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ABSTRACT 

Local scour modelling has been established as an imperative tool in the understanding of 

local scour mechanisms and development of effective design methodologies for use in 

practice. However, there are limitations in physical scale modelling which must be fully 

understood in order to acquire useful experimental results to this end. In hydraulic 

modelling, facility constraints often result in dimensionless geometric parameters which 

are considerably altered from prototype conditions. Channel width b in a typical laboratory 

flume is limited, resulting in small values of channel aspect ratio AR (b/h, where h is flow 

depth). To further complicate matters, cylinder diameter D in local scour studies must be 

maximized to obtain a measurable scour pattern and maintain acceptably high relative 

coarseness D/d50 (where d50 is the median diameter of bed material). This results in cylinder 

sizes which pose a significant blockage to flow. 

While blockage effects have been explored for a cylinder mounted on a fixed bed, the effect 

of blockage ratio (D/b) for a cylinder in an erodible bed has only been explored through 

comparison of bed formations. In order to fully understand the effect of sidewall proximity 

on the flow field surrounding a cylinder under equilibrium of local scour, detailed velocity 

measurements are required. Furthermore, the effect of D/b on local scour must be isolated 

by holding all other scour-governing parameters constant. In order to achieve this, channel 

width b has been altered in the present investigation by movable flume sidewalls. In 

altering b, the channel aspect ratio AR is also affected. Particle Image Velocimetry (PIV) 

measurements have been undertaken in order to explore the effects of channel aspect ratio 

on open-channel flow over a porous bed. The effects of increasing vertical confinement 

(decreasing h) and horizontal confinement (decreasing b) are explored by comparison of 
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mean and turbulence properties as well as third-order turbulent moments and quadrant 

analysis.  

The findings are then applied to an investigation of the role of D/b on the flow field 

mechanisms surrounding an emergent circular cylinder under equilibrium of clear-water 

scour. Changes in the distribution of time-averaged flow velocity, Reynolds shear stress 

and spanwise vorticity are presented and related to the bed formation. Increasing sidewall 

proximity is observed to confine the wake region and therefore influence the geometry of 

the dune downstream of the cylinder. The dune geometry subsequently affects the features 

in the surrounding flow field, and the streamwise velocity upstream of the cylinder is 

reduced as D/b increases.  

A primary objective of scour modelling is development of countermeasures for mitigation 

of the mechanisms which drive local scour. Lastly, an investigation of two types of scour 

countermeasures was carried out for flow around a submerged circular cylinder at 

equilibrium of clear-water scour. Based on fluid dynamic considerations, a vertical splitter 

plate and a horizontal base plate were chosen as potential flow-altering devices and the 

efficacy of these devices for scour mitigation are explored. PIV measurements also 

facilitate understanding of the methods by which each countermeasure affects the flow 

field mechanisms surrounding the cylinder, and the distribution of flow velocity and 

Reynolds shear stress are presented. The vertical splitter plate is found to affect the 

interaction between shear layers in the wake region, reducing the depth of scour 

downstream of the cylinder. The horizontal base plate is found to eliminate scour upstream 

of the cylinder altogether by protecting the bed around the sides of the cylinder where shear 

stress is maximized.  
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1 INTRODUCTION 

1.1 The cost of scour 

Scour and erosion have been well-established as leading causes of bridge failures; over half 

of bridge failures in the United States alone have been attributed to scour (Shirhole & Holt 

1991, Wardhana & Hadipriono 2003). Damage to roadway infrastructure due to scour can 

consist of minor erosion or complete failure of a bridge. Restoration of an overwater bridge 

of any magnitude can require significant expenditure, cause disruption of local traffic and 

pose appreciable risk to surrounding ecosystems. In addition to capital for reconstruction, 

costs include rerouting of traffic and potential erection of temporary service bridges, which 

can exceed the cost of replacement itself by 50 percent (Melville & Coleman 2000). 

Furthermore, it has been estimated that indirect losses incurred by the general public, local 

business and industry are five times greater than reconstruction costs alone (Lagasse et al. 

1995). Most crucially, due to the sudden nature of collapses caused by scour, failure of this 

type can result in loss of life. 

In 1987, riprap protection around one pier of the Schoharie Creek Bridge on Interstate 90 

over Schoharie Creek in New York failed due to spring flooding (see Figure 1.1). The 

unprotected pier footing failed in tension, causing collapse of the pier and two spans of the 

bridge, resulting in the death of 10 motorists (LeBeau & Wadia-Fascetti 2007). In 1995, a 

road bridge on Interstate 5 over Arroyo Pasajero in California collapsed, similarly under 

flood conditions (see Figure 1.2). The collapse resulted in the deaths of seven motorists. 

After investigation by the Federal Highway Administration (FHWA), the cause of failure 

was found to be bed degradation due to flooding (Lagasse et al. 1995).  
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In 2013, a single pier of the Bonnybrook Bridge over the Bow River in Alberta was 

undermined due to scour during an unprecedented rainfall event, causing derailment of six 

cars of a passing Canadian Pacific Railway freight train (see Figure 1.3). Fortunately, the 

collapse did not result in any fatalities. The derailed train cars were transporting industrial 

chemicals (including petroleum product) and flammable liquids, which were contained 

during the incident (Graveland & Krugel 2013, Government of Canada 2014). A 

subsequent investigation by the Government of Canada (2014) stated: “If measures are not 

taken to inhibit local scour, especially at bridges with spread footing foundations, there is 

an increased risk that high water events will lead to bridge failures.” 

1.2 The mechanism of local scour 

When a structure such as a circular cylinder is introduced into a fluvial environment, there 

are several features which are induced in the surrounding flow field. One such feature is 

the downflow, which is formed when flow decelerates leading up to the upstream face of 

the cylinder. Due to the nature of the velocity profile of the approach flow in an open 

channel, the pressure changes along the stagnation line, driving the flow downwards. This 

feature is known as the downflow, which impinges upon the bed at the base of the cylinder, 

initiating scour. The strength of the downflow is highly influential on the scouring process. 

A horseshoe vortex (HSV) is formed when the downflow rolls up to form a vortex tube at 

the junction between the base of the cylinder and the bed. The legs of the HSV wrap around 

the cylinder, extending in the downstream direction and are occasionally broken up and 

shed. A necklace or collar vortex is formed when the adverse pressure gradient (APG) 

associated with the stagnation line causes flow separation in the near-bed region. The 
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boundary layer on the bed surface around the pier separates and the vorticity from the 

approach flow causes formation of a necklace vortex in the region of maximum shear stress 

in the vicinity of the cylinder. The necklace vortex is broken up in the wake region by the 

high bed shear stress and interaction with the wake vortices. The necklace vortex 

contributes to initiation of scour (Nasif et al. 2015), and the HSV is one of the primary 

mechanisms by which sediment is removed from around the base of the cylinder. The 

vortical motion of the HSV entrains sediment from the bed into the flow around the 

cylinder. The size and strength of the HSV are related to the size of the scour hole around 

the cylinder, and both will continue to increase until equilibrium is reached. This is the 

point at which the strength of the HSV is no longer sufficiently high to continue to remove 

sediment from the bottom of the scour hole, or when the critical shear stress of sediment at 

the bottom of the scour hole is no longer exceeded.  

The vortices in the von Kármán vortex street are formed due to the shear layers which are 

detached from either side of the cylinder. The wake vortices shed alternately from the 

cylinder and carry the entrained sediment from the HSV region past the cylinder into the 

wake region. Downstream of the cylinder, the size of the wake vortices increases, causing 

them to weaken and deposit the sediment in dune-like formations. From this discussion, it 

can be inferred that the strength and structure of the downflow, the horseshoe vortex and 

the wake vortices are unsteady and highly influential on local scour around a cylinder. It is 

important to make note of the significant variation in structure, strength, and scale of each 

of the aforementioned turbulence structures. 
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1.3 Scale effects in hydraulic modelling 

Experimental modelling of local scour around a cylinder has been comprehensively 

explored for an appreciable range of flow, structure and bed material characteristics. 

Typical scour experiments involve installation of a cylinder in a sediment recess filled with 

bed material of a prescribed size within a recirculating flume, from which point scour is 

allowed to progress until equilibrium is reached. The geometry of the scour formation is 

then measured to varying levels of detail, where the maximum depth of scour dse (typically 

located near the upstream face of the cylinder) is the primary quantity of interest. Under 

prototype conditions, this would theoretically be taken as the minimum required foundation 

head, or the depth below which pier foundations should be placed in order to avoid the 

possibility of structural failure due to a loss of lateral support from the bed material. In 

practice, foundation head is determined on the basis of empirical equations, which have 

been developed by curve-fitting large quantities of laboratory data acquired through 

experimental methodology similar to what is described above. Dimensional analysis has 

indicated that the maximum depth of scour normalised with pier diameter dse/D can be 

evaluated from a set of dimensionless variables, which can be further reduced under certain 

conditions. For fully turbulent subcritical flow aligned with a circular cylinder in 

acceptably-graded erodible sediment, relative scour depth dse/D can be evaluated as 

described in Equation 1.1. 

Equation 1.1:  
ௗೞ


= 𝑓 ቀ




,




,



ௗఱబ
ቁ 

In Equation 1.1, U is the velocity of approach flow, Uc is the critical velocity of sediment, 

h is the depth of flow, D is the cylinder diameter, and d50 is the median sediment diameter. 
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The relationship between each dimensionless parameter and dse/D has been well-

established in literature (Melville & Coleman 2000, Ettema et al. 2011). However, analysis 

has indicated that commonly-used empirical equations in the form of Equation 1.1 have a 

tendency to over-estimate dse/D values acquired from laboratory measurements (Williams 

et al. 2013). Scale effects, which arise due to an imbalance in force ratios between a model 

and prototype, are certainly partially responsible for this discrepancy. This is particularly 

obvious in scaling of relative coarseness, D/d50, which cannot be equated between the 

laboratory and the field. If sediment size were to be scaled similarly to cylinder diameter, 

the bed material would be in the size range for cohesive sediment, and flow-sediment 

interactions would not be accurately replicated in the model. Therefore, bed material size 

in the approximate range of d50 in the field is used for modelling, and the experimental 

value of D/d50 is significantly reduced. 

There are other model effects to which the poor performance of scour-predicting equations 

can be attributed. In a laboratory flume experiment, bed sediment is typically well-graded 

and the approach flow is well-regulated and usually two-dimensional in the central region 

of flow at the position of the cylinder. These are controlled conditions under which natural 

river flow rarely, if ever, occurs. Therefore, the differences between a value of dse/D 

estimated using an equation derived from laboratory results and an actual maximum depth 

of scour in the field can be understood. It has also been shown that prediction of scour in 

experiments with similar values of each governing parameter described in Equation 1.1 

yield different values of dse/D, which implies that there are additional significant influences 

in scour modelling which have not been incorporated into scour estimation (Williams et al. 

2016). 



 

6 

1.4 The influence of blockage ratio D/b on local scour 

One such influence which has been previously explored in physical scour modelling is 

blockage ratio, D/b, where b is the channel width. While the effect of D/b on flow around 

bluff bodies has been widely investigated for a fixed bed condition (e.g. Ramamurthy and 

Lee 1973, Ramamurthy et al. 1989), the effect of D/b on local scour has not been clearly 

established. This is partially due to the generally significant relative width in naturally 

occurring rivers, which mostly eliminates channel blockage as a concern for scour in the 

field. Nonetheless, in a comprehensive review of pier scour processes, Ettema et al. (2011) 

stated that estimation of dse/D at a pier can be “complicated” by close channel bank 

proximity.  

The effect of channel blockage in scour experiments has been erroneously defined as 

negligible when D/b is less than ten percent (Chiew 1984). Laboratory flumes are usually 

constrained in width by facility size, and pier diameter D is generally chosen such that 

relative coarseness D/d50 is high enough to induce a measurable scour formation. Blockage 

ratio in experiments is therefore of greater concern than in the field. The influence of 

blockage ratio on scour around circular cylinders has been investigated by Hodi (2009), 

D’Alessandro (2013) and Tejada (2014). A review of these investigations, in which scour 

experiments were conducted for varying D/b, can be found in Williams et al. (2018). The 

results of this investigation as well as those of both D’Alessandro (2013) and Tejada (2014) 

reported changes in dse/D when D/b was ten percent or less, which does not agree with the 

assumed threshold stated above. Examination of literature indicates that there are many 

experiments for which the effects of blockage have been ignored, despite having D/b > 

0.10 (see Figure 1.4). Since code-specified design equations were derived from such 
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experiments, a correction factor for the effect of D/b in prediction of dse/D was presented 

by Williams et al. (2018). 

While the conclusions drawn from each investigation are fairly consistent and useful for 

the specific conditions under which the experiments were carried out, all inferences about 

the effect of blockage ratio on local scour are based on bed measurements of scour 

formations only. This is partially due to the difficulty in acquiring measurements in a flow 

field with sediment transport and bed formations. Point measurements made using 

Acoustic Doppler Velocimetry (ADV) and Laser Doppler Velocimetry (LDV) are time-

consuming, and down-looking ADV probes do not allow for measurements within 5 cm of 

the free surface. Furthermore, solid features such as bedforms and cylinders will impede 

optical access in some locations, limiting applicability of techniques such as LDV and 

Particle Image Velocimetry (PIV). Nevertheless, the influence of channel blockage on the 

flow field surrounding a cylinder under local scour conditions cannot be fully understood 

without velocity measurements. 

1.5 Use of Particle Image Velocimetry (PIV) in scour experiments in literature 

Use of planar Particle Image Velocimetry (PIV) in scour experiments has met with some 

difficulty, largely due to the practical need for a transparent surface through which image 

capture can occur. Planar capture is then realistically restricted to the XZ and XY planes, 

since a reliable method for submerging a PIV camera in flow to capture measurements in 

the YZ plane (i.e. perpendicular to the main flow direction) has yet to be developed, to the 

knowledge of the author. Here, X is the streamwise coordinate direction, Y is the vertical 

coordinate direction and Z is the spanwise coordinate direction. While measurements in the 
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XZ plane would be possible with orientation of the laser sheet perpendicular to the flume 

sidewall and positioning of the camera lens in the downward vertical direction atop of the 

flume, the primary intention of the present experiments was to capture the flow field in the 

XY plane, in which velocity measurements using ADV are commonly presented for scour 

experiments. The unscoured bed material does impede image capture in the region below 

the original bed level in this plane; however, PIV measurements were captured in the entire 

flow field above this location. 

Unger and Hager (2007) reported on the characteristics of the downflow and horseshoe 

vortex around a bridge pier. The authors assumed that the flow field around a half-cylinder 

placed against a transparent flume sidewall in erodible sediment would be representative 

of half of the flow field around a full cylinder. PIV measurements were captured in the XY 

plane for this set-up, and as such measurements within the scour hole were obtainable. 

Practically, however, this configuration describes abutment scour, and cannot really be 

viewed as intended by the authors. Kirkil et al. (2008) were able to capture streamline 

patterns at the free surface in the wake region of flow around a circular cylinder with scour 

using a large-scale Particle Image Velocimetry (LSPIV) system in the XZ plane. Zhang et 

al. (2009) explored local scour around a spur dyke placed against a transparent flume 

sidewall in a sediment recess. PIV measurements were made in the XY and XZ planes, and 

due to the location of the spur dyke, flow field measurements were once again captured 

within the scour hole. In general, the limitations of PIV use in scour experiments are well-

demonstrated in the literature. 
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1.6 Description of thesis objectives 

The present investigation explores blockage effects in local scour experimentally, using 

planar Particle Image Velocimetry (PIV) to acquire detailed flow field measurements. The 

method by which the influence of channel blockage on local scour can be isolated in 

experiments is by alteration of the effective width of flow, b, while holding all other scour-

governing parameters constant (i.e. flow intensity U/Uc, flow shallowness h/D, and relative 

coarseness D/d50). For experiments of this nature, movable PVC walls are installed in the 

sediment recess and b can be manipulated. In doing so, D/b is altered, but so too is the 

channel aspect ratio AR = b/h. The effect of channel aspect ratio must first be explored in 

order to establish the role of horizontal confinement (changes in b) and vertical 

confinement (changes in h) on the approach flow.  

Earlier discussion on the prevalence of failure due to scour in the field has similarly 

established the need for optimization of scour countermeasure methods for long-term 

infrastructure preservation. As with previous work on blockage effects in scour, the 

efficacy of scour countermeasures has been primarily explored on the basis of reduction of 

maximum equilibrium scour depth. While this quantity is of great significance in the 

context of scour design, the mechanisms by which countermeasures provide protection can 

be unclear. To this end, exploration of flow field measurements for local scour with 

countermeasures for mitigation in practice is required.  

The objectives of the thesis are as follows: 

1. Characterize the role of aspect ratio (AR = b/h) on flow characteristics over a 

porous bed with no scour; 
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2. Explore the influence of channel blockage ratio (D/b) on the flow field mechanisms 

surrounding a circular cylinder under equilibrium of local scour; 

3. Investigate the effects of two types of scour countermeasures on local scour around 

a circular cylinder at an equilibrium condition. 

1.7 Structure of thesis and scope of experimental work 

Table 1.1 shows the structure of chapters for the current investigation. In Chapter 1, the 

scour problem is discussed and background for the problem statement is provided. Project 

objectives are stated and the thesis is outlined. In Chapter 2, the laboratory facility used 

for experiments is described. A general outline of the experimental program for the thesis 

is provided. The experimental methodology is discussed and details of the principles of the 

Particle Image Velocimetry (PIV) system are included. A detailed description of the 

applicable experimental program is included in each corresponding chapter. Chapter 3 

discusses the results of PIV measurements for straight channel flow over continuous 

roughness, whose flow dimensions correspond to AR values in the range of 1.90 to 10.2. 

Analysis of the mean and turbulence properties as well as third-order turbulent moments 

and quadrant analysis are discussed in order to determine the effects of changes in flow 

confinement. In Chapter 4, PIV results are presented for the flow field around an emergent 

cylinder for D/b values of 0.05, 0.07 and 0.014. Distribution of time-averaged flow 

characteristics such as streamwise velocity, Reynolds shear stress and spanwise vorticity 

are explored for three streamwise-vertical planes (in the centre of the channel, close to the 

cylinder and between the cylinder and wall) in order to understand the effect of sidewall 

proximity on local scour at an equilibrium condition. Chapter 5 discusses changes induced 

in the flow field surrounding a submerged cylinder under local scour at an equilibrium 
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condition due to installation of two scour countermeasures, the first of which is a vertical 

splitter plate and the second of which is a horizontal base plate. 

Table 1.1: Description of thesis structure 

 

  

Chapter Title 

1 Introduction 

2 Methodology 

3 Role of channel aspect ratio on flow over a porous bed 

4 Role of channel blockage ratio on local scour flow field mechanisms 

5 
Evaluation of flow-altering countermeasures for local scour around a 
circular cylinder 

6 Conclusions and recommendations 
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Figure 1.1: Schoharie Creek Bridge collapse in NY, 1987 (Croyle 2017) 

 

Figure 1.2: Arroyo Pasajero bridge collapse in CA, 1995 (Richardson 1995) 
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Figure 1.3: Bonnybrook Bridge collapse in AB, 2013 (Government of Canada 2014) 

 

Figure 1.4: Large-scale clear-water scour test with D = 0.91 m, b = 6 m (D/b = 0.15) 
(Sheppard et al. 2004); figure used with permission from ASCE  
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2 METHODOLOGY 

2.1 Description of experimental facility 

Experiments were carried out at the Ed Lumley Centre for Engineering Innovation at the 

University of Windsor, Canada. The laboratory facility contains a horizontal flume that is 

10.5 m in length, 0.84 m in depth and 1.22 m in width. A schematic of the flume is shown 

in Figure 2.1. The flume is fitted with two flow conditioners upstream of the test section, 

the first of which is constructed out of 0.5-in PVC pipe sections. The second flow 

conditioner consists of fine polycarbonate honeycomb sections. As shown in Figure 2.1, a 

PVC ramp leads to the test section, which is a sediment recess of 3.68 m in length and 0.23 

m in depth, encompassing the width of the flume. The sediment recess is filled with 

granular material with d50 = 0.74 mm, σg = ඥ𝑑଼ସ 𝑑ଵ⁄  = 1.34, Cu = 𝑑 𝑑ଵ⁄  = 1.6 and Cc 

= 𝑑ଷ
ଶ (𝑑ଵ × 𝑑)⁄  = 0.96. The material is classified as poorly graded sand according to 

ASTM standards. The critical velocity of sediment (Uc) for the bed material was evaluated 

using standard methods, which have been detailed in previous works (Williams et al. 2016, 

2018). 

A boundary layer trip is located at the beginning of the sediment recess. The depth of flow 

at the cylinder was adjusted by a gate located at the downstream end of the flume, preceding 

the outlet tank. The flow is serviced by a 60-HP centrifugal pump. The flow was calibrated 

with 30°, 60° and 90° v-notch weirs, using methods described in the U.S. Department of 

the Interior Bureau of Reclamation Water Measurement Manual (2001). The Kindsvater-

Shen relationship and 8/15 triangular weir equation were used to calculate flow rate and 

develop the performance curve for the flume pump in the absence of the installed test 
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section. The orientation of the flume and experimental measurements correspond to X in 

the streamwise direction, Y in the vertical direction, and Z in the spanwise or transverse 

direction. The bed level was taken as 0 in the vertical direction for all experiments and the 

geometric centre of the cylinder was taken as the origin in the XZ plane for local scour 

tests. The mean velocity components U, V and W correspond to velocity in the X-, Y- and 

Z-directions respectively; the fluctuating velocity components u, v and w are similarly 

oriented. 

2.2 Experimental program  

A brief description of the experimental program is provided in Table 2.1. Further details 

for experiments will be included in the corresponding chapters. In Chapter 3, PIV 

measurements were undertaken in flow over the sand bed in order to characterize the 

approach flow conditions and explore the effect of channel aspect ratio (AR) on a porous 

bed. Seven experiments (R1 through R6) were conducted at a range of AR between 1.90 

and 10.2, six of which were in the central plane (plane A) and one of which was in an off-

centre plane (plane C) (see Figure 2.2). In Chapter 4, the effect of channel blockage on 

scour around an emergent cylinder was explored. Three tests (B1, B2 and B3) were 

conducted with constant D (pier diameter), constant h (depth of flow) and similar U (depth-

averaged streamwise velocity of approach flow), and movable PVC sidewalls were 

employed in order to alter blockage ratio (D/b, where b is the channel width) while 

maintaining all other scour-governing parameters constant. Three additional tests (S1, S2 

and S3) were carried out under the same conditions as tests B1, B2 and B3 for a submerged 

cylinder. PIV measurements for the emergent cylinder scour tests were taken in three 

planes of interest (Figure 2.2).  
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Table 2.1: Test parameters for experimental program in Chapters 3, 4 and 5 

Chapter 
Test 
ID 

Plane(s) of 
interest 

b 
(m) 

h 
(m) 

U 
(m/s) 

Cylinder type 

Chapter 3  
(effect of 

aspect ratio) 

R1 A 0.4 0.12 0.262 - 

R2 A 0.4 0.21 0.252 - 

R3 A 0.8 0.12 0.261 - 

R4 A 0.8 0.24 0.258 - 

R5 A 1.22 0.12 0.254 - 

R6 A 1.22 0.185 0.266 - 

R5-C C 1.22 0.12 0.272 - 

Chapter 4 
(effect of 

blockage ratio) 

B1 A, B, C 0.4 0.12 0.262 emergent 

B2 A, B, C 0.8 0.12 0.261 emergent 

B3 A, B, C 1.22 0.12 0.254 emergent 

S1 A 0.4 0.12 0.262 submerged 

S2 A 0.8 0.12 0.261 submerged 

S3 A 1.22 0.12 0.254 submerged 

Chapter 5 
(scour counter-

measures) 

E1 A, B, C 0.4 0.12 0.262 submerged 

E2 A, B, C 0.4 0.12 0.262 
submerged with 

vertical splitter plate 

E3 A, B, C 0.4 0.12 0.262 
submerged with 

horizontal base plate 

 

Chapter 5 experiments focused on the efficacy of countermeasures as scour-mitigating 

techniques for submerged cylinders. Three tests were completed for local scour around a 

submerged cylinder with D = 0.056 m. Test E1 was the control test, i.e. the submerged 

cylinder did not have any flow-altering attachment. Test E2 was for a submerged cylinder 

with a vertical splitter plate, whose streamwise length and height were 2D and 1.72D, 

respectively. For test E3, a submerged cylinder was fitted with a horizontal base plate (i.e. 

a rectangular collar) whose streamwise length and spanwise width were 2D and 7.1D, 

respectively. 
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2.3 Test methodology 

Prior to testing, the sediment in the test section was levelled using a trowel. For tests 

requiring an altered width of the channel (i.e. Chapters 3 and 4), movable PVC sidewalls 

were installed in the sediment recess and adjusted to the desired width (see Figure 2.3). 

For scour tests corresponding to Chapters 4 and 5, the necessary pier was installed in the 

centre of the flume. The flume was then filled with water to the desired depth. A calibration 

target for PIV image processing was suspended in the flume and calibration images were 

captured for each field-of-view. After the required calibration images were acquired, the 

target was removed from the flume and the pump was started and brought up to the required 

flow rate corresponding to an approximate flow intensity (U/Uc) of 0.85. For the straight 

channel flow tests described in Chapter 3, a flow intensity of 0.85 ensured that no general 

scour occurred. For tests corresponding to Chapters 4 and 5, this flow intensity was used 

in order to maintain clear-water conditions for local scour. 

PIV measurements were then taken for each required field-of-view (FOV). PIV 

measurements for Chapter 3 were taken in the central XY plane (plane A) within 30 

minutes of starting the pump. The scour tests were left to run for 24 hours before PIV 

measurements were taken. Prior analysis has indicated that equilibrium of scour was 

reached within 24 hours, and changes in relative scour depth dse/D were minimal beyond 

this point (D’Alessandro 2013). Prior to PIV measurements, the flow was seeded with 11-

μm spherical glass particles. Measurements were taken in a single field-of-view for the 

straight channel tests. For each scour test, four fields-of-view were taken in each of planes 

A, B and C. This was done in order to ensure that the flow field was captured from the 

upstream extent of the scour hole to the end of the primary deposit in the wake of the 
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cylinder. During the scour tests, the image capture for each field-of-view was accomplished 

with a thin glass plate suspended on the free surface in the region of interest in order to 

eliminate distortion of the laser sheet from perturbations in the free-surface region due to 

the presence of the cylinder. 

After all required PIV data was acquired, the pump was slowed gradually in order to avoid 

disturbance of the bed material and then shut off. For scour tests, the flume was drained 

slowly in order to avoid disturbance of the scour formation and a Leica laser distance meter 

was used to measure bed profiles in the streamwise direction at the location of each plane 

described in Figure 2.2 as well as several spanwise profiles (at X/D = -1.3, X/D = 0 and 

X/D = 1.75) and the contour of the scour profile in the XZ plane. Bed profile measurements 

were unobtainable very close to the flume sidewall, due to limitations of the traverse system 

to which the laser distance meter was mounted. However, by observation of photographs 

taken of the final scour formation, the profiles in this region can be easily inferred. The 

uncertainty of the acquired bed measurements due to the accuracy of the laser distance 

meter was determined to be ±0.05 mm from the resolution of the measurements. 

2.4 Particle Image Velocimetry (PIV) system 

A schematic of the two-dimensional planar Particle Image Velocimetry (PIV) system is 

shown in Figure 2.4. The PIV system was supplied by TSI and consists of an 8 MP Illunis 

CCD array camera and a dual pulse Litron L series_ Nd:YAG laser generating at 532 nm 

wavelength with an output energy of 135 mJ/pulse and a maximum repetition rate of 15 

Hz. The laser sheet was expanded through a -15-mm cylindrical lens. The 8 MP camera 

was used to record images with a resolution of 3312 × 2488 pixels operating in dual-capture 
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mode. The camera was fitted with either a 28-105 mm or 50-mm Nikkor lens, depending 

on the flow dimensions and the distance between the camera and the plane of interest. The 

laser was mounted on a mechanical traverse system attached to a carriage on top of the 

flume, and as such could be moved in the spanwise and streamwise directions as required 

by the experimental program. The CCD array camera was mounted on a manual traverse 

system comprised of two tripods and a tripod slider on the flume catwalk, all of which was 

aligned parallel to the flume sidewall and therefore the plane of interest. A TSI PIV 

LaserPulse synchronizer was used to synchronize image capture for the required exposure 

time at the corresponding maximum pulse repetition rate (i.e. the time required for 

exposure and readout of two images) with the timing of the laser pulses for each frame 

(one pair of images). 

The test section for PIV measurements in the sediment recess was located at a distance of 

1.5 m downstream of the boundary layer trip. Measurements were obtained in the XY or 

vertical plane. It was previously determined that between 2000 and 3000 frames captured 

at a rate of 2 Hz were adequate for time-averaged data acquisition. The optimal pulse 

separation (t, or the time step between two concurrent laser pulses) in the sequence for 

each field-of-view was determined by adjusting the value of the time step such that the 

average length of the post-processed vectors (i.e. the displacement of particles) in the 

region of interest was approximately 8 pixels. 

As can be inferred by the above description, there are several components in the PIV system 

which can result in error in the attained velocity measurements. The positioning of the 

calibration target, the physical characteristics of the chosen seeding particles, alignment 

and optical arrangement of the laser sheet, resolution and orientation of the camera, and 
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choice of post-processing methods all contribute to the total uncertainty of the experimental 

results. A detailed description of the sources of error and uncertainty analysis for velocity 

measurements can be found in Appendix D. The total propagated uncertainty of the 

velocity measurements acquired by the PIV system was estimated to be ±0.015 m/s. The 

uncertainty analysis was based on the methods described in Park et al. (2008), which were 

adapted from the Visualization Society of Japan’s (2002) guidelines. 

PIV measurements for individual fields-of-view were taken and stitched together for the 

three planes in each test. The extent of each field-of-view is marked by white edges in the 

following sections. Discontinuities and scatter in any distribution of variables (particularly 

in the contours for higher-order quantities) can be attributed in part to variability in 

intensity along the laser sheet in the streamwise direction as well as reflections from the 

laser sheet on the bed and cylinder. However, there is a strong out-of-plane component in 

the three-dimensional flow around a cylinder which is not captured by a planar PIV and 

evaluation of Δt in such areas of cross-stream flow becomes complicated, particularly in 

the second field-of-view encapsulating the cylinder and near-wake region in the near-

cylinder plane. Furthermore, the flow area within the scour hole was not captured due to 

the physical obstruction by the sediment recess in the field-of-view of the camera. 

Measurements in the region very close to the free surface were also not obtainable due to 

the presence of the glass plate in this region. 

2.5 PIV processing details 

Post-processing of the PIV images was done using PIVlab, a GUI-based open source 

MATLAB code (Thielicke & Stamhuis 2019). PIVlab uses cross-correlation to determine 
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displacement of illuminated tracer particles in the flow field. Prior to cross-correlation 

analysis of the flow field, a background subtraction feature in PIVlab was used to remove 

reflections and other undesirable features from the raw images. The background 

subtraction is a two-step process, wherein a background image is first generated from 

analysis of a set of images, after which the generated background image is subtracted from 

each image in the set. A high pass filter was also used to suppress low frequency 

background information and emphasize high frequency information (i.e. illuminated 

particles). The region of interest for the field-of-view was selected based on the location of 

the free surface, and the bed area and any solid features (scour formation, cylinder, etc.) 

were masked where applicable in order to minimize bad vectors in these regions.  

In PIVlab, a cross-correlation algorithm is used to determine vectors in the flow field by 

deriving particle displacement between pairs of captured images. In this method, a 

“statistical pattern matching technique” is used to correlate the pattern of illuminated 

particles from a small interrogation area in each image of a pair, yielding a correlation 

matrix. The discrete cross correlation function is described by Equation 2.1: 

Equation 2.1:  𝐶 (𝑚, 𝑛) = ∑ ∑ 𝐴(𝑖, 𝑗)𝐵(𝑖 − 𝑚, 𝑗 − 𝑛)  

In Equation 2.1, A corresponds to the interrogation area in the first image of a frame and 

B similarly corresponds to the interrogation area from the second image in the same frame. 

The cross-correlation technique attempts to “locate” the seeding pattern in A in a region 

with the same pattern in B, and the intensity peak in the generated correlation matrix C 

(based on the cross-correlation function) is deemed the “most probable” particle 

displacement between the interrogation areas in each image. The intensity peak is located 



 

25 

by fitting a Gaussian 2·3 point function (i.e. for the adjacent pixels in the vertical and 

horizontal direction for each point) to the integer contents of the correlation matrix. The 

principle of the Gaussian 2·3 point function is described as fitting of a one-dimensional 

Gaussian function to the intensity distribution described by the correlation matrix for each 

axis (Thielicke & Stamhuis 2014). 

The correlation matrix is calculated in the frequency domain using a fast Fourier transform 

(FFT). Although this method of calculation requires less computation time, its drawbacks 

include higher levels of noise in the correlation matrix, reduction in accuracy and 

complication of intensity peak determination. By altering the interrogation area size of the 

second pass of the FFT using the results of the first pass, this inaccuracy can be mitigated. 

Vortical flows will also further complicate location of the intensity peak. This is rectified 

by deformation of the interrogation area in B based on the results of the first pass of the 

FFT, in which overlap of the interrogation area allows for displacement information to be 

acquired at nine points within the interrogation area, as opposed to just at its centre. The 

newly distorted interrogation area B is then correlated with the original interrogation area 

A, resulting in a stronger intensity peak and higher accuracy (Thielicke & Stamhuis 2014). 

The calculation was conducted for this present study for two passes, the first with an 

interrogation area of 64 × 64 pixels and a 50% overlap. The final interrogation area was 32 

× 32 pixels, which resulted in an area of 16 × 16 pixels. 

After processing of all images, the vectors were converted from pixels per millisecond to 

metres per second using the externally taken calibrated image. Post-processing was 

completed in order to remove outliers in the results, using a standard deviation filter with 

a threshold of seven and a local median filter with a threshold of five. Missing vectors in 
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the field-of-view were interpolated and incorporated in the results. The mean vectors were 

calculated for the entire flow field and exported for analysis (Thielicke & Stamhuis 2014). 
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Figure 2.1: Schematic of horizontal laboratory flume used for experimentation 

 

Figure 2.2: Location of planes of interest in local scour experimentation 
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Figure 2.3: Schematic of experimental set-up for local scour experiments around an 
emergent cylinder (top) and a submerged cylinder (bottom) 
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Figure 2.4: Schematic of planar Particle Image Velocimetry (PIV) setup for local scour 
experiments 
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3 ROLE OF CHANNEL ASPECT RATIO ON FLOW OVER A POROUS BED 

3.1 Introduction 

The study of turbulence in open-channel flow is of interest to the hydraulic engineering 

community as it can influence the design of hydraulic structures such as bridge piers and 

abutments, design and maintenance of artificial channels, and prediction of diffusion and 

dispersion of sediments and contaminants in rivers. The influence of the channel 

confinement in terms of the aspect ratio (AR), defined as the ratio between channel width 

(b) and flow depth (h), has been extensively studied in open-channel literature to 

characterize the structure of turbulence in uniform open-channel flow. The AR in naturally 

occurring river flow is typically quite large (b/h > 10), such that a substantial width allows 

for a central region of flow which is unaffected by the proximity of the channel banks 

(Yokosi 1967, Yalin 1992). In the central region of wide open channels, the flow properties 

of the velocity and turbulence parameters are assumed to be two-dimensional (Nezu & 

Nakagawa 1993). 

The same cannot be said of flow in a small-scale laboratory flume (mostly rectangular in 

cross-section), which is sized and operated according to facility constraints. Typical 

rectangular open-channel flumes in hydraulic engineering laboratories are 250 mm to 1 m 

in width and 250 to 600 mm in height, resulting in an AR < 10. As such, AR can severely 

influence the flow under study. While Nezu and Nakagawa (1993) classified flows with 

AR < 5 as narrow, many of the reported laboratory experiments in the literature are 

conducted in the intermediate range, for which 5 < AR < 10 (Rodríguez & García 2008). 

Many practical applications of fluid-structure interaction problems require accurate 
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characterization of approach flow (for example, hydraulic structures such as bridge piers 

in scour-related research) in order to properly evaluate the flow field. Therefore, a clear 

understanding of the effect of the channel confinement and roughness on flow turbulence 

is required. 

In order to explore the physical significance of the channel confinement and AR in the 

central region of the flow, it is important to first understand the associated structure of 

rough open-channel flow. Flow boundaries in open-channels induce anisotropy of 

turbulence, which in turn generate turbulence-driven secondary flows of Prandtl’s second 

kind (Nezu & Nakagawa 1993). A flow field in which secondary flows exist is described 

by Prandtl (1926) as “a combination of the main flow with a ‘secondary flow’ at right 

angles to it.” When studying open-channel flows, the hydraulic engineering community 

has devoted attention to the effect of the secondary flows over smooth beds and, more 

recently, over rough beds of gravel and sand with different topographies. The effect of the 

sidewalls on the flow was originally attributed to the effect of the corner flow as observed 

in duct flows. In fact, Nezu et al. (1985) demonstrated that these mean secondary flows 

exist even on a smooth bed and they are both driven and sustained by spatial gradients in 

the Reynolds stress components. A latter study by Anderson et al. (2015) attributes 

secondary currents to the imbalance between production and dissipation of turbulent 

kinetic energy near the bed which feeds the secondary advective velocities. On the other 

hand, the secondary flows are driven and sustained by the spanwise variation in imposed 

friction drag from roughness topology. Furthermore, the structure of turbulence (and 

therefore the mechanism of secondary currents) over continuous (i.e. Nikuradse-type) 

roughness will differ from that over a porous rough bed (Faruque & Balachandar 2010). 
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The study of secondary currents over porous beds (i.e. Albayrak & Lemmin 2011) has been 

limited in literature, and flow over loose gravel has received more attention than erodible 

sand due to the increased resistance of gravel to particle motion. 

Mathematical analysis of the momentum equation in the spanwise direction (normal to the 

channel sidewalls) illustrates that the highest component of lateral (spanwise) velocity W 

will occur when the streamwise velocity component U is minimized and the spanwise 

gradient of the streamwise velocity (𝜕𝑈/𝜕𝑧) is maximized, which occurs at a boundary 

(Yang et al. 2012). This is illustrated by analysis of the momentum equation in the X-

direction (Equation 3.1) as described by Yang et al. 2012 (summarized below). 

Equation 3.1:  
డ൫ఘିఛೣ൯

డ௬
+

డ(ఘௐିఛೣ)

డ௭
= 𝜌𝑔𝑆 

Equation 3.2:  𝜏௫௭ = 𝜇
డ

డ௭
− 𝜌𝑢𝑤തതതത 

The second term on the LHS of Equation 3.1 is considered negligibly small relative to the 

first term. The total shear stress in the XZ plane is defined in Equation 3.2. Equating the 

second term on the LHS of Equation 3.1 to zero, substituting Equation 3.2 into the 

expression and integrating with respect to Z gives Equation 3.3. 

Equation 3.3:  𝑈𝑊 − 𝜈
డ

డ௭
+ 𝑢𝑤തതതത = 0  

For fully turbulent flow, the viscous component is considered negligible, which leads to  

Equation 3.4:  −𝑈𝑊 −  𝑢𝑤തതതത = 0 

An approximation of the second component is given by Equation 3.5. 
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Equation 3.5:  −𝑢𝑤തതതത = 𝜀௭
డ

డ௭
  

In Equation 3.5, εz is the transverse turbulent eddy viscosity. Combining Equation 3.5 

with Equation 3.4 gives 

Equation 3.6:  𝑊 =  
ఌ



డ

డ௭
 

From Equation 3.6, it can be seen that the spanwise component of velocity (W) is 

maximized when the streamwise velocity component U is minimized, or when the 

spanwise gradient of the streamwise velocity is maximized (Yang et al. 2012). Based on 

this description, secondary flows will occur due to the presence of channel sidewalls for 

all AR, but their effects may be minimal in the central region as noted by Rodríguez and 

García (2008). Secondary flow cells in the spanwise direction are formed when low 

momentum fluid is transported by 
డ

డ௭
 in the near-sidewall region towards the central region 

and high momentum fluid is transported from the free surface towards the channel bed 

(Nezu & Nakagawa 1993). The secondary flows of Prandtl’s second kind are considerably 

weaker relative to the main flow, with a magnitude of approximately 5% (Rodríguez & 

García 2008) to as low as 1% (Yang et al. 2012) of its streamwise velocity. Nonetheless, 

secondary flow cells which reach the central region of the channel are still capable of 

inflicting significant changes to the turbulence structure (Nikora & Roy 2012).  

Channel sidewalls, bed roughness (porosity) and the free surface will all contribute to the 

structure of such secondary currents (Nezu & Nakagawa 1993). Secondary flow cells 

which have been observed at the corner of duct flow occur in narrow open channel flows 

as well. A corner bisector, whose slope is a function of flow depth, divides an upper cell 
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and lower cell, for which turbulent energy is dissipated by the channel sidewall and channel 

bed, respectively. The size of the upper cell will not change with AR; however, the size of 

the lower cell increases with AR before reaching constancy (Nezu et al. 1985). In a shallow 

flow, the location of the maximum velocity will occur below the free surface; this is the 

well-known velocity ‘dip’ phenomenon, and this phenomenon is attributed to the 

secondary flows as well (Nezu 2005). It can be concluded that the size and strength of 

secondary flows, and accordingly the extent to which they influence the flow and 

turbulence structure in the central region, is thus dictated by the channel dimensions, the 

flow submergence and the roughness topology. 

