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ABSTRACT 

A comprehensive study was carried out to understand the effects of roughness, 

seepage and ice cover on the turbulence characteristics of flow in an open channel. To 

this end, tests were conducted with four different types of bed surface conditions.  This 

includes the use of an impermeable smooth bed, impermeable rough bed, permeable sand 

bed and an impermeable bed with distributed roughness.  Both suction and injection 

seepage tests were conducted covering a range of seepage rates.   For the ice cover tests, 

two different cover conditions were used.  The tests were conducted at two different 

Reynolds number (Re = 47,500 and 31,000).  

The effect of bed roughness on the turbulence characteristics is seen to have 

penetrated through most of the flow depth, disputing the ‘wall similarity hypothesis’ 

initially proposed by Townsend (1976).   The results show that the distributed roughness 

shows the greatest roughness effect. Although the same sand grain is used to create the 

different rough bed conditions, there are differences in turbulence characteristics, which 

is an indication that specific geometry of the roughness has an influence. Roughness 

increases the contribution of the extreme turbulent events which produces very large 

instantaneous Reynolds shear stress and can potentially influence the sediment transport, 

resuspension of pollutant from the bed and alter the nutrient composition, which 

eventually affects the sustainability of benthic organisms. 

For the tests with seepage, injection increases the magnitude of the various 

turbulent characteristics and suction reduces the values in comparison to no-seepage 

condition. Effect of seepage on different turbulent characteristics is not restricted to the 

near-bed region but can be seen through out the flow depth. The results from the analysis 
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of turbulent bursting events clearly show a distinct effect of seepage well beyond the 

near-bed region.  

The introduction of ice cover causes a change in mean velocity profile and 

increases total resistance of the channel. The magnitude of this change depends on both 

the bed and the cover roughness. The change in turbulent characteristics seems to be 

bound to the upper half of the flow and the changes can be significant with the rougher 

cover.  
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CHAPTER 1 

INTRODUCTION 

1.1 Open Channel Flow 

Understanding the structure and dynamics of open channel flow which comprises 

of a sheared boundary layer like flow is of vital importance to the modeling of sediment 

transport and resuspension, bed formation, entrainment and the exchange of energy and 

momentum. Processes of special interest within the flow include the horizontal and 

vertical transfer of energy and momentum by turbulence. For example, in the case of 

some benthic organisms, nutrition/oxygen utilization rates are known to vary with flow 

conditions. Increasing current speed enhances transport of phytoplankton due to 

increased turbulent mixing. Although the mechanisms concerning the above mentioned 

phenomena have been studied in the past, they are not completely understood. Rashidi et 

al. (1990) indicate that even average particle volume fractions as low as 10-4 lead to a 

significant modulation of turbulence. The shape, size and arrangement of bed particles 

also contribute to the modulation of turbulence. In contrast to the vast research on 

turbulent boundary layer and pipe flow, research in open channel turbulence has been 

limited. Since 1970, extensive experimental and theoretical turbulent flows over smooth 

surfaces have been completed (Grass, 1971; Nakagawa and Nezu, 1977; Nezu and 

Nakagawa, 1993; Tachie, 2001; Nezu, 2005; Balachandar and Bhuiyan, 2007; Afzal et 

al., 2009). Flow over a rough surface has significance in many engineering applications. 

However, as rightly pointed by Patel (1998), flow over rough surface continues to be the 

Achilles heel of turbulence research. The suggested use of turbulent boundary layer data 

for modeling open channel flow is debatable due to basic differences between the two; 
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influenced by the channel aspect ratio and the presence of the free surface (Roussinova et 

al., 2008). Formation and enhancement of secondary currents occur due to the presence 

of the free surface and the side walls of the open channel. Free surface also dampens the 

vertical velocity fluctuations. 

  

1.2 Effect of Seepage 

Natural channels, rivers, and streams have beds formed by earthen permeable 

material and experience seepage flow through boundaries due to the difference between 

water levels in the channel and the adjoining ground-water level.  If the free water surface 

in the channel is higher than the adjoining ground-water level, seepage flow is called 

‘suction’. Whereas, if the free water surface in the channel is lower than the adjoining 

ground-water level, seepage flow occurs into the channel and is called ‘injection’. It has 

been noted that the hydrodynamic characteristics of a channel flow can be significantly 

altered by seepage flow (Rao and Sitaram, 1999). Although, in most cases, the magnitude 

of seepage flow is much less in comparison to the main flow, in certain cases the inflow 

seepage can be large enough to produce a ‘quick’ condition in the channel bed or the 

outflow seepage can be large enough to cause a loss of water of as high as 45% of the 

water supplied at the upstream section of a channel (Shukla and Mishra, 1994). In 

comparison with the number of studies conducted in the area of turbulent flows over 

impervious smooth and rough boundaries, very few studies about the interaction of the 

pervious bed and the turbulent flow have been carried out.  

The permeable boundary enables mass and momentum transfer across the 

interface between the fluid and the porous media, which needs to be accounted for in 
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modeling such flows. The interaction between turbulent flow and a permeable boundary 

may result in changes in the velocity profile, turbulent intensity and boundary shear 

stress, as compared with those in relation to an impermeable boundary (Cheng and 

Chiew, 1998a). The variable intensity of seepage flow may cause variation in flow 

properties. Furthermore, porous bed can work as a sink or source for harmful toxicants 

and fine sediments.  

Seepage can alter the flow boundary conditions and eventually affect sediment 

transport and can change scouring action in channels. The knowledge of the flow 

structure over the seepage zone is required for the accurate estimation of the boundary 

shear stress.  The process of suction draws faster moving flow into contact with the bed 

for a bed-type river intake. This process of suction can cause local scour and the 

undesirable exposure of the intake structure due to increase in boundary shear stress 

(Maclean, 1991). Furthermore, excess sediment deposition can cause severe navigational 

problems and may need extensive dredging work to keep the flowing of goods through 

waterways uninterrupted. 

 

1.3 Effect of Ice Cover 

Formation of ice-cover on a river or a channel during winter months is a common 

event in the northern hemisphere. The presence of an additional boundary almost doubles 

the wetted perimeter and the flow, in general, becomes asymmetric due to different 

roughness on the top and bottom boundaries. Flow properties like velocity profile, shear 

stress distribution and mixing properties change due to the ice-cover. Bed load alteration 

would occur due to change in bed shear stress and at the same time, suspended load 
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alteration would occur due to change in the turbulent diffusion. Exact understanding of 

how an ice-cover affects bed-form geometry and suspended load is very important for 

hydropower station operation, transport and fate of pollutants, or flood levels in frigid 

environments. General practice at present for estimating flow resistance in ice-covered 

alluvial channels is to assume either that the bed resistance coefficients do not change 

with the ice-cover presence or that the flow-resistance behavior of the bed can be 

determined by approximating an ice-covered flow as a composite of two non-interacting 

flow layers, with the lower layer of flow affecting the bed (Smith and Ettema, 1997). 

Neither assumption is sound for alluvial channels, which predominantly have dune 

formations and dune morphology is influenced by the full flow depth (Smith and Ettema, 

1997; Balachandar et al., 2007).   

 

1.4 Objectives and Scope 

1.4.1 Objectives 

The objective of this research is to further understand the extent of effect of 

roughness, the effect of seepage and ice cover on the bed stability and turbulence 

characteristics in an open channel flow. Understanding the effect of roughness, seepage 

and ice cover is important to the modeling of sediment transport, resuspension, 

entrainment, modulation of turbulence and the use of turbulent boundary layer data for 

modeling open channel flow. Wide range of permeable bed materials in natural 

environment necessitates the laboratory experiments on the influence of seepage of flow 

characteristics and bed stability. The present study also aims to understand the effect of 

ice cover on flow properties due to the presence of an additional boundary.  
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1.4.2 Scope 

To study the effect of roughness, four different types of bed surface conditions 

consisting of smooth, distributed roughness, continuous roughness, and natural sand bed 

were used.  Two different Reynolds number were adopted for each bed surface. To 

understand the effect of the introduction of seepage on different turbulent characteristics 

in an open channel flow, various degrees of suction and injection are introduced.  Two 

different types of ice cover are used to study the effects of ice cover on flow in open 

channel flow. The variables of interest include the mean velocity, turbulence intensity, 

Reynolds shear stress, shear stress correlation and higher-order moments. Particular 

attention is paid to mean velocity, turbulence intensity, Reynolds shear stress, shear stress 

correlation, higher-order moments and quadrant analysis. The nominal flow depth was 

maintained to 100 mm, resulting in a width-to-depth ratio of 11. 

Relevant literature dealing with experimental and numerical analysis on various 

aspect of open channel flow is reviewed in Chapter 2. At the end of Chapter 2, the 

modified objectives of the study based on understanding from previous studies are re-

stated. Description of the experimental details is provided in Chapter 3. An overview of 

the laser Doppler anemometer (LDA) system and a description of different flow systems 

are also provided in Chapter 3. Results and discussion of the effect of roughness and 

Reynolds number is presented in Chapter 4. Chapter 5 contains the description of test 

results with the introduction of seepage. Test results with the ice cover and related 

discussion is provided in Chapter 6. The major conclusions from the present research 

including the recommendation for future research are included in Chapter 7.  
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CHAPTER 2 

LITERATURE REVIEW 

The existing literature in open channel flow is first reviewed in the context of the 

effect of bed roughness. This is followed by reviewing the literature on effects of seepage 

and ice cover. 

 

2.1 Open Channel Flow: Effect of Roughness 

Kirkgöz and Ardiçhoğlu (1997) studied the flow progression from a developing 

state to a fully developed condition and noted that along the axis of a fully developed 

section, the boundary layer extends to the water surface if the aspect ratio b/d ≥ 3. Near 

the free surface, they did not observe any dip in the velocity profile at the channel 

centerline even for channel with aspect ratio as low as b/d = 3. Tachie et al. (2003) 

showed that roughness effects on the velocity field were similar to those observed in a 

zero-pressure gradient turbulent boundary layer, even though the boundary layer in an 

open channel flow is influenced by the free surface. Nezu (2005) related the aspect ratio 

(width/depth ratio of flow, b/d) to the formation of secondary currents and noted that the 

maximum velocity on the centerline occurred below the free surface for b/d < 5 (velocity-

dip phenomenon). Balachandar and Patel (2002) indicated that the streamwise mean 

velocity profiles follow the well-known logarithmic law for the smooth surface, and with 

an appropriate shift, for the rough surface. Tachie et al. (2000) observed that wall 

roughness led to higher turbulence levels in the outer region of the boundary layer. 

Tachie et al. (2003) noted that roughness enhances the levels of the turbulence intensities 

over most of the flow. 
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Kaftori et al. (1995) noted that the coherent wall structures are the dominant 

factor affecting particle motion near a solid boundary, as well as influencing deposition 

and entrainment. They also noted that the vortices generate high-speed regions relative to 

the fluid in the viscous layer, sweep along the wall, pushing particles out of the way. 

Dancey et al. (2000) reported that for locations above the roughness sublayer, the 

distributions of the second-order turbulent stresses are similar to the smooth-wall 

distributions. Tachie et al. (2003) noted that roughness enhances the levels of the 

Reynolds shear stress over most of the flow. Tachie et al. (2004) noted that surface 

roughness significantly enhances the levels of the Reynolds stresses in a way that 

depends on the specific geometry of the roughness elements. They also noted that, 

surface roughness enhances the level of the Reynolds stresses over most of the flow and 

suggest a stronger interaction between the inner and outer regions of the flow than would 

be implied by the wall similarity hypothesis.  

Nezu (2005) predicted that the Reynolds shear stress ( uv− ) might become 

negative near the free surface if the flow becomes three-dimensional (when b/d ≤ 5). He 

emphasized the importance of the correlation coefficient of the Reynolds stress because it 

involved only turbulence quantities, without the need for estimating friction velocity. 

Correlation coefficient of the Reynolds stress indicates the degree of similarity of 

turbulence and could be defined as ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

×
−

=
vu

uvR . Here, u and v are the turbulence intensity 

in streamwise direction and normal to the bed, respectively. Nezu (2005) noted that the 

value of R increases monotonously with y/d in the wall region, decreases in the free-

surface region and remains nearly constant, at about 0.4~0.5, in the intermediate region 

(0.1 ≤ y/d ≤ 0.6). He also noted that the distribution of R is universal, i.e., it is 
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independent of the properties of mean flow and the wall roughness. Bigillon et al. (2006) 

noted that the Reynolds stress attains a maximum and decreases towards the bed in the 

wall region. They explained that in the case of smooth walls, this behavior was due to the 

viscous effects, while for rough walls it was due to the existence of a roughness sublayer 

where additional mechanisms for momentum extraction emerge. They noticed 

contradicting behavior of Reynolds stress with variation of Reynolds number and 

associated this to secondary currents due to a relatively lower value of aspect ratio. 

Dancey et al. (2000) reported that the relative contributions of sweep and ejection 

events within the sublayer showed that sweep events provide the dominant contribution 

to the Reynolds shear stress within this region. Tachie et al. (2003) noted that triple 

correlations and turbulence diffusion were strongly modified by the surface roughness. 

Tachie et al. (2004) noted that surface roughness significantly enhances the levels of the 

turbulence kinetic energy, and turbulence diffusion in a way that depends on the specific 

geometry of the roughness elements. Balachandar and Bhuiyan (2007) showed that the 

triple products are sensitive to the wall condition and the effects are prevalent throughout 

the depth of flow. They noted that ejection events are dominant throughout the depth and 

also vary significantly with wall roughness. From a velocity quadrant decomposition, 

they also noted that the magnitudes of the extreme events are higher for the rough wall in 

comparison to smooth wall throughout the depth. This indicates that effect of bed 

roughness is not limited to the region close to the bed. Roussinova et al. (2008) showed 

from the quadrant analysis that the turbulent structures in the outer region of the open 

channel are similar to the structures noted in turbulent boundary layers, but only for the 

case where all turbulent events were included. They observed significant differences 
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between open channel flow and turbulent boundary when only the extreme events are 

considered. 

The existing literature can be summarized as follows: 

1. Bed roughness influences bed formation and turbulence characteristics.  

2. There are conflicting opinions among researchers about the extent of the effect of 

bed roughness and aspect ratio on turbulence characteristics.   

3. There are contradictory remarks regarding the magnitude of sweep and ejection 

type turbulent events, though these events play a major role in transport 

mechanisms. 

 

2.2 Effect of Seepage 

The number of previous studies of flow over a porous boundary is much less 

compared to the flow over non-porous boundary, and more importantly, the outcome of 

these studies is not unanimous. An excellent review of seepage studies can be found in 

Lu et al. (2008). Summary of the results of previous studies provided in Table 2.1, 

provide a glimpse of conflicting opinion about the influence of seepage.   For clarity, the 

available literature is classified into four groups dealing with effect of seepage on (i) bed 

stability, (ii) bed shear stress, (iii) velocity distribution and (iv) turbulence distribution. 
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2.2.1 Effect of Seepage on Bed Stability  

In an effort to study the influence of seepage on sediment motion, Watters and 

Rao (1971) studied the effect of seepage on the hydrodynamic drag and lift forces acting 

on a sediment particle. They used a strain gage dynamometer to measure the drag and lift 

forces on an instrumented sphere. Four different bed configurations made up of spheres 

were used and the instrumented sphere is one of many similar spheres in each case. They 

measured the drag force directly and concluded that injection tended to reduce the drag 

on bed particles irrespective of the bed configuration. They observed an unexpected 

negative lift force with injection for some specific bed configurations. Judging from the 

view point of drag forces only, they concluded that injection inhibits the motion of bed 

particles, while suction enhances the motion. 

