameters have been 

introduced by various investigators, i.e. coefficients based on volume, coefficients based on 

projected area, coefficient based on the three principal body axes (shape factor) , ,a b c

(respectively shortest, intermediate and longest axis). 

 

Shape factor is defined as SF a bc   and is regarded as an indication of the flatness of a 

stone. The shape of the particle also affects the relative importance of drag and lift forces in 

entraining the particles. For example, there are more chances that a disc-shaped particle will 

be entrained by lift force compared to drag. 

2.10.2 Size 

Particle size is usually defined by its volume, fall velocity, size of the sieve mesh or by its 

intercepts. The method of measurement of the size by its volume and fall velocity is based on 
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the premise that the measured size can be expressed as the diameter of an equivalent sphere. 

The following definition of „diameters‟ are used in practice. 

Nominal diameter, 
nd , of a particle is defined as the diameter of a sphere which has the same 

volume as the particle. The nominal diameter gives an idea of the size of the particle.  

Fall diameter of a particle is the diameter of a sphere of relative density 2.65 and having the 

same standard fall velocity as that of the particle. 

Sieve diameter, 
sd , is the size of the smallest sieve opening through which the particle can 

pass. 

2.10.3 Position 

Figure 2.4, shows the exposure ( e ) and protrusion (П) of the particle with respect to the mean 

bed level. Also shown in figure is the lift force ( LF ), drag force ( DF
 
) and submerged weight 

of the particle ( SW ). The position of the particle influences the hydrodynamic force acting on 

the particle. The position of the particle can be quantified by the parameters protrusion П and 

exposure e . In the literature protrusion and exposure are often considered to be the same. The 

protrusion accords with the mean bed level, whereas the exposure refers to the local mean 

upstream bed level (Kirchner et. al., 1990). Thus, the exposure is more directly related to the 

hydrodynamic load. On average, П will increase with e , only with more scatter. Which flow 

force component (drag or lift force) is more prominent depends on the ratios П/D or e D , 

which are termed  relative protrusion or relative exposure. If П/D0, the particle is almost 

completely shielded by other particles and only a large lift force can lift the particle. If П/D

1 then the particle is nearly completely exposed and a large drag force will exist. Fenton and 

Abbot (1977) conducted experiments to determine the effect of the relative protrusion of a 
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particle on critical shear stress. For relative protrusion varying from 0 to 0.8, the critical shear 

varies 15 times (from 0.15 to 0.01). 

 

 

Figure 2.4: Sketch showing protrusion, exposure and hydrodynamic force on a single grain 

2.11  Approaches to predict sediment entrainment 

The problem of sediment entrainment threshold, i.e. that of determining the flow conditions 

under which sediment first starts to move, is perhaps the most basic problem in the field of 

sediment transport mechanics. 

2.11.1 Shields method 

The classical research on the critical shear stress concept by Shields (1936) is one of the older 

and most used approaches for estimating the initiation of sediment movement. Shields was the 

first to study the beginning of motion of sediment particles after considering the forces acting 
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on the particle and then applying principles of similarity. Shields introduced the 

dimensionless shear stress 

 
 

2 2

* *

1s

u u

g S D gD
  

 
 (2.31) 

where *u    is shear velocity,   is bed shear stress, g  is acceleration due to gravity, 

s sS   , 
s  is sediment density,   is fluid density,  1sS   , D  is sediment diameter, 

and   is kinematic viscosity. Shields argued that incipient motion of cohesionless grain 

occurs for a critical value of this parameter,
c  which depends exclusively on the grain 

Reynolds number, 
*

*k

u D
R


 . 

 

Grass (1970) and later Lavelle and Mojfeld (1987), point out that sediment moves below 

shear stresses that are considered threshold. They suggest a stochastic view of particle 

movement, which considers the probability distributions of random bed geometry and 

turbulence conditions. Nelson et al. (2001) add that variability must be important for flows 

with marginal transport, as the average flow does not move the average particle. They 

characterise this variability into effects associated with the flow and those associated with the 

bed. 

 

The sources of variability with respect to entrainment are associated with bed geometry and 

the flow. Variability associated with the bed is due to pocket geometry and friction angle, 

which affect particle resistance to entrainment (e.g. Buffington et al., 1992; Johnson et al., 

1998), and to the exposure of an individual particle to the flow, which is related to the particle 

protrusion effects (e.g. Fenton and Abbott, 1977; Chin, 1985).The variability associated with 

the flow is due to local flow turbulence structures, which are termed coherent flow structures, 
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discussed earlier. This bed and fluid variability is not adequately accounted for by the 

threshold shear stress approach, which assumes that the same shear stress is globally applied 

to all particles within the bed. 

 

 Despite the limitations of Shields bed shear stress approach, the results are often quoted and 

have been used widely since their publication. 

2.11.2 Force or moment balance approach 

As the physics of the flow and attack and the geometry of the bed are difficult to define, 

simplified assumptions have to be made in analytical approaches for predicting entrainment. 

Usually, the bed sediments are considered to be spherical. 

 

 

Figure 2.5 : Forces on spherical sediment particle 

Many researchers have used a force or moment balance, as shown in Figure 2.5, to predict the 

threshold condition of a single particle (e.g. Bagnold, 1941; Chepil, 1959; Wiberg and Smith, 
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1987; Andrews and Smith, 1992; Ling, 1995; Wu and Chou, 2003; Volmer and Kleinhans, 

2007; Schmeeckle et al., 2007).  

 

When the displacing force or moment exceeds the resisting (gravitational) force or moment 

the particle will start to move. 

  w
D s L

D

L
F W F

L
   (2.32) 

All these studies suffer from uncertainties and shortcomings in assessing the displacing load 

on the particle. The hydrodynamic forces used in these models are usually the time averaged 

forces given by Equations 2.20 and 2.23 without consideration of the extreme complexity of 

the detailed flow, which includes broad a spectrum of turbulence fluctuations and spatial 

disturbances due to bed irregularities. Such a flow generates forces on the bed sediments 

which are distributed very irregularly in time and space.  In all these models the variability of 

the flow is ignored. Previous laboratory experiments using stones and spheres as roughness 

elements (Cameron, 2006; Hofland, 2005) have shown that entrainment is a sporadic event 

and is related to the variability of flow.  

 

Some approaches assume the drag force to be fully responsible for entraining the particles 

(Kalinske, 1947). Others consider only the lift force as the dominating force (Einstein and El-

Samni, 1949). However, most of the analytical models include both force components, 

implicitly or explicitly (e.g. Bagnold, 1941; Weiberg and Smith, 1987; Andrews and Smith, 

1992). Recent models include the influence of turbulent fluctuations of flow, bed pressures 

and grain protrusion (Vollmer and Kleinhans, 2007). Most such studies conclude with a 

comparison with the Shields concept. 
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2.11.3 Stochastic approach 

With turbulent flows, the first grain movement occurs under an instantaneous flow stress of a 

strong eddy, a stress that is greater than the mean stress. In view of the importance of the 

turbulent eddies in the entrainment of sediment by flowing water, it has been hypothesised 

that the initiation of sediment movement and the resulting transport are stochastic processes. 

Grass (1970) introduced the stochastic concept of sediment entrainment. Transport is 

considered to occur for the overlapping tails of the probability distribution representing the 

shear stress distribution and the resistance of random bed geometry (see Figure 2.6). In an 

averaged sense, the strongest flow fluctuations move the smallest or most exposed grains.  

 

Figure 2.6: PDF of  bp  , probability distribution if instantaneous fluid stresses and  cp  , 

probability distribution of bed resistance 

 

The probability P  that b c   is defined by the following convolution 

      
0c b c

b c c b b cP P P d d
  

     
 

 

 
   

 
 

   (2.33) 
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2.12  Summary 

Studies undertaken in the last decade revealed that both sweeps and ejections are correlated 

with initial particle movement. Previous research on sediment entrainment indicates that 

entrainment generally occurs during flow events with increased streamwise velocity. The role 

of vertical velocity in entrainment of sediment is still not clear. Hofland (2005) indicated the 

presence of a clockwise rotating vortex at the instant of stone movement. It should be noted 

that the presence of a clockwise rotating vortex will decrease the streamwise velocity. The 

cause of the mean drag force on the bed particle is fairly clear, although the fluctuations 

cannot be predicted completely from the instantaneous near bed flow. The majority of the 

research indicates drag force to be the dominant component in sediment entrainment 

mechanics although, for a completely shielded particle, lift force may be the dominant force 

component. The origin of the lift force has more uncertainties than that of drag force. 

 

It appears that the threshold of sediment entrainment must be related to the maximum forces 

instead of the mean forces represented by bed shear stress (Schmeeckle and Nelson, 2003; 

Hofland, 2005; Cameron, 2006; Giménez-Curto et al. 2009). The origin of these maximum 

forces lies in the turbulent nature of the force fluctuations, which are caused by the occurrence 

of certain coherent flow structures. How the forces respond to the specific flow structure is 

unclear and needs further clarification. 

 

Most of the approaches to determine the initial point of sediment motion use the threshold 

concept as proposed by Shields (1936), but they do not incorporate the actual physical process 

involved in sediment entrainment. A more robust model including the flow field similar to the 

flow field at the time of entrainment is needed. 
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CHAPTER 3. EXPERIMENTAL SETUP 

This Chapter describes the setup for the laboratory experiments to measure the flow properties 

relevant to entrainment of spherical sediment particles. Two experimental series were 

conducted. The first experimental series termed fixed bed experiments, focussed on the 

relation between near-bed velocities and forces on a spherical sediment particle. The second 

series of experiments, termed the entrainment experiments, focussed on the flow structure and 

magnitude of the critical velocities causing entrainment. High frequency Particle Image 

Velocimetry (PIV) was used to capture the details of the flow. The sequence of discussion is 

PIV, flume, force sensor, and synchronisation of PIV and force recording. 

3.1 Particle image velocimetry 

In this section the Particle Image Velocimetry technique is described. The University of 

Auckland PIV system was developed by Cameron et al. (2006). First, the general principle of 

the technique is briefly discussed and then the specifics of the present system are described. 

 

Particle image velocimetry (PIV) is an optical method of fluid visualization. It is used to 

obtain instantaneous velocity measurements and related properties in fluids. The fluid is 
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seeded with tracer particles which, for the purposes of PIV, are generally assumed to 

faithfully follow the flow dynamics. It is the motion of these seeding particles that is used to 

calculate velocity information of the flow being studied.  

 

Typical PIV apparatus consists of a CCD camera, a high power laser, for example a double-

pulsed Nd:YAG laser, an optical arrangement to convert the laser output light to a thin light 

sheet (normally using a cylindrical lens and a spherical lens), a synchronizer to act as an 

external trigger for control of the camera and laser, the seeding particles and the fluid under 

investigation. 

3.1.1 Light sheet generation: pulsed versus continuous wave lasers 

Light sheets can be produced with either pulsed or continuous wave (CW) lasers by diverging 

a laser beam with a plano-concave cylindrical lens.  Additional lenses can be used to re-

collimate the beam or adjust the light sheet thickness. 

 

Pulsed lasers have the advantage that all their emitted light energy is confined to short 

duration pulses (typically less than 10ns) which provides ideal conditions for capturing 

images of fast moving particles without streaking or blurring of the particle images.  The 

disadvantage of pulsed lasers however, is the limited range of pulse to pulse times ( t ) that 

can be generated.  For accurate PIV measurements, it is essential to manage the distances that 

particles move between successive light pulses, these distances being a function of t , the 

flow velocity, and the magnification of the camera system.  For a single pulsed laser, t is 

equal to the inverse of pulse frequency, which is typically in the range 10-50Hz for 

commonly-available lasers.  Double-pulsed lasers, where a succession of paired pulses are 

emitted, offer better flexibility in that t can be adjusted in a limited range (typically 10-1000
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s ), longer pulse separations however, coming at the expense of emitted laser power.  For 

greater flexibility, a pair of single-pulsed lasers can be used, allowing t  to be varied 

continuously up to the inverse of the single pulse frequency. 

3.1.2 Scanning beam technique 

When using continuous-wave lasers, a diverged light sheet often has insufficient intensity to 

capture flows of higher velocity, the comparatively longer exposure time required in 

compensation for this leading to blurring of the particle images.  In the case of continuous-

wave lasers (CW), the available light energy is more efficiently used by scanning the laser 

beam across the area of interest (Gray, 1991) confining the effective exposure time for a 

seeding particle to the time it takes for the beam width to scan across the particle. A scanning 

beam can be produced by reflecting a laser beam off an oscillating mirror or a rotating 

polygon mirror. 

3.1.3 The University of Auckland PIV system 

The University of Auckland PIV system uses the scanning-beam technique to generate up to 

200 PIV images per second. The light source is a frequency-doubled 5W CW Nd: YVO4 laser 

(Spectra-Physics Millenia) which has a wavelength  = 532 nm and a 21 e beam waist of 
od  = 

2.3mm.The laser beam is scanned using a GSI Lumonics VM500 galvanometer with a 6mm 

clear-aperture silver-coated mirror in combination with a parabolic mirror.  

 

The camera system consists of a Basler A504k camera, Nikon 85mm f/1.4 F-mount lens, a 

Coreco X64-CL frame grabber, and Streampix image-capture software. The camera is a 

1280 1024 pixel, 8bit, monochrome digital camera, with a CMOS sensor capable of 

capturing a maximum of 500 full resolution images per second. The frame grabber has 
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128MB of on-board frame buffer memory and sits on a 64 bit/66Mhz PCI bus that supports 

data rates of up to 528MB/s. The Streampix software, developed by Norpix, allows image 

data to be streamed directly to hard disk drives in the host PC. The present drives support a 

sustained transfer rate of 200MB/s across the entire 108GB of storage space. When operating 

at a resolution of 960×960 pixels and a frame rate of 200 frames per second (fps), there is 

sufficient storage space to allow for over 9 minutes of continuous recording.  

 

An iterative continuous-window-shift, cross-correlation algorithm with a linear velocity-

gradient correction was used. Cross-correlation was performed using the Fast Fourier 

Transform method and the correlation peak location was estimated with a 3-point Gaussian 

function. The PIV light sheet entered the water through a streamlined window, which 

skimmed the water surface to prevent scattering of the laser beam due to water surface 

undulations. The motion of the movable sphere was recorded in the same images as the flow 

field patterns. The position of the target particle was detected at the same time as cross-

correlation processing of flow velocities using a technique similar to the intensity-gradient- 

Based Canny Edge Detector (Canny, 1986). 

3.1.4 Flow-analysis performance and accuracy 

The software for PIV image analysis  calculates approximately 2.5 vector maps per second 

using a two-pass discrete window-shift (DWS) algorithm, and 0.11 vector maps per second 

using the four-pass continuous-window-shift, shear-corrected (CWSSC) algorithm (based on 

59×59 vectors per frame and a 2.0GHz Athlon64 processor). The present PIV velocity 

estimates have a random error component of < ±0.2 pixels, which is equivalent to ±0.014m/s 

based on the typical pixel/mm calibrations used in this study. The bias error associated with 
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non-uniform beam scan velocity, lens distortion, and refraction at the fluid-air interface 

velocity component is less than ±1% (Cameron, 2006). 

3.2 Experimental setup for entrainment experiments 

The 0.43m-wide by 0.3m-deep glass-sided tilting flume (Figure 3.1) used in the present water 

flow experiments is 11.8m long and recirculates water by a centrifugal pump connected to a 

250mm diameter return pipe. The main pump requires a constant (small but significant) 

inflow, which is balanced by an overflow pipe in the downstream tank to maintain a constant 

water level.  The flume contains a 0.26m deep and 0.90m long recess section situated 7.0m 

downstream from the start of the open channel section.  At the upstream inlet to the open-

channel section, a series of guide vanes straighten the flow and a wave skimmer reduces water 

surface fluctuations created at the pipe/open-channel transition.  The flume tilts about a single 

pivot point, with slope adjusted using a built-in jack. 

 

A 5.5m length of the water flume was covered by 39.7mm average diameter ping-pong balls 

glued to aluminium sheets in a hexagonal close-packed structure.  The ping-pong balls, glued 

one layer thick over most of the bed, were deepened to three layers over a 0.9m length in the 

flume recess (Figure 3.1). The 6 balls surrounding the target ball were glued to each other (but 

not to the flume floor) with a gap so that the target ball can be placed in the centre. These 6 

balls and 5 other balls at downstream and upstream of these 6 balls were additionally painted 

black to reduce the amount of reflected laser light from the boundary. The balls surrounding 

the six centre balls were not glued but filled with plaster so that they would remain in place 

under their own weight (Figure 3.2).  The balls that were not attached to the flume floor 

allowed flexibility for some of the black balls to be replaced with white balls (for marking the 
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bed in PIV images).  The target particle, located 4m downstream from the start of the ping-

pong-ball section, had a diameter of 38.3mm and was made of polyurethane, with a density of 

1.12g/cm
3
.   

 

Upstream of the ping-pong ball section, rounded river gravel (approximately 20mm diameter) 

was placed to match the level and approximate roughness of the ping-pong balls in order to 

prevent any mid-flume rapid flow transitions.  The river gravel was also placed down the 

sides of the flume (Figure 3.2) to maintain bed roughness where whole ping-pong balls would 

not fit. 

 

Figure 3.1: Rough bed made of spherical balls in the flume test section (target particle at the 

center) 

For entrainment experiments the exposure of the target particle was adjusted in discreet steps 

by placing a spherical Teflon particle of various diameters into the cavity before placing the 

particle on the top (Figure 3.3). The protrusion of the target particle as a function of teflon ball 

diameter is calculated using a geometric relationship (e.g. see Cameron, 2006). 

Target sphere 



 

 46 

 

 

 

 

 

 

 

 

Figure 3.2: Water flume 
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Entrainment experiments began by incrementally adjusting flume slope, pump speed and the 

overflow water level to determine the flume settings that caused particle entrainment 

approximately once every two minutes for uniform flow (determined by measuring the flow 

depth at two positions along the flume 2.5m apart) at the required flow depth.  Flow depth 

was measured using a pointer-gauge attached to a carriage on top of the flume and flume 

slope was measured from a gauge on the side of the flume that measures the vertical slope 

component at a distance of 9570mm from the flume pivot. With the flume settings 

determined, the particle could be replaced back in its cavity. The PIV system was then started 

(aligned with the flume centreline and the centre of the target particle to capture streamwise 

and vertical velocity components) and left running until the particle was entrained naturally 

by the flow. Short PIV records (<30s) were discarded, and longer records were trimmed with 

just the last 30s prior to entrainment retained for analysis.   

 

Figure 3.3: Densest packing of sphere. A small ball can be seen below the target particle to 

protrude it above the general bed (Adapted from Cameron, 2006) 
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The laser light-sheet from the PIV system (shown in operation in Figure 3.4) entered the 

water through a streamlined window that skimmed the water surface to prevent scattering of 

the laser beam due to fluid surface undulations. This window could be placed a few 

millimetres into the water. It caused some small waves on its downstream side, but did not 

affect the flow around the target particle. 

 

 

 

Figure 3.4: Fully operational PIV system during measurements 

 

An advantage of the design of the present system is its ability to record continuously at 100Hz 

for up to 9 minutes giving a high probability of capturing any entrainment event. A sample 

PIV image for the entrainment experiment is shown in Figure 3.5 where the imaged area 

measured 145mm×154mm for each test. 
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Figure 3.5: Sample PIV image. The mobile protruding particle is Right of Centre with the bed 

marker particle on the left. Flow is seeded with the 50 m  Polyamide particles 

3.3 Experimental setup for fixed bed experiments 

In this section, a description about the force sensor and its installation in the flume is given. 

The frequency response of the sensor and accuracy of force measurement is described. 

Finally, the experimental setup for the fixed bed experiments at entrainment condition is 

discussed. 
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The six component force sensor (JR3 FORCE-TORQUE SENSOR) is a monolithic 

aluminium device instrumented with metal foil strain gauges which sense the loads imposed 

on the sensor. The top surface of the sensor is the sensing face and is precisely machined to be 

extremely flat. To transfer the loads from the sphere to the force sensor, through the 

cylindrical supporting rod, 6 mm thick circular steel plate was machined perfectly flat and 

attached to the top face of the sensor (Figure 3.6). 

 

 

Figure 3.6: circular steel plate monolithic with bolt at the centre 

 

The circular plate was tightened to the sensitive face of the sensor (Figure3.6). Particular care 

was taken while tightening the captive button-head bolts. The bolts were tightened with a hex 

key through the bolt holes. Each bolt was turned a few turns at a time, and then the next bolt 

was turned until the sensor mounting surface was flat. The 6 mm diameter supporting hollow 
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brass rod was then attached to the 5 mm thread on the steel plate. The target sphere was 

attached at the other end of the 6 mm hollow supporting brass rod (Figure 3.7). 