Nezu et al. (1985) carried out an experimental study into the effects of AR on secondary 

currents in smooth open-channel flow (OCF). Prior analysis indicated that air duct flow 

was analogous to smooth OCF close to the sidewalls, with respect to the structure of 

secondary currents outside of the free surface region. Their experiments were intended to 

shed light on the initiation mechanism of secondary currents, and it was predetermined that 

while the presence of the free surface increased the intensity of secondary flow cells in this 

region, it did not necessarily contribute to their formation. Hot-wire anemometry was 

employed to acquire flow measurements in one-quarter of the flow cross-sectional area, 

close to the sidewall and in the lower half of the channel cross-section, near the flat smooth 

bed. Artificial sidewalls were used to manipulate the channel width, b, in order to attain a 

range of AR values between 2 and 10. The authors concluded that for AR > 6, a central 

zone of two-dimensional flow was observed in which secondary flow cells were not 

present, and for AR = 1, flow was fully three-dimensional (Nezu et al. 1985). 
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Although the nature of the turbulence and coherent structures due to the corner and sidewall 

proximity are not fully understood (Nikora & Roy 2012), there are some established 

relationships between mean flow and turbulence quantities governing the secondary 

currents. The secondary currents are generated by the anisotropy of turbulence (Prandtl’s 

secondary flow of the second kind); as such the streamwise vorticity equation has been 

used to describe their origin (Yang et al. 2012). The origin of secondary currents has been 

a subject of debate amongst researchers. However, in open channel flow the turbulence 

anisotropy of the normal stresses (i.e. 𝑤𝑤തതതതത − 𝑣𝑣തതത) dominates the secondary shear stress term 

near the corners formed by the free surface and the sidewall. 

As discussed, the vertical component of flow is influenced by secondary flow cells, and as 

a result the streamwise velocity distribution may change; however, since the magnitude of 

secondary flow is relatively small, the general characteristics of the streamwise velocity 

profile will still follow the log law. Velocity measurements taken for flow with AR = 10 

in the investigation of Nezu et al. (1985) have shown that the streamwise velocity profile 

only deviates from the log law very close to the channel sidewall. However, because the 

spanwise velocity initiates the formation of secondary flow cells, the vertical and 

streamwise velocity components in the main flow are affected by the redistribution of the 

momentum (Rodríguez & García 2008) and the Reynolds shear stress −𝑢𝑣തതത  will be 

influenced by the presence of secondary flows.  

To further complicate our understanding, most natural open-channel flows occur on rough 

beds. It has been established that there exists a distinction between secondary flows in 

smooth channels and those over rough beds. When roughness is introduced, the upper cell 

of the corner flow increases in strength while the lower cell decreases in strength, altering 
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secondary flow cell pattern across the width of flow. This has been demonstrated by the 

spanwise distribution of bed shear stress, which undulates in the cross-stream direction 

(Albayrak & Lemmin 2011, Stewart et al. 2019). Yang et al. (2012) similarly stated that 

the size of roughness does not influence the strength of secondary flows, but uniformity 

and the roughness pattern can have an effect. This is mainly due to the roughness difference 

between a smooth channel sidewall (especially in a laboratory flume) and a bed with any 

roughness type. However, since it is the anisotropy between the vertical and transverse 

velocity fluctuations which generates secondary currents, and these fluctuations are 

influenced by boundary conditions (i.e. boundary roughness), the presence of roughness 

will influence the secondary flow cells. For statistically homogeneous roughness in the 

streamwise direction, the dispersive stresses are related to the roughness effects as well as 

to the effect of the secondary currents (Nikora et al. 2019). On a smooth bed, these 

secondary currents must be related to the corner flow only. 

In general, there is a consensus that the above constraints established for classification of 

AR are not necessarily applicable for flow over a rough bed. Secondary flow cells in flows 

over a rough bed have been found to extend over the entire spanwise cross-section of flow 

for AR up to a value of 20. The number of secondary flow cells has also been found to 

change with bed roughness when AR is held constant (Nikora & Roy 2012). The 

maintenance of secondary flows across the entire width of flow has been attributed to the 

difference in roughness between the sidewall and channel bed and therefore the 

aforementioned increase in strength of the upper cell of corner flow (Belcher & Fox 2009). 

Blanckaert et al. (2010) carried out detailed ADV measurements in the cross-stream plane 

in order to explore secondary flows over gravel beds for a range of AR between 6.2 and 
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11.9. The authors reported that secondary currents were found to be present throughout the 

entire width of flow for all values of AR, but that the strength of the secondary flow cells 

did weaken with increasing distance from the channel sidewall. The distribution of 

secondary currents in the cross-stream plane was also found to “considerably” influence 

the distribution of the Reynolds shear stress −𝑢𝑣തതതത (Blanckaert et al. 2010). Furthermore, 

secondary flow cells are generally more stable for rough bed flows than for smooth bed 

flows (Nezu & Nakagawa 1993). The majority of investigations in literature pertaining to 

secondary currents over rough beds employ fixed continuous roughness (e.g. Blanckaert et 

al. 2010, Rodríguez & García 2008) as opposed to an erodible porous bed (e.g. Albayrak 

& Lemmin 2011). 

The present study investigates the effect of changing aspect ratio on streamwise turbulence 

in flow over a porous bed. The objective here is to consistently modify the turbulence by 

changing the AR as well as to keep the effect of the roughness minimal. In doing so, the 

roughness of the porous bed is held closer to the hydraulic condition of a smooth wall, 

where the shift of the velocity is small. It is expected that the friction will be influenced 

only by the roughness function U+. 

PIV measurements were undertaken in a horizontal flume with a test section comprising of 

a porous sand bed under varying values of AR. Many investigations in the literature have 

been conducted using gravel beds, in order to attain a higher value of Reynolds number 

while avoiding sediment transport due to general scour and to investigate the effect of the 

roughness that is in the hydraulically rough regime. These experiments have also primarily 

altered the value of AR by changing flow depth h while maintaining constant channel width 

b (Rodríguez & García 2008, Belcher & Fox 2009, Albayrak & Lemmin 2011). The present 
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investigation incorporated the use of artificial channel sidewalls in the test section in order 

to change the width of the channel as well as the depth of flow, also allowing for 

comparison of flow properties in tests with similar values of AR, but differing channel 

dimensions. By changing b and h for each test, the effect of horizontal and vertical 

confinement of flow on various mean velocity and turbulence properties are explored in 

order to establish the influence of AR on open-channel flow over a porous bed. 

3.2 Background 

Knowledge of the structure of the turbulent boundary layer (TBL) over a smooth wall is 

well-documented and is often used in comparison with the TBL over roughness of varying 

types, topologies and magnitudes. The structure of the TBL consists of an inner layer 

(dominated by viscous effects) and an outer layer (dominated by turbulence). The inner 

layer of the TBL is scaled with the friction velocity, uτ (which is equal to ඥ𝜏௪ 𝜌⁄ ) and the 

associated viscous length, ν/uτ, where ν is the kinematic viscosity of the fluid. The outer 

layer is scaled with either uτ or maximum flow velocity, Ue, and the boundary layer 

thickness, δ. The streamwise velocity U normalised with uτ is known as U+, and the wall 

distance y normalised by ν/uτ is denoted as y+. These quantities, known as inner variables, 

allow for distinction between the various regions of the TBL. The viscous sublayer, close 

to the smooth wall, is a region of small thickness for which y+ < 5 and throughout which 

the mean velocity distribution is described by U+ = y+. The buffer layer is located in the 

region for which 5 < y+ < 30, and there is no universal expression which defines the mean 

velocity distribution in this layer. The overlap layer is characterized by both viscous forces 

and turbulence, and it is located in the region for which y+ > 30 for smooth beds. In the 

overlap region, the well-known logarithmic law, which takes the form of Equation 3.7, 
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describes the mean velocity distribution in the region above the buffer layer and up to the 

point at which y/h < 0.2 (Nezu & Nakagawa 1993) or y/δ < 0.15 (Jiménez 2004). 

Equation 3.7:  


௨ഓ
=

ଵ


ln ቀ

௬௨ഓ

ఔ
ቁ + 𝐵 

In Equation 3.7, κ and B are taken as constant, where κ has been theoretically derived and 

experimentally confirmed, and B has been experimentally determined for various canonical 

flow conditions. The values of κ = 0.41 and B = 5.0 (Hinze 1959) are used for the current 

investigation. In the outer layer, the velocity deficit expression [Equation 3.8] shows the 

deviation from log law [Equation 3.7] which is described by the wake function (Coles 

1956), where Π is the Coles’ wake parameter. 

Equation 3.8:  
ି

௨ഓ
= −
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௬
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Although analysis of a smooth wall TBL is imperative for establishment of the above 

relationships, understanding of flow over roughness elements is more applicable in the 

field. This is particularly true of open-channel flow in rivers, where natural channel beds 

often consist of some type of sand grain or gravel roughness. Turbulent boundary layer 

theory is commonly applied to open-channel flow as well. The flow depth for open-channel 

flow (OCF) is also divided into an inner and outer region, each with a distinct characteristic 

velocity and length scale. However, the spanwise and vertical boundaries imposed by the 

channel sidewalls and presence of the free surface in OCF can impact the flow field. Like 

the channel sidewalls, the free surface represents a flow boundary at which anisotropy of 

turbulence is induced (Rodríguez & García 2008). The influence of the free surface will 
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also increase as flow depth decreases (Mahananda et al. 2018). The turbulence distribution 

in OCF is similarly influenced by the presence of the free surface. 

While the turbulence structure for OCF over smooth beds has been investigated in greater 

detail than that over rough walls, there are still some established changes in OCF due to 

roughness. Physically, the viscous sublayer becomes partially or completely destroyed due 

to protrusion of roughness elements from the wall surface. Furthermore, since the buffer 

layer is highly active in terms of turbulence production, any interference in this region due 

to increasingly large roughness elements will further influence viscous effects (Nakagawa 

et al. 1975, Jiménez 2004). The wall can be characterized as hydraulically smooth, 

transitionally rough, or fully rough based on the size of the roughness elements and 

therefore the significance of the protrusion into the viscous sublayer. By way of 

comparison, flow over a completely smooth wall will have no roughness effects in the wall 

region, but flow over a completely rough wall will have no viscous effects, and a 

transitionally rough wall will induce both viscous forces and roughness effects (Nezu & 

Nakagawa 1993). 

In general, both the mean and fluctuating components of velocity are affected by surface 

roughness in OCF (Bergstrom et al. 2002). In terms of the mean velocity distribution, the 

profiles are less “full” over a rough wall than a smooth wall due to friction drag (Krogstad 

et al. 1992, Tachie et al. 2000). Similarly, the intensity of turbulence in the streamwise 

direction, urms/uτ, decreases in the wall region with increasing roughness due to the 

formation of a ‘quasi-separated layer’ of retarded fluid over the roughness elements. 

Turbulence intensity in the wall-normal or vertical direction, vrms/uτ, will increase as 

roughness size increases and the ability of the wall to suppress eddy growth decreases. In 
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effect, the tendency towards turbulence isotropy in the near-wall region increases with 

roughness (Nezu & Nakagawa 1993). When normalised by friction velocity, turbulence 

intensities for both smooth and rough walls should not display any differences outside the 

roughness sublayer (according to Townsend’s wall similarity hypothesis), where the 

roughness sublayer is the region in which the applicable length scale is associated with 

roughness size. However, many investigations have indicated that roughness effects are 

evident in the outer region when the roughness “strength” is significant, i.e. the ratio of 

inner layer thickness to roughness height k is less than 40. This could be due to destruction 

of the log-law region by appreciably large elements of roughness (Jiménez 2004, Flack et 

al. 2005).  

Although descriptions of roughness type and distribution are variable and difficult to 

quantify (Stewart et al. 2019), it is generally accepted that the length scale for the inner 

region of flows over a rough wall is ks
+, which is equal to ksuτ/ν, where ks is the equivalent 

sand roughness height. Jiménez (2004) describes the value of ks as “a convenient way of 

characterizing the drag increment due to roughness;” its value is determined based on the 

roughness function, ΔU+, which is representative of the downward shift in U+ due to the 

effect of roughness. For flows over rough surfaces, the length scale for the inner layer can 

be taken as ks
+. The value of roughness function ΔU+ can be determined based on ks

+ and 

vice versa using Equation 3.9. 

Equation 3.9:  Δ𝑈ା =
ଵ


(𝑘௦

ା) + 𝐵 − 8.5 

The constant 8.5 in Equation 3.9 is based on the fully rough regime in literature. The value 

of ks
+ is also used to classify flow over a surface as hydraulically smooth (ks

+ < 5), fully 
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rough (ks
+ > 70), or transitionally rough (5 ≤ ks

+ ≤ 70), as previously described. Flow over 

the porous bed used in the current investigation is classified as transitionally rough, so the 

following discussion will pertain to flows over this type of surface. In the transitionally 

rough regime, turbulence quantities are expected to collapse with smooth wall quantities 

outside the roughness sublayer (Flack et al. 2005). As discussed, the transitionally rough 

flow regime experiences both viscous forces and roughness effects. While the value of ks 

and accordingly the geometric size of the roughness elements are used to classify the flow 

regime in terms of hydraulic roughness, Jiménez (2004) reported that gradation of bed 

material (i.e. distribution of grain size) can alter the conditions under which flow is 

considered to be transitionally rough. This is related to the reduction and production of skin 

friction relating to form drag. Form drag increases over roughness elements, thereby 

increasing the skin friction; conversely, the viscous generation cycle is disrupted by any 

type of roughness, which decreases skin friction. Furthermore, sparsely distributed 

roughness elements will cause an increase in form drag as ks increases, indicating that 

uniformly rough surfaces reduce drag most efficiently (Jiménez 2004).  

This is further confirmed by comparison of the roughness function for a mesh surface 

roughness with that of sandpaper roughness by Flack et al. (2005); although the value of k 

(the height of the roughness elements) was higher for the sandpaper than for the mesh, ΔU+ 

was shown to be higher for the mesh than for the sandpaper. Therefore, the roughness 

height alone does not fully describe the effect of roughness (Flack et al. 2005), since 

roughness geometry will result in different drag coefficients as well (Djenidi et al. 2018).  

From the above discussion, it can be seen that turbulence structure is dependent on the 

shape and distribution of wall roughness. However, bed permeability will also affect flow 
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turbulence. For example, flow over a wall with sandpaper roughness of a certain grain size 

will not be identical to flow over a natural sand (i.e. porous) bed with a similar grain size. 

Faruque and Balachandar (2010) reported the effects of various roughness types on 

turbulence characteristics, including continuous, Nikuradse-type roughness (sand grains 

glued to a smooth surface) and a porous sand bed. The streamwise velocity distribution for 

Re = 47500 showed that the roughness function was higher for flow over the bed with 

continuous roughness when compared with the porous bed. The streamwise turbulence 

intensity distribution also showed a greater deviation from the smooth wall distribution for 

the porous bed. In addition, the magnitude of Q2 ejection and Q4 sweep events was shown 

to be higher for a porous bed in the near-wall region below y/h ≈ 0.2 (Faruque & 

Balachandar 2010).  

3.3 Results and discussion 

As discussed above, many studies in literature have adjusted the value of AR in flow over 

rough beds by changing the value of flow depth, h, and maintaining a constant channel 

width, b. The present study has employed the use of movable sidewalls to change b as well 

as h, in order to isolate the influence of the ratio AR (as opposed to just the influence of 

flow depth) on flow characteristics at the centre of the channel. The dimensions b and h for 

each test were chosen in order to investigate the largest range of AR values possible based 

on laboratory constraints, and in order to compare tests with similar values of AR and 

differing dimensions (e.g. tests R1 and R4 as seen in Table 3.1). 
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3.3.1 Distribution of streamwise velocity, velocity deficit and turbulence intensities 

As described in Table 3.1, tests R1, R3 and R5 have a flow depth of h = 0.12 m, but each 

has a varying channel width, b, resulting in a change in AR. Reynolds number based on 

flow depth for each of these tests is approximately 3.3 × 104. In effect, all of the controllable 

parameters for this group of tests are identical, with the exception of channel width b, and 

therefore AR. Figure 3.1 shows the distribution of normalised mean streamwise velocity 

(U+), the velocity defect (Ue
+ - U+), streamwise turbulence intensity (urms/uτ) and vertical 

turbulence intensity (vrms/uτ) over the wall distance normalised with boundary layer 

thickness, y/δ, for tests R1, R3 and R5. Figure 3.1(a) shows the distribution of U+ over y+ 

for tests R1, R3 and R5 as well as other tests from literature. Measurements for tests S1, 

S2 and S3 were carried out over a smooth bed for varying values of AR by Roussinova et 

al. (2008). Tests FS1, FR1 and FR2 are from an experimental water tunnel investigation 

into turbulent boundary layers by Flack et al. (2005), where the profile FS1 is for flow over 

a smooth wall and profiles FR1 and FR2 are for flows over fully rough sandpaper and 

woven mesh walls, respectively. The channel dimensions in m are indicated in the legend 

for each test. The dashed line represents the logarithmic law for a smooth wall. 

The details of each flow field can be found in Table 3.1. Overall, the full range of bed 

conditions starting from hydraulically smooth to fully rough is shown in the figure. The 

downward and y+-positive shift from the smooth logarithmic law line for tests FR1 and 

FR2 is significant relative to the shifts for test R1, R3 and R5, demonstrating the 

appreciable influence of wall roughness on the streamwise velocity distribution. Tests S1, 

S2, S3 and FS1 collapse well with one another and with the logarithmic law, which 

corresponds to a roughness function ΔU+ of zero, as expected. In Figure 3.1(a) it can also 
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be seen that the value of the roughness increases with increasing AR for the transitionally 

rough tests R1, R3 and R5. From Table 3.1, it can be seen that the value of ks
+ increases 

with increasing AR. This infers that the drag increment due to roughness is increasing as 

channel width increases.  

Figure 3.1(b) shows the distribution of the velocity deficit, Ue
+ - U+

, over the flow depth 

normalised with boundary layer thickness, y/δ. The profiles for all tests, including tests 

FS1, FR1 and FR2, show good collapse. This indicates that AR does not influence the 

velocity deficit outside of the roughness sublayer, which is in agreement with literature. 

The velocity deficit approaches zero asymptotically around the edge of the boundary layer. 

This is reasonable since δ was taken as the wall distance at which U/Ue first reached a value 

of 0.99. The collapse shows good agreement with results from literature, supporting the 

hypothesis of a uniform defect profile for smooth and transitionally rough walls (Flack et 

al. 2005). There is slight separation between the profiles of the current investigation and 

the profiles of Flack et al. (2005) in the region y/δ < 0.2 (shown by the dotted line). The 

inset in the figure shows the same profiles with a log scale on the horizontal axis, in order 

to better illustrate the separation in profiles below y/δ ≈ 0.2. The near-wall peaks observed 

for the profiles FS1, FR1 and FR2 are higher and closer to the wall than the peak for the 

transitionally rough profiles, which is reasonable since the Reynolds number and ks
+ for 

the literature tests are significantly higher than the current investigation.  

Figure 3.1(c) and Figure 3.1(d) show the distribution of the turbulence intensities in the 

streamwise and vertical directions for tests R1, R3 and R5 only. The profiles of streamwise 

turbulence intensity, urms/uτ, collapse well over the outer layer, before separating in the 

free-stream region where the values become constant. At the edge of the boundary layer, 
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the streamwise turbulence intensity magnitude increases with increasing AR. Such increase 

of the streamwise free-stream turbulence suggests increase of the intermittency at the 

turbulent non-turbulent interface associated with the larger AR = 10.2. The vertical 

turbulence intensity collapses over the boundary layer and the free-stream region, 

indicating that sidewall proximity does not influence the magnitude of velocity fluctuations 

in the vertical direction throughout the depth of flow. The value of AR, and therefore 

changes in spanwise confinement of the flow, appears to influence the streamwise 

turbulence intensity at the inner (near-wall) extent of the boundary layer and in the free-

stream region, but has no influence on the vertical turbulence intensity throughout the 

boundary layer.  
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Table 3.1: Parameters for flume experiments of the current investigation and in literature 

Test 
ID 

b h 
b/h 

U uτ Π 
Ue δ 

ΔU+ ks
+ 

Cf δ* θ Re 
Reθ m m m/s m/s m/s mm × 10-3 mm mm × 104 

R1 0.4 0.12 3.33 0.262 0.0135 0.332 0.280 47.6 1.33 7.2 4.65 7.03 5.41 3.35 1508 

R2 0.4 0.21 1.90 0.252 0.0129 0.303 0.268 64.5 1.22 6.9 4.67 7.77 6.07 5.60 1620 

R3 0.8 0.12 6.67 0.261 0.0147 0.346 0.280 48.3 3.34 16.5 5.48 8.09 6.05 3.34 1686 

R4 0.8 0.24 3.33 0.258 0.0142 0.326 0.273 63.5 3.67 18.9 5.43 9.73 7.31 6.52 1983 

R5 1.22 0.12 10.17 0.254 0.0149 0.374 0.275 54.9 4.48 26.4 5.84 7.93 5.65 3.29 1548 

R6 1.22 0.185 6.59 0.266 0.0127 0.240 0.273 53.0 0.70 5.6 4.35 8.96 6.89 5.02 1870 

R5-C 1.22 0.12 10.17 0.272 0.0146 -- 0.292 52.3 1.92 9.2 5.03 7.75 5.85 3.48 1700 

S1 0.61 0.061 10.00 0.451 0.0220 0.157 0.507 54.3 -- -- 3.76 6.41 5.09 3.08 2572 

S2 0.61 0.081 7.53 0.455 0.0214 -0.097 0.503 64.5 -- -- 3.62 7.63 6.02 4.06 3018 

S3 0.61 0.102 5.98 0.459 0.0212 -0.319 0.496 73.4 -- -- 3.64 7.42 5.98 5.04 2517 

FS1 0.4 0.4 1.00 -- 0.1410 -- 3.770 26.4 -- -- 2.80 3.20 2.53 75.1 9500 

FR1 0.4 0.4 1.00 -- 0.1850 -- 3.770 31.9 7.70 98.7 4.82 5.05 3.64 75.1 13668 

FR2 0.4 0.4 1.00 -- 0.1960 -- 3.810 31.1 8.50 137.0 5.29 5.03 3.66 75.9 13889 
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To investigate the effect of the vertical confinement (flow depth), the value of AR was held 

constant, and the variation of the streamwise and vertical turbulence intensities was 

investigated. Figure 3.2(a) and (b) show the streamwise and vertical turbulence intensities 

for tests R1 and R4, both of which correspond to an AR = 3. Although the values of AR 

are identical for both, the channel width and depth of flow differs for each test. In fact, the 

flow depth and width for test R4 are exactly double those of test R1. The value of the 

Reynolds number based on flow depth Re is greater than 104 and the value of the Reynolds 

number based on momentum thickness Reθ is similar for all tests as shown in Table 3.1. 

However, an experimental investigation by Mahananda et al. (2018) into the effect of AR 

on flow characteristics over a rough bed indicated that Reynolds number does not have an 

effect on the distribution of streamwise or vertical turbulence intensities in fully developed 

flow conditions.  

Analysis of the current approach flow conditions indicated that flow properties at the 

location of measurements are similar over the field-of-view under consideration. 

Furthermore, inspection of the Reynolds shear stress profiles for the present investigation 

(to be detailed in a later section) indicates that the distribution is similar to those acquired 

under fully developed conditions. Therefore, it can be assumed that any differences in the 

turbulence intensities between tests R1 and R4 can be attributed to changes in flow depth 

and not the change in Reynolds number. For the same AR, the streamwise turbulence 

intensity is higher throughout the depth of flow, and the vertical turbulence intensity, which 

was previously unchanged with changing AR, is now higher in the outer region of the 

boundary layer and in the free-stream region for test R4. This is similarly demonstrated in 

Figure 3.2(c) and (d), which show the turbulence intensity distribution for tests R3 and 
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R6, both of which have a value of AR ≈ 6.6. The flow depth for test R6 is approximately 

1.5 times higher than that of test R3. Again, it can be seen that the channel with the greater 

cross-sectional area has higher streamwise turbulence intensity throughout the depth of 

flow. The influence of the bed roughness becomes important with the decrease of the depth. 

A recent study by Nikora et al. (2019) shows that the contribution of friction due to the 

secondary currents increases with increase of the relative submergence. The same authors 

reported that this increase is balanced by the relative decrease of the friction due to the 

turbulent stresses. At large relative submergence, the secondary flow cells become less 

organized and their vertical extent does not scale with the flow depth as previously reported 

by Nezu and Nakagawa (1993). 

The vertical turbulence intensity for test R6 is also higher than test R3 throughout the depth 

of flow, which differs from tests R1 and R4. One may recall that the results of Figure 

3.1(c) and (d) indicated that changes in channel width only influence the streamwise 

turbulence intensity, and do not influence the vertical turbulence intensity at all. Therefore, 

it is possible that the discrepancies in streamwise and vertical turbulence intensities shown 

in Figure 3.2 can be attributed to changes in the structure of the secondary cells that is 

dependent on the flow depth. It is conjectured that at a larger flow depth, the events 

originating from the bed are responsible for the increase of the intermittency of the 

turbulent non-turbulent (TNT) interface, increasing the streamwise turbulence fluctuations. 

In the present study, although the roughness is expected to be randomly distributed over 

the bed, the flow might be prone to preferential pathways due to the porous nature of the 

bed, which may cause secondary currents (Nikora et al. 2019). 



 

51 

Figure 3.3 shows a comparison of the streamwise and vertical turbulence intensities for 

tests R1 and R2 (b = 0.4 m), R3 and R4 (b = 0.8 m) and R5 and R6 (b = 1.22 m). In Figure 

3.3(a) and (b), it can be seen that the streamwise turbulence intensity is higher for test R2 

throughout the depth of flow when compared with test R1, and the vertical turbulence 

intensity is higher from the inner edge of the boundary layer upwards. Similar observations 

can be made when comparing tests R3 and R4 as well as tests R5 and R6. In each pair 

having a constant channel width, streamwise turbulence intensity is higher for the deeper 

test throughout the depth of flow. Interestingly, as b increases, the difference in urms/uτ in 

the free-stream region between the pair of tests decreases. For b = 0.4 m, the difference in 

in urms/uτ in the free-stream region for tests R1 and R2 is 70%, which decreases to 57% 

between tests R3 and R4, and finally reduces to 26% between tests R5 and R6.  

Furthermore, as b increases, the differences in vertical turbulence intensity extend across 

the entire depth of flow as opposed to existing only in the free-stream region (as for the 

channel of smallest width), and the discrepancy in vrms/uτ in the free-stream region is also 

reduced. In general, it appears that lesser vertical confinement of the flow (i.e. greater flow 

depth) allows for higher streamwise turbulence intensity throughout the depth of flow, but 

this effect is less pronounced with reduced horizontal confinement (i.e. greater channel 

width). Similarly, lesser vertical confinement results in higher vertical turbulence intensity, 

the effect of which extends towards the wall from the free-stream region as horizontal 

confinement is reduced. As is seen Figure 3.2, the effect of flow dimensions on turbulence 

intensities in either direction cannot be strictly defined by the magnitude of AR, i.e. the 

ratio of flow dimensions. Figure 3.3 allows for examination of the effects of changes in h 

and b separately. 
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Figure 3.4 shows the distribution of the streamwise and vertical turbulence intensity 

normalised with the free-stream streamwise turbulence intensity (urms)e over the flow depth 

normalised by δ1, the location at which urms = (urms)e. This scaling was introduced by 

Balachandar and Patel (2002). The free-stream streamwise turbulence intensity (urms)e 

appears to be the proper velocity length scale in the free-stream region, but not in the 

boundary layer region. Like Figure 3.3 (which shows the distribution of turbulence 

intensities with different velocity and length scales), Figure 3.4 points to the influences of 

both h and b on the turbulence intensities. Before the free-stream turbulence intensity is 

reached, the distributions of urms/(urms)e shows a near-wall peak with a steady decrease until 

the point at which y/δ1 ≈ 0.75. The distributions of vrms/(urms)e increase from the wall region 

to a maximum, beyond which point the values decrease before reaching constancy around 

y/δ1 ≈ 1.0. The values of both urms/(urms)e and vrms/(urms)e are higher for the test in each pair 

with the lesser depth of flow before the free-stream value of urms is reached. However, the 

difference between each pair decreases with increasing channel width. This indicates once 

again that the influence of water depth on both the streamwise and vertical turbulence 

intensities is dependent on channel width. 

In Figure 3.5, the distribution of vrms/urms is shown for tests R1 and R2, R3 and R4 and R5 

and R6. For all measurements, it can be seen that the magnitude of vrms is lower than the 

magnitude of urms. All distributions of vrms/urms for tests R1, R3 and R5 (i.e. h = 0.12 m) 

show an increase from the wall before decreasing in the free-stream region and eventually 

reaching constancy. However, tests R1 and R3 show a peak (i.e. an increase in vrms) at the 

edge of the boundary layer, by which it is shown that the tendency towards turbulence 

isotropy is at a maximum at this point. The distribution of vrms/urms for tests R2, R4 and R6 
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(i.e. h > 0.12 m) similarly increases from the wall, but a peak is reached very close to the 

wall before decreasing steadily and reaching constancy in the free-stream region. In each 

pair of tests, it can be seen that the value of vrms/urms increases with increasing vertical 

confinement. While this is true over the entire depth of flow for test R1, the value of 

vrms/urms dips below the profile of test R4 (for test R3) and below test R6 (for test R5). As 

seen in Figure 3.3, the vertical turbulence intensity is unchanged with increasing vertical 

confinement in the boundary layer. Therefore, the changes in vrms/urms can be attributed to 

the streamwise turbulence intensity. As horizontal confinement decreases, the efficacy of 

vertical confinement in reducing anisotropy of turbulence decreases. 

3.3.2 Distribution of third-order turbulent moments 

Figure 3.6 shows the distribution of third-order turbulent moments for tests R1, R3 and 

R5. At a glance, it can be seen that across and just outside of the boundary layer, the 

absolute values of the fluxes of normal stresses 𝑢ଶതതത and 𝑣ଶതതത in either the streamwise or 

vertical direction increases as AR decreases. In effect, the transport of the Reynolds stresses 

in the boundary layer increases as sidewall proximity increases. Figure 3.6(a) shows the 

distribution of 𝑢ଷതതത. Very close to the wall, there is a sharp increase in streamwise transport 

of 𝑢ଶതതത for all tests. In the region for which y/δ < 0.15, the sign of 𝑢ଷതതത changes for test R5 

only. From Table 3.1, the value of ks
+ is highest for test R5. Flack et al. (2005) reported a 

change in sign for 𝑢ଷതതത in flow over fully rough walls when compared with smooth walls. 

Therefore, the magnitude of 𝑢ଷതതത close to the wall becomes positive as roughness increases. 

The transport of 𝑢ଶതതത in the positive streamwise direction then decreases up to y/δ ≈ 0.5, 

before increasing steadily and reaching constancy just outside of the boundary layer. In 
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this region of constant 𝑢ଷതതത, the magnitude for each test is close to zero but the curves do not 

collapse on each other completely, unlike the distributions in Figure 3.6(b) through (d), 

which show good collapse in the free-stream region for all other third-order turbulent 

moments. The free-stream 𝑢ଷതതത is highest for test R5 with b = 1.22 m and decreases with 

channel width; this corresponds to the distribution of urms/uτ shown for test R1, R3 and R5 

in Figure 3.1(c), where the free-stream turbulence intensity in the streamwise direction is 

highest for b = 1.22 m and decreases with decreasing b. Therefore, streamwise transport of 

𝑢ଶതതത as well as streamwise turbulence intensity are suppressed in the free-stream region by 

sidewall proximity. 

Figure 3.6(b) shows the distribution of 𝑣ଷതതത. The distribution of this quantity is more 

straightforward and shows a closer collapse than for the profiles of 𝑢ଷതതത. The transport of 𝑣ଶതതത 

in the positive vertical direction increases from the wall before reaching a peak around the 

middle of the boundary layer. The peak for test R1, for which sidewall proximity is highest, 

is particularly prominent. In general, the distribution shown in Figure 3.6(b) for 𝑣ଷതതത 

indicates that the vertical transport of the normal stress in the vertical direction are not 

influenced as strongly by changes in channel width when compared with 𝑢ଷതതത for tests with 

h = 0.12 m, which is also consistent with the distributions of urms/uτ and vrms/uτ shown in 

Figure 3.1(c) and (d), where the vertical turbulence intensities are similarly unaffected by 

sidewall proximity. 

Figure 3.6(c) shows the distribution of the flux of 𝑢ଶതതത in the vertical direction. The profiles 

of 𝑢ଶ𝑣തതതതത for all three tests show a sharp decrease to a local minimum with increasing distance 

from the bed. Very close to the wall, the transport of normal stress 𝑢ଶതതത away from the wall 
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increases and the sharp drop which follows extends to the same approximate location as 

the peak in the transport of 𝑢ଶതതത in the positive streamwise direction. Therefore, a region of 

increase in transport of 𝑢ଶതതത in the positive streamwise direction corresponds to a region of 

decrease in transport of 𝑢ଶതതത in the positive vertical direction, below y/δ ≈ 0.2.  

Figure 3.6(d) shows the distribution of the transport of 𝑣ଶതതത in the streamwise direction. For 

tests R1 and R3, there is a peak very close to the wall before a decrease to a minimum 

which is located about halfway between the wall and the edge of the boundary layer. The 

location of the peak is further from the wall for test R1 (at y/δ ≈ 0.2) than for test R3. From 

all of the profiles of the higher-order moments, it appears that transport of normal stresses 

in all directions reaches its extreme at the same point in the boundary layer, around y/δ ≈ 

0.5. The transport of 𝑢ଶതതത is in the negative streamwise and positive vertical direction at this 

point. The transport of 𝑣ଶതതത is also in the negative streamwise and positive vertical direction 

at the same point. As previously described, the absolute values of the triple-order moments 

are highest for the test with lowest value of AR. These findings are consistent with the 

results of Roussinova et al. (2008), in which the effect of AR on the turbulence structure 

was investigated for OCF over a smooth bed. In this investigation, the distribution of 𝑢ଶ𝑣തതതതത 

and 𝑢𝑣ଶതതതതത showed the highest peaks in the test for which AR was the lowest. 

In earlier discussion, it was established that the distribution of turbulence intensities is not 

solely reliant upon the value of AR, but rather is somewhat dependent on both flow depth 

and channel width independently. Figure 3.7, Figure 3.8 and Figure 3.9 show the 

distribution of third-order turbulent moments for tests R1 and R2 (b = 0.4 m), R3 and R4 

(b = 0.8 m) and R5 and R6 (b = 1.22 m). In Figure 3.7, the absolute values of normal stress 
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transport in any direction is higher for test R2 (with a higher depth of flow), in the region 

for which 0.35 < y/δ < 0.85 for transport of 𝑢ଶതതത and 0.2 < y/δ < 0.85 for transport of 𝑣ଶതതത. 

Outside of these specified regions, the absolute magnitude of third-order moments is either 

close or less for R2 than R1. Figure 3.8 shows an increase in all third-order quantities 

within 0.35 < y/δ < 0.85 for transport of 𝑢ଶതതത and 0.2 < y/δ < 0.85 for transport of 𝑣ଶതതത for tests 

R3 and R4 with b = 0.8 m, although the magnitude of the difference is less than what is 

shown between tests R1 and R2 with b = 0.4 m.  

In Figure 3.9, it appears that the transport of normal stresses in either direction is greater 

for test R6 (with a greater depth of flow) than for test R5 throughout the boundary layer. 

Unlike the comparison for tests R1 and R2 (with b = 0.4 m), the absolute magnitude of the 

higher-order moments is higher for test R6 than test R5 throughout the boundary layer, as 

opposed to just within a certain region of the boundary layer (as shown in Figure 3.7). 

Furthermore, the difference between the profiles of 𝑢ଷതതത in the free-stream region are smaller 

than the difference in profiles between tests R1 and R2 (for which the channels are 

narrower). The value of 𝑢ଷതതത in the free-stream region is still higher for test R6 (with the 

greater depth of flow), which is also consistent with Figure 3.7. In general, it appears that, 

for a given b, a higher flow depth enhances transport of normal stresses in both streamwise 

and vertical directions. This is consistent for all b, but is restricted to specific regions of 

the boundary layer for a narrow channel. 

3.3.3 Distribution of normalised Reynolds shear stress −𝒖𝒗തതതത/𝒖𝝉
𝟐 

Figure 3.10 shows the distribution of Reynolds shear stress −𝑢𝑣തതത/𝑢ఛ
ଶ over the flow depth 

normalised by the boundary layer thickness. Transitionally rough tests R1 through R6 are 
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included, as well as smooth test FS1 from a water tunnel investigation by Flack et al. 

(2005). The Reynolds shear stress does not appear to be significantly affected by channel 

width, as the profiles show good collapse over the majority of the boundary layer (0.5 < 

y/ < 1) before reaching constancy at a value of zero just outside of the boundary layer 

around y/δ ≈ 1.25. The near-wall peak is higher and closer to the wall for FS1 which is 

reasonable for a flow over a hydraulically smooth surface. It can be seen that −𝑢𝑣തതത/𝑢ఛ
ଶ 

does not deviate significantly from the theoretical line for a 2D channel shown, which 

confirms that flow at the location of measurements behaves similarly to fully developed 

flow (Mahananda et al. 2018). For the transitionally rough tests R1 through R6, the role of 

AR on −𝑢𝑣തതത/𝑢ఛ
ଶ appears to be minimal, if any exists. 

Quadrant analysis was developed in order to appreciate the contribution of positive and 

negative streamwise and vertical velocity fluctuations to the total Reynolds shear stress, 

−𝑢𝑣തതത. The method used for analysis was first introduced by Lu and Willmarth (1973), in 

which the contribution to −𝑢𝑣തതത from a quadrant Qi is given by 

Equation 3.10: (𝑢𝑣)ொ = lim
்→ஶ

ଵ

்
∫ 𝑢(𝑡)𝑣(𝑡)𝐼(𝑡)𝑑𝑡

்


   𝑓𝑜𝑟 𝑖 =  1 –  4 

Equation 3.11: 𝐼(𝑡) =  ቄ
1 
0 

 
when |𝑢𝑣|ொ ≥ 𝐻𝑢ᇱ𝑣ᇱ

otherwise
 

In Equation 3.11, H is the Reynolds shear stress magnitude parameter used to filter 

stronger events. 

Q2 events (u < 0, v > 0) correspond to intermittent bursting motions from the wall, known 

as ejections. Ejection events play a significant role in the vertical transport of momentum 

in the positive direction, as well as the production of turbulent kinetic energy in the wall 
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region. Q4 events (u > 0, v < 0), known as sweeps, are related to large-scale motions in the 

negative vertical direction at small angles relative to the wall. In the near-wall region, the 

contribution of the Q2 events to the Reynolds shear stress is greater than the contribution 

of the Q4 events; as the distance from the wall increases, the relative strength of the Q4 

events increases and overtakes the strength of the Q2 events. Q1 (u > 0, v > 0) and Q3 (u 

< 0, v < 0) events are known as outward and inward interactions, respectively. The total 

value of the Reynolds shear stress is mostly comprised of the contributions from ejection 

and sweep events; the contributions from the outward and inward interactions are smaller. 

In addition, the time scales for Q2 and Q4 events are typically larger than those for Q1 and 

Q3 events (Wallace 2016).  

Figure 3.11 shows distribution of contributions for each quadrant over y/δ for H = 0 (i.e. 

all events) for tests R1, R3 and R5. The magnitude and distribution of the contributions to 

−𝑢𝑣തതത from Q1 and Q3 events for tests R1, R3 and R5 are similar over the boundary layer, 

showing a decrease from the wall to a minimum at y/δ ≈ 0.2. At this negative peak, R1 

shows the greatest magnitude of contribution to the Reynolds shear stress. All profiles 

decrease steadily after the common peak at y/δ ≈ 0.2 and reach constancy outside of the 

boundary layer. Inside the edge of the boundary layer and in the free-stream region, the 

contributions from Q1 (corresponding to positive fluctuations in the streamwise and 

vertical directions) and Q3 (corresponding to negative fluctuations in the streamwise and 

vertical directions) increase with decreasing AR (or decreasing channel width). The 

distribution of urms/uτ (Figure 3.1(c)) similarly indicates an increase in the same region 

with increasing AR. 
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Figure 3.11(b) and (d) show the distributions for the Q2 ejection and Q4 sweep 

contributions to −𝑢𝑣തതത for H = 0. For Q2 events, the profiles for all tests are quite similar 

throughout the depth of flow; with the contributions in test R1 shown as slightly higher in 

the region close to the bed. For Q4 events, the profiles are nearly identical for all three tests 

in the region where y/δ > 0.3. In the near wall region, however, distribution of the 

magnitude of the sweep events is significantly influenced by sidewall proximity. For test 

R1, the magnitude of the sweep motions is high near the wall, before decreasing to a local 

minimum and then increasing once again to peak at the point at which y/δ ≈ 0.3. There is 

no peak immediately adjacent to the wall for tests R3 and R5, but the maximum magnitude 

of the sweeps is located nearer to the wall for both than for test R1. 

Figure 3.12 shows the distribution of contributions for Q1 through Q4 for tests R1 and R4 

with AR = 3.33. Unlike tests R1, R3 and R5 in Figure 3.11, the profiles differ throughout 

most of the depth of flow. Contributions from the Q1 and Q3 events are close for both tests 

below y/δ = 0.2, and contributions from the Q2 and Q4 events are similarly close below y/δ 

= 0.3. Beyond these points, however, the inward and outward contributions are greater for 

test R1 (with greater horizontal and vertical confinement of flow), and the ejection and 

sweep event contributions are greater for test R4 (with lesser horizontal and vertical 

confinement of flow). Figure 3.13 similarly compares the distribution of contributions for 

tests R3 and R6 with AR ≈ 6.6. As with the comparison between tests R1 and R4, the 

contributions from Q1 and Q3 are greater for test R3 (greater confinement), and Q2 and 

Q4 are greater for test R6 (lesser confinement). Unlike tests R1 and R4, however, the 

differences are shown throughout the depth of flow for all quadrants; there is no collapse 

in the near-wall region. 
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In Figure 3.14, Figure 3.15 and Figure 3.16, the contributions for R1 and R2 (b = 0.4 m), 

R3 and R4 (b = 0.8 m) and R5 and R6 (b = 1.22 m) are shown. Figure 3.14 shows that the 

Q1 and Q3 contributions are higher for test R1 (smaller depth of flow, i.e. greater vertical 

confinement) and the Q2 and Q4 motions are higher for test R2 (greater depth of flow, i.e. 

lesser vertical confinement). Examination of the profiles in Figure 3.15 and Figure 3.16 

show a similar effect of flow depth. Like the comparison of turbulence intensities (Figure 

3.3) and third-order turbulent moments (Figure 3.6), the difference in profiles due to flow 

depth decrease as channel width increases. 