Rao and Sitaram (1999) studied the effects of seepage on the stability, mobility, 

and incipient motion of sand-bed particles. They noted that suction decreases the stability 

of bed particles and increases their mobility, whereas injection increases the stability of 

the particles when compared with no-seepage condition. They observed that suction can 

initiate the movement of bed particles that are otherwise at rest under no-seepage 

conditions but injection does not initiate the particle movement. They concluded from the 

above observation that when the bed is transporting or eroding initially, suction enhances 

the erosion rates while injection reduces the rates of erosion and even stop the movement 

of particles. 

Richardson et al. (1985) noted that inflow seepage (injection) increases sediment 

transport albeit slightly but did not appear to enhance channel scour. They also noted that 

injection causes bed forms such as dunes to become longer, flatter, move more erratically 
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in the reach where inflow occurred and concluded that injection could significantly 

influence the channel hydraulics, bed form and bed roughness in the localized zone of 

inflow. To the contrary, Sarkar and Dey (2007) noted that the characteristic length scales 

of the scour geometry decrease with increase in injection velocity.  

Simons and Richardson (1966) concluded that suction would tend to increase the 

effective weight of the bed particles and, therefore, increase the stability of the bed. 

Conversely, with injection, the effective weight of the bed particles decreases and thereby 

decreases the bed stability. They also noted that the injection could result in an increase 

in the sediment transport and change in the predicted bed form. Oldenziel and Brink 

(1974) also stated that injection reduces the apparent weight of the sand particles and 

eventually their stability. They concluded that suction always decreases the rate of sand 

transport whereas injection increases this rate. Willetts and Drossos (1975) observed the 

formation of a localized scour hole in the suction zone and a downstream dune due to 

vigorous localized suction.  

The study of Harrison (1968) indicates that injection had a limited effect on the 

stream sediment transport rate, even for quick bed condition. He concluded that the 

decrease in effective grain density brought about by injection might be compensated 

entirely, or in part, by a decrease in the surface drag on the individual grains and an 

increase in form drag. 

 

2.2.2 Effect of Seepage on Bed Shear Stress 

Rao et al. (1994) studied the effects of seepage on flow over a sand bed in a 

straight rectangular flume under both non-transporting and transporting sediment at a 
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constant concentration. Their experimental results revealed that seepage can cause an 

increase or decrease in bed shear stress in comparison with the value under no-seepage 

condition. They concluded that the increase or decrease in bed shear stress depends on 

the initial flow condition and the relative magnitude of seepage applied. 

Rao and Sitaram (1999) concluded that bed-shear stresses at pseudo-incipient 

motion with suction or injection could be significantly higher or lower than the critical 

stresses under no-seepage conditions obtained from the Shields’ curve.  They also 

recommended that the conventional Shields’ curve couldn’t be used to predict bed-shear 

stresses of the particles at such pseudo-incipient motion conditions because the seepage 

effects are not accounted in the conventional Shields’ curve. 

Cheng and Chiew (1998a) noted that Reynolds shear stress increases significantly 

in the near-bed region due to injection. They also noted that with increasing relative 

injection velocity, the relative bed shear stress decreases. Their experimental data shows 

that the reduction becomes much gentler for a rough sediment bed, as compared with the 

previous study for a smooth permeable boundary.  Cheng and Chiew (1998b) noted that 

the bed-shear stress is reduced sharply at the beginning of the seepage zone due to 

injection. The reduction becomes more apparent for injection intensity. However, 

towards the downstream end of the seepage zone, the bed-shear stress exhibits a gradual 

increase. 

Prinos (1995) found that the bed shear stress in the suction region increased with 

increasing suction rate and the increase can be as high as eight times the bed shear stress 

with no suction. 
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2.2.3 Effect of Seepage on Velocity Profile 

Watters and Rao (1971) commented that the bed of an alluvial channel alters the 

flow configuration and modifies the velocity profile near the channel bed. They 

concluded that a decrease in velocity near the bed contributes to a lower drag force in the 

presence of injection and an increase in velocity near the bed contributes to a higher drag 

force due to suction. However, Richardson et al. (1985) noted that the mean channel 

velocity increased with injection.  

Maclean (1991) found that the friction velocity decreased with the increasing 

suction, indicating a reduction in the velocity gradient dU/dy in the logarithmic region. 

He observed a deceleration of the flow near the free surface and to satisfy continuity, the 

flow is drawn downwards. He also observed an acceleration near the bed as the faster 

moving fluid from above are drawn down and with increasing suction rates, the 

streamwise velocity near the bed is increased, resulting in the formation of a more 

uniform velocity profile. He noted that the logarithmic profile is an indication that the 

basic structure of the flow in this region is effectively unchanged. He also studied the 

effect suction on the vertical velocity (V) and found that dV/dy was negative close to the 

bed due to the region of longitudinally accelerating flow. Since V is already negative at 

the bed due to suction, means that the magnitude of V will become more negative away 

from the bed. This trend would be prevalent until the upper limit of accelerating flow is 

reached and the magnitude V would decreases steadily as y increases above this. He also 

found that contrary to expectation, the vertical velocity was non-zero for zero suction 

rates and associated it with the disturbance over the cavity of the surface. He also found 

an inner boundary layer across which the shear stress changed rapidly, above which was 



 14

a logarithmic region in which the flow structure was effectively unaltered by the presence 

of suction. Chen and Chiew (2007) also observed a more negative vertical (downward) 

velocity very close to the bed at the leading edge of the suction zone. 

Cheng and Chiew (1998a) noted that along the seepage zone, the mean 

streamwise velocity increases much more in the free surface region than that in the near-

bed region due to injection. Cheng and Chiew (1998b) showed that the deviation of the 

measured velocity distribution from the logarithmic law of the wall increases with 

increasing ratio of the seepage velocity to the shear velocity due to introduction of 

injection.  Chen and Chiew (2004) found a more uniform velocity distribution due to the 

increase in the near bed velocity and a reduction of velocity near the water surface 

subjected to bed suction. They also suggested that there are two regions in the suction 

zone, “transitional” region of rapidly readjusting velocity profile at the beginning of the 

suction zone and an “equilibrium” region where the change is more gradual. They also 

found that bed suction causes a significant increase in the shear velocity. 

 

2.2.4 Effect of Seepage on Turbulence Distribution 

Watters and Rao (1971) reviewed the effect of seepage on the channel boundary 

layer. They observed a reduction in the sublayer thickness due to suction. They pointed 

out that the suction effectively increases the hydrodynamic roughness. They also noted 

that in the presence of suction, there is a decrease in turbulence level, which eventually 

leads to lesser momentum exchange between fluid particles. This analysis contradicts 

recent observations that roughness increases turbulence levels in the flow (Tachie et al., 

2003; Balachandar and Bhuiyan, 2007).  In the presence of injection, they observed an 
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increase in sublayer thickness and noted an increase in turbulence level, which eventually 

leads to a greater momentum exchange between fluid particles. They noted that 

turbulence fluctuations were more intense for injection than for suction or without 

seepage.  

Richardson et al. (1985) found that the injection increases turbulence along the 

interface and thought that the fluid shear and particle to particle momentum transfer 

between the main and seepage flow is responsible for this increase of turbulence. Cheng 

and Chiew (1998a) also noted that along the seepage zone, the turbulent intensities 

increase significantly in the near-bed region due to injection. 

Prinos (1995) showed a considerable reduction in turbulence level and Reynolds 

stress with increasing suction rates. He commented that high suction rates tend to destroy 

the turbulence and there would be a probability of an inverse transition in the case of a 

long suction region. Chen and Chiew (2007) also found similar reduction of turbulence 

intensities and Reynolds shear stress due to suction and noted that the reduction is more 

significant with higher relative suction. They recognized that over the entire water depth, 

turbulence intensities and Reynolds shear stress decrease more rapidly near the bed than 

those near the free surface. 

The existing literature can be summarized as follows: 

1. Seepage can potentially change the bed formation in open channel flow. 

However, there are many thoughts about the extent of change. 

2. There is conflicting opinion about the influence of the seepage (suction/injection) 

on bed stability. 
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3. Injection increases turbulent intensity near the bed and suction decreases the 

same. More clarification is required to check the increase/decrease of 

streamwise/vertical turbulence intensity and the affected portion of the depth. 

4. Mean streamwise velocity increases much more in the surface layer than that in 

the near-bed region for injection, whereas, mean streamwise velocity increases in 

the near-bed region and reduces near the water surface for suction. 

5. Reynolds shear stress increases significantly in the near-bed region due to 

injection and reduces in the presence of suction. Further, the extent of influence of 

seepage in the depth-wise direction needs to be studied. 

6. Bed shear stress decreases due to injection and increases due to suction. However, 

the initial flow conditions and the magnitude of seepage can alter the results. 

More research is required in this direction.  

 

2.3 Effect of Ice Cover 

Lau and Krishnappan (1981) developed a turbulent model and a numerical 

scheme to calculate the uniform two-dimensional flow in channels with and without ice-

covers. They found that computed velocity and eddy viscosity distributions do not follow 

the conventional logarithmic and parabolic distributions for the whole depth of flow. 

They noted that for the open channel flow, the velocity distribution deviates slightly from 

the logarithmic profile for the top 25% of the flow, while the eddy viscosity distribution 

deviates from the parabolic distribution for the top half of the flow. They stated that in all 

cases, the equivalent ice-covered flows have larger flow depths and smaller bed shears 
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than the free-surface flows. The resulting eddy viscosity is smaller than the free-surface 

flow values.  

Lau (1982) used a k-ε turbulence model to calculate the velocity distribution with 

floating covers and under uniform flow conditions. The resulting distributions were used 

to review the standard procedures for stream gauging ice-covered flows. Although the 

velocities at 0.2 and 0.8 of the depth may deviate significantly from the overall average 

velocity but it was found that the average of the velocities at 0.2 and 0.8 of the depth is 

indeed very nearly equal to the overall average velocity.  The computed velocity 

distributions show that the velocity profiles deviate from the logarithmic distribution for 

about 40% of the flow depth. 

 Lau and Krishnappan (1985) conducted laboratory tests on bed form, frictional 

characteristics and sediment transport for equivalent free-surface and covered flows. 

They found that the sediment transport rates with a floating cover are much smaller than 

the free-surface flow values even though the changes in friction velocity are not large. 

They noted that the presence of a top cover does not have significant effect on the bed 

form characteristics. They also noted that the bed shear stress and the eddy viscosity are 

both smaller than the corresponding free surface flows.   

Walker (1994) examined the variability of streamflow velocity adjustment 

coefficients computed from vertical velocity profiles measured at 13 stations located 

across the northern United States and found that nearly one-half of the adjustment 

coefficients at particular streamflow gauging stations demonstrated statistically 

significant differences on a measurement-by-measurement basis. He concluded that the 
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traditional 2 & 8 two-point method was inaccurate and recommended two different 

discharge-measurement procedures.  

Parthasarathy and Muste (1994) conducted laboratory experiments of asymmetric 

turbulent channel flows to understand the changes in the flow due to ice cover as the 

roughness characteristics were changed and the implications of the flow behavior on the 

suspended sediment transport. The measurements confirmed the noncoincidence of the 

planes of maximum velocity and zero Reynolds stress, with the plane of zero Reynolds 

stress always located close to the smooth surface. They noted that significant diffusion of 

momentum and kinetic energy took place from the rough to the smooth surface. They 

also noted a decrease in the sediment suspension mechanism if the roughness of the cover 

was increased due to decreased vertical transfer of vertical velocity fluctuations near the 

bed.  

Using profiles generated numerically, based on a two-power law description of 

vertical distribution of streamwise velocity, Teal et al. (1994) evaluated point-

measurement methods for estimating the mean velocity of vertical distributions of 

streamwise velocity in ice-covered channels. They confirmed the accuracy of the two-

point method (velocity measurements taken at 0.2 and 0.8 of flow depth and averaged to 

obtain an estimate of the mean) for estimating mean velocity in a stream-section vertical. 

Although they preferred the two-point method, they recommended using single-point 

method for very shallow streams. 

Yoon et al. (1996) used a numerical model to simulate the flow in a channel with 

a free-floating ice cover. Application of the model to a hypothetical case of an ice cover 

on a dune-bed channel showed how the principal hydraulic parameters of an open 
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channel were affected by the growth of an ice cover during winter. The simulation 

resulted in a 16% increase of flow depth for an ice covered flow in comparison to open-

water flow. They also observed that the flow near the dune bed remains essentially 

unchanged with the addition of the ice cover, but on the other hand, the effect of the 

cover was quite obvious in the top-half of the channel. The mean-velocity components 

and the turbulence parameters all vanished at the cover, whereas, with the exception of 

the normal-velocity component and the Reynolds shear stress, all other quantities 

remained finite at the free surface of an open channel. 

Smith and Ettema (1997) conducted experiments to describe the influences of 

floating ice covers and bed-load transport in alluvial channels. The main findings were 

that ice covers increased flow depth, decreased bulk flow velocity, increased dune length, 

and significantly decreased bed-load transport rate. They commented that the particle 

friction factor increased with increasing cover roughness because ice cover affected it 

through two mechanisms. First, the cover presence and increasing cover roughness, 

reduced the bulk flow velocity, which tends to reduce the surface resistance of the bed. 

Second, the cover presence and increasing cover roughness reduce dune steepness, which 

reduced the sizes of the flow recirculation zones behind the dune crest.  

Tan et al. (1999) conducted numerical-simulation to investigate the influence of 

ice-cover on the mixing and transport of a neutrally buoyant contaminant released from a 

point source located near a dune bed or the underside of a level ice cover in a straight 

reach of the channel. These conditions were selected to determine how an ice-covered 

presence influences near-field mixing. Their numerical results showed that for constant 

water discharge, the presence of the cover reduces the near-field mixing because it 
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redistributes the flow, increases flow depth, decreases bulk velocity, reduces maximum 

level of turbulence, and modifies the dune geometry. For the ice-covered flow, a 

contamination released near the bed or near the underside remains closer to those 

boundaries over a long distance than for a corresponding open-water flow. They noted 

that the ice-covered flow needed an additional two to three times the distance to attain 

fully mixed condition due to its reduced near-field mixing. 

Helmiö (2001) aimed to describe the effect of ice cover on flow and determined 

how the resistance coefficients vary in winter condition in a natural river. He described 

different methods, and problems that arose in direct measurement of roughness of ice 

cover and specially problems in indirect measurement with the help of discharge, water 

level and thickness of ice cover. He carried out discharge, water level and ice 

measurements in River Päntäneenjoki (Western Finland), to compare the resistances 

during ice and open water flow conditions. He was surprised with the result as it 

indicated that total resistance coefficients of the channel were remarkably lower in winter 

than in summer and it directly contradicted the finding of Ashton (1986), who said that 

resistance of flow under ice cover is almost always higher than that during open channel 

flow. 

Ettema (2002) reviewed alluvial channel responses to ice formation, and raises 

practical engineering issues. He pointed out that the interactions between the flow, the 

ice, and the loose bed act over a range of scales in space and time. The nub of the 

argument made in his review was that the interactions raised important issues that require 

further consideration in river-ice hydraulics.  
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The existing literature can be summarized as follows: 

1. For equivalent ice-covered flow, the resulting eddy viscosity is smaller than the 

corresponding free-surface flow. 

2. The equivalent ice-covered flows have larger flow depth in comparison to the 

free-surface flow. 

3. There is conflicting opinion about effect of ice-cover on the bed-form 

characteristics.  

4. Some researchers confirmed the accuracy of the practical two-point method 

(velocity measurements taken at 0.2 and 0.8 of flow depth are averaged to obtain 

an estimate of mean velocity), whereas, others concluded that the traditional two-

point was inaccurate. 

5. Sediment transport rates with a floating cover were found to be much smaller than 

the free surface flow. 