 

Figure 3.7: Picture of force sensor showing aluminium canister, supporting hollow brass rod 

and target sphere attached to the rod 

 

To water proof the top (sensitive) surface of the sensor, a canister was cut from high grade 

aluminium to cover the sensor body with a 7 mm diameter hole at its centre (Figure 3.7). A 

clearance of 1.5mm all around was kept between the sensor body and the aluminium canister. 

With a 5mm diameter thread on the steel plate (Figure 3.6), the hole (on the canister) provides 

a clearance of 1 mm all around the thread.  

 

Except for the circular hole at the centre of the canister, all the open joints and edges were 

made water proof using silastic 732 which is a high performance, one-part silicone sealant and 

offers excellent adhesion, elasticity, wide temperature resistance and long life reliability. The 

major challenge was to prevent the inflow of water through the gap between the circular hole 

at the centre of the canister and the supporting rod (see Figure 3.7) since inflow of water 
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through this gap imparts false force reading from the sensor. Apperley (1968) (for force 

measurement) prevented water from entering the annulus between the supporting rod and the 

canister by maintaining a sufficient air pressure inside the canister. Following a similar 

method, air was pumped into the canister. The air was supplied by a low head, low discharge 

pump. Maintaining the constant pressure required in the canister was critical and difficult, too 

little allowed the water to enter and too much caused bubbles to escape from the gap, thus 

registering false force records. After careful trialling, this method was abandoned.  

 

In a second trial, a small amount of white petroleum jelly (shell snow) was applied in the gap, 

thus sealing the gap perfectly and allowing flexibility for small movement of the threaded rod. 

Figure 3.7 shows the force transducer in its final form after sealing against water ingress. 

Figure 3.8 is a schematic diagram of the force transducer inside the flume. The supporting rod 

and the target sphere attached to it were placed in such a way that they were not touching the 

surrounding spheres. The setup included cutting the spheres adjacent to the supporting rod, as 

shown in Figure 3.8. With this setup, the force sensor recorded the hydrodynamic forces on 

the sphere due only to flow of the water. 

 

The force sensor was calibrated by the manufacturer. Strain gauge signals from the force 

sensor were connected to the external amplifier and signal conditioning equipment through 

the sensor cable. In the external amplifier the strain gauge signals were amplified and 

combined to produce signals representing the forces. The sensitivity of the sensor is 

0.000980N (0.1gram) in the x direction and 0.00196N (0.2gram) in the z direction. It was not 

possible to measure the time averaged absolute forces since the sensor showed temperature 

drift. The measurements gave only the time dependent part of the hydrodynamic forces. 
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Figure 3.8: Schematic diagram showing the coordinate system and arrangement of the force 

sensor inside the flume 

 

Because the sensor is installed inside the flume and force is transmitted through the 

supporting rod, the signal may be corrupted due to the resonant frequency of the assembly 

(target sphere, supporting rod and force sensor) and vibration of the flume. To assess the 

frequency content of the force transducer installed in the flume, several measurements of 

force data at uniform flow with mean flow velocity of around 40cm/s at different flow depths 

were undertaken. 

 

The voltage data obtained from the force sensor were multiplied by the calibration matrix 

provided by the manufacturer, and the resulting time series was transformed into the 

frequency domain using Fast Fourier Transformation (FFT). The real part of the Fourier 

magnitude of an uncorrected time series of drag recorded at 1000 Hz (Figure 3.9) shows that 

virtually all of the output is at frequencies below 20 Hz. A second peak in the vicinity of 70 

Hz corresponding to the resonant frequency of the assembly (test sphere, supporting rod and 
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force sensor) was estimated using free vibration tests and confirmed from Taylor‟s 

hypothesis, as discussed next. 

 

For the test particle diameter ( D ) of 38.3 mm and the mean flow velocity (measured at 1 D  

upstream and 0.15 D  above the test particle) of about 40 cm/s, Taylor‟s hypothesis implies 

that turbulence frequencies higher than 20 Hz correspond to eddies smaller than about 20 mm. 

Because the net force caused by pressure fluctuations created by smaller eddies is negligible 

due to phase cancellations when integrated over the surface of the particle, the output near 70 

Hz, which corresponds to eddies only 5.7 mm in size, must be due to excitation of vibrations 

near the natural frequency of the assembly. 

 

 

Figure 3.9: Real part of the Fourier magnitude versus frequency relationship of drag for 

uncorrected signal 

 

Vibration tests of the assembly were then performed using an electro-dynamic shaker 

(consisting of a coil and a magnet to produce magnetic fields causing vibration of the 

assembly) and accelerometer attached to the assembly to establish its frequency response 
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curve as shown in Figure 3.10. As can be seen in the figure the gain of the assembly is flat up 

to 55Hz and shows a sharp peak at about 70Hz corresponding to its natural frequency.  

 

Figure 3.10: Frequency response curve of the assembly 

 

To remove the frequency component due to the natural frequency of the assembly, frequency 

domain analysis involved setting the amplitudes for frequencies above 50 Hz to zero and then 

transforming the result back to the time domain by means of the Inverse Fast Fourier 

Transformation (IFFT). Figure 3.11 shows the filtered amplitude versus frequency curve. Ten 

consecutive records of force recording were averaged for the purpose of noise reduction 

resulting in a net sampling frequency of 100Hz. 

 

To check the performance of sensor when installed in the flume and immersed in water, 

different weights were applied to the sensor in the x and z directions. Figure 3.12 shows the 

response of the sensor when a weight of 0.00981N (1 gram) was applied to the sensor in the 
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negative z direction. Peaks between 22 to 25 seconds are due to the manual loading of the 

weight on the force sensor. 

 

Figure 3.11: Real part of the Fourier magnitude versus frequency relationship of drag for 

corrected signal 

Multi-axis force sensors are often susceptible to cross coupling between different axes of the 

sensor. The term cross coupling refers to the tendency for x-axis or y-axis strain to have a 

spurious z-axis component. It arises from several sources and is fairly complex. The strain 

fields are not simple constants, but actually complex tensors. 

 

Figure 3.12 : Response of the force sensor in the z direction due to loading and unloading of a 

gram mass in the z direction 
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To minimise the cross coupling between different axes of the sensor, the recordings obtained 

by the force sensor were be multiplied by the de-coupling matrix (calibration matrix). It can 

be seen in Figure 3.13 that after de-couplings there is almost negligible effect in the x 

direction when the force was applied in the z direction. 

 

Figure 3.13 : Response of the force sensor in the x direction due to loading and unloading of a 

gram mass in the z direction 

3.4 Synchronisation of PIV and force recordings 

Two separate processors (computer) were used to record the PIV data and force data to avoid 

any loss of PIV frame by using a single processor. It was necessary to synchronise the two 

recordings. A light emitting diode (LED) was fixed outside the flume and in view of the PIV 

camera. The LED was externally triggered through a push button switch. The signals from the 

LED were acquired through the same data acquisition card as the force sensor. On pushing the 

button, the LED glows and the camera captures the light.  At the same time, a voltage signal 

(due to switching on the LED) of high peak is captured by the data acquisition card. The LED  
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Figure 3.14 : PIV image showing the captured LED signal 

 

 

Figure 3.15 : Captured LED signal from data acquisition system of force sensor 
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signal captured by the PIV and by the data acquisition card, are shown in Figures 3.14 and 

3.15 respectively. The start time for PIV recordings and force recordings were these two 

distinct signals. Perfect synchronisation was achieved by this simple setup. 

 

To capture the force data responsible for entraining the ball, the test with the fixed ball 

attached to the force sensor were carried out at the same flume settings (flow depth, pump 

speed, channel slope, and particle exposure) as for the entrainment experiments. For these 

fixed bed experiments, the target ball was attached to the force sensor. Different lengths of 

support rods were used to attain the desired exposure of the ball relative to the surrounding 

particle tops. The force sensor was installed in the recess directly beneath the target ball. The 

supporting rod attached to the force sensor was detachable and could be easily replaced for 

altering the exposure of the ball. 

 

Both sets of experiments were undertaken without stopping the flow in the flume. Before 

starting the entrainment experiment, the force sensor was fixed in place with the supporting 

rod attached to the force sensor. The entrainment experiment was performed with a hollow 

ball (gray ball in Figure 3.16) inserted in the supporting rod so that it was at the same level as 

all other balls. The hollow ball was replaced with the target ball (black ball in Figure 3.16) 

fixed to the force sensor (Figure 3.17) for the subsequent fixed bed experiment at the same 

flow. 

 

The force measurement was undertaken at 1000Hz for up to 300 seconds. Synchronous 

velocity measurements using PIV at 100Hz were also made. 
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Figure 3.16 : Setup for entrainment experiment. Black ball is the target movable ball 

 

 

 

Figure 3.17 :  Setup for force measurement (fixed bed experiments). Black ball is the target 

ball and is fixed to the force sensor through supporting rod 
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3.5 Experiment Listing 

3.5.1 Fixed bed experiments with simultaneous force and velocity measurements 

Three flow depths and four different exposures of the particle for each flow depth were tested, 

resulting in 12 experimental data sets as shown in Table 3.1. For fixed bed experiments the 

recordings were conducted continuously for 5 minutes at 1000Hz. 

 

Table 3.1 : Experimental listing, Fixed bed experiments 

 

𝑒  
(mm) 

𝐻 (𝑓𝑙𝑜𝑤 𝑑𝑒𝑝𝑡ℎ) 

(𝑚𝑚) 

0.0mm 

108 

158 

208 

2.5mm 

108 

158 

208 

7.5mm 

108 

158 

208 

10.0mm 

108 

158 

208 

 

This data set was used to gain information about the average flow properties, such as velocity 

profile, shear stress, turbulence intensity profile, Reynolds stress profile. In addition, data sets 

derived from force measurements were used to evaluate the relation between the 

hydrodynamic forces and velocity. 
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3.5.2 Entrainment experiments using PIV to measure velocity fields 

For entrainment experiments, three flow depths and four different exposures of the particle for 

each flow depth were tested. Each entrainment was repeated five times resulting in 60 

experimental data sets. For entrainment experiments the recordings were done continuously 

for 30 seconds leading to particle entrainment. Table 3.2 shows the listing for entrainment 

experiments. 

 

The entrainment experiments were used to gain insight into the mechanism of sediment 

entrainment, including determining the critical velocity and flow structure responsible for 

entrainment. 

Table 3.2: Experimental listing, Entrainment experiments 

 

𝑒  
(mm) 

𝐻  
(𝑚𝑚) 

No of recordings 

0.0mm 

108 

158 

208 

5 

5 

5 

2.5mm 

108 

158 

208 

5 

5 

5 

7.5mm 

108 

158 

208 

5 

5 

5 

10.0mm 

108 

158 

208 

5 

5 

5 
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CHAPTER 4. FLOW CHARACTERISTICS 

In this section, experimental flume measurements obtained from fixed bed experiments are 

analysed to examine the flow characteristics relevant to entrainment experiments. A summary 

of flow properties that characterise the experimental flow conditions are given. These 

characteristics include flow Reynolds number ( Re ) and distributions of double-averaged 

velocities, stresses and turbulence intensities. The vertical bed origin is assumed to be located 

0.2D below the roughness tops for all experiments, which is consistent with the previous 

studies (e.g. Bayazit, 1983). The spatial averaging window extends over 4 particle diameters 

in the flow direction, 5.3mm in the vertical direction (the height of the interrogation region), 

and 2.3 mm in the lateral direction (the thickness of the light sheet). 

4.1 Shear velocity 

Shear velocity is the most fundamental scale used to normalize mean velocity and turbulence 

intensity (Nezu & Nakagawa, 1993). However, since its measurement is not trivial, several 

methods have been proposed to estimate this parameter. Some of these methods are discussed 

herein.  
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Shear velocity estimates have been made using channel slope (Equation (2.12)) ( *slope
u ).  

Alternatively shear velocity can be estimated using the slope of the logarithmic velocity 

profile (Equation (2.10)) ( *logu ), or by extrapolating the Reynolds shear stress profile to the 

bed (Equation (2.19)) ( *uwu ). 

Figures 4.1 and 4.2 show  example plots of double averaged streamwise velocity and 

Reynolds stress profile for e=0mm and H=108mm from which *logu
 
and *uwu  have been 

estimaed. 

      
Figure 4.1: Double-averaged streamwise velocity profile used for calculating *logu  

 

Figure 4.2: Double-averaged Reynolds stress profile used to calculate *uwu  
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Table 4.1 shows the shear velocity estimated by all three methods mentioned above, where 𝑒 

is exposure of the particle, 𝑆𝑏  is channel bed slope and H is flow depth. 

 

Table 4.1 : Shear velocity estimates 

e  H  bS  
*slopeu  

*logu  
*uwu  

mm  mm  310  ( / )m s  ( )m s  ( )m s  

0.0 

108 

158 

208 

5.434 

3.971 

3.344 

0.073 

0.076 

0.081 

0.072 

0.076 

0.081 

0.069 

0.075 

0.080 

2.5 

108 

158 

208 

4.284 

3.239 

3.030 

0.065 

0.069 

0.067 

0.063 

0.068 

0.065 

0.060 

0.065 

0.062 

7.5 

108 

158 

208 

3.239 

2.508 

2.194 

0.056 

0.058 

0.051 

0.055 

0.052 

0.056 

0.053 

0.049 

0.052 

10.0 

108 

158 

208 

2.717 

2.090 

1.672 

0.046 

0.045 

0.050 

0.042 

0.040 

0.046 

0.038 

0.036 

0.041 

 

According to Nezu‟s (1977b) hot-film experiments, the values of *u  evaluated from these 

three methods coincide within 30%. Nezu (1977b) found that the scatter in the data tends to 

become larger with an increase in the Reynolds number, Froude number and roughness size. 

In another study, however, Nezu and Rodi (1986) showed that the three kinds of friction 

velocity coincide within 5% for accurate LDA measurements.  

 

A close inspection of Table 4.1 reveals that *uwu  is smaller than *logu  for all the flows. 

Secondary currents might be present in the flow due to the low aspect ratio. If secondary 

currents are present, then there are additional terms in the Reynolds stress which cannot be 

neglected (Nezu and Nakagawa, 1993). That the shear velocity estimates obtained from the 

Reynolds stress method are smaller than those obtained from the log-fit method suggests that 
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secondary currents were present in the experiments. However the difference in their 

magnitude is of the order of only a few mm/s. 

 

There are uncertainties involved in the precise measurement of water surface elevation based 

on pointer gauge flow depth estimates. These uncertainties are due to fluctuating water 

surface, relatively close spacing of depth measurements used in assessment of flow uniformity 

and effects of secondary current on shear stress profile. Hence, *logu obtained from log-law fit 

is most reliable estimate of shear velocity for present experiments. For further consideration 

in this study *logu  is taken as the shear velocity𝑢∗ *u . Consequently, 
2 2

*log * 0u u     is used 

for estimating the shear stress. 

4.1.1 Flow properties 

Flow properties for the 40mm-diameter roughness fixed-bed experiments are listed in Table 

4.2.  

Table 4.2 : Flow properties 

e  H  U  *u  3Re 10  *kR  
c  Fr  

( )mm  ( )mm  ( )m s  ( )m s  ( )  ( )  ( )  ( )  

0.0mm 

108 

158 

208 

0.69 

0.79 

0.81 

0.072 

0.076 

0.081 

198.4 

285.9 

342.1 

2844 

3055 

3240 

0.11 

0.12 

0.14 

0.67 

0.63 

0.57 

2.5mm 

108 

158 

208 

0.61 

0.74 

0.75 

0.063 

0.068 

0.065 

176.1 

268.1 

316.3 

2522 

2739 

3137 

0.08 

0.10 

0.13 

0.59 

0.59 

0.52 

7.5mm 

108 

158 

208 

0.51 

0.60 

0.61 

0.055 

0.052 

0.056 

145.3 

218.5 

257.9 

2207 

2480 

2642 

0.06 

0.08 

0.09 

0.49 

0.48 

0.43 

10.0mm 

108 

158 

208 

0.43 

0.53 

0.55 

0.042 

0.040 

0.046 

124.1 

189.4 

233.8 

1983 

2160 

2406 

0.05 

0.06 

0.08 

0.42 

0.41 

0.38 
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The water flows have mean-velocity Reynolds numbers ( Re 4mU  ) between 3124 10  and

3342 10  indicating the flows to be fully turbulent, and are hydraulically rough with 

roughness Reynolds numbers (
* *k sR k u  ) between 1983 and 3240 (calculated assuming

sk D ). All flows have Froude numbers ( /Fr U gH ) less than unity, indicating a sub-

critical flow environment. 

4.1.2 Double-averaged velocity 

Figures 4.3 and 4.4 present the double-averaged streamwise velocity profile recorded at the 

entrainment condition for all experimental runs. These flows of relative depths ( H D ) 

between 2.5 and 5.2 are classified as Type II according to Nikora et al. (2001), where the 

logarithmic region of the flow may not be present.  

 

 

Figure 4.3: Double-averaged streamwise velocity profile 



Chapter 4. Flow Characteristics 

  68 
 

As expected the double-averaged streamwise velocity at entrainment shows a decreasing trend 

with increasing protrusion, indicating that lower mean velocities are required for entraining 

more exposed particles. 

Figure 4.4: Double-averaged streamwise velocity profile normalized by shear velocity  

Figure 4.5 shows the streamwise double-averaged velocity profile for zero exposure and flow 

depths 208, 158 and 108mm. The profiles for the three flow depths collapse reasonably well, 

indicating negligible influence of flow depth on double-averaged streamwise velocities. 

However the depth-averaged velocity will be higher for deeper flows.  

4.1.3 Double-averaged vertical velocities 

The double-averaged vertical velocity profiles are plotted in Figure 4.6. Double-averaged 

vertical velocities are generally negative for deeper flows, indicating down-flow in the central 

section of the flume. This down-flow is consistent with the presence of secondary currents, 
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which can be expected for these flows with width to depth ratio ( B H ) less than 5 (Nezu and 

Nakagawa, 1993). 

 

Figure 4.5: Streamwise double-averaged velocity profile for zero exposure 

 

Figure 4.6: Double-averaged vertical velocity profile 
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4.1.4 Double-averaged turbulence intensities 

Turbulence intensities provide an indication of relative turbulence levels, and thereby describe 

potentially relevant characteristics of entrainment flows. The variation of turbulence intensity 

with flow depth, especially near the bed, is an important parameter governing the entrainment 

of bed sediments. Normalised double-averaged streamwise turbulence intensity data are 

plotted in Figures 4.7 to 4.18 and stream-normal turbulence intensities are plotted in Figures 

4.19 to 4.30. Measured turbulence intensities in these plots are compared to the semi-

theoretical equations proposed by Nezu (2005) (Equations (2.14) and (2.15)) and Equations 

proposed by Mendoza and Zhou (2001) (Equations (2.16) and (2.17)). 

 

The validity of Equations (2.16) and (2.17), particularly near the bed, is supported by 

experimental observations reported by Nezu and Rodi (1986). The measured data show that 

streamwise and stream-normal turbulence intensity has a maximum value at 0.1z H  and 

0.2, respectively. Below 0.1z H  and 0.2, turbulence intensity decreases towards the bed, in 

contrast to the increasing trend implied by the exponential form of Equations (2.14) and 

(2.15). The decrease in turbulence intensity may be due to the boundary which hinders the 

vertical development of eddies near the bed created by bed roughness. 

 

It is apparent from these plots that Equations (2.14) and (2.15) over predicts the turbulence 

intensity near the bed because of the lack of consideration of the effect of the mean velocity 

distribution, while Equation (2.15) and (2.16) gives very good estimates of turbulence 

intensity throughout the flow. Hence, use of Equations (2.14) and (2.15) in predicting 

turbulence intensities close to the bed might lead to erroneous results. 
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Figure 4.7: Normalised streamwise turbulence 

intensity 0 , 208e mm H mm   

 

Figure 4.8 : Normalised streamwise turbulence 

intensity 2.5 , 208e mm H mm   

 

Figure 4.9 : Normalised streamwise turbulence 

intensity 7.5 , 208e mm H mm   

 

Figure 4.10 : Normalised streamwise turbulence 

intensity 10 , 208e mm H mm   

 

Figure 4.11 : Normalised streamwise turbulence 

intensity 0 , 158e mm H mm   

 

Figure 4.12 : Normalised streamwise turbulence 

intensity 2.5 , 158e mm H mm   
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Figure 4.13 : Normalised streamwise turbulence 

intensity 7.5 , 158e mm H mm   

 

Figure 4.14 : Normalised streamwise turbulence 

intensity 10 , 158e mm H mm   

 

Figure 4.15 : Normalised streamwise turbulence 

intensity 0 , 108e mm H mm   

 

Figure 4.16 : Normalised streamwise turbulence 

intensity 2.5 , 108e mm H mm   

 

Figure 4.17 : Normalised streamwise turbulence 

intensity 7.5 , 108e mm H mm   

 

Figure 4.18 : Normalised streamwise turbulence 

intensity 10 , 108e mm H mm   
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Figure 4.19 : Normalised vertical turbulence 

intensity 0 , 208e mm H mm   

 

Figure 4.20 : Normalised vertical turbulence 

intensity 2.5 , 208e mm H mm   

 

Figure 4.21 : Normalised vertical turbulence intensity 

7.5 , 208e mm H mm   

 

Figure 4.22 : Normalised vertical turbulence intensity 

10 , 208e mm H mm   

 

Figure 4.23 : Normalised vertical turbulence 

intensity 0 , 158e mm H mm   

 

Figure 4.24 : Normalised vertical turbulence 

intensity 2.5 , 158e mm H mm   
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Figure 4.25 : Normalised vertical turbulence 

intensity 7.5 , 158e mm H mm   

 

Figure 4.26 : Normalised vertical turbulence 

intensity 10 , 158e mm H mm   

 

Figure 4.27 : Normalised vertical turbulence 

intensity 0 , 108e mm H mm   

 

Figure 4.28 : Normalised vertical turbulence 

intensity 2.5 , 108e mm H mm   

 

Figure 4.29 : Normalised vertical turbulence 

intensity 7.5 , 108e mm H mm   

 

Figure 4.30 : Normalised vertical turbulence 

intensity 10 , 108e mm H mm   
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4.2 Double-averaged fluid stresses 

Double-averaged form-induced ( 2
*

uw u  ) and viscous stress distributions, normalised by 

shear velocity, are plotted in Figures 4.31 and 4.32. The form induced stress plots show a 

negative trend close to the bed ( 0.2z H  ) and then a decreasing trend to almost zero away 

from the bed ( 0.2z H  ). The maximum of 2
*

uw u
 
reaches a value of 0.2. Similar limits 

were found by Nikora et al. (2007b) and Detert (2008) for gravel beds and beds roughened 

with spheres. 