The profiles for the stronger events (with H = 1) for each quadrant are shown in Figure 

3.17 through Figure 3.20. In Figure 3.17(a), it can be seen that the magnitude of the 

relatively stronger Q1 events is once again highest close to y/δ = 1.0 and in the free-stream 

region for the most narrow channel, and then decreases as channel width increases (and 

therefore horizontal confinement decreases). This is also true for the Q3 events as shown 

in Figure 3.17(c), although this can only be seen outside the boundary layer in the free-

stream region. There is appreciable scatter in the near-wall region and throughout most of 

the boundary layer for Q1 and Q3 profiles for all tests, with no noticeable prominence for 

any channel width. For the Q2 ejection and Q4 sweep events, the distribution is very similar 

between H = 0 and the stronger events for which H = 1. The magnitude of Q2 ejection 

events is once again higher over the remainder of the boundary layer for test R1, while the 

events for tests R3 and R5 show good collapse over most of the flow. Once again, profiles 

for all three tests collapse in the free-stream region. In Figure 3.17(d), the profiles for all 

three tests collapse over the majority of the flow and in the free-stream region, with 

differences contained to the region close to the wall. The peak for the strong Q4 sweep 
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events is highest for test R5, as opposed to those for which H = 0, where the highest peak 

was seen for test R1. Comparison of contributions to Q1 through Q4 for tests R1 and R2, 

R3 and R4 and R5 and R6 are shown in Figure 3.18, Figure 3.19, and Figure 3.20. The 

differences between the distribution for each quadrant for H = 1 is similar to the differences 

shown in Figure 3.14, Figure 3.15 and Figure 3.16 for H = 0. The magnitude of the 

contributions in Q1 and Q3 is higher for the test with the greater vertical confinement for 

each pair, and the magnitude of the contributions in Q2 and Q4 are higher for the test with 

lesser horizontal confinement for each pair. The difference in the magnitude for all 

comparisons once again decreases as channel width, b, increases. 

The number of events for each quadrant with H = 1 normalised by the total number of 

events can be seen in Figure 3.21 (for tests R1, R3 and R5) and Figure 3.22 (for tests R2, 

R4 and R6). Figure 3.21(a) shows the number of stronger Q1 events over the depth of 

flow. While the number of Q1 events is at a minimum and is constant throughout most of 

the boundary layer, this quantity begins to increase just after the midway point in the 

boundary layer for test R5, and closer to the edge of the boundary layer for test R1 and R3. 

Once this increase begins, the number of Q1 events is higher for the highest AR value and 

then decreases with decreasing AR. Towards the free surface, the number of Q1 events in 

test R3 begins to approach the number for test R5. In Figure 3.21(c), it can be seen that 

the number of Q3 events is, like the number of Q1 events, at a minimum close to the wall. 

However, there is no region of constancy for the number of Q3 events, which increases 

steadily for all tests until just inside the boundary layer. At this point, the number of Q3 

events for test R5 becomes higher than for either test R1 and R3, before the profile for test 

R3 once again approaches the profile for test R5 near the free surface region. Figure 
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3.21(b) shows that the number of Q2 ejection events is not significantly affected by AR. 

The profiles for all three tests are very similar throughout the depth of flow, with a slight 

increase in the number of ejection events just inside the boundary layer for test R1.  

Figure 3.21(d) shows the distribution of the number of Q4 sweep events. Although there 

is a slight peak for test R5 close to the wall, there is little difference between the profiles 

for the three tests over the majority of the boundary layer. Just inside the boundary layer, 

however, the number of sweep events suddenly drops for test R1 with the smallest channel 

width, before increasing sharply and reaching constancy in the free-stream region. The 

number of sweep events for test R3, with a greater channel width than test R1, also 

experiences a drop (albeit one of lesser magnitude) at the edge of the boundary layer before 

similarly increasing and reaching constancy beyond y/δ = 1. In contrast, the number of 

sweep events for test R5, with the highest channel width, does not experience a drop but 

instead becomes constant in the same region. The number of events in the free-stream 

region where constancy is attained for all tests shows that the number of sweep events 

increases as channel width decreases.  

For the tests R2, R4 and R6 (h > 0.12 m) in Figure 3.22, the differences in the number of 

events in each quadrant are suppressed. The number of Q1 and Q3 events is quite consistent 

for all tests throughout the depth of flow, with a slight increase in Q1 events occurring in 

the free-stream region just outside the boundary layer for test R2. The number of Q2 events 

for all tests of greater flow depth is quite consistent over the depth of flow, with a slight 

dip for test R2 just outside the edge of the boundary layer. The number of Q4 events is also 

relatively constant in the near-wall region, with a slight separation between tests R4 and 

tests R2 and R6 at the edge of the boundary layer. In comparison with Figure 3.21, this 
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indicates that the effect of horizontal confinement on the number of events is enhanced by 

increased vertical confinement. 

A summary of the findings in the experiment results is found in Table 3.2. 



 

64 

Table 3.2: Summary of the effect of horizontal and vertical confinement on flow characteristics 

Region of flow General observations 

Near-wall 
(0 < y/δ < 0.2) 

 𝑢ଷതതത has a peak 
 𝑢ଶ𝑣തതതതത has a local minima 
 𝑢𝑣ଶതതതതത has a peak 
 Q1 and Q3 events have a peak 
 Q4 increases with increasing HC in this region 

 

 Effect of increasing horizontal confinement (HC) Effect of increasing vertical confinement (VC) 

Outer layer 
(0.2 < y/δ < 1.0) 

 𝑢ଷതതത, 𝑣ଷതതത, 𝑢ଶ𝑣തതതതത and 𝑢𝑣ଶതതതതത increase 
 vrms/urms reaches a peak (y/δ ≈ 1.0 only) 
 Q2 increases 
 Number of Q2 events increase (y/δ ≈ 1.0 only) 
 Number of Q4 events decrease (y/δ ≈ 1.0 only) 

 𝑢ଷതതത, 𝑣ଷതതത, 𝑢ଶ𝑣തതതതത and 𝑢𝑣ଶതതതതത decrease 
 vrms/urms increases 

Free-stream 
(1.0 < y/δ < 2.0) 

 urms/uτ decreases 
 𝑢ଷതതത decreases 
 Q1/Q3 decreases 
 Number of Q1/Q3 events decreases 
 Number of Q4 events increases 

 𝑢ଷതതത decreases 
 vrms/urms decreases 

Entire depth of flow 
(0 < y/δ < 2.0) 

 drag increment due to roughness decreases 
 no change in vrms/uτ 

 urms/uτ and vrms/uτ decrease (percent difference due to 
increasing VC decreases with decreasing HC and the 
percentage of the boundary layer over which the 
difference is seen increases with decreasing HC) 

 𝑢ଷതതത, 𝑣ଷതതത, 𝑢ଶ𝑣തതതതത and 𝑢𝑣ଶതതതതത decrease in the boundary layer (in 
addition, the percent of the boundary layer over which 
difference occurs increases with decreasing HC) 

 Q1 and Q3 increase and Q2 and Q4 events decrease (in 
addition, the percent difference due to increasing VC 
increases with decreasing HC) 
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3.3.4 Effect of sidewall proximity on mean and turbulence properties 

Figure 3.23 shows the distribution of the mean streamwise velocity, the Reynolds shear 

stress −𝑢𝑣തതതത/𝑢ఛ
ଶ, and the streamwise and vertical turbulence intensities urms/uτ and vrms/uτ 

over the wall distance normalised with the boundary layer thickness, y/δ for test R5 (AR = 

10.17). Profiles are shown for the central plane (where Z = 0, used for analysis in the 

previous sections) and also for an-off centre plane for which Z = 0.32 m (i.e. close to the 

midpoint between the central plane and the sidewall). Measurements were taken in the off-

centre plane, called R5-C, in order to explore the effect of sidewall proximity on the mean 

and turbulence properties.  

Figure 3.23(a) shows the distribution of U/Ue and U+
 for tests R5 and R5-C. It can be seen 

that the normalised streamwise velocity is slightly higher for test R5-C than for test R5 in 

the boundary layer, and vice versa in the free-stream region. This can likely be attributed 

to the secondary flow cell structure in the spanwise direction. The location of plane C, 

where measurements were taken for test R5-C, is in greater proximity to the flume sidewall. 

In this near-sidewall location, it is probable that secondary flow cells are still present. If 

the measurements were then taken in a region of upwelling or downwelling flow associated 

with such a structure, the distribution of the mean streamwise velocity would also be 

affected, particularly since secondary currents tend to be larger closer to the bed and 

magnitude of upflow is generally greater than the magnitude of downflow (Nezu et al. 

1985).  The value of U+ is higher over the entire depth of flow in the inset. However, the 

increase in U+ corresponds to a decrease in uτ in the spanwise direction, as described by 

Nezu et al. (1985). Flow measurements in the spanwise (z) direction for an air flow (shown 

to be analogous to open-channel flow) indicated a sidewall-normal variation of uτ, the 
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nature of which was dependent on the value of channel AR. For an AR = 10 (recall that 

AR for R5 and R5-C is 10.2), it was determined that the value of uτ is constant in the two-

dimensional central zone of flow, and then begins to decrease as the sidewall was 

approached (Nezu et al. 1985). This finding is consistent with the values of uτ for R5 

(0.01487 m/s) compared with R5-C (0.01462 m/s), and the shift in the roughness function 

shown in Figure 3.23(a) can therefore be attributed to the spanwise variation in shear 

velocity due to secondary currents.  

Figure 3.23(b) shows −𝑢𝑣തതതത/𝑢ఛ
ଶ for R5 and R5-C, which show good collapse over most of 

the depth of flow. Figure 3.23(c) and (d) show the distribution of urms/uτ and vrms/uτ. Figure 

3.23(c) indicates that the streamwise turbulence intensity at the inner edge of the boundary 

layer and in the free-stream region is reduced as sidewall proximity increases. This is 

consistent with the findings in Figure 3.1(c), in which urms/uτ decreased in the same region 

with an increase in horizontal confinement (i.e. with an increase sidewall proximity). The 

vertical turbulence intensity is unaffected by sidewall proximity here, which is also 

consistent with the conclusions drawn from Figure 3.1(d), stated in Table 3.2. 

3.4 Conclusions and recommendations 

Analysis of the experimental results of the present investigation indicates that open-channel 

flow over a porous bed cannot be characterized by the value of AR (b/h) alone, as is 

presently done in literature. The distribution of streamwise velocity, streamwise and 

vertical turbulence intensities, triple-order turbulent moments and contributions of 

quadrants to the Reynolds shear stress have been identified based on increasing vertical 

confinement (i.e. decreasing h) and increasing horizontal confinement (i.e. decreasing b). 
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These effects have also been found to vary with spanwise location. This implies that careful 

examination of the approach flow conditions is required for various applications of open-

channel flow modelling. Further experimentation on the nature of secondary flow over an 

erodible porous bed is also required. Scour modelling in laboratory flumes is particularly 

affected, since laboratory constraints often result in flow that is highly constrained both 

vertically and horizontally. Re-examination of hydraulic modelling practices is required 

for future experimentation and applicability of previously acquired results must be re-

considered. 
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Figure 3.1: Distribution of (a) U+ vs. y+ (b) Ue
+- U+ vs. y/δ (inset with logarithmic scaling 

included), (c) streamwise turbulence intensity urms/uτ vs. y/δ and (d) vertical turbulence 
intensity vrms/uτ vs. y/δ for tests R1, R3 and R5 (present investigation), S1, S2 and S3 
(Roussinova et al. 2008) and FS1, FR1 and FR2 (Flack et al. 2005) 
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Figure 3.2: Distribution of (a) streamwise turbulence intensity urms/uτ for tests R1 and R4 
(AR = 3.3), (b) vertical turbulence intensity vrms/uτ for tests R1 and R4 (AR = 3.3), (c) 
streamwise turbulence intensity urms/uτ for tests R3 and R6 (AR = 6.6) and (d) vertical 
turbulence intensity vrms/uτ for tests R3 and R6 (AR = 6.6) over flow depth y normalised by 
boundary layer thickness δ 
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Figure 3.3: Distribution of (a) streamwise turbulence intensity urms/uτ and (b) vertical 
turbulence intensity vrms/uτ for tests R1 and R2 (b = 0.4 m), (c) streamwise turbulence 
intensity urms/uτ and (d) vertical turbulence intensity vrms/uτ for tests R3 and R4 (b = 0.8 m), 
(e) streamwise turbulence intensity urms/uτ and (f) vertical turbulence intensity vrms/uτ for 
tests R5 and R6 (b = 1.22 m) over flow depth normalised by boundary layer thickness y/δ 
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Figure 3.4: Distribution of (a) streamwise turbulence intensity urms/(urms)e and (b) vertical 
turbulence intensity vrms/(urms)e for tests R1 and R2 (b = 0.4 m), (c) streamwise turbulence 
intensity urms/(urms)e and (d) vertical turbulence intensity vrms/(urms)e for tests R3 and R4 (b 
= 0.8 m), (e) streamwise turbulence intensity urms/(urms)e and (f) vertical turbulence 
intensity vrms/(urms)e for tests R5 and R6 (b = 1.22 m) over y/δ1, where y is flow depth and 
δ1 is the location at which urms reaches the free-stream streamwise turbulence intensity 
(urms)e 

 



 

72 

 

Figure 3.5: Distribution of the ratio of streamwise turbulence intensity to vertical 
turbulence intensity vrms/urms for (a) tests R1 and R2 (b = 0.4 m), (b) tests R3 and R4 (b = 
0.8 m) and (c) tests R5 and R6 (b = 1.22 m) over flow depth normalised by boundary layer 
thickness y/δ 
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Figure 3.6: Distribution of (a) streamwise transport of the streamwise component of normal 
stress 𝑢ଷതതത, (b) vertical transport of the vertical component of normal stress 𝑣ଷതതത, (c) vertical 
transport of the streamwise component of normal stress 𝑢ଶ𝑣തതതതത  and (d) the streamwise 
transport of the vertical component of normal stress 𝑢𝑣ଶതതതതത for tests R1, R3 and R5 (h = 0.12 
m) over flow depth normalised by boundary layer thickness y/δ 
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Figure 3.7: Distribution of (a) streamwise transport of the streamwise component of normal 
stress 𝑢ଷതതത, (b) vertical transport of the vertical component of normal stress 𝑣ଷതതത, (c) vertical 
transport of the streamwise component of normal stress 𝑢ଶ𝑣തതതതത  and (d) the streamwise 
transport of the vertical component of normal stress 𝑢𝑣ଶതതതതത for tests R1 and R2 (b = 0.4 m) 
over flow depth normalised by boundary layer thickness y/δ 
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Figure 3.8: Distribution of (a) streamwise transport of the streamwise component of normal 
stress 𝑢ଷതതത, (b) vertical transport of the vertical component of normal stress 𝑣ଷതതത, (c) vertical 
transport of the streamwise component of normal stress 𝑢ଶ𝑣തതതതത  and (d) the streamwise 
transport of the vertical component of normal stress 𝑢𝑣ଶതതതതത for tests R3 and R4 (b = 0.8 m) 
over flow depth normalised by boundary layer thickness y/δ 
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Figure 3.9: Distribution of (a) streamwise transport of the streamwise component of normal 
stress 𝑢ଷതതത, (b) vertical transport of the vertical component of normal stress 𝑣ଷതതത, (c) vertical 
transport of the streamwise component of normal stress 𝑢ଶ𝑣തതതതത  and (d) the streamwise 
transport of the vertical component of normal stress 𝑢𝑣ଶതതതതത for tests R5 and R6 (b = 1.22 m) 
over flow depth normalised by boundary layer thickness y/δ 
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Figure 3.10: Distribution of the Reynolds shear stress normalised with friction velocity 
−𝑢𝑣തതത/𝑢ఛ

ଶ for tests R1 – R6 (present investigation ) and FS1 (Flack et al. 2005) over flow 
depth normalised by boundary layer thickness y/δ 
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Figure 3.11: Distribution of the contributions of (a) Q1 outward interactions (u > 0, v > 0), 
(b) Q2 ejection events (u < 0, v > 0), (c) Q3 inward interactions (u < 0, v < 0) and (d) Q4 
sweep events (u > 0, v < 0) for which H = 0 to the total Reynolds shear stress −𝑢𝑣തതത for tests 
R1, R3 and R5 (h = 0.12 m) over flow depth normalised by boundary layer thickness y/δ 
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Figure 3.12: Distribution of the contributions of (a) Q1 outward interactions (u > 0, v > 0), 
(b) Q2 ejection events (u < 0, v > 0), (c) Q3 inward interactions (u < 0, v < 0) and (d) Q4 
sweep events (u > 0, v < 0) for which H = 0 to the total Reynolds shear stress −𝑢𝑣തതത for tests 
R1 and R4 (AR = 3.3) over flow depth normalised by boundary layer thickness y/δ 
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Figure 3.13: Distribution of the contributions of (a) Q1 outward interactions (u > 0, v > 0), 
(b) Q2 ejection events (u < 0, v > 0), (c) Q3 inward interactions (u < 0, v < 0) and (d) Q4 
sweep events (u > 0, v < 0) for which H = 0 to the total Reynolds shear stress −𝑢𝑣തതത for tests 
R3 and R6 (AR = 6.6) over flow depth normalised by boundary layer thickness y/δ 
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Figure 3.14: Distribution of the contributions of (a) Q1 outward interactions (u > 0, v > 0), 
(b) Q2 ejection events (u < 0, v > 0), (c) Q3 inward interactions (u < 0, v < 0) and (d) Q4 
sweep events (u > 0, v < 0) for which H = 0 to the total Reynolds shear stress −𝑢𝑣തതത for tests 
R1 and R2 (b = 0.4 m) over flow depth normalised by boundary layer thickness y/δ 
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Figure 3.15: Distribution of the contributions of (a) Q1 outward interactions (u > 0, v > 0), 
(b) Q2 ejection events (u < 0, v > 0), (c) Q3 inward interactions (u < 0, v < 0) and (d) Q4 
sweep events (u > 0, v < 0) for which H = 0 to the total Reynolds shear stress −𝑢𝑣തതത for tests 
R3 and R4 (b = 0.8 m) over flow depth normalised by boundary layer thickness y/δ 
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Figure 3.16: Distribution of the contributions of (a) Q1 outward interactions (u > 0, v > 0), 
(b) Q2 ejection events (u < 0, v > 0), (c) Q3 inward interactions (u < 0, v < 0) and (d) Q4 
sweep events (u > 0, v < 0) for which H = 0 to the total Reynolds shear stress −𝑢𝑣തതത for tests 
R5 and R6 (b = 1.22 m) over flow depth normalised by boundary layer thickness y/δ 
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Figure 3.17: Distribution of the contributions of (a) Q1 outward interactions (u > 0, v > 0), 
(b) Q2 ejection events (u < 0, v > 0), (c) Q3 inward interactions (u < 0, v < 0) and (d) Q4 
sweep events (u > 0, v < 0) for which H = 1 to the total Reynolds shear stress −𝑢𝑣തതത for tests 
R1, R3 and R5 (h = 0.12 m) over flow depth normalised by boundary layer thickness y/δ 

 



 

85 

 

Figure 3.18: Distribution of the contributions of (a) Q1 outward interactions (u > 0, v > 0), 
(b) Q2 ejection events (u < 0, v > 0), (c) Q3 inward interactions (u < 0, v < 0) and (d) Q4 
sweep events (u > 0, v < 0) for which H = 1 to the total Reynolds shear stress −𝑢𝑣തതത for tests 
R1 and R2 (b = 0.4 m) over flow depth normalised by boundary layer thickness y/δ 
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Figure 3.19: Distribution of the contributions of (a) Q1 outward interactions (u > 0, v > 0), 
(b) Q2 ejection events (u < 0, v > 0), (c) Q3 inward interactions (u < 0, v < 0) and (d) Q4 
sweep events (u > 0, v < 0) for which H = 1 to the total Reynolds shear stress −𝑢𝑣തതത for tests 
R3 and R4 (b = 0.8 m) over flow depth normalised by boundary layer thickness y/δ 
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Figure 3.20: Distribution of the contributions of (a) Q1 outward interactions (u > 0, v > 0), 
(b) Q2 ejection events (u < 0, v > 0), (c) Q3 inward interactions (u < 0, v < 0) and (d) Q4 
sweep events (u > 0, v < 0) for which H = 1 to the total Reynolds shear stress −𝑢𝑣തതത for tests 
R5 and R6 (b = 1.22 m) over flow depth normalised by boundary layer thickness y/δ 
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Figure 3.21: Distribution of the number of (a) Q1 inward interactions (u > 0, v > 0), (b) Q2 
ejection events (u < 0, v > 0), (c) Q3 outward interactions (u < 0, v < 0) and (d) Q4 sweep 
events (u > 0, v < 0) normalised with the total number of events with  H = 1 for tests R1, 
R3 and R5 (h = 0.12 m) over the flow depth y normalised with boundary layer thickness δ  
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Figure 3.22: Distribution of the number of (a) Q1 inward interactions (u > 0, v > 0), (b) Q2 
ejection events (u < 0, v > 0), (c) Q3 outward interactions (u < 0, v < 0) and (d) Q4 sweep 
events (u > 0, v < 0) normalised with the total number of events with H = 1 for tests R2, 
R4 and R6 (h > 0.12 m) over the flow depth y normalised with boundary layer thickness δ  
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Figure 3.23: Distribution of (a) U/Ue (inset with U+ vs. y+ included), (b) Reynolds shear 
stress normalised with shear velocity −𝑢𝑣തതത/𝑢ఛ

ଶ (c) streamwise turbulence intensity urms/uτ 
and (d) vertical turbulence intensity vrms/uτ for tests R5 (Z = 0) and R5-C (Z = 0.32 m) over 
the flow depth y normalised with boundary layer thickness δ 
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4 ROLE OF CHANNEL BLOCKAGE RATIO ON LOCAL SCOUR FLOW FIELD 

MECHANISMS  

4.1 Introduction 

In a National Cooperative Highway Research Program (NCHRP) evaluation of the 

landscape of pier scour research, Ettema et al. (2011) stated that “several important aspects 

of pier scour processes remain inadequately understood and not yet incorporated into 

design methods.” The parametric framework for scour estimation has been well-

established through dimensional analysis, examination of the flow field mechanisms which 

drive the scouring process and exploration of experimental data. For a turbulent subcritical 

flow aligned with a circular cylinder in cohesionless, well-graded sediment, prediction of 

relative scour depth dse/D is commonly based on a function of flow intensity U/Uc, flow 

shallowness h/D and relative coarseness D/d50. The influence of each of the so-called 

primary parameters on dse/D have been explored experimentally and defined for ranges 

attainable under laboratory conditions. Prior analysis has indicated that many commonly- 

used design equations overestimate dse/D (Williams et al. 2013). Interestingly, tests with 

common values of U/Uc, h/D, and D/d50 still show discrepancies in scour formation 

(Williams et al. 2016).  

Scale effects in hydraulic modelling (described in Chapter 1) have been well-reviewed in 

a paper by Heller (2011). Scale effects are defined as distorted model outputs due to an 

imbalance in force ratios between a model in the laboratory and a prototype in the field. 

The review reiterates that scale effects are always present in modelling, but their impact on 

experimental results can be minimized under certain conditions. The importance of Froude 
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number similarity between model and prototype in scour modelling is described, as well as 

some stated thresholds under which scale effects due to certain phenomenon can be 

neglected. As an example, the vorticity of large-scale structures induced by the presence 

of the cylinder increases as cylinder size decreases, resulting in disproportionately high 

depths of scour in experiments (Ettema et al. 2006). Therefore, it is recommended that D 

be greater than 0.4 m in order to avoid scale effects related to large-scale turbulence (Heller 

2011). Similarly, it is recommended that bed material is selected such that median sediment 

diameter d50 is greater than approximately 0.80 mm in order to avoid viscous effects 

(Oliveto & Hager 2005) and 0.60 mm in order to avoid formation of ripples (Richardson 

et al. 1990). At the same time, it is desirous to achieve the highest value of relative 

coarseness D/d50 possible, in order to approach the range in which field values lie and 

reduce scale effects due to the associated disruption of geometric similitude. In effect, 

cylinder diameter D is further maximized since d50 has a minimum size requirement.  

Furthermore, D must be large enough to produce flow field structures which induce a 

measurable scour pattern. The culmination of these restrictions in scour modelling leads to 

tests with cylinders which are sized such that they pose appreciable blockage to the open-

channel flow in a laboratory flume, which are typically half to one metre in width. This 

results in high values of blockage ratio, D/b, where b is channel width. These are typical 

conditions under which scour data is acquired, and such data has been used for 

development of many methods of scour estimation. The role of D/b in scour must therefore 

be established, both in order to provide correction to previously acquired results where 

applicable, and to define the conditions under which blockage effects on scour formation 

can be neglected. 
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It is important to note that the influence of D/b on scour in the field is usually considered 

negligible. Naturally occurring rivers are typically wide enough such that channel banks 

do not affect the formation of local scour at piers. However, in certain cases, the proximity 

of piers to channel banks can alter scour geometry, complicating scour estimation for 

design (Ettema et al. 2011). Closely-spaced piers or piers located near bridge abutments 

may be similarly affected (Laursen & Toch 1956, Ramamurthy & Lee 1973, Oben-Nyarko 

& Ettema 2011). 

Prior analysis on the effect of channel aspect ratio on the distribution of velocity and 

turbulence in straight channel flow has been carried out. It has been determined that 

increasing horizontal confinement and vertical confinement on open-channel flow over a 

transitionally rough porous bed has distinct influences on the distribution of mean 

streamwise velocity, streamwise and vertical turbulence intensities, third-order turbulent 

moments and quadrant contributions to Reynolds shear stress. In the present chapter, the 

effect of horizontal confinement is explored for local scour around an emergent circular 

cylinder at an equilibrium condition. Previous investigations on blockage effects in scour 

have focused on equilibrium scour formation only. A closer examination of the flow field 

surrounding the cylinder under scour conditions is required in order to establish the role of 

sidewall proximity on the mechanism of local scour. 

4.2 Background 

4.2.1 The effect of blockage ratio D/b on flow around cylinders 

Blockage effects, as defined by blockage ratio D/b, are a common phenomenon in 

experimental flow around bluff bodies. Zdravkovich (1997a) described blockage as a 
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steady disturbance in which the presence of sidewalls in wind and water tunnels confine 

the disturbed flow and result in imposition of an additional pressure gradient on the flow 

field surrounding the cylinder. The force imposed by the flow on the cylinder is already 

dependent on the dynamic pressure of the approach flow and the projected area upon which 

the approach flow is inflicted. Addition of a pressure gradient in the spanwise direction 

further complicates the flow field mechanisms surrounding a cylinder. The pressure 

distribution on the downstream face of the cylinder is particularly affected, which is 

reflected in changes to the drag coefficient CD. The conditions under which blockage 

effects are negligible have been established for flow around a circular cylinder on a fixed 

bed. For D/b < 0.1, blockage effects are generally ignored. When 0.1 < D/b < 0.6, correction 

factors should be applied in order to account for modification of flow. If D/b > 0.6, the 

sidewall proximity has a significant impact on the flow field and correction would be 

insufficient. However, quantification of the effects of changing D/b also depends on 

Reynolds number Re, cylinder shape and channel configuration (Zdravkovich 1997a, 

1997b). 

Ramamurthy and Lee (1973) conducted a study on the effects of sidewall proximity in flow 

past bluff bodies. For various cylinder shapes and configurations, the effect of D/b on the 

pressure distribution around a cylinder was investigated. The authors analyzed the flow 

field surrounding a cylinder and determined that wall interference would induce an increase 

in streamwise velocity near the cylinder body and outside of the wake region, resulting in 

a decrease in pressure in the wake region and an increase in the drag force on the cylinder. 

They also made note of the additional pressure gradient in the spanwise direction. For most 

confined flows, the contracted jet velocity in the region between the wake and the sidewall, 
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Uj (Figure 4.1), has been deemed to be a close approximation of the velocity along the 

separating streamline, Us. The value of k, equal to the ratio between Us and the approach 

flow velocity U, was found to increase with increasing D/b for all cylinder shapes. The 

pressure distribution for a circular cylinder with D/b = 0.6 was unchanged around the sides 

of the cylinder for Re values of 6.9 × 104, 11.7 × 104, 14.8 × 104 and 20.4 × 104. In the wake 

of the cylinder, the pressure coefficient increased with increasing Re, and became constant 

over the two highest values of Re. Slight changes were observed in the location of the 

separation point as well. The drag coefficient CD was also found to increase slightly with 

D/b, but the drag coefficient normalised by Uj was found to be nearly constant with 

changing D/b. The observed changes in drag force due to increasing sidewall proximity 

were similar to changes in drag force induced by decreasing gap width between adjacent 

cylinders (Ramamurthy & Lee 1973). 

Ramamurthy et al. (1989) conducted a similar experimental investigation in order to 

establish a correction factor for sharp-edged bluff bodies (a flat plate and an equilateral 

prism). The authors identified the necessity for appreciably-sized bluff bodies in models 

(similar to the minimum cylinder diameter requirement for scour modelling) for 

measurement accuracy, and the conflicting need for reduction of wall interference due to 

sidewall proximity. In concurrence with the results of Ramamurthy and Lee (1973), the 

experimental results indicated that k and CD increased with increasing D/b and an 

expression for correction of CD based on D/b was presented (Ramamurthy et al. 1989). 
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4.2.2 Blockage effects in scour literature 

The blockage problem has been identified since the introduction of scour modelling in 

laboratory experiments. An early investigation on local scour around piers and abutments 

by Laursen and Toch (1956) pointed to the effect of contraction in flow due to alignment 

of multiple cylinders in the cross-stream direction. As stated by Ramamurthy and Lee 

(1973), this effect is often taken as analogous to wall interference. It was postulated that 

the contraction would be expected to result in an increase in the streamwise velocity, and 

therefore relative scour depth dse/D, in the vicinity of the cylinders. Furthermore, Laursen 

and Toch (1956) stated that scour depth would be likely governed by h/D (where h is the 

depth of flow) if the gap between adjacent cylinders is acceptably larger than D. As the gap 

between cylinders decreases, scour depth will be related to the gap width. Here, the 

described contraction effect is related to the gap between adjacent cylinders. The authors 

concluded that an accurate model of a prototype pier would require a very large channel 

width b or a very small cylinder diameter D. However, it was stated that b did not need to 

be optimized based on gap width since contraction in the model could be ‘distorted’ with 

minimal error (Laursen & Toch 1956). 

Chiew (1984) conducted an extensive experimental and analytical investigation of local 

scour at piers. The experiments were conducted such that D/b was held below 0.1 (i.e. 10 

percent). This threshold, below which maximum sidewall effects were deemed 

insignificant, was established from a previous investigation by Shen et al. (1966). In this 

paper, it was reported that a D/b of 0.125 produced a ‘significant’ wall effect. Many 

investigations in literature include scour data under testing conditions for which D/b 

exceeds 10 percent. Details for examples of such investigations are shown in Table 4.1, 
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including the maximum value of blockage ratio in the experimental program (D/b)max. It 

can be seen that blockage effects have largely been ignored in much of the scour literature 

published in the past.  

The effect of proximity between a bridge abutment and adjacent pier has been explored 

experimentally by Oben-Nyarko and Ettema (2011). Although this effect is not exactly 

analogous to channel blockage since the abutment is located near only one side of the flow 

field surrounding the pier, the investigation provides further confirmation that the 

mechanism of local scour is affected by lateral proximity to a solid boundary. Scale 

experiments were carried out in order to establish the effect of abutment proximity on pier 

scour, and it was reported that scour depth at the pier increased significantly as proximity 

to the abutment increased (Oben-Nyarko & Ettema 2011). 

Table 4.1: Description of literature experiments with large blockage ratio D/b 

Author(s) Year b (m) D (m) (D/b)max 

Raudkivi and Ettema 1983 1.5 0.102 0.068 

Johnson and Torrico 1995 1.8 0.254 0.141 

Sheppard et al. 2004 6.1 0.91 0.149 

Ettema et al. 2006 3.0 0.406 0.135 

 

4.2.3 Previous investigations on the influence of blockage ratio D/b on relative 
scour depth dse/D 

Hodi (2009) carried out an experimental investigation into the effects of D/b on scour 

geometry. Experiments were conducted in two flumes with varying channel widths and 

cylinder diameter values. Blockage ratio D/b was held in the range of 0.022 to 0.05 and it 

was determined that over the range considered, dse/D increased with increasing D/b. 
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D’Alessandro (2013) altered the width of flow with movable sidewalls installed in a 

sediment recess of fixed median sediment diameter d50, in order to isolate the effects of 

blockage ratio. The range of D/b for this investigation was 0.025 to 0.112. The sidewall 

proximity was adjudged to influence both the depth and width of the scour hole. For a fixed 

D/d50, it was reported that an increase in D/b resulted in an increase in dse/D, in agreement 

with the results of Hodi (2009).  

Tejada (2014) carried out similar experiments with implementation of movable sidewalls, 

but also used four types of bed material in order to determine if blockage effects are 

influenced by changes in d50. The range of blockage for this investigation was 0.05 < D/b 

< 0.15. The author reported that D/b was less influential on dse/D when relative coarseness 

D/d50 was less than 100 (Tejada 2014). Williams et al. (2018) reported similar findings for 

two types of bed material. For d50 values of 0.51 mm and 0.77 mm, dse/D was found to 

increase with increasing blockage ratio and the scour formation reached the sidewalls at 

further distance downstream when the flow was less constrained by the sidewalls (see 

Figure 4.2). The differences between the scour formations due to changes in D/b were 

found to decrease with decreasing D/d50, which is in agreement with the results reported in 

Tejada (2014). Finally, a new parameter kc, the ratio between Us and Uc, was defined. A 

new scour estimation method based on kc and h/D was established and validated using 

results from literature (Williams et al. 2018). 

While such prior investigations have provided a general idea of how blockage ratio D/b 

influences the maximum relative scour depth dse/D, the impact of wall interference on the 

flow field mechanisms surrounding a cylinder under scour conditions still lacks clarity. In 

order to appropriately incorporate blockage correction into scour estimation methods, 
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understanding of the flow field under horizontal confinement must be improved. The 

present investigation discusses bed profile measurements and Particle Image Velocimetry 

(PIV) measurements which have been taken for local scour at an equilibrium condition 

around an emergent cylinder under varying horizontal confinement (i.e. varying D/b). The 

results of the investigation described in Chapter 3 indicated that increasing horizontal 

confinement (i.e. decreasing channel width b) affects the magnitude and distribution of 

mean streamwise velocity, streamwise turbulence intensity, third-order turbulent moments 

and the magnitude and quantity of quadrant events in straight channel flow over a porous 

bed in the absence of the cylinder. In the boundary layer region (0.2 < y/δ < 1.0), all third-

order turbulent moments increased with decreasing b. In the free-stream region, the 

streamwise turbulence intensity and the streamwise transport of the normal stress 𝑢ଶതതത 

decrease with decreasing b. These aspects need to be taken into consideration when 

analyzing the flow field with local scour, particularly in view of the understanding that 

changes in approach flow turbulence will influence the mechanism of scour (Kirkil et al. 

2008). 

4.3 Methodology 

Three tests were conducted under varying D/b for an emergent circular cylinder and 

nominally the same approach flow. Cylinder diameter D was constant at 0.056 m in all 

tests and so D/d50 based on the test sediment with d50 = 0.74 mm was 76. Flow depth h was 

0.12 m and corresponded to a flow shallowness h/D of 2.14. A flow shallowness h/D 

greater than 1.4 corresponds to the narrow range of cylinders, which is the range in which 

the majority of scour experiments fall (Ettema et al. 2011). Flow intensity U/Uc was 

approximately 0.85 for all tests, such that clear-water conditions were maintained. Flow 
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intensity is typically held between 0.75 and 0.90 in order to ensure flow is in the clear-

water regime while still obtaining a measurable scour pattern. Three additional tests (S1, 

S2 and S3) were carried out for a submerged cylinder with D = 0.056 m under the same 

flow conditions as tests B1, B2 and B3 (see Table 4.2). 

Table 4.2: Test parameters for local scour experiments 

Test 
ID 

Cylinder 
type 

b 
(m) 

b/h D/b 
U 

(m/s) 
Ue 

(m/s) 
uτ  

(m/s) 
ΔU+ Re 

B1 E 0.4 3.33 0.14 0.262 0.28 0.0135 1.33 33500 
B2 E 0.8 6.67 0.07 0.261 0.28 0.0147 3.34 33400 
B3 E 1.22 10.2 0.05 0.254 0.275 0.0149 4.48 32900 
S1 S 0.4 3.33 0.14 0.262 0.28 0.0135 1.33 33500 
S2 S 0.8 6.67 0.07 0.261 0.28 0.0147 3.34 33400 

S3 S 1.22 10.2 0.05 0.254 0.275 0.0149 4.48 32900 

 

Movable sidewalls were installed in the flume as required in order to alter channel width b 

while holding all other scour-governing parameters constant, therefore isolating the effect 

of horizontal confinement on both scour geometry and the surrounding flow field. For all 

tests, the cylinder was located in the middle of the channel (Z/D = 0). PIV measurements 

were taken in the central plane A, near-cylinder plane B and mid-cylinder-wall plane C 

(see Figure 2.2). Details for the approach flow characteristics for each test are given in 

Table 4.2. 

During the local scour tests, the flow was circulated in the flume for 24 hours prior to 

acquisition of PIV data. Prior experimentation indicated that an acceptable equilibrium 

condition of scour was obtained within 24 hours, after which changes in the maximum 
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scour depth were minimal (D’Alessandro 2013, Williams 2014). Select tests were repeated 

and bed profile measurements were compared in order to assure repeatability. 

It is important to make note of the approach flow conditions for local scour tests in the 

present investigation. In previous studies (Hodi 2009, D’Alessandro 2013, Tejada 2014, 

Williams et al. 2018), flowrate Q was held constant for all tests and it was assumed that 

the velocity profiles for all tests were similar. No velocity profiles were measured. For the 

current investigation, the flowrate Q was mildly adjusted in order to attain the same value 

of the depth Reynolds number for all tests. 

4.4 Results and discussion  

4.4.1 Approach flow conditions 

The approach flow conditions for tests B1, B2 and B3 are shown in Figure 4.3 and Figure 

4.4. Figure 4.3 shows the distribution of streamwise velocity U at two stations in a single 

field-of-view taken in the central plane in the absence of the cylinder. The velocity profiles 

in Figure 4.3 indicate that the distribution of U is similar over a single-field-of-view. 

Figure 4.4(a) shows profiles of U and the Reynolds shear stress −𝑢𝑣തതതത/Ue
2 over the depth 

of flow. The value of U is very close for test B1 and B2 in the free-stream region and the 

magnitude of U is slightly higher for test B1 within the boundary layer. U is slightly lower 

throughout the depth of flow for test B3, which is reflected in the lower depth-averaged 

velocity and maximum velocity Ue given in Table 4.2. Figure 4.4(b) shows that the 

Reynolds shear stress −𝑢𝑣തതതത/Ue
2 is higher in the near-bed region for test B3 than tests B1 

and B2. While the Reynolds shear stress is quite similar for tests B1 and B2 in the free-

stream region, −𝑢𝑣തതതത /Ue
2 slightly higher for test B2 than B1 in the near-bed region. 
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Therefore, increasing channel width b causes an increase in Reynolds shear stress in the 

near-bed region. Figure 4.4 has established how increasing channel width affects flow 

properties for straight-channel flow in the absence of a cylinder, which is applied to 

analysis of flow properties in the following sections.  

4.4.2 Comparison of bed profiles  

Figure 4.5 shows photographs taken from upstream of the cylinder for each test. The extent 

of the scour hole surrounding the cylinder can be seen for each test. In the wake of the 

cylinder, the primary deposit is also indicated. The primary deposit is the dune formed by 

deposition of sediment by the wake vortices as they advect away from the cylinder in the 

downstream direction. The location of the undisturbed sand bed on either side of the scour 

formation is marked by ‘A’ and ‘A'’ for each test. 

In Figure 4.6, the bed profile measurements in the XZ plane (Y/D = 0) are given for tests 

B1, B2 and B3. The profiles for test B1 are shown by the black square symbols, test B2 is 

shown by the blue circular symbols and test B3 is shown by the red triangular symbols. In 

the vicinity of the cylinder, the size of the scour hole is shown to increase with decreasing 

D/b. The width of the scour formation downstream of the scour hole increases for tests B2 

and B3 (‘A’). The width of scour in test B1 increases further as the formation progresses 

downstream (‘B’). However, the lateral progression is smaller for test B1 than for tests B2 

and B3 (see Figure 4.5). This could be an effect of horizontal confinement, where the 

increase in sidewall proximity in the narrow channel for test B1 confines the von Kármán 

vortex street. Since the wake vortices in the von Kármán vortex street are responsible for 

transport and deposition of the sediment, confinement of the wake would result in a 

narrower scour formation.  
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The scour formation for test B1 reaches the sidewalls around X/D = 7, and so the scour 

formation downstream of this point encompasses the width of the flume. In contrast, the 

scour formations for tests B2 and B3 do not reach the sidewalls at all. However, the scour 

formation for test B2 shows fewer undulations than that for test B3 (see Figure 4.5). This 

indicates that even when the scour formation does not progress to the sidewalls, increasing 

horizontal confinement can still influence the mechanism of sediment transport and 

deposition. 