6. There is conflicting opinion about the flow resistance under ice-cover. 
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2.4 Refinement in Objectives 

On the basis of our understanding on the different aspect of open channel flow 

from the above mentioned literature, the specific objectives of our study can be re-stated 

as: 

1. To investigate the effect of surface roughness and Reynolds number on 

turbulence characteristics in open channel flow. 

2. To investigate the effect of seepage on bed stability and turbulence 

characteristics in open channel flow. 

3. To investigate the effect of ice cover on the bed friction and turbulence 

characteristics in open channel flow.  

4. Analysis of the Reynolds stress, turbulent higher-order moments and quadrant 

decomposition for flow in open channels. 

5. In conjunction with other studies simultaneously being carried out at the 

University of Windsor, to produce a database that can be used in the 

development and calibration of numerical models.  
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Table 2.1: Summary of results of previous seepage studies 

Sediment transport 
rate 

Bed shear stress Turbulence intensitySource 

Suction Injection Suction Injection Suction Injection
Walters and Rao (1971) Increase Decrease - - Decrease Increase 
Oldenziel and Brink 
(1974) 

Decrease Increase - - - - 

Willetts and Drossos 
(1975) 

Increase - - - - - 

Richardson et al. (1985) Decrease Increase - - - - 
Maclean and Willetts 
(1986) 

- - Increase - - - 

Maclean (1991) - - Increase - - - 
Ramakrishna Rao et al. 
(1994) 

- - Increase/
Decrease

Increase/
Decrease

- - 

Antonia and Zhu (1995) - - - - Decrease Increase 
Cheng and Chiew 
(1998a) 

- - - Decrease - - 

Cheng and Chiew 
(1998b) 

- - - Decrease - - 

Cheng and Chiew 
(1999) 

- Increase - Decrease - - 

Rao and Sitaram (1999) Increase Decrease Increase/
Decrease

Increase/
Decrease

Increase Decrease

Krogstad and Kourakine 
(2000) 

- - - Decrease - Increase 

Chen and Chiew (2004) - - Increase  - - 
Chen and Chiew (2007) - - - - Decrease Increase 
Simons and Richardson 
(1966) 

Decrease Increase - - - - 
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CHAPTER 3 

EXPERIMENTAL SETUP 

3.1 Open Channel Flume 

Experiments were carried out in a 9-m long rectangular open channel flume 

(cross-section 1100 mm x 920 mm) at the University of Windsor. A schematic of the 

open channel flume and the experimental setup is shown in Figure 3.1. The header tank 

upstream of the rectangular cross-section was 1.2 m square and 3.0 m deep. The nominal 

flow depth (d) in the measurement region was 100 mm, resulting in a width-to-depth ratio 

(b/d) of approximately 11. This value of the aspect ratio is considered to be large enough 

to minimize the effect of secondary currents and the flow can be considered to be 

nominally two-dimensional (Nezu, 2005). The water was recirculated by two 15-

horsepower centrifugal pumps. The sidewalls and bottom of the flume were made of 

transparent tempered glass to facilitate velocity measurements using a laser Doppler 

anemometer (LDA). The flume is a permanent facility and the quality of flow has been 

confirmed in several previous studies (Faruque et al., 2006; Sarathi et al., 2008). The 

bottom slope of the flume was adjustable and for this study, it was kept horizontal and 

two constant discharges of 720 GPM (Gallon per minute) and 450 GPM  were used. 

 

3.2 Test Conditions to Study the Effect of Roughness 

Four different types of bed surface conditions were used in this study. The base 

case was a hydraulically smooth surface generated using a polished aluminum plate 

spanning the entire width of flume (Figure 3.2a). Three different types of rough surfaces 
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were used. Sand particles (d50 = 2.46 mm, σg = 1684 / dd = 1.24) were used to create 

the rough surfaces. The gradation characteristics of the sand shown are in Table 3.1 and 

the bed can be classified to be composed of uniform particles.  

To generate the first rough surface (designated as ‘distributed roughness’), 18-mm 

wide sand strips were glued to the smooth aluminum plate alternating with 18-mm wide 

smooth strips as shown in Figure 3.2b. The second roughness condition consisted of the 

same sand grains glued over the entire smooth surface as shown in Figure 3.2c 

(continuous roughness). Third rough surface was generated using 200-mm thick and 3.7 

m long uniform sand bed as shown in Figure 3.3. The flow conditions were maintained in 

such a manner that there was no initiation of sand movement. However, a sand trap was 

provided at the downstream of the bed to prevent any accidental transport of sand 

particles into the pump/piping assembly.  

Two different Reynolds numbers were used for each bed condition. The Reynolds 

numbers were chosen to maintain subcritical flow conditions (i.e., Froude numbers less 

than unity). Flow conditions correspond to values of Reynolds number, Re = Uavgd/ν ≈ 

47,500 & 31,000 and the corresponding Froude numbers are Fr = Uavg/(gd)0.5 ≈ 0.40 & 

0.24 respectively. Here, Uavg is the average streamwise velocity, d is the depth of flow, g 

is the acceleration due to gravity and ν is the kinematic viscosity of the fluid. In the test 

section, the measured variation of water surface elevation was less than 1 mm over a 

streamwise distance of 600 mm implying a negligible pressure gradient. Flow 

straightners were used at the beginning and the end of flume to condition the flow. To 

ensure the presence of a turbulent boundary layer, a 3-mm diameter rod was used as a 

(Figure 3.1) trip upstream of the measurement region. The boundary layer shape factor 
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for the smooth bed which can be defined as the ratio of displacement to momentum 

thickness is found to be ≈ 1.3, which is an indication of fully developed turbulent flow 

(Schlichting, 1979). The measurements for the distributed roughness were conducted on 

top of 60th sand strip. All the measurements were conducted along the centreline of the 

channel to minimize secondary flow effects. Preliminary tests were conducted to ensure a 

fully developed flow condition. The summary of the test conditions were presented in 

Table 3.2.   

 

3.3 Test Conditions with the Introduction of Seepage 

Experiments were carried out in the open channel flume with the same sand 

described earlier. The setup of the seepage zone is schematically shown in Figure 3.4. 

The seepage zone subjected to suction or injection is 2.4 m long, 125-mm deep and spans 

the entire width of flume. The seepage zone was designed by introducing a seepage 

console to ensure uniform seepage velocity over the entire area. Fifteen identical 

perforated pipes were used to drain water into the flow field (injection) or out of the flow 

field (suction) uniformly. Perforation diameter of the pipe varied from ¾ inch to ⅜ inch 

to produce uniform distribution. The maximum perforation diameter is at the center of the 

seepage console and reduced to minimum at the end of the seepage console. Outside the 

seepage console, all these fifteen perforated pipes were connected to a common feeder 

pipe and regulated with a valve. Two separate identical pumps with control valves were 

used to maintain the flow rate for suction/injection, which was monitored using a flow 

meter. The sand was placed on top of a filter net, which in turns, overlays a perforated 

plate. The picture of different phases of the construction of seepage console is shown in 
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Figure 3.5. The use of filter net (Figure 3.5 c) prevents the sediment particles from falling 

down. Water is allowed to seep through the perforated plate, filter net and sand layer to 

ensure uniform seepage flow within the granular materials.    

Two different flow rates (450 GPM and 720 GPM) were used and the flow was 

maintained to be subcritical. Flow straightners were used at the beginning and the end of 

flume to condition the flow. All the measurements were conducted along the centreline of 

the channel to minimize secondary flow effects. Although efforts were made to ensure 

uniform distribution of seepage flow throughout the bed, the velocity measurements were 

conducted in the middle of the seepage console.  This follows the earlier measurement 

location choice by Cheng and Chiew (1998b), Richardson et al. (1985), Rao and Sitaram 

(1999). Preliminary tests were conducted to ensure a fully developed flow conditions. 

The summary of the test conditions are presented in Table 3.3. 

 

3.4 Test Conditions with Ice Cover 

The experiments were also conducted on three different types of water surface 

conditions (open-water flow as a base case; Cover 1 and Cover 2 as simulated ice 

covered flow). Following the suggestions of Smith and Ettema (1997) extruded 

polystyrene foam panels were used to simulate Cover 1 and a wire mesh (23 gauge 

galvanized steel wire, 25600 meshes per m2) was stapled to the polystyrene foam bottom 

surface to simulate Cover 2. Cover 2 represents much rougher ice covered flow than 

Cover 1. The polystyrene foam panels were 2400 mm long and 1090mm wide and were 

connected to provide a continuous floating cover for the entire test bed. The bed 
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conditions remained the same as before. The summary of the test conditions are presented 

in Table 3.4. 

 

3.5 The Laser Doppler Anemometry 

A commercial two-component fibre-optic LDA system (Dantec Inc.) powered by 

a 300-mW Argon-Ion laser was used for the velocity measurements. This system has 

been used in several previous studies and details are avoided for brevity (Faruque et al., 

2006; Bey et al., 2007; Afzal et al., 2009). The optical elements include a Bragg cell, a 

500-mm focusing lens and the beam spacing was 38 mm. 10,000 validated samples were 

acquired at each measurement location. The data rate varied from 4 Hz to 65 Hz. Prior to 

the measurement of each set of data, the side wall of the flume were cleaned to minimize 

extraneous light scattered from particles distributed throughout the illuminating beams. 

Prior to the start of the measurements, the water was filtered for several days and then 

seeded with hollow spheres (Mean particle size = 12 microns and Density = 1.13 g/cc). 

The configuration of the present two-component LDA system would not permit 

measurements very close to the wall, while one-component (streamwise velocity) 

measurements were made over the entire depth. The LDA probe was tilted 2o towards the 

bottom wall to capture near wall data for two-component velocity measurements. Kaftori 

et al. (1995) and Tachie (2001) have successfully adopted this procedure by tilting the 

probe by 3o and 2o, respectively, to allow data acquisition closer to the wall. 
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Table 3.1: Gradation measurements of the sand 

d50 (mm) 

d95/ d5 

d95/ d50 

d84/ d50 

σg = 1684 / dd  

Cz = )/( 1060
2
30 ddd  

2.46 

1.91 

1.34 

1.26 

1.24 

1.00 

 

 

 

 

Table 3.2: Summary of test conditions to study the effect of roughness 

Test Bed Condition d 
(mm) Re  Fr  

1 ~ 100 ~ 47,500 ~ 0.40 

2 
Smooth bed 

~ 100 ~ 31,000 ~ 0.24 

3 ~ 100 ~ 47,500 ~ 0.40 

4 
Distributed 
roughness ~ 100 ~ 31,000 ~ 0.24 

5 ~ 100 ~ 47,500 ~ 0.40 

6 
Continuous 
roughness ~ 100 ~ 31,000 ~ 0.24 

7 ~ 100 ~ 47,500 ~ 0.40 

8 
Natural sand bed 

~ 100 ~ 31,000 ~ 0.24 
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Table 3.3: Summary of test conditions with the introduction of seepage 

Test Flow condition % Rate of 
Suction/Injection Re 

1 No suction/injection 0 ~ 31,000 

2 5 ~ 31,000 

3 7 ~ 31,000 

4 9 ~ 31,000 

5 12 ~ 31,000 

6 

Suction 

14 ~ 31,000 

7 5 ~ 31,000 

8 7 ~ 31,000 

9 9 ~ 31,000 

10 12 ~ 31,000 

11 

Injection 

14 ~ 31,000 

12 No suction/injection 0 ~ 47,500 

13 3 ~ 47,500 

14 5 ~ 47,500 

15 7 ~ 47,500 

16 

Suction 

9 ~ 47,500 

17 3 ~ 47,500 

18 5 ~ 47,500 

19 7 ~ 47,500 

20 

Injection 

9 ~ 47,500 
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Table 3.4: Summary of test conditions with ice cover 

Test Bed Cover Re  Fr  
1 ~ 47,500 0.40 
2 

Open-water Flow 
~ 31,000 0.24 

3 ~ 47,500 0.40 
4 

Cover 1 
~ 31,000 0.24 

5 ~ 47,500 0.40 
6 

Smooth 

Cover 2 (rougher) 
~ 31,000 0.24 

7 ~ 47,500 0.40 
8 

Open-water Flow 
~ 31,000 0.24 

9 ~ 47,500 0.40 
10 

Cover 1 
~ 31,000 0.24 

11 ~ 47,500 0.40 
12 

Distributed Roughness 

Cover 2 (rougher) 
~ 31,000 0.24 

13 ~ 47,500 0.40 
14 

Open-water Flow 
~ 31,000 0.24 

15 ~ 47,500 0.40 
16 

Cover 1 
~ 31,000 0.24 

17 ~ 47,500 0.40 
18 

Continuous Roughness 

Cover 2 (rougher) 
~ 31,000 0.24 

19 ~ 47,500 0.40 
20 

Open-water Flow 
~ 31,000 0.24 

21 ~ 47,500 0.40 
22 

Cover 1 
~ 31,000 0.24 

23 ~ 47,500 0.40 
24 

Natural Sand Bed 

Cover 2 (rougher) 
~ 31,000 0.24 
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Figure 1: Schematic of the open channel flume and experimental setup. 

 

Figure 3.1: Schematic of the open channel flume and experimental setup. 

 

 

 

 

 

 

 

 

 

Figure 3.2: Plan view of different fixed bed condition. 
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Figure 3.3: Section of natural sand bed. 

 

 

 

 

Figure 3.4: Schematic of seepage zone setup. 
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Figure 3.5: Pictures of seepage console, a) Seepage console setup, b) Perforated pipes,   
c) Filter net, d) Perforated plate. 
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CHAPTER 4 

ROUGHNESS EFFECTS ON TURBULENCE CHARACTERISTICS 

The present study was carried out to understand the effect of roughness and 

Reynolds number in open channel flow (OCF). To this extent, four different types of bed 

surface conditions consisting of smooth, distributed roughness, continuous roughness, 

natural sand bed were used.  Two different Reynolds number were adopted for each bed 

surface. The variables of interest include the mean velocity, turbulence intensity, 

Reynolds shear stress, shear stress correlation and higher-order moments.   

  

4.1 Mean Velocity Profiles 

4.1.1 Outer Coordinates 

The distributions of the streamwise component of the mean velocity in outer 

coordinates are shown in Figure 4.1. Maximum velocity (Ue) and maximum flow depth 

(d) are used to non-dimensionalize the mean velocity (U) and the wall normal distance 

(y), respectively. In the outer region, each velocity profile shows a slight dip (see inset in 

Figure 4.1) where the local maximum value (Ue) occurs below the free surface and dU/dy 

is negative in the vicinity of the free surface. Although the velocity dip is largest for the 

sand bed, the smooth surface shows a greater dip than both the continuous roughness and 

the distributed roughness. In the region close to the bed, as rightly pointed out by Tachie 

et al. (2000), the effect of roughness is to increase the surface drag resulting in the 

velocity profile of the rough surface being less “full” when compared to smooth surface 

profile. One can note from Figure 4.1a that the distributed roughness exhibits the highest 

deviation from the smooth wall profile while the profiles for the continuous roughness 
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and natural sand bed show a similar deviation. Figure 4.1b shows the streamwise 

component of the mean velocity in outer coordinates at the lower Reynolds number. The 

results are similar to the higher Reynolds number except that the natural sand bed shows 

a higher deviation than continuous roughness for the lower Reynolds number. This may 

be an effect of momentum/energy loss due to the interchange of fluid and momentum 

across the permeable boundary. The effect of infiltration on mean velocity reduces as the 

Reynolds number increases.  

