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 Motivated by the ubiquitous nature of turbulent surface features that are 

present on the surface of naturally occurring shallow flows, this dissertation leverages 

information contained within these signatures to remotely monitor bathymetry, bed 

shear stress and volumetric discharge.  A series of Large-Scale Particle Image 

Velocimetry (LSPIV) and Acoustic Doppler Velocimetry (ADV) experiments are 

conducted in a wide-open channel for a variety of different bathymetric conditions.  A 

methodology is developed that remotely and accurately determines volumetric flow 

rate from free surface imagery.  This methodology takes advantage of the ubiquitous 

nature of counter-rotating vortices in wide-open channel flows, which have been 

demonstrated to scale with the flow and influence the pattern of velocity on the free 

surface.  This approach to remote volumetric discharge monitoring is more efficient 

and cost-effective than current direct methods of determining volumetric flow rate.  It 

reduces hazards to USGS personnel and yields the same or better accuracy relative to 

current methods. 

 A second technique is developed that permits remote and large-scale 

assessment of bed shear stress.  This is accomplished through correlation of 



 

dissipation measurements on the free surface with dissipation measurements in the 

upper portion of the water column.  In open channel flow the distribution of 

dissipation in the water column follows a semi-theoretical relation developed by Nezu 

& Nakagawa (1993), which includes friction velocity.  Hence, by understanding the 

correlation between free surface and near-surface values of dissipation, full depth 

profiles of dissipation can be approximated and the friction velocity, and subsequently 

bed shear stress, can be determined.  The development of this technique has important 

implications for the prediction of sediment transport.   
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CHAPTER 1 

 

INTRODUCTION 

1.1 Motivation 

 Close inspection of water flowing in a shallow environment, such as a river or 

estuary, reveals that the water surface is rarely smooth.  At any given time, there may 

be whirling vortices or evidence of water upwelling from the bottom as can be seen in 

Figure 1 and Figure 2.  It is the shear stress at the bed that generates the upwelling 

turbulent features observed on the surface.  The shearing action between the bed and 

the adjacent layer of fluid coupled with the non-linear characteristics of fluids motions 

causes intermittent ejections of the fluid directed away from the bed.  Surface boils 

result when the upwelled water reaches the water surface and spreads radially.  

 

Figure 1. Water Upwelling on the surface of a man-made channel flow in Lowell, 
MA, USA.   
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Figure 2. Flow over submerged rocks (Brocchini, 2001a). 

 

 The focus of the research documented in this dissertation is on these turbulent 

surface features that are readily visible, as well as those features that require the use of 

flow visualization techniques to be observed.  The shallow nature of the flow 

physically constrains these growing and continuously evolving turbulent surface 

features.  Hence, it is our hypothesis that because of this physical constraint, 

quantification of the size of these turbulent surface features will lead to flow depth 

information.  The objective of this dissertation is to study and analyze these turbulent 

surface features using quantitative image analysis and remote sensing technology to 

extract this information.   

 The primary applications of the methodologies developed herein are the United 

States Geological Survey (USGS) stream and river gaging program and USGS efforts 
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to monitor total fluvial sediment loads.  Developing the capability of remotely 

monitoring volumetric discharge is one of the major objectives of this research.  

Attention is also given to the problem of remotely quantifying bed shear stress over a 

large field of view, a capability that has important implications in the field of sediment 

transport and transport of contaminants in the environment.  After a thorough 

examination of the current state of the art in volumetric discharge and bed shear stress 

measurement techniques, the details of the experiments conducted as part of this 

doctoral work will be discussed in chapter 2.  Chapter 3 presents the large-scale 

coherent structures that are present in open channel flow and discusses their influence 

on the mean flow.  Chapters 4 and 5 detail the novel methodologies developed to 

remotely monitor volumetric discharge and bed shear stress, respectively.  This 

dissertation concludes with a discussion on the importance of the major findings of 

this work and implications for future investigations into the physics and information 

content of free surface turbulent features. 

 

1.2 State of the Art in Volumetric Discharge Measurement 

 The United States Geological Survey (USGS) is tasked with monitoring 

volumetric discharge (total volume of water flowing through a river cross section per 

unit time) in all our nations’ rivers and streams.  Accurate determination of volumetric 

discharge is essential in the design and operation of hydraulic engineering projects, the 

minimization of drought, the monitoring of water quality and the prediction of fate and 

transport of environmental contaminants.  Moreover, these data are also used in the 

forecasting of public water supplies, in assessing environmental regulations and in 
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flood control and damage mitigation.  Simply put, accurate measurements of discharge 

are vital in the use of water as a national resource. 

 The current system used by the USGS to directly measure volumetric flow rate 

involves partitioning the river into a transverse series of finite segments and measuring 

vertical profiles of streamwise velocity in each segment as illustrated in Figure 3.  The 

depth-averaged velocity is determined from each vertical profile and the total 

volumetric discharge is then calculated using the velocity-area method formula, 

 

€ 

Q = Vavg (y)b(y)H(y)[ ]∑        [1] 

where Q represents the total volumetric discharge [m3/s] and is equal to the summation 

of each segment’s depth-averaged velocity, Vavg (y) [m/s] times its width, b(y) [m] and 

depth, H(y) [m].  Traditionally, discharge measurements have been accomplished 

through traversing the river in a boat or through wading.  Devices such as current 

meters, or Acoustic Doppler Current Profilers (ADCP) are typically used to measure 

the current velocity. 

 

Figure 3. Velocity area method of calculating volumetric discharge. 
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 Because of the significant effort involved in measuring discharge, generally 

once a discharge measurement is made, it is related to the river stage (the elevation of 

the river surface above some arbitrary datum) occurring at the same time as the 

discharge measurement.  Overtime, the USGS has amassed a sizeable database of 

concurrent stage and discharge measurements for each of the ~ 7,300 gaging stations 

and has developed rating curves that express this functional relationship.  The use of 

these curves makes it possible for the USGS to continually estimate discharge by 

monitoring a rivers’ stage (the elevation of the river surface above some arbitrary 

datum), a measurement that is far easier to make on a continual basis.  As a result, at 

most stream gaging stations only the river stage is continuously monitored and the 

rating curves are used to provide a continuous estimate of discharge.  

 Under ideal conditions, discharge determined from the rating curve relation 

can be accurate to within 5% of the true value (Sauer & Meyer, 1992).  However, if 

the river is unstable or if the cross section of the river varies widely, the current stage-

discharge relation can become inaccurate.  Flood conditions that exceed prior stage-

discharge measurements, releases from a dam, excess weed growth, a moving or soft 

erodible bed conditions can all significantly change a river’s stage-discharge 

relationship.  Such an example is provided in Figure 4 taken from Mason and Weiger 

(1995), where it is observed that the discharge for a river stage of three feet changed 

by two orders of magnitude after a flood. 

 It is desirable to have accurate discharge data for all river flow conditions but 

the need is more urgent during floods.  Discharge data is a key input into the river 

models developed by the National Weather Service (NWS), from which flood 
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Figure 4. Example rating curve before and after a high discharge event (Mason & 
Weiger, 1995). 

 

warnings and evacuations notices are made to the general public when dangerous 

conditions threaten.  Without accurate discharge measurements it is difficult to predict 

precisely when a river will crest and when evacuations of local residents need to take 

place.  The real benefit here in the issuance of timely and accurate flood forecasts is, 

to the extent possible, minimizing economic damage and saving human lives.  A 

potential solution to this problem would be to make periodic measurements of 

discharge during the flood.  However, it is often the case that conditions are not safe 

and the risk to equipment and USGS personnel life are unacceptable.  

 Since direct measurements of discharge for all river conditions are time 

consuming and often hazardous to obtain, there have been many attempts to introduce 

remote sensing techniques to the process of stream gaging.  Attempts to incorporate 

radar technology have dominated the landscape and were the primary focus of USGS 

task committees (i.e. Hydro 21).  Several other investigations [Nicolas  et al., 1997; 
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Lee et al., 2002a; Lee et al., 2002b; Mason et al,. 2002; Costa et al., 2000; Melcher et 

al., 2002] have demonstrated the capacity of radar to make velocity measurements of 

the water surface.  In general, radar measurements of surface velocities have been 

found to be as accurate as standard techniques, with some exceptions in the far field 

due to the greater spatial extent over which average velocities are determined (see 

Mason et al. 2002).  However, in each of these studies the radar system that was used 

to measure the surface velocity could not simultaneously provide the information 

about the bathymetry or the river depth that is required to calculate volumetric 

discharge.  An additional measurement system, which had to be, in all cases, traversed 

across the river, was therefore required to determine the river cross-sectional area and 

facilitate calculation of discharge.  

 Large-scale particle image velocimetry and other optically based techniques 

have been the focus of several studies [Weitbrecht et al., 2002; Creutin et al., 2003; 

Creutin et al., 2002; Fujita and Tsubaki, 2002; Fujita et al., 1998].  One of the primary 

benefits to using LSPIV in the process of stream gauging is that this technique 

captures instantaneous velocity data in two dimensions at a wide range of spatial and 

temporal scales over the camera’s field of view.  This represents a capability 

previously unattainable by conventional stream gaging techniques.  Despite the clear 

advantage of employing LSPIV in the stream gaging process, each of the previously 

mentioned LSPIV studies relied on an additional measurement system that was 

traversed across the river to determine the river cross-sectional area (e.g. ground 

penetrating radar) to make the discharge calculation possible.  

 The technique developed here leverages the strengths of LSPIV in the process 
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of stream gaging and eliminates the need for a second measurement system that is 

physically traversed across the river in the calculation of volumetric discharge.  

Information about the river depth that is necessary for this calculation, is extracted 

from the captured images through the application of turbulence theory.  Hence, the 

captured images of the water surface will not only provide information about the 

variation of the depth-averaged velocity across the river but they simultaneously 

permit investigation of the bathymetric conditions.  This is accomplished through the 

calculation of the integral length scale of the turbulence at the water surface, which we 

demonstrate in Chapter 4 to be correlated predictably to flow depth. 

 

1.3 State of the Art in Bed Shear Stress Measurement 

 Bed shear stress is a fundamental hydraulic parameter used in the estimation of 

sediment transport, in the prediction of the fate and transport of environmental 

contaminants, and in the prediction of resistance coefficients in rivers.  For 

convenience, it is often expressed in terms of the friction velocity and the two 

quantities are related via the following expression, 

 

€ 

τw = u*2ρ         [2] 

where τw is the bed shear stress, u* is the friction velocity and ρ is the density of the 

fluid.  From the expression given above, it is clear that friction velocity represents a 

way of expressing the bed shear stress in the form of a velocity.  The friction velocity 

is the fundamental velocity scale in the near wall region of wall-bounded flows and 

while it cannot be directly measured, it is linked to turbulent structures near the bed.  

 In the riverine environment, bed shear stress can vary strongly with the local 
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environment and bathymetric conditions.  Deviations in bed roughness, topography, 

local Reynolds number, and the presence of secondary flow structures have all been 

shown to influence local values of bed shear stress.  Kirkgoz (1989) demonstrated in 

his open channel flow experiments over four sizes of bed roughness material (D90 = 

2.36 – 20 mm, where D90 is the 90th percentile particle diameter) that the friction 

velocity increases with increasing bed roughness and also with Reynolds number.  

Kirkgoz’s findings regarding the increase in friction velocity with increasing 

roughness size have important implications for the riverine environment where the 

presence of secondary currents caused by counter-rotating vortices are ubiquitous.  

Nezu & Nakagawa (1993) discuss at length the tendency of counter rotating vortices 

to preferentially organize fine and coarse sediments into regions of upwelling and 

downwelling, respectively.  The organization of the sediments further enhances the 

motion of the secondary vortices instigating a feedback loop.  The resulting spanwise 

variation of bed roughness material causes a spanwise variation in bed shear stress. 

 The influence of secondary flow structures in rivers creates an environment 

where the bed shear stress can vary spatially by as much as 10% from the mean value.  

Nezu & Nakagawa (1993) found that in regions of upwelling, local values of bed shear 

stress are minimized and in regions of downwelling, local values of bed shear stress 

are maximized.  They derived an expression for the spanwise variation of the bed 

shear stress where the dominant process is the presence of secondary currents.  Similar 

spanwise variation of the bed shear stress has been noted in the closed channel flow 

experiments of Knight & Patel (1985).  Further, considering the variations in bed shear 

stress that can result due to changes in local Reynolds number over the cross section of 
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the flow and in response to changing conditions, it is clear that complete 

characterization of bed shear stress in the riverine environment requires on-going 

measurements over the area of interest.   

 Numerous investigations have made direct measurements of bed shear stress 

and each of these attempts prove that direct measurements of bed shear stress are 

challenging and not appropriate for large-scale field installation.  Ackerman & Hoover 

(2001) used a Preston tube, a device, which takes advantage of the difference between 

total pressure and static pressure to directly determine local bed shear stress.  The 

Preston tube is a point measurement device that effectively provides sub-centimeter 

scale resolution measurements for bed shear stress in unidirectional, well-developed 

flows.  While effective, the Preston tube only provides local measurements of bed 

shear stress, in order to determined bed shear stress information over a large area the 

device must be physically traversed and lowered at numerous points.  Ackerman & 

Hoover (2001) also noted that use of this device in beds with very large rough 

elements could be problematic as its ability to measure pressure differences in regions 

of circulation or separation is somewhat limited. 

 Drag plates have been used in a number of experiments to directly measure bed 

shear stress.  Tinoco & Cowen (2013) developed a non-intrusive drag plate capable of 

direct and accurate measurement of wall shear stress and drag on both simple and 

complex arrays of elements.  In their study the drag plate, which was situated flush 

with the bed in an open channel flume, provided average wall shear stress 

measurements over the area of the plate.  Both Tinoco & Cowen (2013) and Barnes et 

al. (2009) have demonstrated the ability of shear plates to accurately measure bed 
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shear stress in rapid time-varying conditions present in oscillatory flows and in the 

swash zone, respectively.  Despite their high temporal resolution, measurements from 

drag plates yield average statistics of bed shear stress over the area of the plate, which 

is inadequate particularly for studies involving sediment transport.  Further the use of 

a drag plate is highly impractical for large-scale field studies. 

 In-situ sensors have also been used for making local measurements of bed 

shear stress.  Perry et al. (1969) in their study of rough wall boundary layers measured 

skin friction via pressure taps inserted in individual bed roughness elements that 

measured each element’s form drag.  They then estimated friction velocity through an 

iterative approach with a modified Clauser chart.  Albayrak & Lemmin (2011) 

attached hot-film sensors to bed roughness material.  In their experiments the voltage 

required to maintain a constant temperature of the thermal element was related to the 

mean bed shear stress.  Both of these methods, while capable of capturing bed shear 

stress, yield local measurements of bed shear stress and, as previously stated, our 

primary interest is in capturing shear stress information across an entire cross-section.  

A possible alternative is to instrument and deploy a large number of bed roughness 

elements to measure bed shear stress over a large area, however, this is logistically 

impractical. 

 Much more common is the use of indirect methods to estimate bed shear stress 

through the friction velocity.  It is commonplace to estimate the friction velocity 

through a force balance approach using, 

 

€ 

u* = gHSf         [3] 

where g is the gravitational acceleration, H is the flow depth and Sf is the local friction 
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slope.  This formulation is valid under conditions of normal and uniform flow making 

it particularly well suited for evaluation in the laboratory.  It provides an overall value 

for friction velocity as opposed to a local value (Nezu & Nakagawa, 1993).  However, 

in the field the presence of lateral velocity gradients influences the vertical velocity 

profile, rendering the above expression locally not applicable (Smart, 1999).  Further, 

in the highly variable environment of river flows, flow depth and water surface slope 

can vary significantly across a river cross-section (Smart, 1999), nullifying the 

assumption of normal and uniform flow. 