 

The viscous stresses are small compared to the total stress (Figure 4.34) but increase towards 

the bed. This trend is expected as the velocity gradients are large near the bed. 

 

 

Figure 4.31: Double-averaged form stress  
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Figure 4.32 : Normalised viscous stress  

 

Normalised double-averaged Reynolds stress and total stress distributions are plotted in 

Figures 4.33 and 4.34, respectively. Reynolds stress is the major contributor to the total stress 

above the roughness tops. Compared to Reynolds stress, the magnitude of the form-induced 

and viscous stress is negligible. 

 

 

Figure 4.33 : Normalised Reynolds stress  
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Figure 4.34 : Normalised Total stress  

 

4.3 Quadrant analysis 

The relative contribution of each of the quadrants to total Reynolds stress (
iQ

u w u w    ) 

provides an indication of the roles of bursting events in transferring fluid momentum between 

the outer flow and the near-bed region. Contributions of the 2
nd

 and 4
th

 quadrants to the total 

stress are plotted in Figure 4.35. The contributions of the 1
st
 and 3

rd
 quadrants were found to 

be small across the entire flow depth and hence they are not shown. The plot shows that 

ejections are the dominant process occurring away from the bed. The relative contribution of 

sweep events is found to increase approaching the roughness tops, i.e. at 0.2z D  . 
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Figure 4.35: Contribution of quadrants Q2 (Ejection) and Q4 (Sweep) events to total Reynolds 

stress 

 

4.4 Spatial flow patterns 

Spatial flow patterns are plotted in Figures 4.34 and 4.35.  Spheres 1 and 3 from left are in the 

plane of the light sheet. Spheres 2 and 4 are 0.5D out of the light sheet plane. Spatial velocity 

fluctuations in these figures are measured relative to the double-averaged velocity of the 

visible flow field. Plots of ( ,u w) highlight organised patterns in the mean flow due to the 

presence of roughness elements. For zero exposure of the particle (sphere 3 from left, Figure 

4.36), these patterns consist primarily of an anti-clockwise vortex formed just upstream of the 

in-plane roughness element with weak reversing flow and down-flow in the particle wake. 
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Figure 4.36: Spatial flow patterns (H=108mm, e = 0mm), Vectors of ( ,u w )

 

Figure 4.37 : Spatial flow patterns (H=108mm, e = 10mm), Vectors of ( ,u w ) 

 

An organized clockwise flow pattern in the mean flow cannot be seen for the 10mm 

protrusion (sphere 3 from left, Figure 4.37). However, an outward interaction type of event is 

apparent on top of the central sphere and a sweep event is observed upstream of it. 
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CHAPTER 5. DRAG FORCE ON A BED 

PARTICLE: A SPECTRAL APPROACH  

The aim of this chapter is to study the spectral distribution of measured hydrodynamic drag 

force on a sediment particle using the spectral approach. A nonlinear, quasi-steady spectral 

model is developed to predict the drag force induced by the fluctuating streamwise velocity.  

The proposed model should serve as a useful tool for numerical and experimental modellers 

to model the drag on a sediment particle from flow velocity.  

5.1 Introduction 

The variability of particle exposure to the flow due to varying positions of particles on the bed 

causes a range of initial motion conditions (Fenton and Abbott, 1977), which explains part of 

the scatter of data about the Shields curve (Buffington and Montgomery, 1997). As the 

exposure of the sediment particle increases, the critical shear stress magnitude responsible for 

particle entrainment decreases. Hofland (2005) studied different exposure of particles and 

found that for particles completely flush with the channel bed, the drag force is dependent on 

the vertical component of velocity as well as the streamwise component. Thus, different 
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mechanisms of entrainment exist for exposed and completely shielded particles, the physics of 

which is not yet fully understood.  

 

Using quasi-steady theory, the hydrodynamic forces generated on bed sediment particles are 

assumed to respond to flow turbulence directly as if they were changes in mean flow velocity 

(Banks and Meroney, 2001). This assumption of an apparent steady condition, termed quasi-

steady herein, where the entire flow field velocities and pressure change simultaneously, 

independent of Reynolds number, is valid only for larger eddies within a well correlated 

velocity field. Such eddies need to be at least as large as the bed roughness elements. Thus, 

the hydrodynamic force fluctuations and their spectra respond directly to fluid flow velocity 

fluctuations at lower frequencies.  

 

The application and validity of the proposed quasi-steady model for different particle 

exposures is investigated by way of experiments involving simultaneous measurements of 

velocity and drag force on a single particle. The implications on model performance of 

estimating appropriate values of DC (coefficient of drag) and A (area exposed to the flow) are 

highlighted and the basis for choosing their product as a model parameter is argued. The 

performance of the proposed model is analysed for different flow configurations and further 

improved to predict the higher frequency fluctuations using proposed admittance functions.  

 

For this study, near-bed velocities (𝑢) at point 1 D  upstream and 0.15 D  above the top of the 

target particle were used. The location 1 D  upstream of the target particle was chosen so that 

the instantaneous velocity measurements are representative of velocities in the vicinity of the 

particle, but not so close that the velocities are affected by the presence of the particle. The 

velocity measuring location at 0.15 D  above the top of the particle was chosen because 
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Xingkui and Fontijn (1993) found maximum correlation between the instantaneous velocity at 

this height and the drag force. Einstein and El-Samni (1949) also found a constant 
LC (lift 

coefficient) for different flow velocities at this height. Sensitivity analysis of the velocity 

measuring location above the target particle was carried out by estimating the correlation 

coefficient (Figure 5.1) at a time lag ( ) of 1D u  between drag force and velocity at that 

location. The correlation coefficient is found to maximum at 0.15 D  above the top of the 

target particle.  

 

Figure 5.1: Sensitivity analysis of velocity measuring location 

5.2 Quasi-steady spectral model  

In a two-dimensional flow, the magnitude u of streamwise flow velocity can be de-composed 

into mean and fluctuating components as follows:  

 u u u   (5.1) 

where u  is mean streamwise velocity, and u  is the fluctuation about the mean. Similarly, the 

instantaneous drag force ( )DF t  on a particle can be expressed as the sum of the mean ( DF ) 

and fluctuating components [ ( )DF t ] as: 
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 ( ) ( )D D DF t F F t   (5.2) 

where  ( )DF t
 
can be written as: 

 21
( )

2
D DF t C u A  (5.3) 

Substituting Equations (5.1) and (5.2) in (5.3) and expanding yields:  

 2 21
( ) ( ) 2 ( )

2
D D DF F t C A u u t uu t         (5.4) 

Time averaging Equation (5.4) yields the mean drag force as: 

  2 21

2
D DF C A u u    (5.5) 

Subtracting Equation (5.5) from Equation (5.4) gives the instantaneous drag force as: 

 2 21
( ) ( ) 2 ( )

2
D DF t C A u t uu t u          (5.6) 

The auto-spectral density function of a stationary ergodic random quantity is the inverse 

Fourier transform of its auto-correlation function, that is 

   21
2 ( )

2D D

i f

F FS f R e d   








   (5.7) 

 where  
DFS f is the auto-spectral density function of drag force at the frequency f and

 
DFR  is its auto-correlation function at a time lag . The autocorrelation function of the 

fluctuating drag force DF   is expressed as: 

 ( ) ( ) ( )
DF D DR F t F t     (5.8) 

where ( )DF t  is given by Equation (5.6) and
 

( )DF t   can be written as 

 2 21
( ) ( ) 2 ( )

2
D DF t C A u t uu t u               (5.9) 

Substitution of Equations (5.6) and (5.9) in Equation (5.8) yields: 
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2

2 2

2 2 2 2

2 2 2 2 2 2 2

1
( ) ( ) ( ) [4 ( ) ( ) 2 ( ) ( )

2

2 ( ) 2 ( ) ( ) ( ) ( )

( ) 2 ( ) ( ) ]

DF D D DR F t F t C A u u t u t uu t u t

uu u t uu t u t u t u t

u u t uu u t u u t u u

    

 

 

            
 

         

            

 (5.10) 

 

Although, the near-bed streamwise velocity distribution is not perfectly Gaussian (Cameron, 

2006), statistical analysis performed with the data measured in this study (see Figure 5.2 and 

Table 5.1) showed that the data could be considered nearly Gaussian.  

 

 

Figure 5.2 : Probability density function of streamwise velocity fluctuations (flow depth 

108mm) for different exposure ( e = 0, 2.5, 7.5, 10mm) 
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Table 5.1: Second, third and fourth order moments of streamwise velocity 

exp ( )osure e  
bu  

 

3

3

b

b

u

u


 

 

4

4

b

b

u

u


 

( )mm  ( )m s  ( )  ( )  

0 0.1328 -0.1281 2.5382 

2.5 0.1209 -0.0483 2.4774 

7.5 0.1038 -0.0189 2.4995 

10 0.0947 -0.0141 2.6552 

 

For a Gaussian random process with zero mean, the following properties apply (Lin, 1967): 

 ( ) 0u t   (5.11) 

 
2( ) ( ) 0u t u t      (5.12) 

 

2 2

2 2 2

( ) ( ) [ ( ) ( ) ( ) ( )]

[ ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )]

2 ( )u

u t u t u t u t u t u t

u t u t u t u t u t u t u t u t u t u t u t u t

R u u

  

     



        

                   

  

                                                                                                                              (5.13) 

Thus, using Equations (5.11) to (5.13), Equation (5.10) can be simplified as: 

 

 

2

2 2

Linear term Non-linear term

1
( ) ( ) ( ) 4 ( ) 2 ( )

2DF D D D u uR F t F t C A u R R    
   

       
    

 (5.14) 

 

In order to find the auto-spectral density function of drag force, which is related to its auto-

correlation function through Equation (5.7), the convolution theorem is used to transform the 

non-linear term due to higher order velocity fluctuations in Equation (5.14) as follows: 

        2i f

u u uu uuR R e d S f S f f df   
 

 

      (5.15) 
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The final model can thus be deduced as: 

      
2

2

2 4

Linear term
Non-linear term

(due to higher order velocity fluctuations)

1 4 2
( )

2DF D uu uu uuS f C Au S f S f S f f df
u u






 
 
  

       
   

 
 

  (5.16) 

where ( )uuS f is the power spectral density of u velocity. 

5.3 Determination of drag coefficient of a bed particle 

To predict the initiation of sediment motion, drag force is often used in force balance or 

moment balance approaches. In these models drag force is modelled as proportional to 

streamwise velocity squared and assumed values of drag coefficient ( DC ) and exposed area (

A ). The values of CD available in literature are mainly based on studies on isolated sphere 

placed far away from wall for which exposed area can be estimated fairly accurately. 

However for a bed particle surrounded by other particles, the flow is complex and very 

different from the flow around an isolated sphere. Using the same values of CD and A as for 

an isolated sphere might not be appropriate. Hence, the determination of the drag force on a 

bed sediment particle is constrained by the lack of knowledge regarding appropriate values of 

DC  and the exposed area of the particle to the flow. Therefore, while all other parameters in 

Equation (5.16) can be evaluated fairly accurately, the performance of the proposed model 

will greatly depend on the proper choice of DC
 
and A . 

 

It is difficult to compare the coefficient of drag obtained by various researchers because of 

variations in velocity measuring location, choice of velocity in the drag force formulation 
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(streamwise velocity or shear velocity) and estimation of the area exposed to flow. Table 5.2 

summarises the coefficient of drag obtained by different researchers for spheres. 

 

Table 5.2: Drag coefficients for spheres 

Researcher Bed geometry DC  at 0.15D 

Watters and Rao (1971) closely packed spheres 0.3 0.05 

Xingkui and Fontijn (1993) 
natural stones at same 

bed level 
0.36 

Chepil (1958) 

e=0.5D, hemispheres 

spaced 3D apart 

forming hexagonal 

arrangement 

0.26 

Coleman (1967) 
single sphere on top of 

other spheres 
0.23 

 

 

If it is assumed (according to quasi-steady theory) that the fluctuations in drag force are due to 

fluctuations in streamwise velocity, then the standard deviation of drag force should be equal 

to the standard deviation of the quantity on the right-hand side of Equation (5.3). Hence, an 

approximation of the product of the unknowns ( DC and A ) is: 

 

 

( )

1
( | |)

2

D
D

std F
C A

std u u

  (5.17) 

where std  represents standard deviation. 

 

The numerator and denominator in Equation (5.17) were estimated from force and velocity 

measurements, respectively. Table 5.3 shows the variation of  DC A  of a bed particle as a 

function of exposure ( e ) and flow depth ( H ). 
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Table 5.3: DC A  of a bed particle for different flow depths and exposures 

e

mm
 

 

H

mm
 

 

( )

( )

Dstd F

N
 

1 2 ( )

( )

std u u

N


 

4 210 ( )

DC A

m
 

 
4 210 ( )

Dmean C A

m
 

4 2

( )

10 ( )

A e

m

 

 
( )

Dmean C A

A e
 

10.0 

108 

158 

208 

0.0045 

0.0050 

0.0051 

0.0006 

0.0007 

0.0007 

1.338 

1.488 

1.468 
1.43 5.321 0.2687 

7.5 

108 

158 

208 

0.0053 

0.0055 

0.0055 

0.0009 

0.0009 

0.0010 

1.671 

1.555 

1.702 
1.64 4.297 0.3815 

2.5 

108 

158 

208 

0.0075 

0.0075 

0.0074 

0.0012 

0.0011 

0.0012 

1.361 

1.234 

1.363 
1.32 2.547 0.5181 

0.0 

108 

158 

208 

0.0079 

0.0086 

0.0081 

0.0013 

0.0014 

0.0013 

1.309 

1.218 

1.232 
1.25 1.721 0.7260 

 

Owing to the complexity and practical limitations in determining the exposed area of a bed 

particle as well as its drag coefficient, the quantity DC A  is practically more useful than its 

individual constituents ( DC  and A ) since it avoids the difficulty associated with the 

determination of the area of a bed particle exposed to the flow. 

 

While the quantity DC A
 
 of a bed particle is not linearly related to its exposure, it can be 

inferred from Table 5.3 (columns 1 and 6) that the quantity DC A
 
increases with increase in 

exposure up to 7.5mm and then decrease parabolically. A close inspection also reveals that 

the variability of drag force fluctuations [ ( )Dstd F ] at entrainment condition is less than that of 

velocity square fluctuations [ ( | |)std u u ] with increase in exposure. In other words, the 

velocity square fluctuations exhibit greater sensitivity to change in exposure than the 

measured force (i.e. velocity square fluctuations decrease at a higher rate than the decrease in 
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fluctuating drag force) and the quantity DC A  which compensates for this effect, increases 

with increase in exposure. 

 

Figure 5.3 is a plot of the non-dimensional quantity CDA/A(e) as a function of exposure, 

where A(e) is the exposed theoretical frontal area depending on the degree of exposure 

(Cameron, 2006). The quantity CDA increases with exposure, presumably due an increase in 

A(e), but when non-dimensionalised with exposed theoretical frontal area it shows a 

reduction. This is because A(e) values increase at a faster rate with exposure (see Table 5.3).  

The variation of the non-dimensional quantity CDA/A(e)  with exposure is exponential as 

shown in Figure 5.3, the relationship being 

( ) 0.701exp(0.094 )DC A A e e  

This allows choice of an appropriate value of CDA   for design purpose. 

  

Figure 5.3. Variation of non dimensional quantity CDA/A(e) with exposure e 
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The mean values of the quantity DC A  were used to predict the spectrum of the drag force in 

the proposed quasi-steady spectral model (Equation (5.16)). 

5.4 Results and discussions 

The quasi-steady spectral model was applied to different flow configurations (flow depth and 

exposure) and compared with the measured force spectra. Figure 5.4 (a) shows the measured 

and predicted force spectrum for e =7.5mm and H =208mm. The predicted force spectrum 

closely matches the measured force spectrum up to 1 Hz showing that the low frequency 

streamwise velocity fluctuations (larger eddies) are mainly responsible for fluctuations in drag 

force below 1 Hz. However, the predicted force spectrum underestimates the measured 

spectrum in the range of 1 to 15 Hz, indicating the absence of direct cause-and-effect 

relationship between the velocities and drag force in this frequency range.  

 

Figure 5.4 (a) also shows the individual contributions of the linear and nonlinear terms on the 

right-hand side of Equation 5.16. The linear term is responsible for most of the fluctuations in 

drag force with negligible contribution from the nonlinear term up to 1 Hz as seen in Figure 

5.4 (b). However, beyond 1 Hz, the contribution of the nonlinear term to the predicted spectra 

increases significantly (see Figure 5.4(c)). The percentage contribution of the nonlinear term 

to the predicted spectra at different frequencies is further quantified in Figure 5.5 and can be 

seen to increase from zero to a constant value of around 12% above 10Hz.  
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Figure 5.4 : Contribution of different terms of the spectral model (a) linear, nonlinear and total[linear+nonlinear], (b) linear and total in the 

range 0.1 to 1Hz and (c) linear (grey) and total (black) beyond 1Hz for e =7.5mm and H =208mm
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Figure 5.5 : Contribution of nonlinear term to fluctuations in force for e =7.5mm and H

=208mm 

The discrepancy between the measured and predicted spectra (between 1 to 15 Hz,) is 

believed to be due to the shedding of vortices at higher frequencies, possibly caused by 

„„rolling down‟‟ of the boundary layer upstream of the coarse particle followed by 

development of Kelvin–Helmotz instability along the shear layer downstream (Mazumder, 

1999). While it is virtually impossible to explain this phenomenon through experimental 

studies, limited by constraints in flow measurements and flow visualisation below the particle, 

numerical simulations could provide an insight into the complex flow behaviour around and 

below a bed particle. 

 

It was further observed that the peak in the measured spectra between frequencies around 1 to 

15 Hz was significantly influenced by the relative exposure ( /e D ) for all flow depths. For 

the particle with higher exposure, the peak eddy shedding frequency was found to shift 

towards the lower frequency end of the spectrum, and vice versa. Hence, the following 

admittance functions [  f ], based on regression analysis, are proposed to give a better 

match between measured and predicted spectra. 
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 (5.18) 

where startf , peakf and endf represent the start, peak and end frequencies dominated by eddy 

shedding in the force spectrum dependent on the relative exposure  of the target particle.  
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 (5.19) 

where startf ,
peakf and endf represent the start, peak and end frequencies dominated by eddy 

shedding in the force spectrum. 

Figure 5.6 shows that including Equation 5.19 leads to a better agreement between measured 

and predicted spectra than the spectra predicted by equation (5.16) only. 

 

Figure 5.6 : Power spectra of measured and corrected predicted drag force, 7.5e mm , 

208H mm  
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Figures 5.7 and 5.8 show the measured and predicted force spectra for e =10mm and 2.5mm, 

respectively. The bulge in the measured force spectra, due to vortex shedding, is shifted to 10 

Hz for 10mm exposure and to 15 Hz for 2.5mm exposure, with peaks at 3 Hz and 4 Hz, 

respectively. 