 

4.1.2 Inner Coordinates 

The distributions of the streamwise component of the mean velocity in inner 

coordinates are shown in Figure 4.2. Friction velocity for smooth and rough beds were 

calculated using the Clauser method by fitting the mean velocity profiles with the 

classical log law, U+ = κ-1 ln y+ + B – ΔU+. Here, U+ = U/Uτ, y+ = yUτ/ν, κ = 0.41 and B 

= 5 are log-law constants and ΔU+ is the roughness function representing the downward 

shift of the velocity profile. ΔU+ is zero for flow over the smooth bed. The smooth bed 

test data agrees well with the standard log-law (solid line). The expected downward-right 

shift of the profile is clearly visible for the rough beds. As the downward shift of the 

profile is a measure of the effect of roughness, the distributed roughness shows a 

maximum effect, followed by continuous roughness and natural sand bed. Figure 4.2b 

shows the streamwise component of the mean velocity in inner coordinates for lower 

Reynolds number. The results are similar to the higher Reynolds number.  

Friction coefficient is calculated as, Cf = 2(Uτ/Ue)2, and found to be a maximum 

for distributed roughness followed by continuous roughness and sand bed. It was also 
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found that friction coefficient reduces as the Reynolds number increases. One can also 

note that for the flow over the natural sand bed, Cf is smaller compared to the flow over 

the impermeable rough surfaces (continuous roughness). The probable explanation can be 

the development of finite slip velocity at the interface of permeable layer which will 

eventually reduce the surface friction. However, Zagni and Smith (1976) noted that the 

boundary resistance of the permeable boundaries is higher than that of nonpermeable 

boundaries having identical rugosity and thought that it might be due to the net effect of 

combined loss of energy (energy dissipation within the transition zone in the porous 

medium and additional energy loss due to fluid and momentum exchange across the 

interface translated back into the main flow).   

 

4.2 Turbulence Intensity 

4.2.1 Streamwise Turbulence Intensity 

Figure 4.3 shows the streamwise turbulence intensity for flow over the smooth 

and the rough beds. Directly measured quantities like depth of flow and maximum 

velocity are used as the length and velocity scales, respectively, to reduce any additional 

uncertainties related to scaling parameters with computed quantities. One can note from 

Figure 4.3a that streamwise turbulence intensity attains a maximum value very close to 

the bed, for all surfaces.  The smooth bed profile shows the highest turbulence intensity at 

locations very close to the bed. Among the rough beds, the flow over distributed 

roughness shows the highest peak at y/d ~ 0.08 followed by continuous roughness and 

natural sand bed at y/d ~ 0.04. At larger values of y/d, the streamwise turbulence intensity 

reduces towards the free surface. With the initial significant drop of streamwise 
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turbulence intensity for smooth bed surface condition, the reduction of streamwise 

turbulence intensity is more or less linear for all surface conditions. Closer to the free 

surface, the results indicate that the streamwise turbulence attains a near constant value, 

except for the case of the bed with distributed roughness. The location of attainment of 

constant streamwise turbulence intensity is different for the different beds. The distance 

from the bed to the start of the constant streamwise turbulence intensity is 0.5d for 

smooth bed surface condition followed by continuous roughness and sand bed (~ 0.62d). 

Although the distance from bed to attain a constant value of streamwise turbulence 

intensity is the same for the continuous roughness and sand bed, the value of streamwise 

turbulence intensity is found to be higher for the sand bed condition. With the exception 

of the region very close to the bed, roughness effect is prevalent throughout the flow 

depth with distributed roughness showing a maximum deviation from a smooth bed 

followed by sand bed and continuous roughness. Although the same sand grain is used to 

create the three different rough bed conditions, the difference in turbulence intensity is an 

indication that the specific geometry of the roughness has an influence on turbulence 

structure. 

The variation of streamwise turbulence intensity for the lower Reynolds number 

flow (Figure 4.3b) shows a trend similar to the higher Reynolds number flow (Figure 

4.3a). However, the flow over distributed roughness shows more deviation at the lower 

Reynolds number. In addition, differences between sand bed and continuous roughness 

bed are negligible for flow at the lower Reynolds number.  
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4.2.2 Vertical Turbulence Intensity 

The variation of vertical turbulence intensity is shown in Figure 4.4 and shows a 

trend similar to that of the streamwise turbulence intensity profile with the exception of 

locations very close to the bed. The streamwise turbulence intensity reduces but the 

vertical turbulence intensity increases at locations very close to the bed due to the 

introduction of roughness.   

 

4.3 Reynolds Shear Stress 

Figure 4.5 shows the Reynolds shear stress distribution on smooth and rough beds 

in outer variables. One can note from Figure 4.5a that the Reynolds shear stress attains a 

maximum value at a location near the bed (y/d < 0.2). As expected, the flow over the 

rough beds generates higher Reynolds shear stress. The sand bed condition shows the 

highest peak followed by distributed roughness and fixed roughness. However, in the 

outer region (y > 0.2d) the distributed roughness provides for the higher Reynolds shear 

stress followed by continuous roughness and the sand bed. Near the free surface, the 

Reynolds shear stress reduces and becomes negative for all bed conditions above the 

location where the corresponding value of dU/dy is negative. Results indicate that the 

reduction of Reynolds shear stress from its maximum value to zero is more or less linear 

for all surface conditions. One can clearly note from Figure 4.5 that effect of bed 

condition on the Reynolds shear stress is distinctly visible from the near-bed to the depth 

of flow as high as y ≈ 0.7d.  Krogstad et al (2005), Tachie (2001), Agelinchaab and 

Tachie (2006) found the influence of bed condition on Reynolds shear stress penetrates 

up to y ≈ 0.2d ~ 0.3d. Grass (1971) did not find any significant difference in their 
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calculation of Reynolds shear stress for flow over smooth and rough bed (2 mm sand and 

9 mm pebbles).  However, results (of Grass, 1971) may have influenced by the small 

sample size. The variation of Reynolds shear stress for the lower Reynolds number 

(Figure 4.5b) shows a trend similar to that at the higher Reynolds number. However, in 

this case the distributed bed roughness shows the highest peak followed by sand bed and 

continuous roughness. Throughout the depth, distributed roughness bed also shows much 

more production of Reynolds shear stress than other rough beds. The flow over the 

discrete elements generates a series of wakes, which contribute to the generation of 

significantly higher Reynolds shear stress.  

 

4.4 Shear Stress Correlation Coefficient 

Figure 4.6 shows the distribution of shear stress correlation coefficient ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

×
−

=
vu

uvR  

for the different bed conditions. R is a normalized covariance by which the degree of 

linear correlation between streamline and vertical turbulence intensity can be expressed. 

R = 1 is also an indication of increasing linear relationship whereas R = -1 is an 

indication of a decreasing linear relationship. Presence or absence of flow structures at a 

particular location can be identified by the local statistics of R. One can note from Figure 

4.6a that correlation coefficient is particularly dependent on roughness in the outer region 

of the flow (y > 0.3d). Variation of R in the outer region with respect to the near-bed, is 

an indication of the change in the flow structures between the near-bed and the outer 

region, clearly opposing the observation of Nezu (2005), Nezu and Nakagawa (1993), 

Tachie (2001). Nezu (2005) noted an existence of equilibrium region for 0.1 ≤ y/d ≤ 0.6 

with a value of R = 0.4 ~ 0.5 in open-channels, pipes, and boundary layers, irrespective 
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of whether the wall bed is smooth or rough. Nezu and Nakagawa (1993) also indicated 

that the distribution of R is universal and independent of the properties of the mean flow 

and the wall roughness. Tachie (2001) noticed a lower value of R for a smooth surface in 

the inner region (y/d < 0.15) but found R to be independent of bed conditions for y/d > 

0.15 with the peak values were in the range of 0.35 ± 0.02. One can also note from Figure 

4.6a that for the outer region (y > 0.3d), distributed bed roughness shows the highest 

value of R followed by continuous roughness and sand bed. The value of R becomes 

negative irrespective of bed conditions above the location where Reynolds shear stress is 

negative.  This observation is similar to that noted by Tachie (2001). The range of R as -

0.3 < R < 0.5 is also is an indication of small to medium correlation between streamwise 

and vertical turbulence intensity throughout the depth of flow. The variation of R for 

lower Reynolds number flow is shown in Figure 4.6b and one can note that the profiles 

tend to be flatter from the bed up to y/d = 0.3.  

 

4.5 Higher-Order Moments 

The distribution of different normalized velocity triple products 3u , vu 2  , 3v and 

uv 2 , which provide valuable information about the flow structures, are shown in Figure 

4.7a to 4.7d. Directly measured quantities like depth of flow and maximum velocity are 

used as the length and velocity scales, respectively, to reduce any additional uncertainties 

related to scaling parameters with computed quantities. One can define 3u and uv 2 as 

streamwise flux and vu 2  and 3v as vertical transport/diffusion of the turbulent kinetic 

energy u2 and v2 respectively. uv 2  is also defined as wall normal transport of the 

Reynolds shear stress. Velocity triple products provide information about the ejection-
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sweep cycle, which is the main turbulent motion responsible for most of the turbulent 

transport.  One can also get an insight about the change/modification of turbulent 

transport mechanisms due to the change in bed condition by studying the variation of the 

different velocity triple products.  

One can note from Figures 4.7a and 4.7b that for flow over a smooth bed, 3u  is 

negative and vu 2  is positive at locations very close to the bed. This indicates a slower 

moving fluid parcel with an upward transport of u momentum representing an ejection 

type motion. One can also note from the figures that 3u  and vu 2  change sign and 

become positive and negative, respectively, near the rough bed. A large positive value of 

3u and a negative value of vu 2  indicates a strong sweeping action motion in the 

streamwise direction that is partly directed towards the bed. As one progresses from the 

bed towards the free surface, both parameters change sign. A similar observation was 

made by Schultz and Flack (2007) and relate this change with changes of ejection-sweep 

cycle and modification of the longitudinal vortices with accompanying low-speed streaks 

produced by the rough bed. As one moves further from the bed (y > 0.08 d), the value of 

3u becomes more negative causing a substantial reduction in the magnitude of the sweep 

event with the value being negative throughout the depth. One can also note the 

significant difference of 3u between smooth and rough bed throughout the flow depth. 

This is in direct contrast with Flack et al. (2005), Schultz and Flack (2007) who didn’t 

observe much variation at distance y/d > 0.2. However, Antonia and Krogstad (2001) 

found large differences in the variation of 3u for flows over transverse rod roughness 

upto the edge of boundary layer. Grass (1971) related this difference to the lack of long 
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streamwise vortices near the rough wall. Grass (1971) also noted that the mechanics of 

the entrainment of low momentum fluid at the wall differed for rough bed conditions in 

comparison with the smooth wall. The trend in the variation of 3v (Figure 4.7c) is very 

similar to the variation of vu2  (Figure 4.7b) with the exception that 3v  is positive 

throughout the depth and the magnitude is much smaller (~60%) than vu2 . Comparing 

uv2  (Figure 4.7d) with 3u  (Figure 4.7a), one can qualitatively note a similar trend with 

the magnitude of uv2  being much lower (about 20%~25%) than 3u . Tachie (2001) and 

Balachandar and Bhuiyan (2007) in their open channel flow experiments and Schultz and 

Flack (2007) and Flack et al. (2005) in their turbulent boundary layer experiments had 

also noted a similar reduction. The differences between 3v  and vu2  and uv2  and 3u  are 

mainly due to the lower turbulent intensity in vertical direction. Although there are 

similarities in the magnitudes of the different triple products between open channel flow 

and turbulent boundary layer, there are differences in the extent over the depth these 

values are affected by roughness, mainly in the outer layer.  One can note from Figure 4.7 

that the value of normalized velocity triple products attain their local maxima/minima at 

similar locations (≈ 0.26d for smooth bed and ≈ 0.33 for different rough beds). One can 

also note a 200% to 300% change in magnitude of the different velocity triple products 

between the smooth and the rough beds. Balachandar and Bhuiyan (2007) also noticed 

significant decrease/increase (~ 300%) between smooth bed and flow over dunes. This 

indicates that roughness has significant effect on the transportation of turbulent kinetic 

energy. As one moves from the location of the local maximum/minimum level towards 

the free surface, the magnitudes of the different velocity triple products approach zero for 
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all surfaces with the exception of  3u for the distributed roughness. Distributed roughness 

shows significant turbulent activity even near free surface (y > 0.85d).  

One can note from above discussion that the near-zero value of triple correlations 

near the free surface is an indication of insignificant turbulent activity near the free 

surface. One can also note that the location of local maximum/minimum in the profiles is 

independent of the type of roughness.  Distributed roughness profile shows the greatest 

variation followed by a similar variation in the case of the continuous roughness and the 

sand bed. Near-bed (y < 0.1 d) turbulent activity also shows dependency on bed surface 

condition, such that, ejection type activity was observed for flow over smooth bed, 

whereas sweeping type of activity was observed for flow over rough bed. If one were to 

extrapolate the above mentioned flow process to real field scenario, such strong sweeping 

or ejection motions of fluid parcels could influence resuspension and transport. With 

exception of sweeping event observed at near-bed location of rough beds, ejection event 

was more prominent over the depth of flow. The strength of the ejection event again 

depends on the bed surface condition, with distributed roughness showing more ejection 

events than the other roughness conditions. The variation of different velocity triple 

products for lower Reynolds number is shown in Figure 4.8. The trend is very much 

similar to that for higher Reynolds number (Figure 4.7). One can note a reduction in 

difference in magnitude between smooth and rough surfaces (particularly for continuous 

and natural sand bed roughness) at the lower Reynolds number. One can also note a near-

zero value of 3u near the free surface for flow over all bed conditions, meaning a 

diminishing turbulent activity near free surface. 
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4.6 Vertical Flux of the Turbulent Kinetic Energy 

Describing Fkv as vertical flux of the turbulent kinetic energy, Figure 4.9 shows 

the variation of Fkv on smooth and rough surfaces in outer variables. Vertical flux of the 

turbulent kinetic energy is normally measured as ( )235.0 vuv +  for a two-dimensional 

flow (Balachandar and Bhuiyan, 2007). Due to the unavailability of the third component 

of turbulent intensity, an approximate method is adopted here by replacing the coefficient 

0.5 with 0.75 (Krogstad and Antonia, 1999). One can note from Figure 4.9 that there is a 

significant change in the profile due to roughness and this is an indication that roughness 

has a significant effect on the transport of the turbulent kinetic energy in the vertical 

direction. The profiles of Fkv for rough beds are displaced higher from the smooth bed 

through most of the depth. It should be noted that for large-bottomed roughness, 

Balachandar and Bhuiyan (2007) did not find any difference in profiles for Fkv over the 

depth between flow between rough and smooth beds.  

Tachie (2001) noted that the location of the outer (larger) peak of Fkv is closer to 

the wall (albeit slightly) as the roughness effect increases. Balachandar and Bhuiyan 

(2007) also noted the occurrence of a maximum value near the bed for rib roughness. 

However, although there is an obvious effect of roughness on the peak value of Fkv, the 

location of peak value (y/d ~ 0.3) is nearly the same for all roughness. The gradient of Fkv 

is the indication of loss or gain of turbulent kinetic energy due to turbulent diffusion.  The 

differences in magnitude of Fkv between smooth and rough bed is an indication of the 

differences in the strength in transport of turbulent kinetic energy between smooth and 

rough bed. The vertical flux of turbulent kinetic energy gradually reduces after a peak 

value around y = 0.3d and eventually approaches zero near the free surface. The vertical 
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flux of turbulent kinetic energy reaches zero for smooth surface first followed by 

different roughness. One can also note that the variation of Fkv is more or less same for 

both Reynolds number flows.  

 

4.7 Quadrant Analysis 

Quadrant decomposition is a convenient tool to extract the magnitude of the 

Reynolds shear stress of turbulent bursting events. Turbulent flow over a fixed bed causes 

a hydrodynamically unstable low-speed fluid particle lifting up from the surface and 

eventually swept away by high-speed fluid moving towards the wall from the outer layer. 