 Bagherimiyab & Lemmin (2013) discuss in detail a number of the indirect 

methods for estimating the friction velocity.  Broadly, each of these methods requires 

the measurement of vertical profiles of either the mean streamwise velocity or some 

turbulence quantity and relies on an assumption to estimate the friction velocity.  

Appendix A of this dissertation reviews each of the methods used in the Bagherimiyab 

& Lemmin (2013) study.  Each of these techniques yields local values of bed shear 

stress and to extend these measurements to a large area requires that multiple vertical 

profiles be made. 

 Collectively, the above techniques yield either localized information about the 

bed shear stress, which is only useful in the prediction of sediment transport in the 

immediate vicinity of the measurement, or they yield bed shear stress information that 

has been averaged over a certain area.  Averaged statistics are useful in painting an 

overall picture of the forces acting on the bed, yet are not helpful in predicting the 

onset of sediment transport.  

 The primary research objective here is to develop the capability of 
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continuously assessing the local bed shear stress over a large area or field of view.  

This goal is accomplished through quantifying dissipation on the free surface of an 

open channel flow under a wide range of flow conditions.  It is demonstrated that the 

free surface dissipation measurements are strongly correlated with dissipation 

measurements in the upper portion of the water column.  Dissipation measurements 

throughout the water column are shown to follow the semi-theoretical relation 

developed by Nezu & Nakagawa (1993) which links dissipation with friction velocity.  

Thus a methodology of predicting friction velocity and subsequently bed shear stress 

from free surface measurements is developed.  This technique permits the prediction 

of bed shear stress over a large area of interest.  Our technique further permits 

investigation of potential local influences on bed shear stress as well as providing 

information about its spatial distribution.  Such information is valuable in predicting 

the onset of sediment transport and in predicting the fate and transport of 

environmental contaminants.
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CHAPTER 2 

 

EXPERIMENTAL METHODOLOGY  

2.1 Wide Open Channel 

 A series of experiments were conducted in a recirculating wide-open channel 

flume housed in DeFrees Hydraulics Laboratory at Cornell University (Figure 5).  The 

test section of the channel is 15 m in length, 2 m wide and 0.64 m deep.  The relatively 

large size of the test section makes it perfectly suited to the study of shallow flows 

with spanwise meandering motions.  The flow is generated and sustained by two 

digitally controlled axial pumps that are located beneath the test section.  The pumps 

drive the water into the inlet section through two 0.406 m diameter PVC pipes.  Upon 

entering the inlet section, the flow is conditioned by a 5.1 cm thick stainless steel grid 

with 10 cm × 10 cm square openings followed by 7.62 cm of honeycomb material 

with 0.64 cm circular openings.  Both the grid and honeycomb material are intended to 

break down large flow structures that are created by the two return pipes.  The flow is 

further conditioned by a 4:1 contraction prior to its arrival at the test section.  A 3.2 

mm polycarbonate rod is placed on the bed at the joint between the inlet section and 

the test section to trip the bottom boundary layer forcing it to be turbulent.  The test 

section walls and bottom are constructed out of ½” thick glass plates, allowing for 

excellent optical access.  At the end of the test section an adjustable weir is installed, 

creating critical flow at the exit and preventing surface disturbances from reflecting 

back into the test section. 

 The LSPIV and ADV measurements conducted as part of this investigation 
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were made ~9 m downstream from the beginning of the test section, allowing 

sufficient distance for the boundary layer to fully develop.  As is illustrated in Figure 

5, the origin of the coordinate system used in this work is located at the beginning of 

the test section, along the channel centerline at the channel bed.  The x coordinate 

indicates the streamwise direction, the y coordinate indicates the transverse direction 

(positive direction defined by right-hand-rule)  and the z coordinate indicates the 

vertical direction. 

 

Figure 5. Schematic of recirculating wide-open channel flume. 

 

2.2 Experimental Cases 

 With the objective of studying turbulent surface features for an anticipated 

wide range of bathymetric conditions that are present in the field, a total of twenty-six 

experimental flow cases were completed and are documented in this dissertation.  To 

establish flow depth and Reynolds number dependencies, sixteen experimental flow 
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cases were run in which the channel’s smooth glass walls comprised the flow 

boundary conditions.  The resulting cross section was rectangular.  For these smooth 

bed experiments the flow depth was varied from 6.3 – 40.2 cm and the depth-averaged 

velocity ranged from 4.5-34.9 cm/s (Table 1). 

 

Table 1. Smooth bed experimental flow cases. 
H [cm] B/H UB [cm/s] ReH Fr δ /H δ*/H u* 

6.3 31.9 34.9 21,795 0.46 2.70 0.09 1.8 

10.5 19.1 4.74 4,948 0.05 2.14 0.15 0.30 

10.7 18.7 9.0 9,574 0.10 1.90 0.13 0.61 

10.2 19.7 23.12 23,396 0.25 1.75 0.09 1.18 

10.1 19.8 32.7 32,895 0.36 1.67 0.10 1.80 

15.7 12.8 4.5 7,023 0.04 1.43 0.13 0.28 

15.2 13.1 9.6 14,543 0.08 1.34 0.11 0.60 

15.3 13.1 23.5 35,835 0.20 1.16 0.10 1.2 

15.2 13.1 33.6 50,935 0.29 1.11 0.09 1.6 

20.6 9.7 5.2 10,654 0.04 1.09 0.12 0.30 

20.6 9.7 9.6 19,649 0.07 0.99 0.10 0.52 

20.3 9.9 24.1 48,704 0.18 0.88 0.07 1.20 

20.4 9.8 34.4 70,033 0.26 0.82 0.07 1.65 

30.5 6.6 9.59 29,095 0.06 0.67 0.09 0.55 

30.5 6.6 24.3 73,747 0.14 0.59 0.07 1.10 

 

 

 Of the dimensionless variables studied in the smooth bed experiments (Table 

1), two that are of considerable interest here are the aspect ratio, B/H, and the ratio of 

boundary layer thickness to the flow depth, δ/H.  The aspect ratio of the channel 

ranged from 6.6 – 31.9 across all experiments.  Therefore, consistent with the criteria 

established given by Nezu & Nakagawa (1993) (wide open channels: B/H > 5, narrow 
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open channels: B/H ≤ 5-6), each flow case presented here is properly classified as a 

wide-open channel flow and the surface features discussed herein are consistent with 

those observed in wide-open channels.  It has been noted by several investigators [e.g. 

Tamburrino & Gulliver, 2007; Albayrak & Lemmin, 2011] and confirmed in this work 

that the aspect ratio in wide-open channels sets the number of streamwise counter-

rotating vortices in a channel.  These structures and the resulting secondary flows they 

promote have a marked influence on the free surface turbulence characteristics.  

 The ratio of boundary layer thickness to flow depth, δ/H, is a critical parameter 

in these experiments and understanding how the turbulent surface features change with 

δ/H is of great importance in this study.  The boundary layer thickness, δ, for each 

smooth bed case has been estimated by Prandtl’s 1/7th power law and the flow depth 

was set to achieve the desired range of δ/H values.  This ratio therefore represents 

what portion of the water column is comprised of the growing boundary layer.  In 

other words it represents the degree to which the free surface is fully developed.  Its 

magnitude provides information on how strongly correlated the free surface turbulent 

signatures are with incipient bed motions.   

 An alternative metric of boundary thickness is the displacement thickness, δ*, 

given by δ*=∫(1-u/U)dy.  For a given boundary layer flow it is defined as the distance 

the bottom wall in a frictionless flow would have to be displaced vertically upward to 

maintain the same mass flux as the original boundary layer flow.  Because δ* is 

calculated directly from vertical velocity profiles it is a considerably more accurate 

indicator of the boundary layer thickness.  The ratios δ*/H and δ/H are closely related 

and these two dimensionless variables essentially capture the same information.  They 
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are used interchangeably throughout this dissertation.  The advantage of using δ/H is 

that it can be estimated a priori to design experiments and provides physical insight 

into the link between the free surface and the growing boundary layer.  However, to 

the author’s knowledge, there is no known a priori method of estimating boundary 

layer thickness over complex bathymetry such as rough gravel beds.  The advantage in 

using δ*/H is that it is calculated accurately directly from velocity profile for a variety 

of different boundary layer flows and bathymetric conditions. 

 Seven experimental cases were completed for which a bed of loose gravel was 

added to half of the channel.  The addition of gravel facilitated study of increased bed 

roughness on free surface turbulent expression and these experiments closely 

mimicked the shallow mixing layer that is frequently present at the confluence of two 

rivers.  The gravel itself had a median diameter of D50 = 0.60 cm and was manually 

leveled in the channel such that the resulting gravel bed had a characteristic roughness 

of krms = 2.16 cm.  The width of the gravel strip (~ 90 cm) was just under half the 

width of the channel and ran from the beginning of the test section to well past the 

location where the measurements were made (12 m in length), allowing a sufficient 

distance for the resulting flow to fully develop.   

 No motion of the gravel was observed during any of the tests.  This 

observation was confirmed by examination of the images taking during the LSPIV 

measurements for each experimental case.  A photo of the gravel bed and the camera 

field of view can be found in Figure 6.  The Shield’s curve (1936) expected minimum 

free stream speed required for gravel motion is U = 1.63 m/s.  As can be observed in  
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a.) b.)

 

Figure 6. a.) Rough bed experimental set-up b.) Rough bed camera image illustrating 
the camera field of view. 

 

Table 2 the free stream velocities for this set of experiments were kept well below this 

minimum. 

 For the rough bed cases, the key parameter is the ratio of the root mean square 

roughness height to the flow depth, krms/H.  This parameter quantifies the portion of 

the water column that is comprised of the loose gravel.  In these experiments, krms/H 

varies from 0.11 – 0.36 (Table 2).   

 To study effects associated with variable bathymetry and to mimic typical river 

cross sections both with and without flood plains, three experiments were carried out 

with a polyvinyl chloride (PVC) section added to the channel (Figure 7a).  The 

maximum height of the added PVC section is 16.2 cm.  The height of the section 

linearly decreases over an 80 cm span creating variable bathymetry (Figure 7b).  Two 

experiments were conducted where the channel was filled above the maximum height  
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Table 2. Rough bed experimental flow cases. 

H [cm] B/H UB [cm/s] ReH Fr δ*/H krms/H u* 

7.5 26.7 5.41 - 14.24 4,893 0.11 0.32 0.29 1.55 - 1.70 

10.6 18.9 5.21 - 9.54 6,018 0.08 0.29 0.20 0.70 - 0.82 

15.4 13 5.89 - 8.27 10,430 0.08 0.28 0.14 0.48 - 0.54 

20.17 9.9 3.84 - 4.38 7,735 0.04 0.26 0.11 0.32 - 0.34 

20.1 10 8.26 - 10.89 13,674 0.06 0.24 0.11 0.56 - 0.80 

20.9 9.6 18.42 - 25.98 36,804 0.16 0.23 0.10 1.35 - 1.75 

20.4 9.8 21.93 - 27.87 51,671 0.24 0.23 0.11 1.30 - 1.90 

 

of the added PVC section (H = 20.1 and 25.6 cm), creating overbank flow conditions 

and a flood plain.  One experiment was conducted at bank-full conditions (H = 14.7 

cm). 

 The key dimensionless parameter for the compound channel cases is the 

relative flow depth, Dr = h/H, where h is the flow depth over the flood plain and H is 

the flow depth in the main channel (see Table 3).  In these experiments Dr was varied 

from 0 – 0.4.  Although not shown here, the appearance or strength of free surface 

turbulent features increases with decreasing relative flow depth. 

 

 Table 3. Compound channel experimental flow cases. 

H [cm] UB [cm/s] Dr δ  u* 

14.7 21.3-22.4 0 1.3-1.7 1.1 

20.1 19.9-23.1 0.19 1.3-2.0 0.99-1.1 

25.6 18.3-24.1 0.37 1.28-1.90 0.93-1.12 
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a.)  

b.)

 
Figure 7. a.) Compound channel experimental set-up. b.) Compound channel 
schematic with ADV measurement positions indicated. Note: the cover of the ramp up 
to the PVC section has been removed to reveal the cross section of the test section. 

 

 

2.3 Large-scale PIV Measurements 

 Large-scale particle image velocimetry (LSPIV) was used to characterize the 

free surface of each experimental case listed in Table 1-3.  A broad overview of this 

experimental technique is presented first and is followed by a detailed explanation of 

the major components of the in-house built system.   

 PIV is a well-established technique of fluid measurement that is capable of 

capturing two-dimensional velocity field information over a camera’s field of view 

(Cowen & Monismith, 1997).  The technique employed here involves capturing 

images in rapid succession of the free surface of an open-channel flow that has been 
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artificially seeded with small buoyant particles.  Because the particles have a small 

Stokes number (St # = 0.003) and because the time between subsequent image pairs is 

also small (Δt = 75-400 ms) the average displacement of a small cloud of tracer 

particles is the same as the average displacement of that small region of surface fluid.  

The particle displacement is then divided by the elapsed time between images within a 

pair, to yield an instantaneous surface velocity.  The camera FOV is divided into 

groups of pixels, or subwindows, and the instantaneous surface velocity is determined 

within each subwindow yielding an instantaneous velocity field.  The time average of 

all the instantaneous velocity fields collected over many images pairs yields the mean 

velocity field.  With the mean surface velocity determined, the turbulent velocity field, 

which represents the instantaneous velocity fluctuation about the mean, can be 

calculated for each image pair. 

 The experimental set-up for the LSPIV measurements includes a 12-bit 

IMPERX IGV-B2020 CCD camera that was suspended from the laboratory ceiling, 

approximately 3 m above the bed of the test section.  This camera is capable of 

acquiring 20 fps at full resolution and has a 2060 x 2056 pixel array.  The camera was 

outfitted with a 20 mm wide-angle lens with an aperture setting of f/2.8.  The field of 

view (FOV) of the camera is approximately 203 x 193 cm.  The images cover the 

entire width of the channel in the spanwise direction (y = -100 to 100 cm) and x = 887 

to 1091 cm in the streamwise direction.  The spatial resolution of the camera in both 

directions is a function of flow depth.  It ranges from 0.101-0.108 cm/pixel for the 

range of flow depths considered in this dissertation.  Great care was taken to ensure 

that the camera was mounted such that the lens was parallel to the flume bed.  
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 The triggering of the camera and the timing of the image acquisition was 

controlled through a computer running a MATLAB data acquisition code.  The 

elapsed time between two successive images within a pair was varied according to the 

mean flow speed and ranged from Δt = 75 - 400 ms.  The goal in selecting an 

appropriate Δt for each experiment was to allow sufficient time for particles to 

translate in both the streamwise and lateral directions without suffering from 

decorrelation effects.  The image integration time was set to 3 ms and a total of at least 

4,000 image pairs were captured at 1 Hz for each data set.  The images were collected 

using the manufacturer’s Bobcat GEV Player software and streamed to an external 

solid state hard drive over an eSATA bus connection to ensure sufficient bandwidth 

for real-time streaming to disk data collection.  Eight 500 W halogen lamps provided a 

constant light source (four on the upstream side of the FOV and four on the 

downstream side of the FOV).  

 The particles that were imaged in these experiments were Pliolite VTAC-L 

particles, which are manufactured by OMNOVA.  While these particles have a mean 

specific gravity of 1.03, there is a distribution of individual particle density, as 

evidence by their behavior in water.  Particles that float were preferentially selected 

for use in the experiments.  The particles were sifted between a series of sieves and 

only particles in the range 420 - 600 microns (0.42 – 0.6 mm) were used in this study.  