 

Figure 5.7 : Power spectra of measured and corrected predicted drag force, 10e mm  
208H mm  

 

Figure 5.8 : Power spectra of measured and corrected predicted drag force, 2.5e mm , 
208H mm  
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It is interesting to note that while the quasi-steady model, in combination with the proposed 

admittance function, predicts the drag force quite well for higher exposures, i.e. e =10 and 

7.5mm, the predictions of the model deviate from the measured spectra for e =2.5mm. For a 

bed particle with no exposure ( e =0mm) as shown in Figure 5.9, the model performs poorly, 

indicating a limitation of the quasi-steady theory. The limitation of the model could be partly 

attributed to the lack of an appropriate value of the quantity DC A , as explained earlier. 

 

Similarly, Figures 5.10 to 5.13 and Figures 5.14 to 5.17 show the comparison between 

measured and predicted spectra for the case 158H mm  and108mm , respectively and 

different exposures. The trend of the force spectrum is similar to that for the 208mm flow 

depth configuration for all exposures.  

 

 

Figure 5.9 : Power spectra of measured and corrected predicted drag force, 0e mm , 

208H mm  
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Figure 5.10 : Power spectra of measured and corrected predicted drag force, 0e mm , 

158H mm  

 

Figure 5.11 : Power spectra of measured and corrected predicted drag force, 2.5e mm , 

158H mm  
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Figure 5.12 : Power spectra of measured and corrected predicted drag force, 7.5e mm , 

158H mm  

 

 

Figure 5.13 : Power spectra of measured and corrected predicted drag force, 10e mm , 

158H mm  
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Figure 5.14 : Power spectra of measured and corrected predicted drag force, 0e mm , 

108H mm  

 

Figure 5.15: Power spectra of measured and corrected predicted drag force, 2.5e mm , 

108H mm  
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Figure 5.16: Power spectra of measured and corrected predicted drag force, 7.5e mm , 
108H mm  

 

Figure 5.17: Power spectra of measured and corrected predicted drag force, 10e mm , 
108H mm  

 

Figures 5.18 (a) and (b) show a 40 second time history of force and velocity recorded 

synchronously for H =108 mm and e = 0 and 10mm, respectively. It is interesting to note that 

for e =10mm, the velocity and force time histories are near perfectly correlated, thus  
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Figure 5.18 : Synchronous time history of velocity and drag force for 108H mm and (a) 

0e mm (b) 10e mm  

 

explaining the success of the quasi-steady model at higher exposures. However for e = 0mm, 

the correlation between the measured force and velocity is significantly less, explaining the 

mismatch between the measured and predicted spectra for such cases. This departure of the 
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quasi-steady theory is probably due to the absence of large scale eddy structures at lower 

particle exposures. The particle in such cases is shielded by the surrounding bed particles, 

apparently unaffected by upstream velocity fluctuations that otherwise would have impinged 

on its surface. 

5.5 Conclusion  

The force generating mechanism on a bed particle, based on a quasi-steady model, is 

presented. The performance of the model depends greatly on the choice of appropriate values 

of DC and A  which are difficult to estimate individually for complex flow situations. Their 

product was found to be a more useful quantity.  

 

The quasi-steady model coupled with an admittance function performed satisfactorily in 

predicting the drag on a particle at all exposures except when the particle is completely 

shielded by surrounding particles. In particular, the predicted force spectrum closely matches 

the measured force spectrum up to 1 Hz, indicating the important role of low frequency 

streamwise velocity fluctuations in generating quasi-steady drag force on the particle. The 

significance of nonlinearity due to higher order streamwise velocity fluctuations becomes 

evident by an increase in the contribution of the nonlinear term in the model from zero to 12% 

beyond 10Hz.  

 

The discrepancy between the measured spectra and the spectra predicted by the quasi-steady 

model between 1 and 15 Hz (which peaked around 5 to 7 Hz dependent on exposure) is 

attributed to the intermittent eddy shedding from the wake of the particle. Regression analysis 
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was used to develop an appropriate admittance function, which was coupled with the 

proposed model to predict the spectra at higher frequencies. The limitation of the quasi-steady 

model at lower exposures is supported by poor correlation between the measured velocity and 

force time histories. 
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CHAPTER 6. ANALYSIS OF 

HYDRODYNAMIC LIFT ON A SEDIMENT 

PARTICLE 

The aim of this chapter is to report an experimental study of lift force on a spherical sediment 

particle at different exposures in a laboratory flume. Statistical analysis of the measured lift 

force on a bed sediment particle is carried out to investigate the probability distribution and 

spectral distribution at different particle exposures. The fluctuating lift force model proposed 

by Radecke and Schulz-DuBois (1988) was used to develop the probability and spectral 

density functions of lift force as a function of streamwise and stream-normal point velocity at 

0.15D  above the top of the particle and validated using the measured lift force data. 

6.1 Introduction 

In alluvial streams, hydrodynamic forces are exerted on the sediment particles at the bed 

surface. An increase in flow velocity induces an increased magnitude of hydrodynamic forces, 

i.e. drag and lift force. Knowledge of drag (discussed in chapter 5) and lift is therefore 

important in predicting the threshold or critical condition of incipient motion for the sediment 

bed particles.  
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While the effect of drag force has received considerable attention in sediment entrainment 

research, the role of lift in sediment entrainment is less well understood. There are no reliable 

quantitative relationships for lift force, which could be used for the determination of the 

sediment threshold condition. However, it is evident that both drag and lift forces always exist 

and both contribute to the threshold movement of the bed sediment (Dey and Papanicolaou, 

2008; Hofland, 2005). 

 

Einstein and El-Samni (1949) measured the lift force directly as a pressure difference. They 

carried out experiments using plastic spherical balls of diameter D  = 68.6mm and graded 

gravel with the median size 50D = 68.6mm. The lift coefficient LC  was found to be constant for 

different flow velocities measured at 0.15D above the top of the particle. In addition, the 

turbulent fluctuations of lift force superimposed on the mean lift force were found to follow 

the normal error law. Aksoy (1973) measured forces on a 20 mm diameter sphere at 

roughness Reynolds number ( * *k sR k u  , sk is the equivalent sand grain roughness, *u  is the 

shear velocity and  is the kinematic viscosity of the fluid) of 300 and found a ratio of lift to 

drag of about 0.1. Bagnold (1974) investigated lift and drag on a 16mm diameter sphere for 

*R values of about 800 and obtained a lift to drag ratio of about 0.5. Brayshaw et al. (1983) 

measured lift and drag on a 115 mm diameter hemisphere at *kR = 52000 and found a lift to 

drag ratio of about 1.8. Saffman (1965) studied the lift on a sphere for *kR < 5 and presented 

an expression for lift that Yalin (1977) found to be compatible with the Shields criterion for 

that range. Apperley (1968) measured hydrodynamic forces on a 6.4mm diameter sphere laid 

on 6.4mm diameter gravels for *R = 70 and found the lift to drag ratio of 0.5, with the ratio 

increasing to 0.78 if the sphere was raised by 0.25 times its diameter. Higher exposures of the 

sphere lead to reduced values of the lift to drag ratio. Coleman (1967) studied the lift forces 
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acting on a sphere placed on a hypothetical streambed using plastic and steel spheres to obtain 

the variation of lift coefficient with Reynolds number. Watters and Rao (1971) measured lift 

and drag forces on a 95.3mm diameter sphere, placed in different bed configurations, and 

observed negative lift for 20 < *kR < 100. Davies and Samad (1978) reported that the lift force 

on a sphere adjacent to a boundary becomes negative if both significant underflows occur 

beneath the sphere and *kR  < 5. For *kR ≥ 5, however, the lift was found to be positive.  

 

The studies highlight limitations in knowledge regarding the magnitude and variation of lift 

with *kR  and considerable variation in the ratio of lift and drag. This might be attributed to the 

different functional forms of the theoretical lift models used as well as different flow 

characteristics and particle configuration used in previous experimental studies.  

6.2 Lift force concept  

The lift force on a bed sediment particle may be induced by the pressure difference due to the 

vertical velocity gradient.  The sediment particle might also experience lift due to the upward 

velocity component as a result of near-bed turbulence fluctuations.  

 

White (1940) carried out a single experiment and found that the lift on an individual particle 

is very small compared to its weight. Einstein and El-Samni (1949) proposed the following 

equation for lift force ( LF )  

 21
( )

2
L LF t AC u  (6.1) 
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where LC is the lift coefficient,   is density of fluid, A is the frontal area of the particle and u  

is the measured streamwise velocity at 0.35D above the theoretical bed ( 0.15D above the 

particle top). The measured fluctuating lift ( LF  ) due to turbulent velocity fluctuations was 

found to follow the normal-error law.  

 

For an horizontal bed, Wiberg and Smith (1987) applied Bernoulli‟s equation to the bed 

particles giving; 

  2 21
( )

2
L L t bF t AC u u   (6.2) 

where tu  and bu  are velocities at the top and bottom of the particle respectively, the flow 

velocity at the top of the particle being higher than that at the bottom.  

 

For the fluctuating lift force at any instance of time t , the following relation was proposed by 

Radecke and Schulz-DuBois (1988); 

 ( ) ( ) ( )LF t au t bw t     (6.3) 

where La AC D du dz , du dz  is streamwise vertical velocity gradient, z is the distance 

along stream normal direction, 
1

2
Db AC u , DC is coefficient of drag and u  is mean 

velocity in the streamwise direction 0.15D  above the particle top. The first term on the right-

hand side of Equation 6.3 represents the Bernoulli‟s lift due to streamline contraction while 

the second term represents lift due to vertical velocity fluctuations. 
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6.3 Statistical distribution of lift force 

The probability density function (pdf) of lift force [ ( )Lp F ], as per Equation (6.1), can be 

written as [Hofland, 2005] 

 

2

1 1 1
( ) exp ( )

121
8

22

L

L L

u u
Lu L L

F u
p F sign F

C AC A F
 

  

  
   

    
               

 (6.4) 

where u  is the standard deviation of the streamwise velocity at 0.15D  above the particle 

top. The streamwise and stream-normal fluctuating velocities u  and w  in Equation 6.1 can 

be assumed to be normally distributed as shown in Figures 6.1(a) and 6.1(b), respectively, for 

a flow depth 208H mm  and all exposures. Table 6.1 shows that the third and fourth order 

moments are nearly Gaussian for all exposures. For a point in the boundary layer, u  and w  

are usually anti-correlated [  
uw  ] as seen in Figure 6.1(c) with maximum value at zero time 

lag ( 0  ). 

 

Table 6.1: Third and fourth order moments of streamwise and stream-normal velocity 

 

exp ( )osure e  

 

3

3

u

u




 

 

4

4

u

u




 

 

3

3

w

w




 

 

4

4

w

w




 

( )mm  ( )  ( )  ( )  ( )  

0 -0.12 2.53 0.03 3.15 

2.5 -0.04 2.47 0.24 3.61 

.5 -0.01 2.49 -0.04 3.44 

10 -0.01 2.65 0.06 3.33 
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Figure 6.1: pdf of (a) u velocity (b) wvelocity and (c) correlation [  
uw  ] between u and w

velocity for different exposures and H=108mm 

 

Hence, the fluctuating lift force given by Equation (6.3) can be considered to be the sum of 

two jointly normally distributed quantities au  andbw . The pdf of the lift force can be written 

as

 
  

2 2 2 2

2 222

21 1
( ) exp

2 12 1

uw
L L

u w u wau bw uwu w uw

ab u wa u b w
p F F au bw du dw




       

     
          

    
 

                                                                                                                                    (6.5)    
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where    is the Delta-Dirac function, w
 
is the standard deviation of stream-normal velocity 

and 
uw  is the correlation coefficient between u  and w .    Applying the convolution theorem 

given by the following equation 

      ( )L Lp F p au p F au d au





                                         (6.6) 

Equation (6.5) can be rewritten as  

 

 
   

 

22 2

2 222

21 1
( ) exp

2 12 1

L uw L

L

u w u wuwu w uw

F au au F aua u
p F d au



     





      
     

      


                                                                                                                                             (6.7)       

 Equation 6.7 can be solved analytically to yield the pdf of lift force as 

 

 

 

 

 

2

2 2 2 22 2 2 2
00

1
( ) exp

2 22 2

L

L

u w u wuwu w u wuw

F
p F

a b aba b ab 
          

  
  

     

(6.8) 

 

Figures 6.2 to 6.4 show the pdf plots of lift force obtained using Equations (6.4) and (6.8), 

along with the measured lift for flow depths of H   208mm, 158mm and 108mm 

respectively, and all exposures. Figures 6.2, 6.3 and 6.4( a-d) represent the pdf plots on 

normal scale, while Figures 6.2, 6.3 and 6.4 (e-g) represent the same in log scale for 

exposures, e 0, 2.5, 7.5 and 10mm, respectively.  
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Figure 6.2:  pdf of lift force H=208mm: in normal scale (a) 0e mm (b) 2.5e mm  (c) 

7.5e mm  (d) 10e mm , in log scale (e) 0e mm (f) 2.5e mm  (g) 7.5e mm  (h) 

10e mm  
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Figure 6.3: pdf of lift force H=158mm: in normal scale (a) 0e mm (b) 2.5e mm  (c) 

7.5e mm  (d) 10e mm , in log scale (e) 0e mm (f) 2.5e mm  (g) 7.5e mm  (h) 

10e mm  
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Figure 6.4: pdf of lift force H=108mm: in normal scale (a) 0e mm (b) 2.5e mm  (c) 

7.5e mm  (d) 10e mm , in log scale (e) 0e mm (f) 2.5e mm  (g) 7.5e mm  (h) 

10e mm  
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It can be seen from Figures 6.2-6.4 that Equation (6.4) does not match the measured lift for 

any of the exposures and flow depths used in the experiments. However, Equation 6.8, which 

predicts the lift force to be Gaussian, gives a good match with the measured data up to 3
LF . 

Hofland (2005), Einstein & El-Samni (1949) and Xingkui & Fontijn (1993) also reported the 

experimentally measured lift force to be normally distributed between 2
LF  and found a 

positive deviation beyond that. Table 6.2 (column 3) shows that the kurtosis of the measured 

lift force is higher than that for a normal distribution for all exposures, resulting in higher 

probability of occurrence of extreme events (beyond 3
LF ). It is also found that the 

skewness of the measured lift force increases with increase in exposure. This could mean that 

the quasi-steady lift force starts to act with increase in exposure yielding a skewed distribution 

in accordance with Equation (6.4).  

 

Table 6.2: Third and fourth order moments of measured lift force 

exp ( )osure e  
 

3

3

L

L

F

F




 

 

4

4

L

L

F

F




 

( )mm  ( )  ( )  

0 0.05 3.48 

2.5 0.11 3.45 

7.5 0.17 3.50 

10 0.22 3.40 

 

The statistical analysis of lift force shows that Equation (6.3) provides a better estimate of the 

fluctuating lift force for the bed particles, as compared to Equation (6.1). 

6.4 Spectral analysis of lift force 

The fluctuating lift force at time ( t  ) is given by Equation (6.3) as 
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 ( ) ( ) ( )LF t au t bw t          (6.9) 

The autocorrelation function [  
LFR  ] of lift force at a time lag can be written using 

Equations (6.3) and (6.9) as 

 
2 2( ) ( ) ( ) ( ) ( ) 2 ( )

LF L L uu ww uwR F t F t a R b R abR           (6.10) 

where uuR and wwR  are the auto-correlation coefficients of streamwise and stream-normal 

velocity and uwR is the cross-correlation coefficient between them.  

 

The auto-spectral density function of a stationary ergodic random quantity is the Fourier 

transform of its auto-correlation function, that is 

   21
2 ( )

2L L

i f

F FS f R e d   








   (6.11) 

where  
LFS f is the auto-spectral density function of lift force at the frequency f . Substituting 

Equation (6.10) in Equation (6.11), the auto-spectral density function of lift force is obtained 

as 

 2 2

Term1 Term2 Term3

( ) ( ) ( ) 2 ( )
LF uu ww uwS f a S f b S f abC f    (6.12) 

where ( )uuS f is the power spectral density of u velocity, ( )wwS f is the power spectral density 

of w velocity and ( )uwC f is the co-spectrum (real part of the cross-spectrum) of the u  and w  

velocity. 

 

The spectral densities of lift force and velocities in Equation (6.12) which are shown in Figure 

6.5 and Figure 6.6, have been estimated from the measured data, where 
1

2
Db AC u  (hence
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DC A ) has been calculated assuming a quasi-steady behaviour of the fluctuating drag force 

(see Chapter 5) as 

 

 

( )

1
( | |)

2

D
D

std F
C A

std u u

  (6.13) 

where DF  and DC  are drag force and drag coefficient respectively.  

 

Figure 6.5: Plots of terms in Equation 6.12 for all exposures (Left plot) Term1 (Right plot) 

Term2+Term3 

 

The unknown quantity  La AC D du dz  (hence LC A ) was thus calculated using Equations 

(6.12) and (6.13) as the mean over the frequency range 1 to 10Hz assuming a logarithmic 

velocity profile [  
*du dz u z , where  is Von-Karman constant]. The calculated values 

of a  and LC A
 
are

 
shown in Table 6.3 for different flow depths and exposures. It can be seen 

that the quantities DC A  and LC A  are nearly constant for a given exposure irrespective of the 

flow depth. The mean values of DC A , LC A  and the ratio L DC A C A  shown in Table 6.4 for 
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different exposures can be seen to increase with exposure. Similar observation has been 

reported by Apperley (1968) for the ratio L DC C of a spherical particle.  

 

While the quantity LC A
 
of a bed particle is not linearly related to its exposure, it can be 

inferred from Table 6.5 (columns 3 and 4) that the variability of lift force fluctuations [

( )Lstd F ] which decrease with increase in exposure at entrainment condition is less than the 

vertical gradient of streamwise velocity ( Ddu dz ). The decrease in velocity gradient with 

increase in exposure is almost double than that of lift force fluctuations such that the quantity 

LC A  compensates for this effect and hence increases with increase in exposure. It is to be 

noted that reduction in the quantity LC A
 
at lower exposures does not imply a reduction in lift 

force, it indicates that the velocity gradient
 
is much higher so that a particle at low exposures 

can only be entrained by lift force (i.e. Bernoulli‟s lift). 

Table 6.3: Mean values of DC A  and LC A
 
for different exposures 

e  DC A  
LC A  L

D

C A

C A
 

( )mm

 

4 210 ( )m

 

4 210 ( )m

 

( )  

0 1.253 1.52 1.22 

2.5 1.320 1.93 1.46 

7.5 1.509 2.89 1.92 

10.0 1.431 3.42 2.39 

 

Figure 6.5 shows the relative contributions of the different terms on the right hand side of 

Equation (6.12) to the lift force fluctuations at different frequencies for all exposures.  Figure 

6.5 (Left) shows the reduction in lift force fluctuations due to u  (Term1) with increase in 

exposure. Figure 6.5 (Right) shows the increased anti-correlation between u  and w  resulting 

in suppression of lift force fluctuations below 10Hz with decrease in exposure. The magnitude 

of Term1 is greater than the sum of the magnitudes of Term2 and Term3, by an order at  
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Table 6.4: Estimation of a and 
LC A  

for different exposures 

e  H

 

z  *u  u  D  DC A  b  du dz

 

Ddu dz

 
a  LC A  

L DC A C A

 
( )mm

 

( )mm

 

( )mm

 

( )m s

 

( )m s

 

( )mm

 

4 210 ( )m

 

( )Ns m

 

(1/ )s

 

3( )Ns m

 

( )Ns m

 

4 210 ( )m

 

( )  

0  11.4 0.081 0.429 40 1.232 0.027 17.30 692.0 0.103 1.50 1.217 

2.5 208 16.5 0.065 0.403 40 1.363 0.028 9.61 384.4 0.077 2.0 1.467 

7.5  21.5 0.056 0.383 40 1.702 0.033 6.35 254.0 0.076 3.0 1.763 

10  24.5 0.046 0.329 40 1.468 0.024 4.58 183.2 0.064 3.5 2.380 

0  11.4 0.076 0.451 40 1.218 0.027 16.26 650.4 0.096 1.48 1.215 

2.5 158 16.5 0.068 0.465 40 1.234 0.029 10.05 402.0 0.072 1.80 1.458 

7.5  21.5 0.052 0.389 40 1.555 0.030 5.90 236.0 0.065 2.74 1.762 

10  24.5 0.040 0.312 40 1.488 0.023 3.98 159.2 0.057 3.55 2.390 

0  11.4 0.072 0.471 40 1.309 0.031 15.40 616.0 0.098 1.59 1.214 

2.5  16.5 0.063 0.469 40 1.361 0.032 9.31 372.4 0.074 1.99 1.462 

7.5 108 21.5 0.055 0.445 40 1.671 0.038 6.24 249.6 0.073 2.94 1.759 

10  24.5 0.042 0.353 40 1.338 0.024 4.18 167.2 0.054 3.20 2.390 
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frequencies below 1Hz, implying that the Bernoulli‟s lift plays a dominant role in generating 

high lift on bed particles. 