Based on their sign, streamwise and vertical fluctuating velocity components u and v are 

separated into four groups to sort turbulent events which eventually play an important 

role in the turbulent phenomenon close to the wall. Four different turbulent bursting 

events are related to the four quadrants. Bursting effect related to Quadrant 1 (Q1: u > 0 

and v > 0), Quadrant 2 (Q2: u < 0 and v > 0), Quadrant 3 (Q3: u < 0 and v < 0) and 

Quadrant 4 (Q4: u > 0 and v < 0) are known as outward interaction, ejection, inward 

interaction and sweep, respectively. 

The contributions from Q2 and Q4 events to the Reynolds shear stress are shown 

in Figure 4.10 (Re = 47,500) for different threshold values. One can note from Figures 

4.10a and 4.10b that the magnitude of Q2 and Q4 contributions is higher for the rough 

walls than that of smooth wall for H = 0 (i.e., inclusive of all turbulent events). The effect 

of roughness is clearly visible well beyond the near-bed region and deep into the outer 

layer (y/d ≈ 0.7). As one progresses from the bed towards the free surface, Q2 and Q4 

contributions reach a local peak for all rough beds at y/d = 0.1 ~ 0.2. Following this local 
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peak, the magnitudes of the events reduce towards the free surface and attains a near-zero 

constant value. The location of attainment of a near-zero constant value is different for 

the different surface conditions. This distance is 0.5d for the smooth bed surface, 0.6d for 

continuous roughness and sand bed and 0.75d for the distributed roughness. One can also 

note that the variation is very similar for continuous roughness and sand bed, while 

distributed roughness shows the maximum deviation from smooth wall value in the outer 

layer (y > 0.2d). Schultz and Flack (2005) found the magnitude of Q2 and Q4 events to 

be significantly higher in the near-bed region but found the distribution for both the 

smooth and rough walls to be very similar in the outer layer.   

Quadrant analysis was also carried out at different threshold levels (H = 2 to 5) to 

investigate the contribution of the extreme turbulent events. This approach was taken to 

filter out the small random turbulent fluctuations and consider the contribution of the 

more energetic eddies. Figures 4.10c and 4.10d show the contributions from the events 

whose amplitude exceeds the threshold value of H = 2. Although the number of Q2 and 

Q4 events reduce sharply for change of threshold value from 0 to 2, the events with H = 2 

produced very large instantaneous Reynolds shear stress )5.5( uv> , which can 

potentially influence the sediment transport, resuspension of pollutant from the bed, bed 

formation, transport of nutrients, entrainment and the exchange of energy and 

momentum. The data trend at H = 2 is very similar to H = 0, however, the affected region 

of the flow depth for Q4 events reduces in comparison to H = 0. Figures 4.10e to 4.10l 

show the contributions for other threshold levels (H = 2.5 to 5). One can note that the 

affected region over the flow depth for Q4 events reduces with the increase of threshold 

value of H, but the Q2 events are clearly affected deep into the outer layer (y/d ~ 0.7) for 
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the value of H as high as 5. Irrespective of the affected region of the depth, the increase in 

both Q2 and Q4 contribution to the Reynolds shear stress due to the incorporation of 

roughness is clearly visible. Schultz and Flack (2005) and Krogstad et al. (1992) found 

stronger Q2 events on a smooth wall compared to a rough wall for near-bed locations and 

relate this phenomena to strongly favored Reynolds stress contributions from ejection 

(Q2 events) for the smooth wall. Differences between turbulent boundary layer flow and 

open channel flow confirms that the effect of roughness on turbulent bursting and 

eventual production of Reynolds shear stress due to ejection and sweep is different for 

open channel flow. Balachandar and Bhuiyan (2007) noted significant ejection and sweep 

components throughout the depth with ejection events being dominant. They also noted 

significant variations with different types of rib roughness. In the present study, one can 

notice the dependence of Q2 and Q4 on bed roughness accompanied by significant drop 

of both events near the free surface. This signifies the importance of type of bed 

roughness on Q2 and Q4 events. Generation of turbulent activity near bed varies with 

type of bed roughness. Slow moving low momentum fluid from the near-bed and the 

fluid between the interstices of the roughness is ejected and travels towards the outer 

layer/free surface. Whereas, high momentum fluid from outer layer travels towards bed 

and sweep away the ejected low momentum fluid parcels. Existence of intermittent 

sweep and ejection events is universal but the extent of affected flow depth is dependent 

on the bed and the flow condition. The contributions from Q2 and Q4 events to the 

Reynolds shear stress for lower Reynolds number (Re = 31,000) flow are shown in Figure 

4.11 and the trends are very similar to the higher Reynolds number flow for the different 

threshold values. 
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The ratio of Q2/Q4 to the Reynolds shear stress is shown in Figure 4.12 for H = 0 

to 5. One can note from Figures 4.12 that at the near-bed location, the Q2/Q4 ratio is near 

unity, indicating identical strength of sweep and ejection events. As one progress from 

the bed towards the free surface, the ratio increases from one to a maximum at y ~ 0.5d, 

indicating relatively stronger ejection events. The strength of the ejection events in 

comparison to sweep events increases with increasing H. One can note a 100 fold 

increase for the threshold value of H = 5 compared to H = 0. The ratio of Reynolds shear 

stress in Q2 and Q4 shows little dependency on bed condition for H = 0 but shows some 

effect of roughness for y > 0.5d. 

The ratio of the number of events in Q2 and Q4 is shown in Figure 4.13 for H = 0 

to 3. Unlike the ratio of Q2 and Q4 (Figure 4.12), the ratio of number of events 

contributing to Q2 and Q4 shows different trends for H = 0 (Figures 4.13a and 4.13b) and 

H = 2 to 3 (Figures 4.13c to 4.13h). One can note from Figures 4.13a and 4.13b that at 

the near-bed location, the occurrence of ejection and sweep events are almost equal but as 

one progress from the bed towards the free surface, the value of NQ2/NQ4 reaches a 

minimum around y ~ 0.5d, indicating a reduction in ejection events. Moving farther from 

bed and towards the free surface, the value of NQ2/NQ4 increases and reaches unity, 

indicating occurrence of identical number of sweep and ejection events. Figures 4.13c to 

4.13h show a trend different from Figures 4.13a and 4.13b. As one progress from the bed 

towards the free surface, the value of NQ2/NQ4 increases from near unity to thirty folds at 

around y ~ 0.5d, indicating increase in ejection events. The ratio of number of events in 

Q2 and Q4 shows little dependency on bed condition for H = 0 but shows some effect of 

roughness for flow depth of y > 0.3d. 
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4.8 Conclusions 

The present study was carried out to understand the extent of effect of roughness 

and Reynolds number on mean velocity, turbulence, Reynolds shear stress, velocity triple 

products in an open channel flow. To this end, four different types of bed surface 

conditions and two different Reynolds number were adopted in the study. Quadrant 

decomposition was also used to extract the magnitude of the Reynolds shear stress from 

the turbulent events. The present experimental results disputed the ‘wall similarity 

hypothesis’ initially proposed by Townsend (1976) and generalized by Raupach et al. 

(1991), where it was suggested that outside the roughness layer, the turbulent mixing 

properties in smooth and rough walls should be essentially the same. The main findings 

are summarized as follows: 

1. Surface roughness increases the surface drag causing the mean velocity profile to be 

less full compared to the smooth bed. The effect of the roughness on the mean 

velocity profile is very much evident throughout the flow depth with the distributed 

roughness exhibiting the largest deviation from the smooth profile while the 

continuous roughness and natural sand bed show similar deviation for the higher flow 

Reynolds number. Natural sand bed shows a larger deviation than continuous 

roughness for the lower Reynolds number. 

2. Based on the magnitude of friction velocity, in general, the results show that 

distributed roughness shows the greatest roughness effect followed by sand bed and 

continuous roughness. As expected, it was also found that friction coefficient reduces 

as the Reynolds number increases. Flow over a natural bed results in a reduction of 

friction coefficient compared to the flow over an impermeable rough surface.  
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3. With the exception of the region very close to the bed, roughness effect on turbulence 

intensity is present throughout the flow depth with distributed roughness profile 

showing a maximum deviation from a smooth bed, followed by sand bed and 

continuous roughness. Streamwise turbulence intensity reduces but wall-normal 

turbulence intensity increases at locations very close to the bed due to the 

introduction of roughness. Although the same sand grain is used to create the three 

different rough bed conditions, the difference in turbulence intensity is an indication 

that specific geometry of the roughness has an influence on turbulence structure. 

4. The flow over the rough beds generates higher near-wall Reynolds shear stress than 

the smooth bed. The effect of bed condition on Reynolds shear stress is distinctly 

visible from near-bed to the depth of flow as high as y ≈ 0.7d.  

5. Variation of the correlation coefficient, R in the outer layer compared to the near-wall 

is an indication of change of flow structures between the two regions, clearly 

opposing the observation of Nezu and Nakagawa (1993) that the distribution of R is 

universal and independent of the properties of the mean flow and the wall roughness.  

6. The result shows a 200% to 300% decrease/increase in magnitude of the different 

velocity triple products between smooth and rough beds. This indicates that 

roughness has a significant effect on the transportation of turbulent kinetic energy and 

Reynolds shear stress. 

7. Near-bed turbulent activity also shows dependency on bed surface conditions, such 

that, ejection type activity dominates for flow over smooth bed, whereas sweeping 

dominates for flow over the rough bed. If one were to extrapolate the above 
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mentioned flow process to real field scenario, such strong sweeping or ejection 

motions of fluid parcels could influence resuspension and sediment transport.  

8. With exception of sweeping events observed at near-bed location for rough beds, 

ejection events were more prominent over the depth of flow. The strength of ejection 

event again depends on the bed surface condition, with distributed roughness showing 

more ejection events than other roughness conditions. 

9. Results from the analysis of turbulent bursting events (through quadrant 

decomposition) show clearly visible effect of roughness well beyond the near-bed 

region and deep into the outer layer (y/d ≈ 0.7). Results show that the magnitude of 

Q2 (ejection) and Q4 (sweep) contributions is very much higher for the rough walls 

than that of smooth wall for H = 0. 

10. By investigating the contribution of the extreme turbulent events (H = 2 to 5), results 

show active Q2 (ejection) events for most of the flow depth, whereas, the affected 

flow depth for active Q4 (sweep) events reduces with increasing H value. Although 

the number of Q2 and Q4 events reduce sharply with change in threshold value, the 

extreme events produced very large instantaneous Reynolds shear stress 

)25.5( => Hforuv , which can potentially influence the sediment transport, 

resuspension of pollutant from bed, bed formation, entrainment and the exchange of 

energy and momentum. 

11. The near unit value of the ratio of Reynolds shear stress for Q2 and Q4 events is an 

indication of identical strength of ejection and sweep for the lower and the upper third 

of the flow depth. Middle third of the flow depth shows relatively stronger ejection 
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events with the strength of ejection events increases sharply with the increasing H 

value.  

12. Similar to the identical strength of ejection and sweep, the number of events for 

ejection and sweep is also identical for lower and upper third of the flow depth. 

However, the middle third of the flow depth shows relatively less ejection events for 

H = 0 but shows much higher ejection events for H = 2 or more.  
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Figure 4.1: Streamwise mean velocity profile for flow over different bed condition. 
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Figure 4.2: Mean velocity profile in inner coordinates for flow over different bed 

condition. 
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Figure 4.3: Streamwise turbulence intensity for flow over different bed condition. 
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Figure 4.4: Vertical turbulence intensity for flow over different bed condition. 
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Figure 4.5: Reynolds shear stress distribution for flow over different bed condition. 
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Figure 4.6: Distribution of correlation coefficient for flow over different bed condition. 
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Figure 4.7: Distribution of different velocity triple products for flow over different bed 

condition at Re ~ 47,500 
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Figure 4.8: Distribution of different velocity triple products for flow over different bed 

condition at Re ~ 31,000 
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Figure 4.9: Distribution of vertical flux of the turbulent kinetic energy for flow over 

different bed condition 
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Figure 4.10: Contribution of different quadrant events to the Reynolds shear stress for 

flow over different bed condition with higher Reynolds number. 
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Figure 4.11: Contribution of different quadrant events to the Reynolds shear stress for 

flow over different bed condition with lower Reynolds number. 



 65

Re ~ 47,500: H = 0

0.1

1.0

10.0

0 0.2 0.4 0.6 0.8 1y/d

Smooth Distributed Roughness

Continuous Roughness Natural Sand Bed
4

2

Q

Q

uv

uv

−

−

(a)

Re ~ 47,500: H = 2

0.1

1.0

10.0

100.0

0 0.2 0.4 0.6 0.8 1y/d

4

2

Q

Q

uv

uv

−

−

(c)

Re ~ 47,500: H = 2.5

0.1

1.0

10.0

100.0

0 0.2 0.4 0.6 0.8 1y/d

4

2

Q

Q

uv

uv

−

−

(e)

Re ~ 47,500: H = 3

0.1

1.0

10.0

100.0

0 0.2 0.4 0.6 0.8 1y/d

4

2

Q

Q

uv

uv

−

−

(g)

Re ~ 47,500: H = 4

0.1

1.0

10.0

100.0

1000.0

0 0.2 0.4 0.6 0.8 1y/d

4

2

Q

Q

uv

uv

−

−

(i)

Re ~ 47,500: H = 5

0.1

1.0

10.0

100.0

1000.0

0 0.2 0.4 0.6 0.8 1y/d

4

2

Q

Q

uv

uv

−

−

(k)

Re ~ 31,000: H = 0

0.1

1.0

10.0

0 0.2 0.4 0.6 0.8 1y/d

Smooth Distributed Roughness

Continuous Roughness Natural Sand Bed
4

2

Q

Q

uv

uv

−

−

(b)

Re ~ 31,000: H = 2

0.1

1.0

10.0

100.0

0 0.2 0.4 0.6 0.8 1y/d

4

2

Q

Q

uv

uv

−

−

(d)

Re ~ 31,000: H = 2.5

0.1

1.0

10.0

100.0

0 0.2 0.4 0.6 0.8 1y/d

4

2

Q

Q

uv

uv

−

−

(f)

Re ~ 31,000: H = 3

0.1

1.0

10.0

100.0

0 0.2 0.4 0.6 0.8 1y/d

4

2

Q

Q

uv

uv

−

−

(h)

Re ~ 31,000: H = 4

0.1

1.0

10.0

100.0

1000.0

0 0.2 0.4 0.6 0.8 1y/d

4

2

Q

Q

uv

uv

−

−

(j)

Re ~ 31,000: H = 5

0.1

1.0

10.0

100.0

1000.0

0 0.2 0.4 0.6 0.8 1y/d

4

2

Q

Q

uv

uv

−

−

(l)

 
Figure 4.12: Ratio of different quadrant events to the Reynolds shear stress for flow over 

different bed condition. 
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Figure 4.13: Ratio of number of different quadrant events for flow over different bed 

condition. 
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CHAPTER 5 

SEEPAGE EFFECTS IN OPEN CHANNEL FLOW 

This chapter focuses on the effect of the introduction of seepage on different 

turbulent characteristics in an open channel flow. Test results with both suction and 

injection are presented and discussed to understand the extent of influence of seepage in 

the depth-wise direction at two different flow rates. Particular attention is paid to mean 

velocity, turbulence intensity, Reynolds shear stress, shear stress correlation, higher-order 

moments and quadrant analysis. 