Figure 4.7 shows bed profile measurements of the equilibrium scour formation in the XY 

plane for (a) the central plane A (Z/D = 0), (b) the near-cylinder plane B (Z/D ≈ 0.5) and 

the mid-cylinder-wall plane C (Z/D is variable). The flow direction in the figures is denoted 

as the positive X-direction. The original bed level is shown by the dotted line along Y/D = 

0, and the location of the cylinder is shown by the filled grey area. In Figure 4.7(a), the 

classical scour profile is shown in each test, with a scour hole in the vicinity of the cylinder 

and a primary deposit in the form of a dune with a crest in the downstream region. In 

general, the maximum scour depth near the upstream face of the cylinder increases as D/b 

decreases. As seen in the photographs in Figure 4.5, the scour formation occupies the entire 

width of the flume downstream of the scour hole for test B1. Since the flow is subcritical 

and the control is located downstream, there will be corresponding changes to the velocity 

distribution further upstream, around the cylinder. Consequently, there is reduction in 

velocity in the vicinity of the cylinder, thereby reducing the size of the scour hole in test 

B1 compared to tests B2 and B3. Details of the velocity contours are discussed in a 

forthcoming section. 
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In Figure 4.7(a), the bed profiles also indicate that differences in the scour depth between 

tests B2 (D/b= 0.07) and B3 (D/b = 0.05) are very small in the scour hole and increase in 

the downstream region over the dune and at its crest. The length of the dune is taken as the 

point from which the scour profile crosses the horizontal axis downstream of the cylinder 

to the point at which the profile returns to the original bed level. The length of the dune is 

longer for test B2 (X/D ≈ 6) than for tests B1 (X/D ≈ 5) and B3 (X/D ≈ 4.5). 

In Figure 4.7(b), the bed measurements in plane B indicate that the depth of scour increases 

with decreasing D/b. The scour profiles for tests B2 and B3 are very similar along the entire 

near-cylinder plane, except in the region immediately adjacent to the cylinder and at the 

crest of the dune. This indicates that the effect of the sidewalls on scour around the cylinder 

is amplified when D/b = 0.14 for the range of D/b in the present investigation. This is in 

agreement with Zdravkovich (1997b), whose analysis indicated that correction factors 

must be applied to the flow field when D/b > 0.10 for flow around circular cylinders with 

a fixed bed. 

In Figure 4.7(c) which gives bed measurements along plane C, only tests B1 and B2 are 

shown because the scour formation did not extend as far as this plane for test B3. In Figure 

4.6, the location of plane C for each test is indicated by the dashed lines. Plane C was taken 

along the midpoint between the side of the cylinder (Z/D = 0.5) and the channel sidewall. 

Therefore, when the channel width b was increased for test B2 and B3 and the gap between 

the cylinder and the sidewall were subsequently increased, the location of plane C was also 

changed. While the profile for test B1 shows an appreciable depth of scour in plane C close 

to the cylinder, only a small portion of the downstream extent of scour reached this plane 

for test B2. 
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Figure 4.8 shows bed profile measurements for tests S1, S2 and S3. In Figure 4.8(a), it 

can be seen that the size of the scour hole increases with decreasing D/b for a submerged 

cylinder, which is in agreement with the relationship between scour hole size and D/b for 

an emergent cylinder seen in Figure 4.6. In Figure 4.8(b), the scour holes are very similar 

for all tests; the greatest differences are seen in the dune region. As with test B2, the dune 

for test S2 (both having D/b = 0.07) are longer than the dunes for the other tests. This 

comparison provides validation for the bed profiles for tests B1, B2 and B3. 

To further understand the changes in the scour formations, velocity profiles in plane B were 

analyzed for tests B1, B2 and B3. The distribution of the mean streamwise velocity U/Ue, 

mean vertical velocity V/Ue and Reynolds shear stress −𝑢𝑣തതതത/Ue
2 are provided at several 

streamwise locations in plane A (Figure 4.9) and plane B (Figure 4.10), starting at the 

location of the scour hole. The location where each profile was extracted in plane B is 

shown by the dashed lines in Figure 4.7(b). The following analysis focuses on plane B as 

the profiles in the two planes are qualitatively similar. 

The distribution of U/Ue is shown in the top row of Figure 4.10. At X/D = -2.0, profiles 

are taken in the region above the scour hole. The corresponding approach flow conditions 

for each test in the absence of the cylinder are also provided for comparison. The mean 

streamwise velocity is less than the magnitude of the approach flow for all tests. It can be 

seen that U/Ue for test B3 is closest to the approach flow magnitude, and U/Ue for test B1 

is lowest. Near the free surface, perturbations due to the presence of the cylinder also 

appear to cause a reduction in U/Ue for tests B2 and B3. Within the scour hole (Y/D < 0), 

the mean velocity also decreases for all tests due to separation of flow from the leading 

edge of the hole. At X/D = -0.5 (i.e. the location of the upstream face of the cylinder), U/Ue 
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clearly decreases with increasing D/b throughout the depth of flow. Along the side of the 

cylinder (X/D = 0), U/Ue is also lowest for test B1. Close to the bed, the velocity for test 

B3 decreases, dropping below that of test B2. In the mid-depth region, B3 approaches B2. 

In the upper region of flow, the velocity for B3 increases and becomes constant, decreasing 

only very near the free surface. The streamwise velocity decreases sharply around Y/D = 

1.8 for both tests B1 and B2. 

At the location of the downstream face of the cylinder (X/D = 0.5), U/Ue is higher for test 

B3 than tests B1 and B2. Close to the bed, U/Ue is very similar for tests B2 and B3, and 

lower for test B1. For tests B1 and B2, U/Ue shows a decrease in the positive vertical 

direction until Y/D ≈ 1.5. However, the magnitude of U/Ue is constant in the region between 

0.5 < Y/D < 1.5 for test B3. In the upper region of flow, there is a sharp decrease below the 

free surface. This dip in the velocity is closer to the free surface for test B3 than for tests 

B1 and B2. Downstream of the cylinder close to the leading edge of the dune for all tests 

(X/D = 2.0), the velocity for tests B1 and B2 is very similar and the magnitude is higher 

for test B3 throughout the depth. Further downstream at X/D = 7.0, the dune has ended for 

test B1 but flow at this location is still over the dune for tests B2 and B3. Nonetheless, the 

magnitude of U/Ue above Y/D = 0.5 (i.e. the height of the dune for all tests) is very similar. 

Below Y/D = 0.5 for test B1, the region of very low velocity corresponds to the separated 

flow in the wake of the dune. 

The middle row of profiles in Figure 4.10 gives the distribution of the normalised vertical 

velocity V/Ue. Around the start of the scour hole (X/D = -2.0), the vertical velocity 

distribution is very similar for all three tests and directed downwards through most of the 

depth. At X/D = -0.5, the negative component of V for all tests is shown to increase as the 
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original bed level is approached, which is reasonable since it is expected that a significant 

component of flow would be entering the scour hole at this location. Along the side of the 

cylinder at X/D = 0, the vertical velocity distribution for all tests collapses between 1.0 < 

X/D < 1.5. It appears that the profiles show a tendency towards positive V in all three tests 

close to the free surface. The component of negative vertical velocity increases close to the 

bed as flow continues to be diverted into the scour hole. At the downstream edge of the 

cylinder (X/D = 0.5), the velocity distribution is similar to that at X/D = 0. There is a 

decrease in negative V/Ue below Y/D = 0 at this location, which corresponds to acceleration 

of the flow up along the downstream slope of the scour hole. The vertical velocity is lowest 

for test B3 throughout most of the depth. In the mid-depth region, the profiles for B1 and 

B2 are similar in magnitude.  

At the leading edge of the dune (X/D = 2.0), the distribution of V/Ue is similar for all tests. 

There is a local minima around Y/D = 1.5, which is lowest for test B3. The magnitude of 

the vertical velocity decreases with decreasing D/b at this location. Further downstream 

(X/D = 7.0), the profiles show good collapse in the region near the end of the dune. For test 

B1, this profile is located downstream of the crest the dune. This location can be viewed 

as a backward-facing step and the increase in V/Ue close to the bed corresponds to the 

expected recirculating region in its wake. 

The distribution of the Reynolds shear stress −𝑢𝑣തതതത/𝑈
ଶ is similar for all tests between -2.0 

< X/D < 0. There are some small changes close to the bed and near the free surface, but the 

profiles are largely unchanged throughout most of the depth. At X/D = 0.5, −𝑢𝑣തതതത/𝑈
ଶ.for 

tests B1 and B2 increases in magnitude in the mid-depth region, while the Reynolds shear 

stress is close to zero through most of the depth for test B3 (‘A’) at the smallest D/b. 
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Additional tests with an acrylic flat plate around the base of the cylinder (to prevent the 

formation of the scour hole) indicate that the bed shear stress between -0.5 < X/D < 0 in 

plane B is of the order of 2.5 to 3 times the critical shear stress required for sediment 

motion. This is indicative of the potential for initiation of scour at the sides of the cylinder. 

From 2.0 < X/D < 7.0, the shape of the profiles for −𝑢𝑣തതതത/𝑈
ଶ is similar for all tests. 

Graf and Istiarto (2002) presented Acoustic Doppler Velocity Profiler (ADVP) 

measurements in the central plane of flow around a circular cylinder at equilibrium of local 

scour. The authors similarly reported profiles of streamwise velocity, vertical velocity and 

Reynolds shear stress at several streamwise locations upstream and downstream of the 

cylinder. The results of the present investigation are in good qualitative agreement with the 

ADVP measurements presented therein. 

In order to appreciate the contribution of positive and negative streamwise and vertical 

velocity fluctuations to the total Reynolds shear stress, quadrant analysis was carried at 

X/D = -0.5 and X/D = 0.5 in plane B. The method used for analysis was introduced by Lu 

and Willmarth (1973), in which the contribution to −𝑢𝑣തതത from a given quadrant Qi is 

determined by Equation 4.1 and Equation 4.2. 

Equation 4.1:  (𝑢𝑣)ொ = lim
்→ஶ

ଵ

்
∫ 𝑢(𝑡)𝑣(𝑡)𝐼(𝑡)𝑑𝑡

்


   𝑓𝑜𝑟 𝑖 =  1 –  4 

Equation 4.2:  𝐼(𝑡) =  ቄ
1 
0 

 
when |𝑢𝑣|ொ ≥ 𝐻𝑢ᇱ𝑣ᇱ

otherwise
 

In Equation 4.2, H is the Reynolds shear stress magnitude parameter used to filter stronger 

events. The distribution of Q2 events (u < 0, v > 0), known as ejections, and Q4 events (u 

> 0, v < 0), known as sweeps, are given in Figure 4.11 and Figure 4.12, respectively. Note 
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that the average Reynolds shear stress contribution for each quadrant −𝑢𝑣തതതതொ was obtained 

by dividing by the total number of events for each quadrant, which differs from the method 

used to determine the quadrant contributions calculated in Chapter 3. Analysis was carried 

out for H = 0 and H = 1.75, where H = 1.75 corresponds to the extreme events which 

contribute significantly to the total shear stress. Profiles are given for X/D = -0.5 and X/D 

= 0.5 (i.e. the locations of the upstream and downstream faces of the cylinder). 

In Figure 4.11(a), the magnitude of the Q2 contributions with H = 0 at X/D = -0.5 is shown 

to be close to zero for all tests throughout most of the depth. Closer to the original bed level 

(Y/D ≈ 0.5), the magnitude of the ejections begins to increase for all tests; the magnitude 

of the contributions becomes greater for tests B2 and B3 in this region. Figure 4.11(b) 

shows that the magnitude of the ejection events has increased at X/D = 0.5. For tests B1 

and B2, the profiles increase above the original bed level, reaching a local maxima around 

Y/D ≈ 0.5 before decreasing towards the free surface. The magnitude of the Q2 events is 

higher for test B2 between 0.5 <Y/D < 1.75. For test B3, the magnitude of the Q2 events is 

very low close to the original bed level, increasing slightly around Y/D ≈ 0.25. The profile 

then shows a sharp increase towards the free surface at Y/D ≈ 1.75. The magnitude of the 

profile for test B3 is less than tests B1 and B2 throughout the depth of flow except in the 

region near the free surface (Y/D > 1.75). In Figure 4.11(c), the distribution of Q2 ejection 

events for H = 1.75 at X/D = -0.5 is shown to be similar to the distribution for H = 0. The 

profiles for all tests are close to zero and there is an increase around Y/D ≈ 0.75, below 

which the magnitude is greater for tests B1 and B2 than test B3. At X/D = 0.5 (Figure 

4.11(d)), the magnitude of the ejections is higher throughout the depth of flow when H = 

1.75 when compared to the distribution for H = 0. The strength of the Q2 events is higher 
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above Y/D ≈ 1.0 for test B2 when compared with B1, and B3 is also lower than either test 

except close to the free surface (Y/D > 1.5). 

In Figure 4.12(a), the magnitude of the Q4 contributions with H = 0 at X/D = -0.5 is shown 

to be similar to the distribution of the Q2 contributions. At the location of the downstream 

face of the cylinder (X/D = 0.5), Figure 4.12(b) shows that the distribution of the 

magnitude of the sweep events is similar for tests B1 and B2, showing an increase between 

0.5 < Y/D < 1.75. As with the Q2 contributions, the magnitude of the Q4 contributions is 

lower for test B3 than tests B1 and 2, except close to the free surface (Y/D > 1.75). Figure 

4.12(c) gives the distribution of Q4 contributions for which H = 1.75 at X/D = -0.5, which 

is also similar to the distribution of the Q2 contributions with H = 0 at the same location. 

In Figure 4.12(d), the distribution of the magnitude of the Q4 contributions at X/D = 0.5 

is shown to be similar for tests B1 and B2, but the magnitude is higher for test B2 

throughout the depth of flow. The distribution for test B3 is still lower than tests B1 and 

B2 throughout the depth, except in the region close to the free surface (Y/D > 1.75). 

In general, the quadrant decomposition indicates that the distribution and magnitude of 

both sweep and ejection events is affected by changes in D/b. At the location of the 

upstream face of the cylinder (X/D = -0.5), the magnitude of the Q2 and Q4 contributions 

is reduced near the bed when D/b = 0.14 for H = 0 and H = 1.75. At the location of the 

downstream face of the cylinder, the Q2 and Q4 contributions with H = 0 are enhanced in 

the middle of the depth when D/b is high (0.07 < D/b < 0.14) compared with D/b = 0.05. 

The distribution of magnitude of the stronger ejections and sweeps (H = 1.75) is similar 

for all D/b at X/D = 0.5. When compared with tests for which D/b is 0.05 and 0.14, the 

magnitude of the stronger ejection events becomes higher for D/b = 0.07 at Y/D ≈ 1.0, and 
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the magnitude of the stronger sweep events for D/b = 0.07 is highest throughout the depth 

of flow. From the bed profiles, this corresponds to an increased potential in sediment 

removal over the dune downstream of the cylinder and therefore a greater dune length for 

test B2. 

Spanwise profiles of scour are shown in Figure 4.13 for the YZ plane (a) upstream of the 

cylinder (X/D = -1.3), (b) at the spanwise centreline (X/D = 0) and (c) downstream of the 

cylinder (X/D = 1.75). The effect of D/b shown in the spanwise profiles shares similarities 

with the effects seen in the streamwise profiles. In Figure 4.13(a), the profile of scour 

along X/D = -1.3 is indicative of the frustum shape of the scour hole upstream of the 

cylinder, and once again shows that scour depth in this region increases with decreasing 

D/b. The profiles of scour along X/D = 0 in Figure 4.13(b) confirm that decreasing D/b 

increases scour. The differences in scour depth between test B2 (D/b = 0.07) and test B3 

(D/b = 0.14) are smaller than the differences shown at X/D = -1.3 in Figure 4.13(a). Figure 

4.13(c), which shows scour along X/D = 1.75, confirms that there is almost no difference 

at all between the scour profiles for tests B2 and B3 at the downstream edge of the scour 

hole. For D/b = 0.07 and 0.05, it can be seen that the effect of horizontal confinement is 

stronger far away from the pier (i.e. near the crest of the primary deposit and in the scour 

hole upstream of the cylinder) than in the vicinity of the pier. This indicates that the effect 

of the sidewalls is less influential on the flow field mechanisms driving scour near the 

cylinder (i.e. the horseshoe vortex) and more influential on the wake vortices, which 

control the scour formation in the region of the primary deposit. 

In general, the equilibrium scour profiles indicate that increasing horizontal confinement 

reduces the depth of the scour hole, but the overall bed formation downstream of the hole 
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is different at each D/b. This contradicts the conclusions of the small number of 

investigations on the effect of D/b on dse/D, in which increasing D/b was mostly shown to 

increase dse/D (Hodi 2009, D’Alessandro 2013, Tejada 2014, Williams et al. 2018). From 

analysis of the bed measurements and velocity profiles, it appears that the dune in the wake 

region is most significantly affected by sidewall proximity. The correlation of this finding 

with the flow field will be discussed in the following section. 

4.4.3 Distribution of normalised mean streamwise velocity U/Ue 

In Figure 4.14(a), the distribution of U/Ue for plane A in test B1 is shown. Upstream of 

the cylinder, an adverse pressure gradient is indicated by the decrease in streamwise 

velocity in the region leading to the stagnation line at the upstream face of the cylinder 

(‘A’). Near the leading edge of the scour hole, a region of low velocity is visible (‘B’), 

which corresponds to separated flow within the hole. In the near-wake region downstream 

of the cylinder, there is a region of low and negative U/Ue (‘C’); in the same region, there 

is an upwash of flow indicated by the vector field. The flow is shown to accelerate out of 

the scour hole in the downstream direction over the dune (‘D’), exceeding the maximum 

velocity in the approach flow. The flow separates over the peak of the dune and forms a 

shear layer which emanates from its crest (‘E’).  

Features B and C were also observed by Graf and Istiarto (2002). Similar features were 

also reported in Dey et al. (2008), by whom Acoustic Doppler Velocimetry (ADV) 

measurements were presented in the central plane for an equilibrium scour formation which 

had been fixed with resin spray. In the present investigation, the flow field within the scour 

hole was not captured due to restriction of optical access. However, Large Eddy Simulation 

(LES) and Detached Eddy Simulation (DES) investigations on the flow field surrounding 
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a cylinder under equilibrium of local scour have been carried out by Kirkil et al. (2008, 

2009). The experimental results include distribution of the flow field characteristics below 

the original bed level. The results, along with the experimental data of Graf and Istiarto 

(2002) and Dey et al. (2008), can be viewed as a qualitative indication of the structure of 

the HSV within the scour hole. 

A very similar distribution of the streamwise flow in the central plane can be seen for tests 

B2 in Figure 4.14(b) and B3 in Figure 4.14(c). Overall, the magnitude of U/Ue increases 

with decreasing D/b throughout the central plane. The approach flow in the absence of the 

cylinder was described by Figure 4.3 and Figure 4.4 and it has been established that the 

depth-averaged streamwise velocity, U, was very similar for all tests. This indicates that 

changes in the magnitude of streamwise velocity upstream of the cylinder can only have 

been induced changes in the flow field from the presence of the cylinder, and the variation 

in the shape of the dune for each test. Since the flow is subcritical, changes in the depth of 

flow due to the shape of the dune downstream will have implications for the velocity 

distribution upstream of the cylinder. This effect is observed by the increase in U/Ue 

upstream of the cylinder for tests B2 and B3. From the dark red contour at X/D < -2.0 in 

Figure 4.14(c), it can be seen that the magnitude of the streamwise velocity in the approach 

flow increases with decreasing D/b, thereby contributing to the increase in scour depth. 

Figure 4.15 shows that a similar trend in the distribution of U/Ue can be seen in the near-

cylinder plane for which Z/D ≈ 0.5. For test B1 shown in Figure 4.15(a), the deceleration 

of flow upstream of the cylinder (‘A’) is also observed in plane B. There is a region of high 

streamwise velocity at the side of the cylinder (‘B’), along which acceleration is expected 

due to separation of flow from the cylinder surface. Close to the free surface near the 
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downstream face of the cylinder, there is a small region of low streamwise velocity (‘C’). 

As is seen in the central plane, flow accelerates out of the scour hole and over the dune 

(‘D’) and separates over the crest of the dune (‘E’). The distribution of the noted features 

in plane B for test B2 in Figure 4.15(b) and test B3 in Figure 4.15(c) are very similar. It 

can be seen that as the horizontal confinement decreases, feature ‘B’ increases in size, 

extending to the free surface for test B3. At this location, the depth of scour is also shown 

to increase. Therefore, the sediment transport mechanism close to the cylinder is dependent 

on the characteristics of feature ‘B.’ Similarly, features ‘C’ and ‘D’ increase in magnitude 

for tests B2 and B3. Feature ‘D’ in particular appears to have a significant effect on the 

shape of the dune. As ‘D’ increases in length for test B2 when compared with tests B1 and 

B3, so too does the length of the dune for B2.  

For plane C, Figure 4.16 shows the distribution of U/Ue for all tests. As established by the 

scour profiles, the scour formation did not reach plane C for test B3 and so there is no bed 

profile shown in Figure 4.16(c). In any case, the distribution of U/Ue for tests B1 and B2 

can be viewed essentially as a distortion of the approach flow. For test B1¸ U/Ue in plane 

C increases in the region adjacent to the location of the cylinder. Since the U/Ue contours 

in plane C for test B3 indicate that the flow field at this location is undisturbed by the 

cylinder or the sidewall, analysis of plane C for other flow field quantities will be restricted 

to tests B1 and B2 for the remaining discussion. 

4.4.4 Distribution of normalised Reynolds shear stress −𝒖𝒗തതതത/𝑼𝒆
𝟐 

The distribution of the normalised Reynolds shear stress −𝑢𝑣തതതത/𝑈
ଶ is shown in Figure 4.17 

through Figure 4.19. In the central plane (Figure 4.17), the distribution of the Reynolds 
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shear stress upstream of the cylinder for all tests includes a region of increased shear stress 

below Y/D = 0 at the leading edge of the scour hole (‘A’) where flow has separated. The 

distribution of the Reynolds shear stress downstream of the cylinder is characterized by a 

patch of high shear stress in the wake region (‘B’) and a region of low shear stress (‘C’) 

inclined over the dune close to the edge of the scour hole. There is a shear layer emanating 

from the crest of the dune (‘D’) for each test as well. The magnitude of −𝑢𝑣തതതത/𝑈
ଶ is slightly 

higher for both features ‘B’ and ‘C’ as sidewall proximity decreases. Once again, this is 

consistent with the approach flow analysis, in which it was determined that the Reynolds 

shear stress was higher in the boundary layer for a greater channel width b.  

In the near-cylinder plane (Figure 4.18), there is a region of high Reynolds shear stress 

approximately midway between the original bed level and the free surface (‘B’). In this 

region, −𝑢𝑣തതതത/𝑈
ଶ is significantly higher for tests B1 and B2 when compared with test B3, 

and the region is located further downstream as channel width increases. The distribution 

of −𝑢𝑣തതതത/𝑈
ଶ in plane B also consists of large negative region (‘C’) which extends over most 

of the scour hole and towards the dune. In Figure 4.19, the distribution of −𝑢𝑣തതതത/𝑈
ଶ is 

shown in plane C for tests B1 and B2. The magnitude of the Reynolds shear stress is 

significantly lower in plane C than planes A or B. For test B1, the distribution of −𝑢𝑣തതതത/𝑈
ଶ 

shows a region of high shear stress emanating from the scour hole and extending over the 

dune (‘A’) as well as a region of negative shear stress close to the free surface (‘B’). For 

test B2, −𝑢𝑣തതതത/𝑈
ଶ is fairly similar throughout the plane. 
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4.4.5 Distribution of spanwise vorticity Ω 

The distribution of the spanwise vorticity, Ω, is shown in Figure 4.20. The distribution for 

all tests in the central plane shows high positive vorticity within the scour hole (‘A’). The 

vorticity distribution is characterized by a region of negative vorticity at the upstream face 

of the cylinder (‘B’) and in the wake very close to the cylinder (‘C’). There are two regions 

of positive vorticity in the wake of the cylinder, emanating from the scour hole in the 

downstream region (‘D’) and near the free surface close to the downstream face of the 

cylinder (‘E’). There is also a region of high vorticity close to the free surface downstream 

of the cylinder (‘F’) for all tests. The region of low vorticity at the upstream face of the 

cylinder for all tests can be associated with the orientation of the downflow. The size of 

features ‘A,’ ‘E,’ ‘D’ and ‘F’ (i.e. all regions of positive vorticity) are smaller for test B3 

than for tests B1 and B2, indicating that increased sidewall proximity enhances vorticity in 

the spanwise direction. Similarly, features ‘B’ and ‘C’ are smaller for test B3 when 

compared with tests B1 and B2. 

4.5 Conclusions and recommendations 

The experimental results indicate that sidewall proximity influences the equilibrium scour 

formation, including the size of the scour hole and the length, width and height of the dune 

downstream of the cylinder. The bed profile measurements show that the primary deposit 

becomes increasingly narrow as D/b increases, indicating that the width of the wake is 

confined with increasing sidewall proximity. The size and shape of the dune are heavily 

influenced by the flow field mechanisms in the wake region. The dune for test B1 is of 

shorter length and greater height than that of test B3, and the dune for test B2 has the 
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greatest length and smallest height, although the width of the dune for test B3 is highest. 

For shallow flows, the dimensions of the dune are likely to have a significant effect on the 

flow field in the wake region. Downstream of the primary deposit, the scour formation 

occupies the entire width of the flume for the largest blockage ratio. Because the flow is 

subcritical, the control is downstream, and these effects will be felt upstream of the cylinder 

as well. This has resulted in an increase in the streamwise velocity upstream of the cylinder, 

as shown by the acquired PIV measurements. As the magnitude of U/Ue in the approach 

flow is increased, the depth of the scour hole in the vicinity of the cylinder also increases.  

The results of this investigation have implications for future development of scour 

estimation methods and design of scour countermeasures. Considering the complicated 

nature of blockage effects in local scour modelling, implementation of a correction factor 

for scour data acquired under high values of D/b may not be sufficient. As demonstrated 

by the differences in the experimental results between local scour at an equilibrium 

condition with D/b = 0.14 and D/b = 0.05, channel blockage significantly influences the 

scour formation and the flow field surrounding the cylinder. For a smaller range of D/b 

(0.07 < D/b < 0.05), significant changes in the dune region are still observed. This implies 

that further experimentation is required under highly controllable conditions in which 

channel blockage is minimized. Detailed analysis of approach flow conditions must also 

be considered prior to experimentation, in order to minimize blockage effects and develop 

scour prediction methods. 
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Figure 4.1: Description of channel flow around a circular cylinder with blockage ratio D/b 

 

Figure 4.2: Photographs of equilibrium scour profiles with D/b = 0.05 (left) and D/b = 0.10 
(right) (Williams et al. 2018) 
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Figure 4.3: Distribution of streamwise velocity U (m/s) for two streamwise locations in the 
central plane (Z/D = 0) in the absence of the cylinder for (a) test B1 (b = 0.4 m), (b) B2 (b 
= 0.8 m) and (c) B3 (b = 1.22 m) 

 

Figure 4.4: Distribution of (a) streamwise velocity U, (b) Reynolds shear stress −𝑢𝑣തതതത/Ue
2, 

(c) streamwise turbulence strength urms and (d) vertical turbulence strength vrms for 
approach flow of tests B1, B2 and B3 in the absence of the cylinder 
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Figure 4.5: Photographs of equilibrium scour formation for test B1 (D/b = 0.14, left), test 
B2 (D/b = 0.07, middle) and test B3 (D/b = 0.05, right) 
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Figure 4.6: Plan-view profile measurements of equilibrium scour formation for tests B1, 
B2 and B3 in XZ plane 
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Figure 4.7: Bed profile measurements of equilibrium scour formation for tests B1, B2 and 
B3 in XY plane along (a) the central plane with Z/D = 0, (b) the near-cylinder plane with 
Z/D ≈ 0.5 and (c) the mid-cylinder-wall plane with variable Z/D  
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Figure 4.8: Bed profile measurements in (a) the XZ plane at Y/D = 0 and (b) the XY plane 
at Z/D = 0 for tests S1 (D/b = 0.14), S2 (D/b = 0.07) and S3 (D/b = 0.05) 
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Figure 4.9: Distribution of mean streamwise velocity U/Ue, mean vertical velocity V/Ue and Reynolds shear stress −𝑢𝑣തതതത/Ue
2 over the 

depth of flow in plane A (Z/D = 0) for X/D = {-2.0, -1.0, 1.0, 2.0, 7.0}  
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Figure 4.10: Distribution of mean streamwise velocity U/Ue, mean vertical velocity V/Ue and Reynolds shear stress −𝑢𝑣തതതത/Ue
2 over the 

depth of flow in plane B (Z/D ≈ 0.5) for X/D = {-2.0, -0.5, 0, 0.5, 2.0, 7.0} 
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Figure 4.11: Distribution of the contribution of Q2 ejection events (u < 0, v > 0) at (a) X/D 
= -0.5 for H =0, (b) X/D = 0.5 for H = 0, (c) X/D = -0.5 for H = 1.75 and (d) X/D = 0.5 for 
H = 1.75  



 

133 

 

Figure 4.12: Distribution of the contribution of Q4 sweep events (u > 0, v < 0) at (a) X/D = 
-0.5 for H =0, (b) X/D = 0.5 for H = 0, (c) X/D = -0.5 for H = 1.75 and (d) X/D = 0.5 for H 
= 1.75  
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Figure 4.13: Bed profile measurements of equilibrium scour formation for tests B1, B2 and 
B3 in YZ plane along (a) the upstream spanwise plane (X/D = -1.3), (b) the spanwise central 
plane (X/D = 0) and (c) the downstream spanwise plane (X/D = 1.75)  
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Figure 4.14: Distribution of normalised streamwise velocity U/Ue in the central plane 
(plane A, Z/D = 0) for (a) test B1 (D/b = 0.14), (b) test B2 (D/b = 0.07) and (c) test B3 (D/b 
= 0.05) 
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Figure 4.15: Distribution of normalised streamwise velocity U/Ue in the near-cylinder 
plane (plane B, Z/D ≈ 0.5) for (a) test B1 (D/b = 0.14), (b) test B2 (D/b = 0.07) and (c) test 
B3 (D/b = 0.05) 
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Figure 4.16: Distribution of normalised streamwise velocity U/Ue in the mid-cylinder-wall 
plane (plane C, Z/D = variable) for (a) test B1 (D/b = 0.14), (b) test B2 (D/b = 0.07) and 
(c) test B3 (D/b = 0.05) 
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Figure 4.17: Distribution of the normalised Reynolds shear stress −𝑢𝑣തതതത/Ue
2 in the central 

plane (plane A, Z/D = 0) for (a) test B1 (D/b = 0.14), (b) test B2 (D/b = 0.07) and (c) test 
B3 (D/b = 0.05) 
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Figure 4.18: Distribution of the normalised Reynolds shear stress −𝑢𝑣തതതത/Ue
2 in the near-

cylinder plane (plane B, Z/D ≈ 0.5) for (a) test B1 (D/b = 0.14), (b) test B2 (D/b = 0.07) 
and (c) test B3 (D/b = 0.05) 
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Figure 4.19: Distribution of the normalised Reynolds shear stress −𝑢𝑣തതതത/Ue
2 in the mid-

cylinder-wall plane (plane C, variable Z/D) for (a) test B1 (D/b = 0.14) and (b) test B2 (D/b 
= 0.07) 
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Figure 4.20: Distribution of the spanwise vorticity Ω in the central plane (plane A, Z/D = 
0) for (a) test B1 (D/b = 0.14), (b) test B2 (D/b = 0.07) and (c) test B3 (D/b = 0.05) 
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5 EVALUATION OF FLOW-ALTERING COUNTERMEASURES FOR LOCAL 

SCOUR AROUND A CIRCULAR CYLINDER 

5.1 Introduction 

5.1.1 A review of scour countermeasures 

Scour countermeasure systems are commonly introduced to existing bridge structures 

which are vulnerable to scour failure. Countermeasures are defined by the National 

Cooperative Highway Research Program (Lagasse et al. 2007) as “measures incorporated 

into a highway-stream crossing system to monitor, control, inhibit, change, delay or 

minimize stream instability and bridge scour problems.” Countermeasures are categorized 

as one of two types: armoring, in which a physical barrier is placed around the base of the 

pier in order to increase the resistance of the bed material to scouring; and flow alteration, 

in which various accessories are strategically placed in the vicinity of the pier in order to 

reduce the strength of the flow field features which cause scouring. Examples of armoring 

countermeasures are riprap protection, Gabion mattresses and cable-tied blocks. Flow-

altering countermeasures include collars, slots, vanes, sacrificial piles, helical threading 

and splitter plates (Chiew 1992, Dey et al. 2006, Lagasse et al. 2007, Khwairakpam & 

Mazumdar 2009, Tafarojnoruz et al. 2010). Flow-altering countermeasures can be further 

classified as one of four types: openings through piers (e.g. slots); pier attachments (helical 

threading, collars); bed attachments (sacrificial piers, vanes and sills); and other devices 

such as suction applied to a pier, modification of pier shape, etc. (Tafarojnoruz et al. 2010). 

Although there are many types of countermeasures, in practice they are often difficult to 

incorporate into design. Not all countermeasures have well-defined design methodology, 
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and the variability of conditions in the field further complicates selection of site-

appropriate countermeasures. Although flow-altering countermeasures are considered less 

expensive than armoring, both types of protection can require significant capital and as a 

result, optimal efficiency in terms of performance and costs is prioritized. Despite these 

pitfalls, newly constructed bridges often include some type of countermeasure (Lagasse et 

al. 2007).  

Parker et al. (1998) explored the efficacy of several flow-altering devices. Sacrificial piles, 

vanes, submerged permeable sheet piles and collars were investigated and it was found that 

many of these devices were not effective countermeasures, and in some cases could even 

enhance scour. Collars were found to be the exception and were shown to prevent scour 

entirely with large enough dimensions; however, this was adjudged to be impractical and, 

similar to other devices, could worsen scour if not implemented properly. Six flow-altering 

countermeasures were also evaluated by Tafarojnoruz et al. (2012), and the authors 

established that each design alternative explored was not particularly efficient in terms of 

scour reduction on its own, but that combining two or more of the six alternatives may 

improve effectiveness. The authors also stated that “the best [effectiveness] can be 

achieved only when the flow conditions match those for which the countermeasure was 

designed,” further highlighting the complication of effective countermeasure design and 

implementation (Tafarojnoruz et al. 2012). This is emphasized by the same authors in an 

investigation into the use of combined flow-altering devices, who stated that “… an 

improper combination of two countermeasures may be less effective than each individual 

countermeasure” (Gaudio et al. 2012). 
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5.1.2 Circular and rectangular collars 

Notwithstanding, there have been many experimental investigations into flow-altering 

countermeasures for emergent cylinders, particularly with collars. Chiew (1992) observed 

that scour depth is reduced in shallow flow due to the associated weakening of the 

downflow; as flow depth decreases, the downward momentum of the fluid at the upstream 

face of the cylinder decreases accordingly, resulting in lesser scour. Circular collars (disc-

shaped plates around the cylinder in a plane parallel to the original bed) were used as a 

barrier between the downflow and the underlying scour-susceptible bed sediment. Both 

clear-water and live-bed conditions were investigated experimentally, and it was 

determined that the formation and migration of bedforms under live-bed conditions may 

undermine the effect of collars and reduce their scour-mitigating capacity. Slots in the 

cylinder were also investigated, as openings in the cylinder reduce the effective depth of 

flow, thereby reducing the strength of the downflow. Collars were found to be effective for 

scour reduction under clear-water conditions, and a combination of a slot in the cylinder 

near the bed with a collar of diameter 2D (where D is the cylinder diameter) was found to 

eliminate scour altogether (Chiew 1992). 

Kumar et al. (1999) carried out a similar investigation into the use of slots and circular 

collars for scour reduction. The vertical location of the collar with respect to the original 

bed level was altered for each test, and the effectiveness of the collar for scour reduction 

was found to depend on the location of the collar as well as the size. It was found that the 

deepest scour occurred at the upstream face of the pier for smaller-sized collars placed at 

higher elevations, and in the wake for larger-sized collars placed at lower elevations. The 

most effective configuration was found to be a collar of diameter 4D located at bed level, 



 

149 

which eliminated scour entirely upstream of the cylinder, while inducing higher scour in 

the wake region. The authors of the investigation stated that mitigation of scour upstream 

and at the sides of the cylinder would obviously eliminate sediment entrainment and 

therefore deposition downstream of the cylinder, which would explain the increase in scour 

in the wake region. An expression was developed which determined the ratio of scour depth 

at a cylinder with a collar to scour depth at a cylinder without a collar as a function of 

vertical location of the collar with respect to the free surface, flow depth, cylinder diameter 

and collar width (Kumar et al. 1999). Moncada-M et al. (2009) also concluded that a 

combination of a collar and slot reduced scour most efficiently. Experiments were also 

performed using collars alone, and the optimal vertical location of a circular collar was 

determined to be at or below the original bed level. Similar to previous studies, a collar of 

diameter 2D reduced scour while a collar of diameter 3D eliminated scour entirely. 

However, the collar size was determined to be less crucial for scour reduction as flow depth 

decreased (Moncada-M et al. 2009). Despite the efficacy displayed by a combination of 

collars and slots in literature, it is important to note that use of slots in the field may not be 

practical, due to the risk of blockage by debris carried in the flow. 

Jahangirzadeh et al. (2014) carried out both experimental and numerical investigations on 

the effect of collar shape. The authors concluded that the optimal location for both circular 

and rectangular collars of any size was at or below bed level, which is in agreement with 

other research reported in the literature. However, rectangular collars were found to be 

more effective for scour depth reduction. The maximum decrease in scour depth for a 

rectangular collar of optimal configuration was 79% compared with 71% for a circular 

collar of optimal configuration (Jahangirzadeh et al. 2014). 
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The use of collars in conjunction with other countermeasures has also been explored 

experimentally. Zarrati et al. (2006) investigated the use of a combination of circular collars 

at bed level and riprap protection to reduce scour, and found that as collar width increased, 

scour depth decreased. However, concerns were raised about the applicability of this 

finding under prototype conditions, since a cost-optimal design of collars with a diameter 

greater than 3D may not be achievable. The authors also found that scour was not 

eliminated entirely upstream of the cylinder, even for a collar of diameter 3D. It was 

observed that the wake vortices induced scour on either side of the collar in the wake region 

and migrated around and under the front edge of the collar. Therefore, undermining of even 

a comparatively wide collar is still a concern in design (Zarrati et al. 2006). 

5.1.3 Splitter plates 

While collars are used to mitigate the ability of the downflow and horseshoe vortex (HSV) 

to induce scour, they are not intended to specifically disrupt the wake vortices, which are 

also a scour-inducing flow field feature. The use of splitter plates for inhibiting the vortex 

shedding mechanism in the wake region has been occasionally investigated for local scour. 

The motivation for incorporation of this countermeasure stems from an experimental 

investigation by Roshko (1954) on the wake region of flow around circular cylinders. 

Roshko inferred that installation of a vertical splitter plate on the downstream face of the 

cylinder would disrupt the periodic vortex formation and affect the pressure on the base of 

the cylinder. It was determined that the streamwise length of the splitter plate as well as 

the inclusion of a gap between the plate and the cylinder would also specifically influence 

both characteristics.  A short splitter plate (l = 1D) was found to have a slight influence on 

the frequency of vortex shedding, while not disrupting vortex formation (Roshko 1954). 
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Gerrard (1966) carried out a similar investigation of the formation of vortices in the wake 

of a circular cylinder, showing that the Strouhal number (related to the frequency of vortex 

shedding from the cylinder) decreased as the length of the splitter plate increased. The 

length of the vortex formation region (the end of which is described as the point at which 

“fluid from outside the wake first crosses the axis”) in the wake was also found to increase 

with inclusion of a splitter plate. In general, Gerrard (1966) described the disruption of the 

crossflow in the wake region (characteristic of the vortex shedding from either side of the 

cylinder) as responsible for an increase in production of circulation in the rear of the 

cylinder and weakening of the vortex strength. A comprehensive review of the use of the 

splitter plates in the wake region of cylinders can be found in Wu et al. (2018).  

Dey et al. (2006) used splitter plates in both the front and back of a circular cylinder to 

inhibit local scour under waves, finding that this method resulted in an average reduction 

of scour depth of 62%. The authors stated that splitter plates would not be an effective 

flow-altering device for steady currents, since the plate would effectively turn the circular 

cylinder into a semi-circular abutment. Wu et al. (2018) carried out an experimental 

investigation on the use of both front splitter plates and back (vertical) splitter plates fitted 

to emergent cylinders, while varying the heights of both types of plate with and without 

gaps between the cylinder and plate. A back splitter plate was shown to have no influence 

on the scour profile upstream of the cylinder. In the wake of the cylinder, a splitter plate 

with a length of 2D (Figure 5.1) did reduce scour more efficiently than a splitter plate with 

length 1.33D. Back splitter plate height was not found to have a significant influence on 

scour in the wake region. The length of the back splitter plate was found to influence the 

height of the dune in the wake region, but in general, the presence of a back splitter plate 
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was not particularly effective for scour depth reduction, particularly in the region of highest 

concern at the upstream face of the cylinder (Wu et al. 2018). 

5.1.4 Scour at submerged cylinders 

Practical examples of flow past submerged cylinders include well foundations of bridge 

piers, piers which are submerged during flooding, structures in floodplains during flood 

events, structures submerged in offshore or coastal tides or currents (Dey et al. 2008), such 

as sub-sea caissons, platform foundations and submerged cylindrical breakwaters (Zhao et 

al. 2010), and submerged vegetation in natural streambeds (Dey et al. 2008). 

The flow structures in the region surrounding a submerged cylinder are similar to those 

around an emergent cylinder with the addition of a trailing vortex which is formed at the 

top of the cylinder due to flow separation. For a submerged cylinder, the strength of the 

downflow on the upstream face is reduced compared with an emergent cylinder under the 

same flow conditions, since the surface along which it is formed is also reduced (Dey et al. 