As previously stated, the Stokes number for the particles is 0.003, indicating that the 

particles have ample time to adjust to the fluid flow and can be considered to be 

passive flow tracers.  The dynamic range of the images collected, which was 

determined by taking the difference in background and particle brightness intensity, 
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ranged from 92-382 counts from the 12 bit (4096 count range) images.  The minimum 

optimum value suggested by Cowen & Monismith (1997) is 50 counts demonstrating 

that the collected images were of high quality for PIV analysis.  

 All of the images were preprocessed prior to being analyzed.  The stationary 

background of each image was removed applying the technique used by Mejia-

Alvarez & Christensen (2013) and Honkanen & Nobach (2005).  This technique 

subtracts the first image in an image pair from the second image constituting the pair.  

In doing so, the stationary image background is completely removed, however the 

particle images are preserved because their location is not the same across an image 

pair.  The use of this technique was required because the post-processing algorithm 

performs a cross-correlation operation to determine particle displacement.  Any 

feature that is stationary in a subwindow or FOV, such as the channel support 

structure, will correlate strongly with itself, creating a correlation peak that is stronger 

than the particle displacement correlation peak (the algorithm automatically selects the 

highest correlation peak in determining particle displacements).  By removing the 

stationary background, all that remains are particle images and the subsequent cross 

correlation operations are performed only on particle images.  As an added bonus, in 

removing the stationary image background, this technique also increases the signal-

noise-ratio (SNR) of the LSPIV images.  This technique was particularly useful in the 

analysis of the rough bed images, where the rough bed created a background that 

varied significantly in brightness intensity (Figure 6b).  

  Following the subtraction of the image background, the images are processed 

via a FORTRAN algorithm that is an improved derivative of the algorithm discussed 
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in Cowen & Monismith (1997).  The algorithm determines the minimum background 

intensity for each pixel across the entire image set.  This minimum background is 

removed from images to enhance the signal-to-noise ratio of the images.  The images 

are sectioned into subwindows of size 64 x 32 pixels (6.72 cm x 3.36 cm in the 

streamwise and transverse direction, respectively) and the algorithm permits a 

maximum of five attempts to locate the second subwindow in the second image pair.  

Both subwindows are dynamically shifted in order to determine an optimal 

subwindow displacement that results in a zero pixel displacement (Sveen & Cowen 

2004).  The algorithm uses a Gaussian sub-pixel displacement estimator, which has 

been demonstrated to be both robust and accurate [Sveen & Cowen, 2004; Cowen & 

Monismith, 2001].  Once the displacements for each subwindow are determined, they 

are subjected to a local median filter followed by an adaptive Gaussian filter.  The 

local median filter compares a subwindow’s displacement with the median of its 

surrounding neighbor subwindow displacements.  If the difference between the 

displacements of the center subwindow and the neighboring subwindows exceeds the 

absolute value of a user-specified amount, the displacement value is flagged and 

eliminated from subsequent averaging.  The adaptive Gaussian filter looks at the 

histogram of the measured displacements and removes outliers dynamically based on 

the number of data points in the histogram and the probability of a data point lying 

beyond a certain distance from the mean given an assumption of Gaussian statistics 

(Cowen & Monismith, 1997).  Finally, the derivatives that the algorithm calculates are 

determined using a second-order accurate central differencing scheme as discussed in 

Cowen & Monismith  (1997). 
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 The analysis of the images was performed in six sequential passes of the code 

through an entire data set.  In the first two passes, the adaptive Gaussian filter is 

effectively turned off.  The code was run twice on half the data set and the raw 

displacements are examined for quality.  The raw displacement information is used in 

the subsequent passes, to properly set the bounds on the median and adaptive Gaussian 

filter.  In the third pass, the entire data set was processed and both filters were turned 

on.  The corresponding subwindows of each image pair were fixed in space and an 

initial displacement for both component directions were determined.  The resulting 

initial mean was determined for each subwindow over the elapse time of the 

experiment.  In the fourth pass through the image data set, the previously determined 

initial mean displacement was used to dynamically locate both subwindows in the 

pair, thereby increasing the probability of locating displaced particles.  The fifth pass 

used the instantaneous displacement from each image pair to dynamically locate both 

subwindows again, further increasing the probability of locating displaced particles.  

The sixth and final pass also uses the instantaneous displacement from each image pair 

to dynamically locate both subwindows.  This final pass also incorporates 75% 

overlap in the subwindows, which effectively increases the resolution of the output 

statistics while maintaining a spatial averaging over the original subwindow length 

scales.  [Note that the overall resolution of the PIV set-up is not increased during this 

4th pass.  The resolution for PIV data is based on the subwindow size and that size (64 

x 32 pixels) is held constant during the analysis of the data.  By allowing for a 

subwindow overlap, the number of subwindows in the image is increased, effectively 

increasing the number of points over which data can be determined and reported.] 
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 After the images are processed by the FORTRAN code, the raw displacement 

files are imported into MATLAB for interpolation and analysis.  The overall quality of 

the LSPIV data sets reported here is generally quite good and improves with flow 

depth.  The cases with H ≥ 15 cm had a mean percent valid vector count of 96% 

whereas cases with H ≤ 10 cm had a mean percent valid vector count of 89%.  The 

lower valid vector percentage is attributed to the highly energetic free surface present 

in the shallow cases and the increased number of upwelling, which tend to displace 

particles radially.  In each data set the missing vectors must be interpolated back into 

the data set in order to proceed with the analysis.  For the deeper flow cases (H ≥ 15 

cm) a nearest neighbor’s approach is used.  For the shallower flow cases (H ≤ 10 cm) 

a Delaunay Triangulation method is used.  The both methods are implemented within 

MATLAB’s TriScatterInterp built-in function. 

 

2.4 ADV Measurements 

 To characterize the properties of the flow throughout the water column, 

vertical profiles of velocity were made using a Nortek Vectrino ADV with the optional 

plus (+) firmware.  The ADV is a point measurement device that measures all three 

components of velocity in a cylindrical measurement volume that is 6 mm in diameter 

and 8 mm long (user adjustable) in the measurements reported herein.  The ADV used 

in these experiments is a four-beam probe with two sets of independent orthogonal 

two-component systems.   

 The ADV measurements were taken at the approximate midpoint of the 

streamwise extent of the LSPIV images (x = 981 cm).  For the experiments with a 
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smooth glass bed condition, vertical profiles of velocity were measured at the channel 

centerline (y = 0 cm).  For the experimental cases in which gravel was added to the 

channel, ADV measurements were made at the channel centerline, over the centerline 

of the gravel strip (y = 40 cm) and over the centerline of the smooth glass bed (y = -50 

cm).  For the compound channel cases, vertical profiles were measured in the center of 

the main river channel (y = -70 cm), in two locations over the interface between the 

main river channel and flood plain (y = ± 15 cm) and in one location over the 

floodplain (y = 70 cm) (Figure 7b).   

 Five minutes of data at each z location were taken at a sample rate of 200 Hz.  

This record length and sampling frequency was deemed sufficient to achieve 

convergence of mean and turbulent metrics.  The results of the uncertainty analysis 

can be found in Appendix B.  Data was collected with the ADV oriented with its axis 

pointed in the cross-stream or lateral direction.  The choice to orient the ADV aligned 

with the lateral direction of the flow, as opposed to the more traditional vertical 

direction, is advantageous for a number of reasons.  Orienting the ADV in this manner 

allowed the near surface portion of the water column to be measured.  The geometry 

of the probe is such that when positioned laterally in the flow, the upper-most point 

that can be measured is centered at approximately 3.5 mm (half the measurement 

volume diameter) below the free surface.  Whereas had the ADV been oriented 

vertically the upper-most point that could be measured is approximately 5 cm below 

the free surface.  It should be noted that in this orientation near the free surface, one 

probe leg sticks out of the water and only two components of velocity, the streamwise 

and transverse, are measured (see Figure 8).  The ability to compare near surface ADV 
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measurements with surface LSPIV measurements provides a means to validate our 

LSPIV measurement technique, which was valuable in these experiments.   

 Further, due to the geometry of the probe, orienting the ADV with its axis 

aligned in the lateral direction means that the highest accuracy velocity data is 

collected in the lateral direction.  This is also an advantageous choice for these 

experiments because the secondary flow structures that occur in the channel have a 

lateral velocity component that is on the order of 10% of the dominant mean flow 

direction.  The increased accuracy in this direction facilitates the investigation.  

 

 

Figure 8. Lateral orientation of the ADV near the free surface. 

 

Lastly, positioning the probe laterally within the flow eliminates the problem of 

unwanted acoustic Doppler noise from reflections that can occur in a glass-bottomed 

channel when the ADV is positioned vertically.  Extensive dye experiments and an 

LSPIV experiment were conducted and verified that the laterally oriented ADV did 

not disrupt the flow in the measurement volume where the ADV measurement was 
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made. 

 During post-processing the ADV data were then passed though a threshold 

filter and an adaptive Gaussian filter.  The signal-to-noise ratio of all of the ADV 

measurements was approximately 16 dB or better and the correlation values were all 

high, > 93%.  The convergence of the data was verified using the bootstrap method.  

 

2.5 Ultrasonic Flowmeter 

 An independent measure of volumetric flow rate was provided by a FLUXUS 

ADM 7407 ultrasonic flowmeter.  Ultrasonic transducers were secured to both pipes 

that recirculate water to the test section and measurements of velocity were made at 1 

Hz for the duration of the LSPIV tests (~ 67 minutes).  Volumetric flow rate was 

determined by summing the total amount of fluid flowing through both pipes and 

dividing by the elapse time of the experiment.  High quality flowmeter data (accuracy 

± 3%) was verified for all experiments and was judged, in accordance with 

manufacturer specified recommendations, through high values of signal quality (> 8) 

and signal to noise ratio (> 3) and accurate values of the sound speed of water. 

 

2.6 Wave Gage Measurements 

 The flow depth for each experimental case was measured through the use of 

two Banner S18UUAQ ultrasonic sensors, which were placed immediately upstream 

of the LSPIV field of view (x = 7.23 m).  The wave gage data was collected using 

Data Translation’s EconSeries DT9813 USB data acquisition module connected to a 
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laptop computer.  The data was collected at 200 Hz for the duration of each LSPIV 

test.
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CHAPTER 3 

 

THE INFLUENCE OF SECONDARY CURRENTS ON MEAN VELOCITY 

PROFILES IN OPEN CHANNEL FLOWS 

 

 Prior to addressing the research objectives outlined in Section 1.2 and 1.3, it is 

necessary to discuss the presence and influence of secondary currents on the wide-

open channel flow cases documented herein.  Secondary flows have been heavily 

discussed in open channel flow literature and are discussed here because of the 

influence they have on the expected form of the logarithmic law mean velocity profile 

for open channel flows.  Similarly, the existence of a strong lateral exchange of 

momentum within a channel, as demonstrated by the rough bed and compound section 

experimental cases, can also alter the logarithmic law and that is discussed as well.  

This chapter starts with a brief overview of secondary flows in wide-open channels.  

Evidence of secondary flows in these experiments is demonstrated, followed by 

discussion of their affect on the logarithmic distribution for the smooth bed cases 

measured.  The chapter concludes with a discussion of the effect of lateral momentum 

exchange on the log-law. 

 

3.1 Secondary Flows in Wide Open Channels 

 The existence of secondary currents in open channel flows has been theorized 

about for well over a century.  Long before the advent of both the hot-film 

anemometer (1960s) and the laser Doppler anemometer (1980s), river engineers 
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inferred the existence of secondary currents based on their observable effects on the 

dominant mean velocity and on the sediment transport at the bed.  Early observations, 

most notably by Vanoni (1946), revealed the periodic spanwise distribution of 

sediment concentration that frequently occurred on the bed of open channel flows.  

Spanwise variations of velocity on the free surface (Kinoshita, 1967) and the presence 

of a velocity maximum below the free surface (Stearns, 1883) were also early 

indications of the existence of secondary currents in open channel flows.   

 These early observations, and more recent detailed experimental 

measurements, have led to the general conceptualization of secondary currents in open 

channel flows shown below in Figure 9.  These currents, which are the temporal 

average of several large-scale streamwise counter-rotating vortices shown in Figure 

10, affect the streamwise velocity by bringing low-momentum fluid from the bed up to 

the free surface.  This results in the alternating bands of low momentum and high 

momentum fluid that was observed by Kinoshita (1967).  This action also results in 

alternating bands of higher and lower turbulent velocities on the free surface as the 

streamwise vortices bring the stronger turbulence from the bed up to the free surface.  

Regions of upwelling can be identified on the free surface by these characteristic 

bands of low momentum and high turbulence intensity.  Conversely regions of 

downwelling are identified by high momentum and low turbulence intensity.   

 Streamwise counter-rotating vortices are also known to create spanwise 

variations in bed shear stress and bed roughness.  It has been demonstrated that local 

values of bed shear stress increase in regions of downwelling and decrease in regions 

of upwelling (Nezu et al. 1985).  The total variation is generally small and equal to ± 
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10% in the central portion of the channel and ± 20% near the sidewalls (Nezu et al. 

1985).  It has further been demonstrated that secondary currents can modify the bed as 

illustrated in Figure 9.  Fine sediments when exposed to the downward flow in the 

downwelling zones are redistributed laterally and settle under upwelling zones.  The 

resulting spanwise variation in bed roughness further enhances and stabilizes the 

motion of the streamwise counter-rotating vortices.  

  

Figure 9. Multi-cellular secondary currents in a wide straight rivers (Nezu & Rodi, 
1985). 

 
Figure 10. Large-scale counter-rotating vortices, which lead to secondary currents in 
wide-open channels (Shvidchenko & Pender, 2001). 
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 An important feature of the counter-rotating vortices that is mentioned here is 

that experimental evidence suggests that they scale with the flow depth.  As can be 

seen in Figure 10, the length of these structures tends to be on the order of 4 -5 times 

the flow depth and the width of the structures tends to scale exactly with the flow 

depth.  This fact will be exploited further in Chapter 4 as a means of determining the 

local flow depth.     

 Tamburrino and Gulliver (1999) were among the first experimental studies to 

systematically visualize secondary currents in open channel flow over a range of 

aspect ratios and Reynolds numbers.  Through time-exposure photographs of the free 

surface, they identified large streamwise counter-rotating vortices and their associated 

regions of upwelling and downwelling and were the first to develop a relationship 

linking aspect ratio with the number of structures.  Figure 11 below depicts one of the 

free surface images taken from a flow with an aspect ratio equal to B/H = 4.8.  In this 

figure, regions of downwelling appear as streaks with high longitudinal velocity.  

Regions of upwelling have lower longitudinal velocity and appear as rows of vortices 

with a vertical axis.  From a series of images such as the one depicted in Figure 11, 

Tamburrino and Gulliver (1999) deduced that the number of downwelling and 

upwelling regions is as follows, 

 Downwelling regions = Even integer close to 
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From the above expressions it is clear that the number of streamwise counter-rotating 
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is related to the aspect ratio and this conclusion is consistent with their results.  

Tamburrino and Gulliver (1999) further report slight instability in the lateral position 

of these prominent surface features and difficulty identifying these structures at their 

higher Reynolds number case (ReH = UH/ν = 59,0000).   

 

Figure 11. Secondary currents resulting from large-scale streamwise vortices (Figure 
5 from Tamburrino & Gulliver, 1999). 

 

 Beyond visualization of these structures, there have been numerous 

experimental efforts aimed at elucidating the structure of the turbulence in open 

channel flows and determining what influence the secondary currents may have.  