 

5.1 Mean Velocity Profiles 

5.1.1 Outer Coordinates 

The distributions of the streamwise component of the mean velocity in outer 

coordinates are shown in Figure 5.1. Maximum velocity (Ue) and flow depth (d) are used 

to non-dimensionalize the streamwise mean velocity (U) and the wall normal distance 

(y), respectively. In each of the graphs accompanying this chapter, the legend notation is 

standardized to indicate the type of seepage (injection (INJ) or suction (SUC)) and the 

magnitude of the seepage (expressed as a % of the total flow rate). As presented in Figure 

5.1a, for injection, one can note a decrease in velocity near the bed and an increase in 

velocity near the free surface in comparison to the no seepage condition.  This is more 

clearly demonstrated in the insets of Figure 5.1a. A similar observation of decrease in the 

near bed velocity was also made by Watters and Rao (1971) and related it to a lower drag 

force on the bed material. One can also note from Figure 5.1a that the reduction of the 

near bed velocity and the increment in the near free surface velocity, increases with the 
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increase of injection rate. A similar streamwise mean velocity distribution was also 

observed (Figure 5.1b) for the higher flow rate, but the extent of respective reduction or 

increase in the velocity near the bed or near the free surface, is less than the variation 

observed with the lower flow rate (Figure 5.1a). 

The distributions of the streamwise component of the mean velocity for suction 

conditions are shown in Figures 5.1c and 5.1d for the lower and higher flow rates, 

respectively. One can note from Figures 5.1c and 5.1d that the velocity profiles become 

more uniform in comparison to the no-seepage condition due to an increase in velocity 

near the bed. The increased velocity in the near-bed location causes the reduction in 

velocity near the free surface (see insets in Figures 5.1c and 5.1d) to satisfy continuity 

considerations. A similar observation was also made by Chen and Chiew (2004). Watters 

and Rao (1971) related the increase in the near-bed velocity to cause a higher drag force 

on the bed material. One can also note from Figure 5.1c that the increase of the near-bed 

velocity and the decrease in the free surface velocity, increases with the increase of 

suction rate. The effects of suction on streamwise mean velocity is very similar for both 

lower and higher flow rates.  

In the outer region, each velocity profile shows a slight dip (insets in Figure 5.1) 

where the local maximum value (Ue) occurs below the free surface and dU/dy is negative 

in the vicinity of the free surface. The magnitude of velocity dip varied with the variation 

of injection or suction rates. Results also show an increase in the maximum mean 

streamwise velocity due to the introduction of injection and show an opposite trend for 

suction. Richardson et al. (1985) also noted an increment in mean channel velocity with 

injection. 
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5.1.2 Inner Coordinates 

The distributions of the streamwise component of the mean velocity in inner 

coordinates are shown in Figure 5.2. The friction velocity was calculated using the 

Clauser method by fitting mean velocity profiles into the classical log law with U+ = κ-1 

ln y+ + B – ΔU+. Here, U+ = U/Uτ, y+ = yUτ/ν, κ = 0.41 and B = 5 are log-law constants 

and ΔU+ is the roughness function representing the downward shift of the velocity 

profile. One can note from Figure 5.2a that there is clearly a visible downward shift of the 

profile compared to the no seepage condition.  The downward shift of the profile can also 

be related to an increasing roughness which corresponds to an increase in the friction 

velocity. Figure 5.2b shows the streamwise component of the mean velocity in inner 

coordinates for the higher Reynolds number. The results are similar to that of the lower 

Reynolds number.   

The distributions of the streamwise component of the mean velocity for suction in 

inner conditions are shown in Figures 5.2c and 5.2d for the two flow rates, respectively. 

One can note from the figures that there is clearly a visible upward shift of the profiles 

with respect to the no-seepage condition. The upward shift indicates a decrease in friction 

with increasing suction.  

 

5.2 Bed Stability 

Channel bed particles are subjected to a number of forces in open channel flow. 

Some of the forces act as resistance to the movement of particles (weight, friction of bed 

particles, vertical downward drag for suction etc.) while some forces (streamwise drag 

force, lift, vertical upward drag for injection etc.) are favorable to the movement. As the 
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value of static friction coefficient is much higher than kinetic friction coefficient, the bed 

particles become more susceptible to erosion when the bed is transporting or eroding 

initially. Due to the very low magnitude of vertical velocity (due to introduction of 

seepage), the contribution of the vertical downward drag for suction or the vertical 

upward drag for injection can be assumed to be negligible for bed motion. The stability of 

the bed particles is expected to depend largely on the net increase or decrease of the 

streamwise drag force due to seepage.  

From Figures 5.1 and 5.2, one can see a change in the near-bed velocity, which is 

responsible for the form drag (of the individual particle) and a change in friction velocity, 

which is responsible for surface drag (bed) due to incorporation of seepage 

(injection/suction). The near-bed velocity reduces with increasing injection but increases 

with increasing suction.  The friction velocity increases with increasing injection but 

decreases with increasing suction. The percentage variation of near bed velocity and 

friction velocity in comparison with no seepage condition is shown in Table 5.1. As the 

stability of the bed particles depend on the net increase or decrease of the total drag force, 

one can note from injection perspective that a reduction in the near bed velocity is much 

more than the relative increment of friction velocity.  This results in an increase in bed 

stability (Table 5.1). Similarly, one can note from the suction perspective that the 

increment of near bed velocity is much more than the relative reduction of friction 

velocity, thus resulting in reduced bed stability (Table 5.1). These observations are 

consistent with previous observations of increased bed stability with injection and 

reduced bed stability with suction by Rao and Sitaram (1999) and Watters and Rao 

(1971). 
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5.3 Turbulence Intensity 

5.3.1 Streamwise Turbulence Intensity 

Figure 5.3 shows the streamwise turbulence intensity in outer variables. Once 

again, directly measured quantities like depth of flow and maximum velocity are used as 

the length and velocity scales, respectively, to reduce any additional uncertainties related 

to scaling parameters with computed quantities. One can note from Figure 5.3a that 

streamwise turbulence intensity attains a maximum value very close to the wall (y/d ~ 

0.02) for all flow conditions. There is no significant effect of injection that can be 

observed from the bed up to the location of this peak. With the exception of the region 

very close to the bed, effect of injection is prevalent through most of the flow depth 

(0.05d ~ 0.8d). For this region, streamwise turbulence intensity increases with injection 

rate. For y/d > 0.8, the streamwise turbulence intensity reduces towards the free surface 

and attains a nearly constant value for all flow conditions. Similar streamwise turbulence 

intensity distribution can also be observed (Figure 5.3b) for the higher flow rate, but the 

increase in magnitude with increasing injection is much lower than those for the lower 

flow rate. It can also be observed that the portion of constant streamwise turbulence near 

the free surface tends to increase with increasing flow rates. 

The variation of streamwise turbulence intensity for suction are shown in Figures 

5.3c and 5.3d for the lower and higher flow rates, respectively. Suction causes a reduction 

of streamwise turbulence intensity for most of the flow depth (0.05d ~ 0.75d). However, 

beyond y = 0.75, an increase in the streamwise turbulence intensity can be seen up to the 

free surface, albeit small. Unlike injection, the effects of suction on streamwise 

turbulence intensity are very similar for both lower and higher flow rates.  
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5.3.2 Vertical Turbulence Intensity 

Figure 5.4 shows the vertical turbulence intensity in outer variables. One can note 

from Figures 5.4a and 5.4b that vertical turbulence intensity increases with the 

introduction of injection in comparison to no seepage condition for most of the depth but 

the difference is less for higher flow rates. On the other hand, Figures 5.4c and 5.4d show 

a reduction of vertical turbulence intensity with suction in comparison to the no seepage 

condition and the difference is very similar for both lower and higher flow rates. 

Although the intensity of vertical turbulence is around 50% of the streamwise turbulence, 

this value can be a major contributing factor to mixing.  

 

5.4 Reynolds Shear Stress 

Figure 5.5 shows the Reynolds shear stress distribution in outer variables. For 

injection (Figure 5.5a), one can note an increase in Reynolds shear stress in comparison 

to the no seepage condition for most of the depth.  A similar distribution was also 

observed for the higher flow rate (Figure 5.5b), but the amount of increment and the 

affected region of flow depth is less than the variation observed with the lower flow rate. 

One can see a reduction in Reynolds shear stress in comparison to the no seepage 

condition with the introduction of suction (Figures 5.5c and 5.5d) and the difference is 

distinctly visible for y < 0.7d. Unlike injection, the effects of suction on Reynolds shear 

stress are very similar for both lower and higher flow rates. One can also note from 

Figure 5.5 that near the free surface, the Reynolds shear stress reduces and becomes 

negative for all flow conditions above the location where dU/dy is negative.  

 



 73

5.5 Shear Stress Correlation Coefficient 

Figure 5.6 shows the distribution of the shear stress correlation coefficient 

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

×
−

=
vu

uvR  for the different seepage conditions and the two flow rates. R is a normalized 

covariance by which the degree of linear correlation between streamline and wall normal 

turbulence intensity can be expressed.  One can note from Figure 5.6a that the value of 

correlation coefficient is higher for injection in comparison to no seepage condition in the 

outer region of the flow (y > 0.5d). A similar distribution was also observed (Figure 5.6b) 

for the higher flow rate, but the amount of increment is much less than the variation 

observed with the lower flow rate. The value of correlation coefficient reduces in 

comparison with the no seepage condition with the introduction of suction (Figures 5.6c 

and 5.6d) for the outer region of the flow (y > 0.5d). The value of R becomes negative 

irrespective of the flow conditions above the location where Reynolds shear stress is also 

negative.  

 

5.6 Higher-Order Moments 

The distribution of velocity triple products 3u and 3v , normalized by maximum 

mean velocity, which provide valuable information about turbulence flow structures, are 

shown in Figure 5.7. One can define 3u  and 3v as the streamwise and vertical turbulent 

transport of kinetic energy 2u and 2v  respectively. Due to physical obstruction of second 

component of the laser beam by the sand bed, only variation of 3u can be seen for the 

locations close to the bed (y < 0.15d). As one can note from Figure 5.7a that 3u is positive 

close to the bed for all flow conditions. Moving farther from bed, a rapid decrease in the 
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value of 3u was observed, and 3u becomes negative around y = 0.04d for the no seepage 

condition and stays negative for the remainder of the depth.  Grass (1971) also observed 

3u to be negative through most of the depth and indicated that the sweep event is 

significant only near the bed, whereas the ejection events are prevalent through most of 

the boundary layer. With the introduction of injection, the value of 3u becomes negative 

at locations farther away from the wall (y ≈ 0.1d ~ 0.2d) in comparison to the no seepage 

condition. The variation of 3u in the negative territory is very mild, reaching a local 

maximum negative value at y ~ 0.3d for no seepage condition followed by  y ~ 0.4d with 

injection. The value of 3u increases beyond this and reaches a near-zero value at y ~ 

0.85d for no seepage.  With injection, the magnitude of 3u  tends to remain non-zero even 

close to the free surface. In the region of negative 3u , one can note that for y < 0.4d, 

injection reduces the absolute value of 3u and increases the absolute value of 3u beyond 

this (y > 0.4d).  Injection also nominally increases the maximum positive value of 3u  at 

locations very close to the bed.  The variation of 3v is found to be positive throughout the 

depth for all flow conditions (Figure 5.7b). Similar observation of positive 3u near the 

bed and positive 3v throughout the depth was also made by Balachandar and Bhuiyan 

(2007).  A change in the sign of 3u is an indication of change in turbulent events.  Much 

higher positive value of 3u near the bed is a sign of strong sweep events and injection has 

a very nominal effect on the near-bed turbulent activity. Negative value of 3u and the 

positive value of 3v indicate a slower moving fluid parcel with an upward transport of u 

momentum representing an ejection type motion and can be seen throughout the depth 
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with the exception of the near-bed location. The near-zero value of 3u at y < 0.2d is a 

cancellation effect of sweep and ejection type events. Farther from the wall, the strength 

of ejection event increases with increasing negative value of 3u and increasing positive 

value of 3v . Rapidly diminishing values of both 3u and 3v in the outer layer is an 

indication of reducing turbulent bursts and approach to a non-turbulent zone close to the 

free surface. Figures 5.7c and 5.7d show the variation of 3u and 3v for higher flow rates. 

Trends are more or less similar to the lower flow rate except the increased magnitude of 

3u and reduced magnitude of 3v with effect of injection is less than that noted for the 

lower flow rate.  

The variation of normalized velocity triple products 3u and 3v for low and high 

flow rates with the introduction of suction is shown in Figure 5.8. The overall variation of 

both triple products is very similar to injection. However, the location where 3u changes 

sign moves closer to the bed with the introduction of suction narrowing the zone of 

strong sweep events.  

Turbulence diffusion in the longitudinal direction Du ( uv2 ) and in the vertical 

direction Dv ( vu 2 ), normalized by maximum mean velocity is shown in Figure 5.9.  As 

seen in Figure 5.9, the values of Du and Dv are always negative and positive, respectively, 

for the present range of measurements. One can note from Figure 5.9a that the value of 

Dv increases with increasing distance from the bed and attain a maximum value around y 

= 0.4d. This is an indication of high diffusion of streamwise turbulence in the upward 

direction. A similar trend was observed by Balachandar and Bhuiyan (2007) but the 

location of the peak was much closer to the wall (y ~ 0.2d) for the flow over dunes. The 
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value of Dv reduced beyond y = 0.4d and becomes negligible near the free surface. 

Although no distinct effect of injection in the variation of Dv can be noted up to y = 

0.45d, one can note a higher value of Dv with the introduction of injection from y = 0.45d 

to the free surface. As shown in Figure 5.9b, the value of Du tends to be more negative 

with increasing distance from the bed and indicates a reduction in streamwise diffusion of 

vertical turbulence. The value of Du attains a minimum at around the same location (y ~ 

0.4d) as the location of maximum Dv. The value of Du increases beyond y > 0.4d and 

attains a near-zero value near the free surface. Effect of injection on Du is found to be 

very similar to the effect of injection on Dv. The distribution of Dv and Du is found to be 

very similar for the higher flow rate as seen in Figures 5.9c and 5.9d, respectively. 

Figure 5.10 shows the variation of Du and Dv with the introduction of suction for 

two different flow rates. The effect of suction is clearly opposite to that noticed by 

injection for y > 0.4d. As mentioned by Balachandar and Bhuiyan (2007) that the trend of 

the variation of Du and Dv for y < 0.2d seen in Figures 5.9 and 5.10 could be a reflection 

of the change in dominance of the type of turbulent bursting event (sweep vs. ejection).  

 

5.7 Quadrant analysis 

The contribution from Q2 and Q4 events to the Reynolds shear stress are shown 

in Figure 5.11 for different threshold values. One can note from Figures 5.11a and 5.11b 

that the magnitude of Q2 and Q4 contributions increase with the introduction of injection 

for H = 0 in comparison to no seepage condition. The effect of injection is clearly visible 

well beyond the near-bed region and deep into the outer layer (y/d ≈ 0.7). The magnitude 

of the events reduce towards the free surface, more or less linearly, and attain a near-zero 
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constant value. The effect of injection is quite distinct near the bed and reduced as one 

move farther towards free surface.   

Quadrant analysis was also carried out at different threshold levels (H = 2 to 5) to 

investigate the contribution of the extreme turbulent events. This approach was taken to 

filter out the small random turbulent fluctuations and consider the contribution of the 

more energetic eddies. Figures 5.11c and 5.11d only show the contributions from the 

events whose amplitude exceeds the threshold value of H = 2. Although the number of 

Q2 and Q4 events reduce sharply for change of threshold value from 0 to 2, the events 

with H = 2 produced very large instantaneous Reynolds shear stress )5.5( uv> , which 

can potentially influence the sediment transport, resuspension of pollutant from bed, bed 

formation, entrainment and the exchange of energy and momentum. The data trend at H = 

2 is very similar to H = 0, however, the affected flow depth for Q4 events reduces with 

increasing H value. Balachandar and Bhuiyan (2007) noted significant ejection and 

sweep components throughout the depth with ejection events being dominant. Effect of 

injection on extreme turbulent events is also visible for H = 2.  

