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SUMMARY 
 
 This study is part of an overall effort by the U.S. Army Corps of Engineers 

(USACE) to evaluate the use and limits of very small hydraulic models (termed micro-

models) for simulating flow and sediment-transport processes associated with alluvial-

channel control.  In particular, the study was conducted to determine scale-effect trends 

associated with selected important features of the flow field around a single dike or wing-

dam placed on a fixed, flat-bed channel.  The flow features of interest are channel 

thalweg alignment (the path of maximum depth and usually velocity) of flow around a 

dike, and the flow-separation region formed immediately downstream of a dike.  These 

features are of practical importance for channel control, especially in facilitating alluvial-

channel use for navigation.  USACE has made extensive use of micro-models to aid 

investigation of channel-control modifications, which commonly involve the placement 

or modification of dikes. 

The flume experiments conducted for the present study are based on a similitude 

framework developed to evaluate the technical utility of hydraulic models for replicating 

flow and sediment movement around dikes in alluvial channels.  The framework required 

that flume experiments be conducted to determine how horizontal- and vertical-length 

scales affect the flow field around a model of a single non-porous dike placed in a 

straight, fixed, flat-bed channel.  Those experiments, conducted over a large range of 

length scales1, sought to illuminate flow field trends uncomplicated by the complicating 

influences of alluvial-bed deformation (local scour and bed forms).  Brief further 

experiments then were conducted with single dikes in a loose-bed channel, in order to 

determine how bed deformation would affect the flow field around a dike.  The 

experiments involved non-porous and porous dikes. 

Because micro-models have mobile beds of model sediment, the main similitude 

consideration for the present experiments is similitude in intensity of bed-sediment 

movement.  This consideration is the basis for the primary similitude criterion assumed 

for most mobile-bed hydraulic models.  However, as other similitude considerations are 

not met, scale effects inevitably arise and become increasingly severe as model scale 

                                                           
1 Herein, length scale = prototype length/model length 
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increases.  One scale effect is exaggeration of velocity heads associated with flow around 

a dike.  Further scale effects arise with the use of vertically distorted models, and with 

amplified relative roughness of bed sediment.  The results of the present study show that 

the consequent distortions in the lateral and vertical distributions of flow, as well as 

exaggeration of velocity heads, affect the strength and dispersion of wake eddies and 

turbulence generated by a model dike.  These consequences lead to increased distance, 

relative to dike length, for flow symmetry to re-establish downstream of a dike.  

Commensurately, thalweg alignment and separation region in the vicinity of a dike may 

deviate from prototype values. 

The results also show that, through the use of a porous dike, small-scale hydraulic 

models of dikes can be made to simulate thalweg alignment around a dike.  Dike porosity 

partly compensates for the exaggerated velocity heads incurred by basing similitude 

primarily on intensity of bed-sediment movement.  Dike porosity, however, disrupts the 

flow-separation region downstream of a dike.  Further, the results show that local scour 

of the bed at a dike has a major influence on thalweg alignment and flow-separation in 

the vicinity of a dike.  That influence can dominate, and offset, the scale effects described 

above, provided that scour depth and lateral extent do not grossly exceed scaled prototype 

values. 

The results from the flume experiments delineate scale-effect trends that relate 

deviations in thalweg alignment and flow-separation extent to length scales.  Heretofore 

those trends have not been determined or documented. 
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I.  INTRODUCTION 

 

 This study was conducted as part of an overall effort by the U.S. Army Corps of 

Engineers (USACE) to delineate the accuracy and utility of very small hydraulic models 

known as micro-models.  Micro-models are tabletop hydraulic models that are becoming 

extensively used for determining possible alluvial-channel adjustments to facilitate 

channel use for navigation and generally to stabilize alluvial channels. 

 The principal contribution of this study is a delineation of length-scale effects on 

the capacity of small hydraulic models, and micro-models, to simulate features of the 

flow field around a single dike in a flat-bed channel.  Of particular interest in this regard 

are length-scale effects on flow-thalweg alignment around a dike and the extent of the 

flow-separation region downstream of a dike.  Those flow features are important in 

channel-control activities, such as used to facilitate navigation in alluvial channels.  The 

study’s findings, though, are of direct relevance to the use of hydraulic models generally. 

 The study involved the development of a framework for evaluating micro-model 

utility, and the conduct of flume tests to delineate certain of the limits.  The essential 

elements of the framework are described herein.  Ettema (2001) discusses the framework 

in more detail.  The framework called for series of flat-bed flume experiments and loose-

bed experiments.  The flat-bed experiments were conducted as the principal effort of the 

present study, which also involved brief companion series of loose-bed experiments to 

determine how local scour at a dike might influence the flow field around a dike.  

Additionally, the experiments sought to ascertain possible similitude relaxations that 

might mitigate certain scale-effect trends identified with the flat-bed experiments.  One 

such relaxation is dike porosity, which lessens scour depths. 

 Over the past few years, several USACE districts have used remarkably small 

hydraulic models (dubbed micro-models by USACE) to aid in the design of channel-

control works.  Such models typically reduce the plan area of a multi-mile river reach to 

the convenient size of a tabletop, measuring about 2 m (6 ft) long and about 1 m (3 ft) 

wide.  Flow depths in the model range from about 10 to 50 mm (0.5 to 2.0 inches).  The 

commensurate horizontal scale1 of micro-models typically is of the order of about 104, 

                                                           
1 Herein, scale is defined as prototype/model ratio. 
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and vertical scale is about 103; the exact scales vary with the dimensions of channel 

simulated.  The smallness of the micro-models, and commensurately their substantial 

vertical distortion, have raised questions about the capacity of micro-models to simulate 

alluvial-channel processes, including the flow fields around hydraulic structures such as 

channel-control dikes. 

 Micro-models have been used mainly for simulating flow and sediment transport 

through channels of fixed or constricted width, usually for the engineering purpose of 

modest local deepening or re-alignment of channel thalweg in order to improve 

navigation.  For this purpose micro-models evidently have proven useful to USACE 

districts using micro-models.  Figure 1 illustrates a typical river reach simulated using a 

micro-model.  The reach contains a series of dikes and bendway wiers placed to trains 

flow along the Mississippi River.  Figure 2 depicts a micro-model of a river bend in the 

Mississippi River.  Evidently most micro-models have involved reaches containing series 

of dikes or bendway weirs.  On occasion, a micro-model has been used to simulate flow 

in the vicinity of a single dike (Davinroy et al. 1998). 

 The classic examples of very small hydraulic models of river channels are those 

by the prominent, early hydraulic engineers Osborne Reynolds and Levison Vernon-

Harcourt.  In the late 1880s and early 1890s, they used a micro-scale model to investigate 

the deepening and alignment of a ship canal through the estuary of the Mersey River, 

England.  Their model, a vertically distorted geometry model (horizontal scale was 3 x 

104, and vertical scale was 0.5 x 103), provided insights for placing flow-training works 

to constrict and deepen a navigation channel near the entrance to the estuary.  

Comparably small hydraulic models were used subsequently for similar channel-training 

activities in France (Freeman 1929). 