Central to these efforts is whether or not the logarithmic law given below properly 
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characterizes open channel flows, 
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where, u* is the friction velocity, κ is the von Kármán constant, A is the integration 

constant and the last term on the right is the wake function where, ∏ is Coles wake 

parameter.  Originally developed by von Kármán (1931) to describe the universal 

distribution of velocity near a smooth wall, several investigators have sought to 

determine the appropriateness of the logarithmic law, or log-law, in describing vertical 

profiles measured in open channel flows.  This was the primary focus of the Nezu & 

Rodi (1986) investigation in which a series of laser Doppler anemometer (LDA) 

measurements where made for a range of open channel flows (aspect ratio, B/H = 5.9 -

16.9 and Re* = u*H/ν = 439 - 6,139).  They estimated the friction velocity u* by 

exploiting the characteristic linear distribution of the total stress given by, 
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Because the vertical velocity gradient is virtually non-existent in the outer layer, they 

were able to estimate the friction velocity by a least-squares fit of their Reynolds stress 

data to equation [7].   

 With the friction velocity known, they estimated the von Kármán and 

integration constants through another least-squares fitting of the data.  Their results 

demonstrated that the log-law does adequately describe open channel flows.  Their 

results yielded a very narrow range for the von Kármán constant κ = 0.412 ± 0.11 and 

a wider distribution of the integration constant, A = 5.29 ± 0.47.  These values are 

close to the traditionally accepted values for boundary layer flows, κ = 0.41 and A = 
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5.5.  In a similarly focused set of open channel flow experiments, Cardoso et al. 

(1989) also found a tight range on the von Kármán constant κ = 0.401 ± 0.017 and a 

wider distribution of the integration constant, A = 5.10 ± 0.96.  Both of these studies 

found small values of the wake strength parameter, ∏ < 0.3. 

 Hence, it has become general practice to use the logarithmic law to describe 

open channel flows, the only caveat being if there exists a pronounced velocity dip or 

maximum that occurs below the free surface.  The velocity dip phenomenon occurs in 

narrow open channel flows, B/H < 5, and is the result of secondary flows.  Since only 

wide-open channel flows (B/H > 5) are considered in this work, the parabolic law, 

which describes the velocity distribution in narrow channel, will not be discussed here 

(Kundu & Ghoshal, 2012).   

    

3.2 The Influence of Secondary Flows on the Logarithmic Distribution of Velocity 

 To identify secondary flows in the open channel flow cases conducted for this 

investigation, streamlines from the instantaneous velocity data were plotted with the 

global mean value removed.  Two typical instantaneous streamline images from the 

smooth bed experimental case H = 15.3 cm, Ub = 23.5 cm/s are depicted below in 

Figure 12.  The aspect ratio for this particular case is approximately B/H = 13, hence 5 

- 7 upwelling zones and 4 - 6 downwelling zones are anticipated using Tamburrino 

and Gulliver’s (1999) expressions.  Examination of several instantaneous streamline 

images from this particular case reveals persistent upwelling zones along the channel 

sidewall.  These upwellings result from the corner free surface vortices and are clearly 



 

39 

visible in Figure 12.  An upwelling is occasionally present at -50 cm and is observed 

to waiver between -40 cm to -60 cm.  Similarly at 45 cm an upwelling is frequently 

present that waivers between 40 cm and 60 cm.  At the channel centerline there often 

appears to be either a large that vortex street that spans the region from -20 to 20 cm 

or at other times a vortex street appear on either side of the channel centerline and is 

centered on either -15 cm or 15 cm. 

 

Figure 12. Instantaneous streamlines from experimental case H = 15.3 cm and Ub = 
23.5 cm/s.  a.) t = 136 s.  b.) t = 416 s. 

 

 At any given time there appears to be at least five upwelling zones.  The 

downwelling zones are interspersed between the upwelling vortex streets making them 

difficult to quantify.  However, consistent with Tamburrino and Gulliver (1999) there 

are at least five downwelling streaks in Figure 12a and Figure 12b.  The Reynolds 

number for this case is ReH = 35,835 which is comparable with the Reynolds number 

(ReH=59,000) at which Tamburrino and Gulliver (1999) reported some difficulty 

identifying these structures. (Note: the Tamburrino and Gulliver (1999) Reynolds 
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number is calculated based on the belt velocity and not the depth-averaged velocity. 

The two should be close but the belt velocity is likely to be slightly greater.)  

Nevertheless, these results are consistent with the established guidelines and it is clear 

that these streamwise counter-rotating vortices are present within our open channel. 

 In contrast, Figure 13 below presents the instantaneous streamlines for a 

shallower smooth bed case (H = 6.3 cm, Ub = 22.7 cm/s, B/H = 31.9).  For this case it 

is anticipated that there be 11 - 17 upwellings and 10 - 16 downwellings.  Although 

quantifying these structures has become difficult, it is evident that the number of 

upwellings and downwellings has roughly doubled from the previous figure.  It is also 

apparent that the structures depicted here are smaller than in Figure 12, consistent with 

the notion that counter-rotating structures scale with the flow depth.  

 
Figure 13. Instantaneous streamlines from experimental case H = 6.46 cm and Ub = 
22.7 cm/s (t = 81 s). 

 

 Having established the existence of streamwise counter-rotating vortices in our 
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experimental flow cases and that these structures meander somewhat in the lateral 

direction, their effect on the logarithmic vertical distribution of velocity is now 

discussed.  Multiple vertical profiles of velocity were measured for one experimental 

flow case (H = 15.25 cm, UB = 21.34) at several lateral locations across the channel 

and the results are plotted below in Figure 14.  For each of these cases the friction 

velocity was estimated via linear extrapolation of the Reynolds stress (

€ 

− ʹ′ u ʹ′ w ) plot to 

the bed.  This estimate was refined through fitting the data to the linear distribution of 

the total shear stress (equation [7]) in a least-squares sense.  With the friction velocity 

determined, the integration constant and the von Kármán constant were also 

determined in a least-squares sense from fitting the velocity profile to the log-law in a 

manner similar to Nezu and Rodi (1986).   

 The results from the log-law fit for these profiles are shown below in Table 4 

and Figure 14.  For these and all of the experiments discussed in this investigation, the 

von Karman constant was equal to κ = 0.4-0.41.  The wake strength parameter, 

consistent with Nezu and Rodi (1986) and Cardoso et al. (1989) was found to be less 

than 0.3.  The results also indicate a much broader spread in the integration constant, A 

= 5.49 – 10.5 than compared with Cardoso et al. (1989), A = 3.91 – 6.7. 

 The trends observed in Figure 14 and in Table 4 can be understood in light of 

the observed behavior of the counter-rotating vortices and secondary currents.  From 

the previous discussion upwelling zones were predicted to occur occasionally at -50 
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  Table 4. Logarithmic law parameters for multiple lateral locations for experimental 
case H = 15.25 cm, UB = 21.34. 

y/B UB [cm/s] u* [cm/s] A Π δ* θ Ub/Usurf 
0.25 19.90 0.93 6.29 0 1.63 1.28 0.89 

0 21.34 0.85 10.5 0.1 0.99 0.78 0.94 
-0.25 20.35 0.97 5.49 0.1 1.49 1.15 0.90 
-0.50 20.88 0.87 8.9 0.2 1.22 0.98 0.94 
-0.75 19.44 0.85 7.65 0.2 1.29 1.00 0.93 

 

 

Figure 14. Vertical profiles at multiple lateral locations for experimental case H = 
15.25 cm, UB = 21.34.  a.) Logarithmic law. b.) Total stress plot.  

 

cm, frequently at 45 cm and near the channel sidewall.  There was also a large 

persistent vortex street that occurred either directly on the centerline or on either side 

of center, which was centered on -15 cm, or 15 cm.  Recall that the longitudinal 

streaks, which represented the downwelling zones, were interspersed in between the 

upwelling vortices and also had higher bed shear stress.  

 The persistent upwelling near the channel centerline, at -50 cm and in the near 

wall region, results in a local decrease in friction velocity (u* = 0.85 – 0.87) and a 

subsequent increase in the integration constant (A = 7.65 – 10.5) and this is reflected 
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in the log-law plot for y/B = 0, -0.50 and -0.75.  Further, given the upwellings centered 

at ± 15 cm and given that the width of the structures scales with the flow depth, it is 

concluded that y/B = ± 25 are in downwelling zones.  Examination of several 

instantaneous velocity streamlines confirmed this conclusion.  In the two downwelling 

zones, consistent with expectation, there is an increase in friction velocity (u* = 0.93 – 

0.97) and the integration constant (A = 6.29 – 5.49) does not reach as high a value 

compared with the upwelling cases. 

 Vertical profiles of velocity were measured for all of the smooth bed cases 

presented in this dissertation and fits to the log-law were determined following the 

same procedure described above.  Table 5 lists all the relevant log-law parameters and 

Figure 15 shows the log-law fits and total stress plots for all of the cases.  Each profile 

was measured on the channel centerline.  Here again the wake strength parameter is 

quite small ∏ ≤ 0.1 and the von Kármán constant determined was κ = 0.4-0.41.  For 

these cases, the integration constant, still varies but much less so, A = 2-5.3.  The 

difference is a result of a change in the inlet conditions of the channel between these 

sets of experiments, which results in an increased homogenization of the flow entering 

the test section.  
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Table 5. Logarithmic law parameters for the smooth bed cases. 

H [cm] B/H UB [cm/s] u* [cm/s] A Π  δ* θ  Ub/Usurf 
6.3 31.9 22.70 1.40 2 0.1 0.85 0.62 0.87 
6.3 31.9 34.67 1.80 4.9 0.1 0.57 0.44 0.91 

10.5 19.1 4.74 0.30 4.5 0.1 1.59 1.14 0.84 
10.7 18.7 9.0 0.61 1.6 0 1.47 1.07 0.87 
10.2 19.7 23.17 1.18 5.3 0 0.89 0.69 0.92 
10.1 19.8 32.54 1.80 2.4 0.1 1.06 0.80 0.90 
15.7 12.8 4.52 0.28 4.4 0 2.11 1.57 0.86 
15.2 13.1 9.56 0.60 2 0 1.77 1.32 0.88 
15.3 13.1 23.5 1.2 4 0 1.53 1.2 0.91 
15.2 13.1 33.6 1.6 4.8 0 1.36 1.08 0.93 
20.6 9.7 5.22 0.3 4.15 0.1 2.47 1.84 0.91 
20.6 9.7 9.64 0.52 4.2 0.1 2.07 1.59 0.92 
20.3 9.9 24.1 1.20 4.25 0 1.39 1.11 0.93 
20.4 9.8 34.5 1.65 4.2 0.1 1.41 1.13 0.94 
30.5 6.6 9.60 0.55 3 0 2.76 2.22 0.92 
30.5 6.6 24.3 1.10 5.3 0.1 2.08 1.70 0.96 
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Figure 15. Vertical profiles for the smooth bed experimental cases.  a.) Logarithmic 
law. b.) Total stress plot. 
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3.3 The Influence of Lateral Momentum Exchange on the Logarithmic Distribution 

of Velocity 

 Instantaneous streamlines from one rough bed case (H = 10.6 cm and UB = 

5.70 cm/s) are shown below in Figure 16 and two features are readily apparent.  There 

is a large and persistent vortex street that occurs at intersection between the smooth 

and rough bed.  This vortex street results from the mixing layer that is established 

from the lateral change in bed roughness condition.  The streamwise counter-rotating 

vortices over the rough bed are also persistent and readily apparent as are the free 

surface corner vortices near the smooth bed channel wall.  To produce this image a 

global mean was removed from the instantaneous velocities, hence it is not surprising 

that no vortices are apparent over the smooth bed.  The convective speed of vortices 

over the smooth bed is higher than the global mean and their presence is revealed only 

when the local mean is subtracted from the instantaneous velocities.  The purpose here 

is to highlight the lateral exchange of momentum that occurs in the mixing layer and 

so only results with the global mean are presented. 

 Vertical profiles for each rough bed case were measured in the center of the 

smooth bed section, at the channel centerline and in the center of the rough bed 

section, y/B = -0.45, 0, and 0.60, respectively and log-law fits were made following 

the same procedure outlined in the previous section.  Figure 17a shows the vertical 

profiles of the streamwise velocity normalized by the maximum velocity and flow 

depth.  The drastic change in the velocity profile that occurs as a result of the 

enhanced drag is clearly evident.  It is also evident that the profile measured at the 

centerline, despite being ~10 cm away from the termination of the rough bed is not as  
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Figure 16. Instantaneous streamlines from rough bed experimental case H = 10.6 cm 
and UB = 5.70 cm/s (Global mean removed). 

 

Figure 17. Vertical profiles for the rough bed experimental cases.  a.) Normalized 
velocity profile.  b.) Logarithmic law. c.) Total stress plot. 
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full as the smooth bed case and is clearly affected by the momentum exchange that is 

occurring across the channel. 

 The parameters resulting from the log-law fits are shown in Table 6.  The von 

Kármán constant used for these cases varied from κ = 0.4 – 0.41.  As expected, the 

wake strength parameter increases over the rough bed, Π = 0.3 – 0.6 versus Π = 0 –

0.1.  It is not surprising that the friction velocity increases over the rough bed and that 

the integration constant dramatically decreases over the rough bed.   This is consistent 

with the large body of literature on rough wall boundary layers and open channel 

flows.  Over the rough bed the integration constant varies from A = -3 to -8.7, 

conversely over the smooth bed the values remain positive and vary from A = 0 to 4.9.  

Interestingly, the integration constant at the channel centerline takes on intermediate 

values, A = -0.5 to 1.6.  It was originally anticipated that the integration constant at the 

channel centerline would be closer to smooth bed values, especially in light of the 

general similarity in the shape of their normalized profiles.  However, it is now 

believed that the enhanced lateral Reynolds stress, 

€ 

ʹ′ u ʹ′ v  in the interface between the 

smooth bed and rough bed, acts to locally increase the friction velocity and decrease 

the integration constant.  The enhanced lateral Reynolds stress is the mechanism 

through which the lateral exchange of momentum is realized. 

 Enhanced lateral momentum exchange facilitated by a persistent vortex street 

occurring at y = 20 and -60 cm was also observed in all of the compound channel 

cases and can be observed in the instantaneous streamlines shown in Figure 18.   Here 

again, the global mean has been removed to highlight these structures and additional 

vortices across the field of view present when the local mean is removed. 
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Table 6. Logarithmic law parameters for the rough bed cases. 

H [cm] y/B UB [cm/s] u* [cm/s] A Π  δ* θ  Ub/Usurf 
-0.50 14.24 1.55 -6 0.2 2.19 1.20 0.72 

0 11.82 1.7 -8 0.1 1.99 1.05 0.78 7.5 
0.60 5.41 1.65 -14 0.1 2.30 1.05 0.55 
-0.50 9.54 0.70 0.23 0.1 1.48 1.06 0.85 

0 8.06 0.82 -3.9 0 1.81 1.18 0.82 10.6 
0.60 5.21 0.72 -8.9 0.2 2.76 1.42 0.69 
-0.50 8.23 0.48 4.2 0 1.95 1.49 0.86 

0 8.27 0.54 1.6 0.1 2.31 1.70 0.84 15.4 
0.60 5.89 0.50 -3 0.4 3.32 2.03 0.79 
-0.50 4.38 0.34 0 0 3.78 2.72 0.83 

0 4.01 0.32 -0.2 0 3.68 2.65 0.84 20.6 
0.60 3.84 0.34 -3 0.4 5.30 3.18 0.76 
-0.45 10.89 0.56 4.9 0.1 2.44 1.89 0.87 

0 10.32 0.62 1.35 0.1 2.94 2.15 0.85 20.1 
0.6 8.26 0.80 -7 0.6 5.29 2.86 0.74 

-0.45 25.98 1.35 2.5 0.1 2.09 1.63 0.89 
0 23.24 1.4 -0.5 0.1 2.77 2.05 0.87 20.9 

0.6 18.42 1.75 -8.7 0.6 4.99 2.71 0.75 
-0.5 27.87 1.30 4.9 0 1.83 1.47 0.92 

0 24.94 1.47 0 0 2.5 1.88 0.87 20.36 
0.6 21.93 1.90 -7 0.3 4.02 2.46 0.79 

 

 Several vertical profiles were measured for each compound channel case, the 

total number being dependent on the flow depth.  For the deepest flow case (H = 25.6 

cm) profiles were measured at, y/B = -0.35, -0.08, 0.08 and 0.35 and are  

 

Figure 18. Instantaneous streamlines from experimental case H = 20.1 cm and Ub = 
23.5 cm/s.  a.) Cross section of compound channel. b.) Global mean removed.  
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depicted in Figure 19.  Parameters determined from the log-law fits are given in Table 

7.  Consistent with previous results, the wake strength parameter is small (Π = 0.05 – 

0.2) for each case with the exception of the main channel of the deepest flow case 

where it attains a value of Π = 0.5.  For each case the friction velocity increases with 

decreasing flow depth despite the fact that the streamwise velocity decreases.  The 

integration constant also decreases with decreasing flow depth.  The behavior of the 

friction velocity and integration constant is again explained through enhanced lateral  

 

 

Figure 19. Vertical profiles for the compound channel experimental cases.  a.) 
Normalized velocity profile.  b.) Logarithmic law. c.) Total stress plot. 