Figures 5.11e to 5.11l show the contribution from Q2 and Q4 events to the 

Reynolds shear stress for other threshold levels (H = 2.5 to 5). One can note that the 

affected regions over the flow depth for Q4 events reduces with the increase of threshold 

value of H, but Q2 events are clearly affected deep into the outer layer (y/d ≈ 0.7) for the 

value of H as high as 5. Irrespective of the affected depth, the increase of both Q2 and Q4 

contribution to the Reynolds shear stress due to injection is still visible. Result of 

quadrant analysis for higher flow rate is shown in Figure 5.12. The results are very 

similar to the lower flow rate (Figure 5.11) but the effect of injection is less significant. 
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Figures 5.13 and 5.14 show the contribution from Q2 and Q4 events to the Reynolds 

shear stress for different threshold levels (H = 0 to 5) with the introduction of suction for 

lower and higher flow rate, respectively. Suction reduces the magnitude of Q2 and Q4 

contributions for different threshold levels which is clearly opposite to that noticed by 

injection. 

The ratio of Q2/Q4 to the Reynolds shear stress is shown in Figure 5.15 for H = 0 

to 3. One can note from Figures 5.15a (H = 0) that at near-bed locations, the Q2/Q4 ratio 

is near unity, indicating identical strength of sweep and ejection. As one progress from 

the bed towards the free surface, the ratio of Reynolds shear stress for Q2 and Q4 

increases from a near unit value to a maximum at around y ~ 0.6d, indicating relatively 

stronger ejection events. Moving farther from the bed and towards the free surface, the 

ratio of Reynolds shear stress between Q2 and Q4 reduces. The effect of injection on 

Q2/Q4 ratio is only visible for y > 0.6d with the increased ratio of Q2/Q4 in comparison 

to no seepage condition. Figure 5.15b shows a trend different from Figure 5.15a. As one 

progress from the bed towards the free surface, the value of Q2/Q4 increases from a near 

unit value to ten folds at around y ~ 0.6d, indicating much stronger ejection events. 

Moving farther from bed and towards the free surface the ratio of Reynolds shear stress 

between Q2 and Q4 reduces. The effect of injection on Q2/Q4 ratio is again visible for y 

> 0.6d with the increased ratio of Q2/Q4 in comparison to no seepage condition. One can 

see stronger ejection events with increased threshold value (Figures 5.15c and 5.15d) 

with effect of injection being more visible for y > 0.6d. The Q2/Q4 ratio for the higher 

flow rate is shown in Figures 5.15e to 5.15h. The results are very similar to lower flow 

rate (Figures 5.15a to 5.15d). Figures 5.16 shows the ratio of Q2/Q4 events to the 
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Reynolds shear stress for different threshold levels with the introduction of suction for 

lower and higher flow rate. The effect of suction on Q2/Q4 ratio is visible for most of the 

depth with the increased ratio of Q2/Q4 in comparison to no seepage condition.  

 

5.8 Conclusions 

The present study was carried out to understand the effects of seepage on mean 

velocity, turbulence, Reynolds shear stress and, velocity triple products in open channel 

flow (OCF) for two different flow rates. Quadrant decomposition technique was also 

used to extract the magnitude of the Reynolds shear stress of the turbulent bursting 

events. The main findings are summarized as follows: 

1. Injection decreases the near-bed velocity causing the mean velocity profile to be 

less full compared to the no seepage condition. However, suction increases the 

near-bed velocity causing the mean velocity profile to become more uniform 

compared to the no seepage condition. 

2. Injection increases the bed shear stress as noted by an increase in uτ, whereas, 

suction decreases the bed shear stress due to decrease in uτ.  

3. For the range of test conditions used in the present study, injection results in an 

increase in bed stability, while suction reduces the bed stability. 

4. Injection causes an increment of both streamwise and vertical turbulence intensity 

whereas suction reduces the values.  

5. Reynolds shear stress increases with the introduction of injection for most of the 

depth, whereas suction reduces the Reynolds shear stress. 
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6. Effect of injection on mean velocity, turbulence intensity, Reynolds shear stress is 

found to be less significant for the higher flow rate. 

7.  Results from the analysis of turbulent bursting events (through quadrant 

decomposition) show clearly visible effect of seepage well beyond the near-bed 

region and deep into the outer layer (y/d ≈ 0.7). Results show that the magnitude 

of Q2 (ejection) and Q4 (sweep) contributions is very much higher with the 

introduction of injection and much lower for suction than that for no seepage 

condition for a threshold hole size, H = 0. 

8. By investigating the contribution of the extreme turbulent events (H = 2 to 5), 

results show active Q2 (ejection) events for most of the flow depth, whereas, 

affected flow depth for active Q4 (sweep) events reduces with increasing H value. 

Injection increases the magnitude of Reynolds stress by extreme turbulent events 

whereas suction reduces it. Although the number of extreme events reduce 

sharply for higher threshold value, the extreme events would produce very large 

instantaneous Reynolds shear stress )25.5( => Hforuv , which can 

potentially influence the sediment transport, resuspension of pollutant from bed, 

bed formation, entrainment and the exchange of energy and momentum. 
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Table 5.1: Comparison of percentage change of near bed velocity and friction velocity 

Tests Rate of 
Suction & 
Injection 

% change in friction velocity % change in near bed velocity

5% 0.62 -17.21 
7% 5.56 -25.45 
9% 9.88 -36.59 
12% 17.28 -44.05 Se

ep
ag

e 
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14% 23.46 -51.12 
3% 1.89 -5.26 
5% 5.66 -11.41 
7% 8.30 -15.51 
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20
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9% 13.21 -23.66 
5% -1.23 10.71 
7% -7.41 25.53 
9% -11.11 37.99 
12% -14.81 48.55 Se

ep
ag

e 
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 (4
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14% -16.67 48.13 
3% -6.42 7.79 
5% -9.43 17.31 
7% -13.21 34.37 
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9% -16.98 39.92 
Note: +ve represents increase and –ve represents decrease in comparison to no 
seepage condition. 
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Figure 5.1: Mean velocity profile in outer coordinates for, a) Injection_450 GPM, b) 

Injection_720 GPM 
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Figure 5.1: Mean velocity profile in outer coordinates for, c) Suction_450 GPM, d) 

Suction_720 GPM. 
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Figure 5.2: Mean velocity profile in inner coordinates for, a) Injection_450 GPM, b) 

Injection_720 GPM 
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Figure 5.2: Mean velocity profile in inner coordinates for, c) Suction_450 GPM, d) 

Suction_720 GPM. 
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Figure 5.3: Streamwise turbulence intensity for, a) Injection_450 GPM, b) Injection_720 

GPM 
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Figure 5.3: Streamwise turbulence intensity for, c) Suction_450 GPM, d) Suction_720 

GPM. 
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Figure 5.4: Vertical turbulence intensity for, a) Injection_450 GPM, b) Injection_720 

GPM 
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Figure 5.4: Vertical turbulence intensity for, c) Suction_450 GPM, d) Suction_720 GPM. 
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Figure 5.5: Reynolds shear stress for, a) Injection_450 GPM, b) Injection_720 GPM 



 91

Q ~ 450 GPM

-0.001

0

0.001

0.002

0.003

0.004

0 0.2 0.4 0.6 0.8 1y/d

SUC 0% SUC 5%

SUC 7% SUC 9%

SUC 12% SUC 14%

(c)

2
eU
uv−

Q ~ 720 GPM

-0.001

0

0.001

0.002

0.003

0.004

0 0.2 0.4 0.6 0.8 1y/d

SUC 0% SUC 3%

SUC 5% SUC 7%

SUC 9%

(d)

2
eU
uv−

 

Figure 5.5: Reynolds shear stress for, c) Suction_450 GPM, d) Suction_720 GPM. 
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Figure 5.6: Distribution of correlation coefficient for, a) Injection_450 GPM, b) 

Injection_720 GPM 
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Figure 5.6: Distribution of correlation coefficient for, c) Suction_450 GPM, d) 

Suction_720 GPM. 
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Figure 5.7: Distribution of different velocity triple product, a) u3: Injection_450 GPM, b) 

v3: Injection_450 GPM, c) u3: Injection_720 GPM, d) v3: Injection_720 GPM. 
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Figure 5.8: Distribution of different velocity triple product, a) u3: Suction_450 GPM, b) 

v3: Suction_450 GPM, c) u3: Suction_720 GPM, d) v3: Suction_720 GPM. 
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Figure 5.9: Distribution of different velocity triple product, a) Dv: Injection_450 GPM, b) 

Du: Injection _450 GPM, c) Dv: Injection n_720 GPM, d) Du: Injection _720 GPM. 
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Figure 5.10: Distribution of different velocity triple product, a) Dv: Suction_450 GPM, b) 

Du: Suction_450 GPM, c) Dv: Suction_720 GPM, d) Du: Suction_720 GPM. 
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Figure 5.11: Contribution of different quadrant events to the Reynolds stress for lower 

flow rates and with introduction of injection.  
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Figure 5.12: Contribution of different quadrant events to the Reynolds stress for higher 

flow rates and with introduction of injection. 
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Figure 5.13: Contribution of different quadrant events to the Reynolds stress for lower 

flow rates and with introduction of suction. 
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Figure 5.14: Contribution of different quadrant events to the Reynolds stress for higher 

flow rates and with introduction of suction. 
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Figure 5.15: Ratio of different quadrant events to the Reynolds stress for different flow 

rates and with introduction of injection. 
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Figure 5.16: Ratio of different quadrant events to the Reynolds stress for different flow 

rates and with introduction of suction. 
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CHAPTER 6 

ICE COVERED OPEN CHANNEL FLOW 

This chapter discusses the effects of ice cover on flow in open channels. Two 

types of ice cover, denoted as Cover 1 and Cover 2 are used. The same four bed 

conditions used in the previous tests (Chapter 4: Roughness effects on turbulence 

characteristics) are used here. The same two Reynolds numbers (Re ~ 47,500 and 31,000) 

are continued to be used in this series of tests.   

 

6.1 Mean Velocity Profiles 

6.1.1 Outer Coordinates 

The distributions of the streamwise component of the mean velocity in outer 

coordinates are shown in Figures 6.1 to 6.6. Average velocity (Uavg) and flow depth (d) 

are used to non-dimensionalize the streamwise mean velocity (U) and the wall normal 

distance (y), respectively. Figure 6.1 shows the mean velocity profiles for flow over a 

smooth bed with three different surface (cover) conditions. One can note an increase in 

velocity near the bed and a decrease in velocity near the surface with the introduction of 

cover. The introduction of the cover, introduces friction and shear stress, in an otherwise 

zero-stress free surface. The larger friction generated by the more rough Cover 2 causes a 

greater decrease in the velocity. The corresponding increase in the near bed velocity is 

more with Cover 2 (rougher cover) flow. This is more clearly demonstrated in the insets 

of Figure 6.1, which shows the velocity near the bed. One can also note from Figure 6.1 

that the maximum mean streamwise velocity (in the flow) increases with the introduction 

of cover with the rougher Cover 2 showing higher increment than the relatively smoother 
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Cover 1. The vertical location of the maximum streamwise velocity is found to move 

closer to the bed for the rougher cover. A similar streamwise mean velocity distribution 

was also observed (Figure 6.1b) for the lower Reynolds number flow, but the difference 

in profile between the smoother cover and rougher cover seems to be more.  

The distributions of the streamwise component of the mean velocity for the 

different rough bed conditions are shown in Figures 6.2 to 6.4. The effect of cover is very 

similar to the flow over the smooth bed with the exception that the maximum value of the 

mean velocity for flow over rough beds tends to be larger. Figures 6.5 and 6.6 show the 

velocity profile with different bed conditions with the Cover 1 and 2, respectively. One 

can note a decrease in velocity near the bed for the rough beds in comparison to the 

smooth bed. One can also note from Figures 6.5 and 6.6 that the distributed roughness 

exhibits the highest deviation from the smooth bed profile.    

Two-point method of calculating the average velocity in an ice covered flow is a 

widely used method. Teal et al. (1994) and Lau (1982) found that the average of the 

velocities at 0.2 and 0.8 of the depth is nearly equal to the overall average velocity. One 

can note from Figure 6.1 that the average of the velocities at 0.2 and 0.8 of the depth 

matches quite well with the overall average velocity.  

 

6.1.2 Inner Coordinates 

An attempt was made to analyze the streamwise component of the mean velocity 

in inner coordinates. To this end the data was plotted in two sets, one commencing from 

the bed (bottom) to the point of maximum velocity and the other is from the cover (top) 

to the point of maximum velocity. The respective Uτ values were obtained from the 
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Clauser plot. Figures 6.7 and 6.8 show the velocity profile in inner coordinates for four 

different bed conditions with Cover 1 and Cover 2, respectively. The effects of cover and 

the bed are clearly distinguishable in the graphs of the two figures, with the effect of 

roughness being consistent with previous rough wall experiments in open channel. One 

can also note from Figures 6.7 and 6.8 that the total resistance of flow under the cover is 

higher than the flow without cover due to the additional resistance imposed on the flow. 

A similar observation under an ice cover has been made by Ashton (1986). However, 

Helmiö (2001) indicated that the total resistance coefficients of the channel were 

remarkably lower with ice cover. One can also note from Figures 6.7 and 6.8 that the 

frictional resistance of the cover could be higher than the resistance of the bed depending 

on both cover and bed conditions. The results with the lower flow Reynolds number 

(Figures 6.9 and 6.10) show a trend similar to those at the higher Reynolds number 

(Figures 6.7 and 6.8). The present results also show that the influence of the cover can be 

higher than that of the bed (see Figure 6.8d). 

 

6.2 Turbulence Intensity 

6.2.1 Streamwise Turbulence Intensity 

Figure 6.11 shows the streamwise turbulence intensity in outer variables. Once 

again, directly measured quantities like depth of flow and maximum velocity are used as 

the length and velocity scales, respectively, to reduce any additional uncertainties related 

to scaling parameters with computed quantities. The results clearly show that up to y = 

0.4d for the smooth bed) and y = 0.5d for rough beds, the distributions do not show any 

difference due to different surface conditions. However, for greater bed-normal distances, 
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there are clear differences in streamwise turbulence intensity with changing surface 

conditions. A similar variation was observed for the flow with lower Reynolds number 

(Figure 6.12). In each flow condition, the rougher cover (Cover 2) shows the highest 

deviation in the upper half of the flow.  

The same data can be re-plotted to understand the effect of bed roughness. Figure 

6.13 shows the data with Cover 1 and two different Reynolds numbers. The bed effects 

are clearly distinguishable in the bottom region of the flow. While, at the higher Reynolds 

number, the effect of cover is more prevalent in the upper half of the flow. Figure 6.14 

shows the data with the rougher cover (Cover 2) for the two Reynolds numbers. One 

interesting feature is that the effect of cover is more demonstrated with lower Reynolds 

number for the upper half of the flow (y > 0.5d).   

 

6.2.2 Vertical Turbulence Intensity 

Figures 6.15 and 6.16 show the vertical turbulence intensity in outer variables.  

The variation is very similar to that for streamwise turbulence intensity (Figures 6.11 and 

6.12) with the rougher cover (Cover 2) showing the highest deviation i the upper half of 

the flow. Figures 6.17 and 6.18 show the results for the different bed conditions with 

Cover 1 and Cover 2, respectively with the two Reynolds numbers. The effect of the bed 

is distinguishable up to y = 0.5d. The effect of cover take precedence after this and more 

visible at higher Reynolds number and with Cover 2.  
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6.3 Reynolds Shear Stress 

Figures 6.19 and 6.20 show the Reynolds shear stress distribution for two 

different Reynolds number in outer variables. The distributions do not show any 

difference between open-water and Cover 1 throughout the depth. However, there are 

clear differences in Reynolds shear stress for different bed conditions with the rougher 

cover (Cover 2) in the upper portion of the flow depth. Both Reynolds numbers show 

similar trends and the distributed bed roughness provides for the highest Reynolds shear 

stress in the upper portion of the flow depth followed by the continuous roughness and 

the natural sand bed.  