 Davinroy (1994), who developed the micro-model concept, addresses questions 

about micro-model veracity with the response “The answer lies not in the relative state of 

flow, but the relative state of sediment transport ….”  His response is correct in part, and 

indeed expresses a basic assumption customarily used for many loose-bed hydraulic 

models (ASCE 2000).  However, what it does not take into account is the need for 

reasonable flow-field similitude at a hydraulic structure when the purpose of modeling is 
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determine sediment scour or deposition in the vicinity of the structures; as, for example, 

at a dike or a bridge abutment. 

 

 
 

Figure 1.  A series of dikes trains flow and sediment transport along the Mississippi 

River, river-mile 50 to river-mile 53.  This channel was micro-modeled by Davinroy et 

al. (1997). 
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Figure 2.  A micro-model of a river bend in the Mississippi River. 
 

 

 Considerations of similitude and micro-modeling practice lead to a rather simple 

proposition (Ettema 2001) regarding the limits of micro-model use: 

 

A micro-model can be calibrated to simulate, with approximate accuracy2, 

contraction scour along a channel whose thalweg is laterally constricted to a desired 

alignment.  Micro-model accuracy, however, diminishes rapidly as constriction 

length shortens and channel thalweg is freer to change in alignment and width, as 

well as depth. 

 

The results of the present study support an overall conclusion drawn from 

considerations used in developing a framework for evaluating very small hydraulic 

models and micro-models (Ettema 2001).  Essentially, hydraulic-model capacity to 

simulate important features of the flow field in the vicinity of a short constriction, as 

formed by a single dike, diminishes substantially when model dimensions approach those 

                                                           
2 E.g., commensurate with the accuracy needed by the US Army Corps of Engineers’ to conduct its 
channel-control projects. 
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typically used for micro-models.  The results also show, though, that variable dike 

porosity and local scour of the bed at a dike potentially provide useful means for 

adjusting model (including micro-model) flows in order to replicate thalweg alignment 

around a dike. 
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II. OBJECTIVES 

 

The study aimed at three objectives: 

1. Determine scale-effect trends accompanying decreasing size of hydraulic 

model used to investigate the overall features of the flow field around a model 

dike, or wing-dam, placed in a fixed, flat-bed channel.  The overall flow 

features of interest are channel thalweg alignment around a dike (or alignment 

of the flow velocity maximum around a dike) and extents of flow-separation 

regions at a dike.  Dikes typically are used to modify those flow features.  Of 

particular concern, are the effects of model horizontal-length scale, Xr, and 

vertical-length scale, Yr, on those flow features.   

The present study focused especially on the distance required for flow 

symmetry to recover downstream of a dike in a straight flat-bed channel.  Two 

measures were used in this respect – the distance required for the thalweg to 

return to center channel, and the downstream extent of the flow-separation 

region behind a dike.  The measures are indicated in Figure 3. 

2. Determine how dike porosity and local scour of channel bed at a dike relax the 

scale effects evident in small-scale models of flow around a dike in a flat-bed 

flow.  In other words, determine whether the scale-effect trends determined 

for flat-bed channels are mitigated by local scour at a dike and dike porosity. 

3. Develop large-scale particle image velocimetry (LSPIV) for diagnosing flow 

fields in small-scale hydraulic models. 

The flow features mentioned above are of practical importance in channel control.  

For example, they influence the spacing of a series of dikes, and they influence 

sedimentation processes and erosion mitigation along riverbanks.  The flow features 

essentially reflect dike influence on flow distribution, channel turbulence, and shear-layer 

development, through a local reach of channel, and thereby affect the capacity of a river 

engineering work to maintain navigation channels along prescribed alignments, as for the 

case illustrated in Figures 1 and 2.  The flow features of interest are depicted in Figure 3.  

Of indirect, but lesser, interest is micro-model capacity to simulate the details of the 

highly three-dimensional flow field in the vicinity of a dike.  Insight into those processes 
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would be useful, but the processes were not thoroughly investigated during the present 

study.  From a practical standpoint, measurement of the local flow features (e.g. 

horseshoe vortex) would take a more extensive effort than that specified for the present 

study.  Appendix A of this report, however, briefly discusses generally the scale effects 

commonly associated with the flow field in hydraulic models of flow and sediment 

movement at a single dike and a series of dikes. 

 

 

 

Figure 3.  Flow, sediment, and thalweg bathymetry around a single dike in a channel of 

fixed overall width. 

 

It is important to mention at the outset that this study is not an exhaustive 

investigation of the flow field shown schematically in Figure 3.  Rather, the study reveals 

several broad trends in thalweg and separation-region responses to changes in certain 

non-dimensional parameters that generally characterize the flow field.  Quite a few 
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parameters influence the flow field.  This study did not seek to delineate the influences of 

all parameters. 

The measurement methods used in this study to determine the trends in thalweg 

alignment and separation region extent were comparatively simple, so as to enable flow 

conditions to be examined over a large number of scale combinations.  Together with 

simple flow-visualization methods, LSPIV was used to accomplish the study’s goals.   

Additionally, LSPIV was used to support the loose-bed flume experiments conducted 

USACE Memphis District, and for possible general use in obtaining data from micro-

models.  The method facilitates quick acquisition of velocity vectors associated with the 

flow surface at some sub-reach area.  Appendix B summarizes the extension of LSPIV 

for use with very small hydraulic models, including micro-models. 
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III.  FLOW AROUND DIKES AND OTHER DEVICES 

 

Fairly numerous studies exist of the flow fields around linear structures such as 

dikes, bridge abutments, low walls, and through diverse orifices.  Such flow fields have 

been extensively modeled hydraulically and numerically, as indicated below.  However, 

few studies have investigated the effects of length scale on dike flow field, especially on 

thalweg alignment and separation regions around a dike.  Additionally, there appears to 

be a lack of detailed mapping of the flow field around a full-scale dike (USACE private 

communication). 

The present short review briefly considers prior studies on flow around dikes and 

abutments.  Those studies, however, are not particularly instructive for the purpose of the 

present study.  More useful are several rather early studies on flow around low walls used 

for developing boundary-layer flow in a windtunnel, and on flow through orifice plates in 

pipes.  A considerable amount of instructive information exists on the behavior of flow 

around two-dimensional walls and flow through two-dimensional and axisymmetric 

orifices. 

 

1. Flow Around Dikes and Abutments 

Fairly numerous studies have examined the performance of linear dikes (also 

known as groynes/groines) and abutments.  It seems, though, that most such studies have 

focused on the local flow field immediately around a dike or abutment, and on bed scour 

produced by such structures.  Some studies have included the upstream separation region 

in so far that it directly affects the flow field locally at a dike or abutment.  Additionally, 

some studies have examined how a dike, or series of dikes, might affect thalweg 

alignment; those studies typically have been conducted to determine dike effects on 

alluvial-channel bathymetry, rather than dike effects on flow field in the channel. 

The current literature lacks full-scale data on the entire flow field around a dike 

and abutments.  Full-scale data do exist for portions of flow fields (e.g., Uijteewaal et al. 

2001), and on scour and sediment deposition at dikes and abutments (e.g., Brinke et al. 

1999).   
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Considerable laboratory investigation has been devoted to scour of channels at 

dikes and abutments.  Those investigations, however, include scant few sets of data about 

flow visualization and measurement at a dike or abutment.  What little information and 

data exist are summarized by Melville and Coleman (2000).  Relevant studies include, for 

example, Rajaratnam and Nwachukwu (1983), Kwan (1984), Subramanya and 

Gangaharaiah (1989), and Kwan and Melville (1994). 