 

Table 6.5:
 DC A  of a bed particle for different flow depths and exposures 

e  H  ( )Lstd F  Ddu dz  LC A  

mm
 

mm
 

( )N

 

3( )Ns m

 

4 210 ( )m

 

10.0 

108 

158 

208 

0.0064 

0.0067 

0.0067 

167.2 

159.2 

183.2 

3.42 

7.5 

108 

158 

208 

0.0070 

0.0070 

0.0073 

249.6 

236.0 

255.4 

2.89 

2.5 

108 

158 

208 

0.0086 

0.0094 

0.0089 

372.4 

402.0 

384.0 

1.93 

0.0 

108 

158 

208 

0.0092 

0.0106 

0.0105 

616.0 

650.4 

692.0 

1.52 

 

Figure 6.6 (a-d) shows the comparison between the measured and predicted lift force spectra 

(Equation 6.12) for exposures, e 0, 2.5, 7.5 and 10mm respectively. It can be seen that the 

spectra predicted by the model closely follow the measured spectra for e 7.5 and 10mm. 

However, the model over predicts the fluctuations at frequencies less than 1Hz for e 0 and 

2.5mm. This could be explained by observing the correlation plots of lift force with u  (
LuF ) 

and w  (
LwF ) in Figure 6.7 for e 0 and 10mm. The correlation

LwF , which
 
reflects the 

contribution of Term2 in Equation (6.12), shows low correlation values at all time lags for 

both exposures. A comparison of
LuF , which reflects the contribution of Term1 in Equation 

(6.12), shows that for e 0mm, the correlation coefficient with high frequency fluctuations is 

almost four times less than that for e 10mm at zero time lag. Schmeeckle et.al (2007) also 
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reported a poor coupling between the streamwise velocity and lift force unlike that between 

streamwise velocity and drag force for both smooth and gravel beds. This apparently explains 

the poor match between the measured and predicted spectra at frequencies less than 1Hz for 

e 0 and 2.5mm.  

 

Figure 6.6: Comparison between measured and predicted lift force spectrum for (a) 0e mm

(b) 2.5e mm (c) 7.5e mm (d) 10e mm   

 

The low correlations between lift force and streamwise velocity in Figure 6.7(c) implies that 

high frequency lift fluctuations occur during times of low frequency increased streamwise 
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velocity, while high frequency streamwise velocity fluctuations are damped near the wall for 

e 0. Thus, the spectral model based on low frequency streamwise velocity (Term1 in 

Equation (6.12)) fails to accurately predict the high frequency lift phenomenon at lower 

exposures as in Figure 6.6(a) and (b). However, at higher exposures, velocity fluctuations of 

all length scales are present and thus the spectrum predicted by the model agrees with the 

measured spectrum of lift force.   

 

Figure 6.8(a-b) shows the time series record for 45 seconds of the measured lift force as well 

as that predicted by Equation 6.3 for e 0mm, while Figure 6.8(c-d) shows the same for e 

10mm.  It can be seen that the magnitude of the Bernoulli‟s lift is orders of magnitude higher 

than that of the lift due to vertical velocity fluctuations for both exposures (Figure 6.8(a) and 

(c)). The time histories show better correlation for e 10mm than for e 0mm, although the 

measured lift force time history shows higher temporal force fluctuations compared to the 

velocity fluctuations (also seen in Figure 6.7) in both cases. This explains why the predicted 

spectrum does not match the measured spectrum at lower frequencies.  

 

The measured lift force in Figure 6.9(b) appears to undergo high frequency positive and 

negative fluctuations when the streamwise velocity (hence the predicted lift) is strongly 

positive as seen in Figure 6.9(a). Similar observations were reported by Hofland (2005) and 

Schmeeckle et.al. (2006) for a completely shielded  particle. This emphasizes the importance 

of fluctuating lift force in sediment entrainment of completely shielded particles since the 

instantaneous fluctuating lift force can far exceed its mean value. 
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Figure 6.7: Correlation between (a) lift force and u velocity (b) lift force and w velocity for 

0e mm , (c) lift force and u velocity (d) lift force and w velocity for 10e mm  
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Figure 6.8: Time series plot of (a) predicted [ ( )au t and ( )bw t  in Equation 3] (b) measured lift force for 0e mm , (c) predicted [ ( )au t and ( )bw t  

in Equation 3] (d) measured lift force for 10e mm  
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Figure 6.9: Time series plot of (a) predicted lift force (based on streamwise velocity) and (b) 

measured lift force for 0e mm  

6.5 Conclusion 

An experimental study of lift force on a spherical sediment particle at different exposures was 

carried out in a laboratory flume. The functional form of the theoretical pdf of lift, similar to 

that of drag, is inadequate and an improved expression for pdf based on normal error law is 

provided which matches the measured data up to 3
LF  for all exposures. The skewness of 

the measured lift force is found to increase with increase in exposure. This could mean that 

the quasi-steady lift force starts to act with increase in exposure yielding a skewed 
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distribution. In addition, the kurtosis of the measured lift is found to be higher than that for a 

normal distribution for all exposures resulting in higher probability of occurrence of extreme 

events (beyond 3
LF ). 

 

The fluctuating lift force model reported in the literature is used to develop the spectral 

density of lift force as a function of streamwise and stream-normal velocity and validated 

using the measured lift force data. In particular, the ratio of L DC A C A  is found to increase 

with increase in exposure and the fluctuating Bernoulli‟s lift is found to play a dominant role 

in generating high lift on bed sediment particles.  

 

The spectrum predicted by the proposed model is found to closely follow the measured 

spectrum for exposures e 7.5 and 10mm, while it over predicts at frequencies less than1 Hz 

for e 0 and 2.5mm. The poor correlation between lift force and u  at lower exposures is 

attributed to this apparent mismatch. The low correlations between lift force and streamwise 

velocity imply that high frequency lift force fluctuations, both positive and negative, can 

occur during times of low frequency increased streamwise velocity generating fluctuating lift 

force of magnitudes that can initiate sediment motion.  

 

The time history plots of predicted and measured lift at lower exposures show that the high 

frequency positive and negative fluctuations of lift correspond to strongly positive streamwise 

velocity fluctuations. Predominance of fluctuating Bernoulli‟s lift over lift due to stream-

normal velocity fluctuations is observed at all exposures. 
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CHAPTER 7. FLUID FLOW STRUCTURES 

AND THEIR ROLE IN SEDIMENT 

ENTRAINMENT 

The role of coherent flow structures in sediment entrainment has been investigated 

theoretically and experimentally using a 100Hz PIV and simultaneous force measurement. A 

model vortex approach is used to study the influence of hydrodynamic force on a sediment 

particle. The effect of vortex strength, streamwise and stream-normal position of the vortex 

relative to the particle and the size of the particle is investigated. As discussed in Chapter 2, 

various mechanisms proposed by researchers regarding the role played by coherent structures 

in entraining the sediment particles reveal a lack of consensus with scope for further research. 

The aim of this chapter is to investigate the role of coherent structures in sediment 

entrainment using experimental as well as theoretical approaches.  
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7.1 Theoretical considerations 

In order to understand the influence of an anticlockwise vortex on the hydrodynamic forces 

on sediment particles, following the work of Doligalski et al. (1994), consider a vortex of 

strength k  (+ indicates anticlockwise rotation) at „A‟ and a mirror vortex of strength k  at 

„B‟, as shown in Figure 7.1, in which AB = 2a and „a‟ is the distance between the vortex and 

the wall.  

 

Figure 7.1: Convection of a model anti-clockwise vortex and its mirror (flow from left to 

right) 

As the flow induced by the mirrored vortex moves the original vortex, and vice versa, the 

anticlockwise vortex will convect to the right at a constant speed  
1

/
2

k a  under the influence 

of the image vortex. If a uniform flow of speed  oU  is superimposed to the right, the vortex 

convects to the right with speed  

 
1

/
2

c oV U k a   (7.1) 

If  is the fractional convection rate defined as   

 1
2

c

o o

V k

U aU
     (7.2) 
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the near wall streamwise velocity ( u ) in the convective frame of reference with a stationary 

flow field is given by 

 
 2

2 2

4 1
1

o

au

U x a

 
  


 (7.3) 

Using Bernoulli‟s equation between a near vortex point and a point away from the influence 

of the vortex, the pressure induced by the vortex is 

 
   

2 2

22 2

3 2

1 1

k X
p

a X

 



 
   

   
 

 (7.4) 

where  X x a   is the normalised streamwise distance from the vortex centre. It is worth 

noting that   is always greater than unity for the case of an anticlockwise vortex moving to 

the right with a speed c oV U .  As a special case for 2  , Equation (7.4) reduces to  

 

 

2 2

22 2

1

1

k X
p

a X


 

  
  
 

 (7.5) 

such that the instantaneous velocity near the wall is twice the free stream velocity. 

For a vortex rotating in the clockwise direction and convecting from left to right (Figure 7.2),

 

Figure 7.2: Convection of a model anti-clockwise vortex and its mirror (flow from left to 

right) 
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the resultant convection velocity is 

 
1

/
2

c oV U k a   (7.6) 

The near wall streamwise velocity ( u ) induced by the vortex is 

 
 

2

4 1
1

1o

u

U X


  

 
 (7.7) 

Following a similar analysis as for the case of an anti-clockwise vortex, the pressure ( p ) 

induced by the vortex on the wall is 

 
   

2 2

22 2

1 2

1 1

k X
p

a X

 



 
   

   
 

 (7.8) 

For the limiting case of 0   (corresponding to the strongest clockwise vortex, with flow 

from left to right), Equation (7.8) reduces to 

 

 

2 2

22 2

1

1

k X
p

a X


 

  
  
 

 (7.9) 

The vortex strength ( k ) can be expressed in terms of the fractional convection rate ( ) by 

rearranging Equation (7.2) as: 

  2 1ok aU                           [Anticlockwise vortex, 1  ] (7.10a)     

                          2 1ok aU                            [Clockwise vortex,0 1  ]    (7.10b) 

The strongest possible clockwise vortex convecting to the right is obtained by putting 0  ,
 

2 ok aU  into Equation (7.10b). Considering a vortex at a distance 2a D  ( D  is diameter 

of the near-bed sediment particles) from the bed level, the normalised streamwise distance 

from the vortex centre is approximated as: 

 
2x x

X
a D

    (7.11) 
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The streamwise distance of the points (A, B in Figure 7.3) of zero pressure on either side of 

the vortex centre (point C in Figure 7.3) can thus be obtained using Equations (7.9) and (7.11) 

as 2x D   which represents the width of the negative pressure dip. 

 

Figure 7.3: Normalised pressure distribution around a particle due to a clockwise ( 0  ) or 

anticlockwise ( 2  ) vortex 

Any particle of size greater than 2D , lying immediately upstream of the vortex centre will 

experience a net force ( netF ) contributed by both positive pressure upstream of point A and 

negative pressure between points A and C. 

 

An identical pressure distribution is obtained in the case of a moderately strong anticlockwise  
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vortex with a value of 2  (see Figure 7.3) using Equation (7.5). However, its near-wall 

convection velocity is much higher than that of the clockwise vortex (see Figure 7.4). This 

results in the quasi-steady drag force and the force due to the pressure gradient acting in the 

direction of flow, hence leading to a more favourable condition for particle entrainment.  

 

 

Figure 7.4: (Top) Streamlines due a point vortex (clockwise or anticlockwise) in a frame of 

reference moving with the vortex, (Bottom) instantaneous streamwise velocity distribution of 

a clockwise vortex [ 0   (left)] and anticlockwise vortex [ 2  (right)] in a stationary 

frame of reference 
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Similarly, for an anti-clockwise vortex of strength 4 ok aU , i.e. 3  , located at a distance

2a D  from the bed, it can be shown that the width of the pressure dip increases to 

3 2x D   on either side of the vortex centre. Also, the peak negative pressure increases by 

six times above that for an anticlockwise vortex of strength 2 ok aU , i.e. 2  . This higher 

negative peak pressure can cause a particle lying below to experience a stronger lift as 

compared to the case when 2  . 

 

Consider two anticlockwise rotating vortices 1 and 2 of similar strength ( k ) at different 

distances ( 1 2a D and 2a D ) from the wall. Following Equation (7.10a), the vortex closer 

to the wall will convect at a fractional rate   

 1 1
o

k

DU
    (7.12) 

 

while the vortex further from the wall will convect at 

 2 1
2 o

k

DU
    (7.13) 

 

Therefore, 1 22 1   . Assuming a value of 2 2   for vortex 2, the value of 1  for vortex 1 

is 3. This means that vortex 1, which appears closer to the wall, convects with a higher 

velocity than that of vortex 2. The pressure distributions for vortices 1 and 2, based on 

Equation (7.4) are plotted in Figure 7.5. 
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Figure 7.5: (Top) pressure distribution due to vortex 1.  (Bottom) pressure distribution due to 

vortex 2 

As can be seen in Figure (7.5), the magnitude of the peak negative pressure directly below 

vortex 1 is six times higher than that for vortex 2, which is further away from the wall. 

However, the width of the pressure dip for vortex 1 (70mm) is less than that of vortex 2 

(80mm), leading to a lower integral force on the surface of the near bed particle. Thus, vortex 

1 may lead to entrainment of a completely shielded particle lying directly below it through 

intense lift force. However, vortex 2 due to its lower convective velocity will impart force 

(both into and away from the surface) for a longer duration on the particle, possibly leading to 

entrainment. 
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Consider an anticlockwise vortex convecting past a particle of diameter D  at a distance D  

above the wall, as shown in Figure 7.6. In the figure, A and B represent the relative location 

of the particle with respect to the vortex centre, A being directly below the vortex and B being 

at a distance 2D  upstream of the vortex centre. When the vortex is at position A, the particle 

experiences only a net upward force as the horizontal components tend to cancel each other. 

This upward force can overturn the particle about its contact points with surrounding 

particles, but can also induce vertical lift, if it is sufficiently strong. The particle at position B, 

however, experiences positive and negative pressure on its upstream and downstream sides, 

respectively. The net force has a higher horizontal force component, which complements the 

quasi-steady drag force, leading to possible entrainment of an exposed particle. It is to be 

noted from Figure 7.6 that the direction of the net force on the particle rotates in the clockwise 

direction as the vortex convects past it from left to right.  

 

Figure 7.6: Pressure distribution due to a vortex convecting past a particle 

 

Particle size plays a crucial role in the distribution of pressure over its surface due to a vortex. 

The role of particle size in entrainment is explained in Figure 7.7. Particles 1 and 2 are located 
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at the same relative position with respect to a vortex. However, particle 1 due to its size 

(diameter = 2D ) experiences both positive and negative pressures resulting in horizontal and 

vertical forces of significant magnitudes. Particle 2 on the other hand, due to its smaller size 

will experience only negative pressures, and corresponding strong upward lift. Hence, the 

mechanism of entrainment is different for particles of different size.  

 

 

Figure 7.7: Pressure distribution on particles of different size 

 

In summary for the theoretical analysis presented above; 

a) Both clockwise and anticlockwise vortices can cause entrainment of a sediment 

particle. Clockwise vortices are more likely to entrain sediment in low velocity 

regions. Anticlockwise vortices are more likely to entrain sediment if they have high 

convection velocity, due to the increased streamwise velocity (and resulting quasi-

steady drag) and the pressure gradient both acting in the same direction.  

 



Mechanics of sediment entrainment 

 135 

b) For two vortices of different circulation ( k ), but located at equal distance from the 

wall, the vortex with higher circulation will convect at a faster rate and will produce a 

higher negative peak pressure with a wider pressure dip. 

 

c) For two vortices of the same circulation ( k ) but at different distances from the wall, 

the vortex closer to the wall will convect at a faster rate and produce a much higher 

magnitude of peak negative pressure with a narrower pressure dip.  

 

d) The streamwise position and size of a particle with respect to a vortex above it, is an 

important factor in determining the magnitude and direction of the net force on the 

particle.  

7.2 Experimental investigation 

Several authors have proposed methods of extracting flow structure from PIV velocity fields. 

These methods involve critical-point analysis of the local velocity gradient tensor (

 , , ,u u u v w  = total velocity) and its corresponding eigenvalues or the Hessian of pressure 

(Jeong and Hussain, 1995). The main results of these methods are summarized by Adrian et 

al.(2000a). The studies show that the imaginary part of the complex eigenvalues of the 

velocity gradient tensor, denoted by ci , is a useful indicator to localized vortices in 2-D 

planes in 3-D flows. If the flow is a pure shear flow, particles would orbit in infinitely-long 

ellipses and the orbit period (represented by  
1

ci


) would be infinite, corresponding to
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0ci  . Shorter, more circular ellipses (vortices) correspond to 0ci  . The strength of any 

local swirling motion is thus quantified by the value of ci .  

 

However, since the present PIV fields are two-dimensional, the full local velocity gradient 

tensor cannot be formed and therefore the following equivalent two-dimensional form, as 

proposed by Adrian et al. (2000a), is used herein 

 
u x u z

A
w x w z

    
  

    
 (7.14) 

The imaginary part of the complex eigenvalues of A  represents the swirling strength ( ci )  

 
2 2

2 max 0, 4 2ci

u w u w u w

z x x z x z


         
        

         
 (7.15)   

The instantaneous velocity fields obtained from PIV data were used to calculate the swirling 

strength at different times.  

 

A two point correlation between swirling strength and the instantaneous streamwise velocity 

field ( u ), as proposed by Christensen and Adrian (2001), was used to determine the presence 

of a hairpin vortex (HPV) as 

 

  
   

   

2 , ,
,

ci ref x

u x

ref u

x z u xr z
C r z

z z






 

 
  (7.16) 

  where xr  denotes the horizontal correlation shift in x , and refz  is the reference height at 

which the swirling strength is taken. Since 
2 0ci   by definition,  ,u xC r z  retains the sign of 

u , thereby retaining the structural information about the flow texture.  
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Figure 7.8 illustrates the time averaged correlation uC  for 0e   and 108H mm . The 

correlation is based on a sequence of each of 3000 velocity fields recorded in 30 seconds to 

reduce sampling errors. A reference height 0.2refz H  was chosen following the work of 

Detert (2008).  This correlation, with positive and negative values above and below the 

reference height respectively, indicates the presence of a clockwise vortex dominating the 

flow in line with the observations of Christensen and Adrian (2001) for smooth wall 

turbulence. 

 

 

Figure 7.8: Time averaged cross correlations ( uC ) between each of the 3000 velocity fields 

of u  and 
2

ci  

 

However, the time averaged correlation function, which reveals the dominancy of clockwise 

vortices in the flow, fails to capture the instantaneous flow events that occur with relatively 

low frequency. Such events might play a greater role and thus need to be studied for better 

understanding of the mechanics of sediment entrainment. 
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The Reynolds decomposed velocity field is the traditional method of visualising instantaneous 

flow structure, because vortices typically move at velocities close to the local mean velocity 

(Adrian et. al., 2000). Subtracting the local time averaged velocity from the instantaneous 

flow field reveals the underlying flow structure that is superimposed on the mean flow. 

Entrainment events shown in Figures 7.9 to 7.19 are selected as those that best illustrate the 

range of typical flow structures that are visible over the period leading up to particle 

entrainment and can be considered as representative of the experimental results.  

 

Analysis of the instantaneous velocity field obtained from the PIV measurements showed the 

presence of clockwise and anticlockwise vortices. While the flow was dominated most of the 

time by clockwise vortices, an anticlockwise vortex, though rare and intermittent, typically 

occurred at the time of entrainment. 

 

Figure 7.9 shows a spliced image of 20 images (equivalent to 0.2s of recording at 100Hz) of 

instantaneous velocity vectors. The data apply to 208H mm , 0e mm  and were recorded 

0.2 seconds before entrainment. Contours of swirling strength are superimposed. A sequence 

of hairpin vortices with increasing distance from the wall in the direction of flow can be seen. 

The presence of a group of hair-pin vortices oriented away from the wall at an angle of 26 

degree is similar to observations by Detert (2008) for a rough bed. Since the hairpin vortices 

in the group are moving with the same convection velocity, the heads of the hairpin vortices 

show a rotational motion when they are viewed in the same frame of reference.  
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Figure 7.9: Flow structure 0.2s before entrainment for case 208 , 0H mm e mm  . Vectors are of 

u   and w  

 

The clockwise vortices associated with the hairpin vortices occur in groups and are observed 

to be dominant flow structures. However, they played no role in entrainment of particles as 

observed in the present experiments. 

 

Figure 7.10 shows the flow structure at -0.06s -0.04s, -0.02s and 0s (top to bottom) leading to 

entrainment at time 0t   for the flow configuration mentioned above. The left-hand side, 

centre and right-hand side plots, in Figure 7.10 show the contours of instantaneous fluctuating 

streamwise velocityu ,  stream-normal velocity w and vector plots of u and w , respectively. 
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Figure 7.10: Flow structure at the time of entrainment for case 108 , 0H mm e mm   

 

The evidence of a strong anticlockwise vortex can be seen in the vector plot, marked in red 

circles. The fluctuating streamwise and stream-normal velocities show consistent trends. The 

streamwise velocities are negative above 0.2H and positive below it, while the stream 

normal velocities are negative to the left and positive to the right of the vortex centre. This is 

the signature of an intense sweep ( 4Q , 0, 0u w   ) caused by an anticlockwise vortex. 
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Figures 7.11 to 7.19 show the flow structures at the time of entrainment for different flow 

depth and exposures. Contour and vector plots in these figures show that particle entrainment 

events typically result from sweep flow structures. These sweep structures typically extend 

one to three particle diameters vertically and two to four diameters or more in the streamwise 

direction. Inclined shear layers with a clockwise vortex at the downstream end are often 

visible in the vector plots immediately preceding sweep entrainment events (Figures 7.11 and 

7.17). Shear layers result from the interaction of high and low-speed fluid regions, with 

upstream high speed fluid appearing to pass over the top of downstream low-speed ejection 

flow structures. 