The same data can be re-plotted to understand the influence of bed roughness. 

Figures 6.21 and 6.22 show the results with Cover 1 and Cover 2 with the two Reynolds 

numbers. The bed effects are clearly distinguishable in the bottom region of the flow for 

Cover 1 and the bed effects are prevalent throughout the depth with relatively rougher 

Cover 2.  

 

6.4 Conclusions 

The present study was carried out to understand the effects of ice cover on the 

mean velocity, turbulence, Reynolds shear stress in open channel flow (OCF) for two 

different flow rates. The main findings are summarized as follows: 

1. The near-bed velocity increases and the near-surface velocity decreases due to the 

introduction of ice cover.  

2. With increasing cover roughness, the near-bed velocity increases.  
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3. The maximum streamwise velocity occurring in the flow increases with the 

introduction of cover and the rougher cover causes the maximum increment. 

4. Vertical location of the maximum streamwise velocity is found to move closer to 

the bed with the introduction of cover and the location is closer to the bed for a 

rougher cover. 

5. Ice cover causes relatively higher maximum mean velocity for flow over rough 

beds in comparison to smooth bed.  

6. Although the individual magnitude of streamwise velocity at 0.2 and 0.8 of the 

depth may deviate significantly from the overall average velocity depending on 

the type of cover, the average of the velocities at 0.2 and 0.8 of the depth matches 

quite well with the overall average velocity. The accuracy of the widely used 

“two-point method” of calculating the average velocity in an ice covered flow is 

thus verified. 

7. The total resistance under the cover is found to be higher than the flow without 

the cover due to the additional resistance imposed in the flow.  

8. The friction resistance of the cover could be higher than the frictional resistance 

of the bed depending on both cover and bed conditions.  

9. There is no significant effect of cover observed on both of the streamwise and 

vertical turbulence intensity for the bottom half of the flow depth but an increased 

intensity was observed for the upper half of the flow depth due to introduction of 

cover for all beds.  

10. The distribution of the Reynolds shear stress does not show any difference 

between open-water and smooth cover. However, there are clear differences in 
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Reynolds shear stress in the upper portion of the flow depth for different bed 

conditions with the rougher cover. 

11. The effect of bed roughness on Reynolds shear stress can be seen throughout the 

flow depth with the introduction of rougher cover and the affected region of the 

flow depth reduces with the reduction of surface roughness. 
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Figure 6.1: Mean velocity profile in outer coordinates for flow over, a) Smooth Bed: Re ~ 

47,500, b) Smooth Bed: Re ~ 31,000 
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Distributed Roughness Bed: Re ~ 47,500
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Figure 6.2: Mean velocity profile in outer coordinates for flow over, a) Distributed 

Roughness Bed: Re ~ 47,500, b) Distributed Roughness Bed: Re ~ 31,000 



 113

Continuous Roughness Bed: Re ~ 47,500
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Figure 6.3: Mean velocity profile in outer coordinates for flow over, a) Continuous 

Roughness Bed: Re ~ 47,500, b) Continuous Roughness Bed: Re ~ 31,000 
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Natural Sand Bed: Re ~ 47,500
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Figure 6.4: Mean velocity profile in outer coordinates for flow over, a) Natural Sand Bed: 

Re ~ 47,500, b) Natural Sand Bed: Re ~ 31,000 
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Cover 1: Re ~ 47,500

0

0.2

0.4

0.6

0.8

1

0 0.25 0.5 0.75 1 1.25U/Uavg

y/d

Smooth
Distributed roughness
Continuous roughness
Natural sand bed

(a)

Cover 1: Re ~ 31,000

0

0.2

0.4

0.6

0.8

1

0 0.25 0.5 0.75 1 1.25U/Uavg

y/d

Smooth
Distributed Roughness
Continuous Roughness
Natural sand bed

(b)

0.03

0.04

0.05

0.06

0.4 0.65 0.9U/Uavg

y/d

0.03

0.04

0.05

0.06

0.4 0.65 0.9U/Uavg

y/d

 

Figure 6.5: Mean velocity profile in outer coordinates for flow over different beds with, 

a) Cover 1: Re ~ 47,500, b) Cover 1: Re ~ 31,000 
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Cover 2: Re ~ 47,500
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Figure 6.6: Mean velocity profile in outer coordinates for flow over different beds with, 

a) Cover 2: Re ~ 47,500, b) Cover 2: Re ~ 31,000 
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Figure 6.7: Mean velocity profile in inner coordinates with Cover 1 and Re ~ 47,500 for 

flow over, a) Smooth Bed, b) Distributed Roughness Bed, c) Continuous Roughness Bed, 

d) Natural Sand Bed 
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Cover 2: Re ~ 47,500
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Figure 6.8: Mean velocity profile in inner coordinates with Cover 2 and Re ~ 47,500 for 

flow over, a) Smooth Bed, b) Distributed Roughness Bed, c) Continuous Roughness Bed, 

d) Natural Sand Bed 
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Cover 1: Re ~ 31,000
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Figure 6.9: Mean velocity profile in inner coordinates with Cover 1 and Re ~ 31,000 for 

flow over, a) Smooth Bed, b) Distributed Roughness Bed, c) Continuous Roughness Bed, 

d) Natural Sand Bed 
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Cover 2: Re ~ 31,000
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Figure 6.10: Mean velocity profile in inner coordinates with Cover 2 and Re ~ 31,000 for 

flow over, a) Smooth Bed, b) Distributed Roughness Bed, c) Continuous Roughness Bed, 

d) Natural Sand Bed 
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Smooth Bed: Re ~ 47,500
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Figure 6.11: Streamwise turbulence intensity for different cover conditions and Re ~ 

47,500 for flow over, a) Smooth Bed, b) Distributed Roughness Bed, c) Continuous 

Roughness Bed, d) Natural Sand Bed 
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Smooth Bed: Re ~ 31,000
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Figure 6.12: Streamwise turbulence intensity for different cover conditions and Re ~ 

31,000 for flow over, a) Smooth Bed, b) Distributed Roughness Bed, c) Continuous 

Roughness Bed, d) Natural Sand Bed 
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Cover 1: Re ~ 47,500
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Figure 6.13: Streamwise turbulence intensity for flow over different beds with, a) Cover 

1: Re ~ 47,500, b) Cover 1: Re ~ 31,000 
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Cover 2: Re ~ 47,500
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Figure 6.14: Streamwise turbulence intensity for flow over different beds with, a) Cover 

2: Re ~ 47,500, b) Cover 2: Re ~ 31,000 
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Smooth Bed: Re ~ 47,500
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Figure 6.15: Vertical turbulence intensity for different cover conditions and Re ~ 47,500 

for flow over, a) Smooth Bed, b) Distributed Roughness Bed, c) Continuous Roughness 

Bed, d) Natural Sand Bed 
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Smooth Bed: Re ~ 31,000
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Figure 6.16: Vertical turbulence intensity for different cover conditions and Re ~ 31,000 

for flow over, a) Smooth Bed, b) Distributed Roughness Bed, c) Continuous Roughness 

Bed, d) Natural Sand Bed 
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Cover 1: Re ~ 47,500
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Figure 6.17: Vertical turbulence intensity for flow over different beds with, a) Cover 1: 

Re ~ 47,500, b) Cover 1: Re ~ 31,000 
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Cover 2: Re ~ 47,500
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Figure 6.18: Vertical turbulence intensity for flow over different beds with, a) Cover 2: 

Re ~ 47,500, b) Cover 2: Re ~ 31,000 



 129

Smooth Bed: Re ~ 47,500
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Figure 6.19: Reynolds shear stress for different cover conditions and Re ~ 47,500 for flow 

over, a) Smooth Bed, b) Distributed Roughness Bed, c) Continuous Roughness Bed, d) 

Natural Sand Bed 
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Smooth Bed: Re ~ 31,000
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Figure 6.20: Reynolds shear stress for different cover conditions and Re ~ 31,000 for flow 

over, a) Smooth Bed, b) Distributed Roughness Bed, c) Continuous Roughness Bed, d) 

Natural Sand Bed 
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Cover 1: Re ~ 47,500
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Figure 6.21: Reynolds shear stress for flow over different beds with, a) Cover 1: Re ~ 

47,500, b) Cover 1: Re ~ 31,000 



 132

Cover 2: Re ~ 47,500
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Figure 6.22: Reynolds shear stress for flow over different beds with, a) Cover 2: Re ~ 

47,500, b) Cover 2: Re ~ 31,000 
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CHAPTER 7 

Major Conclusions and Future Recommendations 

This thesis dealt with various conditions in open channel flow including the effect 

of bed roughness, seepage and ice cover.  Conclusions related to each one of the above-

mentioned effects are presented in the earlier chapters.  For brevity, a brief outline of the 

conclusions is presented below. 

 

7.1 Effect of Roughness 

In this study, the effect of bed roughness on the turbulence characteristics is seen 

to be prevalent through most of the flow depth. Although the same sand grain is used to 

create the different rough bed conditions, the differences in turbulence characteristics are 

an indication that specific geometry of the roughness has an influence. Roughness 

produces very large instantaneous Reynolds shear stress causing events, which can 

potentially influence the sediment transport, resuspension of pollutants from the bed and 

alter the nutrient composition.     

 

7.2 Effect of Seepage 

Introduction of seepage in an open channel flow alters the bed stability.  The 

turbulent characteristics can also be seen to be changed through out the flow depth with 

the introduction of seepage. Effect of injection on the turbulent characteristics is more 

evident at the lower flow rate, while the effect of suction seems to be independent of the 

flow rate. Results from the analysis of turbulent bursting events show clearly the role of 

seepage well beyond the near-bed region and deep into the outer layer. Injection 
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eventually increases the magnitude of various turbulent parameters and suction reduces 

the value in comparison to the no seepage condition.  

 

7.3 Effect of Ice Cover 

Significant change in mean velocity profile was observed with the introduction of 

ice cover. The magnitude of change depends on the roughness of the cover. Changes like 

the increase of near-bed velocity, decrease in near-surface velocity, increase of maximum 

mean velocity, downward shift of the location of maximum mean velocity can influence 

the bed load transport, mixing and erosion. Unlike the mean velocity, the change in 

turbulent characteristics seems to be bound to the upper half of the flow and the changes 

can be significant with the rougher cover.  

 

7.4 Recommendations for Future Work 

The following recommendations are relevant to future research: 

1. Perform a CFD analysis with different bed and surface conditions to enable 

comparisons with the present results.   

2. Study the effect of seepage on open channel flow with different types of sand and 

flow conditions including both transporting and non-transporting sediment.  

3.  Study the effect of seepage on incipient motion of bed particles and 

corresponding changes in turbulence characteristics. 

4. Study the effect of ice cover on open channel flow with other types of surface 

roughness. 
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5. Study the effect of seepage and ice cover on open channel flow with at different 

flow depths. 

6. Study the coherent structures with the introduction of seepage and ice cover using 

PIV. 
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APPENDIX A 

UNCERTAINTY ESTIMATES 

The uncertainty estimates in the LDA measurements is presented below. At each 

measurement location, 10000 validated samples were acquired. To avoid errors due to 

spurious samples, samples outside the three standard deviations from the calculated 

means were first eliminated. A 95 percent confidence level is assumed in the uncertainty 

analysis and the variables of interest include the mean velocities, turbulence fluctuations 

and the Reynolds shear stress.  

Based on the methodology outlined by Tachie (2001), the following relationships 

were used to estimate the uncertainty of various parameters: 
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Here, σo is the error due to uncertainty in the determination of the beam-crossing angle. 

Following Tachie (2001), a value of 0.4 is considered for σo.  N is the number of samples 

and R is the shear stress correlation coefficient. 



 145

Results of the calculation of uncertainty estimates for different bed conditions and 

at different distance from bed are shown in Tables A.1 to A.4. The maximum 

uncertainties in mean velocity, streamwise and vertical turbulence fluctuations and 

Reynolds shear stress are ± 0.4, ± 7.0, ± 6.0 and ± 6.1 percent, respectively. 

 

Table A.1: Uncertainty estimates for tests over smooth bed 

Bed Distance from 
bed (mm) 

U  
(%) 

V  
(%) 

u  
(%) 

v  
(%) 

<uv>  
(%) 

3 0.40 0.40 0.65 2.89 2.89 
15 0.40 0.40 0.75 4.11 4.10 
30 0.40 0.40 0.77 4.50 4.48 
50 0.40 0.40 2.08 1.61 1.74 

Smooth 
Re ~ 47,500 

85 0.40 0.40 0.79 5.87 6.02 
3 0.40 0.40 0.41 3.47 3.41 
15 0.40 0.40 0.81 2.48 2.46 
30 0.40 0.40 0.66 2.04 2.01 
50 0.40 0.40 0.65 1.60 1.71 

Smooth 
Re ~ 31,000 

85 0.40 0.40 0.91 1.43 1.57 
 

Table A.2: Uncertainty estimates for tests over distributed roughness bed 

Bed Distance from 
bed (mm) 

U  
(%) 

V  
(%) 

u  
(%) 

v  
(%) 

<uv>  
(%) 

15 0.40 0.40 1.69 3.70 3.69 
30 0.40 0.40 0.86 2.81 2.79 
50 0.40 0.40 0.75 2.03 2.03 

Distributed 
Roughness 
Re ~ 47,500 

85 0.40 0.40 2.92 1.61 1.75 
3 0.40 0.40 6.97 2.06 2.05 
15 0.40 0.40 0.78 1.94 1.92 
30 0.40 0.40 0.98 5.70 5.65 
50 0.40 0.40 0.74 1.88 1.87 

Distributed 
Roughness 
Re ~ 31,000 

85 0.40 0.40 0.73 3.48 3.64 
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Table A.3: Uncertainty estimates for tests over continuous roughness bed 

Bed Distance from 
bed (mm) 

U  
(%) 

V  
(%) 

u  
(%) 

v  
(%) 

<uv>  
(%) 

3 0.40 0.40 1.13 2.62 2.61 
15 0.40 0.40 0.98 1.95 1.91 
30 0.40 0.40 0.90 3.32 4.88 

Continuous 
Roughness 
Re ~ 47,500 

50 0.40 0.40 1.13 3.41 3.46 
3 0.40 0.40 0.88 2.22 2.18 
15 0.40 0.40 0.88 2.05 2.02 
30 0.40 0.40 0.68 2.07 2.03 

Continuous 
Roughness 
Re ~ 31,000 

50 0.40 0.40 0.68 3.84 3.87 
 

Table A.4: Uncertainty estimates for tests over natural sand bed 

Bed Distance from 
bed (mm) 

U  
(%) 

V  
(%) 

u  
(%) 

v  
(%) 

<uv>  
(%) 

3 0.40 0.40 2.49 2.57 2.53 
15 0.40 0.40 1.03 2.85 2.81 
30 0.40 0.40 0.94 2.52 2.48 
50 0.40 0.40 0.78 2.16 2.21 

Natural 
Sand Bed 

Re ~ 47,500 

85 0.40 0.40 0.85 1.61 1.77 
3 0.40 0.40 0.98 2.62 2.58 
15 0.40 0.40 0.76 2.00 1.97 
30 0.40 0.40 1.50 2.17 2.13 
50 0.40 0.40 0.77 4.03 4.04 

Natural 
Sand Bed 

Re ~ 31,000 

85 0.40 0.40 1.63 1.43 1.59 
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