In recent years considerable effort has been devoted to numerical simulation of 

flow around a dike or abutment.  That effort essentially has concentrated on simulating 

the flow field at a dike or abutment.  Pertinent studies include those by Tingsanchali and 

Maheswaran (1990), Michiue and Hinokidani (1992), Muneta and Shimizu (1994), 

Mayerle et al. (1995), Jia and Wang (1993, 1996), Ouillon and Dartus (1997), and 

Kimura and Hosoda (1999).  The studies present insights into the time-averaged values of 

velocity immediately at a dike or abutment.  They show the main features of the local 

flow field, but do not reveal much about dike effects on thalweg alignment or 

downstream separation region.  Neither do they capture the highly unsteady nature of the 

large-scale turbulence shed from a dike.  Moreover, the models presently in use do not 

have the capacity to simulate reliably the turbulence generated by flow around a dike, 

then dispersed and dissipated in the flow downstream of a dike. 

 

2. Flows Around Walls or Through Orifices 

Though quite a few studies describe flow features in the near field of a dike or an 

abutment, few studies have investigated the flow features in the broader vicinity of a 

dike.  Flow fields involving shear layers and separation regions are common for an 

extensive range of structures extending into flow, however.  Information from such flow 

fields, especially from flows associated with walls and orifices, is of potential use in 

explaining scale effects incurred with models of flows around dikes.  In this regard, it is 

useful to consider briefly information on uniform flow around a two-dimensional wall, 

and information on fully turbulent flow through a pipe orifice plate.  Insights into these 

flows help in understanding the more complex situation of flow around a dike. 

Arie and Rouse (1956) describe the flow field produced by a low wall 

transversely placed in a uniform, two-dimensional flow in a windtunnel test section.  Low 
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walls, like that studied by Arie and Rouse, commonly are used to modify flow, notably to 

hasten the development of a fully turbulent boundary layer.  Arie and Rouse studied air 

flow in a 0.9144 m wide test section for which the low wall occupied only a small portion 

(5%) of the local flow cross section.  Figure 4 depicts the flow field they observed around 

the wall, and delineates important, elemental features of flow around a linear structure 

like a dike. 

The following features are significant for the present study: 

1. The wall contracts the flow and develops two flow-separation regions, one 

upstream of the wall, and one downstream of it. 

2. The downstream separation region produced by the wall extends about 18 

lengths of the wall.  This value of separation length is representative for 

separation regions formed by a vertical wall. 

3. The wall produces turbulence, which first grows, then disperses and decays. 

4. Turbulence produced by the wall may disperse across much of the channel, 

including across the streamline of maximum velocity. 

 

 
 

Figure 4.  Flow features produced by a low wall of length L in a uniform two-

dimensional approach flow (adapted from Arie and Rouse 1956); u′ is velocity 

fluctuation. 
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The velocity distribution of an approach flow can have an important influence on 

the flow field developed around a structure such as a wall or a dike.  In this regard, it is 

useful to consider the body of information that exists for flow through an orifice plate in a 

pipe.  It is well known (e.g., Rouse 1938) that the discharge characteristics of orifice 

plates in pipes vary with in accordance with the following parameters: 

 ⎟
⎠
⎞

⎜
⎝
⎛=

D
d

D
kUDfCq ,,

ν
 (1) 

in which Cq = discharge coefficient for flow through the orifice, U = average velocity of 

approach flow, D = pipe diameter, d = orifice diameter, and ν = kinematic viscosity of 

fluid.  The first two parameters are pipe Reynolds number and relative roughness.  They 

characterize the velocity distribution of the approach flow to the orifice; i.e., the relative 

magnitudes of maximum velocity and mean velocity.  The third parameter is the relative 

opening of the orifice. 

Figure 5, taken from Rouse (1938), shows trends for Cq variation with UD/ν and 

d/D for flow in smooth pipes.  It shows that, even for fully turbulent flow, Cq varies.  As 

d/D increases, flow contraction reduces.  Perhaps even more germane to the present study 

is the influence of length scale on Cq trends for orifice plates subject to fully turbulent 

flow.  Figure 6 shows that Cq increases as pipe diameter decreases while d/D is 

maintained.  The increase in Cq with decreasing pipe diameter is attributable to the 

influence of relative roughness on approach velocity distribution.  For larger k/D, the 

ratio of maximum velocity to mean velocity increases.  Then, for constant d/D, the orifice 

causes less flow contraction. 

The flow field around a dike in a flat-bed open-channel flow is complicated, 

beyond the flow field shown in Figure 4, and beyond the flow field associated with 

orifice plates in pipes (Figures 5 and 6).  The presence and interactions of three boundary 

layers (one associated with the channel bed, and two associated with the channel’s walls) 

can influence the flow field around a dike.  A further complication is the flow’s free 

surface, whose position can adjust in response to the extent of flow constriction by a dike.  

These complexities may readily lead to scale effects for models of flow around a dike in a 

flat-bed channel. 
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Figure 5.  Variation of pipe orifice discharge coefficient with Reynolds number (Rouse, 

1938)  

 

 
Figure 6.  Variation of pipe orifice discharge coefficient with d/D (Rouse, 1938)  
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IV.  SIMILITUDE 

 

 The approach taken in this study entails a program of flume experiments that 

follow a formal framework of similitude considerations proposed by Ettema (2001) for 

evaluating the technical utility of micro-models to simulate flow and sediment movement 

in alluvial channels.  Because the study is part of an overall effort at evaluating the limits 

and possibilities of micro-models for addressing alluvial-channel concerns, the similitude 

considerations herein are those typically required for loose-bed modeling.  The 

framework inevitably addressed the conflicting requirements of two well-known 

similitude criteria as its central concern.  Though the criteria and their conflict are well 

known, the consequences of their conflict are not. 

 The framework comprises the following sequence of considerations, as elaborated 

in this section of the report: 

1. Important variables. 

2. Dependencies. 

3. Independent parameters. 

4. Necessary experiments. 

5. Accuracy trends. 

 

1. Important Variables 

 Most loose-bed hydraulic models focus on a few crucial processes, and attempt to 

simulate the important engineering variables associated with them.  Hydraulic models 

rarely are used to simulate the full details of flow and sediment transport.  Most micro-

models have been used to simulate thalweg behavior along a channel whose overall width 

was more-or-less fixed and whose thalweg was constrained to a given alignment.  In 

some cases, micro-models have been used to simulate partial erosion of a bar in a river 

bend (e.g., Davinroy et al. 1997).  Micro-models primarily have been used to estimate the 

extent and number of flow-training structures (usually dikes or bendway weirs) needed to 

constrain channel thalweg to a required depth and alignment.   
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 For a short sub-reach containing one dike (Figure 7), the following variables have 

major engineering significance: 

1. The upstream distance at which thalweg shifts from channel centerline, TU. 

2. The downstream distance required for the thalweg to re-align with the channel 

centerline, TD. 

3. Maximum lateral location of thalweg in the short sub-reach, TC. 

4. The maximum downstream extent, and lateral width, of the flow-separation 

region, B1 and B2, respectively. 