 

momentum transfer which manifests through enhanced lateral Reynolds stress 

€ 

ʹ′ u ʹ′ v 
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across the channel, which is at a maximum over the floodplain (y/B 0.4-1). 

 

Table 7. Logarithmic law parameters for the compound channel cases. 

H [cm] y/B UB [cm/s] u* [cm/s] A Π  δ* θ  Ub/Usurf 
-0.35 22.48 1.15 3.95 0.1 1.59 1.23 0.89 14.7 -0.08 20.72 1.7 -3.5 0.1 1.54 1.04 0.86 
-0.35 23.10 1.05 5.29 0.2 1.96 1.53 0.92 
-0.08 22.67 1.3 1 0.2 1.86 1.37 0.89 20.1 
0.08 19.62 1.5 -2.13 0.05 1.39 0.96 0.85 
-0.35 24.07 1.15 4.59 0.5 1.41 1.12 0.97 
-0.08 23.71 1.2 2.79 0.5 1.95 1.47 0.91 
0.08 22.35 1.2 2.8 0.1 1.67 1.26 0.88 25.6 

0.35 18.08 1.4 -1.95 0 1.37 0.96 0.84 
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CHAPTER 4 

 

REMOTE MONITORING OF VOLUMETRIC DISCHARGE   

 

 The primary focus of this chapter is the development of a methodology to 

remotely determine volumetric flow rate.  Determination of volumetric flow rate using 

the velocity area method given by equation [1] requires knowledge of the depth-

averaged velocity and the local flow depth across the entire width of the river or 

channel.  This chapter details how both the depth-averaged velocity and local flow 

depth can be determined solely from measurements of the surface velocity field.  

Results are presented for smooth bed experimental cases first, followed by the rough 

bed cases and the compound channel cases.  The chapter then concludes with a 

comparison of the volumetric flow rate calculated from the LSPIV imagery and from 

the ultrasonic flowmeter.  

 

4.1 Smooth Bed Flow Cases  

4.1.1 Depth-Averaged Velocity 

 Here and in other studies of smooth bed open channel flow, vertical profiles of 

streamwise velocity, when normalized by the inner wall variables, are observed to 

follow the logarithmic law depicted in Figure 20 and given previously by equation [6]. 

As can be seen in Figure 20, the laterally oriented ADV does not capture data in the 

viscous sublayer.  The inability of the ADV to measure the bottom ~3 cm of the flow 
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Figure 20. Logarithmic law for smooth bed experimental cases. 

 

is due to the geometry and orientation of the ADV in the channel.  Since the primary 

focus of this study is on the fluid surface, which is influenced by the large-scale 

dynamics of the coherent structures, spanning the entire height of the water column, 

this limitation in our measuring technique is not important.  To construct the full-depth 

profiles required to calculate depth-averaged velocity, vertical profiles are 

extrapolated to the wall using the log-law.  Prior measurements closer to the bed and 

not included here indicate that this is an appropriate course of action. 

 Depth-averaged velocity is determined simply by taking the weighted average 

of the streamwise velocity over the depth as indicated by Equation [8] below. 

 

€ 

Ub =
1
H

Udz
0

H

∫
       

[8] 

It is determined for each experimental case and compared with the mean surface 
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velocity measured by the LSPIV system in the same location that the ADV 

measurement was made.  The ratio between these two velocities is found to vary with 

the ratio of displacement thickness to the flow depth, δ*/H (Figure 21).  As mentioned 

earlier, δ*/H represents how well developed the free surface flow is.  The range of 

values spanned in Figure 21, Ub/Usurf = 0.82 – 0.93, is consistent with the range of 

values noted in other investigations.  Harpold et al. (2006) measured a value of 0.95 in 

a laboratory channel.  Rantz (1982) suggests that the ratio of depth-averaged velocity 

to surface velocity should fall between 0.84-0.92, where the lower values are more 

consistent with naturally occurring rivers and the higher values for laboratory flows. 

 The range of values shown in Figure 21 plotted against δ*/H corroborates the 

findings of Rantz (1982) and further reveal that lower values (Ub/Usurf ~ 0.85) of this 

ratio correspond to free surface flows that are more fully developed, such as the 

shallow flow cases in this study and naturally occurring rivers.  With knowledge of 

this ratio one can predict depth-averaged velocities from corresponding measurements 

of surface velocities.  For field applications of this methodology, given that a typical 

rivers’ length much exceeds its depth, it is expected that the free surface will be quite 

well developed.  The value 0.85, which is consistent with other studies, will be used. 
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Figure 21. Depth-averaged velocity normalized by the mean surface velocity 
measured by the LSPIV system vs. displacement thickness normalized by the flow 
depth. 

 

4.1.2 Local Flow Depth Determination 

 To determine local flow depth, we exploit the presence of large-scale energy-

containing coherent turbulent structures, which include the streamwise counter-

rotating vortices that occur in shallow open channel flows.  These structures have been 

well documented in several investigations [Shvidchenko & Pender, 2001; Nezu 1993] 

and, as previously discussed, have been found to scale with the flow depth (Figure 10).  

Evidence that these structures exist in our channel was proved early in Section 3.2. 

 To quantify the size of these surface signatures of vortical structures, we 

calculate the integral length scale on the free surface.  The integral length scale is the 



 

56 

integral of the normalized autocorrelation function of the turbulent velocity 

fluctuations as seen below in Equation [9].  Because PIV yields a highly resolved 

spatial data set, a spatial correlation is performed as opposed to a temporal one.  Both 

streamwise and transverse velocity fluctuations are considered, however because river 

bathymetry changes most rapidly in the lateral or cross-stream direction, only 

correlations performed in the streamwise direction lead to unambiguous determination 

of flow depth. 

 In Equation 9 below, aij,k is the normalized auto-correlation function, ui and uj 

represent the velocity fluctuations, xc is the position of the subwindow in the center of 

the field of view and rk is the separation vector.  The subscripts i, j, and k are replaced 

with a 1 to indicate the streamwise direction or a 2 to indicate the transverse direction. 
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[9] 

 L11,1 captures the streamwise distance over which the streamwise velocity 

fluctuations are correlated.  It is calculated at every transverse location in the LSPIV 

field of view and depicted in Figure 22.  With the exception of the 30 cm cases, it is 

readily apparent that L11,1 scales with the flow depth.  The aberrant behavior of the 30 

cm flow cases is attributed to its low value of δ/H=0.59 and 0.67, indicating a weakly 

developed free surface.  Neglecting the influence of the corner vortices that occur near 

the sidewalls, the average across the central core of the flow is plotted in Figure 23.  It 

is clear that L11,1 is strongly correlated with the flow depth (R2=0.88).  For each flow 

case, L11,1 is ~2.5 times the flow depth.   
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Figure 22. Streamwise integral length scale, L11,1 vs. non-dimensional channel width. 

 

 The error bars depicted in Figure 23 indicate the range of values L11,1 takes on 

in the central core of the flow.  It is clear that the distribution of possible values L11,1 

takes on increases with increasing flow depth.  

 L22,1 captures the streamwise distance over which the transverse velocity 

fluctuations are correlated.  It is also calculated at every transverse location in the 

LSPIV field of view and depicted below in Figure 24 and Figure 25.  It is observed in 

Figure 25 that L22,1 is ~0.5 times the flow depth and that the correlation between L22,1 

and the flow depth is even stronger (R2=0.90).  Because the streamwise counter-

rotating vortices have been demonstrated to scale with the flow depth in this and other 

experimental investigations, it is anticipated that these vortices will be larger in the  
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Figure 23. Mean streamwise integral length scale plotted against flow depth. The 
error bars depicted in indicate the range of values L11,1 takes on in the central core of 
the flow. 

 

field.  Considering potential limitations of a camera’s field of view L22,1 is chosen over 

L11,1, for estimating volumetric discharge.   

 The results are fully characterized when L22,1 is normalized by the flow depth 

and plotted against the turbulent Reynolds number, Ret, as in Figure 26.  Because the 

counter-rotating vortices advect with the mean flow, the turbulent Reynolds number is 

formed with the mean local fluid velocity and L22,1.  As expected, L22,1/H shows a 

linear dependence on Ret.  It is straightforward then to determine local flow depth 

using the relation given in Figure 26 and the known local values of surface velocity 

and integral length scale. 
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Figure 24. Transverse integral length scale, L22,1 vs. non-dimensional channel width. 

  

 

Figure 25. Mean transverse integral length scale plotted against flow depth. 
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Figure 26. Turbulent Reynolds number versus normalized transverse integral length 
scale. 

 

4.2 Rough Gravel Bed Cases 

 Studies concerning the effect of bed roughness on wall-bounded flows have 

been numerous and date back to the early water flow conduit experiments of Hagen 

(1854) and Darcy (1857).  It has been well documented that roughness affects the flow 

by altering the mean streamwise velocity profiles in the near wall region, making the 

vertical profiles less full than smooth bed velocity profiles (see Figure 1a in Krogstad 

et al. 1992 and Figure 27 below).  Moreover, the addition of roughness enhances the 

vertical velocity fluctuations significantly across much of the boundary layer and for 

all wavenumbers, i.e. at all length scales (see Figure 12 in Krogstad et al. 1992).  The 

addition of bed roughness has been further documented to enhance the presence of 

secondary flows in wide-open channels. 

 The motivation, then to study the effect of enhanced bed roughness in this 
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series of experiments is clear.  It is anticipated and confirmed that the roughness 

decreases the ratio of the mean depth-averaged velocity to the mean surface velocity.  

Further, in light of the redistribution of the vertical velocity fluctuations into surface 

parallel component directions that happens in the vicinity of the free surface due to the 

kinematic boundary condition [McKenna & McGillis, 2004; Cowen et al., 1995], there 

is considerable interest in studying the effect that the enhanced vertical velocity 

fluctuations would have on the integral length scale.   

 

4.2.1 Depth-Averaged Velocity 

 For each rough bed case, vertical profiles of streamwise velocity were 

measured over the centerline of the gravel strip (y=40 cm), over the centerline of the 

smooth bed portion of the channel (y=-50 cm) and on the channel centerline (y=0 cm).  

Representative profiles at each location are shown in Figure 27 along with the 

logarithmic plot for each location.  

 

Figure 27. Effect of bed roughness on mean streamwise velocity. a.)  Normalized 
streamwise velocity vs. normalized flow depth. b.) Logarithmic law for rough bed 
experimental cases.  
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 It is clear, particularly from Figure 27a that the presence of the bed roughness 

affects the velocity throughout the entire water column.  Further, this effect is not 

confined to the immediate vicinity of the roughness as demonstrated by the velocity 

profile measured on the channel centerline (y = 0) which is ~ 10 cm from the edge of 

the bed roughness strip.  The shallower profile over the roughness will consequently 

have a smaller value of depth-averaged velocity and the ratio of depth-averaged 

velocity to surface velocity will likewise be smaller as demonstrated in Figure 28.   

 Depicted in Figure 28 is the ratio of the depth-averaged velocity to surface 

velocity for the smooth bed cases previously shown in Figure 21 and all the rough bed 

cases.  The trend of the decreasing ratio of depth-averaged velocity to surface velocity 

with the increasing ratio of displacement thickness to the flow depth is consistent for 

both smooth and rough bed cases.  Again, knowledge of this ratio allows prediction of 

depth-averaged velocities from corresponding measurements of surface velocities. 

 

Figure 28. Depth-averaged velocity normalized by the mean surface velocity 
measured by the LSPIV system vs. displacement thickness normalized by the flow 
depth. 
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4.2.2 Local Flow Depth Determination 

 As demonstrated in section 4.1.2, the integral length scale, both L11,1 and L22,1 

scale with the flow depth.  Figure 29 depicts the streamwise integral length scale 

calculated at every transverse location in the LSPIV field of view.  Again it can be 

observed that L11,1 scales with the flow depth.  It is further observed that the L11,1 

decreases over the rough bed which is located between y/B = 0.1 – 1.  This suggests 

that presence of the gravel bed, which has a root mean square roughness value of krms 

= 2.16 cm, constitutes a change in flow depth for the shallow cases, H=7.5 – 15 cm, 

where krms/H= 0.14-0.29.  Neglecting the influence of the corner vortices, when L11,1 is 

averaged over the central core of the flow, its dependence on flow depth is revealed 

(Figure 30). 

 

Figure 29. Streamwise integral length scale, L11,1 vs. non-dimensional channel width 
for the rough bed cases. 
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Figure 30. Mean streamwise integral length scale plotted against flow depth for the 
rough bed cases. 

 

 The transverse integral length scale, L22,1, for the rough bed cases exhibit the 

same dependence on flow depth (Figure 31) and here again the correlation with flow 

depth is stronger, R2=0.98 (Figure 32).  For the shallowest case (H=7 cm), L22,1 goes 

negative in the interface between the smooth and rough bed.  This behavior is 

characteristic of a shallow mixing layer in which large scale eddies are generated at 

the interface between two flows of different characteristic velocities.  Because the 

integral length scale in this region reflects a completely different process, this region is 

neglected in the averaging of the data used to generate Figure 32. 
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Figure 31. Transverse integral length scale, L22,1 vs. non-dimensional channel width 
for rough bed cases. 

 

Figure 32. Mean transverse integral length scale plotted against flow depth for the 
rough bed cases. 

 

 Our results are again fully characterized when the integral length scale is 

normalized by the flow depth and plotted against the turbulent Reynolds number 
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(Figure 33).  The expression given in Figure 33, which is the same expression fit to the 

data in Figure 26, permits evaluation of the flow depth. 

 

Figure 33. Turbulent Reynolds number versus normalized transverse integral length 
scale. 

 

4.3 Compound Channel Flow Cases 

 The addition of the compound channel experimental flow cases in this series of 

experiments was to facilitate study of gradually changing local bathymetry on the 

surface integral length scale and the importance of their inclusion in this study cannot 

be understated.  It has been stated in numerous studies that the counter-rotating 

vortices that occur in shallow open channel flow scale with the flow depth.  These 

structures are persistent and by taking advantage of their relationship with the flow 

depth, they have permitted calculation of volumetric flow rate, which is demonstrated 

in section 4.4.  By comparison, there have been few studies of counter-rotating 
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vortices over variable bathymetry than over completely smooth or rough beds.  To our 

knowledge, this is the first study to examine the influence of these structures on the 

free surface over variable bathymetry.  A clear relationship between the integral length 

scale and flow depth over changing bathymetry will lend further credence to the 

methodology developed in this study. 

 

4.3.1 Depth-Averaged Velocity 

 Depth-averaged velocity was calculated for each of the compound channel 

flow cases at three locations in the channel (y= ±15 and 70 cm).  The ratio of the 

depth-averaged velocity to the surface velocity was the same as those determined for 

the smooth bed cases for similar flow depths and flow speeds.  The observed trend of 

decreasing values of the ratio of the depth-averaged velocity to the surface velocity 

with increasing values of the displacement thickness normalized by flow depth is 

consistent with the results from the smooth bed and therefore the results are omitted 

here. 