2008). The strength of the wake vortices in the von Kármán vortex street downstream of 

the cylinder is also diminished as the height of the cylinder decreases (Zhao et al. 2010). 

5.1.5 Motivation and problem background 

Recently, Lachaussée et al. (2018) presented their analysis of two competing erosion 

patterns in flow past a submerged circular cylinder. The authors stated that local scour can 

be classified as horseshoe scour (controlled by the HSV) and wake scour (controlled by the 

wake vortices), and that the geometry of scour is related to the dominance of horseshoe 

scour over wake scour. Bed profile images for local scour tests around a submerged 

cylinder from this investigation are shown in Figure 5.2. When the flow intensity (U/Uc, 
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where U is the free-stream velocity and Uc is the critical velocity required to initiate 

sediment motion) was sufficiently low such that the onset of scour was just reached, the 

wake scour development resulted in formation of two symmetrical troughs in the wake 

region. Although the horseshoe vortex was formed and some horseshoe scour around the 

cylinder did develop, the local scour region associated with horseshoe scour did not 

interfere with the region associated with wake scour (Figure 5.2(b)). As the flow intensity 

increased, the local scour pattern was dominated by the horseshoe scour and the scour hole 

around the cylinder became the dominant feature in the local scour geometry, although 

wake troughs were still observed in the region downstream of the cylinder (Figure 5.2(d)). 

In order to investigate the development of wake scour without the influence of horseshoe 

scour at a higher flow intensity, a horizontal plate was placed around the base of the 

cylinder (Figure 5.2(c)). This plate (a rectangular collar) inhibited horseshoe scour, and it 

was established that the wake scour pattern was formed as a result of the wake vortices. It 

was concluded that the horseshoe scour is not affected by wake scour but an increase in the 

horseshoe scour does influence wake scour, and the wake troughs occur due to the wake 

scour mechanism (Lachaussée et al. 2018). 

The results presented by Wu et al. (2018) and Lachaussée et al. (2018) have indicated that 

the introduction of scour countermeasures can affect the geometry of local scour around a 

cylinder. The present investigation was conducted in order to further explore the effects of 

flow-altering countermeasures on local scour around a submerged cylinder. A control test 

was first completed for a submerged cylinder with no flow-altering attachment. Two 

further experiments were carried out in order to determine the effects of a horizontal 

rectangular collar (plate mounted at the original bed level) and a vertical back splitter plate 
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on local scour geometry. PIV measurements were undertaken in several planes surrounding 

the cylinder to explore the influence of each device on the flow characteristics that are 

known predictors of scour. 

5.2 Methodology 

The test parameters and approach flow characteristics for the experiments are provided in 

Table 5.1. Three tests were completed for local scour around a submerged cylinder with 

height of 1.88D, embedded in a channel of width 7.14D. Test E1 was the control test, i.e. 

the submerged cylinder did not have any flow-altering attachment (see Figure 5.3). Test 

E2 was for the submerged cylinder with a vertical splitter plate having streamwise length 

and vertical height of 2D and 1.72D, respectively. For test E3, the submerged cylinder was 

fitted with a horizontal base plate (i.e. a rectangular collar) whose streamwise length and 

spanwise width were 2D and 7.14D, respectively. Bed profile measurements are included 

in analysis for local scour around an emergent cylinder (test B1), for which all other 

characteristics of flow were identical to test E1. The experimental conditions, including 

scour-governing parameters (see Table 5.1), were held constant for all tests so that the 

effects of each countermeasure on local scour geometry and the surrounding flow field 

could be isolated. Flow intensity U/Uc was maintained at 0.85 in order to ensure clear-

water conditions while still obtaining a measurable scour pattern. Flow shallowness h/D 

was held at 2.14 so that the pier classification was narrow. Narrow piers comprise the 

majority of laboratory experiments in the literature (Ettema et al. 2011). The relative sand 

coarseness D/d50 was held at 76 such that D/d50 > 25. For D/d50 < 25, the relationship 

between relative scour depth dse/D and D/d50 changes. The majority of experiments 
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reported in the literature are conducted for D/d50 > 25 in order to simulate field conditions 

(Lee & Sturm 2009). 

Experiment E3 was modelled after a similar local scour experiment conducted by 

Lachaussée et al. (2018) (Figure 5.2). The blockage ratio D/b in their experiment was 0.20. 

Channel blockage has been previously found to have a significant effect on local scour 

even when D/b < 0.10 (Hodi 2009, D’Alessandro 2013, Tejada 2014, Williams et al. 2018). 

In order to minimize the effects of blockage while still considering the conditions under 

which the results of Lachaussée et al. (2018) were obtained, a value of D/b = 0.14 was 

selected for the present experiments. 

Table 5.1: Experimental conditions for tests E1, E2 and E3 

Parameter notation, description Magnitude 

D, pier diameter 0.056 m 

h, flow depth 0.12 m 

b, effective channel width 0.40 m 

U, depth-averaged velocity of approach flow 0.262 m/s 

uτ, friction velocity of approach flow 0.0135 m/s 

d50, median sediment diameter 0.74 mm 

AR, aspect ratio 3.33 

h/D, flow shallowness 2.14 

D/b, blockage ratio 0.14 

D/d50, relative coarseness 76 

U/Uc, flow intensity 0.85 

 

Previous analysis has indicated that changes in the approach flow channel geometry affect 

the distribution of mean streamwise velocity U, the Reynolds shear stress −𝑢𝑣തതതത /Ue
2, 

streamwise turbulence intensity urms/uτ and vertical turbulence intensity vrms/uτ. Here, Ue is 
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the maximum velocity in the approach flow in the absence of the cylinder. These quantities 

(particularly the Reynolds shear stress) have a significant influence on local scour. As a 

result, the approach flow characteristics for tests E1, E2 and E3 were held constant. The 

distribution of the mean streamwise velocity of the approach flow in addition to −𝑢𝑣തതതത/Ue
2, 

urms/uτ and vrms/uτ are shown in Figure 5.4. From the roughness function ΔU+ acquired 

from the distribution of U+ (mean streamwise velocity normalised with friction velocity), 

the value of ks
+ (length scale for inner region of flow over a rough wall) was determined to 

be 7.25. The roughness of the bed in the current investigation falls in the category of 

transitional roughness, for which 5 < ks
+ < 70 (Nezu and Nakagawa 1993). The shear 

velocity uτ was calculated from extrapolation of the Reynolds shear stress to the bed. The 

Reynolds number based on the approach flow depth, Reh, and based on the cylinder 

diameter, ReD, were 33473 and 15621, respectively. 

Experiments were conducted for a period of 24 hours, after which equilibrium of local 

scour was reached and PIV measurements were taken for the flow field at the equilibrium 

state. Prior experimentation indicated that changes in dse/D (where dse is the maximum 

scour depth in the vicinity of the cylinder) after 24 hours were less than five percent and 

so equilibrium was considered to have been attained under the present testing conditions. 

Similar testing conditions were applied in previous investigations and the details of the 

progression of scour with time can be found therein (D’Alessandro 2013, Williams 2014). 
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5.3 Results and discussion 

5.3.1 Comparison of bed profiles 

Figure 5.5 shows plan-view pictures of the equilibrium scour formations for tests E1, E2 

and E3. Tests E1 and E2 exhibit many similarities, with the formation of a scour hole 

around the cylinder and a primary deposit. For test E3, two adjacent wake troughs form 

symmetrically downstream of the cylinder. The primary deposit is quite different from that 

noticed in tests E1 and E2. It can be noted that the scour formation seen for test E2 is 

qualitatively similar to the formation observed by Wu et al. (2018), and the formation for 

test E3 is similar to that seen by Lachaussée et al. (2018). 

Figure 5.6 shows the contour of the scour profiles in the XZ plane at Y/D = 0. The origin 

of the coordinate system is located at the geometric centre of the cylinder at the original 

bed level. The X-coordinate is in the streamwise direction, the Y-coordinate is in the vertical 

direction and the Z-coordinate is in the spanwise direction. For all bed measurement 

figures, the profiles for control test E1 are denoted by black square symbols, the profiles 

for test E2 with a vertical plate are shown by blue circular symbols, and the profiles for test 

E3 with a horizontal plate are shown by red triangular symbols. The profiles for test B1 

with an emergent cylinder are shown by the filled black square symbols. The locations of 

the vertical and horizontal plates are shown with dashed-dotted open area and small-dashed 

open area, respectively. The location of the original bed is shown by the dotted line at Y/D 

= 0. 

In Figure 5.6, the scour holes for tests E1 and E2 are shown to be comparable in size, with 

the size of the scour hole for test E2 being slightly larger. The scour hole for test B1 with 
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an emergent cylinder is larger than test E1 with a submerged cylinder, which is to be 

expected since the downflow is weakened for a submerged cylinder. Furthermore, the 

location relative to the cylinder differs slightly; while the scour hole has formed equally 

upstream and downstream of the cylinder for test E1, the scour hole is located further 

upstream relative to the cylinder location for test E2. Relative to test E1, the scour hole in 

test E2 is smaller in the wake region. This points to a weakening of the erosive action by 

the wake vortices in this region, caused by the presence of the vertical plate.  

Anderson and Szewczyk (1997) reported the effect of splitter plate length on the wake 

characteristics of flow around a circular cylinder. The effect of a splitter plate on the 

interaction of the shear layers shed from either side of the cylinder is illustrated in Figure 

5.7. In the control case of flow around a circular cylinder with no plate, the shear layers 

interacted through transverse oscillations, which were in phase with the shedding of the 

von Kármán vortices. When a splitter plate longer than 1.5D was fitted to the cylinder, the 

transverse oscillations were reduced and the interaction between the shear layers was 

decreased. However, there was additional interaction between the splitter plate and the 

shear layers. The presence of a splitter plate did not change the location of flow separation 

from the cylinder. As also described by Roshko (1954) and Gerrard (1966), a splitter plate 

of length greater than 1.5D reduced the frequency of vortex shedding in the wake of the 

cylinder. If the frequency of vortex shedding is reduced, the transport processes in the wake 

of the cylinder change. The conservation of mass and conservation of momentum would 

then dictate a corresponding adjustment in the flow conditions upstream of the cylinder, 

resulting in an increase in local scour shown by the shaded region G′ (Figure 5.6). Since 

the wake vortices are the mechanism by which sediment is transported downstream from 
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the sides of the cylinder, it is reasonable that the scour hole for control test E1 is larger than 

the scour hole for test E2 in the wake region. For both tests E1 and E2, it can be seen that 

the scour formation reaches the sidewalls on either side, which is likely due to the blockage 

effect. However, the width of scour in the wake region is greater in test E1 than in test E2. 

This is also in agreement with the findings of Anderson and Szewczyk (1997), who 

reported that the width of the wake is reduced by the dampening of the transverse 

oscillations in the presence of the splitter plate. 

As one would expect, there is no scour upstream of the cylinder in test E3 due to the 

presence of the horizontal plate. The contour profile for E3 also shows that the wake 

troughs reach the sidewalls in the wake and extend to 4D downstream of the cylinder. The 

extent of the scour is farther downstream compared to the scour holes in tests E1 and E2. 

Therefore, the horizontal plate results in a greater downstream extension of scour than for 

a cylinder fitted with a splitter plate or for an unprotected cylinder, which may be cause for 

concern for groups of piers. 

Figure 5.8 shows the bed profile for equilibrium scour for tests E1, E2 and E3 in the XY 

plane along (a) Z/D = 0, (b) Z/D ≈ 0.5 and (c) Z/D = 2.0. Figure 5.8(a) demonstrates that 

the bed profile shapes upstream of the cylinder for tests E1 and E2 are very similar in the 

central plane. For the reasons described earlier, the scour hole commences further upstream 

in test E2. In the wake region, test E1 shows the classical scour hole and dune formation 

pattern, with a crest located around X/D = 6.75. Upstream of the cylinder, it can be seen 

that the depth of scour for both a submerged (test E1) and emergent cylinder (test B1) is 

similar. The scour hole is slightly deeper for test B1, which is reasonable since extension 

of the cylinder height would also increase the strength of the downflow (Dey et al. 2008). 
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Downstream of the cylinder, the dune for test E1 is shown to be longer and flatter than the 

dune for test B1 due to the influence of the flow separating from the top edge of the 

submerged cylinder and interacting with the dune. The effect of the flow separation will be 

discussed in a forthcoming section. In general, the bed profiles at all locations show that 

the depth of scour is slightly greater for test B1 when compared with test E1. The bed 

profiles for test B1 are included for comparison only and will not be discussed further as 

the focus of the present investigation is not flow submergence.  

In Figure 5.8(a), the scour profile in the central plane for test E2 is only available after 

X/D = 2.5 due to the presence of the vertical plate, but the profile does show a dune that is 

of slightly greater height and similar length to the dune for test E1. However, the dune for 

test E2 has a more rounded shape than the dune for test E1. The vertical splitter plate does 

not appear to have significantly influenced the depth of scour, which is in agreement with 

Wu et al. (2018). One should note that although the test setup used by Wu et al. (2018) 

(shown in Figure 5.1) for an emergent cylinder is similar to that of test E2, the scour-

governing parameters D/d50, h/D and D/b are quite different (see Table 5.2). Comparison 

of the bed profiles of the scour formation between test E2 and the results of Wu et al. (2018) 

must be solely on a qualitative basis. 

In Figure 5.8(b), the scour profiles along the near-cylinder plane (Z/D ≈ 0.5) show that the 

scour hole upstream of the cylinder is slightly deeper for test E2 than test E1. At the location 

of the cylinder and downstream of X/D = -0.5, the scour hole is slightly deeper for test E1. 

This can once again be attributed to the weakening of the wake vortices by the splitter 

plate; the ability of these vortices to remove entrained sediment from the sides of the 

cylinder appears to have diminished, resulting in less erosion in the near-cylinder region, 
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where shedding of vortices is initiated. However, as indicated by the deeper scour upstream 

of the cylinder, there is a greater volume of sand to be deposited downstream. Since the 

dunes are comparable in length, the dune height for test E2 with the splitter plate is greater 

than for the dune height for test E1 without the splitter plate. However, the classical dune 

shape with a crest can now be seen, and from Figure 5.5, the picture for profile E2 indicates 

that there is a small divot in the dune in the wake of the vertical plate, leading to the rounded 

shape seen in Figure 5.8(a). On either side of the plate, the dune resumes the expected 

shape, and the crest is allowed to form. Figure 5.8(c) will be discussed in a forthcoming 

paragraph. 

Table 5.2: Comparison of experimental conditions with tests from literature 

Parameter (unit) 

Cylinder with vertical 
splitter plate 

Cylinder with 
horizontal (base) plate 

E2 
Wu et al.  

(2018) 
E3 

Lachaussée  

et al. (2018) 

Cylinder type submerged emergent submerged submerged 
D, pier diameter (m) 0.056 0.062 0.056 0.02 
h, flow depth (m) 0.12 0.15 0.12 0.16 
b, effective channel width (m) 0.4 1.22 0.4 0.1 
H, cylinder height (m) 0.107 - 0.107 0.09 
U, velocity of approach flow (m/s) 0.26 0.22 0.26 0.25 
uτ, approach flow friction velocity (mm/s) 13.51 - 13.51 19.2 
d50, median bed material diameter (mm) 0.74 0.51 0.74 0.27 
AR, aspect ratio 3.33 8.1 3.33 0.63 
h/D, flow shallowness 2.14 2.42 2.14 8.0 
D/b, blockage ratio 0.14 0.051 0.14 0.2 
D/d50, relative coarseness 76 122 76 74 
U/Uc, flow intensity 0.85 0.85 0.85 0.92 
dse/D, relative scour depth 1.2 1.3 - - 
l, length of splitter plate 2D 2D - - 
H1, height of splitter plate 1.72D 1.2D - - 
w1, width of horizontal plate - - b b 
l1, length of horizontal plate - - 2D 2D 
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To further understand the evolution of the scour profiles, typical velocity profiles in plane 

B (Z/D ≈ 0.5) were analyzed. To this end, the distribution of the mean streamwise velocity 

U/Ue, mean vertical velocity V/Ue and Reynolds shear stress −𝑢𝑣തതതത/Ue
2 are provided in 

Figure 5.9 at several streamwise locations starting at the location of the scour hole and 

ending downstream of the dune crest. The location where each profile was extracted is 

shown by the dashed lines in Figure 5.8(b). The location of the top of the cylinder in 

Figure 5.9 is shown by the horizontal dotted line for all profiles. For reference, 

corresponding velocity profiles in plane A are provided in Figure 5.10. However, the 

following analysis will focus on plane B as the profiles in the two planes are qualitatively 

similar. 

The distribution of U/Ue for the approach flow in the absence of the cylinder is shown in 

the top row of Figure 5.9 along with other profiles at X/D = -2.0. The classical streamwise 

velocity profile in an open channel is observed in the absence of the cylinder. The 

streamwise velocity distribution has a decreased magnitude for all tests compared to the 

approach flow profile, with the profile for test E3 exhibiting the greatest change. For tests 

E1 and E2, the profiles at X/D = -2.0 are located in the scour hole region. Inside the scour 

hole (Y/D < 0), the streamwise velocity shows a decrease. For test E3, flow at X/D = -2.0 

is over the horizontal plate. There is also a reduction in velocity in the region around the 

top of the cylinder (Y/D = 1.88) for all tests, but the decrease is enhanced for test E3. At 

X/D = -0.5, the streamwise velocity has increased for tests E1 and E2 closer to the bed. Due 

to the local changes in the scour hole profile, there is an acceleration of flow. In the absence 

of any scour upstream of the horizontal plate, the distribution for E3 is very similar between 

-2.0 < X/D < -0.5. 
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At X/D = 0, the magnitude of U/Ue is still very similar throughout the depth for tests E1 

and E2. However, U/Ue has increased for test E3 in the upper region of flow, adjusting to 

the separation at the top edge of the cylinder. The magnitude of the increase in U/Ue 

between test E3 and the other tests is about 11% at Y/D = 1.88. There is also an increase in 

the mean velocity along the edge of the cylinder for test E3 through most of the depth (Y/D 

> 0.5). This indicates that the horizontal plate influences flow separation from the surface 

of the cylinder, causing it to occur further upstream for test E3 than for tests E1 and E2. 

This would imply that the width of the wake is greater for test E3. This is corroborated by 

the profiles at the downstream edge of the cylinder (X/D = 0.5), where U/Ue has decreased 

significantly for test E3 and only slightly for tests E1 and E2. At this location, the separating 

streamline (along which U is maximum) is closer to plane B for tests E1 and E2 than for 

test E3. This is illustrated by the inset in Figure 5.8(b).  

For test E2, there is no flow interaction between the two shear layers emanating from the 

sides of the cylinder at X/D = 0.5. The flow accelerates along the sides of the splitter plate 

and therefore the magnitude of U/Ue is higher than that for test E1 at this location. The 

effect of flow separation from the top of the cylinder is also seen from the increased 

velocity for all three tests at Y/D = 1.88. At X/D = 2.0, the profiles for test E1 and E2 are 

located at the leading edge of the dune. The increase in U/Ue as flow accelerates over the 

dune at this location is also higher for test E2 due to the acceleration of flow along the sides 

of the splitter plate. The profile for test E3 at X/D = 2.0 is located over the wake trough in 

which flow has separated, which corresponds to the decrease in U/Ue below Y/D = 0. At 

X/D = 7.0, flow separation from the dune crest causes a decrease in velocity close to the 
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bed. The streamwise velocity at this location is similar for test E1 and E2, and slightly 

lower for test E3. 

The distribution of normalised vertical velocity, V/Ue, is shown in the middle row in Figure 

5.9. In the undisturbed approach flow, the magnitude of the vertical velocity is close to 

zero throughout the depth of flow. As with the distribution of U/Ue at X/D = -2.0, V/Ue for 

E3 is mostly unchanged from the approach flow conditions. For tests E1 and E2, there is 

an increase in negative (downward component) V/Ue which increases towards the bed as 

the flow enters the scour hole. It should be noted that the vertical component of velocity in 

the negative direction increases from the approach flow conditions up to Y/D = 2.14 for 

tests E1 and E2, indicating that the effect of the scour hole is felt throughout the depth of 

flow. This negative vertical velocity is shown to have an increase in magnitude at X/D = -

0.5, where the depth of scour has also increased. For test E3, the streamwise velocity 

component was mostly unchanged between -2.0 < X/D < -0.5. However, the vertical 

component of velocity in the negative direction changes quite significantly between these 

two stations. This indicates that upstream of the cylinder, the flow has already begun to 

incline downwards towards the approaching wake trough.  

At X/D = 0, the negative vertical velocity for test E3 is nearly as high as that seen for tests 

E1 and E2. At X/D = 0.5, the reduction in negative V/Ue for test E1 relative to tests E2 and 

E3 corresponds to an increase in the depth of scour for the control test at this location. At 

the leading edge of the dunes for tests E1 and E2 (X/D = 2.0), the distribution of V/Ue is 

characterized by a positive vertical component near the bed as flow accelerates up and over 

the dune. For test E3, X/D = 2.0 is within the wake trough and so there is still an appreciable 

component of negative V/Ue at this location as flow enters the trough. Downstream of the 
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dune crests (X/D = 7.0), V/Ue is very small in all cases. There is an increase in the positive 

direction for tests E1 and E2 close to the bed (possibly due to recirculation in the 

downstream of the dune), and an increase in the negative direction for test E3 as flow 

accelerates down the slope in the wake of the dune. 

From -2.0 < X/D < 0, the distribution of the Reynolds shear stress −𝑢𝑣തതതത/Ue
2 (Figure 5.9, 

bottom row) is very similar and close to zero throughout the depth. There are slight 

increases in −𝑢𝑣തതതത/Ue
2 close to the bed and near the free surface for all three tests, but 

significant changes are not observed until X/D = 0.5. At X/D = -0.5, a peak in −𝑢𝑣തതതത/Ue
2 is 

observed very close to the horizontal plate for test E3. The magnitude of the bed shear 

stress τb calculated from the Reynolds shear stress at this location was found to be more 

than 2.5 times greater than the critical bed shear stress of sediment τbc. A similar peak in 

the Reynolds shear stress is located near the surface of the horizontal plate at X/D = 0 (i.e. 

the side of the cylinder). The magnitude of τb at this location was determined to be over 

3τbc. Therefore, τbc was exceeded between -0.5 < X/D < 0 for test E3.  

This is in agreement with the results of Large Eddy Simulation (LES) and Detached Eddy 

Simulation (DES) investigations of flow around an emergent cylinder under local scour 

equilibrium by Kirkil et al. (2008, 2009), in which the bed shear stress was shown to be 

high along the sides of the cylinder. It is well known that local scour is initiated at the sides 

of an unprotected cylinder. The Reynolds shear stress at the location of the horizontal plate 

for test E3 (-1.5 < X.D < 0.5) can therefore be viewed as a base case of flow around a 

cylinder without scour, and the distributions for tests E1 and E2 are illustrative of the 

effects of the exceeded bed shear stress on the scour profile. 
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At X/D = 0.5, −𝑢𝑣തതതത/Ue
2 shows an increase close to the free surface for all tests, due to the 

flow which has separated from the top of the cylinder. The Reynolds shear stress is still 

quite low for test E3 in the mid-region of the flow. The magnitude of the Reynolds shear 

stress is significantly higher for test E1 in the mid-depth of flow, indicating that the vertical 

splitter plate in test E2 and the horizontal plate in test E3 aid to reduce −𝑢𝑣തതതത/Ue
2 particularly 

effectively at this location. The depth of scour downstream of X/D = 0.5 is less for tests E2 

and E3 when compared with test E1, indicating that a reduction in the Reynolds shear stress 

close to the cylinder is a desirable outcome of scour-countermeasure implementation. The 

Reynolds shear stress shows a significant increase close to the horizontal plate for test E3 

due to the impending separation at the edge of the plate. Further downstream, the change 

in the Reynolds shear stress profile between 0.5 < X/D < 2.0 in the upper region of the flow 

is indicative of the downward inclination of the separated flow from the top of the cylinder, 

which is clearly stronger for test E3. At X/D = 7.0, −𝑢𝑣തതതത/Ue
2 is small throughout most of 

the depth of flow, with an increase at the expected location of a shear layer emanating from 

the crest of the dune for tests E1 and E2. 

Figure 5.8(c) shows the scour profiles in the XY plane at Z/D = 2.0. Once again, it can be 

seen that scour for test E2 is greater than that for test E1 upstream of the cylinder, and then 

lesser than test E1 downstream of the cylinder. The length and height of the dune in this 

plane are also greater for test E2 than for test E1 in the wake region. For test E3, the 

formation of the adjacent wake troughs can be seen in both planes B and C. The absence 

of scour in the vicinity of the scour hole shows the efficacy of the horizontal plate in 

suppressing horseshoe scour. The wake scour has been permitted to progress unimpeded 

in the wake region. This bed formation was also reported by Lachaussée et al. (2018) and 
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qualitatively compares well with the present results. Quantitative comparison would not be 

meaningful, because changes between the profiles for the two tests could be attributed to 

changes in approach flow conditions, Reynolds number, D/b, b/h or D/d50.  

In plane B, the dune in the wake of test E3 decreases in height while maintaining 

approximately the same length as the dunes for tests E1 and E2. For plane C, the dune is 

considerably shorter in length than the dune for tests E1 and E2, and a trough preceding a 

secondary deposit can be seen. Although the scour downstream of the cylinder for test E3 

beyond X/D ≈ 1.5 is deeper than the scour for tests E1 and E2 in plane B and the same is 

true beyond X/D ≈ 1 in plane C, the maximum depth of scour for test E3 in either case is 

still significantly smaller than the maximum scour depth upstream of the cylinder for tests 

E1 and E2, indicating that the horizontal plate is a promising flow-altering countermeasure. 

The foundation head required for serviceability would be significantly less for a cylinder 

with a rectangular collar of similar configuration, than for an unprotected cylinder or one 

employing a back splitter plate.  

Figure 5.11 shows the scour profiles in the YZ plane for the streamwise locations of (a) 

X/D = -1.3 (b) X/D = 0 (i.e. the spanwise centreline of the cylinder) for tests E1 and E2 and 

X/D = 0.5 for test E3, and (c) X/D = 1.75. In general, the scour profiles for all tests show 

good symmetry. In Figure 5.11(a), upstream of the cylinder at X/D = -1.3, the scour 

profiles for E1 and E2 are once again nearly identical. This is consistent with the 

distribution of the flow field characteristics from -2.0 < X/D < -0.5 shown in Figure 5.9 

and Figure 5.10. In Figure 5.11(b), the profile for test E3 is shown at X/D = 0.5, since the 

horizontal plate extends to X/D = 0.5. In the spanwise centreline of this figure, it can be 

seen that there is still very little difference in the scour holes for tests E1 and E2. The scour 
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profile for test E3 at X/D = 0.5 shows that the wake troughs are beginning to form just at 

the edge of the horizontal plate, and the narrow dune shown in the XY plane profiles 

between the adjacent wake troughs is observed as well. Downstream of the cylinder, at X/D 

= 1.75, Figure 5.11(c) shows that the scour holes for tests E1 and E2 have nearly 

progressed to the original bed level. However, the wake troughs formed for test E3 can be 

seen to span nearly the entire width of the channel and are deeper in this region. Again, the 

depth of the wake troughs is still smaller than the maximum scour depth at X/D = 0 for 

tests E1 and E2. This confirms that the wake scour and horseshoe scour work together for 

tests E1 and E2, but the wake scour is the only prevailing mechanism as the HSV does not 

contribute to scour in test E3. 

In general, the profiles shown in Figure 5.8 through Figure 5.11 indicate that while the 

splitter plate does not significantly change the formation of scour in the vicinity of the 

cylinder, the horizontal plate has a greater effect. The cause for these changes in scour 

geometry will be explored in greater detail in the following section, through analysis of the 

flow field at an equilibrium condition for each test. 

5.3.2 Distribution of normalised mean streamwise velocity U/Ue 

Figure 5.12 shows the distribution of mean streamwise velocity normalised by Ue, the 

maximum velocity of the undisturbed approach flow, in the central plane (Z/D = 0) for tests 

E1, E2 and E3. The location of the vertical and horizontal plates for tests E2 and E3 are 

shown by the filled dark grey areas, and the cylinder location is indicated by the filled light 

grey area. Many features which are expected in the flow field surrounding a cylinder at an 

equilibrium scour condition can be visualised in the distribution of U/Ue for the control test 

E1 (Figure 5.12(a)). In region marked ‘A’ in the figure, the adverse pressure gradient 
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induced by the stagnation line on the cylinder causes deceleration of the streamwise 

velocity in the approach flow leading up to the upstream face of the cylinder. In the field-

of-view captured by the PIV, there is a region of low streamwise velocity (‘B’) due to 

separation of flow from the leading edge of the hole. This points to the clockwise rotation 

of the horseshoe vortex (HSV), the majority of which is located within the portion of the 

scour hole uncaptured by the PIV measurements. Dey et al. (2008) presented Acoustic 

Doppler Velocimetry (ADV) measurements in the central plane for local scour around a 

submerged cylinder. The distribution of the velocity vectors is similar to those presented 

in the central plane for test E1, and so the rotation of the HSV presented therein can be 

viewed as a general representation of the flow field within the scour hole. The separating 

flow emanating from the top of the cylinder (‘C’), which is characteristic of flow over a 

submerged cylinder, is shown by the region of high streamwise velocity above the cylinder 

(from about -0.5 < X/D < 2.0). This feature was also noted by Dey et al. (2008). 

The region of low and negative streamwise velocity in the immediate wake of the cylinder 

(denoted as ‘D’ in Figure 5.12(a)) is typical of a cylinder wake. The vector field in this 

area indicates an upward vertical component of flow as well. Following the near-wake 

region (X/D < 1.0), there is a strong upwash as indicated by the vector field, which can aid 

in the removal and transport of sediment. This feature was also observed by Graf and 

Istiarto (2002), who acquired Acoustic Doppler Velocimetry (ADV) measurements in the 

central plane for local scour equilibrium around an emergent cylinder. 

The region of low streamwise velocity appears to weaken around X/D = 2.0, or 

approximately where the primary deposit begins. The primary deposit is formed when 

sediment is deposited by weakening wake vortices, which increase in radial size and 
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decrease in strength as they advect away from the cylinder in the downstream direction. 

The flow also accelerates out of the scour hole and over the surface of the primary deposit 

(region ‘E’ in Figure 5.12(a)) and separates over the crest to form a shear layer emanating 

in the downstream direction. The dune can be viewed as a backward-facing step, 

characterized by the recirculating region immediately downstream of the crest (‘F’). 

Figure 5.12(b) shows the distribution of U/Ue in the central plane for test E2 for a 

submerged cylinder fitted with a vertical splitter plate. For most part, the approach flow is 

very similar to test E1 in the region -3 < X/D < -2.5, with some minor differences. In fact, 

the velocity contours in the vicinity of the scour hole are very similar to those seen in the 

distribution of U/Ue for test E1 (regions ‘A’ and ‘B’ in the contours). The separating flow 

over the submerged cylinder is also unaffected by the vertical splitter plate, showing similar 

size and magnitude to that seen for test E1 (‘C’). While the wake region flow is not visible 

in the central plane due to the presence of the vertical plate, a similar acceleration of flow 

over the primary deposit is noted (‘E’). However, the strength of this accelerating flow is 

higher than what is shown for test E1. This can likely be attributed to disruption of the 

vortex shedding mechanism due to the presence of the vertical splitter plate. When flow 

accelerates from the stagnation line around the sides of a cylinder, it reaches a point of 

separation and alternately sheds vortices in the wake region, as previously described. Since 

the interaction of the vortices is impeded by the presence of the vertical plate, some flow 

reattaches to the plate itself and accelerates along its sides in the downstream direction. 

There is also an increase in U/Ue immediately downstream of the vertical splitter plate 

close to the bed (‘E′’). This flow joins with the flow accelerating out of the scour hole on 

either side of the plate and increases transport of mass and momentum over the primary 
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deposit (‘E’). This could also be an effect of the interaction between the shear layers on 

either side of the wake, which is mitigated by the splitter plate for X/D < 2.0. The 

streamwise flow over the dune is of significantly higher magnitude and is distributed over 

the entire depth of flow for test E2 when compared with flow in the same region for test 

E1. Referring to Figure 5.5, the crest of the dune is suppressed in the central plane (A’), 

which is reflected in the bed profile in Figure 5.12(b). The flow gradually negotiates the 

shape of the dune without a large-scale recirculating region which was visible in test E1. 

Figure 5.12(c) shows that the approach flow in the immediate vicinity of the cylinder (‘A’) 

for test E3 is similar to that of test E1 and is mostly unaffected by the presence of the 

horizontal plate at the base of the cylinder. Close to the base of the cylinder, a small region 

of recirculating flow is indicative of the HSV which has formed on the surface of the 

horizontal plate (‘B’). Over the top of the cylinder, the region of separating flow is the 

same approximate size and magnitude as that seen in tests E1 and E2 (‘C’). The von 

Kármán vortex street that is shed from the cylinder is expected to have the same 

characteristics as test E1, since unlike the vertical splitter plate, the horizontal plate would 

not physically disrupt the shedding of vortices. However, the area of very low and negative 

streamwise velocity associated with the wake region (‘D’) is longer than that seen in test 

E1. Furthermore, the streamwise velocity is negative and the flow has a very small vertical 

component. Whereas in test E1, one could notice that the vectors were more prone to be 

directed upwards in this region. As is seen for flow over the dune in tests E1 and E2, there 

is acceleration in region E for test E3, albeit with a very small magnitude. The recirculating 

region following the crest of the dune is also smaller when compared with test E1 (‘F’). 
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In Figure 5.13, the distribution of U/Ue for tests E1, E2 and E3 in the near-cylinder plane 

(Z/D ≈ 0.5) is shown. In Figure 5.13(a), the distribution of U/Ue for control test E1 shows 

a region of high streamwise velocity along the side of the cylinder, which is an indication 

of the characteristic acceleration of flow along the sides of the cylinder and separation of 

flow from around the cylinder surface (‘B’). The influence of the flow separating from the 

top of the cylinder seen in the central plane is also reflected in the near-cylinder plane (‘C’). 

There is a region of lower flow velocity in the wake of the cylinder close to the free surface 

(‘D’). Flow accelerates over the dune as in the central plane (‘E’), and the recirculating 

region (‘F’) emanating from the dune crest is smaller than what was seen in the central 

plane.  

In Figure 5.13(b), a very similar distribution for U/Ue is observed for test E2. Interestingly, 

the approach flow, similar to that noticed in Figure 5.13(b), is higher in magnitude for test 

E2 when compared with test E1 (‘A’), indicating that the splitter plate influences the flow 

upstream of the cylinder. This is reasonable, since the flow is subcritical and the flow 

control is located downstream (i.e. disturbances in the flow can propagate upstream). In 

the discussion of the bed profile measurements, it was established that the splitter plate 

reduces the frequency of vortex shedding in the wake of the cylinder. The conservation of 

mass and momentum then requires that the flow field upstream of the cylinder is 

strengthened, which is observed here. This was also reflected in an increase in local scour 

upstream of the cylinder for test E2 when compared with test E1 (Figure 5.8(b)). 

Region B seen in Figure 5.13(b) is elongated due to disruption of the wake vortex shedding 

by the splitter plate and reattachment of flow on the plate. The width of the wake is greater 

for test E1 than test E2 (see Figure 5.6). As a result, the separating streamline (along which 
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U is highest) is closer to plane B for test E2 than test E1 (see inset in Figure 5.8(b)) and 

the streamwise velocity is enhanced. Similarly, the region of lower velocity beneath the 

separating flow (‘D’) is smaller for test E2 when compared with the same region for test 

E1. Because of the acceleration along the sides of the plate, the acceleration over the dune 

in test E2 is significantly stronger than the same acceleration in test E1 (region ‘E’). 

Because the crest of the dune has re-formed at this location, a recirculating region (‘F’) can 

be observed in the wake of the crest, which was not seen in the central plane (Figure 

5.12(b)). 

Figure 5.13(c) shows the distribution of U/Ue for test E3 with a horizontal plate. The 

horizontal plate does not seem to have a significant influence on the distribution of 

approach flow upstream of the cylinder (‘A’) since the distribution is very similar to what 

is seen in the same region for test E2 and overall the magnitude of U/Ue is slightly lower 

in the same region in test E1. The region of high streamwise velocity (coloured red in the 

contour plot) at the side of the cylinder extends nearly to the free surface and does not 

extend as far downstream as seen in test E1 (region ‘B’), indicating that the point of flow 

separation from the cylinder is located further upstream along the cylinder surface for test 

E3 than for tests E2 and E1. Because there is no redirection of flow into the scour hole for 

test E3, the acceleration along the sides of the cylinder is enhanced and causes flow to 

separate from the cylinder further upstream. The separating flow (‘C’) over the cylinder is 

very similar to tests E1 and E2 and is therefore unaffected by the presence of the horizontal 

plate. In the wake of the cylinder, the region of low flow velocity (‘D’) is significantly 

lower than for tests E1 and E2. There is a small recirculating region which has formed in 

the wake trough downstream of the horizontal plate (‘D′’). For test E3, flow also accelerates 
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over the dune. However, since the wake is likely to be wider in this region for test E3 than 

for tests E1 and E2 and the shallowness of the trough at this location reduces the volume 

of flow accelerating over the dune, the magnitude of the acceleration is of significantly less 

magnitude than for tests E1 and E2. 

In Figure 5.14, the distributions of U/Ue in the mid-plane between the cylinder and the side 

wall (plane C, where Z/D = 2.0) for tests E1, E2 and E3 are provided. The streamwise flow 

in this plane for tests E1 and E2 is characterized by a decrease close to the bed near the 

scour hole followed by a region of high U/Ue in the downstream region over the dune. The 

distribution of U/Ue is very similar for both tests in plane C, although the magnitude of 

streamwise velocity is slightly higher throughout the plane for test E2. For test E3, flow in 

this plane is similarly higher in the downstream region, but decreases as flow is redirected 

into the wake trough. Because the differences observed in plane C are minimal for all tests, 

further discussions will focus on planes A and B. 

5.3.3 Distribution of normalised Reynolds shear stress −𝒖𝒗തതതത/Ue
2
 

The distribution of the Reynolds shear stress −𝑢𝑣തതതത/Ue
2 is given in Figure 5.15 and Figure 

5.16 for planes A and B, respectively. The distribution of −𝑢𝑣തതതത/Ue
2 for test E1 (Figure 

5.15(a)) shows that the Reynolds shear stress in the approach flow is low compared to the 

highly sheared regions elsewhere in the flow. In region A, there is a slight increase in 

−𝑢𝑣തതതത/Ue
2, which corresponds to flow separation from the leading edge of the scour hole. In 

the near-wake region, a region of high Reynolds shear stress appears to be emanating from 

the scour hole (‘B’). This could be due to the interaction of flow accelerating around the 

sides of the cylinder with flow recirculating in the scour hole. The location of feature ‘B’ 
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also corresponds to a region of vertical flow (see Figure 5.8(a)). Region ‘B’ extends to the 

approximate vertical location of the surface of the dune before the magnitude decreases 

near the top of the cylinder. Downstream of the cylinder, there is a region of high Reynolds 

shear stress close to the free surface (‘C’) near the edge of the submerged cylinder, between 

0.5 < X/D < 2.5. There is a large region of negative −𝑢𝑣തതതത/Ue
2 over the dune (‘D’), which 

begins within the scour hole and extends throughout the plane. This region nearly reaches 

the free surface between 4.0 < X/D < 5.0. Downstream of the crest of the dune, a shear 

layer is shown by an increase in −𝑢𝑣തതതത/Ue
2 (‘E’). 

In Figure 5.15(b), the distribution of −𝑢𝑣തതതത/Ue
2 shows that the shear stress in the approach 

flow is very similar between tests E1 and E2. The Reynolds shear stress is very low in the 

region upstream of the scour hole, and an increase due to flow separation at the leading 

edge of the hole is once again visible (‘A’). The region of high −𝑢𝑣തതതത /Ue
2 due to the 

separation of flow from the top of the cylinder (‘C’) is approximately the same size as the 

same feature in test E1 (0.5 < X/D < 2.5). Downstream of the splitter plate, the region of 

negative Reynolds shear stress (‘D’) is smaller than the corresponding region in test E1. 

The shear layer caused by separation of flow from the crest is also visible from the region 

of high Reynolds shear stress at this location (‘E’). For test E3, distribution of the Reynolds 

shear stress (Figure 5.15(c)) is characterized by a larger region (‘C’) of high −𝑢𝑣തതതത/Ue
2 

downstream of cylinder close to the free surface, extending from 0.5 < X/D < 3.5. Feature 

‘D’ is located at a further distance downstream than for tests E1 and E2. 

The distribution of −𝑢𝑣തതതത/Ue
2 in the near-cylinder plane is given in Figure 5.16 for tests E1, 

E2 and E3. For test E1 (Figure 5.16(a)), the Reynolds shear stress in the approach flow is 

similar to that in the central plane. The recirculating region within the scour hole (‘A’) is 
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also visible in plane B. There is a region of high −𝑢𝑣തതതത/Ue
2 in the middle of the depth of 

flow near the cylinder (‘B’), which likely corresponds to the location of flow separation. 

Feature ‘B’ could be confined to the mid-depth of flow due to the separation of flow over 

the top of the cylinder and flow within the scour hole. The large region of high −𝑢𝑣തതതത/Ue
2 

(‘C’) due to flow separation over the top of the cylinder is longer in plane B, extending 

from 0.5 < X/D < 3.5. As in the central plane, there is a region of negative Reynolds shear 

stress over the dune (‘D’). In the near-cylinder plane, this feature extends upstream past 

the edge of the cylinder. The shear layer at the crest of the dune is also seen in plane B 

(‘E’). 

In Figure 5.16(b), the upstream features are similar to those seen in test E1. Downstream 

of the cylinder, the feature ‘B’ has been significantly reduced in size by the splitter plate. 