 

 

Figure 7.  Thalweg alignment and flow-separation features of the flow field around a dike 

in a straight, flat-bed open channel 

 

The variables are shown in Figure 7.  For the present flat-bed experiments, the 

thalweg is taken to be the streamline of maximum velocity around a dike in a straight 

rectangular channel.  It is assumed that the streamline of maximum velocity, and thereby 

bed shear stress, would coincide with line of deepest flow (thalweg) in an alluvial 
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channel.  The three lengths, TD, TU, and TC, can be used to define the sinuosity of the 

thalweg around a single dike. 

For a dike in an erodible loose-bed channel, additional variables relate to channel 

bathymetry: 

1. Maximum thalweg depth along the constricted sub-reach. 

2. Depth and width of scour at the dike. 

The present study does not consider these latter variables, though it does consider the 

influence of scour on thalweg alignment and the extent of flow-separation regions. 

 

2. Dependencies 

 The important engineering variables defining thalweg depth, alignment, and 

sinuosity, as well as the variables defining the separation region, (TD, TU, TC, B1, B2), are 

dependent variables, whose values rely on so-called independent variables that 

characterize flow, sediment, and channel-geometry conditions prescribed by nature 

and/or engineers.  As described below, the independent variables can be cast in general, 

non-dimensional parameters that, taken as a whole, define sets of similitude criteria for 

hydraulic modeling. 

 The dependent variables are usefully expressed as dimensionless parameters: 

W
B

L
B

L
T

W
T

L
T UCD 21 ,,,'  

An important dependent parameter of use in describing flow thalweg in a channel is the 

velocity ratio Umax/U, in which Umax is the maximum velocity of flow along the thalweg.  

This parameter, with other parameters described below, expresses the distribution of 

approach flow to the dike. 

 

3. Independent Parameters 

 Micro-modeling customarily entails adjusting channel slope and water flow to 

attain a chosen level of sediment transport intensity in the model.  Once the model 

sediment is suitably mobilized to that intensity of transport, the micro-model is 

considered ready for calibration in terms of adjusting aspects of flow entry into the 

model, boundary roughness, and dike porosity so as to match a given field condition. 
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 In effect, the key flow variables adjusted in micro-models are a reach-average 

channel slope, S0, and a reach-average value of shear velocity, , for flow prior to 

placement of the dike.  Therefore, the variables influencing flow and bathymetry in a 

micro-model of a channel, such as shown in Figure 7, are  

0∗u

WudguS c ,,,,,,,, 00 ∗∗µσρ  

where, ρ, σ, and µ = fluid density, surface tension, and dynamic viscosity, respectively; g 

= gravitational acceleration; d = representative particle diameter;  = the critical value 

of shear velocity associated with entrainment of bed sediment; and W = channel width. 

Cu∗

 The variables correspond to the following set of independent parameters results if 

, d, and ρ are used as the normalizing variables: 0∗u
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 (Set 1)
 

These parameters are not entirely useful for interpreting scale effects on the local flow 

field around a dike.  Several re-combinations of certain parameters serve better.  One 

recombination ensues.  The parameters 

( )
d
W

gd
uS ,,

2
0

0
∗  

can be combined as 
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U ,,

2
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This re-combination uses 
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and 

f
uU 8

0*0 =  

and Froude number, 

gR
UF 0=  

In the foregoing equations, f = a representative value of Darcy-Weisbach resistance 

coefficient for flow along the channel, U0 is the mean flow velocity in the channel prior 

to placement of the dike, and R = hydraulic radius.  The parameter W/R [= 

W(W+2Y0)/WY0)] essentially expresses the aspect ratio, W/Y0, of flow cross-section. 

The parameters in set 1 are more usefully considered as 
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 (Set 2)
 

 

in which Re = 
ν

RU 04
 is the Reynolds number based on flow hydraulic radius, R, and We  

= 
σ

ρ LU 2
0  is the Weber number.  From Set 2, the Reynolds number readily can be written 

in terms of dike length.  Note that f modifies the mean velocity U0, and thereby reflects 

the flow resistance characteristic of the entire channel cross section.  Re together with R/d 

and f characterize the approach flow distribution in which the dike is to be placed; these 

parameters lead to an important thalweg parameter, Umax/U0.  

Set (2) contains familiar parameters (e.g., Froude number) commonly used for 

characterizing open-channel flow.  Inspection of the parameters in Sets (1) or (2) reveals 

a similitude clash.  Similitude of an overall shear stress exerted on the flow bed (i.e., 
Cu

u

∗

∗0  

similitude) for a vertically distorted model occurs at the cost of flow-field similitude at 

local features in the flow.  The upshot is that pressures and velocities locally near flow 
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boundaries are not accurately simulated.  Typically, similitude based on 
Cu

u

∗

∗0  amplifies 

(exaggerates) U0, and thereby amplifies stagnation-pressure heads, 
( )

g
U
2

2
0 , generated 

when flow impinges against a dike or a riverbank.  That amplification is partly offset by 

the inclusion of an energy dissipation term, √f, which too is amplified by virtue of the use 

of exaggerated value of R/d. 

Consideration of stagnation heads, and thereby pressure gradients, prompts a 

further re-combination of the parameters in Set (2).  The three parameters 

W
L

Y
W

f
F ,,  

can be restated as 

W
L

Y
W

gLf
U ,,

2
0  

These parameters are particularly useful for describing the stagnation-pressure gradient at 

a dike, flow aspect ratio, and dike width relative to channel width.  Together with 

Reynolds number and Weber number, they are useful for describing the flow field around 

a dike.  Flow aspect ratio, W/Y, exerts an important influence on the local flow field 

around a dike.  For determining the limits of micro-model use involving flow around a 

dike, it is necessary to document that influence, which heretofore has not been 

documented. 

In terms of micro-modeling practice, for which dike porosity e is a calibration 

parameter, the essential sets of independent parameters for flow and sediment transport in 

a channel of width W constricted by a thin porous dike can be expressed as 
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 (Set 3)
 

 

Appendix A briefly discusses the influences of the parameters in Set 3, and indicates how 

they may affect the local flow field at a dike.  The present study, focuses further on how 

variations in the parameters influence flow thalweg and separation region. 
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A dependent parameter, such as the extent of the downstream separation region, 

B1, can be describe in functional relationship with Set (3) parameters as 
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Besides the first parameter, which expresses state of bed mobility, this equation contains 

essentially the same parameters expressed in Eq. (1), but adds other parameters 

associated with the typically non-symmetrical cross section of a channel and the presence 

of a free surface.  The additional parameters admit opportunities for further scale-effect 

trends beyond those indicated in Figures 4 and 5 for orifice plates.  