 

For low exposures (0mm and 2.5mm), on some occasions the target particle is seen to be 

partially lifted from their cavities before falling back down to its normal resting position or 

dragged down by the next incoming sweep event. Figure 7.14 shows an event where the target 

particle was partially lifted up at x 250mm (0.3s before entrainment) and remained in 

exposed position before being moved away by a sweep event at x 0mm, indicating that the 

duration of these events is also important. In contrast to Hofland and Booij (2004), where 

ejection events are indicated to provide initial particle uplift before the particle is entrained by 

a sweep, the present spherical particles do not appear to respond to flow ejection events. 
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Figure 7.11: Flow structure at the time of entrainment for case 108 , 2.5H mm e mm   
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Figure 7.12: Flow structure at the time of entrainment for case 108 , 7.5H mm e mm   

 



Chapter 7. Fluid flow structures and their role in sediment entrainment 

  144 
 

 

Figure 7.13: Flow structure at the time of entrainment for case 108 , 10H mm e mm   
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Figure 7.14: Flow structure at the time of entrainment for case 158 , 0H mm e mm   
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Figure 7.15: Flow structure at the time of entrainment for case 158 , 2.5H mm e mm   
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Figure 7.16: Flow structure at the time of entrainment for case 258 , 0H mm e mm   
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Figure 7.17: Flow structure at the time of entrainment for case 258 , 2.5H mm e mm 
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Figure 7.18: Flow structure at the time of entrainment for case 208 , 7.5H mm e mm   
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Figure 7.19: Flow structure at the time of entrainment for case 208 , 10H mm e mm 
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Hofland (2005) proposed the following 2-D normalised correlation function [ ( )uCA  , where 

  is time lag] between the conditionally averaged u  field just before particle entrainment 

and a time series of u  recording at 100Hz. 
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 (7.17) 

 ,CAu x z is the conditionally averaged flow field just before entrainment (fourth plot from top 

in Figure 13), and ...
A
is spatial average over the area A shown in grey in Figure 7.20. A 

similar correlation [ ( )wCA  ] can be deduced for the stream-normal velocity ( w ). The area 

(A) of dimensions 24mm by 24mm was chosen to capture the flow field in the vicinity of the 

particle induced by the sweep event ( 0, 0u w   ) at the time of entrainment.   

 

To investigate the frequency of occurrence of structures responsible for entrainment, such as a 

strong sweep event, Equation (7.17) is applied herein to the conditionally averaged u  field 

just before particle entrainment and to a time series ofu . 

 

Figure 7.20: Window (grey rectangle) for estimation of conditionally averaged correlations 
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The procedure described above yielded the time signals of ( )uCA   and ( )wCA  , as shown in 

Figure 7.21 (left) and (right) respectively. The maximum positive peaks in the correlation, 

highlighted by dark circles, are found by determining the maximum points in a one second 

surrounding window (2 peaks in 5 seconds corresponds to 0.4Hz in this case).  A high value 

of positive correlation indicates the presence of flow structures similar to those at the time of 

entrainment, while a high value of negative correlation indicates the opposite.  

 

 

Figure 7.21: Conditionally averaged correlation of streamwise (left) and stream-normal (right) 

fluctuations 

In the present case, high positive correlation of ( )uCA   and ( )wCA   indicates the presence of 

a sweep event that closely resembles the sweep event recorded just before entrainment. The 

u and wvelocity fields that are highly correlated to those during entrainment, were 

conditionally averaged and the reconstructed field is compared to the flow field at the instance 

of entrainment, as shown in Figure 7.22. As expected, the reconstructed field closely 
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resembles the instantaneous flow field during entrainment, indicating the presence of a strong 

sweep event. 

 

Figure 7.22: Comparison of reconstructed conditionally averaged velocity field with the actual 

field during entrainment 

It is shown previously that large scale sweep events induced by an anticlockwise vortex are 

mainly responsible for entrainment. The resulting hydrodynamic forces (drag and lift), due to 

convection of such a vortex over a bed particle, were analysed by spatial correlation ( DL ) of 

measured drag and lift, for different exposures as shown in Figure 7.23. It is assumed that the 

vortex convects with a velocity cV  (Equation (7.1)) proportional to the mean flow velocity (U

), so that at 0  , the vortex is directly above the particle. 
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As seen in Figure 7.6, the drag on a completely shielded particle due to a vortex directly 

above it is zero, resulting in zero correlation with lift, an observation also supported by Figure 

7.21 for 0e mm . Therefore, such a particle can be entrained only by strong lift. For the 

negative time lag with maximum positive correlation corresponding to the case where the 

anticlockwise vortex has convected past the completed shielded particle, the distribution of 

force as shown in Figure 7.6 results in positive lift and drag force which is possibly due to a 

sweep event. The hydrodynamic lift induced by the vortex is aided by the Bernoulli‟s lift (due 

to streamline contraction) in the case of an anticlockwise vortex. Therefore, the particle gets 

an initial vertical displacement before the drag increases, due to increased exposed area, to 

further dislodge it. 

 

Figure 7.23: Measured correlation of drag and lift for 208H mm  

 

The positive time lag, corresponding to maximum negative correlation, occurs when the 

particle lies downstream of the anticlockwise vortex and experiences a negative drag and a 

positive lift. Hence, the possibility of being entrained is less for a particle lying downstream 

of the vortex.  
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For exposures exceeding the minimum exposure, a positive correlation at 0  indicates that  

both force components have the same sign when the vortex is directly above the particle. 

Although the drag force induced by the vortex is zero, the streamwise velocity creates quasi-

steady drag forces in the direction of flow resulting in positive correlation with lift force.  As 

reported by Hofland (2005) the 4Q
 
event responsible for this observation should result in a 

negative lift force acting on the top of the particle, as well as a positive drag, contrary to the 

observation presented here. The positive lift measured in this case can be explained by Figure 

7.24. As shown in the figure, the angle of incidence of the impinging vertical velocity ( w ) 

vectors for 4Q
 
events, are mostly limited to angles  348

0
 resulting in small magnitudes of 

negative lift being superseded by stronger Bernoulli‟s lift due to streamline contraction. This 

results in a net upward lift force positively correlated with the drag force. 

 

Figure 7.24: Angle of incidence of 4Q  vectors 
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In order to investigate the effect of the duration and magnitude of the dominant hydrodynamic 

force on the particle, the impulse i.e. the product of duration and magnitude was estimated 

from the time history record of force. The duration of the force causing the impulse was 

calculated from consecutive positive fluctuations of force recordings. Three distinct events 

corresponding to positive fluctuations of force can be identified from the dominant drag force 

time history record, which is plotted in Figure7.25 for e 10mm and H  208mm; (1) event 

of maximum duration (Left) of magnitude 0.015N lasting for 0.35s (Impulse = 0.00555 Ns), 

(2) event of maximum force (Right) of magnitude 0.025N of duration 0.27s (Impulse = 

0.00675 Ns) and (3) event of maximum impulse which coincided with the event (2) in this 

study. 

  

While the event of maximum impulse is considered to be important for sediment entrainment 

(Diplas et al, 2008), the events of maximum duration in this study are seen to occur at some 

other instant with a magnitude of force 40% lower than that of the event of maximum 

impulse. Therefore, an optimum combination of drag and duration, and not necessarily their 

individual maximum, is necessary to produce the impulse required for sediment entrainment 

at higher exposures. The plots of time history records of u and w  in Figure 7.25 show that 

the three events mentioned above are caused by the presence of a strong sweep event (
4Q ). 

 

Figure 7.26 shows similar events for e 0mm and H  208mm using the dominant lift force 

time history instead of that for drag. Events (2) and (3) occurred at the same instant signifying 

the importance of higher lift force for generating the necessary impulse required for sediment 

entrainment at lower exposures. The magnitude of lift force for event (2) is almost double 

(0.035N against 0.015N) that for event (1) and just equal to the submerged weight of the 

target sphere used in the study. The duration of occurrence of event (2) is similar to that for 
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event (1), implying that a completely shielded particle can be entrained only by a lift force of 

magnitude greater than its submerged weight and of sufficient duration to be swept away by 

the sweep event. High magnitude lift force of short duration can cause partial lifting up of the 

completely shielded sphere before it falls back down to its position of rest, as observed 

frequently in this study.  

 

Figure 7.25: Event of maximum duration, u , w  (left), maximum force and impulse, u , w  

(right) in the drag force time history record for e 10mm and H  208mm 

The presence of a strong sweep event ( 4Q ) is evident (Figures 7.25 and 7.26) in both cases of 

exposed and shielded particles, reinforcing the observation that sweep events are primarily 

responsible for the drag and lift forces required for entrainment.  

 

In order to investigate the roles of coherent flow structures in generating hydrodynamic 

forces, probabilistic analysis of drag for e 10mm and lift force for e 0mm was carried out. 
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The force time histories were subjected to quadrant analysis based on the sign of u and w  

fluctuations. 

 

Figure 7.26: Event of maximum duration, u , w  (left), maximum force and impulse, u , w  

(right) in the lift force time history record for e 0mm and H  208mm 

Probability distribution function (pdf) plots of the sorted force time history data are shown in 

Figure 7.27, both in normal and logarithmic scale (to visualize the probability of extreme 

forces). The extreme forces responsible for entrainment mainly correspond to the occurrence 

of 
4Q events due to their higher probability of occurrence as seen in the log plots (Figure 

7.27b and d) for both exposures. This complements the observation made regarding the 

predominance of sweep events responsible for entrainment. As seen in Figure 7.27a and c, the 

pdf of the forces corresponding to the 4Q  events are skewed positively, implying that the 

mean forces corresponding to the 4Q  events are higher than for the other events besides the 

extreme values. This indirectly implies that 4Q  events have a higher probability of generating 

the impulse required for entrainment through an optimum combination of force and duration. 
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The pdfs of the hydrodynamic forces (drag and lift) corresponding to 2Q  events are 

negatively skewed and show a higher probability of occurrence of forces of magnitude less 

than the mean. The mean and extreme values of forces corresponding to events 1Q and 3Q
 

have lower probability of occurrence and hence are of little importance in sediment 

entrainment.  

 

Figure 7.27: Pdf of drag force (a) in normal scale, (b) log scale for e 10mm and lift force (c) 

in normal scale, (d) log scale for e 0mm based on quadrant analysis ( H  208mm) 
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7.3 Summary and conclusions 

The role of coherent structures in sediment entrainment was investigated using theoretical and 

experimental approaches. The influence of vortices on sediment entrainment was studied in 

detail using a model vortex. It was found in particular that the streamwise position of the 

particle with respect to an advecting vortex is important in terms of creating the forces on its 

surface responsible for entrainment. At a given distance from the wall, the width of the 

pressure dip due to the vortex, as well as the magnitude of negative pressure, is larger for a 

stronger vortex. For a given strength, a vortex nearer to the wall produces a narrower pressure 

dip but a higher magnitude of negative pressure at the wall. 

 

Experimental investigations using PIV revealed the predominance of clockwise eddies 

associated with hairpin vortices. However, anticlockwise eddies induced by large scale sweep 

events were found to be responsible for entrainment. Conditionally averaged velocity fields 

during entrainment provide strong evidence of sweeps induced by anticlockwise vortices with 

a periodicity of 0.4Hz. The flow field during entrainment was found to be significantly 

different from the normal flow field, marked by negatively correlated streamwise and stream-

normal velocity fluctuations, indicative of sweep ( 4Q ) events. 

 

For a completely shielded particle, the forces induced by an anticlockwise vortex are found to 

be the dominant entrainment mechanism. The particle is more susceptible to entrain by 

hydrodynamic lift (vortex and Bernoulli‟s) induced by an advecting anticlockwise vortex 

directly above it. For particles at higher exposure, the quasi-steady drag is found to be the 

primary entrainment mechanism aided by Bernoulli‟s lift. The angles of incidence of vectors 
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during 4Q events were mostly limited to angles  348
0
 resulting in smaller magnitudes of 

negative lift as compared to the Bernoulli‟s lift. 

 

Sweep events are found to be responsible for entrainment of both shielded and exposed 

particles with lift and drag force being the dominant mechanism respectively.  

 

Impulse is found to be an important factor in initiating sediment entrainment such that an 

optimum combination of force and duration is required to produce the threshold impulse. It is 

found in particular, that for e 0mm and e 10mm, the event of maximum impulse coincided 

with the event of maximum positive fluctuating force. The event of maximum duration of 

positive force fluctuations is found to occur at a different instant of time. Short duration lift 

forces of magnitude exceeding the submerged weight of the completely shielded particle are 

thought to be responsible for partial uplift and resettlement of the particle in its cavity.  

 

Quadrant analysis and pdf plots of the dominant hydrodynamic force reveal the higher 

probability of occurrence of high magnitude force induced by sweep ( 4Q ) events. Ejection (

2Q ) events are found to be mainly responsible for extreme forces below the mean. The mean 

and extreme values of forces corresponding to outward interaction ( 1Q ) events and inward 

interaction ( 3Q ) are found to have a lower probability of occurrence and hence are of little 

importance in sediment entrainment. 
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CHAPTER 8. ROLE OF TURBULENCE 

AND EXPOSURE IN ENTRAINMENT: 

IMPLICATIONS FOR MODELLING 

In the previous chapters it is seen that entrainment of sediment is associated with the 

occurrence of a strong sweep event induced by an anticlockwise vortex structure. The 

occurrence of large scale sweep events induces specific changes in the flow field such as 

increased streamwise and downward directed vertical velocity, which results in entrainment 

of sediment.  It is observed that the destabilising hydrodynamic forces are associated with 

sweep flow structures occurring close to the bed. In addition to the mean velocity, turbulence 

velocity fluctuations are a significant component of the flow field near the bed, making 

predictions of near-bed velocity ( bu ) difficult. The objective of this chapter is to better 

understand the role of turbulence, in order to develop improved estimation of near bed 

velocity, thereby allowing better predictions of the flow conditions leading to entrainment of 

sediment particles. Further, the model study is extended to prototype flows by using similarity 

laws. 
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8.1 Introduction 

Development of a criterion that accurately determines the onset of sediment movement in 

streams has been one of the major issues in fluvial hydraulics. In spite of extensive research 

on this topic, the precise determination of such a criterion remains elusive. One of the main 

obstacles in developing a precise criterion is the fluctuating nature of turbulent flow, 

especially in the vicinity of a rough boundary. Though many researchers have advocated its 

importance in particle dislodgement, especially in flow conditions near the threshold of 

motion, no approach has been able to account for turbulence effects in a satisfactory way.  

 

The occurrence of sweep flow structures is probabilistic, but entrainment of a sediment 

particle, when these flow structures occur, is deterministic. Analysis of flow structures in 

Chapter 7 showed that sweep flow structures are primarily responsible for sediment 

entrainment (Figures 7.10-7.19). Therefore, it is proposed that the instantaneous velocity 

induced by a large scale sweep event (see Figure 8.1, for example) can be used to quantify the 

conditions, e.g. the hydro-dynamic forces on the sediment, at the time of entrainment.  

 

Most design approaches for predicting entrainment conditions are based on the stability 

criteria by Shields (1936) or Isbash (1932). The main difference between the two stability 

parameters is that Isbash used a near-bed velocity, though he did not mention the exact 

position of velocity measurement, while Shields used the shear velocity as the parameter 

representing the flow. Some later approaches used depth averaged velocity (U ) to quantify 

the flow. The various Shields based stability parameters differ in the numerator of the Shields 

parameter. 
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Figure 8.1: Streamwise velocity distribution featuring a large-scale sweep and anticlockwise 

vortex 

Shear stress is given by 
2

*o u   while the drag force due to shear is proportional to

 2

*ReoD f , where *Re  is Reynolds number based on the shear velocity, * bu gHS , H is 

uniform flow depth, 
bS  is channel bed slope, and g is acceleration due to gravity. The bed 

strength due to the weight of the sediment is proportional to
3( )s gD  , where s  is 

sediment density, and   is fluid density. These two forces are equal at entrainment leading to 

2

* *(Re )u gD f  . The ratio 
2

*u gD  is known as the Shields parameter , where

 1s    , D  is sediment diameter, and   is kinematic viscosity of the fluid under 

consideration (water in this case). 

 

The parameter which determines the magnitude of the drag force on a sphere is the Reynolds 

number, Re uD   where u is a characteristic fluid velocity. At higher Reynolds numbers (
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3Re 10 ), the skin drag becomes negligible and the drag force is given by

1 2 | |D DF C u u A , where DC  is the drag coefficient and A  is the area exposed to the flow.  

Accordingly, the hydro-dynamic force responsible for entraining a bed particle ( DF ) can be 

defined as being proportional to
2 2

bu D , where bu is the near bed velocity. 

8.2 Measured velocity profiles just before entrainment 

Figure 8.2 shows the instantaneous velocity profiles averaged over 5 repeat runs for the case 

0e mm  and 208H mm for the period of 0.2s leading to sediment entrainment. Similar sets 

of data were recorded for all 60 experiments and twelve velocity profiles were obtained for 

three flow depths and four particle exposures. The plot shows that the characteristics of the 

flow field at the instant of entrainment are significantly different than those of the flow field 

during the time leading to entrainment.  This is apparent from a comparison of frame 2 

(recorded 0.2 seconds before entrainment) and frame 20 (recorded at the instant of 

entrainment). These specific flow characteristics are used to develop a model of the near-bed 

velocity at the instant of entrainment. 

 

In Figure 8.2, entrainment occurred at frame number 20, i.e. the lower right frame in the 

figure. The velocity distributions ( ,u u and w ) for alternate frames are plotted. These 

velocities were spatially averaged over a distance of 0.5D  to 1.5D upstream from the top of 

the target particle to get the instantaneous spatially averaged velocity at the time of 

entrainment. Figure 8.2 shows a considerable increase in streamwise velocity (u ), streamwise 

velocity fluctuations ( u ) and negative vertical velocity fluctuations ( w ) close to the bed at 

the time of entrainment with a vertical extent of about 0.15D to 0.2D  ( 6-8mm) from the 
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Figure 8.2: Time series ofu , u  and wvelocity distribution leading up to entrainment for 208 , 0H mm e mm   
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top of the exposed bed particle (target particle). This is a feature of a large scale sweep event 

occurring close to the bed and can be used to estimate the threshold velocity.  

 

Fluctuations in the velocity that are capable of causing entrainment are rare and intermittent, 

and have little effect on the temporal-mean velocity and time-averaged turbulence intensity. 

However, the instantaneous velocity and the fluctuations in velocity near the bed are 

increased at the time of entrainment as can be seen in Figure 8.2.  

 

Figure 8.3 is a comparison between the vertical distribution of the double-averaged 

streamwise velocity and that of the streamwise velocity distribution during entrainment 
cu , 

termed the instantaneous critical velocity distribution herein. It can be seen from Figure 8.3 

that at the time of entrainment, cu is much higher than u . The origin ( 0z  ) in the figure is 

the top of the target particle. The theoretical bed level, exposure and the velocity measuring 

location used in the study are shown in Figure 3.8. 

 

As already noted, the peak velocity is observed in the zone 0.15D to 0.2D from the top of the 

bed particles for all exposures. Xingkui and Fontijn (1993) found the maximum correlation 

between the instantaneous velocities and drag force at this height. The drag coefficient 

calculated using the velocity at this height was also reported to be constant (Hofland, 2005). 

Sensitivity analysis of the velocity measuring location above the target particle was carried 

out by estimating the correlation coefficient (Chapter 5), at a time lag ( ) of 1D u , between 

drag force and velocity at that location. The correlation coefficient is found to be maximum at 

0.15 D  above the top of the target particle (see Figure 5.1). The entrainment velocity in this 

study is thus measured at 0.15D  from the top of the target particle and spatially averaged 
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over a distance of 0.5D  to 1.5D upstream of the particle for all exposures so as to capture the 

representative velocity at the time of entrainment.  

The location (
cz ) in the stream-normal direction as shown in Figure 5.1 is defined as 

  

 0.15 0.2 0.35cz D D e D e      (8.1) 

8.3 Developing a new Shields type entrainment parameter 

In this section, a Shields type entrainment parameter is developed, which incorporates the 

influence of turbulence.  The new parameter is based on analysis of the experimental data. 