This indicates that flow separation around the sides of the cylinder is disrupted by the 

vertical splitter plate, which was also illustrated by the scour formation in Figure 5.8(b) 

and the distribution of U/Ue (Figure 5.13(b)). The region of high Reynolds shear stress 

extending downstream from the top of the cylinder (‘C’) is also smaller for test E2 (0.5 < 

X/D < 2.5). The region ‘D’ extends as far upstream as the cylinder for test E2, as with test 

E1. 

Figure 5.16(c) shows changes in the distribution of Reynolds shear stress due to the 

presence of the horizontal plate. Feature ‘C’ in particular is much larger than the same 

feature seen in tests E1 and E2, extending from 0.25 < X/D < 4.5. Similarly, the region of 

negative Reynolds shear stress over the dune (‘D’) is larger for test E3, extending down 

towards the edge of the plate and upwards in the vicinity of the cylinder. In the wake trough, 
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in the region of flow acceleration over the leading edge of the dune, there is an area of high 

−𝑢𝑣തതതത/Ue
2 (‘D′’) which is not seen in the scour holes for tests E1 and E2. 

5.4 Conclusions and recommendations 

The experimental results indicate that the vertical splitter plate and horizontal base plate 

induce changes in the equilibrium scour geometry and the distribution of velocity field 

characteristics in the vicinity of the cylinder. The splitter plate reduces the frequency of 

vortex shedding, causing an increase in local scour upstream of the cylinder and a decrease 

downstream of the cylinder. The width of the wake is also reduced by the presence of the 

splitter plate, and the streamwise velocity downstream of the plate is increased by 

acceleration along either side of the plate. The Reynolds shear stress is also reduced close 

to the cylinder. However, the changes induced by the vertical splitter plate in the flow field 

do not significantly influence the formation of scour (as indicated by the bed profile 

measurements) and are therefore less consequential for the purposes of scour mitigation. 

The horizontal base plate eliminates scour entirely upstream of the cylinder. Analysis of 

the Reynolds shear stress distribution indicates that the bed shear stress at the surface of 

the horizontal plate near the sides of the cylinder exceeds the critical shear stress of the 

sediment by a factor between 2.5 and 3, providing a base case at the location of the plate 

for flow around a cylinder without scour. Without the presence of the scour hole and the 

horseshoe vortex contained therein, the wake characteristics are significantly altered in test 

E3. The streamwise velocity and the Reynolds shear stress in the wake of the cylinder close 

to the bed are also reduced by the horizontal plate. Other flow-altering devices which 

maximize reduction of U/Ue and −𝑢𝑣തതതത/Ue
2 in the wake of the cylinder should be explored 



 

178 

in order to reach an optimal countermeasure design. Furthermore, while changes in the 

flow field due to the presence of the splitter plate and the horizontal plate are evident in the 

central plane and near-cylinder plane, the flow field in the mid-cylinder-wall plane was 

shown to be mostly unchanged by the presence of either countermeasure. This indicates 

that the width of the plate itself could be reduced with no associated increase in scour near 

the cylinder, and this effect should be further explored in order to reduce potential for high 

costs associated with larger collar width. 
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Figure 5.1: Scour formation for flow around a circular cylinder (D = 0.062 m) with a back 
splitter plate of length 2D and height 1.2D, from Wu et al. (2018); figure used with 
permission from Wiley 

 

 

Figure 5.2: Bed profile images from Lachaussee et al. (2018) for a submerged cylinder 
with (a) no scour (ReD ≈ 1000), (b) low U/Uc, (ReD ≈ 2100) (c) high U/Uc (ReD ≈ 3200) 
with horizontal base plate and (d) high U/Uc (ReD ≈ 3200) with no base plate (WS = wake 
scour, HSS = horseshoe scour); figure used with permission from APS  
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Figure 5.3: Schematic of submerged cylinder and countermeasure configuration for tests 
E1 (no countermeasure), E2 (cylinder with vertical plate) and E3 (cylinder with horizontal 
plate) 
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Figure 5.4: Approach flow velocity characteristics used for tests E1, E2 and E3, including 
(a) mean streamwise velocity and (b) Reynolds shear stress −𝑢𝑣തതതത/Ue

2 

  



 

182 

 

Figure 5.5: Plan-view photographs of tests E1 (submerged cylinder), E2 (submerged 
cylinder with vertical plate) and E3 (submerged cylinder with horizontal plate) 
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Figure 5.6: Plan view profile measurements of equilibrium scour formation for tests B1, 
E1, E2 and E3 in XZ plane (Y/D = 0) 
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Figure 5.7: Illustration of shear layer interaction in the wake of a circular cylinder without 
a splitter plate (above) and with a splitter plate of length greater than 1.5D (below) (from 
Anderson and Szewczyk 1997); figure used with permission from Copyright Clearance 
Center 
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Figure 5.8: Bed profile measurements of equilibrium scour formation for tests B1, E1, E2 
and E3 in XY plane along (a) central plane (plane A, Z/D = 0), (b) near-cylinder plane 
(plane B, Z/D ≈ 0.5) and (c) mid-cylinder-wall plane (plane C, Z/D = 2.0) 
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Figure 5.9: Distribution of mean streamwise velocity U/Ue, mean vertical velocity V/Ue and Reynolds shear stress −𝑢𝑣തതതത/Ue
2 over the 

depth of flow in plane B for X/D = {-2.0, -0.5, 0, 0.5, 2.0, 7.0}  
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Figure 5.10: Distribution of mean streamwise velocity U/Ue, mean vertical velocity V/Ue and Reynolds shear stress −𝑢𝑣തതതത/Ue
2 over the 

depth of flow in plane A for X/D = {-2.0, -1, 1.0, 2.0, 7.0}  
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Figure 5.11: Transverse bed profile measurements of equilibrium scour formation for tests 
B1, E1, E2 and E3 in YZ plane along (a) spanwise upstream plane (X/D = -1.3), (b) 
spanwise central plane (X/D = 0 for tests B1, E1 and E2, X/D = 0.5 for test E3) and (c) 
spanwise downstream plane (X/D = 1.75) 
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Figure 5.12: Distribution of normalised streamwise velocity U/Ue in the central plane 
(plane A, Z/D = 0) for (a) test E1 (submerged cylinder), (b) test E2 (submerged cylinder 
with vertical plate) and (c) test E3 (submerged cylinder with horizontal plate) 
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Figure 5.13: Distribution of normalised streamwise velocity U/Ue in the near-cylinder 
plane (plane B, Z/D ≈ 0.5) for (a) test E1 (submerged cylinder), (b) test E2 (submerged 
cylinder with vertical plate) and (c) test E3 (submerged cylinder with horizontal plate) 
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Figure 5.14: Distribution of normalised streamwise velocity U/Ue in the mid-cylinder-wall 
plane (plane C, Z/D = 2.0) for (a) test E1 (submerged cylinder), (b) test E2 (submerged 
cylinder with vertical plate) and (c) test E3 (submerged cylinder with horizontal plate) 
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Figure 5.15: Distribution of Reynolds shear stress −𝑢𝑣തതതത/Ue
2 in the central plane (plane A, 

Z/D = 0) for (a) test E1 (submerged cylinder), (b) test E2 (submerged cylinder with vertical 
plate) and (c) test E3 (submerged cylinder with horizontal plate) 
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Figure 5.16: Distribution of Reynolds shear stress −𝑢𝑣തതതത /Ue
2 in the near-cylinder plane 

(plane B, Z/D ≈ 0.5) for (a) test E1 (submerged cylinder), (b) test E2 (submerged cylinder 
with vertical plate) and (c) test E3 (submerged cylinder with horizontal plate) 
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6 CONCLUSIONS AND RECOMMENDATIONS 

The present investigation has employed the use of planar Particle Image Velocimetry (PIV) 

measurements for characterization of flow in hydraulic modelling. It has been established 

that detailed flow field measurements of this type are required in order to gain an 

understanding of specific influences in open-channel flow and flow around a circular 

cylinder in an erodible bed. Deficiencies in local scour modelling have been established by 

analysis of scour data in literature; however, the role of some parameters remains unclear 

without a description of changes to flow field mechanisms. In particular, the effect of 

channel blockage ratio (D/b) on local scour has been neglected. In order to isolate the 

influence of D/b in flume experiments, channel width b is typically altered through the use 

of movable sidewalls. However, in altering channel width b, the channel aspect ratio AR 

(b/h, where h is the flow depth) was also affected. Therefore, the effect of AR on the 

approach flow conditions was explored in Chapter 3 prior to local scour experimentation. 

In Chapter 4, the effect of D/b on local scour around an emergent circular cylinder has 

been presented. In Chapter 5, the efficacy of a vertical splitter plate and horizontal base 

plate on local scour around a submerged circular cylinder under controlled approach flow 

conditions has been investigated. Detailed conclusions of Chapter 3, Chapter 4 and 

Chapter 5 are located therein. The findings of each chapter are summarized below, along 

with recommendations for future work. 

In Chapter 3, the role of aspect ratio (AR = b/h) on flow characteristics over a 

transitionally rough porous bed was characterized. PIV measurements were acquired in the 

centre of the channel for AR values in the range of 1.90 to 10.2. The distribution of flow 

properties including mean streamwise velocity, streamwise and vertical turbulence 
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intensities, third-order turbulent moments and quadrant analysis was analyzed. The 

following conclusions were drawn from this work: 

1. The distribution of the streamwise and vertical turbulence intensities cannot be 

described by the value of AR alone; rather, analysis of the distribution of urms/uτ and 

vrms/uτ has indicated that changes in vertical confinement (changing h) and horizontal 

confinement (changing b) have distinct influences. While the velocity deficit profiles 

were shown to be similar for all AR, the magnitude of urms/uτ and vrms/uτ decreased 

with increasing vertical confinement (in addition, the percent difference due to 

increasing vertical confinement decreased with decreasing horizontal confinement 

and the percentage of the boundary layer over which the difference was seen 

increased with decreasing horizontal confinement). 

2. The third-order turbulent moments 𝑢ଷതതത, 𝑣ଷതതത, 𝑢ଶ𝑣തതതതത and 𝑢𝑣ଶതതതതത decreased in the boundary 

layer (in addition, the percent of the boundary layer over which difference occurred 

increased with decreasing horizontal confinement). 

3. The magnitude of the contributions from Q1 and Q3 to the Reynolds shear stress 

increased with increasing vertical confinement and Q2 and Q4 decreased with 

increasing vertical confinement (in addition, the percent difference due to increasing 

vertical confinement increased with decreasing horizontal confinement). 

4. In general, the drag increment due to roughness decreased with increasing horizontal 

confinement. 

The findings of Chapter 3 have indicated that careful consideration of approach flow 

conditions is required for hydraulic modelling. Changes in b and h have been shown to 

have an appreciable effect on the distribution of flow properties, and controllability of 
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conditions is required for future work. Flow measurements in the cross-stream direction 

would be useful in relating the conclusions of the present investigation to the structure of 

secondary flow cells across the channel. 

In Chapter 4, PIV results were analyzed for the flow field around an emergent cylinder 

with channel blockage ratio D/b of 0.05, 0.07 and 0.014. Distribution of the mean 

streamwise velocity, the Reynolds shear stress and spanwise vorticity were presented for 

three streamwise-vertical planes (in the centre of the channel, close to the side of the 

cylinder and between the cylinder and the wall). The effect of sidewall proximity on local 

scour geometry and the flow field surrounding the cylinder at an equilibrium condition 

were explored and the findings are as follows: 

1. Sidewall proximity was found to influence the equilibrium scour formation, 

including the size of the scour hole and shape of the dune downstream of the cylinder. 

Comparison of bed profiles indicated that the primary deposit became increasingly 

narrow as D/b increased due to confinement of the wake. 

2. The size and the shape of the dune were influenced by confinement of the wake, and 

since the flow was both subcritical and shallow, changes in the bed formation resulted 

in changes in the flow upstream of the cylinder; in effect, the streamwise velocity 

increased with decreasing D/b, corresponding to an increase in scour depth upstream 

of the cylinder for decreasing D/b. 

3. The magnitude of the Reynolds shear stress was found to increase with increasing 

D/b. This was in agreement with the analysis of approach flow conditions in Chapter 

3, in which it was determined that −𝑢𝑣തതതത/𝑈
ଶ  increased in the boundary layer as 
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channel width b increased. Examination of the distribution of spanwise vorticity Ω 

indicated that increasing D/b also enhanced vorticity. 

The conclusions of Chapter 4 are indicative of the complicated effect of D/b on local scour 

mechanisms. The analysis has indicated that use of a correction factor for scour data 

acquired under high values of blockage ratio is unlikely to be sufficient. Further 

experimentation should be carried out under highly controlled conditions in which channel 

blockage is as minimal as possible. The influence of changes in the approach flow 

conditions should also be carefully considered. Experimental methods under which local 

scour data is conducted require significant improvement for development of useful scour 

prediction methods and design of scour countermeasures through modelling. 

In Chapter 5, changes in the flow field surrounding a submerged cylinder under local 

scour conditions due to installation of two countermeasures were reported. A vertical 

splitter plate and a horizontal base plate (i.e. a rectangular collar) were the two flow-altering 

devices considered in this investigation. The efficacy of both methods on scour depth 

reduction was analyzed, and the mechanisms by which each countermeasure altered the 

flow surrounding the cylinder was explored by comparison with a control case (i.e. scour 

around a submerged cylinder with no flow-altering attachment). PIV measurements were 

carried out in three vertical planes and the distribution of the streamwise velocity and 

Reynolds shear stress were presented. 

1. The splitter plate was found to decrease the frequency of vortex shedding by 

disruption of the interaction between the shear layers emanating from either side of 

the cylinder in the wake region. The width of the wake was also reduced by the 
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splitter plate, and both influences resulted in a slight increase in the size of the scour 

hole upstream of the cylinder. 

2. The streamwise velocity downstream of the plate showed an increase due to 

acceleration along the sides of the plate. The Reynolds shear stress was reduced in 

the plane close to the cylinder. However, the scour formation at an equilibrium 

condition did not show significant changes due to the splitter plate, which was in 

agreement with literature. 

3. The horizontal base plate (rectangular collar) eliminated scour entirely upstream of 

the cylinder, which was in agreement with literature. The bed shear stress at the 

surface of the horizontal plate near the sides of the cylinder was shown to exceed the 

critical bed shear stress of the erodible sediment by a factor between 2.5 and 3, 

demonstrating the importance of bed protection at this location. 

4. The flow field in the wake of the cylinder was significantly altered from the control 

case. The mean streamwise velocity and Reynolds shear stress were greatly reduced 

by the presence of the horizontal plate, and the depth of scour was also minimized in 

the wake region (particularly in the central plane). 

The findings of Chapter 5 have provided background for development of effective scour 

countermeasures. Reduction of the bed shear stress at the sides of the cylinder (or scour 

protection at this location) appears to be imperative for optimization of scour depth 

reduction in the vicinity of the cylinder. Minimization of the streamwise velocity and 

Reynolds shear stress in the wake of the cylinder also appear to be desirable characteristics 

of efficient scour mitigation. Finally, the flow field in the plane midway between the 

cylinder and the wall was largely unchanged by either countermeasure. This implies that 
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the width of the horizontal plate could likely be reduced without affecting its performance 

as a countermeasure. Further experimentation on plate width should be carried out in order 

to determine an optimal rectangular collar design for use in practice.  
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APPENDICES 

Appendix A: Figure permissions 
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Appendix B: Bed profile measurements 

Chapter ID 
Plane(s) of 

interest 
b 

(m) 
h 

(m) 
U 

(m/s) 
Cylinder 

type 
Feature 

4 
(effect of 
blockage 

ratio) 

B1 A, B, C 0.4 0.12 0.262 emergent - 

B2 A, B, C 0.8 0.12 0.261 emergent - 

B3 A, B, C 1.22 0.12 0.254 emergent - 

S1 A 0.4 0.12 0.262 submerged  

S2 A 0.8 0.12 0.261 submerged  

S3 A 1.22 0.12 0.254 submerged  

5 
(scour 

counter-
measures) 

E1 A, B, C 0.4 0.12 0.262 submerged - 

E2 A, B, C 0.4 0.12 0.262 submerged vertical plate 

E3 A, B, C 0.4 0.12 0.262 submerged horizontal plate 
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Test ID: B1 (b = 0.4 m, h = 0.12 m, U = 0.262 m/s, D = 0.056 m, d50 = 0.74 mm, emergent cylinder) 

Z/D = 0 Z/D = 0.5 Z/D = 2.0 Y/D = 0 X/D = 0 X/D = -1.3 X/D = 1.75 

X/D Y/D X/D Y/D X/D Y/D X/D Z/D Z/D Y/D Z/D Y/D Z/D Y/D 

-2.94643 -0.01607 -2.67857 -0.02500 -1.78571 -0.05536 6.80357 3.30357 2.68750 -0.03571 -3.34821 0.00000 2.68750 -0.02857 

-2.85714 -0.01964 -2.58929 -0.07679 -1.69643 -0.07500 6.73214 3.16071 2.63393 -0.04286 -3.25893 0.00893 2.63393 0.00714 

-2.76786 -0.03750 -2.50000 -0.11250 -1.60714 -0.09464 6.66071 3.00000 2.54464 -0.07857 -3.16964 0.00357 2.54464 0.03393 

-2.67857 -0.05893 -2.41071 -0.17500 -1.51786 -0.12321 6.60714 2.89286 2.45536 -0.12143 -3.08036 0.00357 2.45536 0.02143 

-2.58929 -0.11071 -2.32143 -0.23214 -1.42857 -0.15893 6.30357 2.89286 2.36607 -0.19821 -2.99107 0.00179 2.36607 -0.00357 

-2.50000 -0.16429 -2.23214 -0.27500 -1.33929 -0.19286 6.03571 2.92857 2.27679 -0.25536 -2.90179 -0.00179 2.27679 -0.01250 

-2.41071 -0.23214 -2.14286 -0.34107 -1.25000 -0.22679 5.83929 2.96429 2.18750 -0.29821 -2.81250 0.00357 2.18750 -0.03571 

-2.32143 -0.29107 -2.05357 -0.36964 -1.16071 -0.24821 5.48214 2.94643 2.09821 -0.34821 -2.72321 -0.01607 2.09821 -0.04107 

-2.23214 -0.35893 -1.96429 -0.44107 -1.07143 -0.28393 5.12500 2.92857 2.00893 -0.40000 -2.63393 -0.00536 2.00893 -0.06429 

-2.14286 -0.40357 -1.87500 -0.48393 -0.98214 -0.31250 4.66071 2.91071 1.91964 -0.41250 -2.54464 -0.00893 1.91964 -0.08036 

-2.05357 -0.46607 -1.78571 -0.54821 -0.89286 -0.32500 4.26786 2.89286 1.83036 -0.45893 -2.45536 -0.03036 1.83036 -0.08571 

-1.96429 -0.52321 -1.69643 -0.61250 -0.80357 -0.35714 3.92857 2.87500 1.74107 -0.50536 -2.36607 -0.02321 1.74107 -0.10000 

-1.87500 -0.58036 -1.60714 -0.65893 -0.71429 -0.36250 3.62500 2.83929 1.65179 -0.54286 -2.27679 -0.03929 1.65179 -0.13750 

-1.78571 -0.62143 -1.51786 -0.70357 -0.62500 -0.39286 3.25000 2.78571 1.56250 -0.59821 -2.18750 -0.06607 1.56250 -0.16607 

-1.69643 -0.66964 -1.42857 -0.76250 -0.53571 -0.40000 2.91071 2.75000 1.47321 -0.66607 -2.09821 -0.10893 1.47321 -0.19286 

-1.60714 -0.72857 -1.33929 -0.80714 -0.44643 -0.41429 2.55357 2.66071 1.38393 -0.71964 -2.00893 -0.15000 1.38393 -0.21429 

-1.51786 -0.82500 -1.25000 -0.85357 -0.35714 -0.41429 2.23214 2.60714 1.29464 -0.76786 -1.91964 -0.18929 1.29464 -0.22143 

-1.42857 -0.85714 -1.16071 -0.90536 -0.26786 -0.42857 1.96429 2.58929 1.20536 -0.81786 -1.83036 -0.23929 1.20536 -0.23929 

-1.33929 -0.92500 -1.07143 -0.95714 -0.17857 -0.40714 1.66071 2.58929 1.11607 -0.88393 -1.74107 -0.29464 1.11607 -0.24643 

-1.25000 -0.97857 -0.98214 -1.00893 -0.08929 -0.41071 1.33929 2.60714 1.02679 -0.94821 -1.65179 -0.33929 1.02679 -0.24643 

-1.16071 -1.04643 -0.89286 -1.03929 0.00000 -0.40893 0.89286 2.62500 0.93750 -1.03750 -1.56250 -0.39286 0.93750 -0.25000 

-1.07143 -1.14464 -0.80357 -1.11071 0.08929 -0.39464 0.44643 2.62500 0.84821 -1.11071 -1.47321 -0.42857 0.84821 -0.23214 

-0.98214 -1.18393 -0.71429 -1.17143 0.17857 -0.38571 0.00000 2.64286 0.75893 -1.12143 -1.38393 -0.48393 0.75893 -0.23571 

-0.89286 -1.25893 -0.62500 -1.19643 0.26786 -0.36429 -0.46429 2.60714 0.66964 -1.11964 -1.29464 -0.51607 0.66964 -0.22679 

-0.80357 -1.27500 -0.53571 -1.21964 0.35714 -0.36250 -0.75000 2.53571 0.58036 -1.06964 -1.20536 -0.57143 0.58036 -0.22143 

-0.71429 -1.26250 -0.44643 -1.21786 0.44643 -0.36071 -1.05357 2.46429 -0.58036 -1.08036 -1.11607 -0.60179 0.49107 -0.21429 

0.71429 -0.74643 -0.35714 -1.20357 0.53571 -0.33929 -1.39286 2.30357 -0.66964 -1.12500 -1.02679 -0.63036 0.40179 -0.19107 

0.80357 -0.72143 -0.26786 -1.15536 0.62500 -0.30714 -1.60714 2.12500 -0.75893 -1.13750 -0.93750 -0.66964 0.31250 -0.19464 

0.89286 -0.70357 -0.17857 -1.12857 0.71429 -0.29643 -1.91071 1.91071 -0.84821 -1.11786 -0.84821 -0.70714 0.22321 -0.21071 
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0.98214 -0.65536 -0.08929 -1.08571 0.80357 -0.27143 -2.16071 1.69643 -0.93750 -1.05893 -0.75893 -0.75536 0.13393 -0.21429 

1.07143 -0.59821 0.00000 -1.07679 0.89286 -0.24821 -2.33929 1.42857 -1.02679 -0.96250 -0.66964 -0.75893 0.04464 -0.19643 

1.16071 -0.56429 0.08929 -1.05000 0.98214 -0.22321 -2.48214 1.17857 -1.11607 -0.88750 -0.58036 -0.79107 -0.04464 -0.19286 

1.25000 -0.49286 0.17857 -1.02500 1.07143 -0.20179 -2.58929 0.89286 -1.20536 -0.82500 -0.49107 -0.80893 -0.13393 -0.20179 

1.33929 -0.42143 0.26786 -1.00536 1.16071 -0.18214 -2.67857 0.60714 -1.29464 -0.77857 -0.40179 -0.85000 -0.22321 -0.19464 

1.42857 -0.35536 0.35714 -0.96429 1.25000 -0.16250 -2.73214 0.26786 -1.38393 -0.72857 -0.31250 -0.86250 -0.31250 -0.18750 

1.51786 -0.29821 0.44643 -0.93036 1.33929 -0.13750 -2.76786 -0.01786 -1.47321 -0.67321 -0.22321 -0.86250 -0.40179 -0.20357 

1.60714 -0.25000 0.53571 -0.90179 1.42857 -0.11250 -2.75000 -0.32143 -1.56250 -0.59821 -0.13393 -0.88036 -0.49107 -0.21786 

1.69643 -0.18036 0.62500 -0.84107 1.51786 -0.09643 -2.69643 -0.60714 -1.65179 -0.53214 -0.04464 -0.87143 -0.58036 -0.22679 

1.78571 -0.14286 0.71429 -0.76429 1.60714 -0.07857 -2.64286 -0.91071 -1.74107 -0.50357 0.04464 -0.86964 -0.66964 -0.24107 

1.87500 -0.07143 0.80357 -0.71786 1.69643 -0.06250 -2.53571 -1.14286 -1.83036 -0.44643 0.13393 -0.86429 -0.75893 -0.24821 

1.96429 -0.04286 0.89286 -0.64286 1.78571 -0.03214 -2.41071 -1.41071 -1.91964 -0.41964 0.22321 -0.82500 -0.84821 -0.24464 

2.05357 0.00179 0.98214 -0.60893 1.87500 -0.01250 -2.23214 -1.60714 -2.00893 -0.37143 0.31250 -0.81964 -0.93750 -0.24821 

2.14286 0.06786 1.07143 -0.53750 1.96429 0.00179 -2.03571 -1.83929 -2.09821 -0.33036 0.40179 -0.81607 -1.02679 -0.24464 

2.23214 0.10714 1.16071 -0.48393 2.05357 0.01786 -1.78571 -2.01786 -2.18750 -0.28750 0.49107 -0.82500 -1.11607 -0.23750 

2.32143 0.15536 1.25000 -0.44107 2.14286 0.03393 -1.57143 -2.19643 -2.27679 -0.24286 0.58036 -0.77679 -1.20536 -0.23036 

2.41071 0.20000 1.33929 -0.37143 2.23214 0.03036 -1.33929 -2.32143 -2.36607 -0.17679 0.66964 -0.75357 -1.29464 -0.21786 

2.58929 0.26786 1.42857 -0.31250 2.41071 0.05000 -1.08929 -2.46429 -2.45536 -0.12500 0.75893 -0.70893 -1.38393 -0.19821 

2.76786 0.32679 1.51786 -0.28393 2.58929 0.07143 -0.78571 -2.58929 -2.54464 -0.07143 0.84821 -0.68571 -1.47321 -0.18929 

2.94643 0.39464 1.60714 -0.23214 2.76786 0.06964 -0.51786 -2.64286 -2.63393 -0.02500 0.93750 -0.65714 -1.56250 -0.15714 

3.12500 0.44643 1.69643 -0.20000 2.94643 0.08929 -0.23214 -2.71429 -2.72321 -0.00714 1.02679 -0.63571 -1.65179 -0.11964 

3.30357 0.48750 1.78571 -0.15893 3.12500 0.10536 0.16071 -2.73214 -2.81250 0.00536 1.11607 -0.58750 -1.74107 -0.10000 

3.48214 0.52321 1.87500 -0.11786 3.30357 0.12321 0.62500 -2.73214 -2.90179 0.01071 1.20536 -0.55536 -1.83036 -0.08036 

3.66071 0.57321 1.96429 -0.05714 3.48214 0.13214 1.21429 -2.69643 -2.99107 0.01429 1.29464 -0.51786 -1.91964 -0.05357 

3.83929 0.60536 2.05357 -0.01429 3.66071 0.15000 1.62500 -2.62500 -3.08036 0.01607 1.38393 -0.46250 -2.00893 -0.04643 

4.01786 0.62321 2.14286 -0.02679 3.83929 0.16429 2.05357 -2.51786 -3.16964 0.00536 1.47321 -0.42500 -2.09821 -0.03036 

4.19643 0.65179 2.23214 0.02679 4.01786 0.16071 2.57143 -2.55357 -3.25893 0.00893 1.56250 -0.37500 -2.18750 -0.02857 

4.37500 0.67321 2.32143 0.07857 4.19643 0.15893 2.91071 -2.62500 -3.34821 0.01429 1.65179 -0.31607 -2.27679 -0.00714 

4.55357 0.70536 2.41071 0.10893 4.37500 0.17857 3.28571 -2.67857   1.74107 -0.26071 -2.36607 0.00357 

4.73214 0.70536 2.58929 0.15179 4.55357 0.18036 3.66071 -2.69643   1.83036 -0.21786 -2.45536 0.02679 

4.91071 0.70357 2.76786 0.21250 4.73214 0.17321 4.05357 -2.71429   1.91964 -0.17679 -2.54464 0.01607 

5.08929 0.70714 2.94643 0.25714 4.91071 0.17321 4.30357 -2.73214   2.00893 -0.13929 -2.63393 0.02500 
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5.26786 0.71250 3.12500 0.29107 5.08929 0.17679 4.83929 -2.73214   2.09821 -0.08393 -2.72321 0.02321 

5.44643 0.71071 3.30357 0.33393 5.26786 0.18750 4.94643 -2.71429   2.18750 -0.06964 -2.81250 -0.01071 

5.62500 0.70714 3.48214 0.37857 5.44643 0.19286 5.12500 -2.71429   2.27679 -0.04107 -2.90179 -0.01786 

5.80357 0.69286 3.66071 0.41964 5.62500 0.18929 5.51786 -2.73214   2.36607 -0.04107 -2.99107 -0.01250 

5.98214 0.55714 3.83929 0.43750 5.80357 0.17321 2.05357 -2.46429   2.45536 -0.03571 -3.08036 -0.02679 

6.07143 0.49464 4.01786 0.46250 5.98214 0.17857 2.12500 -2.23214   2.54464 -0.04107 -3.16964 -0.03929 

6.16071 0.43750 4.19643 0.50179 6.16071 0.17143 2.23214 -2.03571   2.63393 -0.02679 -3.25893 -0.02679 

6.25000 0.36071 4.37500 0.51250 6.33929 0.13750 2.41071 -1.78571   2.68750 -0.03214 -3.34821 -0.02500 

6.33929 0.28571 4.55357 0.52321 6.51786 0.06964 2.44643 -1.55357       
6.42857 0.23214 4.73214 0.54821 6.69643 0.01607 2.50000 -1.41071       
6.51786 0.13571 4.91071 0.55714 6.87500 -0.06071 2.44643 -1.17857       
6.60714 0.08750 5.08929 0.56429 7.05357 -0.16071 2.32143 -0.91071       
6.69643 0.05714 5.26786 0.55179 7.23214 -0.22321 2.19643 -0.67857       
6.78571 0.05000 5.44643 0.55000   2.08929 -0.41071       
6.87500 0.04821 5.62500 0.56250   2.01786 -0.19643       
6.96429 0.04643 5.80357 0.58393   2.01786 0.12500       
7.05357 0.03214 5.98214 0.59107   2.05357 0.35714       
7.14286 0.01250 6.16071 0.50357   1.94643 0.64286       
7.23214 -0.00357 6.25000 0.44464   2.26786 0.92857       

  6.33929 0.39107   2.37500 1.16071       
  6.42857 0.30893   2.42857 1.35714       
  6.51786 0.24643   2.41071 1.55357       
  6.60714 0.18929   2.28571 1.78571       
  6.69643 0.11786   2.07143 2.05357       
  6.78571 0.03036   1.92857 2.30357       
  6.87500 -0.02321   1.75000 2.44643       
  6.96429 -0.06607           
  7.05357 -0.10000           
  7.14286 -0.10357           
  7.23214 -0.10000           
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Test ID: B2 (b = 0.8 m, h = 0.12 m, U = 0.261 m/s, D = 0.056 m, d50 = 0.74 mm, emergent cylinder) 

Z/D = 0 Z/D = 0.5 Z/D = 3.8 Y/D = 0 X/D = 0 X/D = -1.3 X/D = 1.75 

X/D Y/D X/D Y/D X/D Y/D X/D Z/D Z/D Y/D Z/D Y/D Z/D Y/D 

-3.08036 -0.02560 -2.90179 -0.03274 6.65179 -0.06667 9.15179 -4.62500 2.94643 -0.05952 2.58929 -0.03631 -3.03571 0.00655 

-2.99107 -0.02917 -2.81250 -0.04524 6.74107 -0.05952 8.79464 -4.62500 2.85714 -0.06310 2.50000 -0.05774 -2.94643 0.02619 

-2.90179 -0.06131 -2.72321 -0.08631 6.83036 -0.07202 8.43750 -4.64286 2.76786 -0.11667 2.41071 -0.08095 -2.85714 0.02083 

-2.81250 -0.09524 -2.63393 -0.12381 6.91964 -0.07381 8.16964 -4.60714 2.67857 -0.15417 2.32143 -0.11131 -2.76786 0.01369 

-2.72321 -0.14702 -2.54464 -0.18095 7.00893 -0.07917 7.84821 -4.42857 2.58929 -0.21310 2.23214 -0.16488 -2.67857 -0.00595 

-2.63393 -0.19524 -2.45536 -0.24702 7.09821 -0.10417 7.54464 -4.37500 2.50000 -0.27560 2.14286 -0.21310 -2.58929 -0.04524 

-2.54464 -0.26131 -2.36607 -0.29167 7.18750 -0.14702 7.33036 -4.25000 2.41071 -0.31667 2.05357 -0.25060 -2.50000 -0.05595 

-2.45536 -0.29881 -2.27679 -0.36131 7.27679 -0.18452 7.16964 -4.14286 2.32143 -0.35774 1.96429 -0.29345 -2.41071 -0.08452 

-2.36607 -0.36845 -2.18750 -0.40595 7.36607 -0.22024 7.02679 -4.00000 2.23214 -0.40774 1.87500 -0.33095 -2.32143 -0.10060 

-2.27679 -0.40060 -2.09821 -0.47024 7.45536 -0.23452 6.91964 -3.82143 2.14286 -0.43274 1.78571 -0.38988 -2.23214 -0.11488 

-2.18750 -0.47381 -2.00893 -0.52024 7.54464 -0.24167 6.83036 -3.66071 2.05357 -0.47560 1.69643 -0.43810 -2.14286 -0.13452 

-2.09821 -0.53452 -1.91964 -0.57560 7.63393 -0.25060 6.65179 -3.46429 1.96429 -0.50060 1.60714 -0.47560 -2.05357 -0.15952 

-2.00893 -0.58631 -1.83036 -0.63452 7.72321 -0.28452 6.47321 -3.42857 1.87500 -0.55238 1.51786 -0.52560 -1.96429 -0.18095 

-1.91964 -0.62560 -1.74107 -0.66488 7.81250 -0.28274 5.99107 -3.42857 1.78571 -0.60238 1.42857 -0.56845 -1.87500 -0.20238 

-1.83036 -0.71310 -1.65179 -0.71845 7.90179 -0.29524 5.49107 -3.42857 1.69643 -0.65595 1.33929 -0.60952 -1.78571 -0.21310 

-1.74107 -0.71488 -1.56250 -0.73631 7.99107 -0.28810 5.04464 -3.42857 1.60714 -0.71667 1.25000 -0.66488 -1.69643 -0.25774 

-1.65179 -0.77381 -1.47321 -0.80774 8.08036 -0.26667 4.59821 -3.44643 1.51786 -0.79702 1.16071 -0.68988 -1.60714 -0.28988 

-1.56250 -0.84167 -1.38393 -0.87381 8.16964 -0.25952 4.15179 -3.44643 1.42857 -0.84524 1.07143 -0.73631 -1.51786 -0.30952 

-1.47321 -0.92917 -1.29464 -0.94167 8.25893 -0.24524 3.79464 -3.41071 1.33929 -0.91845 0.98214 -0.73274 -1.42857 -0.35060 

-1.38393 -0.99702 -1.20536 -0.95238 8.34821 -0.23274 3.34821 -3.32143 1.25000 -0.94345 0.89286 -0.78631 -1.33929 -0.36131 

-1.29464 -1.04702 -1.11607 -1.03095 8.43750 -0.20595 2.88393 -3.17857 1.16071 -1.01131 0.80357 -0.82738 -1.25000 -0.38274 

-1.20536 -1.11310 -1.02679 -1.08631 8.52679 -0.19702 2.54464 -3.03571 1.07143 -1.07560 0.71429 -0.86310 -1.16071 -0.38810 

-1.11607 -1.18452 -0.93750 -1.14524 8.61607 -0.17917 2.27679 -2.92857 0.98214 -1.15417 0.62500 -0.89524 -1.07143 -0.39524 

-1.02679 -1.26667 -0.84821 -1.19524 8.70536 -0.12917 2.09821 -2.83929 0.89286 -1.22560 0.53571 -0.90238 -0.98214 -0.39524 

-0.93750 -1.34167 -0.75893 -1.27024 8.79464 -0.09702 1.79464 -2.83929 0.80357 -1.24345 0.44643 -0.94167 -0.89286 -0.39881 

-0.84821 -1.36845 -0.66964 -1.31310 8.88393 -0.05595 1.47321 -2.85714 0.71429 -1.23452 0.35714 -0.94524 -0.80357 -0.38631 

-0.75893 -1.38631 -0.58036 -1.32024 8.97321 -0.03452 0.95536 -2.89286 0.62500 -1.19345 0.26786 -0.96131 -0.71429 -0.39524 

-0.66964 -1.35238 -0.49107 -1.31845 9.06250 -0.02202 0.61607 -2.89286 -0.62500 -1.25774 0.17857 -0.96667 -0.62500 -0.37917 

0.66964 -0.86131 -0.40179 -1.32381 9.15179 -0.00060 0.22321 -2.92857 -2.67857 -0.11310 0.08929 -0.98095 -0.53571 -0.36845 
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0.75893 -0.84345 -0.31250 -1.30595 9.24107 0.01726 -0.04464 -2.92857 -2.58929 -0.15060 0.00000 -0.98988 -0.44643 -0.36131 

0.84821 -0.81845 -0.22321 -1.26488 9.33036 0.04048 -0.43750 -2.89286 -2.50000 -0.20060 -0.08929 -0.97738 -0.35714 -0.34702 

0.93750 -0.79167 -0.13393 -1.24167 9.41964 0.06369 -0.83036 -2.80357 -2.41071 -0.25060 -0.17857 -0.95238 -0.26786 -0.34167 

1.02679 -0.72738 -0.04464 -1.19702 9.50893 0.05833 -1.11607 -2.67857 -2.32143 -0.31310 -0.26786 -0.94881 -0.17857 -0.34345 

1.11607 -0.69881 0.04464 -1.17738 9.59821 0.05298 -1.29464 -2.57143 -2.23214 -0.35238 -0.35714 -0.91845 -0.08929 -0.34881 

1.20536 -0.64702 0.13393 -1.15060   -1.56250 -2.41071 -2.14286 -0.37917 -0.44643 -0.91488 0.00000 -0.35060 

1.29464 -0.60060 0.22321 -1.13631   -1.83036 -2.23214 -2.05357 -0.43810 -0.53571 -0.89345 0.08929 -0.35060 

1.38393 -0.51310 0.31250 -1.10595   -2.11607 -2.00000 -1.96429 -0.46310 -0.62500 -0.86310 0.17857 -0.35238 

1.47321 -0.45595 0.40179 -1.08095   -2.27679 -1.82143 -1.87500 -0.51310 -0.71429 -0.83988 0.26786 -0.36310 

1.56250 -0.41131 0.49107 -1.04702   -2.40179 -1.62500 -1.78571 -0.56488 -0.80357 -0.77738 0.35714 -0.37560 

1.65179 -0.36310 0.58036 -1.00952   -2.54464 -1.35714 -1.69643 -0.61310 -0.89286 -0.74524 0.44643 -0.38274 

1.74107 -0.31131 0.66964 -0.94881   -2.72321 -1.16071 -1.60714 -0.65952 -0.98214 -0.73274 0.53571 -0.39345 

1.83036 -0.27381 0.75893 -0.91131   -2.81250 -0.92857 -1.51786 -0.72560 -1.07143 -0.70060 0.62500 -0.39881 

1.91964 -0.22917 0.84821 -0.84167   -2.86607 -0.71429 -1.42857 -0.77560 -1.16071 -0.65595 0.71429 -0.38988 

2.00893 -0.19167 0.93750 -0.78274   -2.97321 -0.44643 -1.33929 -0.84345 -1.25000 -0.62024 0.80357 -0.39881 

2.09821 -0.13810 1.02679 -0.75417   -2.95536 -0.08929 -1.25000 -0.90238 -1.33929 -0.57381 0.89286 -0.38810 

2.18750 -0.09345 1.11607 -0.69524   -2.99107 0.39286 -1.16071 -0.95774 -1.42857 -0.54167 0.98214 -0.39881 

2.27679 -0.03988 1.20536 -0.62917   -2.91964 0.67857 -1.07143 -1.01667 -1.51786 -0.50595 1.07143 -0.40417 

2.36607 -0.00595 1.29464 -0.59345   -2.86607 0.92857 -0.98214 -1.10060 -1.60714 -0.46310 1.16071 -0.40417 

2.45536 0.04583 1.38393 -0.51667   -2.77679 1.14286 -0.89286 -1.17381 -1.69643 -0.41845 1.25000 -0.39345 

2.54464 0.07083 1.47321 -0.47917   -2.65179 1.37500 -0.80357 -1.22202 -1.78571 -0.37202 1.33929 -0.38988 

2.63393 0.11012 1.56250 -0.43631   -2.54464 1.57143 -0.71429 -1.24702 -1.87500 -0.32381 1.42857 -0.37560 

2.81250 0.17440 1.65179 -0.39524   -2.33036 1.78571   -1.96429 -0.28631 1.51786 -0.34524 

2.99107 0.23869 1.74107 -0.35952   -2.13393 1.85714   -2.05357 -0.22381 1.60714 -0.32024 

3.16964 0.26726 1.83036 -0.30417   -1.97321 2.23214   -2.14286 -0.18988 1.69643 -0.29702 

3.34821 0.32083 1.91964 -0.27024   -1.84821 2.32143   -2.23214 -0.12917 1.78571 -0.25952 

3.52679 0.34048 2.00893 -0.23274   -1.70536 2.39286   -2.32143 -0.09881 1.87500 -0.22381 

3.70536 0.37798 2.09821 -0.18810   -1.56250 2.50000   -2.41071 -0.04345 1.96429 -0.20060 

3.88393 0.41548 2.18750 -0.16310   -1.43750 2.55357   -2.50000 -0.01310 2.05357 -0.17202 

4.06250 0.42619 2.27679 -0.12202   -1.29464 2.64286   -2.58929 0.01726 2.14286 -0.13631 

4.24107 0.46369 2.36607 -0.10238   -1.06250 2.71429   -2.67857 0.03690 2.23214 -0.13274 