 The similitude criterion 

 1
0

constant≈
∗

∗

u
u c  (3) 

 

is followed tacitly for the micro-models used by USACE and commonly by other 

modelers (e.g., ASCE 2000).  The customary micro-modeling procedure entails adjusting 

model slope and discharge until the model sediment attains an intensity of movement 

judged by the modeler to adequately represent bed sediment movement at full scale.  As 

practically the same model sediment (or range of sediments) is used for simulating 

alluvial beds in micro-models, the relationship expressed in Eq. (2) practically reduces to 

 

 20 constant≈∗u  (4) 

 

because  constant for the model sediment. ≈∗cu

 An observation from micro-model practice is that average flow depths are 

approximately prescribed, in terms of a required flow depth associated with tow-barge 

navigation, or commonly occur in about the 10- to 30-mm range.  The minimum 

horizontal width of the main channel in a micro-model is about 25 to 75 mm.  Hydraulic 

radii nominally range from about 5 to 20 mm.  The slopes of the table base holding 
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micro-models typically are in the range of about 0.01.  As an approximate estimate for 

micro-models used to date,  ≈ 2.0 x 100∗u -2 to about 5 x 10-2 m/s.  These dimension 

ranges, together with Eq. (4), were used in designing the program of flume experiments 

for the present study. 

 

4.  Necessary Experiments 

 The preceding considerations of dimensional analysis, similitude criteria, and 

scale effects indicate the difficulties potentially faced in using hydraulic models to 

simulate flow around a dike in an alluvial channel.  Because modeling, especially with 

small models, is primarily based on about one or two similitude criteria, scale-effects 

arise.  To date, there appears to be no study that documents scale-effect trends for the 

flow features shown in Figure 7.   

 The present study involves series of experiments conducted to delineate such 

trends.  The experiments were conducted using the primary similitude criterion of 
Cu

u

∗

∗0  ≈ 

constant, sought to chart deviations in simulation accuracy of the parameters TD/L, TU/L, 

TC//W, B1/L and B2/W for a single dike in a flat-bed channel.  These experiments are a 

necessary precursor to experiments with a dike in a loose-bed channel, as the scale-effect 

trends associated with the flow-field parameters U0
2/gLf, W/Y, and L/W should first be 

determined for the baseline case uncomplicated by changes in bed morphology.   Those 

changes, notably bed scour in the vicinity of the dike and bed form movement, would 

obscure the influences of the flow-field parameters. 

 The present study also involved a brief series of additional experiments conducted 

to investigate determine how local scour would influence the scale-effect trends for 

U0
2/gLf, W/Y, and L/W.  Additional experiments were conducted using porous dikes, 

because micro-model practice customarily involves the use of porous dikes in order to 

produce proportionately smaller local scour holes than would develop at solid dikes. 

 The experiments would produce diagnostic trends (plots) showing when values of 

important engineering parameters deviate from likely prototype values.  Figure 8 is such 

a plot.  It shows a conceptual trend for B1/L.  Model values of B1/L normalized with 
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prototype value of B1/L are plotted versus ( )
gL

U 2
0 , which in effect expresses Xr/Yr.  A third 

parameter in that plot would be f .  The anticipated trend is that (B1)model/(B1)prototype 

would deviate from 1 as ( )
gL

U 2
0  increases; i.e., the separation region narrows as the 

velocity head increases, forcing the flow through the constriction.  The deviation may be 

delayed for a larger value of f .  An alternative figure could be plotted using dike 

porosity, e, as a third variable.  Also (B1/L)model/(B1/L)prototype could be plotted versus Re.  

Other plots could be made for the other engineering parameters of interest. 

 

 
Figure 8. Figures, like this one, chart parameter deviations and thereby help in explaining 

acceptable limits in Xr and Yr. 

 

5.  Accuracy Trends 

 Trends in model accuracy are expressible in terms of length scales, beyond which 

significant changes occur to flow behavior and sediment movement in a model.  Those 

changes affect reliable simulation of the important engineering variables, (TC, TL, B1, B2).  

Figure 9 presents a hypothetical way to present the results of the experiments and thereby 

to define modeling limits for channels of certain prototype size; e.g., the Mississippi or 
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Missouri Rivers.  It plots (TD/L)model/(TD/L)prototype versus Xr for a single dike and for 

multiple dikes. 

 Ideally, (TD/L)model/(TD/L)prototype retains a value of 1 for the value of Xr utilized.  

An error margin indicates the acceptable uncertainty level for that variable.  For relatively 

small values of Xr, the parameter ratio is at, or close to, 1.  However, as Xr increases, the 

parameter ratio begins deviating from 1, possibly exceeding 1 because of the increasingly 

exaggerated pressure gradient at the dike.  The increase is countered somewhat by the 

increased relative roughness of the bed sediment.  When the parameter ratio curve crosses 

the limit of acceptable error, the results from the model no longer are sufficiently reliable 

or accurate.  A basic issue in evaluating model reliability is knowledge of the limit of 

acceptable error for a dependent parameter such as TD/L.  Engineering practice currently 

offers no guidance in this respect. 

 

 

 

Figure 9.  The limits for acceptable hydraulic model scale, Xr, conceptually defined in 

terms an acceptable margin of error for a river-engineering activity concerning the 

parameter (TD/L). 

 

 Increasing the constriction length by using multiple dikes, likely causes the 

parameter ratio to stay closer to 1 over a larger range of Xr, before eventually deviating.  
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The significance of the flow field around an individual dike diminishes, and more 

similitude relaxation is possible.  It can be envisioned that, as the number of dikes 

increases, the range of Xr values increases, until some asymptote is attained. 

 The approach illustrated in Figure 9 is used in the present study to chart accuracy 

trends for hydraulic model, and thereby micro-model, capacity to simulate the larger 

features of flow around a single dike; i.e., thalweg alignment and extent of flow-

separation region.  It is interesting to remark that a figure analogous to Figure 9 could be 

constructed from Figure 6 (Rouse 1938).  For a given ratio of orifice and pipe diameters, 

say d/D = 0.67, Cq deviates as length scale increases; i.e., with decreasing diameter of 

pipe. 
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V. FLUME STUDIES 
 
 Described herein are the general layout of the model channel and single dike 

investigated and the program of flume studies conducted.  Also described are the flow 

facilities and instrumentation techniques used to simulate the channel and to determine 

the thalweg position in the vicinity of the model dike and the extent of the flow 

separation immediately downstream of the model dike. 

 

1. Model Layout 

 At the suggestion of USACE, the model layout comprised a rectangular, straight 

channel containing a dike aligned at 90o to one side of the channel, as illustrated in Figure 

10.  The dike extends across one third of the channel width.  As is evident in Figures 1 

and 2, this condition of a relatively long dike is not uncommon for dikes used for control 

of channel thalweg alignment. 

 In accordance with the study’s primary interest in the larger features of the flow 

field produced by a dike on a flat-bed channel, the bulk of the experiments were 

conducted using flat-bed channels formed in a laboratory flume and a small water table.  

Additionally, some experiments with a dike placed in a loose bed were conducted using a 

loose-bed channel and, at very small scale, in the water table fitted with a loose bed. 

 The flat-bed experiments were conducted over a range of six horizontal-length 

(Xr) scales and four vertical length scales (Yr), as indicated in Table 1.  The loose-bed 

experiments were done at two horizontal scales and two vertical scales, as indicated in 

Table 2.  Most of the loose-bed experiments were done at the scales Xr = 24 and Yr = 6, as 

the model-channel dimensions at these scales are comparable magnitude to the 

dimensions of flow typical of micro-models.  The loose-bed experiments also involved 

variation of model-dike porosity (area of openings/total area of dike side).  Porosity 

values were varied from 0 to 0.79; micro-models customarily entail the use of model 

dikes whose porosity are as large as the upper value used in the present experiments. 