The velocity at  from the top of the particle, entu , is chosen as the “threshold velocity”, for a 

given particle exposure as shown in Figure 8.3. If entu is assumed to be proportional to the 

shear velocity, i.e. 
2 2

*o entu u    , then a new Shields type parameter can be defined as 

  

 

2

ent
mS

u

gD
 


 (8.2) 

 The measured values of entu  for four exposures and three flow depths are shown in Table 8.1.  

 

Table 8.1: Measured values of  entu for different flow configurations 

 

 

 

e 

(mm) 

H 

 (mm) 

uent 

(m/s 

e 

(mm) 

H 

 (mm) 

uent 

(m/s) 

e 

(mm) 

H 

 (mm) 

uent 

(m/s) 

 
 

0 

108 

0.825 0 

158 

0.867 0 

208 

0.909   

2.5 0.742 2.5 0.778 2.5 0.810   

7.5 0.542 7.5 0.571 7.5 0.610   

10 0.531 10 0.560 10 0.586   
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Figure 8.3: Comparison between the mean velocity distribution (log law) and measured 

instantaneous velocity distribution during entrainment 

It is evident from the Table 8.1 that entu  decreases with increase in particle exposure. This is a 

consequence of the increased drag force.  

 

For estimating mS  in Equation (8.2), accurate predictions of entu are necessary. As shown in 

Figure 8.3, at the time of entrainment there is a substantial increase in the streamwise velocity 

because of high velocity fluid from the outer region being transported near the bed by an 

intense sweep event. To account for this increase, entu is assumed to have the form   

 
c

ent u z z
u u 


   (8.3) 

where u and 
u are the double-averaged (mean) and RMS streamwise velocity at 

cz z , 

respectively and  is the turbulence magnification factor.  
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The vertical distribution of mean velocity for a rough bed flow is given by   

 
*

1
ln

o

u z

u z

 
  

 
 (8.4) 

where 
oz is the vertical height at which the streamwise velocity is zero, calculated by fitting a 

logarithmic profile to the measured data, 1.28oz mm  , 1.30mm and 0.78mm for 208 ,H mm

158mm  and108mm , respectively, and   is the Von Karman constant. The standard deviation 

(RMS) of the streamwise velocity ( u ) is approximated by the following equation given by 

Nezu and Nakagawa (1993)   

 
*

2.3e z Hu

u

   (8.5) 

Substituting Equations (8.4) and (8.5) in Equation (8.3) leads to a simple expression to 

estimate the critical velocity distribution   

 *
*

0

ln 2.3

c

z H

ent

z z

u z
u u e

z








  
   

  
 (8.6) 

As seen in Section 4.1.4, the application of Equation (8.5) is limited by its validity in the outer 

flow region (Nezu, 1977). Hence, use of this expression might lead to incorrect predictions of 

threshold velocity near the bed. An improved expression (Equation (8.7)) based on uniformly 

valid functional forms of the distribution of turbulence intensity proposed by Mendoza and 

Zhou (2001), is used herein to calculate the turbulence intensity for improved predictions of 

entu
 
(see Section 4.1.4).  

 
2 2

1 2 2 1 2

* * *

1
z z

b b
u H H

u u
e a e e n e n

u u u

      
       

    
 (8.7)

Table 8.2 shows the measured values of  
entu  and calculated values of 

cz
u ,  

c
u z

 and   
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from Equations (8.4), (8.7) and (8.3) respectively, for the different flow configurations tested 

in the flume.  

 

Table 8.2: Measured values of  entu  and calculated values of 
cz

u ,  
c

u z
 and  for different 

flow configurations 

e  H  entu  
cz  

cz
u   

c
u z

    

( )mm  ( )mm  ( / )m s  ( )mm  ( / )m s  ( / )m s  ( )  

0 

108 

0.825 14 0.426 0.114 3.500 

2.5 0.742 16.5 0.455 0.113 2.540 

7.5 0.542 21.5 0.502 0.106 0.377 

10 0.531 24.5 0.525 0.102 0.059 

0 
 

0.867 14 0.451 0.121 3.438 

2.5 158 0.778 16.5 0.482 0.123 2.463 

7.5 
 

0.571 21.5 0.533 0.110 0.364 

10 
 

0.563 24.5 0.557 0.109 0.069 

0 

208 

0.909 14 0.473 0.126 3.435 

2.5 0.810 16.5 0.505 0.125 2.460 

7.5 0.610 21.5 0.557 0.121 0.341 

10 0.586 24.5 0.583 0.118 0.057 

 

In Table 8.2 (column 5), the mean velocity for a given roughness and slope of the channel is 

higher for flow with greater relative submergence due to higher shear velocity. The value of 

 (column 8 in Table 8.2), which weights the relative contribution of turbulence, decreases 

rapidly by as much as 80 to 90% with increase in exposure.  A possible explanation for this 

observation is provided next. 

 

For a given flow depth and particle size, the net moment required to entrain a particle of a 

given size and specific gravity is equal to the resisting moment offered by the particle. 

However, the contribution to the net force (due to mean and fluctuating velocity) and moment 

arm depend greatly on the relative position of the particle above the bed. 
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Consider particles 1 and 2 in Figure 8.4, of the same size and density, lying above the bed 

with exposures 
1e  and 

2e  (
1e >

2e ). Particle 1 due to its higher relative position has exposed 

area (
1A ) greater than that of particle 2 (

2A ). At entrainment, the overturning moment is equal 

to the resisting moment, giving 

 

 

 

Figure 8.4: Particles at different exposures above the bed 

 

  

 
D sF Lz W Lx  (8.8) 

where 
DF  is drag force, 

sW is submerged weight of the particle, and Lz  and Lx  are the 

moment arms as shown in Figure 8.4. Since the submerged weight of the particle remains 

constant  

 
1 2

1 2

1 2

D D

Lz Lz
F F

Lx Lx
  (8.9) 

The drag force 
DF  is assumed to depend on the entrainment velocity, i.e.   

 
2

D entF Au  (8.10) 

 Assuming constant coefficient of drag, substituting Equation (8.10) in Equation (8.9) gives 
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1 2

2 21 2
1 2

1 2

ent ent

Lz Lz
Au A u

Lx Lx
  (8.11) 

 where 
1entu and 

2entu  are the  velocities causing entrainment of particles 1 and 2, respectively.  

Decomposing 
1entu  and 

2entu into their mean (
1entu 

2entu ) and turbulent (
1

1 entu and 
2

2 entu  ) 

quantities in Equation (8.11), and time averaging gives  

    1 21 2

2 2 2 21 2
1 1 2 2

1 2
ent entent u ent u

Lz Lz
A u A u

Lx Lx
       (8.12) 

 where 
1 and 

2  are the turbulence magnification factors for particles 1 and 2 respectively.  

 

The quantity Lz Lx increases with increase in exposure so that the force required to overturn 

and displace a particle is less for a particle with higher exposure. For a 40mm diameter 

spherical particle in an hexagonal packing arrangement with exposure 10mm and 2.5 mm, the 

ratios 
1 1Lz Lx and 

1 1Lz Lx are 0.988 and 0.942, respectively. Particle 1 has higher exposure, 

i.e. 
1 2A A  and is subjected to a higher mean flow velocity, i.e. 

1 2ent entu u . Therefore  

 
2 2

1 1 2 2u u     (8.13) 

However, the variation of RMS stream wise velocity fluctuations in the boundary layer close 

to the bed is nearly constant, as shown in Table 8.2. Therefore, Equation (8.13) reduces to   

 
1 2   (8.14) 

Equation (8.14) shows that as the exposure of the particle increases the contribution to 

sediment entrainment of turbulence, relative to that of the mean flow, decreases rapidly. The 

dependence of   on exposure, obtained using nonlinear regression analysis, is   

 max 16.5 3.5 ,0
e

D


  
      

 (8.15) 
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Equation (8.15) is the best fit to the measured data for the range of relative submergence 

studied. At higher exposures such that 0  , the equation indicates that the particle can be 

entrained by the mean flow itself without any role of turbulence. For this study, entrainment 

by the mean flow alone could occur at 10e mm .  

 

The final form of the modified Shields parameter, which accounts for the effect of near-bed 

turbulence, is thus obtained by substituting u , u and   in Equation (8.3) to calculate entu  

and then substituting the value obtained in Equation (8.2), as follows   

 

2
2

c
u zent

mS

uu

gD gD





 
 

 (8.16) 

The new Shields parameter, Equation (8.16), is considered to be more appropriate in defining 

the sediment transport threshold since it closely represents the effects of near-bed turbulence 

and particle exposure. It is to be noted that Equation (8.16) is simple to use since it uses a 

single point measurement of mean and turbulence quantities for estimating the “threshold 

velocity”. It is also noted that the new relationship is based on a few data; additional data are 

needed to verify it. 

The results from applying Equation (8.16) for different exposure and flow depth are given in 

Table 8.3. Also shown in Table 8.3 are the critical Shields parameter values, calculated using 

their respective critical shear velocities. 

Table 8.3: Estimated modified Shields parameters for different exposures and flow depths 

 
208H mm  158H mm  108H mm  

e  mS    mS    mS     

( )mm

 

( )  ( )  ( )  ( )  ( )     ( )  

0 17 0.14 16 0.13 15    0.11 

2.5 14 0.14 13 0.13 12   0.11 

7.5 8 0.14 7 0.13 6   0.11 

10 7 0.14 6 0.13 3    0.11 
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It is apparent from the table that the 
mS values are much higher than the corresponding   

values. 

8.4 Applicability of the study 

The field applicability of the study is guided by the similarity laws relevant to sediment 

entrainment in rough bed uniform flows such as similarity of Shields parameter 

2

* ( 1)su S gD   , which is of the same form as Froude number and the grain-size Reynolds 

number
* *R u D  , geometric similarity, which includes similarity of relative roughness 

0sk z (where 
sk is the sand-grain roughness and 

0z  is the roughness length) and relative 

exposure e D . The co-similarity of Reynolds and Froude number of a flow is possible only if 

the length scales are equal, meaning that similarity for both viscous and gravity effects can be 

maintained only at full scale. Since this study deals with turbulent flow, Froude number 

similarity is appropriate.  

 

Considering Shields parameter similarity between the model and prototype (hereafter referred 

to using subscripts „m‟ and „p‟ respectively)  

 

2

*

*

( 1)

( 1)

m s m m

p s p p

u S D

u S D

 
   

 (8.17) 

For a bed material of specific gravity 2.65 in the prototype and model bed material of specific 

gravity 1.12, Equation 8.17 reduces to  

 

2

*

*

1

13.75

m m

p p

u D

u D

 
 

 
 (8.18) 

  



Chapter 8. Role of turbulence and particle exposure on sediment entrainment 

  176 
 

For gravity driven uniform open channel flow, the shear velocity can be expressed in terms of 

bed slope and flow depth as   

 * bu gHS  (8.19) 

Thus the ratio of the shear velocities of the model and prototype flow can be written as  

 
2

*

2

*

m m bm

p p bp

u H S

u H S
  (8.20) 

Combining Equations (8.18) and (8.20), the relationship between non-dimensional quantity 

b

H
S

D
 for the model and is  

 13.75
p m

bp bm

p m

H H
S S

D D
  (8.21) 

Since the critical shear stress ( *u ) at entrainment condition varies with exposure both in 

model and prototype scale, the non-dimensional quantity 
b

H
S

D
 varies accordingly.  Figure 8.5 

shows the variation of 
p

bp

p

H
S

D
 with p pe D in prototype flows (experimental results scaled 

according to Equation 8.21) along with the regressed empirical relation between them.  

1
0.25

2

p

bp p p

p

H
S e D

D
                                                                                                (8.22) 



Mechanics of sediment entrainment 

 177 

 

Figure 8.5. Variation of 
b

H
S

D
 with p pe D in prototype flows obtained from experiments 

along with regressed equation 

 

The smallest particle size (
minpD ) to which this study can be extrapolated based on the 

condition that the grain Reynolds number is greater than 70 for a rough bed flow, is  

 
min

*

70
p

p

D
u


  (8.23) 

Using (8.19) and (8.21) in place of * pu  and pD  respectively, (8.23) reduces to  

 
min

2 3
22.32

p

p

bp

p

D
H

S
D

 
  
 
 
 

 (8.24) 

It can be noted that the value of 
minpD increases with increase in exposure for a given bed slope 

and flow depth as evident from Equations 8.22 and 8.24 such that the study can be held 

applicable to bigger size particles at increased exposures. 

For similarity of relative exposure in the model and prototype, the prototype exposure is given 

by            
p

p m

m

D
e e

D
  (8.25) 
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For exposures 0, 2.5,7.5 and 10mm and 
mD =40mm as tested in the model, the corresponding 

values in the prototype are 0, 0.0625 pD , 0.1875 pD , and 0.25 pD  respectively. Applying 

Equation (8.1), the values of 
cz  for prototype are 0.35 pD , 0.4125 pD , 0.5375 pD , and 0.6 pD  

respectively. As an example, Table 8.4 shows the calculated values of
cz for the model and 

prototype bed material size of 16.7mm. 

 

Table 8.4: Estimated values of e  and 
cz for model and prototype 

Model Prototype   

( )me mm  ( )
mcz mm  ( )pe mm  ( )

pcz mm    

0 14 0 5.85   

2.5 16.5 1.02 6.87   

7.5 21.5 3.07 8.91   

10 24.5 4.10 9.95   

 

For flow over a rough bed, it can be shown (Blocken et al., 2006) that  

 
030.2sk z  (8.26) 

Assuming 
0 0sk z D z  and applying similarity of relative roughness between the model and 

the prototype 

 0

0
p

m
p

m

D
z D

z
  (8.27) 

The mean and RMS velocities for the prototype for different exposures can be calculated by 

substituting the relevant values in Equations (8.4) and (8.7). The profiles of mean velocity ( u

) and 
u  for the prototype and model are plotted in Figure 8.6.  
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Figure 8.6: Mean and RMS velocity distributions for model (m) and prototype (p) flow. 

 

Table 8.5 shows the predicted values of the threshold velocity and the modified Shields type 

parameter  for the prototype flow.  

Table 8.5: Estimated values of entrainment velocity and Shields type parameter for the 

prototype flow 

( )

pe

mm
 

( )

pH

mm
 

( )

pcz

mm
 

( / )

pu

m s
 

( / )

c
u z

m s


 

.8.15

( )

Eq


 

( / )

pentu

m s
 

( )

mS


   

0 

1194.05 

5.85 1.13 0.31 3.467 2.20 18.8   

1.02 6.87 1.21 0.32 2.510 2.01 15.0   

3.07 8.91 1.33 0.36 0.366 1.46 8.3   

4.10 9.95 1.38 0.38 0.060 1.40 7.6   
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It can be seen that the mean, RMS and entrainment velocities are much higher than the 

corresponding values for the model flow due to higher relative submergence. However, the 

modified Shields type parameter remains fairly constant for a given exposure, implying it can 

be used to predict the entrainment velocities for field applications for a given exposure by 

satisfying Equation (8.21).  

 

The influence of grain size Reynolds number on modified Shields parameter is investigated 

further by writing grain Reynolds number as 

 
* 3/2

*

p p p bp

p p

p

u D H Sg
R D

D 
   (8.22) 

Figure (8.7) shows the plot of modified Shields Parameter for prototype particle sizes ranging 

from 1.3mm to 100mm diameter with grain Reynolds number. The modified Shields 

parameter has been calculated using a procedure similar to that shown above for a 16.7mm 

particle. It can be seen that the modified Shield parameter remains constant with Reynolds 

number and varies only with exposure. 
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Figure 8.7: Variation of modified Shields parameter with grain Reynolds number and 

exposure 

8.5 Summary and conclusions 

Laboratory experiments of sediment entrainment were carried out using a flume for different 

flow configurations. PIV was used to measure the flow velocity. Measurements revealed that 

the flow profile at the instant of entrainment is significantly different from the mean flow 

profile, featuring an increase in velocity. It is concluded that the increase in velocity is due to 

the occurrence of a large scale sweep event or anticlockwise vortex (high negatively 

correlated streamwise and stream-normal velocity fluctuations).  

 



Chapter 8. Role of turbulence and particle exposure on sediment entrainment 

  182 
 

The role of turbulence for a given flow depth is found to decrease with increasing exposure of 

the particle. A non-linear turbulence magnification factor is developed using regression 

analysis to account for the role of turbulence in particle entrainment. The effect of particle 

exposure is included. 

 

An expression for the “threshold velocity” based on the mean and the fluctuating velocities at 

a particular elevation (
cz ) above the bed is developed for estimation of a Shields type 

parameter. The new Shields type parameter is found to vary from 18 to 7 with increase in 

exposure of the particle.  

 

The utility of the model in field applications is shown for a prototype flow based on similarity 

laws. It is found that the mean and RMS, and hence the threshold velocity, are higher in the 

prototype flow due to a higher relative submergence. The proposed Shields type parameter is 

found to be dependent on exposure of the particle and considered to be more appropriate in 

defining sediment transport threshold, since it closely represents the effect of near-bed 

turbulence and exposure. 
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CHAPTER 9. SUMMARY AND 

RECOMMENDATIONS 

9.1 Summary 

This thesis aims to improve the fundamental understanding of the mechanics of sediment 

entrainment. The threshold of motion of bed sediment particles in open channel flows is not 

completely understood, with analysis typically limited to empirical approximations that do not 

fully account for the physical processes involved. Sediment motion is inherently linked to 

flow variability associated with near-bed turbulence. Near-bed flow turbulence is not random 

but features quasi-periodic coherent motions of low-speed fluid being ejected away from the 

bed and high-speed fluid moving towards the bed to replace it. The link between this bursting 

cycle of turbulence and the initiation of movement of bed sediment particles is integral to a 

complete understanding of the physics of particle entrainment. Yet, the link remains poorly 

understood. 

 

The present experimental study aimed to improve the understanding of sediment transport 

mechanics, particularly the link between particle entrainment and the velocity causing 
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entrainment, hydrodynamic forces, and turbulent flow structure. Experiments involved high-

frequency particle image velocimetry (PIV) measurements synchronized with hydrodynamic 

force measurement and the entrainment of spherical particles. 

 

 A spectral model of drag force based on quasi-steady theory is developed. Velocity 

measurements are performed at 0.15D above and 1D upstream of the top of the target sphere. 

Instantaneous drag force FD (t) is inferred from this velocity measurement based upon a 

quasi-steady theory. With the assumption that the turbulence behaves as a random Gaussian 

signal, a relatively simple derivation of the drag force spectrum from velocity statistics is 

proposed. The model is applied to experiments with different exposures of the target sphere.  

 

The performance of the model depends greatly on the choice of appropriate values of CD and 

A which are difficult to estimate individually for complex flow situations. Their product was 

found to be a more useful quantity. The quantity DC A
 
increases with increase in particle 

exposure. Velocity squared fluctuations exhibit greater sensitivity to change in exposure than 

the measured force, i.e. velocity square fluctuations decrease at a higher rate than the decrease 

in fluctuating drag force. Hence the quantity DC A  which compensates for this effect increases 

with increase in exposure of the particle.  

 

A good agreement between the proposed model and the measured force spectrum is found for 

frequencies lower than 1Hz for exposures larger than 2.5 mm. The non-linear term of the 

theory contributes 10% to the total spectrum in the range 1 - 10 Hz, but this is not sufficient to 

explain the shape of the drag force spectrum in this range. This discrepancy is believed to be 

due to vortex shedding by the target sphere, a process that was accounted for by using a 

specific admittance function. 
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Hydrodynamic lift force was measured on a spherical sediment particle at different exposures. 

The functional form of the theoretical pdf of lift, similar to that of drag, is inadequate. An 

improved expression for pdf of lift force based on the normal error law is provided which 

matches the measured data up to 3
LF for all exposures. The skewness of the measured lift 

force is found to increase with increase in exposure indicating that the quasi-steady lift force 

starts to act with increase in exposure yielding a skewed distribution.  

 

The spectral density function of lift force as a function of streamwise and stream-normal 

velocity is developed and validated using the measured lift force data. The ratio of 
L DC A C A  

is found to increase with increase in exposure and the fluctuating Bernoulli‟s lift is found to 

play a dominant role in generating high lift on bed sediment particles.  

 

A poor correlation is observed between lift force and streamwise velocity at lower exposures, 

such that the predicted lift force and measured spectra did not match. However, the low 

correlations imply that high frequency lift force fluctuations, both positive and negative, can 

occur during times of low frequency increased streamwise velocity generating fluctuating lift 

force of magnitudes that can initiate sediment motion. Predominance of fluctuating 

Bernoulli‟s lift, over lift due to stream-normal velocity fluctuations, is observed at all particle 

exposures. 

 

The role of coherent structures in sediment entrainment was investigated using theoretical and 

experimental approaches. The influence of vortices on sediment entrainment was studied in 

detail using a model vortex. It was found in particular that the streamwise position of the 

particle with respect to an advecting vortex is important in terms of creating the forces on its 

surface responsible for entrainment. At a given distance from the wall, the width of the 
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pressure dip due to the vortex, as well as the magnitude of negative pressure, is larger for a 

stronger vortex. For a given strength, a vortex nearer to the wall produces a narrower pressure 

dip but a higher magnitude of negative pressure at the wall. 