4.41964 0.47798 2.45536 -0.06131   -0.84821 2.76786     2.32143 -0.12560 
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4.59821 0.50119 2.63393 -0.00952   -0.59821 2.85714     2.41071 -0.10774 

4.77679 0.51190 2.81250 0.04940   -0.34821 2.89286     2.50000 -0.09702 

4.95536 0.52619 2.99107 0.11905   -0.08036 2.92857     2.58929 -0.08452 

5.13393 0.54048 3.16964 0.15119   0.20536 2.92857     2.67857 -0.05774 

5.31250 0.55119 3.34821 0.19048   0.66964 2.92857     2.76786 -0.02202 

5.49107 0.55298 3.52679 0.22083   1.29464 2.92857     2.85714 -0.01310 

5.66964 0.57440 3.70536 0.25119   1.70536 2.92857     2.94643 -0.00774 

5.84821 0.57619 3.88393 0.29405   2.00893 2.89286     3.03571 -0.02560 

6.02679 0.59405 4.06250 0.31726   2.31250 2.87500       
6.20536 0.58690 4.24107 0.35119   2.61607 2.96429       
6.38393 0.60119 4.41964 0.36369   2.99107 3.12500       
6.56250 0.60655 4.59821 0.38333   3.34821 3.23214       
6.74107 0.61726 4.77679 0.39405   3.70536 3.23214       
6.91964 0.62262 4.95536 0.42440   4.24107 3.21429       
7.09821 0.61548 5.13393 0.43512   4.59821 3.14286       
7.27679 0.61012 5.31250 0.42798   4.90179 3.07143       
7.45536 0.43512 5.49107 0.44940   5.13393 3.12500       
7.63393 0.28690 5.66964 0.44762   5.47321 3.21429       
7.81250 0.15298 5.84821 0.45476   5.75893 3.33929       
7.99107 0.05298 6.02679 0.46726   5.97321 3.46429       
8.16964 0.06548 6.20536 0.46548   6.09821 3.64286       
8.34821 0.03512 6.38393 0.47798   6.29464 3.89286       
8.52679 -0.00060 6.56250 0.48869   6.47321 4.05357       
8.70536 -0.03095 6.74107 0.48690   6.61607 4.19643       
8.88393 -0.06310 6.91964 0.47976   6.81250 4.28571       
9.06250 -0.05952 7.09821 0.49583   7.27679 4.32143       
9.24107 -0.06667 7.27679 0.49226   7.77679 4.23214       
9.41964 -0.08452 7.45536 0.48333   8.20536 4.21429       

  7.63393 0.49226   8.45536 4.19643       

  7.81250 0.36012   8.74107 4.23214       

  7.99107 0.23512   9.13393 4.28571       

  8.16964 0.15298   9.59821 4.25000       
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  8.34821 -0.01131   1.86607 2.85714       

  8.52679 -0.11131   2.04464 2.57143       

  8.70536 -0.21845   2.27679 2.23214       

  8.88393 -0.22917   2.47321 1.87500       

  9.06250 -0.28452   2.68750 1.60714       

  9.24107 -0.40060   2.77679 1.33929       

  9.41964 -0.43631   2.68750 1.01786       

      2.47321 0.87500       

      2.34821 0.41071       

      2.22321 0.01786       

      2.31250 -0.35714       

      2.41964 -0.67857       

      2.65179 -1.00000       

      2.77679 -1.21429       

      2.77679 -1.53571       

      2.63393 -1.80357       

      2.41964 -2.08929       

      2.09821 -2.21429       

      1.86607 -2.62500       
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Test ID: B3 (b = 1.22 m, h = 0.12 m, U = 0.254 m/s, D = 0.056 m, d50 = 0.74 mm, emergent cylinder) 

Z/D = 0 Z/D = 0.5 Z/D = 5.7 Y/D = 0 X/D = 0 X/D = -1.3 X/D = 1.75 

X/D Y/D X/D Y/D X/D Y/D X/D Z/D Z/D Y/D Z/D Y/D Z/D Y/D 

-3.25893 -0.04405 -3.16964 -0.04583 - - 10.22321 4.53571 3.25893 0.00595 -2.72321 -0.02798 3.16964 -0.00119 

-3.16964 -0.06726 -3.08036 -0.06012 - - 10.04464 4.48214 3.16964 -0.00119 -2.63393 -0.03155 3.08036 0.02381 

-3.08036 -0.07976 -2.99107 -0.07976 - - 9.66964 4.50000 3.08036 -0.00298 -2.54464 -0.07440 2.99107 0.00952 

-2.99107 -0.13155 -2.90179 -0.11190 - - 9.15179 4.57143 2.99107 -0.02619 -2.45536 -0.10655 2.90179 0.01131 

-2.90179 -0.15476 -2.81250 -0.14405 - - 8.79464 4.50000 2.90179 -0.07262 -2.36607 -0.13333 2.81250 -0.00298 

-2.81250 -0.22440 -2.72321 -0.17619 - - 8.40179 4.41071 2.81250 -0.12440 -2.27679 -0.17262 2.72321 -0.03333 

-2.72321 -0.24762 -2.63393 -0.24940 - - 8.18750 4.48214 2.72321 -0.16905 -2.18750 -0.23155 2.63393 -0.04940 

-2.63393 -0.30476 -2.54464 -0.27976 - - 7.81250 4.46429 2.63393 -0.22083 -2.09821 -0.27440 2.54464 -0.07262 

-2.54464 -0.35833 -2.45536 -0.33333 - - 7.27679 4.46429 2.54464 -0.27262 -2.00893 -0.32083 2.45536 -0.08512 

-2.45536 -0.38690 -2.36607 -0.37083 - - 7.06250 4.50000 2.45536 -0.32083 -1.91964 -0.36369 2.36607 -0.11190 

-2.36607 -0.45298 -2.27679 -0.42083 - - 6.74107 4.50000 2.36607 -0.36190 -1.83036 -0.39940 2.27679 -0.12619 

-2.27679 -0.49940 -2.18750 -0.46726 - - 6.38393 4.28571 2.27679 -0.41012 -1.74107 -0.46905 2.18750 -0.14583 

-2.18750 -0.55298 -2.09821 -0.51369 - - 5.93750 3.83929 2.18750 -0.46548 -1.65179 -0.50476 2.09821 -0.16905 

-2.09821 -0.60119 -2.00893 -0.57262 - - 5.72321 3.48214 2.09821 -0.50119 -1.56250 -0.54762 2.00893 -0.20476 

-2.00893 -0.66905 -1.91964 -0.60476 - - 5.54464 3.39286 2.00893 -0.55833 -1.47321 -0.58333 1.91964 -0.25655 

-1.91964 -0.70655 -1.83036 -0.68333 - - 5.06250 3.23214 1.91964 -0.59940 -1.38393 -0.62798 1.83036 -0.30119 

-1.83036 -0.74940 -1.74107 -0.72262 - - 4.65179 3.35714 1.83036 -0.66369 -1.29464 -0.66905 1.74107 -0.32798 

-1.74107 -0.80655 -1.65179 -0.76369 - - 4.29464 3.35714 1.74107 -0.71726 -1.20536 -0.73333 1.65179 -0.36905 

-1.65179 -0.86012 -1.56250 -0.81369 - - 4.11607 3.28571 1.65179 -0.78512 -1.11607 -0.76012 1.56250 -0.39048 

-1.56250 -0.89762 -1.47321 -0.83512 - - 3.74107 3.23214 1.56250 -0.82440 -1.02679 -0.80298 1.47321 -0.40833 

-1.47321 -0.99583 -1.38393 -0.90655 - - 3.34821 3.21429 1.47321 -0.90298 -0.93750 -0.84226 1.38393 -0.41548 

-1.38393 -1.03333 -1.29464 -0.97262 - - 3.04464 3.14286 1.38393 -0.96369 -0.84821 -0.86012 1.29464 -0.42619 

-1.29464 -1.10655 -1.20536 -1.00476 - - 2.58036 3.03571 1.29464 -0.99405 -0.75893 -0.88869 1.20536 -0.43869 

-1.20536 -1.16012 -1.11607 -1.06012 - - 2.08036 2.98214 1.20536 -1.07440 -0.66964 -0.88869 1.11607 -0.45476 

-1.11607 -1.22262 -1.02679 -1.09048 - - 1.72321 2.92857 1.11607 -1.15833 -0.58036 -0.96012 1.02679 -0.45655 

-1.02679 -1.29226 -0.93750 -1.14405 - - 1.38393 2.85714 1.02679 -1.20833 -0.49107 -0.95476 0.93750 -0.43690 

-0.93750 -1.40476 -0.84821 -1.20655 - - 1.00893 2.91071 0.93750 -1.28690 -0.40179 -1.01369 0.84821 -0.41190 

-0.84821 -1.44940 -0.75893 -1.26190 - - 0.58036 2.92857 0.84821 -1.31190 -0.31250 -1.03155 0.75893 -0.41548 

-0.75893 -1.47976 -0.66964 -1.34583 - - 0.08036 2.89286 0.75893 -1.30298 -0.22321 -1.05298 0.66964 -0.37798 
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-0.66964 -1.44048 -0.58036 -1.37619 - - -0.45536 2.87500 0.66964 -1.27976 -0.13393 -1.05655 0.58036 -0.37798 

-0.58036 -1.38690 -0.49107 -1.40298 - - -0.88393 2.78571 0.58036 -1.18155 -0.04464 -1.07262 0.49107 -0.36905 

0.58036 -0.92083 -0.40179 -1.38869 - - -1.20536 2.67857 -0.58036 -1.28512 0.04464 -1.05476 0.40179 -0.35119 

0.66964 -0.90833 -0.31250 -1.37440 - - -1.63393 2.53571 -0.66964 -1.30655 0.13393 -1.03512 0.31250 -0.33155 

0.75893 -0.90476 -0.22321 -1.35833 - - -2.09821 2.25000 -0.75893 -1.28333 0.22321 -1.04226 0.22321 -0.33512 

0.84821 -0.88333 -0.13393 -1.33512 - - -2.29464 1.98214 -0.84821 -1.23869 0.31250 -1.01726 0.13393 -0.36012 

0.93750 -0.83512 -0.04464 -1.28512 - - -2.52679 1.64286 -0.93750 -1.18333 0.40179 -1.01726 0.04464 -0.33690 

1.02679 -0.77262 0.04464 -1.27083 - - -2.72321 1.28571 -1.02679 -1.07976 0.49107 -1.00119 -0.04464 -0.34048 

1.11607 -0.70298 0.13393 -1.25655 - - -2.90179 1.01786 -1.11607 -0.99226 0.58036 -0.97976 -0.13393 -0.37440 

1.20536 -0.64048 0.22321 -1.22798 - - -3.08036 0.69643 -1.20536 -0.95298 0.66964 -0.97262 -0.22321 -0.37262 

1.29464 -0.59226 0.31250 -1.20298 - - -3.20536 0.37500 -1.29464 -0.89583 0.75893 -0.88155 -0.31250 -0.37976 

1.38393 -0.52619 0.40179 -1.16548 - - -3.22321 0.10714 -1.38393 -0.84048 0.84821 -0.88512 -0.40179 -0.38690 

1.47321 -0.46548 0.49107 -1.10833 - - -3.20536 -0.19643 -1.47321 -0.78155 0.93750 -0.81190 -0.49107 -0.37083 

1.56250 -0.41012 0.58036 -1.08512 - - -3.24107 -0.58929 -1.56250 -0.73333 1.02679 -0.78512 -0.58036 -0.38512 

1.65179 -0.38155 0.66964 -1.01905 - - -3.16964 -0.87500 -1.65179 -0.66905 1.11607 -0.77440 -0.66964 -0.41548 

1.74107 -0.29762 0.75893 -0.96012 - - -3.06250 -1.12500 -1.74107 -0.62619 1.20536 -0.74583 -0.75893 -0.37798 

1.83036 -0.24405 0.84821 -0.87976 - - -2.90179 -1.44643 -1.83036 -0.57976 1.29464 -0.68512 -0.84821 -0.35119 

1.91964 -0.19762 0.93750 -0.82619 - - -2.68750 -1.82143 -1.91964 -0.52976 1.38393 -0.64762 -0.93750 -0.36905 

2.00893 -0.16190 1.02679 -0.76905 - - -2.45536 -2.16071 -2.00893 -0.49940 1.47321 -0.58512 -1.02679 -0.38869 

2.09821 -0.11012 1.11607 -0.69940 - - -2.18750 -2.50000 -2.09821 -0.45655 1.56250 -0.55833 -1.11607 -0.38690 

2.18750 -0.04762 1.20536 -0.64762 - - -1.88393 -2.62500 -2.18750 -0.41369 1.65179 -0.53155 -1.20536 -0.37619 

2.27679 -0.00119 1.29464 -0.60833 - - -1.65179 -2.80357 -2.27679 -0.36726 1.74107 -0.49048 -1.29464 -0.37262 

2.36607 0.01845 1.38393 -0.54405 - - -1.41964 -2.92857 -2.36607 -0.31726 1.83036 -0.43869 -1.38393 -0.34940 

2.45536 0.02738 1.47321 -0.51190 - - -1.09821 -3.03571 -2.45536 -0.26905 1.91964 -0.38869 -1.47321 -0.32083 

2.54464 0.08988 1.56250 -0.45833 - - -0.70536 -3.05357 -2.54464 -0.21012 2.00893 -0.33512 -1.56250 -0.30298 

2.63393 0.13631 1.65179 -0.40833 - - -0.49107 -3.12500 -2.63393 -0.12976 2.09821 -0.29583 -1.65179 -0.28155 

2.72321 0.15060 1.74107 -0.37619 - - 0.02679 -3.19643 -2.72321 -0.10655 2.18750 -0.26548 -1.74107 -0.24048 

2.81250 0.19167 1.83036 -0.31548 - - 0.41964 -3.25000 -2.81250 -0.05298 2.27679 -0.20655 -1.83036 -0.22798 

2.90179 0.22738 1.91964 -0.27798 - - 1.11607 -3.26786 -2.90179 -0.03512 2.36607 -0.18690 -1.91964 -0.18690 

2.99107 0.27024 2.00893 -0.22440 - - 1.91964 -3.21429 -2.99107 -0.01726 2.45536 -0.12262 -2.00893 -0.17262 

3.08036 0.28988 2.09821 -0.20298 - - 2.54464 -3.21429 -3.08036 -0.00833 2.54464 -0.09940 -2.09821 -0.13690 

3.16964 0.32024 2.18750 -0.14940 - - 3.20536 -3.32143 -3.16964 0.00060 2.63393 -0.05476 -2.18750 -0.12440 
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3.25893 0.34881 2.27679 -0.11012 - - 3.79464 -3.39286   2.72321 -0.03512 -2.27679 -0.09583 

3.34821 0.37560 2.36607 -0.07440 - - 4.49107 -3.50000   2.81250 0.00238 -2.36607 -0.08512 

3.43750 0.40952 2.45536 -0.02619 - - 5.02679 -3.55357   2.90179 0.00774 -2.45536 -0.07619 

3.61607 0.43810 2.54464 0.02560 - - 5.38393 -3.62500   2.99107 0.01310 -2.54464 -0.04583 

3.79464 0.47381 2.63393 0.02024 - - 5.83036 -3.71429   3.08036 0.01845 -2.63393 -0.02262 

3.97321 0.50952 2.72321 0.02381 - - 6.04464 -3.71429   3.16964 0.03810 -2.72321 -0.01012 

4.15179 0.54345 2.81250 0.04167 - - 6.11607 -3.98214   3.25893 0.03274 -2.81250 0.00774 

4.33036 0.57738 2.90179 0.08988 - - 6.27679 -4.28571   3.34821 0.02917 -2.90179 -0.00119 

4.50893 0.59345 2.99107 0.12917 - - 6.58036 -4.51786   3.43750 0.03810 -2.99107 -0.01369 

4.68750 0.61488 3.08036 0.15952 - - 7.20536 -4.87500     -3.08036 -0.02262 

4.86607 0.62560 3.16964 0.16667 - - 7.24107 -5.03571     -3.16964 -0.01369 

5.04464 0.63452 3.25893 0.19167 - - 7.49107 -5.08929     -3.25893 -0.01726 

5.22321 0.65238 3.34821 0.22024 - - 8.06250 -5.17857       
5.40179 0.66310 3.43750 0.23810 - - 8.16964 -5.07143       
5.58036 0.65417 3.61607 0.28452 - - 8.77679 -5.00000       
5.75893 0.68095 3.79464 0.30417 - - 8.97321 -4.92857       
5.93750 0.68274 3.97321 0.34881 - - 9.36607 -5.28571       
6.11607 0.69167 4.15179 0.37202 - - 9.68750 -5.42857       
6.29464 0.69167 4.33036 0.38810 - - 10.09821 -5.48214       
6.47321 0.68452 4.50893 0.41845 - - 10.40179 -5.53571       
6.65179 0.56488 4.68750 0.41845 - - 2.00893 -2.85714       
6.83036 0.39702 4.86607 0.42560 - - 2.45536 -2.67857       
7.00893 0.28274 5.04464 0.43452 - - 2.77679 -2.51786       
7.18750 0.13988 5.22321 0.45417 - - 3.04464 -2.28571       
7.36607 0.05595 5.40179 0.46845 - - 3.18750 -1.87500       
7.54464 0.04167 5.58036 0.47738 - - 3.11607 -1.51786       
7.72321 -0.00833 5.75893 0.49167 - - 2.93750 -1.08929       
7.90179 -0.05476 5.93750 0.49524 - - 2.68750 -0.78571       
8.08036 -0.07440 6.11607 0.50952 - - 2.49107 -0.37500       
8.25893 -0.09762 6.29464 0.52202 - - 2.49107 -0.03571       
8.43750 -0.10833 6.47321 0.52917 - - 2.54464 0.25000       
8.61607 -0.12976 6.65179 0.54345 - - 2.77679 0.60714       
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8.79464 -0.11905 6.83036 0.54524 - - 2.91964 1.00000       
8.97321 -0.12440 7.00893 0.54702 - - 2.95536 1.35714       
9.15179 -0.12262 7.18750 0.46488 - - 2.90179 1.73214       
9.33036 -0.09940 7.36607 0.35774 - - 2.63393 2.08929       
9.50893 -0.09940 7.54464 0.21488 - - 2.20536 2.33929       
9.68750 -0.09583 7.72321 0.09345 - -         
9.86607 -0.08869 7.90179 -0.09940 - -         

10.04464 -0.07619 8.08036 -0.13869 - -         
10.22321 -0.06369 8.25893 -0.21905 - -         

  8.43750 -0.27798 - -         
  8.61607 -0.36905 - -         
  8.79464 -0.42798 - -         
  8.97321 -0.47619 - -         
  9.15179 -0.48869 - -         
  9.33036 -0.49583 - -         
  9.50893 -0.49940 - -         
  9.68750 -0.48333 - -         
  9.86607 -0.49048 - -         
  10.04464 -0.49940 - -         
  10.22321 -0.47262 - -         
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Test ID: S1 (b = 0.4 m, h = 0.12 m, U = 0.262 m/s, D = 0.056 m, d50 = 0.74 mm, submerged cylinder) 

Z/D = 0 Z/D = 0.5 Z/D = 1.5 Y/D = 0 X/D = 0 X/D = -1.3 X/D = 1.75 

X/D Y/D X/D Y/D X/D Y/D X/D Z/D Z/D Y/D Z/D Y/D Z/D Y/D 

-2.81250 -0.06429         5.83036 3.42857             

-2.72321 -0.02679         5.74107 3.28571             

-2.63393 -0.09286         5.74107 3.16071             

-2.54464 -0.13214         5.56250 3.10714             

-2.45536 -0.18929         5.24107 3.08929             

-2.36607 -0.26429         4.88393 3.08929             

-2.27679 -0.30893         4.59821 3.07143             

-2.18750 -0.36250         4.29464 3.05357             

-2.09821 -0.41964         3.99107 3.01786             

-2.00893 -0.49286         3.74107 2.94643             

-1.91964 -0.53929         3.45536 2.87500             

-1.83036 -0.57321         3.29464 2.83929             

-1.74107 -0.61964         2.97321 2.78571             

-1.65179 -0.65893         2.70536 2.71429             

-1.56250 -0.71250         2.40179 2.66071             

-1.47321 -0.79464         2.20536 2.58929             

-1.38393 -0.85000         1.99107 2.55357             

-1.29464 -0.91071         1.66964 2.51786             

-1.20536 -0.96250         1.49107 2.55357             

-1.11607 -1.02679         1.24107 2.58929             

-1.02679 -1.09286         0.99107 2.58929             

-0.93750 -1.20357         0.77679 2.58929             

-0.84821 -1.24286         0.49107 2.58929             

-0.75893 -1.25000         -0.00893 2.58929             

-0.66964 -1.20357         -0.29464 2.58929             

-0.58036 -1.06250         -0.63393 2.58929             

0.58036 -0.74643         -0.91964 2.53571             

0.66964 -0.75714         -1.06250 2.42857             

0.75893 -0.72143         -1.54464 2.28571             
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0.84821 -0.69286         -1.79464 2.07143             

0.93750 -0.65357         -1.90179 1.92857             

1.02679 -0.57679         -1.90179 1.75000             

1.11607 -0.52143         -1.97321 1.60714             

1.20536 -0.47143         -2.16964 1.37500             

1.29464 -0.40357         -2.20536 1.21429             

1.38393 -0.33393         -2.27679 1.10714             

1.47321 -0.30000         -2.36607 0.92857             

1.56250 -0.21071         -2.38393 0.71429             

1.65179 -0.15357         -2.45536 0.42857             

1.74107 -0.11786         -2.50893 0.32143             

1.83036 -0.11964         -2.50893 0.17857             

1.91964 -0.07143         -2.54464 -0.05357             

2.00893 0.01607         -2.47321 -0.30357             

2.09821 0.07143         -2.45536 -0.46429             

2.18750 0.12857         -2.40179 -0.64286             

2.27679 0.18036         -2.29464 -0.83929             

2.36607 0.20000         -2.24107 -1.05357             

2.45536 0.23036         -2.11607 -1.23214             

2.54464 0.26607         -1.97321 -1.37500             

2.63393 0.30179         -1.88393 -1.53571             

2.81250 0.36607         -1.70536 -1.69643             

2.99107 0.39464         -1.56250 -1.78571             

3.16964 0.41786         -1.47321 -1.89286             

3.34821 0.44821         -1.25893 -1.96429             

3.52679 0.46786         -1.22321 -2.01786             

3.70536 0.48393         -1.16964 -2.07143             

3.88393 0.48750         -1.02679 -2.16071             

4.06250 0.48750         -0.75893 -2.25000             

4.24107 0.50536         -0.56250 -2.30357             

4.41964 0.49464         -0.25893 -2.37500             

4.59821 0.49464         -0.15179 -2.41071             
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4.77679 0.49821         0.08036 -2.42857             

4.95536 0.48393         0.58036 -2.42857             

5.13393 0.49464         0.88393 -2.42857             

5.31250 0.47679         1.31250 -2.42857             

5.49107 0.47857         1.54464 -2.42857             

5.66964 0.47143         1.91964 -2.42857             

5.84821 0.47679         2.13393 -2.42857             

6.02679 0.47321         2.31250 -2.50000             

6.20536 0.47500         2.43750 -2.53571             
6.38393 0.46607         2.49107 -2.57143             
6.56250 0.48393         2.58036 -2.60714             
6.74107 0.44107         1.56250 -2.32143             
6.91964 0.31250         1.68750 -2.08929             
7.09821 0.11607         1.91964 -1.92857             

            2.06250 -1.75000             
            2.13393 -1.60714             
            2.25893 -1.42857             
            2.24107 -1.21429             
            2.24107 -0.89286             
            2.09821 -0.67857             
            1.95536 -0.23214             
            1.88393 0.00000             
            1.88393 0.17857             
            2.08036 0.41071             
            2.06250 0.66071             
            2.04464 0.87500             
            2.09821 1.01786             
            2.08036 1.25000             
            1.95536 1.39286             
            1.77679 1.57143             
            1.56250 1.66071             
            1.36607 1.94643             
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            1.25893 2.17857             
            1.15179 2.37500             
            1.02679 2.46429             
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Test ID: S2 (b = 0.8 m, h = 0.12 m, U = 0.261 m/s, D = 0.056 m, d50 = 0.74 mm, submerged cylinder) 

Z/D = 0 Z/D = 0.5 Z/D = 1.5 Y/D = 0 X/D = 0 X/D = -1.3 X/D = 1.75 

X/D Y/D X/D Y/D X/D Y/D X/D Z/D Z/D Y/D Z/D Y/D Z/D Y/D 

-2.81250 -0.04464         9.24107 3.00000             

-2.72321 -0.06429         8.81250 3.00000             

-2.63393 -0.07500         8.43750 2.94643             

-2.54464 -0.12143         8.16964 2.91071             

-2.45536 -0.16250         7.95536 2.76786             

-2.36607 -0.20714         7.81250 2.62500             

-2.27679 -0.25893         7.74107 2.42857             

-2.18750 -0.31071         7.77679 2.32143             

-2.09821 -0.36429         7.70536 2.25000             

-2.00893 -0.42857         7.45536 2.23214             

-1.91964 -0.48036         7.27679 2.23214             

-1.83036 -0.51250         7.09821 2.21429             

-1.74107 -0.56964         6.93750 2.19643             

-1.65179 -0.63036         6.74107 2.30357             

-1.56250 -0.68214         6.47321 2.41071             

-1.47321 -0.72321         6.24107 2.41071             

-1.38393 -0.80179         5.93750 2.44643             

-1.29464 -0.86071         5.66964 2.55357             

-1.20536 -0.89107         5.36607 2.71429             

-1.11607 -0.98214         5.13393 2.82143             

-1.02679 -1.02679         4.77679 2.92857             

-0.93750 -1.10179         4.54464 3.00000             

-0.84821 -1.21250         4.20536 3.00000             

-0.75893 -1.24107         3.91964 2.98214             

-0.66964 -1.21964         3.66964 2.96429             

-0.58036 -1.17143         3.29464 2.92857             

0.58036 -0.66250         2.86607 2.85714             

0.66964 -0.71071         2.54464 2.80357             

0.75893 -0.70000         2.06250 2.64286             
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0.84821 -0.68393         1.91964 2.57143             

0.93750 -0.65357         1.65179 2.48214             

1.02679 -0.61786         1.33036 2.39286             

1.11607 -0.56607         1.06250 2.48214             

1.20536 -0.50536         0.79464 2.58929             

1.29464 -0.42321         0.52679 2.66071             

1.38393 -0.37321         0.24107 2.66071             

1.47321 -0.30179         -0.08036 2.67857             

1.56250 -0.24107         -0.40179 2.62500             

1.65179 -0.15714         -0.77679 2.57143             

1.74107 -0.08036         -1.08036 2.50000             

1.83036 -0.05893         -1.31250 2.41071             

1.91964 -0.07500         -1.54464 2.26786             

2.00893 -0.02500         -1.79464 2.07143             

2.09821 0.03036         -1.95536 1.92857             

2.18750 0.10714         -2.09821 1.78571             

2.27679 0.15357         -2.31250 1.51786             

2.36607 0.18929         -2.45536 1.28571             

2.45536 0.21786         -2.50893 1.07143             

2.54464 0.24821         -2.59821 0.80357             

2.63393 0.27500         -2.66964 0.55357             

2.72321 0.29821         -2.66964 0.30357             

2.81250 0.32143         -2.66964 -0.03571             

2.90179 0.33750         -2.66964 -0.26786             

2.99107 0.35179         -2.65179 -0.60714             

3.08036 0.36071         -2.52679 -0.89286             

3.16964 0.38036         -2.40179 -1.12500             

3.25893 0.38929         -2.25893 -1.35714             

3.34821 0.39107         -2.09821 -1.48214             

3.43750 0.40893         -1.86607 -1.80357             

3.52679 0.41071         -1.74107 -1.92857             

3.61607 0.42321         -1.59821 -2.05357             
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3.70536 0.43036         -1.47321 -2.14286             

3.88393 0.42500         -1.24107 -2.25000             

4.06250 0.43393         -1.04464 -2.39286             

4.24107 0.43393         -0.75893 -2.48214             

4.41964 0.44107         -0.41964 -2.55357             

4.59821 0.43214         -0.15179 -2.58929             

4.77679 0.43750         0.15179 -2.64286             

4.95536 0.44821         0.63393 -2.64286             

5.13393 0.44821         1.13393 -2.58929             

5.31250 0.46964         1.43750 -2.55357             

5.49107 0.46964         1.81250 -2.58929             

5.66964 0.48214         2.25893 -2.57143             

5.84821 0.48571         2.58036 -2.55357             

6.02679 0.49464         2.99107 -2.60714             

6.20536 0.50000         3.27679 -2.67857             

6.38393 0.50357         3.70536 -2.78571             

6.56250 0.51607         4.41964 -2.82143             

6.74107 0.51786         4.70536 -2.78571             

6.91964 0.51607         5.09821 -2.60714             

7.09821 0.52321         5.34821 -2.50000             

7.27679 0.53393         5.66964 -2.35714             

7.45536 0.51964         5.97321 -2.21429             

7.63393 0.43571         6.20536 -2.21429             

7.81250 0.29464         6.79464 -2.25000             

7.99107 0.14821         7.09821 -2.25000             

8.16964 0.13750         7.38393 -2.25000             

8.34821 0.13571         7.61607 -2.14286             

8.52679 0.14821         7.81250 -2.17857             

8.70536 0.13929         8.08036 -2.41071             

8.88393 0.15893         8.33036 -2.51786             

9.06250 0.18036         8.70536 -2.55357             

9.24107 0.19821         9.00893 -2.53571             
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9.41964 0.21786         9.24107 -2.57143             

            9.41964 -2.57143             

            1.27679 -2.57143             

            1.43750 -2.30357             

            1.68750 -2.10714             

            2.00893 -1.78571             

            2.18750 -1.53571             

            2.16964 -1.30357             

            2.13393 -1.07143             

            2.09821 -0.82143             

            1.97321 -0.57143             

            1.95536 -0.35714             

            1.91964 -0.10714             

            1.95536 0.23214             

            2.00893 0.44643             

            2.13393 0.69643             

            2.24107 0.92857             

            2.33036 1.12500             

            2.31250 1.35714             

            2.24107 1.58929             

            1.99107 1.82143             

            1.81250 2.03571             

            1.52679 2.21429             

            1.36607 2.33929             
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Test ID: S3 (b = 1.22 m, h = 0.12 m, U = 0.254 m/s, D = 0.056 m, d50 = 0.74 mm, submerged cylinder) 

Z/D = 0 Z/D = 0.5 Z/D = 1.5 Y/D = 0 X/D = 0 X/D = -1.3 X/D = 1.75 

X/D Y/D X/D Y/D X/D Y/D X/D Z/D Z/D Y/D Z/D Y/D Z/D Y/D 

-2.90179 -0.02321         10.22321 3.26786             

-2.81250 -0.05714         9.97321 3.30357             

-2.72321 -0.10536         9.50893 3.33929             

-2.63393 -0.12857         8.97321 3.33929             

-2.54464 -0.16786         8.43750 3.41071             

-2.45536 -0.20357         7.90179 3.26786             

-2.36607 -0.26071         7.50893 3.44643             

-2.27679 -0.33036         7.09821 3.51786             

-2.18750 -0.38571         6.59821 3.55357             

-2.09821 -0.41429         6.15179 3.50000             

-2.00893 -0.45536         5.81250 3.35714             

-1.91964 -0.52321         5.54464 3.08929             

-1.83036 -0.56607         5.40179 2.98214             

-1.74107 -0.63571         5.29464 2.89286             

-1.65179 -0.67857         4.95536 2.98214             

-1.56250 -0.68036         4.63393 3.01786             

-1.47321 -0.74286         4.33036 3.07143             

-1.38393 -0.81250         3.79464 3.12500             

-1.29464 -0.88929         3.50893 2.91071             

-1.20536 -0.93036         3.15179 3.03571             

-1.11607 -1.00893         2.88393 3.00000             

-1.02679 -1.07321         2.61607 2.91071             

-0.93750 -1.18750         2.29464 2.78571             

-0.84821 -1.26429         2.00893 2.67857             

-0.75893 -1.26429         1.65179 2.64286             

-0.66964 -1.24643         1.09821 2.62500             

-0.58036 -1.20714         0.72321 2.64286             

0.58036 -0.70714         0.29464 2.66071             

0.66964 -0.71071         -0.24107 2.69643             
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0.75893 -0.70714         -0.77679 2.71429             

0.84821 -0.68393         -1.18750 2.58929             

0.93750 -0.62321         -1.54464 2.42857             

1.02679 -0.57679         -1.75893 2.28571             

1.11607 -0.52679         -1.99107 2.00000             

1.20536 -0.47321         -2.27679 1.73214             

1.29464 -0.39286         -2.45536 1.44643             

1.38393 -0.33750         -2.63393 1.19643             

1.47321 -0.27321         -2.72321 0.91071             

1.56250 -0.20893         -2.79464 0.66071             

1.65179 -0.16964         -2.84821 0.37500             

1.74107 -0.10000         -2.90179 0.14286             

1.83036 -0.04286         -2.88393 -0.23214             

1.91964 -0.00357         -2.81250 -0.48214             

2.00893 0.02500         -2.72321 -0.83929             

2.09821 0.06964         -2.59821 -1.12500             

2.18750 0.11250         -2.49107 -1.39286             

2.36607 0.17679         -2.31250 -1.67857             

2.54464 0.26071         -2.13393 -1.87500             

2.72321 0.30000         -1.91964 -2.05357             

2.90179 0.34286         -1.70536 -2.17857             

3.08036 0.37321         -1.43750 -2.30357             

3.25893 0.40714         -1.08036 -2.44643             

3.43750 0.41964         -0.74107 -2.53571             

3.61607 0.43393         -0.49107 -2.62500             

3.79464 0.42857         -0.11607 -2.69643             

3.97321 0.44821         0.25893 -2.75000             

4.15179 0.44464         0.59821 -2.71429             

4.33036 0.44107         0.90179 -2.67857             

4.50893 0.43393         1.15179 -2.69643             

4.68750 0.44107         1.61607 -2.80357             

4.86607 0.44643         1.97321 -2.85714             
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5.04464 0.45179         2.45536 -2.98214             

5.22321 0.45000         2.90179 -3.10714             

5.40179 0.45000         3.40179 -3.19643             

5.58036 0.46250         3.88393 -3.25000             

5.75893 0.46964         4.50893 -3.19643             

5.93750 0.47321         5.02679 -3.08929             

6.11607 0.48214         5.27679 -2.98214             

6.29464 0.48214         5.40179 -2.92857             

6.47321 0.46964         5.54464 -3.14286             

6.65179 0.33571         5.66964 -3.39286             

6.83036 0.15714         5.99107 -3.66071             

7.00893 0.10893         6.29464 -3.78571             

7.18750 0.08214         6.58036 -3.83929             

7.36607 0.06786         6.93750 -3.87500             

7.54464 0.06250         7.29464 -3.85714             

7.72321 0.05893         7.75893 -3.76786             

7.90179 0.05714         8.24107 -3.66071             

8.08036 0.06964         8.58036 -3.60714             

8.25893 0.08036         8.97321 -3.48214             

8.43750 0.08571         9.31250 -3.42857             

8.61607 0.11071         9.54464 -3.37500             

8.79464 0.13750         9.75893 -3.32143             

8.97321 0.15000         10.13393 -3.26786             

9.15179 0.19286         10.47321 -3.23214             

9.33036 0.22321         1.63393 -2.50000             

9.50893 0.22500         1.99107 -2.30357             

9.68750 0.23929         2.29464 -2.01786             

9.86607 0.26250         2.40179 -1.69643             

10.04464 0.26250         2.40179 -1.37500             

10.22321 0.25357         2.36607 -1.01786             

            2.22321 -0.69643             

            2.09821 -0.37500             
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            2.00893 -0.08929             

            1.97321 0.10714             

            2.06250 0.39286             

            2.16964 0.69643             

            2.33036 1.00000             

            2.40179 1.28571             

            2.34821 1.55357             

            2.18750 1.83929             

            1.99107 2.08929             

      1.63393 2.33929       
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Test ID: E1 (b = 0.4 m, h = 0.12 m, U = 0.262 m/s, D = 0.056 m, d50 = 0.74 mm, submerged cylinder) 

Z/D = 0 Z/D = 0.5 Z/D = 1.5 Y/D = 0 X/D = 0 X/D = -1.3 X/D = 1.75 

X/D Y/D X/D Y/D X/D Y/D X/D Z/D Z/D Y/D Z/D Y/D Z/D Y/D 

-2.81250 -0.06429 -2.72321 -0.06071 -1.83036 -0.10179 5.83036 3.42857 2.60714 -0.11429 -3.42857 -0.01607 2.60714 -0.12143 

-2.72321 -0.02679 -2.63393 -0.04286 -1.74107 -0.11786 5.74107 3.28571 2.55357 -0.10536 -3.33929 -0.01429 2.55357 -0.11250 

-2.63393 -0.09286 -2.54464 -0.05893 -1.65179 -0.11071 5.74107 3.16071 2.46429 -0.12679 -3.25000 -0.03214 2.46429 -0.07500 

-2.54464 -0.13214 -2.45536 -0.12321 -1.56250 -0.13036 5.56250 3.10714 2.37500 -0.15000 -3.16071 -0.02857 2.37500 -0.08393 

-2.45536 -0.18929 -2.36607 -0.17321 -1.47321 -0.16250 5.24107 3.08929 2.28571 -0.20714 -3.07143 -0.02857 2.28571 -0.06429 

-2.36607 -0.26429 -2.27679 -0.21786 -1.38393 -0.19643 4.88393 3.08929 2.19643 -0.26786 -2.98214 -0.03393 2.19643 -0.07679 

-2.27679 -0.30893 -2.18750 -0.27857 -1.29464 -0.21250 4.59821 3.07143 2.10714 -0.31964 -2.89286 -0.02500 2.10714 -0.07143 

-2.18750 -0.36250 -2.09821 -0.33750 -1.20536 -0.23750 4.29464 3.05357 2.01786 -0.37857 -2.80357 -0.01607 2.01786 -0.05893 

-2.09821 -0.41964 -2.00893 -0.38750 -1.11607 -0.26964 3.99107 3.01786 1.92857 -0.41250 -2.71429 -0.00893 1.92857 -0.06607 

-2.00893 -0.49286 -1.91964 -0.43571 -1.02679 -0.28750 3.74107 2.94643 1.83929 -0.45357 -2.62500 -0.01071 1.83929 -0.08393 

-1.91964 -0.53929 -1.83036 -0.48571 -0.93750 -0.32857 3.45536 2.87500 1.75000 -0.48750 -2.53571 -0.01786 1.75000 -0.10357 

-1.83036 -0.57321 -1.74107 -0.53929 -0.84821 -0.33929 3.29464 2.83929 1.66071 -0.52143 -2.44643 -0.01429 1.66071 -0.12143 

-1.74107 -0.61964 -1.65179 -0.60357 -0.75893 -0.34643 2.97321 2.78571 1.57143 -0.59286 -2.35714 -0.02679 1.57143 -0.13214 

-1.65179 -0.65893 -1.56250 -0.63929 -0.66964 -0.36071 2.70536 2.71429 1.48214 -0.61964 -2.26786 -0.03036 1.48214 -0.16250 

-1.56250 -0.71250 -1.47321 -0.69286 -0.58036 -0.38929 2.40179 2.66071 1.39286 -0.67857 -2.17857 -0.03929 1.39286 -0.16607 

-1.47321 -0.79464 -1.38393 -0.73214 -0.49107 -0.42500 2.20536 2.58929 1.30357 -0.74464 -2.08929 -0.07679 1.30357 -0.19464 

-1.38393 -0.85000 -1.29464 -0.79821 -0.40179 -0.41786 1.99107 2.55357 1.21429 -0.78750 -2.00000 -0.11429 1.21429 -0.18750 

-1.29464 -0.91071 -1.20536 -0.86250 -0.31250 -0.40893 1.66964 2.51786 1.12500 -0.83571 -1.91071 -0.15179 1.12500 -0.21250 

-1.20536 -0.96250 -1.11607 -0.91429 -0.22321 -0.40893 1.49107 2.55357 1.03571 -0.91964 -1.82143 -0.20536 1.03571 -0.21607 

-1.11607 -1.02679 -1.02679 -0.95357 -0.13393 -0.40357 1.24107 2.58929 0.94643 -1.01071 -1.73214 -0.24107 0.94643 -0.21429 

-1.02679 -1.09286 -0.93750 -1.01607 -0.04464 -0.41250 0.99107 2.58929 0.85714 -1.07143 -1.64286 -0.27857 0.85714 -0.22500 

-0.93750 -1.20357 -0.84821 -1.07321 0.04464 -0.40179 0.77679 2.58929 0.76786 -1.11964 -1.55357 -0.31250 0.76786 -0.21786 

-0.84821 -1.24286 -0.75893 -1.11071 0.13393 -0.38571 0.49107 2.58929 0.67857 -1.11786 -1.46429 -0.36786 0.67857 -0.19286 

-0.75893 -1.25000 -0.66964 -1.18393 0.22321 -0.38929 -0.00893 2.58929 0.58929 -1.08214 -1.37500 -0.40357 0.58929 -0.18750 

-0.66964 -1.20357 -0.58036 -1.19464 0.31250 -0.36607 -0.29464 2.58929 0.50000 -0.98929 -1.28571 -0.44464 0.50000 -0.17679 

-0.58036 -1.06250 -0.49107 -1.15536 0.40179 -0.35893 -0.63393 2.58929 -0.57143 -1.04821 -1.19643 -0.49107 0.41071 -0.16250 

0.58036 -0.74643 -0.40179 -1.17321 0.49107 -0.34107 -0.91964 2.53571 -0.66071 -1.09107 -1.10714 -0.52857 0.32143 -0.16429 

0.66964 -0.75714 -0.31250 -1.15536 0.58036 -0.31429 -1.06250 2.42857 -0.75000 -1.10893 -1.01786 -0.56250 0.23214 -0.15714 