 The model dikes were thin compared to their length, such that the influence of 

dike thickness was not considered; under some circumstances, m/L could be a significant.  

For the present study, dike thickness = 0.03 to 0.02 of dike length; the model dikes were 

10mm thick for the larger scales and 1mm thick for the small scales. The model dikes 

 25



 

were replicated using thin perforated plates with variable porosity, and, in the case of 

maximum porosity, by a wire-mesh grid. 
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Figure 10.  Geometry of the dike used in the study. 

 

2. Program of Experiments 

 The program of experiments can be grouped in three parts, and are listed in 

Tables 1, 2, and 3: 

1. Baseline flow conditions (see Tables 1 and 3).  Two experiments were 

conducted to determine baseline values for thalweg alignment and extent of 

separation regions.   

• The main baseline experiment pertains to a dike placed on a flat-bed 

channel (Table 1).  This experiment entailed a set of tests to ascertain the 

sensitivity of the baseline flow field with regard to ranges of the parameters 

U0
2/gLf, W/Y, and L/W. 

• The second baseline experiment is for a dike in a loose-bed channel (Table 

3).  This experiment entailed determining the shape and depth of the local 

scour hole at a dike, and the alignment of the thalweg around the dike, as well 

as the extent of the downstream separation region. 

2. Length-scale-effects for flat-bed flow (Table 1).  These experiments were 

conducted using a flat-bed flume and a flat-bed water table.  The latter facility 

is a very small flume of dimensions comparable to those used for micro-
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models.  The experiments sought to determine scale effects on thalweg 

alignment and separation region extent. 

3. Porosity effects (Tables 2 and 3).  These experiments were conducted using 

the flat-bed water table to investigate the influences on flow of dike porosity 

(Table 2) and scour hole formation (Table 3), and a loose-bed channel (Table 

3) to investigate the influence of dike porosity on local scour depth. 

4. Loose-bed effects (Table 3).  These experiments were conducted using the 

water table to compare local scour and flow in a micro-scale with scour and 

flow in the baseline loose-bed channel. 

 The length-scale experiments comprised three sets of experiments conducted to 

determine how geometric scale affects thalweg alignment around a dike and the extent of 

the separation region immediately downstream of a model dike.  The experiments are 

needed in order to relate the flat-bed-channel results to the performance of micro-models, 

which have loose beds and commonly use porous dikes. 

 The channel average shear velocity for the flow associated with each experiment, 

before the dike was inserted, was calculated as 

  0* gRSu o =   (5) 

in which R = hydraulic radius of flow. 

 For each combination Xr and Yr (Table 1), the channel within the flume was 

adjusted to a prescribed width.  Then, flow discharge and flume slope were adjusted to 

produce the required uniform depth of flow along the channel.  Flow uniformity was 

verified by comparing the free-surface slope and the flume’s bed slope.  Flow depths 

were measured at centerline points along the flume.  Flume slope and flow rate were 

adjusted in an iterative manner until the requisite uniform flow was attained.  

 A consequence of this procedure was increased value of bulk average velocity of 

flow, and a corresponding increase in flow Froude number.  The bulk velocity of flow 

was calculated using Manning’s equation; 

  
n
SRU

2/1
0

3/2

0 =   (6) 
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The value of the Manning’s coefficient, n, for each experimental channel was calculated 

from the flow conditions to be 0.012, commensurate with the smooth metal finish of the 

flume and the water table. 

 The Reynolds numbers associated with flow in the channel was calculated as 

 

  
P
Q

P
AURU

ννν
444Re 00 ===  (7) 

 

For flow around the model dike, the Reynolds number is 

 

  
µ

ρ LU
dike

0Re =  (8) 

 

The following dependent parameters of engineering concern were the focus of the 

experiments: 

1. For thalweg alignment around a dike, TD/L, TU/L and TC/W; and, 

2. For extent of flow-separation region downstream of a dike, B1/L and B2/W. 

Figure 7 depicts the parameters TD/L, TC/W, TU/L, B1/L, and B2/W.  The results presented 

herein indicate the sensitivities of these parameters to change in horizontal scale, Xr. 

 As indicated in Table 1, the results are keyed to a baseline flow field taken to be 

acceptably representative of the flow field around a full-scale dike in a fixed, flat-

bottomed channel of rectangular cross section.  The baseline flow field is for a dike 

extending across one third of the width of the 0.91-meter-wide flume, with an initial 

uniform-flow depth of 0.15m and a channel-average Froude number of 0.20.  For these 

conditions, horizontal and vertical length scales are set respectively as Xr = 1 and Yr = 1. 

 Presented first are the flow distributions and the values of the aforementioned 

parameters for the baseline flow field.  Considered subsequently are baseline-parameter 

sensitivities to flow depth, Froude number, and shear velocity.  The sensitivities are 

considered for ranges of values occurring in the ensuing scale-effect experiments, and 

were examined to ensure that the selected baseline condition of flow is suitably general 

and, for the purpose of the study, itself free of significant scale effects.  The bulk of the 
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results concern the sensitivities of TD/L, TC/W, TU/L, B1/L, and B2/W to reductions in Xr.  

These results are presented in sets associated with four flow depths or vertical scales, Yr.  

 For this series of experiments, flume width, length dike, depth, and a bulk value 

of shear velocity were prescribed.  Flow discharge and flume slope were adjusted until 

uniform flow occurred for the prescribed.  Then the model dike was placed in the flume.  

With the baseline flow condition having horizontal and vertical length scales set as Xr = 

1, and Yr = 1, respectively, the experiment program is as indicated in Table 1. 

 The flume and the water table were configured to contain straight channels of 

adjustable, uniform width.  Experiments conducted with both flat-bed facilities verified 

that the two facilities produced identical flow patterns around a simple, smooth-wall dike 

simulated in channels of the same width and flow depth. 

 The bulk of the flow cases were conducted using the flume, whose dimensions 

enabled replication of flow for an adequately large range of length dimensions, and 

thereby length scales.  The setup and conduct of the flow cases associated with the 

smallest dimensions of channel (e.g., width = 30mm) and dike were done using the water 

table, which enabled better control of flow conditions associated at such small 

dimensions. 