 

4.3.2 Local Flow Depth Determination 

 The streamwise integral length scale calculated at each transverse location in 

the LSPIV field of view is depicted in Figure 34.  As indicated in Figure 34, the 

floodplain extends from y/B= 0.4-1.  The linearly sloping bathymetry extends from y/B 

= -0.4 to 0.4 and the main channel covers y/B=-0.4 to -1.  It is readily observed that 

L11,1 is greater over the main channel than over the flood plain.  The gradual transition  
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 Figure 34. Streamwise integral length scale, L11,1 vs. non-dimensional channel width 
for compound channel cases. 

 

 that occurs between these two regions is evidence of the integral length scale 

adjusting to the change in flow depth introduced by the sloping bathymetry. 

 The behavior of L22,1 exhibits the same trend as L11,1 with larger values over 

the flood plain and decreasing values over increasing depth.  There appears to be a 

region of adjustment (y/B = -0.2 to -0.4 cm and y/B = 0.2 to 0.4 cm) within the first 20 

cm of the interface between the regions of constant and sloping bathymetry.  Here the 

magnitude of L22,1 is the same as that of the constant bathymetry region and then 

outside of this transition region the magnitude begins to change. 
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 Figure 35. Transverse integral length scale, L22,1 vs. non-dimensional channel width 
for compound channel cases. 

  

 The magnitude of the integral length scale over the main channel observed in 

Figure 34 and Figure 35 is generally consistent with the magnitudes for similar flow 

depths for the smooth bed cases, although it is clear that there are some Reynold’s 

number affects that still need to be understood.  There is also some evidence of large 

scale eddies forming a mixing layer at the interface between the variable bathymetry 

and the floodplain.  As discussed previously, the integral length scale in this region 

reflects a completely different process, and ongoing investigations are being carried 

out to determine how the transverse length scales, (i.e. Lij,2) may be used to determine 

flow depth.    
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4.4 Volumetric Discharge Determination 

 Thus far we have demonstrated that the ratio between depth-averaged velocity 

and the velocity on the free surface decreases with the increasing ratio of displacement 

thickness to flow depth.  This ratio enables the conversion of surface velocities to 

depth-averaged velocities.  We have also demonstrated that for a variety of different 

bathymetric conditions, the integral length scale, L22,1 scales with the local flow depth.  

Knowledge of these two variables (i.e. local depth-averaged velocity and flow depth), 

across the width of a river or channel enables calculation of volumetric flow rate.  For 

the experimental cases presented above the mean surface velocity profiles captured by 

the LSPIV system are converted to profiles of depth-averaged velocity using the ratio 

of depth-averaged velocity to surface velocity that are specific to each flow case.  The 

flow depth is determined through the linear relations given in Figure 26 and Figure 33.  

Predictions of volumetric discharge are compared with an independent measurement 

of flow rate provided by the ultrasonic flowmeter and are shown in Table 8 

- Table 10.  With the exception of a few of experimental cases (Table 8: H = 6.27, UB 

= 34.9 cm/s; H = 15.31, UB = 23.5 cm/s; H = 20.44, UB = 34.4 cm/s and Table 9: H = 

20.9, UB = 17.68 cm/s;), the agreement between the measured and predicted flow rates 

is excellent.   

 The rationale for the less than exceptional agreement for the above mentioned 

four experimental cases is attributed to the particularly energetic free surface these 

experimental cases displayed, combined with the interpolation scheme in which 

missing vectors are interpolated into the data set.  Despite the overall high quality of 

the LSPIV data sets reported here ( > 90% valid vector count), in each data set there 
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are missing vectors that must be interpolated back into the data set in order to calculate 

the correlation functions required for the determination of the integral length scale.  To 

improve the quality of volumetric flow rate predictions for these cases, the nearest 

neighbor scheme that is used in this study to interpolate missing vectors is currently 

being reevaluated. 

 

Table 8. Measured and predicted volumetric discharge for smooth bed experimental 
cases. 

H [cm] UB [cm/s] QLSPIV [m3/hr] Qflowmeter [m3/hr] 

6.28 22.7 79.0 83.3 

6.27 34.9 159.7 111.0 

10.16 23.12 145.2 143.9 

10.1 32.7 196.1 208.6 

15.21 9.6 105.9 94.8 

15.31 23.5 283.5 190.4 

15.22 33.6 328.0 334.4 

20.55 9.6 135.5 138.1 

20.29 24.1 324.4 307.8 

20.44 34.4 582.1 443.5 

30.46 9.59 200.3 204.5 

30.47 24.3 516.0 504.5 

 

Table 9. Measured and predicted volumetric discharge for rough bed experimental 
cases. 

H [cm] UB [cm/s] QLSPIV [m3/hr] Qflowmeter [m3/hr] 

7.5 6.55 43.4 54.54 

10.6 5.70 68.6 65.06 

15.4 6.80 69.5 88.82 

20.1 6.83 87.9 81.71 

20.9 17.68 243.8 360 
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Table 10. Measured and predicted volumetric discharge for compound channel 
experimental cases. 

H [cm] UB [cm/s] 
QLSPIV 
[m3/hr] Qflowmeter [m3/hr] 

14.74 20.7 - 22.5 118.5 118.71 

20.1 19.6 – 23.1 157.6 150.61 

25.6 21.5- 24.07 156.5 259.53 

 

 

4.5 Conclusion and Future Field Experiments 

 In this series of LSPIV and ADV tests of the free surface of an open channel 

flow, it has been demonstrated that the surface velocity can be used as an accurate 

predictor of the local depth-averaged velocity.  The findings regarding this 

relationship are consistent with the work of many other researchers in both open 

channel and river flows.  It has also been demonstrated that the integral length scale, in 

particular L22,1, is a reliable and powerful indicator of the local flow depth.  This is 

clearly implied by the excellent agreement between predicted and measured 

volumetric discharge achieved by the majority of the experimental flow cases.  It is 

explicitly confirmed in Figure 36 below, which compares predicted values of flow 

depth determine from the equations given in Figure 23 and Figure 25 with actual flow 

depth measurements.  Use of these two parameters has led to accurate predictions of 

volumetric flow rate.  
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Figure 36. Comparison of actual versus predicted flow depth. 

 

 Experiments conducted in the field will be the final proof-of-concept for the 

methodology developed herein.  These experiments will be carried out in collaboration 

with local Tompkins County USGS representatives in close proximity to local 

operating gauging stations in Six Mile Creek or Fall Creek (Ithaca, NY, USA).  This 

series of field experiments will allow for direct comparison and validation between 

our methodology and measurements from the gaging stations.  
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CHAPTER 5 

 

PREDICTING BED SHEAR STRESS FROM FREE SURFACE IMAGERY 

 

 The focus of this chapter is to develop the capability of continuously assessing 

bed shear stress over a large field of view.  This goal is accomplished through 

quantifying dissipation on the free surface of an open channel flow under a wide range 

of flow conditions.  It is demonstrated that the free surface dissipation measurements 

are strongly correlated with dissipation measurements in the upper portion of the water 

column.  Dissipation measurements throughout the water column are shown to follow 

the semi-theoretical relation developed by Nezu & Nakagawa (1993) linking 

dissipation with friction velocity.  Thus a methodology of predicting friction velocity 

and subsequently bed shear stress from free surface measurements is developed.  This 

technique permits the prediction of bed shear stress over a large field of view (FOV) 

and further permits investigation of local influences on bed shear stress as well as 

providing information about its spatial distribution.  Such information is valuable in 

predicting the onset of sediment transport and in predicting the fate and transport of 

environmental contaminants. 

 The results from the calculation of dissipation on the free surface and in the 

water column are presented first in this chapter.  The correlation between the free 

surface and near surface values of dissipation is then established and discussed.  This 

chapter then concludes with a comparison of friction velocity estimates from the free 

surface dissipation measurements with friction velocity calculated from the ADV 
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profiles. 

 

5.1 Determination Dissipation on the Free Surface 

 The starting point for remotely determining bed shear stress is determining 

dissipation on the free surface through the use of the second-order velocity structure 

functions and one-dimensional velocity spatial spectra.  Both methods are predicated 

on the existence of an inertial subrange, which is a pure energy transfer region 

between the large and smaller scales of turbulent motion.  In the inertial subrange, the 

energy transfer rate is exactly equivalent to the dissipation rate.  The existence of the 

inertial subrange is typified by the spectra exhibiting a -5/3 slope as can be seen in 

Figure 37.  The spectra shown in Figure 37 are calculated from the free surface 

imagery from the smooth bed tests.  It can be observed that portions of both the 

streamwise (Figure 37a) and spanwise (Figure 37b) spectra exhibit the -5/3 slope.  

 

Figure 37. Smooth bed spatial spectra calculated on the free surface exhibit -5/3rd 
slope. a.) Streamwise spatial spectra. b.) Transverse spatial spectra. 
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Although not shown here, the spectra calculated from the free surface imagery over 

the rough bed also exhibit the -5/3 scaling. 

 By taking advantage of the energy transfer that takes place in the inertial 

subrange, dissipation on the free surface can be determined from one-dimensional 

spectra given by 

 

€ 

E11 κ1( ) = C1ε
2 / 3κ−5 / 3       [10] 

 

€ 

E22 κ1( ) = ʹ′ C 1ε
2 / 3κ−5 / 3         [11] 

where ε is dissipation and κ is the wave number.  The spectra given in equation [10] 

and [11] are one-sided spectra and thus the coefficients are 

€ 

C1 = 9 /55C  and 

€ 

ʹ′ C 1 = 4 /3C1, where 

€ 

C =1.5  (Pope, 2000).  Compensated spectra are plotted for each 

row and column in the LSPIV data set and dissipation is determined by taking the 

average of the values that occur in the inertial subrange, or the plateau region, of the 

compensated spectra and using the expressions given above.  The values of dissipation 

determined by velocity spectra that are reported here are taken from the same 

transverse location as the in-situ ADV measurements against which they are 

compared.  

 Both second- and third-order velocity structure functions can be used to 

determine dissipation on the free surface, again by taking advantage of the inertial 

subrange.  The second-order velocity structure function is the covariance of the 

velocity difference between two points separated by some distance, r, and is given by 

 

€ 

DLL r( ) = Ui x + r( ) −Ui x( )[ ]2      [12] 

A consequence of Taylor’s second similarity hypothesis is that turbulence statistics in 
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the inertial subrange are uniquely determined by ε thus giving, 

  

€ 

DLL r( ) = C2 εr( )2 / 3        [13] 

where, 

€ 

C2 = 2 (Pope, 2000).  Compensated structure functions are plotted against r 

and the mean value of the plateau region is used along with the expression given 

above to determine dissipation.  Dissipation can also be determined more directly 

through the third-order velocity structure function, 

 

€ 

DLLL r( ) = Ui x + r( ) +Ui x( )[ ]3 = −4 /5εr     [14] 

As can be seen in the expression above, there are no empirical constants in its 

formulation making it an ideal choice.  However, because the third-order velocity 

structure function involves the cube of velocity differences, the results for the smooth 

bed case are quite noisy and only the rough bed results are shown below. 

 Lastly, dissipation on the free surface can also be determined through direct 

evaluation of the strain rate tensor (defined in Pope (2000), eq. 5.128 & 7.181).  This 

method requires a spatial resolution that is order 5.5η (where η is the Kolmogorov 

length scale representing the smallest scales of the turbulence) to resolve most (99%) 

of the dissipation (Cowen & Monismith, 1997).  The smallest resolution attained as a 

result of the 75% subwindow overlap of the SPIV subwindows is 4η and 9η in the 

transverse and streamwise directions respectively.  Despite this excellent resolution, 

direct evaluation of dissipation for the surface PIV data was not attempted. 

 Figure 38 below shows the estimates for dissipation on the free surface for 

both the smooth and rough bed experiments plotted against the flow Reynolds number 

(the characteristic velocity and length scale are the mean centerline velocity and flow 

depth, respectively).  For the smooth bed cases, the agreement between the three 
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techniques for estimating dissipation is excellent for the cases in which ε ≤ 10-1 cm2s-3.  

These correspond to the deeper and slower flow cases.  For the five cases in which ε 

≥100 cm2s-3, the dissipation values predicted by the transverse spectra are significantly 

less than the other two methods.  This behavior reflects the greater anisotropy that 

exist at the free surface for the shallower flow cases as a result of the redistribution of 

the vertical velocity fluctuations preferentially into streamwise velocity fluctuations at  

 

 

Figure 38. Free surface dissipation estimates plotted against Reynolds #. a.) Smooth 
bed experiments, b.) Rough bed experiments. 
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the free surface [McKenna & McGillis (2004); Cowen et al. (1995)].  For the rough 

bed cases (Figure 38b) the agreement between the four techniques is also good. 

 

5.2 Determination Dissipation in the Water Column 

 Dissipation is also determined in the water column using an ADV and the same 

four methods used to calculate dissipation on the free surface.  Here, because the ADV 

data is temporal in nature, Taylor’s hypothesis (1938) is used to convert temporal 

spectra to spatial spectra.  Nezu (1977) derived a semi-theoretical expression for the 

variation of dissipation in the water column given below, 

 

€ 

εH
U*3 = 9.8 z H( )

−1/ 2

exp −3z H( )           [15] 

Nezu’s expression has been demonstrated to be independent of Reynolds number, 

Froude number and wall roughness condition (Nezu 2005).  Figure 39 compares 

dissipation estimates from the smooth bed and rough bed experiments with Nezu’s 

relation.  For the sake of brevity only the dissipation results calculated from the 

transverse velocity spectra, SVV are shown here and the agreement is excellent.  The 

rationale for this choice is because the orientation of the ADV used in these 

experiments is such that the ADV is most accurate in the transverse direction.  The 

degree of agreement between Nezu’s relation and dissipation calculated from SUU and 

DNN is also good. 



 

80 

 

 

Figure 39. Water column ADV dissipation estimates. a.) Smooth bed experiments, b.) 
Rough bed experiments. 

 



 

81 

5.3 Estimating Friction Velocity 

 The near surface values of dissipation captured by the ADV are plotted below 

in Figure 40 against the surface values of dissipation measured by the LSPIV system 

for both the smooth and rough bed experimental cases.  Here again, the results from 

the transverse spectra are depicted.  The correlation between these measurement is 

quite high, R2 = 0.97, as expected.  The data are fit to the same line, which has a slope 

equal to 0.87.  If the experiments had been carried out with a clean, surfactant-free 

surface, we would expect the slope to be equal to one.  However, the trend of the near 

surface values being slightly larger than the surface values is consistent with our 

expectations.  Due to the nature of the effect that surfactants have on the free surface, 

it is our hypothesis that the slope of this line is not characteristic of every free surface, 

but is specific to this set of experiments.  Additional laboratory and field studies are 

recommended to determine the range of acceptable values for this relationship. 

 

Figure 40. Free surface dissipation estimates versus near surface dissipation values. 
a.) Smooth bed experiments, b.) Rough bed experiments. 
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Nezu’s relation (equation 15) can be rearranged as shown below and solved for the 

friction velocity, 

 

€ 

u* =
εH
9.8

z /H( )1/ 2

exp −3z /H( )

⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ 

1/ 3

     [16] 

where the only unknown, aside from the friction velocity is the flow depth.  If flow 

depth is not known a priori, the technique outlined in the previous chapter allows for 

the determination of flow depth from the integral length scale.  Here, a measurement 

of the flow depth is provided though the use of wave gages.   