0.75893 -0.72143 -0.22321 -1.12143 0.66964 -0.28393 -1.54464 2.28571 -0.83929 -1.07679 -0.92857 -0.59464 0.14286 -0.16250 
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0.84821 -0.69286 -0.13393 -1.08571 0.84821 -0.25893 -1.79464 2.07143 -0.92857 -1.01964 -0.83929 -0.62500 0.05357 -0.15714 

0.93750 -0.65357 -0.04464 -1.07679 1.02679 -0.21786 -1.90179 1.92857 -1.01786 -0.92857 -0.75000 -0.64821 -0.03571 -0.15357 

1.02679 -0.57679 0.04464 -1.00536 1.20536 -0.17143 -1.90179 1.75000 -1.10714 -0.84464 -0.66071 -0.64643 -0.12500 -0.15893 

1.11607 -0.52143 0.13393 -0.99643 1.38393 -0.12500 -1.97321 1.60714 -1.19643 -0.79286 -0.57143 -0.69821 -0.21429 -0.16250 

1.20536 -0.47143 0.22321 -0.99286 1.56250 -0.08750 -2.16964 1.37500 -1.28571 -0.75179 -0.48214 -0.70536 -0.30357 -0.16250 

1.29464 -0.40357 0.31250 -0.95714 1.74107 -0.07500 -2.20536 1.21429 -1.37500 -0.69821 -0.39286 -0.71429 -0.39286 -0.17500 

1.38393 -0.33393 0.40179 -0.93214 1.91964 -0.03214 -2.27679 1.10714 -1.46429 -0.62857 -0.30357 -0.72500 -0.48214 -0.16964 

1.47321 -0.30000 0.49107 -0.90000 2.09821 -0.01786 -2.36607 0.92857 -1.55357 -0.58571 -0.21429 -0.75714 -0.57143 -0.18929 

1.56250 -0.21071 0.58036 -0.84821 2.27679 0.01429 -2.38393 0.71429 -1.64286 -0.51964 -0.12500 -0.77857 -0.66071 -0.20536 

1.65179 -0.15357 0.66964 -0.80714 2.45536 0.02679 -2.45536 0.42857 -1.73214 -0.47321 -0.03571 -0.77679 -0.75000 -0.21429 

1.74107 -0.11786 0.75893 -0.71429 2.63393 0.04821 -2.50893 0.32143 -1.82143 -0.41607 0.05357 -0.77143 -0.83929 -0.22500 

1.83036 -0.11964 0.84821 -0.65357 2.81250 0.04821 -2.50893 0.17857 -1.91071 -0.37321 0.14286 -0.77143 -0.92857 -0.23214 

1.91964 -0.07143 0.93750 -0.60179 2.99107 0.08571 -2.54464 -0.05357 -2.00000 -0.33571 0.23214 -0.74821 -1.01786 -0.22857 

2.00893 0.01607 1.02679 -0.54464 3.16964 0.09643 -2.47321 -0.30357 -2.08929 -0.28036 0.32143 -0.75179 -1.10714 -0.23036 

2.09821 0.07143 1.11607 -0.47857 3.34821 0.10179 -2.45536 -0.46429 -2.17857 -0.24821 0.41071 -0.74107 -1.19643 -0.23214 

2.18750 0.12857 1.20536 -0.43214 3.52679 0.11250 -2.40179 -0.64286 -2.26786 -0.19464 0.50000 -0.69643 -1.28571 -0.22679 

2.27679 0.18036 1.29464 -0.36786 3.70536 0.12679 -2.29464 -0.83929 -2.35714 -0.14821 0.58929 -0.69107 -1.37500 -0.21786 

2.36607 0.20000 1.38393 -0.30179 3.88393 0.13393 -2.24107 -1.05357 -2.44643 -0.09464 0.67857 -0.64286 -1.46429 -0.20536 

2.45536 0.23036 1.47321 -0.27143 4.06250 0.14643 -2.11607 -1.23214 -2.53571 -0.05893 0.76786 -0.65357 -1.55357 -0.16429 

2.54464 0.26607 1.56250 -0.21786 4.24107 0.15714 -1.97321 -1.37500 -2.62500 -0.02321 0.85714 -0.61429 -1.64286 -0.13929 

2.63393 0.30179 1.65179 -0.15893 4.41964 0.15714 -1.88393 -1.53571 -2.71429 -0.01964 0.94643 -0.60179 -1.73214 -0.13214 

2.81250 0.36607 1.74107 -0.09286 4.59821 0.16429 -1.70536 -1.69643 -2.80357 -0.01250 1.03571 -0.56071 -1.82143 -0.06964 

2.99107 0.39464 1.83036 -0.08750 4.77679 0.16964 -1.56250 -1.78571 -2.89286 -0.01786 1.12500 -0.51786 -1.91071 -0.03036 

3.16964 0.41786 1.91964 -0.08393 4.95536 0.16786 -1.47321 -1.89286 -2.98214 -0.02321 1.21429 -0.48929 -2.00000 -0.01071 

3.34821 0.44821 2.00893 -0.05714 5.13393 0.16250 -1.25893 -1.96429 -3.07143 -0.02500 1.30357 -0.45179 -2.08929 0.01071 

3.52679 0.46786 2.09821 0.01607 5.31250 0.16429 -1.22321 -2.01786 -3.16071 -0.03036 1.39286 -0.40714 -2.17857 0.01071 

3.70536 0.48393 2.18750 0.06786 5.49107 0.11607 -1.16964 -2.07143 -3.25000 -0.00357 1.48214 -0.36786 -2.26786 0.01071 

3.88393 0.48750 2.27679 0.09464 5.66964 0.11429 -1.02679 -2.16071 -3.33929 -0.01786 1.57143 -0.31607 -2.35714 -0.00714 

4.06250 0.48750 2.45536 0.15179 5.84821 0.10179 -0.75893 -2.25000 -3.42857 -0.01071 1.66071 -0.28571 -2.44643 0.00000 

4.24107 0.50536 2.63393 0.19286 6.02679 0.08750 -0.56250 -2.30357   1.75000 -0.23393 -2.53571 -0.05357 

4.41964 0.49464 2.81250 0.25714 6.20536 0.08036 -0.25893 -2.37500   1.83929 -0.18750 -2.62500 0.00893 

4.59821 0.49464 2.99107 0.29821 6.38393 0.00893 -0.15179 -2.41071   1.92857 -0.15893 -2.71429 -0.01429 
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4.77679 0.49821 3.16964 0.31786 6.56250 -0.16786 0.08036 -2.42857   2.01786 -0.12857 -2.80357 -0.02321 

4.95536 0.48393 3.34821 0.35000 6.74107 -0.24643 0.58036 -2.42857   2.10714 -0.10893 -2.89286 -0.03750 

5.13393 0.49464 3.52679 0.37321 6.91964 -0.28393 0.88393 -2.42857   2.19643 -0.10179 -2.98214 -0.02321 

5.31250 0.47679 3.70536 0.40357 7.09821 -0.28750 1.31250 -2.42857   2.28571 -0.08571 -3.07143 -0.02321 

5.49107 0.47857 3.88393 0.41607   1.54464 -2.42857   2.37500 -0.09286 -3.16071 -0.03036 

5.66964 0.47143 4.06250 0.42857   1.91964 -2.42857   2.46429 -0.08929 -3.25000 -0.03036 

5.84821 0.47679 4.24107 0.43214   2.13393 -2.42857   2.55357 -0.09107 -3.33929 -0.00714 

6.02679 0.47321 4.41964 0.42857   2.31250 -2.50000   2.60714 -0.08929 -3.42857 -0.00536 

6.20536 0.47500 4.59821 0.43750   2.43750 -2.53571       
6.38393 0.46607 4.77679 0.43214   2.49107 -2.57143       
6.56250 0.48393 4.95536 0.43393   2.58036 -2.60714       
6.74107 0.44107 5.13393 0.44643   1.56250 -2.32143       
6.91964 0.31250 5.31250 0.43214   1.68750 -2.08929       
7.09821 0.11607 5.49107 0.42500   1.91964 -1.92857       

  5.66964 0.42500   2.06250 -1.75000       
  5.84821 0.42321   2.13393 -1.60714       
  6.02679 0.40536   2.25893 -1.42857       
  6.20536 0.40893   2.24107 -1.21429       
  6.38393 0.39464   2.24107 -0.89286       
  6.56250 0.39464   2.09821 -0.67857       
  6.74107 0.37321   1.95536 -0.23214       
  6.91964 0.30000   1.88393 0.00000       
  7.09821 0.17143   1.88393 0.17857       
      2.08036 0.41071       
      2.06250 0.66071       
      2.04464 0.87500       
      2.09821 1.01786       
      2.08036 1.25000       
      1.95536 1.39286       
      1.77679 1.57143       
      1.56250 1.66071       
      1.36607 1.94643       



 

240 

      1.25893 2.17857       
      1.15179 2.37500       
      1.02679 2.46429       
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Test ID: E2 (b = 0.4 m, h = 0.12 m, U = 0.262 m/s, D = 0.056 m, d50 = 0.74 mm, submerged cylinder with vertical plate) 

Z/D = 0 Z/D = 0.5 Z/D = 1.5 Y/D = 0 X/D = 0 X/D = -1.3 X/D = 1.75 

X/D Y/D X/D Y/D X/D Y/D X/D Z/D Z/D Y/D Z/D Y/D Z/D Y/D 

-3.21429 -0.05298 -3.12500 -0.04940 -2.41071 -0.07798 1.73214 -0.03571 2.59821 -0.10476 -3.34821 0.02381 2.59821 -0.03869 

-3.12500 -0.04940 -3.03571 -0.05655 -2.32143 -0.08155 1.73214 -0.33929 2.54464 -0.09583 -3.25893 0.02381 2.54464 -0.04762 

-3.03571 -0.03333 -2.94643 -0.05655 -2.23214 -0.09405 1.73214 -0.50000 2.45536 -0.13869 -3.16964 0.03095 2.45536 -0.04048 

-2.94643 -0.06905 -2.85714 -0.06726 -2.14286 -0.10655 1.80357 -0.66071 2.36607 -0.16548 -3.08036 0.02560 2.36607 -0.01905 

-2.85714 -0.12798 -2.76786 -0.08690 -2.05357 -0.10833 1.89286 -0.80357 2.27679 -0.22262 -2.99107 0.02560 2.27679 -0.02798 

-2.76786 -0.17976 -2.67857 -0.15298 -1.96429 -0.13512 1.94643 -1.05357 2.18750 -0.26548 -2.90179 0.00774 2.18750 -0.03333 

-2.67857 -0.21012 -2.58929 -0.20655 -1.87500 -0.14405 1.91071 -1.26786 2.09821 -0.31369 -2.81250 0.01667 2.09821 -0.03333 

-2.58929 -0.22440 -2.50000 -0.23869 -1.78571 -0.16548 1.91071 -1.46429 2.00893 -0.37083 -2.72321 0.00952 2.00893 -0.04405 

-2.50000 -0.21726 -2.41071 -0.27083 -1.69643 -0.20476 1.85714 -1.66071 1.91964 -0.42440 -2.63393 0.00595 1.91964 -0.03690 

-2.41071 -0.25298 -2.32143 -0.32976 -1.60714 -0.23690 1.75000 -1.85714 1.83036 -0.46190 -2.54464 0.01310 1.83036 -0.05476 

-2.32143 -0.27976 -2.23214 -0.38512 -1.51786 -0.26726 1.60714 -2.01786 1.74107 -0.51190 -2.45536 0.00417 1.74107 -0.07798 

-2.23214 -0.31905 -2.14286 -0.42976 -1.42857 -0.28333 1.42857 -2.16071 1.65179 -0.54940 -2.36607 0.00060 1.65179 -0.09762 

-2.14286 -0.37083 -2.05357 -0.49226 -1.33929 -0.29405 1.14286 -2.28571 1.56250 -0.61012 -2.27679 -0.03869 1.56250 -0.12798 

-2.05357 -0.41190 -1.96429 -0.54226 -1.25000 -0.33333 0.94643 -2.37500 1.47321 -0.64940 -2.18750 -0.05119 1.47321 -0.14048 

-1.96429 -0.45476 -1.87500 -0.58690 -1.16071 -0.34940 0.76786 -2.44643 1.38393 -0.69226 -2.09821 -0.08869 1.38393 -0.15298 

-1.87500 -0.51905 -1.78571 -0.63155 -1.07143 -0.36369 0.41071 -2.50000 1.29464 -0.73690 -2.00893 -0.13512 1.29464 -0.15833 

-1.78571 -0.56190 -1.69643 -0.66548 -0.98214 -0.38512 0.07143 -2.53571 1.20536 -0.77619 -1.91964 -0.16905 1.20536 -0.18690 

-1.69643 -0.61369 -1.60714 -0.73333 -0.89286 -0.41726 -0.28571 -2.53571 1.11607 -0.85119 -1.83036 -0.19762 1.11607 -0.18512 

-1.60714 -0.68155 -1.51786 -0.73690 -0.80357 -0.41905 -0.64286 -2.51786 1.02679 -0.94226 -1.74107 -0.24940 1.02679 -0.19405 

-1.51786 -0.73155 -1.42857 -0.83869 -0.71429 -0.43333 -1.01786 -2.48214 0.93750 -1.01905 -1.65179 -0.28512 0.93750 -0.20476 

-1.42857 -0.78333 -1.33929 -0.86190 -0.62500 -0.44226 -1.33929 -2.35714 0.84821 -1.07262 -1.56250 -0.31012 0.84821 -0.19405 

-1.33929 -0.85119 -1.25000 -1.07262 -0.53571 -0.46190 -1.66071 -2.25000 0.75893 -1.07262 -1.47321 -0.36190 0.75893 -0.18690 

-1.25000 -0.88690 -1.16071 -0.98333 -0.44643 -0.43512 -1.82143 -2.07143 0.66964 -1.03690 -1.38393 -0.39226 0.66964 -0.17262 

-1.16071 -0.97083 -1.07143 -1.06369 -0.35714 -0.43690 -2.26786 -1.76786 0.58036 -0.98690 -1.29464 -0.42976 0.58036 -0.14405 

-1.07143 -1.00655 -0.98214 -1.12619 -0.26786 -0.44405 -2.44643 -1.53571 -0.58036 -1.05298 -1.20536 -0.48690 0.49107 -0.14226 

-0.98214 -1.09583 -0.89286 -1.16905 -0.17857 -0.42619 -2.57143 -1.33929 -0.66964 -1.06726 -1.11607 -0.50298 0.40179 -0.13690 

-0.89286 -1.21726 -0.80357 -1.19405 -0.08929 -0.42440 -2.62500 -1.12500 -0.75893 -1.05476 -1.02679 -0.56012 0.31250 -0.15476 

-0.80357 -1.22976 -0.71429 -1.20119 0.00000 -0.39583 -2.69643 -0.94643 -0.84821 -1.01012 -0.93750 -0.58869 0.22321 -0.17083 

-0.71429 -1.22262 -0.62500 -1.18333 0.08929 -0.38690 -2.76786 -0.71429 -0.93750 -0.93512 -0.84821 -0.61190 0.13393 -0.17619 
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-0.62500 -1.21190 -0.53571 -1.12976 0.17857 -0.36548 -2.85714 -0.50000 -1.02679 -0.83869 -0.75893 -0.63869 0.04464 16.95774 

2.67857 0.32560 -0.44643 -1.08512 0.26786 -0.34583 -2.89286 -0.21429 -1.11607 -0.77083 -0.66964 -0.67976 -0.04464 16.95774 

2.85714 0.36667 -0.35714 -1.03690 0.35714 -0.32798 -2.91071 0.05357 -1.20536 -0.71905 -0.58036 -0.68869 -0.13393 -0.20476 

3.03571 0.39167 -0.26786 -1.00833 0.44643 -0.30476 -2.91071 0.41071 -1.29464 -0.67440 -0.49107 -0.72262 -0.22321 -0.19940 

3.21429 0.43810 -0.17857 -0.97440 0.53571 -0.28690 -2.85714 0.71429 -1.38393 -0.62619 -0.40179 -0.73869 -0.31250 -0.16190 

3.39286 0.47381 -0.08929 -0.94405 0.62500 -0.26726 -2.78571 0.92857 -1.47321 -0.56905 -0.31250 -0.76548 -0.40179 -0.15476 

3.57143 0.50774 0.00000 -0.93333 0.71429 -0.24405 -2.69643 1.14286 -1.56250 -0.53155 -0.22321 -0.77083 -0.49107 -0.15298 

3.75000 0.52381 0.08929 -0.92798 0.80357 -0.21726 -2.62500 1.37500 -1.65179 -0.47976 -0.13393 -0.79405 -0.58036 -0.17976 

3.92857 0.54167 0.17857 -0.90655 0.89286 -0.19583 -2.48214 1.58929 -1.74107 -0.42798 -0.04464 -0.77440 -0.66964 -0.18512 

4.10714 0.55952 0.26786 -0.89226 0.98214 -0.18512 -2.19643 1.82143 -1.83036 -0.40298 0.04464 -0.79405 -0.75893 -0.18512 

4.28571 0.57202 0.35714 -0.85476 1.07143 -0.14940 -1.96429 2.00000 -1.91964 -0.35119 0.13393 -0.79762 -0.84821 -0.19583 

4.46429 0.58810 0.44643 -0.81190 1.16071 -0.12083 -1.82143 2.07143 -2.00893 -0.31548 0.22321 -0.78869 -0.93750 -0.19405 

4.64286 0.57917 0.53571 -0.74583 1.25000 -0.09048 -1.75000 2.16071 -2.09821 -0.25655 0.31250 -0.78690 -1.02679 -0.19226 

4.82143 0.57917 0.62500 -0.69405 1.33929 -0.07976 -1.58929 2.19643 -2.18750 -0.20476 0.40179 -0.75833 -1.11607 -0.19405 

5.00000 0.57024 0.71429 -0.63512 1.42857 -0.06548 -1.42857 2.28571 -2.27679 -0.14762 0.49107 -0.73869 -1.20536 -0.17976 

5.17857 0.55774 0.80357 -0.55476 1.60714 -0.04226 -1.21429 2.39286 -2.36607 -0.09940 0.58036 -0.72798 -1.29464 -0.16726 

5.35714 0.53988 0.89286 -0.49405 1.78571 0.00238 -0.98214 2.44643 -2.45536 -0.06548 0.66964 -0.70476 -1.38393 -0.14940 

5.53571 0.50952 0.98214 -0.43155 1.96429 0.02381 -0.53571 2.50000 -2.54464 -0.01905 0.75893 -0.68155 -1.47321 -0.11726 

5.71429 0.47917 1.07143 -0.37262 2.14286 0.03274 -0.17857 2.51786 -2.63393 0.00774 0.84821 -0.63690 -1.56250 -0.08869 

5.89286 0.43631 1.16071 -0.32976 2.32143 0.05417 0.21429 2.51786 -2.72321 0.01131 0.93750 -0.63512 -1.65179 -0.05119 

6.07143 0.38452 1.25000 -0.29226 2.50000 0.05417 0.53571 2.46429 -2.81250 0.02738 1.02679 -0.59405 -1.74107 -0.01369 

6.25000 0.33452 1.33929 -0.23333 2.67857 0.06667 0.80357 2.32143 -2.90179 0.03274 1.11607 -0.56190 -1.83036 -0.03690 

6.42857 0.27917 1.42857 -0.17976 2.85714 0.09702 1.10714 2.14286 -2.99107 0.02738 1.20536 -0.53155 -1.91964 -0.02440 

6.60714 0.22917 1.51786 -0.14226 3.03571 0.10060 1.37500 2.01786 -3.08036 0.03631 1.29464 -0.48690 -2.00893 0.00238 

6.78571 0.16131 1.60714 -0.07798 3.21429 0.09881 1.71429 1.75000 -3.16964 0.03452 1.38393 -0.46012 -2.09821 0.01845 

6.96429 0.12738 1.78571 -0.03690 3.39286 0.12560 1.87500 1.55357 -3.25893 0.02738 1.47321 -0.42083 -2.18750 0.03452 

7.14286 0.06667 1.96429 0.07381 3.57143 0.13452 1.92857 1.35714 -3.34821 0.04167 1.56250 -0.37083 -2.27679 0.05060 

  2.14286 0.14167 3.75000 0.14524 1.94643 1.08929   1.65179 -0.33155 -2.36607 0.07560 

  2.32143 0.21131 3.92857 0.15595 1.91071 0.82143   1.74107 -0.30833 -2.45536 0.07917 

  2.50000 0.25952 4.10714 0.17024 1.85714 0.58929   1.83036 -0.25655 -2.54464 0.05417 

  2.67857 0.30060 4.28571 0.18095 1.82143 0.35714   1.91964 -0.22083 -2.63393 0.03631 

  2.85714 0.35595 4.46429 0.17381 1.78571 0.14286   2.00893 -0.18690 -2.72321 0.05238 
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  3.03571 0.39524 4.64286 0.19167 0.78571 2.48214   2.09821 -0.16012 -2.81250 0.06667 

  3.21429 0.42024 4.82143 0.21488 1.05357 2.50000   2.18750 -0.13155 -2.90179 0.08095 

  3.39286 0.46131 5.00000 0.20774 1.42857 2.50000   2.27679 -0.11369 -2.99107 0.07560 

  3.57143 0.48452 5.17857 0.21845 1.78571 2.50000   2.36607 -0.11369 -3.08036 0.07202 

  3.75000 0.49702 5.35714 0.21488 2.14286 2.51786   2.45536 -0.11726 -3.16964 0.07738 

  3.92857 0.51667 5.53571 0.22738 2.57143 2.55357   2.54464 -0.10476 -3.25893 0.08095 

  4.10714 0.52560 5.71429 0.22202 2.94643 2.60714   2.59821 -0.09405 -3.34821 0.06488 

  4.28571 0.52560 5.89286 0.23631 3.25000 2.64286       
  4.46429 0.53452 6.07143 0.25060 3.73214 2.69643       
  4.64286 0.53452 6.25000 0.24167 4.14286 2.76786       
  4.82143 0.52738 6.42857 0.25952 4.53571 2.82143       
  5.00000 0.52738 6.60714 0.21667 5.00000 2.91071       
  5.17857 0.52381 6.78571 0.05060 5.39286 2.96429       
  5.35714 0.50417 6.96429 -0.13333 5.82143 3.00000       
  5.53571 0.49167   6.25000 3.00000       
  5.71429 0.47202   6.67857 3.00000       
  5.89286 0.45060   6.85714 3.08929       
  6.07143 0.43810   7.10714 3.25000       
  6.25000 0.41845   7.17857 3.35714       
  6.42857 0.39881   3.07143 -2.60714       
  6.60714 0.38988   2.66071 -2.60714       
  6.78571 0.26667   2.30357 -2.41071       
  6.96429 0.12738   2.03571 -2.39286       
      1.75000 -2.39286       
      1.46429 -2.39286       
      1.08929 -2.32143       
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Test ID: E3 (b = 0.4 m, h = 0.12 m, U = 0.262 m/s, D = 0.056 m, d50 = 0.74 mm, submerged cylinder with horizontal plate) 

Z/D = 0 Z/D = 0.5 Z/D = 1.5 Y/D = 0 X/D = 0 X/D = -1.3 X/D = 1.75 

X/D Y/D X/D Y/D X/D Y/D X/D Z/D Z/D Y/D Z/D Y/D Z/D Y/D 

0.59821 0.12440 0.50893 -0.11845 0.50893 -0.10952 3.65179 -2.64286 2.64286 -0.10417 - - -3.39286 -0.21310 

0.68750 0.16012 0.59821 -0.13095 0.59821 -0.13631 3.66964 -2.55357 2.58929 -0.08988 - - -3.30357 -0.23631 

0.77679 0.17798 0.68750 -0.16845 0.68750 -0.19345 3.66964 -2.33929 2.50000 -0.07024 - - -3.21429 -0.23988 

0.86607 0.15655 0.77679 -0.17917 0.77679 -0.24702 3.65179 -2.12500 2.41071 -0.08095 - - -3.12500 -0.26845 

0.95536 0.15298 0.86607 -0.20060 0.86607 -0.28274 3.63393 -1.87500 2.32143 -0.10952 - - -3.03571 -0.28810 

1.04464 0.15119 0.95536 -0.21131 0.95536 -0.33452 3.61607 -1.62500 2.23214 -0.10952 - - -2.94643 -0.32381 

1.13393 0.15119 1.04464 -0.21131 1.04464 -0.36488 3.50893 -1.39286 2.14286 -0.11310 - - -2.85714 -0.34345 

1.22321 0.14940 1.13393 -0.21131 1.13393 -0.40952 3.38393 -1.21429 2.05357 -0.12560 - - -2.76786 -0.37024 

1.31250 0.14226 1.22321 -0.19702 1.22321 -0.41667 3.24107 -1.03571 1.96429 -0.12024 - - -2.67857 -0.39167 

1.40179 0.13512 1.31250 -0.20595 1.31250 -0.45238 3.09821 -0.87500 1.87500 -0.13274 - - -2.58929 -0.42381 

1.49107 0.12619 1.40179 -0.19702 1.40179 -0.46310 2.88393 -0.71429 1.78571 -0.15774 - - -2.50000 -0.44881 

1.58036 0.12083 1.49107 -0.19702 1.49107 -0.48631 2.59821 -0.53571 1.69643 -0.17738 - - -2.41071 -0.47202 

1.66964 0.12262 1.58036 -0.18810 1.58036 -0.49702 2.38393 -0.48214 1.60714 -0.18274 - - -2.32143 -0.49345 

1.75893 0.12083 1.66964 -0.20952 1.66964 -0.50417 2.08036 -0.44643 1.51786 -0.17738 - - -2.23214 -0.48810 

1.84821 0.10833 1.75893 -0.21488 1.75893 -0.51131 1.86607 -0.42857 1.42857 -0.17381 - - -2.14286 -0.50417 

1.93750 0.10298 1.84821 -0.22024 1.84821 -0.51667 1.59821 -0.46429 1.33929 -0.16845 - - -2.05357 -0.48274 

2.02679 0.10298 1.93750 -0.21488 1.93750 -0.52381 1.25893 -0.50000 1.25000 -0.17560 - - -1.96429 -0.47917 

2.11607 0.08512 2.02679 -0.21131 2.02679 -0.53095 0.91964 -0.50000 1.16071 -0.18274 - - -1.87500 -0.45595 

2.20536 0.08512 2.11607 -0.21310 2.11607 -0.54167 0.68750 -0.53571 1.07143 -0.19524 - - -1.78571 -0.45417 

2.29464 0.08869 2.20536 -0.19524 2.20536 -0.53095 0.54464 -0.53571 0.98214 -0.18274 - - -1.69643 -0.44345 

2.38393 0.08512 2.29464 -0.20595 2.29464 -0.54167 0.54464 -2.62500 0.89286 -0.18095 - - -1.60714 -0.43274 

2.47321 0.07976 2.38393 -0.17560 2.38393 -0.51845 0.54464 0.41071 0.80357 -0.17202 - - -1.51786 -0.43631 

2.56250 0.07440 2.47321 -0.17202 2.47321 -0.50952 0.86607 0.39286 0.71429 -0.16845 - - -1.42857 -0.42738 

2.65179 0.09405 2.56250 -0.16488 2.56250 -0.48274 1.31250 0.41071 0.62500 -0.15417 - - -1.33929 -0.40238 

2.74107 0.09405 2.65179 -0.14524 2.65179 -0.48452 1.63393 0.41071 0.53571 -0.14702 - - -1.25000 -0.38452 

2.83036 0.11190 2.74107 -0.16131 2.74107 -0.46310 2.09821 0.42857 0.44643 -0.12202 - - -1.16071 -0.36488 

2.91964 0.11190 2.83036 -0.14167 2.83036 -0.43810 2.41964 0.46429 0.35714 -0.07917 - - -1.07143 -0.35060 

3.00893 0.11905 2.91964 -0.11131 2.91964 -0.40238 2.70536 0.50000 0.26786 -0.02202 - - -0.98214 -0.33631 

3.09821 0.14226 3.00893 -0.08988 3.00893 -0.38274 2.91964 0.62500 0.17857 0.03690 - - -0.89286 -0.31310 
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3.18750 0.14405 3.09821 -0.07917 3.09821 -0.34702 3.09821 0.75000 0.08929 0.07976 - - -0.80357 -0.28631 

3.27679 0.14762 3.18750 -0.06131 3.18750 -0.31488 3.24107 0.82143 0.00000 0.11012 - - -0.71429 -0.25595 

3.36607 0.16726 3.27679 -0.02917 3.27679 -0.25595 3.41964 0.94643 -0.08929 0.11190 - - -0.62500 -0.21667 

3.45536 0.17262 3.36607 -0.00952 3.36607 -0.24345 3.59821 1.01786 -0.17857 0.05655 - - -0.53571 -0.14345 

3.54464 0.18333 3.45536 0.01012 3.45536 -0.20774 3.72321 1.12500 -0.26786 -0.00595 - - -0.44643 -0.10952 

3.63393 0.18690 3.54464 0.02083 3.54464 -0.16845 3.81250 1.35714 -0.35714 -0.04881 - - -0.35714 -0.07560 

3.81250 0.22083 3.63393 0.04762 3.63393 -0.12381 3.88393 1.51786 -0.44643 -0.10060 - - -0.26786 0.00655 

3.99107 0.22440 3.72321 0.07262 3.72321 -0.11667 3.88393 1.78571 -0.53571 -0.10952 - - -0.17857 0.06190 

4.16964 0.24583 3.81250 0.09762 3.81250 -0.06310 3.81250 2.01786 -0.62500 -0.14702 - - -0.08929 0.11726 

4.34821 0.25655 3.90179 0.10655 3.90179 -0.03274 3.75893 2.23214 -0.71429 -0.14702 - - 0.00000 0.12976 

4.52679 0.25119 3.99107 0.12262 3.99107 -0.00060 3.68750 2.55357 -0.80357 -0.15238 - - 0.08929 0.10298 

4.70536 0.27619 4.08036 0.14226 4.08036 0.03333 3.58036 2.76786 -0.89286 -0.15417 - - 0.17857 0.06905 

4.88393 0.28155 4.16964 0.16190 4.16964 0.04940 3.36607 3.05357 -0.98214 -0.16131 - - 0.26786 -0.00060 

5.06250 0.28512 4.34821 0.17262 4.25893 0.07976 3.22321 3.19643 -1.07143 -0.15417 - - 0.35714 -0.11131 

5.24107 0.29048 4.52679 0.20119 4.34821 0.09048 2.97321 3.33929 -1.16071 -0.15774 - - 0.44643 -0.13452 

5.41964 0.31369 4.70536 0.21726 4.43750 0.11190 1.20536 3.33929 -1.25000 -0.16131 - - 0.53571 -0.14881 

5.59821 0.32083 4.88393 0.23869 4.52679 0.11905 0.97321 3.07143 -1.33929 -0.16310 - - 0.62500 -0.22024 

5.77679 0.31726 5.06250 0.25476 4.61607 0.13333 0.90179 2.85714 -1.42857 -0.13988 - - 0.71429 -0.27381 

5.95536 0.31726 5.24107 0.25655 4.70536 0.13512 0.65179 2.57143 -1.51786 -0.14702 - - 0.80357 -0.30238 

6.13393 0.31369 5.41964 0.25119 4.79464 0.16190 0.50893 2.30357 -1.60714 -0.13631 - - 0.89286 -0.33452 

6.31250 0.30655 5.59821 0.24405 4.88393 0.17083   -1.69643 -0.10238 - - 0.98214 -0.35595 

6.40179 0.29940 5.77679 0.22976 4.97321 0.17083   -1.78571 -0.09702 - - 1.07143 -0.37560 

6.49107 0.22440 5.95536 0.23155 5.06250 0.15655   -1.87500 -0.10238 - - 1.16071 -0.39167 

6.58036 0.15833 6.13393 0.23155 5.15179 0.18155   -1.96429 -0.09167 - - 1.25000 -0.40060 

6.66964 0.03333 6.31250 0.19940 5.24107 0.14048   -2.05357 -0.07738 - - 1.33929 -0.41667 

6.75893 -0.02738 6.49107 0.19940 5.33036 0.04762   -2.14286 -0.06845 - - 1.42857 -0.43631 

6.84821 -0.06845 6.66964 0.17083 5.41964 -0.04524   -2.23214 -0.04524 - - 1.51786 -0.46667 

6.93750 -0.06488 6.84821 0.10476 5.50893 -0.10595   -2.32143 -0.01131 - - 1.60714 -0.48452 

7.02679 -0.07202 7.02679 -0.05595 5.59821 -0.07560   -2.41071 -0.03452 - - 1.69643 -0.48810 

7.11607 -0.08988 7.20536 -0.12560 5.68750 -0.08810   -2.50000 -0.05417 - - 1.78571 -0.49881 

7.20536 -0.10595 7.29464 -0.13452 5.77679 -0.07560   -2.58929 -0.02381 - - 1.87500 -0.49881 

7.29464 -0.12381   5.86607 -0.08988   -2.67857 0.00298 - - 1.96429 -0.50417 
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    5.95536 -0.09524   -2.76786 -0.00417 - - 2.05357 -0.50774 

    6.04464 -0.12738   -2.85714 0.00119 - - 2.14286 -0.53631 

    6.13393 -0.14524   -2.94643 0.00298 - - 2.23214 -0.52917 

    6.22321 -0.17024   -3.03571 0.02083 - - 2.32143 -0.53452 

    6.31250 -0.19702   -3.12500 0.00655 - - 2.41071 -0.52381 

    6.40179 -0.20417   -3.21429 0.02083 - - 2.50000 -0.49881 

    6.49107 -0.21131   -3.30357 0.01726 - - 2.58929 -0.48274 

    6.58036 -0.23274   -3.39286 0.01012 - - 2.64286 -0.47560 

    6.66964 -0.24881     - -   
    6.75893 -0.25417     - -   
    6.84821 -0.25595     - -   
    6.93750 -0.26667     - -   
    7.02679 -0.27202     - -   
    7.11607 -0.27024     - -   
    7.20536 -0.27202     - -   
    7.29464 -0.27738     - -   
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Appendix C: Summary of PIV measurement details 

Summary of PIV measurement details: data acquisition 

Chapter Test ID Description 
b 

(m) 
h 

(m) 
FOV 
no. 

Z/D 
No. 

frames 
Δt 

(ms) 

3 

R1 sand bed 0.4 0.12 1 0 2000 2000 

R2 sand bed 0.4 0.21 1 0 2000 2200 

R3 sand bed 0.8 0.12 1 0 2000 1900 

R4 sand bed 0.8 0.24 1 0 2000 2800 

R5 sand bed 1.22 0.12 1 0 2000 2000 

R5-C sand bed 1.22 0.12 1 5.7 2000 2300 

R6 sand bed 1.22 0.185 1 0 2000 2900 

4 

B1 
emergent cylinder 

D = 0.056 m 
0.4 0.12 

1 0 2000 2700 

2 0 3000 3000 

3 0 3000 3000 

4 0 3000 3000 

1 0.5 2000 2300 

2 0.5 3000 2900 

3 0.5 3043 3000 

4 0.5 3000 2900 

1 2 2000 2000 

2 2 2000 1800 

3 2 2000 1800 

4 2 2000 1800 

B2 
emergent cylinder 

D = 0.056 m 
0.8 0.12 

1 0 1994 2200 

2 0 3000 2400 

3 0 3000 2300 

4 0 2000 2000 

1 0.5 2000 2000 

2 0.5 3000 2300 

3 0.5 3000 2650 

4 0.5 2000 2650 

1 3.8 2000 2000 

2 3.8 2000 2000 

3 3.8 2000 1900 

4 3.8 2000 1800 

B3 
emergent cylinder 

D = 0.056 m 
1.22 0.12 

1 0 2000 2300 

2 0 3000 2600 

3 0 3000 2600 

4 0 2000 2400 

1 0.5 2000 2000 

2 0.5 3000 2200 
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3 0.5 3000 2200 

4 0.5 2000 2500 

1 5.7 2000 2500 

2 5.7 2000 2500 

3 5.7 2000 2500 

4 5.7 2000 2400 

5 

E1 
submerged cylinder 

D = 0.056 m 
0.4 0.12 

1 0 2000 2500 

2 0 2916 2800 

3 0 2876 2500 

4 0 2000 2500 

1 0.5 2000 2200 

2 0.5 3000 2600 

3 0.5 3000 2300 

4 0.5 2000 2600 

1 2 2000 2000 

2 2 2000 1800 

3 2 1998 1800 

4 2 2000 1700 

E2 
submerged cylinder 
with vertical plate 

D = 0.056 m 
0.4 0.12 

1 0 2000 2500 

2 0 2000 2800 

3 0 3000 2800 

4 0 2000 2500 

1 0.5 2000 2500 

2 0.5 3000 2800 

3 0.5 3000 2700 

4 0.5 2000 2400 

1 2 2000 2000 

2 2 2000 1800 

3 2 2000 1600 

4 2 2000 1900 

E3 

submerged cylinder 
with horizontal 

plate 
D = 0.056 m 

0.4 0.12 

1 0 2000 2650 

2 0 2500 2400 

3 0 2500 2600 

4 0 2500 2800 

1 0.5 2000 2300 

2 0.5 3000 2900 

3 0.5 3000 2800 

4 0.5 2500 2600 

1 2 2000 1800 

2 2 2000 1700 

3 2 2000 1700 

4 2 2000 1700 
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Summary of PIV measurement details: resolution of images 

Chapter Test ID Description 
b 

(m) 
h 

(m) 
FOV 
no. 

Z/D Δx+ Δy+ 

3 

R1 sand bed 0.4 0.12 1 0 13.5 13.5 

R2 sand bed 0.4 0.21 1 0 12.9 12.9 

R3 sand bed 0.8 0.12 1 0 13.1 13.1 

R4 sand bed 0.8 0.24 1 0 19.8 19.8 

R5 sand bed 1.22 0.12 1 0 16.3 16.3 

R5-C sand bed 1.22 0.12 1 5.7 18.9 18.9 

R6 sand bed 1.22 0.185 1 0 16.5 16.5 
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Appendix D: Uncertainty analysis of PIV measurements 

Particle Image Velocimetry (PIV) measurements are subject to many sources of error in 
practice. In this section, the random errors associated with various components of 
calibration, data acquisition and post-processing will be calculated for a sample test. The 
quantification of uncertainty follows the method described by Park et al. (2008), adapted 
from the Visualization Society of Japan’s guidelines (2002). The sample calculation below 
was conducted for test R1 (see Appendix C for details). 

Test R1 (b = 0.4 m, h = 0.12 m, sand bed): test details 
target flow of measurement 

target flow   two-dimensional water flow   

measurement facility   
horizontal recirculating laboratory 
flume 

measurement area   3312 × 2488 px 
uniform flow speed   0.262 m/s 

calibration 

distance of reference points lT 10 mm 

distance of reference image LT 167 px 

magnification factor α 0.05988024 mm/px 

flow visualisation 
tracer particle   spherical glass particle   

average diameter dp 0.011 mm 

standard deviation of diameter sp 0.002 mm 
average specific gravity   1.07   
light source   double pulse Nd:YAG laser   
laser power   135 mJ 

time interval Δt 2 ms 
image detection 
camera   8 MP CCD array camera   
spatial resolution   3312 × 2488 px 
sampling frequency   2.07 Hz 
optical system 

distance from the target lt 500 mm 
length of focus   50 mm 
perspective angle θ 0.087 rad 
data processing 
pixel unit analysis   cross correlation method   

correlation area size   32 × 32 px 

search area size   16 × 16 px 

sub-pixel analysis   3-point Gaussian fitting   
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Error sources and propogation of error 
calibration, α  sensitivity factor error/uncertainty  combined uncertainty 

calibration board  ci  u(xi)  ciu(xi) uc   

image distance of reference points −lT/LT
2 -0.0004 mm/px2 0.7 px 0.0003    

physical distance of reference points 1/LT 0.0060 1/px 0.02 mm 0.0001    
optical system          

image distortion by lens −lT/LT
2 -0.0004 mm/px2 0.835 px 0.0003    

distortion and other errors of CCD −lT/LT
2 -0.0004 mm/px2 0.0056 px 2.0E-06    

experimental condition          

reference board position lT/(LTlT) 0.0060 1/px 0.5 mm 0.003    

parallel reference board −lTθ/LT -0.0021 mm/px 0.035 rad 7.3E-05    
displacement of particle image, Δx       0.003 mm/px 

visualization          

laser power fluctuation 1/α 16.7 px/mm 0.0071 mm 0.119    
image detection          

CCD distortion  1  0.0056 px 0.0056    

normal view angle −lTθ/LT -0.0021 mm/px 0.035 rad 7.3E-05    
data processing          

mis-matching error  1  0.2  0.2    
sub-pixel analysis  1  0.03  0.03    

time interval, Δt       0.234 px 
delay generator  1  1.0E-09 s 1.0E-09    
pulse timing accuracy  1  5.0E-09 s 5.0E-09    

experiment, δu       5.1E-09 s 
particle trajectory  1  0.0262 mm/s 0.0262    
3D effects on perspective of velocity  1  0.263 mm/s 0.263    

        0.264 mm/s 

velocity, u                 
calibration, α  4375 px/s 0.003 mm/px 13.2    
displacement of particle image, Δx  29.9 mm/px/s 0.234 px 7.02    

time interval, Δt  0.52 mm/s2 5.10E-09 s 2.7E-09    
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experiment, δu  1  0.264 mm/s 0.264    
              15.0 mm/s 

displacement, x          

centre position of correlation area, Xs, Xe 0.0599 mm/px 0.5 px 0.030    
non-uniformity of tracer particle distribution 0.0599 mm/px 8 px 0.479    
origin correlation  0.0599 mm/px 2 px 0.120    

              0.495 mm 

measurement time, t                 
delay generator  1  1.00E-09 s 1.0E-09    
pulse timing accuracy  1  5.00E-09 s 5.0E-09    

              5.1E-09 s 
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