 

Experimental investigations using PIV revealed the predominance of clockwise eddies 

associated with hairpin vortices. However, anticlockwise eddies induced by large scale sweep 

events were found to be mainly responsible for entrainment. Conditionally averaged velocity 

fields during entrainment provide strong evidence of sweeps induced by anticlockwise 

vortices with a periodicity of 0.4Hz. The flow field during entrainment was found to be 

significantly different from the normal flow field, marked by negatively correlated streamwise 

and stream-normal velocity fluctuations, indicative of sweep ( 4Q ) events. 

 

For a completely shielded particle, the forces induced by an anticlockwise vortex are found to 

be the dominant entrainment mechanism. The particle is more susceptible to entrainment by 

hydrodynamic lift (vortex and Bernoulli‟s) induced by an advecting anticlockwise vortex 

directly above it. For particles at higher exposure, the quasi-steady drag is found to be the 

primary entrainment mechanism aided by Bernoulli‟s lift. During sweep events the magnitude 

of negative lift due to downward vertical velocity is much less than that of Bernoulli‟s lift due 

to high streamwise velocity. Sweep events were found to be responsible for entrainment of 

both shielded and exposed particles with lift and drag force being the dominant mechanism 

respectively.  

 

Impulse is found to be an important factor in initiating sediment entrainment such that an 

optimum combination of force and duration is required to produce the threshold impulse. 

Short duration lift forces of magnitude exceeding the submerged weight of the completely 
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shielded particle are thought to be responsible for partial uplift and resettlement of the particle 

in its cavity.  

 

Quadrant analysis and pdf plots of the dominant hydrodynamic force reveal the higher 

probability of occurrence of high magnitude force induced by sweep (
4Q ) events. Ejection (

2Q ) events are found to be mainly responsible for extreme forces below the mean. The mean 

and extreme values of forces corresponding to outward interaction (
1Q ) events and inward 

interaction (
3Q ) events are found to have a lower probability of occurrence and hence are of 

little importance in sediment entrainment. 

 

PIV measurements of the velocity flow field for entrainment events revealed that the flow 

profile at the instant of entrainment is significantly different from the mean flow profile, 

featuring an increase in velocity. This increase in velocity is due to the occurrence of a large 

scale sweep event.  To account for this increase in velocity, the entrainment velocity is 

assumed to be composed of a mean part and a turbulence part. A non-linear turbulence 

magnification factor is developed using regression analysis to account for the role of 

turbulence and exposure in particle entrainment. The role of turbulence for a given flow depth 

is found to decrease with increasing exposure of the particle. 

 

An expression for the “threshold velocity” based on the mean and the fluctuating velocities at 

a particular elevation (
cz ) above the bed is developed for estimation of a Shields type 

parameter. The new Shields type parameter is found to vary from 18 to 7 with increase in 

exposure of the particle. The proposed Shields type parameter is found to be dependent on 

exposure of the particle and considered to be more appropriate in defining the sediment 
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transport threshold, since it closely represents the effect of near-bed turbulence and exposure. 

Additional data are needed to further verify the new function. 

 

The study is extended for field applications by the use of similarity laws relevant to sediment 

entrainment, rendering the findings relevant to a large number of prototype flow 

configurations for a range of particle size based on flow depth and slope. However, the 

smallest particle size to which this study can be extrapolated is limited by the condition that 

the grain Reynolds number is greater than 70 for a rough bed flow. A family of curves is 

provided of the prototype flow depth against the bed slope for the range of particle sizes to 

which this study is applicable.  

 

The results of this study will be useful in developing new physically based formulation for 

numerical models of sediment transport based on physics of the particle entrainment. 

9.2 Recommendations for further studies 

In the present study, only three flow depths and four particle exposures were tested. An 

extension of the present study should be carried out by varying the particle shape, size, 

blockage ratio and systematically varying the exposure of the particle. This will help in 

refining the turbulence magnification factor proposed in this study. Further studies at 

prototype scales with natural gravels should be done to examine the entrainment of sediment 

and the applicability of the proposed new Shields type parameter. As noted above, there is a 

need for additional data to further verify this parameter. 

 



Mechanics of sediment entrainment 

 189 

With the latest development in 3D PIV technique it is now possible to visualise the three 

dimensional flow structures. Measurements can be performed in x-y and y-z planes to get a 

complete picture of the coherent flow structures causing particle entrainment. The refractive 

index matching technique can be used to better understand the flow field obstructed by the 

presence of bed particles.  

 

For this study a force sensor was used to measure the hydrodynamic forces on a fixed 

sediment particle at entrainment conditions. The hydrodynamic forces can be measured using 

a “smart” movable sediment containing accelerometers and gyroscopes. The smart particle 

can measure the forces acting on it before, during and after movement. This will represent the 

true forces acting on the particle at the time of entrainment. The smart particle can also be 

used in rivers where PIV and force measurements are not possible.  
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APPENDIX A                                          

DESIGN OF „SMART‟ PEBBLE FOR 

SEDIMENT ENTRAINMENT STUDIES 

1.  Introduction 

This section of the research has been aimed at developing a new device which can be used in 

the prototype flows to gain insight in the transport of individual sediment particles in the near 

bed region of a turbulent open channel flow. At present there is no device available which can 

measure the hydrodynamic forces on a sediment particle when it is moving. The aim of the 

present work is to develop a „smart‟ sediment particle which can record the hydrodynamic 

forces acting on it leading to entrainment.  

2. Background 

Inertial navigation system (INS) concepts (Titerron and Weston, 1997) are used as the basis of 

this work. An INS is a system, which can determine its exact location in three-dimensional 

space, relative to a known starting location. The location is resolved by integrating the 
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accelerations and rotations about the three axes. Three accelerometers and three gyroscopes 

measure the accelerations and angular rotations about the three axes, giving the particle six 

degrees of freedom. The reference frame consisting of three axes of the body of the „smart‟ 

sediment is known as the Body Frame. The set of sensor modules, organized in orthogonal 

form, measure the accelerations and gyrations with reference to the body frame. As the forces 

acting on the sediment particle need to be measured relative to a stationary frame of reference 

a conversion is necessary 

 

There are several methods of performing a coordinate transformation (Titerron and Weston, 

1997). The Euler Angle method (Pio, 1966) was chosen as the most appropriate method, 

given the processing and time constraints in this proof of concept design. 

 

The Euler Angle method performs the coordinate transformation as three rotations about the 

three axes. To transform the body frame related motion parameters to the reference frame, 

three angular rotations, ψ, θ and φ are performed around the z, y and x axes respectively. 

When the three rotations are performed as per Figure A1, we get three matrices C1, C2, C3, 

representing the rotations as below:  

 

Figure A1: Axis conversion from body frame to reference frame 
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Rotation ψ about the reference Z axis, 

 1

( ) ( ) 0

( ) ( ) 0

0 0 1

Cos Sin

C Sin Cos

 

 

 
 

 
 
  

 (A1) 

Rotation θ about the new y-axis, 

 

 

2

( ) 0

0 1 0

( ) 0 ( )

Cos Sin

C

Sin Cos

 

 

 
 

  
 
 

 (A2) 

Rotation φ about the new x-axis, 

 3

1 0 0

0 ( ) ( )

0 ( ) ( )

C Cos Sin

Sin Cos

 

 

 
 


 
  

 (A3) 

The three individual matrices can be combined into one complete matrix as follows 

 3 2 1

b

nC C C C    (A4) 

The complete matrix 
b

nC is known as the rotation matrix 

 

The conversion of any vector from the body frame to the reference frame is achieved by the 

multiplication of the body frame vector by the transpose of the rotation matrix. This is 

indicated in the following: 

 
n n b

br C r   (A5) 

where 
nr is the vector in reference frame, 

n

bC is the transpose of the rotation matrix
b

nC  and 
br

is the vector in the body frame. 

For the order of rotation in Equation (A5) the transpose of the rotation matrix 
b

nC is as  

follows (Titerron and Weston, 1997); 

 



Mechanics of sediment entrainment 

 205 

 

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( )

n

b

Cos Cos Cos Sin Sin Sin Cos Sin Sin Cos Sin Cos

C Cos Sin Cos Cos Sin Sin Sin Sin Cos Cos Sin Sin

Sin Sin Cos Cos Cos

           

           

    

   
 

   
 
  

                                                                                                                                                (A6) 

 

Between successive updates in the real time computation of body attitude there will be small 

change in angle rotations such that sin ,sin ,sin         and the cosine of these 

angles approach unity. Making these substitutions in equation (A6) and ignoring product of 

angles which also become small, the direction matrix expressed in terms of Euler rotations 

reduces approximately to the skew symmetric form 

 

1

1

1

n

bC

 

 

 

 
 

 
 
  

 (A7) 

In such a situation, if commercial off the shelf (COTS) accelerometers and gyroscope ICs are 

used to monitor instantaneous motion parameters, br  vector can be indicated as, 

 

x b

b

y b

z b

A

r A

A







 
 


 
  

 (A8) 

where  Ax-b, Ay-b and Az-b are the body frame accelerations in the corresponding axes 

This gives us the simplified relationship for the nr vector in the reference frame as, 

 

1

1

1

x b

n

y b

z b

A

r A

A

 

 

 







   
   

 
   
      

 (A9) 

For the angular rotation parameters, the following relationships were used. 

dtz  ,  dty    ,  dtx   

where ωx ,  ωy  and ωz are the gyrations in respective axes. 
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3. Design considerations 

Key design considerations for smart pebble are packaging, powering, relative physical 

placement of the MEMS, signal conditioning and providing a bare minimum digital 

subsystem and a compact and simple data communication interface. Packaging has direct 

influence on the size of the pebble. Since roughness elements involved in the sediment 

entrainment study are 40mm diameter ping pong balls, therefore the diameter of the particle 

should not be more than 40mm which is only possible with proper compact packaging of 

electronics involved. Entrainment is a sporadic and instantaneous event. The time at which 

particle will be entrained can vary from few seconds to few minutes. This directly put 

constraint on powering the smart sediment for at least 5 minutes to capture the meaningful 

data before entrainment, during entrainment and after entrainment of the pebble. Physical 

placement of the sensors and electronics should be such that the centre of gravity is at the 

centre of the sphere (pebble) to avoid any abrupt motion due to eccentricity of the inside 

mass. Compact and simple data communication system was required to make the pebble user-

friendly. 

4. Concept of smart sediment system 

In order to monitor the accelerations, commercial off the shelf (COTS) type accelerometers 

and gyroscope MEMS from Analog Devices were considered based on their sensitivity, 

accuracy, noise behaviour and the offset, etc. ADXL202 dual axis accelerometers and 

ADXRS150 yaw rate gyroscopes were found suitable. These devices were placed in three 

orthogonal sensor modules with suitable signal conditioning circuitry. Total concept of the 
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system including off line processing is shown in Figure A2. Figure A3 depicts the block 

diagram of the system. 

 

 

 

 

 

 

 

 

 

Figure A2: Overall system block diagram 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A3: block diagram of the smart pebble 
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The unit is powered by a 6V battery, which generally powers the circuit up to about 5 minutes 

continuously. A Texas Instruments TPS60132 charge pump has been utilized to regulate the 

supply voltage of the pebble at 5V. Additionally, it boosts up the battery voltage as it dips 

below 5V to maintain the accuracy of the sensor readings. The entire system works on 5V, 

except for the external flash memory which requires 3V supplied through a REG102 3V 

regulator. 

 

Since dual gang accelerometers were used, it was possible to take all the necessary 

measurements with two chips to keep the real estate of the PCBs to a minimum. Each sensor 

produces an analogue voltage proportional to the acceleration or gyration measured. These 

outputs are periodically scanned and averaged out to minimize noise, through the analogue-to-

digital-converter channels of the Microchip PIC18F8520 microcontroller. The digitized 

sensor data is then stored in an external flash memory, SST25VF020. Since the data is 

collected at regular time intervals, this data is later processed to determine the accelerations of 

the pebble. 

 

The smart pebble is a complete, battery powered unit equipped with two dual-axis 

accelerometers and three angular rate sensors, a microcontroller, non-volatile external 

memory and a user interface capable of communication with a PC. It has been packaged into a 

sphere of 40mm diameter as illustrated in Figure A4 
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Figure A4: Final packaged „Smart Pebble‟. (a) Actual size of the PCBs. (b) The PCBs inside 

the shell of the smart pebble 

 

 

The stored data is transferred to a PC over the hyper terminal of the computer. This data is 

then processed in MATLAB to calculate the true accelerations along the reference axes. The 

MATLAB program takes in the raw digitized sensor data and converts them to the analogue 

voltage values measured originally. Since the fixed axis set of the sensor boards are subject to 

rotations, the accelerations measured are in fact, not the true accelerations along a set of 

reference axes. Therefore the data needs some complex mathematical processing to extract the 

true acceleration data. The gyroscope measurements are integrated to obtain the rotation 

angles of the unit, about each axis. Next, the initial tilt of the unit and the gravity components 

along each axis are calculated. Then the direction cosine matrix and Euler angles are used to 

convert the data to obtain the true accelerations along each reference axis. Finally gravity is 

compensated for and the accelerations along the reference axes are plotted.  

 

The sensors are mounted such that the accelerations along the three orthogonal axes and the  

gyrations about each axis are measured. Figure A5 depicts the orientation of the sensors and 

their sensitive axes. 
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Figure A5: Orientation of sensors of the complete system 

5. Operation of smart pebble 

 

There are two switches on the sensors, power switch and data protection switch (protection 

for the stored sensor data). Data protection switch is coupled with a push button, which 

triggers the interrupt to start reading the sensor data and storing them in the flash memory. 

Turning the power switch on and triggering the interrupt means the processor will start 

reading the data off the sensors in one minute. Once the interrupt has been triggered (i.e. blue 

LED) turn the trigger off. This means that there will be no accidental triggering of the 

interrupts once we have set it out. The main reason for doing this is, each time we need to 

store data in the flash and retrieve data out to pc and then erase the chip for the next set of 

data. So if the interrupt is triggered on the way all the data stored up until then will be lost.  

There is a second push button (also coupled to an LED) to retrieve data off the micro, into the 

PC 
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6. Calibration and testing 

In developing a system of this nature, the designer has to be aware of the overall errors 

contributed by many sources. Some obvious errors are the accelerometer offsets, OpAmp 

offsets, the analog calculation interface inaccuracies and offsets and noise from the sensors. 

Calibration was performed in two steps. In the first step individual sensors were calibrated 

and in the second step complete smart pebble system was calibrated. 

7. Individual sensor calibration 

The accelerometer sensors (ADXL202) were calibrated against the gravity by orienting their 

sensing axes in the direction of gravitation to get +g output, and then in the opposite direction 

to get –g transformation (Titerron and Weston, 1997). The gain and offset of the sensor are 

calculated using (A10) and (A11) as; 

  

 ( )
2

g gV V
offset V

 
  (A10) 

 ( / ) gGain V g V offset   (A11) 

where V+g and V-g are the voltages at +g and –g respectively.  

 

The gyroscope sensors (ADXRS150) were calibrated by placing each sensor on a servomotor, 

which produces known angular velocities. The rotational speed of the motor was adjusted so 

that it does not exceed the gyroscope maximum sensitivity (150degrees/s). This was done by 

controlling the voltage level that supplies the motor (at 3V the speed is 83degrees/s). Figure 

A6  shows the gyroscope calibration setup. The output of the gyroscope is shown in Figure 
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A7. With reference to Figures A6 and A7, the gyroscope gives a high pulse (V+) when the 

motor rotates in a positive direction relative to the sensing axis (+) of the sensor and a low 

pulse (V-) when moving in the opposite way. The sensitivity (gain) of the gyroscope is 

calculated using (A12). 

 
t

deg
180

offset(V V )
Gain(V ree s )

 
  (A12) 

 

FigureA6: Gyroscope calibration setup 

 

Figure A7: Gyroscope output and offset 
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8. Overall system calibration 

The first step in this calibration process is testing the zero acceleration output (null offset) 

which is the output of the SP (smart pebble) when it is left stationary. The total noise included 

in this version of the pebble has caused accumulation error when implementing digital 

integration on the outputs of the gyroscopes to get the final rotational angles. The null offset 

output was improved by filtering the data using MATLAB built-in digital elliptic filters and 

then taking the average of the first 5 seconds readings of each sensor output as reference for 

calculating the accelerations and angles. 

 

In the real environment, the SP will be exposed to forces that make it move randomly inside 

water. These motions can be classified in two types: linear accelerations and rotational 

motions. The devices used to simulate each type of motions are: 

 

Shake-Table: This device is used to simulate the effect of the earthquakes on structures and 

buildings. It has a highly sensitive single axis accelerometer that measures the accelerations 

generated by the table. The shake table was used in this work to simulate the linear 

accelerations on the SP system. Figure A8 shows a picture of the shake table used in the 

calibration process. 

2D rotational motors: This device was designed and built to generate rotational motions in 

two dimensions. The motors are controlled manually to rotate the SP at desired angles. The 

motors are then placed on the Shake table as shown in Figure A8 so that linear accelerations 

are combined with rotational motions at the same time.  
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Figure A8: setup for calibrating the smart particle 

The Smart Pebble (SP) was tested on the shake table by generating a 3.5 Hz sinusoidal 

motion. Figure A9 shows a comparison between the SP output and the output from the shake 

table. It is observed from the figure that due to very low sampling frequency of the SP (9Hz in 

this case) the amplitude output error is high.  

 

Figure A9: Comparison between shake table and SP output (sampling frequency 9Hz) 
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Due to the large time-domain amplitude error, it was necessary to study the effect of the 

sampling frequency on the accuracy of the output amplitude. This was done by sampling a 

1Hz sine wave at different sampling rates using a 10-bit Analog to Digital Converter (ADC). 

The peak-to-peak amplitude of the sine wave has been adjusted to match the full scale range 

of the ADC analog as amplitude error ( ) between the sampled ADC signal and the real 

signal is directly proportional to the ratio between the signal amplitude and the range of the 

ADC according to Equation (A13) (Pattrick, 2005); 

 
2

5

spk

s Fspk

V BW

f V


   (A13) 

where spkV is the input signal peak value, FspkV is the ADC full scale range, BW is the 

bandwidth of the analog signal and 
sf  is the sampling frequency. Figure A10 shows the 

graphs of the amplitude error percentage versus the ratio between the sampling frequency (fs) 

and the maximum signal bandwidth (BW). According to Figure A10, the amplitude error 

drops significantly when the sampling frequency is in the range of 10-12 times the maximum 

signal bandwidth, where the error is within 5%.  

 

According to Nyquist theorem, the sampling frequency should be at least twice the maximum 

frequency of the input signal in order to fully recover the signal. In our case, the sampling 

frequency of the system is 9 Hz, which is about 2.5 times the frequency of the input. The error 

in the frequency domain is very small compared to it in the time domain. This implies that the 

factor of two in Nyquist theorem is required only to recover the signal in the frequency 

domain and avoid aliasing. However, this is not valid for time domain. Figure A11 shows the 

output of smart pebble and shake table when the sampling frequency of the pebble system is 

35Hz. It can be seen that the signal is recovered very well when the sampling frequency is 10 

times the input frequency (35Hz). 
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Figure A10: Amplitude error percentage versus the ratio between the sampling frequency (fs) 

and the maximum signal bandwidth (BW) 

 

Figure11: Comparison between shake table and SP output (sampling frequency 35Hz) 
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9. Performance of smart particle inside the flume 

The present version of smart particle as shown in Figure A4 (b)  is not water proof since it has 

to be opened each time to log out the data and replace the battery.  For this version of smart 

particle, water proofing was done by covering the circuits with a thin water proof rubber sheet 

and then close the spherical casing and replace the target sphere with the smart particle as 

shown in Figure 3.1. The flume was set to entrain the sphere once every two minutes. The 

PIV system records the displacement of the particle (x and z), which on double integration 

gives the particle accelerations.  Figure A12 shows the comparison between the acceleration 

obtained from PIV camera and that obtained from SP. Figure shows that smart pebble 

performs well inside the flume. 

 

Figure A12: Comparison between acceleration obtained from PIV camera and SP output  
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As can be seen from the figure the particle starts to entrain at 24.2s and hence accelerations in 

x and z direction increases. The data is not shown after t=25s since the smart pebble goes out 

of camera sight.  

10. Conclusions 

The research describes the theoretical and practical design aspects of a smart particle usable 

for monitoring of the 3-D motion parameters of the particle, including the rotations around 3 

axes.  The possibility of autonomous operation with a battery based energy source for storing 

and extracting raw data into an off-line processing system is proven. The design allows 

running of the total system for over 5 minutes with a single alkaline cell. Further work on 

wireless/contactless charging systems and data communication is in progress.  
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