 With the expression given in equation 16 and the linear relation given above in 

Figure 40, an estimate for friction velocity can be obtained.  Estimates generated from 

the above technique are compared with estimates of the friction velocity generated 

from conventional indirect methods in Table 11 below.  The four indirect techniques 

used in this investigation are described in detail in Appendix A of this dissertation and 

the range of results is also shown in Table 11.  For the shallow well-developed cases 

(δ/H ≥ 0.85) the agreement is excellent.  
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Table 11. Comparison of friction velocity estimated from free surface and near 
surface measurements for smooth bed experiments. 

H [cm] UB [cm/s] δ/H u*  from 
LSPIV [cm/s] 

u* from ADV 
[cm/s] 

10.8 9.0 1.90 0.46 0.50-0.62 

10.2 23.1 1.75 1.24 1.01–1.24 

10.1 32.7 1.67 1.58 1.47–1.87 

15.2 9.6 1.34 0.46 0.48-0.59 

15.3 23.5 1.16 0.97 1.05-1.27 

15.2 33.6 1.11 1.54 1.45-1.76 

20.6 9.6 0.99 0.45 0.42-0.54 

20.3 24.11 0.88 1.20 1.01-1.16 

20.4 34.4 0.82 2.01 1.35-1.74 

30.5 9.59 0.67 0.72 0.31-0.58 

30.5 24.3 0.59 1.79 0.80-1.16 

 

5.4 Conclusion 

 A series of LSPIV and ADV measurements are carried out in a wide-open 

channel flow under a range of bed roughness conditions.  The objective of these 

experiments was to develop a method of predicting friction velocity and subsequently 

bed shear stress from free surface imagery.  Dissipation is calculated on the free 

surface and in the water column using structure functions and one-sided spatial spectra 

and by taking advantage of the inertial subrange.  By understanding the correlation 

between dissipation on the free surface and near surface values, we are able to predict 

the variation of dissipation in the water column and subsequently, the friction velocity, 

which is directly related to the bed shear stress.  These findings have important 

implications to studies concerning the transport of sediment and contaminants in 
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environment.  The technique developed here will allow bed shear stress to be 

determined remotely and continuously over a large spatial area, a capability that is 

advantageous in sediment transport studies and until recently has never been 

accomplished.
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CHAPTER 6 

 

FUTURE WORK  

 

 The future direction of this research has particularly compelling implications 

for the USGS stream gauging program and for individuals concerned with remote 

monitoring of shallow flows.  Now that correlations between the surface and the bulk 

fluid flow have been established and verified for various flow depths, roughness, and 

bathymetric conditions, these correlations can be applied to thermal infrared imagery.  

Infrared imagery can not only be used to determine the velocity of the fluid surface but 

it also readily permits investigation of the surface eddy length scale, as demonstrated 

by the several experiments [Helmle, 2005; Zappa et al., 2001; Jessup et al., 1997; 

Mosyak & Hetsroni, 2004; Plant et al., 2009; Zappa & Jessup, 2005].  Volumetric 

discharge is then readily calculated from the thermal imagery using the correlations 

developed as part of this dissertation. 

 The use of infrared imagery eliminates some of the potential drawbacks that 

LSPIV presents when used to make measurements in the field.  The majority of efforts 

involving LSPIV rely on either ambient natural lighting or constant illumination of the 

water surface as in the experiments conducted here.  This limitation presents a 

potential problem when trying to monitor discharge in less than ideal weather and 

prohibits measurements at night.  LSPIV is also adversely impacted by unwanted 

shadows from the surrounding environment [Creutin et al., 2003; Creutin et al., 2002].  

Further, the requirement for continuous and uniform distribution of the seed material 
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could prove to be particularly challenging in the field.  Each of these drawbacks can 

be sufficiently addressed and eliminated in the laboratory environment.  However, in 

the field when attempting to capture data on a large scale, these issues can be very 

challenging if not impossible to meet.   

 The benefits to pursuing a thermal infrared approach to stream gaging are that 

seeding and surface illumination are no longer an issue.  It is the thermal diversity that 

exists on the surface that is tracked by the camera and hence, the need for ambient 

light is obviated.  This means that nighttime investigations of water surface flow are 

permissible.  It is further believed that the effects of wind on the water surface can also 

be accounted for with this method.  It is hypothesized that while the wind effect will 

be predominant on the water surface, parcels of fluid rising from the bed initially will 

not be affected by the wind.  Hence, these parcels will be moving at a slightly different 

speed than the surrounding surface and this relative difference will allow wind affects 

to be accounted for.  Lastly, the required support infrastructure for this technique is 

believed to be minimal. 
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APPENDIX A 

 

ESTIMATES OF FRICTION VELOCITY FROM ADV MEASUREMENTS 

 

 Estimates for the friction velocity for each experimental flow case were 

determined from vertical profiles measured using the ADV.  There are a number of 

different methods for estimating friction velocity from in situ velocity data.  In their 

study of an open-channel flow with a coarse rough gravel bed (D50 = 1.5 cm), 

Bagherimiyab & Lemmin (2013) investigated the validity of using five standard 

methods of estimating the shear velocity that were originally developed for smooth 

bed open channel flow.  Four of their methods that are used in this investigation are 

discussed briefly below. 

 The first method employed by Bagherimiyab & Lemmin (2013), and one that’s 

employed quite frequently in the literature, is the logarithmic velocity profile method.  

This method relies on the existence of a logarithmic layer in wall-bounded flows.  In 

smooth bed flows, vertical profiles of mean streamwise velocity are fit to the equation 

[6] given in Section 3.1.  The value of the friction velocity that yields the best fit to the 

equation [6] is taken as the fiction velocity for a particular flow case.  Kirkgoz (1989) 

in his study of rough bed open channel flow, states that the upper and lower limits of 

validity of the log-law is 0.05 ≤ z/δ ≤ 0.6.  

 Another popular method employed by Bagherimiyab & Lemmin (2013) and 

perhaps the most popular method employed by those working with boundary layer 

flows is the Reynolds stress method.  This method exploits the fact that the total shear 
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stress in the inner region (including the viscous sublayer and the log law-layer) of a 

wall-bounded flow is roughly constant and is equal to the shear stress at the bed.  The 

total shear stress is equal to the summation of the stress resulting from viscous 

interactions and the Reynolds stress resulting from turbulent motions.  The former 

dominates in the lower part of the viscous sublayer.  The later dominates in the upper 

portion of the viscous sublayer and the entire log-law region.  In the lower log-law 

region, where most ADV measurements are made, the friction velocity is 

approximately equal to the square root of the Reynolds stress,  

 

€ 

u* = − ʹ′ u ʹ′ w .         [17] 

Some investigators suggest fitting a flat line to the peak of the Reynolds stress profiles 

[Schultz & Flack, 2007; Raupach et al., 1980; Bagherimiyab & Lemmin, 2013], others 

[Bagherimiyab & Lemmin, 2013; Grass, 1971; Krogstad et al., 1992; Nikora & 

Goring, 2000] suggest extrapolating the Reynolds stress profile to the bed. 

 

€ 

u* = − ʹ′ u ʹ′ w z→ 0 .        [18] 

The results of both techniques are reported in Table 12, Table 13, and  

Table 14. 

 Townsend’s (1976) formulation of the linear relationship between bed shear 

stress and turbulent kinetic energy has led a number of scientists, including 

Bagherimiyab & Lemmin (2013), to used calculations of the turbulent kinetic energy 

to predict the friction velocity.  Following Soulsby (1980) and MacVicar & Roy 

(2007), friction velocity is simply related to turbulent kinetic energy as follows, 

 

€ 

u* = C1TKE ,      [19] 

  where, 

€ 

TKE =1/2 ʹ′ u 2 + ʹ′ v 2 + ʹ′ w 2( )  [20] 
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is the turbulent kinetic energy and C1 = 0.19.  Although not explicitly stated, it is 

believe that Bagherimiyab & Lemmin (2013), based on their figure 4 results, 

extrapolated the TKE curve to z = 0 to determine their estimate for friction velocity, 

which is the approach taken here.  Bagherimiyab & Lemmin (2013) comment that the 

TKE data is better behaved than the Reynolds stress data and it is likely that a better fit 

was achieve, although the two methods agree to within 10%. 

 The wall similarity method of estimating friction velocity stems from the wall 

similarity concept, which refers to the portion of the turbulent boundary layer called 

the equilibrium layer.  The equilibrium layer is thusly named because turbulent energy 

production and dissipation are nearly in equilibrium and turbulent diffusion is 

negligible.  Equilibrium is maintained regardless of flow or bed roughness conditions.  

According to Hurther & Lemmin (2000) the vertical turbulent energy diffusion term, 

given by 

 

€ 

∂
∂z

1
2 ʹ′ u 2 + ʹ′ v 2 + ʹ′ w 2( ) ʹ′ w 
⎡ 

⎣ ⎢ 
⎤ 

⎦ ⎥ 
≈ 0      [21] 

can be integrated and normalized by the cube of the shear velocity, 

 

€ 

1
2u*3 ʹ′ u 2 + ʹ′ v 2 + ʹ′ w 2( ) ʹ′ w = Fk      [22] 

where, Fk = 0.3.  Thus an equation for the shear velocity results, 

 

€ 

u* =
1
2Fk

ʹ′ u 2 + ʹ′ v 2 + ʹ′ w 2( ) ʹ′ w 
⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ 

1/ 3

.     [23] 

Bagherimiyab & Lemmin (2013) point out that the advantage of using this method is 

that because equilibrium is maintained over a large portion of the boundary layer (0.15 

≤ z/H ≤ 0.6) and because the normalized turbulent diffusion term in that region is 
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equal to a constant, only a single measurement in the equilibrium layer is required to 

estimate friction velocity.  A precise measurement of the flow depth is not required.  

Further, because the cubed root of the turbulent diffusion term is taken, this method is 

not overly sensitive to errors in determining the energy flux.  In their application of 

these methods, Bagherimiyab & Lemmin (2013) found that the wall similarity method 

was within 10% of the turbulent kinetic energy method and the Reynolds stress 

method. 

 

Table 12. Smooth Bed Friction Velocity Estimates 

Friction Velocity Estimates, u* [cm/s] 
H  

[cm] 
UB 

[cm/s] 
Q 

[m3/hr] Reynolds 
Stress 

Method 
Log-Law Fit(s) 

Turbulent 
Kinetic 
Energy 

Wall 
Similarity 

6.46 22.70 83.3 1.01/1.72 1.83/1.17 1.25 1.52 

6.3 34.7 111.0 1.38/1.41 1.66/1.66/1.72 2.13 1.97 

10.5 4.74 29.1 0.28/0.32 0.33/0.33/0.29 0.25 0.33 

10.7 9.0 81.7 0.54/0.61 0.58/0.62/0.50 0.48 0.61 

10.2 23.2 143.9 1.02/1.25 1.01/0.93/1.12 1.19 1.32 

10.1 32.5 208.6 1.47/1.79 1.87/1.87/1.52 1.53 1.90 

15.7 4.5 49.2 0.27/0.28 0.26/0.26/0.26 0.24 0.29 

15.2 9.6 94.8 0.56/0.59 0.53/0.53/0.51 0.57 0.53 

15.3 23.5 190.4 1.17/1.27 1.1/1.1/1.12 1.02 1.35 

15.2 33.6 334.4 1.53/1.68 1.52/1.45/1.53 1.44 1.85 

20.6 5.2 69.6 0.32/0.32 0.27/0.27/0.28 0.34 0.31 

20.6 9.6 138.1 0.53/0.54 0.43/0.43/0.49 0.49 0.50 

20.3 24.1 307.8 1.16/1.16 1.02/1.02/1.12 1.03 1.19 

20.4 34.5 443.5 1.63/1.74 1.49/1.35/1.55 1.52 1.75 

30.5 9.60 204.5 0.58/0.53 0.35/0.31/0.47 0.54 0.37 

30.5 24.3 504.5 1.16/1.08 0.80/0.67/1.1 1.06 1.22 
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Table 13. Rough Bed Friction Velocity Estimates 

Friction Velocity Estimates, u* [cm/s] 
H  

[cm] 
UB 

[cm/s] Q [m3/hr] Reynolds 
Stress 

Method 
Log-Law Fit(s) 

Turbulent 
Kinetic 
Energy 

Wall 
Similarity 

7.5 6.55 54.54 0.53/0.61 0.60 1.07 0.67 

10.6 5.70 65.06 0.46/0.58 0.62 0.79 0.63 

15.4 6.8 88.82 0.51/0.52 0.54 0.86 0.56 

20.1 6.83 81.71 0.53/0.54 0.57 0.60 0.60 

20.9 17.68 360 1.48/1.71 1.6 1.63 1.57 

20.4 25.43 400.6 2.04/2.22 2.2 2.33 2.07 

 

Table 14. Compound Section Friction Velocity Estimates 

Friction Velocity Estimates, u* [cm/s] 
H 

[cm] y/B UB 
[cm/s] 

Q 
[m3/hr] 

Reynolds 
Stress 

Method 
Log-Law Fit(s) 

Turbulent 
Kinetic 
Energy 

Wall 
Similarity 

-0.35 22.48 0.91/1.04 1.05 1.12 1.06 14.74 -0.08 20.72 118.71 1.26/1.53 1.59 1.31 1.43 
-0.35 23.1 1.08/1.12 1.05 1.06 1.16 
-0.08 22.67 1.14/1.36 1.07 1.14 1.24 20.1 
0.08 19.62 

150.61 
1.03/1.25 0.99 1.08 1.08 

-0.35 24.07 1.16/1.28 1.12 1.25 1.04 
-0.08 23.71 1.21/1.32 1.26 1.22 1.117 
0.08 22.35 1.11/1.24 1.05 1.18 1.14 25.6 

0.35 18.08 

259.53 

0.98/1.29 0.93 1.28 1.18 
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APPENDIX B 

 

UNCERTAINTY ANALYSIS 

 

 The uncertainty in the data produced by our experimental techniques is 

presented in this appendix.  Following a brief introduction of the error analysis 

employed, the uncertainty results for each experimental component are discussed in 

section B.2 and the error in the LSPIV estimate of volumetric discharge are presented 

in section B.3.   

 

B.1 Methods used in Error Estimation 

 Following the definition of Kline & McClintock (1953), the experimental 

results discussed in this dissertation can be classified as single-sample experiments.  

The types of errors that occur in single-sample experiments can be broadly categorized 

as either bias or random errors and both are treated separately.   

 Bias errors result from a systematic deviation that is not the result of random 

chance.  As a result, bias error is deterministic but cannot be separated from the data 

set.  Its magnitude is generally fixed or slowly varying, resulting in a fixed mean with 

zero variance.  It can be accounted for if the source is known and in the analysis that 

follows,  ‘worst-case’ estimates are used to quantify the range of the potential bias 

error. 

 Random error can arise from multiple sources and while its mean is zero, its 

variance is non-zero.  Hence random errors will increase the variance of the statistic 
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being calculated.  The uncertainty due to random error is quantified using the 

bootstrap technique (e.g. Efron & Tibshirani, 1993).  For this technique an existing 

data set is re-sampled 1000 times with replacement and the statistic of interest is 

calculated each time.  The term with replacement means that individual measured 

samples can be repeated multiple times within a given replicate set.  The statistic of 

interest is calculated from each replicate set.  The 90% uncertainty interval is the taken 

from the ordered bootstrap generated where the 50th and 950th order values are taken 

as the 10% and 90% statistic.  