 

Table 1.  Flat-bed Experiments: Length-Scale Effects (Flume and Water Table) 

Vertical Scale, Yr Horizontal Scale, Xr

1 

BASELINE CONDITION 

1 2 3 6 12 24 

2 1 2 3 6 12 24 

3 1 2 3 6 12 24 

6 1 2 3 6 12 24 

Facility used Flume Water table 
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Table 2.  Flat-bed Experiments: Porosity Effects (Water Table) 

Vertical Scale, Yr Horizontal Scale, Xr Porosity, e 

6 24 0, 0.09, 0.36, 0.50, 0.79 

 

Table 3.  Loose-Bed Experiments: Local Scour and Porosity Effects 

(Water Table and Loose-bed Channel) 

Vertical Scale, Yr Horizontal Scale, Xr Porosity, e 

1 

BASELINE CONDITION 

(Loose-bed channel) 

1 0, 0.09, 0.36, 0.50, 0.79 

6 

(Water table) 

24 0, 0.09, 0.36, 0.50, 0.79 

 

3. Flume 

 The flat-bed flume is 30.0m long, 0.91m wide and 0.45m deep (Figure 11).  The 

flume has glass-sided walls to facilitate viewing, and ample overhead elevation for use of 

PIV.  Flow is recirculated by means of two 5.6kW, variable-speed motor pumps located 

beneath the flume’s tailbox.  Flow is returned to the flume’s headbox via two 0.25-meter-

diameter pipes, each having a side-contracted orifice for discharge measurement.  Four 

synchronized screw-driven jacks located at the ends and quarter points of the flume 

enable the flume to tilt about its midsection without interrupting the flow.  Precisely 

leveled steel rails for the instrument carriage, mounted the flume walls provide the 

reference frame for the elevation relative to a plane tilted at the flume slope.  The slope of 

the flume’s bed was measured by means of a dial gauge and a point gauge at the 

downstream end of the flume.  Water-surface elevations were measured using eight 

piezometers spaced 3.048-m intervals along the flume and 0.065 m above the flume base 

and connected to a bank of glass manometer tubes. 

 Flow into and out of the flume was controlled using flow-conditioning devices 

(screens, baffles, etc.) set in the flume headbox and a tailbox.  The headbox is sufficiently 

far upstream of the experiment location so that the simulated dike was placed within a 

fully developed turbulent boundary layer flow representative of flow conditions in a 
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river.  Each model was located 18 m downstream from the flume entrance.  The model 

dikes placed in the experiment section were attached to the flume wall as indicated in 

Figure 11c.   

 The flume’s width was adjusted using an internal wall placed so as to simulate a 

range of channel widths in accordance with the length scales investigated.  The internal 

wall was formed of smooth sheet metal.  
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Figure 11. IIHR Sediment Flume: a) layout; b) view, c) dike location. 
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4. Water Table 

 Flow around the smallest scales of dike was investigated using the water table 

shown Figure 12.  The water table comprises a channel 1.6m long by 0.98m wide by 

0.15m deep.  By virtue of its flow capacity, size, and setup, the water table was a 

convenient facility for investigating the flows associated with the smallest geometric 

scales.  It enabled better control of flow than could be attained with the flume. 

 A pump recirculates flow through the water table.  Flow control for the water 

table the setup is attained using an orifice meter in the flow-recirculation pipe.  The 

meter’s discharge coefficient (CD = 0.019) was determined through calibration conducted 

in the IIHR’s calibration facility.  Depth control in the water table is attained by 

appropriately setting a tailgate located in the tailbox.  Depth measurements are made 

using a point gage set on a traverse moving on a pair of rails along the flume length.  The 

slope of the channel was set using adjusting screws positioned in the four vertical 

supports of the flume. 

 

 
 

Figure 12.  The water table 
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 An assembly of Plexiglas walls placed in the water table was used to replicate the 

range of channel geometries needed for the study (see Figure 13).  One of the inner-

channel walls was adjustable to enable setting of various channel widths.  Each model 

dike was fixed to the flume wall at a location 0.3m downstream of the entrance to the 

model channel. 

 

 

 
 

Figure 13.  Channel formed using Plexiglas walls in the water table (one of the walls is 

adjustable sideways).  The black side planes were placed to reduce side-glare during 

LSPIV recording. 

 

5. Loose-Bed Channel 

 A loose-bed channel available at IIHR was used to conduct the series of 

experiments to establish a loose-bed, baseline condition.  The layout and dimensions of 

the channel are shown in Figure 14.  For the loose-bed baseline condition, the dike length 

was W/L = 3. 
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 The channel’s bed was formed using sand of uniform diameter.  Median particle 

diameter is 0.90mm and specific gravity is 2.65.  The experiments were conducted with 

the bed fully mobilized and in the dune regime. 

 Experiments were run to determine how local scour at the dike, and dike porosity 

influence thalweg alignment and extent of the separation region at a dike of comparable 

dimensions to the dike used to set the baseline conditions for modeling a dike on a flat-

bed channel. 
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Figure 14.  Layout and dimensions of loose-bed channel and the model dike. 

 

6.  Measurement of Thalweg Alignment and Separation Region 

 A concern for the study was the selection of a convenient method for determining 

TD/L, TC/W, TU/L, B1/L, and B2/W.  The method entailed delineating, and recording 

thalweg alignment and extent of the separation region.  Of principal interest was the 

sensitivity of these parameters to variations of horizontal and vertical length scales, Xr 

and Yr.   

 Several flow-visualization methods were used to determine thalweg location and 

extent of the flow-separation region immediately downstream of the dike.  The methods 

were as follow: 
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1. Drogue (a ballasted float whose velocity indicates average velocity of flow 

over depth of float submergence). 

2. dye injection. 

3. cotton thread. 

4. large-scale particle image velocimetry (LSPIV). 

The four methods consistently showed the same length-scale effect on flow thalweg and 

flow separation.  However, the highly turbulent and three-dimensional nature of the flow 

around a dike led to consistent differences between the four methods. 

 A drifting drogue was found to be an effective means for tracking flow thalweg 

around the model dikes and for determining the extent of the separation region behind the 

model dike.  The best performance with respect to drogue stability and repeatability of 

the measurements was obtained with drogues comprising circular cylinders whose draft 

extended about a third of the flow depth, and whose diameter 2 to 5% of dike length.  

Drogue drift reflected the velocity distribution for a depth extending over the drogue’s 

draft and across its width.  For the baseline flow condition (W = 0.91m, Y0 = 0.15 m), the 

drogue was 5mm in diameter and 50mm in draft. 

 Dye injection, though well suited for visualizing flow lines in flows subject to low 

levels of turbulence, was of limited use for the highly turbulent flow downstream of the 

dike.  The turbulence caused the dye to disperse rapidly.  Dye was not useful for 

delineating the thalweg path around the dike.  However, it could be used to trace the 

thalweg until the axis of the dike, and for delineating the separation region behind the 

dike.  Dye accumulated in that separation region. 

 A cotton thread, 0.10 to 0.30m long, was intended to reveal the bed-level 

alignment of the thalweg and the bed-level extent of the flow separation region behind 

the dike.  It was partially useful for this purpose, but the results were found to be 

sensitive to thread length and thread thickness.  The difficulty with thread length was that 

a thread integrates flow drag along its length, and tends to straighten out as length 

increases.  This problem got worse as model scale reduced.  Moreover, a thread could 

only be used conveniently to reveal flow lines over short distances of flow in which flow 

gradients were small.   After some early efforts, thread use was abandoned. 
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 LSPIV was used to measure flow velocities at the free surface of the flow field 

around the model dikes.  The flow field enabled delineation of thalweg path and the 

separation regions upstream and downstream of the dike.  Figure 15 shows the 

configuration of the video camera and lighting used for the LSPIV method. 

 

 
Figure 15.  Configuration camera and lights for LSPIV. 

 

 Appendix B describes LSPIV fundamentals, image processing, adaptation of the 

technique for the present study needs, and typical results obtained with LSPIV.  A 

summary of the several formats of results that can be obtained from LSPIV is presented 

in Table 4.  Each format reveals useful important flow insights into the flow field at the 

free surface of the flow.  The sequence of video frames can be inspected to detect 

temporal scales of the flow, such as shedding frequency of wake vortices generated by 

the dike.  Instantaneous images of the velocity field can provide estimates of the spatial 

scales of eddies and turbulence.   