 How errors in individual variables combine and contribute to the total error of 

a desired quantity can be quantified using the root-sum-square technique outlined in 

Kline & McClintock (1953).  The technique described below involves determining the 

magnitude of error, 

€ 

δ ˆ X i for each variable,

€ 

ˆ X i , of the desired quantity, R, 

       

€ 

R = R ˆ X 1, ˆ X 2,..., ˆ X M( ) 

    

€ 

δRX i
=
∂R
∂ ˆ X i

δ ˆ X i    [24] 

The total error is then computed by taking the square root of the squared sum of the 

individual sources of error, 

        

€ 

∂R =
∂R
∂ ˆ X i

∂ ˆ X i
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

2

i=1

M

∑    [25] 

 The total error resulting from both bias and random error can also be quantified 

using the root-sum-square technique.  Both the random and bias error are assessed for 

each experimental technique and the results are reported below. 
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B.2 Uncertainty Analysis of Measurement Systems 

B.2.1 LSPIV Measurements 

 There are two potential sources of bias error in the LSPIV measurements; the 

first is due to calibration error.  The system is calibrated by taking images in the wide-

open channel of a checkerboard target that is elevated to the approximate height of the 

free surface for a given experiment.  Each square in the checkerboard pattern is 2.00 

cm in length and the target is positioned at five locations within the open channel such 

that the entire field of view is covered.  Figure 41 is a composite image of five 

different calibration images. 

 

Figure 41. LSPIV calibration procedure. 

 

 A MATLAB program was written to automatically interrogate each calibration 

image to determine the number of pixels per centimeter at multiple vertical and 
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horizontal transects within the image.  The results were verified through manual 

interrogation. The worst-case bias introduced by the automatic interrogation is a half 

of a pixel, which is equivalent to (0.5 pixels)( 0.1084 cm/pixels)/(0.075 sec) = 0.7 

cm/s for both components of velocity (i.e. U and V).  The previous expression uses the 

smallest Δt used in these experiments and largest calibration factor, which comes from 

the shallowest case (6 cm), and hence yields the worst-case results. 

 The second source of bias error is the camera’s rotation relative to the bed.  

Great care was taken in positioning camera to ensure that there was no rotation of the 

camera housing about the y-axis (pitch) or x-axis (roll).  Bubble levels were used to 

minimize rotation about these two axes.  However, it was not possible to use a level to 

minimize rotation about the z-axis (yaw).  The physical support structure of wide-open 

channel is visible to the camera and was used to minimize this rotation.  Manual 

investigation of the support structure in each image reveals that the camera is slightly 

rotated about the z-axis by no more than two pixels or 0.1°.  To account for this 

rotation the reported displacements should be divided by the cosine of this angle (see 

Figure 42 below).  Because this angle is so small and the cosine of the angle is ≈ 1, no 

correction for the rotation angle is applied to the reported displacements. 

 The random error present in the LSPIV data set was assessed via the bootstrap 

percentile technique.  The 90% confidence interval for the random error was 

calculated at randomly selected subwindows for the mean streamwise velocity for 

each experimental condition.  90% confidence intervals were also calculated for the 

integral length scales for each experimental condition.  Recalling that the integral 

length scale, Lij,k, is the integral of the normalized autocorrelation function aij,k, the  
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Figure 42. Correction procedure for rotated pixel. 

 

bootstrap procedure was performed on the autocorrelation function and the results 

integrated to yield the uncertainty interval for the integral length scale.  These two 

quantities are fundamental in the determination of volumetric discharge and hence, are 

the only quantities that are subject to uncertainty analysis. The worst typical bounds 

and worst-case bounds on the error for all the experimental conditions are given in the 

Table 15 through Table 19 below. 
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Table 15. Umean 90% confidence intervals 

90% Confidence Interval [cm/s] H [cm] UB [cm/s] Typical Worst 
6.3 25 ±0.07 ± 0.20 
6.3 34.9 ±0.08 ± 0.26 

10.5 4.74 ±0.01 ± 0.04 
10.7 9.0 ±0.02 ± 0.08 
10.2 23.1 ±0.08 ± 0.21 
10.1 32.7 ±0.09 ± 0.22 
15.7 4.5 ±0.01 ± 0.03 
15.2 9.6 ±0.02 ± 0.10 
15.3 23.5 ±0.04 ± 0.22 
15.2 33.6 ±0.06 ± 0.22 
20.6 5.2 ±0.01 ± 0.04 
20.6 9.6 ±0.02 ± 0.06 
20.3 24.1 ±0.04 ± 0.22 
20.4 34.4 ±0.05 ± 0.31 
30.5 9.59 ±0.02 ± 0.03 
30.5 24.3 ±0.04 ± 0.07 

 

Table 16. L11,1 90% Confidence Intervals. 

H [cm] UB [cm/s] Mean Value 90% Confidence 
Interval [cm] 

6.3 25 17.48  ± 5.29 
6.3 34.9 21.54 ± 5.26 

10.5 4.74 38.40 ± 5.09 
10.7 9.0 52.99 ± 5.01 
10.2 23.1 25.60 ± 5.17 
10.1 32.7 28.42 ± 5.15 
15.7 4.5 48.03 ± 4.91 
15.2 9.6 41.62 ± 4.98 
15.3 23.5 32.30 ± 5.01 
15.2 33.6 36.24 ± 5.02 
20.6 5.2 45.71 ± 5.10 
20.6 9.6 39.62 ± 4.90 
20.3 24.1 38.03 ± 4.93 
20.4 34.4 41.07 ± 4.95 
30.5 9.59 31.15 ± 4.86 
30.5 24.3 35.24 ± 4.81 
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Table 17. L11,2 90% Confidence Intervals. 

H [cm] UB [cm/s] Mean Value 90% Confidence 
Interval [cm] 

6.3 25 9.16 ± 5.32 
6.3 34.9 6.27 ± 5.23 

10.5 4.74 -2.13 ± 5.15 
10.7 9.0 -18.49 ± 5.25 
10.2 23.1 6.56 ± 5.31 
10.1 32.7 6.83 ± 5.22 
15.7 4.5 -12.57 ± 5.14 
15.2 9.6 4.72 ± 5.30 
15.3 23.5 0.90 ± 5.29 
15.2 33.6 5.33 ± 5.27 
20.6 5.2 -5.01 ± 5.44 
20.6 9.6 -3.88 ± 5.25 
20.3 24.1 6.72 ± 5.31 
20.4 34.4 9.61 ± 5.28 
30.5 9.59 8.61 ± 5.13 
30.5 24.3 12.02 ± 5.06 

 

Table 18. L22,1 90% Confidence Intervals. 

H [cm] UB [cm/s] Mean Value 90% Confidence 
Interval [cm] 

6.3 25 2.93 ± 5.29 
6.3 34.9 3.13 ± 5.30 

10.5 4.74 10.06 ± 5.19 
10.7 9.0 7.90 ± 5.18 
10.2 23.1 3.36 ± 5.22 
10.1 32.7 3.92 ± 5.20 
15.7 4.5 11.73 ± 5.08 
15.2 9.6 6.25 ± 5.11 
15.3 23.5 6.92 ± 5.12 
15.2 33.6 7.05 ± 5.13 
20.6 5.2 6.77 ± 5.23 
20.6 9.6 7.73 ± 5.00 
20.3 24.1 8.37 ± 5.03 
20.4 34.4 11.58 ± 5.05 
30.5 9.59 11.45 ± 4.91 
30.5 24.3 12.60 ± 4.87 
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Table 19. L22,2 90% Confidence Intervals. 

H [cm] UB [cm/s] Mean Value 90% Confidence 
Interval [cm] 

6.3 25 4.25 ± 5.32 
6.3 34.9 3.42 ± 5.24 

10.5 4.74 22.33 ± 5.11 
10.7 9.0 22.60 ± 5.27 
10.2 23.1 4.94 ± 5.33 
10.1 32.7 7.01 ± 5.32 
15.7 4.5 37.76 ± 5.07 
15.2 9.6 26.46 ± 5.25 
15.3 23.5 21.22 ± 5.26 
15.2 33.6 17.22 ± 5.26 
20.6 5.2 37.29 ± 5.32 
20.6 9.6 31.27 ± 5.20 
20.3 24.1 21.65 ± 5.27 
20.4 34.4 22.47 ± 5.25 
30.5 9.59 26.17 ± 5.10 
30.5 24.3 21.94 ± 5.05 
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B.2.2 ADV Measurements 

 Bias error for the ADV measurements comes from two sources; the first results 

from the calibration methodology.  Because the ADV was oriented laterally in the 

channel (Figure 8), the probe’s built-in ability to measure the measurement volume’s 

position relative to the boundary could not be used.  Instead, once the ADV was 

attached to a Vernier gage and positioned laterally in the flume a calibration was 

conducted in which measurements on the Vernier gage were related to manual 

measurements of the probe center to the channel bed.  This technique results in 

position measurements with a worst-case error of ± 2 mm.  It is estimated that this 

worst-case error translates to a worst-case error of ± 0.03 cm/s in the mean streamwise 

velocity. 

 Another source of bias error results from the slight rotation of the ADV probe 

when mounted on the Vernier gage.  When oriented laterally in the flow, the ADV 

probe rather than being mounted perfectly parallel with the bed, it is oriented 

approximately 94° from vertical.  This slight rotation is a result of the mounting 

hardware.  The streamwise velocity is unaffected by this rotation and needs no 

correction.  However, the vertical and horizontal velocities are affected.  To correct for 

this rotation the measured velocities must be modified by the cosine of 4°, which is ≈ 

1.  Because the correction factor is so close to one and because the primary velocity of 

interest is unaffected by the slight rotation, no correction factor is applied to the ADV 

data. 

 Random error present in the ADV measurements was determined by applying 
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the bootstrap technique.  Typical bounds for each experimental case are listed in Table 

20 below.  

 

Table 20. ADV 90% confidence intervals. 

H [cm] UB [cm/s] 
90% Confidence 
Interval [cm/s] 

6.3 22.72 ± 0.02 
6.3 34.9 ± 0.02 

10.5 4.74 ± 0.004 
10.7 9.0 ± 0.01 
10.2 23.1 ± 0.02 
10.1 32.7 ± 0.02 
15.7 4.5 ± 0.004 
15.2 9.6 ± 0.01 
15.3 23.5 ± 0.02 
15.2 33.6 ± 0.02 
20.6 5.2 ± 0.01 
20.6 9.6 ± 0.01 
20.3 24.1 ± 0.02 
20.4 34.4 ± 0.03 
30.5 9.59 ± 0.01 
30.5 24.3 ± 0.02 

 

B.2.3 Wave Gauge Measurements 

 The manufacturer published accuracy of the Banner S18UUAQ ultrasonic 

sensors is 0.1% - 0.25% of the sensed range.  Since the maximum range over which 

the S18UUAQ ultrasonic sensors can sense is 30 cm, the worst-case error for the wave 

gauge measurements is 0.08 cm.  This is one source of bias error. 

 Another source of error for the wave gauge measurements stems from the 

calibration.  The wave gauge calibration measurements were made using a Vernier 

style holder over a large column of water.  The wave gauges were move incrementally 

using the Vernier gage and data was recorded at several positions to develop the 
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calibration curve.  Based on the output of the MATLAB’s curve fitting toolbox, 

typical 90% uncertainty bands for the slope of the calibration curve are ± 0.002.  This 

results in error in the flow depth measurements that is not greater than 1 mm.  

 The random error associated with the wave gauge measurements was 

determined from the bootstrap technique was found to be quite small for all 

experimental flow cases.  The worst-case uncertainty interval is not more than ± 0.01 

cm.  

 

B.2.4. Flowmeter Measurements 

 The manufacturer stated accuracy for the Fluxus flow meter is ±1-3% of the 

measured value.  The worst-case error then is 3% times the highest reported flow rate, 

± 15.15 [m3/hr].  

 Bootstrap analysis of the flowmeter data was conducted to assess the random 

error.  The results are given below in Table 21, Table 22 and Table 23. 
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Table 21. Volumetric discharge uncertainty interval for smooth bed cases.   

H [cm] UB [cm/s] QLSPIV [m3/hr] 90% Confidence 
Interval [m3/hr] 

6.3 22.72 83.42 ± 0.26 
6.3 34.9 111.11 ± 0.19 

10.5 4.74 29.21 ± 0.16 
10.7 9.0 64.72 ± 0.29 
10.2 23.1 144.01 ± 0.20 
10.1 32.7 208.91 ± 0.28 
15.7 4.5 49.27 ± 0.24 
15.2 9.6 94.91 ± 0.20 
15.3 23.5 190.67 ± 0.42 
15.2 33.6 334.90 ± 0.70 
20.6 5.2 69.70 ± 0.15 
20.6 9.6 138.40 ± 0.26 
20.3 24.1 308.12 ± 0.46 
20.4 34.4 443.84 ± 0.68 
30.5 9.59 204.89 ± 0.30 
30.5 24.3 505.15 ± 0.62 

 

Table 22. Volumetric discharge uncertainty interval for rough bed cases. 

H [cm] UB [cm/s] QLSPIV [m3/hr] 90% Confidence 
Interval [m3/hr] 

7.5 5.41 - 14.24 54.6 ± 0.09 
10.48 5.21 – 9.54 65.08 ± 0.13 
15.4 5.89 – 8.27 88.84 ± 0.18 
20.6 3.84 – 4.38 61.78 ± 0.10 
20.1 8.26 – 10.89 81.81 ± 0.18 
20 18.42 – 25.98 242.30 ± 0.23 

20.36 21.93 – 27.87 400.98 ± 0.66 
 

Table 23. Volumetric discharge uncertainty interval for compound channel cases. 

H [cm] UB [cm/s] QLSPIV [m3/hr] 90% Confidence 
Interval [m3/hr] 

14.7 20.72 – 22.48 118.59 ± 0.26 
20.1 19.62 - 23.10 150.82 ± 0.34 
25.6 18.08 – 24.07 260.03 ± 0.36 
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B.3 Volumetric Discharge Measurements 

 To determine the uncertainty in the LSPIV estimate of volumetric discharge 

the root-sum-square technique developed by Kline & McClintock (1953) and 

discussed earlier is employed.  The variables involved in determining volumetric 

discharge each have a their own respective uncertainty, which have been determined 

above using a 90% confidence interval.  How each of these variables contribute to the 

overall uncertainty of volumetric discharge can be determine using the second power 

equation shown below, 
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  [26] 

where, δQ represents the uncertainty in volumetric discharge calculation and δXi 

represents the error associated with each term.  The fraction term in equation [26] is 

the partial derivative of equation [1] for each term on the right hand side.  The total 

uncertainty then is equal to the square root of the sum of the squares of the partial 

derivative of the equation for volumetric discharge with each of its variables times that 

variable’s uncertainty value.  

 Recalling equation [1] which, is the definition of volumetric discharge, 

equation [26] can be evaluated, 
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The total worst-case error for the velocity, δV, comes from the typical random error 

combined with the bias error.  The worst-case error associated with the calculation of 



 

105 

the width of the channel, δB, is estimated from the difference between the lateral 

extent of the channel captured in the LSPIV results and the known channel width, 2 m. 

The error associated with the estimate of flow depth, δH, calculated from L22,1 is equal 

to the typical error bounds on L22,1  for each case times the factor that converts the 

integral length scale to flow depth in 0.51 (given in Figure 25).  The resulting total 

error for the LSPIV estimation of volumetric discharge is shown below in Table 24. 

 

Table 24. Uncertainty intervals for LSPIV estimate of volumetric discharge. 

H [cm] UB [cm/s] QLSPIV [m3/hr] 90% Confidence 
Interval [m3/hr] 

6.3 22.70 79.0 ± 39.5 
6.3 34.9 159.7 ± 62.55 

10.2 23.12 145.2 ± 43.46 
10.1 32.7 196.1 ± 64.90 
15.2 9.6 105.9 ± 20.90 
15.3 23.5 283.5 ± 48.82 
15.2 33.6 328.0 ± 68.39 
20.6 9.6 135.5 ± 22.36 
20.3 24.1 324.4 ± 48.49 
20.4 34.4 582.1 ± 72.33 
30.5 9.59 200.3 ± 25.656 
30.5 24.3 516.0 ± 54.99 
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