 The mean vector field (Table 4c) is the main result of the LSPIV measurements 

that allow full quantification of the flow to include streamlines (Table 4d), iso-velocity 

contours (Table 4e), vorticity (Table 4f), and strain rates distribution.  
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Table 4.  Summary of the LSPIV results 

a) Video frame 

 

 
 

b)  Instantaneous 
vector field 

 

 
 

c)  Mean vector 
field 

 
 

 
 

d)  Streamlines 
obtained from the 
mean vector field 

 
 

 
 

e)  Iso-velocity 
contours obtained 

from the mean 
vector field 

 
 

 
 

 

f)  Iso-vorticity  
contours obtained 

from the mean 
vector field 

 

 
 

 

 Described below are the procedures used for delineating the thalweg and the 

extent of the separation region.  Streamlines defining the flow patterns around the dike 

were generated using visualization software (TECPLOT, Amtec, Inc.) applied to the 

mean vector field outputted by the LSPIV processing.  Figure 16 shows the mean vector 

field generated for the flat-bed condition in the water table.  The upstream centerline 

streamline (thalweg) was generated by initiating a centerline streamline downstream the 

dike, where the flow has a uniform velocity distribution, as shown in Figure 16.  The 
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coordinates of a large number of points along the streamlines were then selected to retain 

the T(x) line. 
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Figure 16.  Generation of selected streamlines using the LSPIV averaged velocity 
vector fields. 

 

 The extent of the recirculation region was similarly determined using streamlines 

and iso-velocity contours derived from the average vector field (Figure 17).  As in the 

case of direct measurements with dye, the extent of the recirculation region was defined 

as the location at the flume wall where the flow velocity is zero (in the mean). 
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Figure 17.  Streamlines and iso-velocity contours obtained from LSPIV measurements. 

 

7. Comparison of Methods  

 The preliminary results obtained with drogues and LSPIV measurements showed 

that there was a relatively good agreement of the centerline streamline obtained by the 

two methods, at least in the vicinity of the dike (see Figure 18).  To verify these results, a 

series of experiments, spanning large streamwise distances and flow scales, were 

conducted with both drogues and LSPIV.   

 The results of this comparison show slight difference of the streamlines indicated 

by drogues and LSPIV measurements.  It can be also noticed from Figure 18 that there is 
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a relatively large difference between the centerline streamline materialized by drogues 

and that materialized by use of the cotton thread.  Initially, the drifting drogue was 

tracked manually by measuring its path along the thalweg. 

 

Flume Length (mm)
0 500 1000 1500 2000 2500 3000 3500 4000

Fl
um

e 
W

id
th

 (m
m

)

0

200

400

600

800
LSPIV

Dike

Droque

Thread

 

Figure 18.  Comparison of centerline streamlines obtained with tufts, drogues, and LSPIV 

in the vicinity of the dike. 

 

 In a subsequent stage of the experiments, video recordings of drogue drift 

superseded manual tracking of drogues.  Images of the drogues were subsequently 

digitized and analyzed frame by frame to locate the position of the drogue at various 

streamwise locations.  Video tracking was used for the majority of the experiments. 

 Figure 18 indicates that the combination of drogues with dye visualization 

provide, in a relative sense, a good materialization of the flow physics in a open-channel 

flow constricted by a lateral dike.  The trends obtained with LSPIV measurements are 

consistent with the findings using a drogue and dye, although LSPIV on average gave 

values of the parameters up to about 10% greater than values determined by means of a 

drogue. 

 

8. ADV Measurements 

 The purpose of the Acoustic-Doppler Velocimeter (ADV) measurements was to 

quantify the spatial distribution of the flow in the dike vicinity and to evaluate the 

uniformity of the flow in the open channel.   
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 The ADV probe, a Sontec Inc. model, was set on the flume using a moving 

carriage with a precision micrometer for the positioning in the vertical direction.  A side 

looking ADV was used for the prototype flow to attain maximum spanning for the 

measurements in the cross section.  With this probe configuration, measurements 38mm 

(1.5 inch) from the bed and free surface, and at 127mm (5 inch) from the sidewalls could 

only be obtained.  The geometry of the measurement grid at the cross sections is 

illustrated in Figure 19.  Five cross-sections were measured downstream the dike to cover 

the full streamwise extent of the flow disturbed by the dike.  The density of the 

measurements was adjusted downstream the dike to capture the flow velocity distribution 

in the recirculation and shear layer areas.  The sampling rate was set at 25 Hz, and the 

velocity range was set at 2.438m/s.  Two-minute time series of ADV measurements were 

collected for each location.  Each measurement was repeated 3 times to verify 

consistency and repeatability.  It was confirmed that the measurements were consistent 

and repeatable for all locations.   
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Figure 19.  Grid for the ADV measurements (lengths in m). 

 42



VI. BASELINE FLAT-BED FLOW FIELD 

 
Presented herein is the flat-bed baseline flow used to establish the benchmark 

alignments of the flow thalweg around a model dike of the specified proportions (Figure 

10), and of the extent (length and width) of the flow-separation region immediately 

downstream of the dike.  In accordance with the study’s overall objective of delineating 

scale effects in the flow field in proximity to a dike, the bulk of the experiments were 

conducted with the flat-bed channel.  Discussed subsequently, in Sections IX and X, are 

the influences of local scour and dike porosity on thalweg alignment and separation 

region extent. 

Thalweg alignment is defined herein as the path of maximum flow velocity 

around the model dike.  The path begins at the channel centerline upstream of the dike, 

and ends when it coincides once more with the channel centerline downstream of the 

dike.  The path reflects the velocity variation over depth of the drogue or the LSPIV 

tracers used to trace the path.  The flow-separation area encompasses the area behind the 

dike, and encloses stagnant and usually counter-rotating flow.  Dye was useful in 

confirming the extent of the flow-separation region.  The thalweg and the separation 

region are characterized using the parameters TU/L, TD/L, TC/W, B1/L, and B2/W, as 

indicated in Figure 7.  The flow field information is presented in terms of the magnitudes 

of these parameters.   

Figure 20 depicts three views of the baseline flow field.  The principal flow 

features of interest in the present study are indicated in Figure 3.  The layout details of the 

model dike and the orientation of coordinate system used in the study are given in Figure 

10.  The baseline flow field corresponded to the following hydraulic characteristics in the 

flume: W = 0.91m, Y0 = 0.15m, 0∗u  = 0.01 m/s, F = 0.20, W/Y0 = 6, and W/L = 3. 

As expected, the dike laterally displaced the flow, locally contracted it, and 

thereby deflected the thalweg to approximately the center of the contracted flow cross 

section, as indicated in Figure 21; i.e., TC/W ≈ 0.74.  The maximum lateral extent of the 

flow-separation region is about B2/W ≈ 0.34, or B2/L = 1.1.  In due course, the thalweg re-

aligned downstream with the channel centerline at a channel location coinciding with the 

downstream extent of the flow-separation region, B1/L ≈ 13.  These values of B1/L and 
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B2/W concur fairly well with the values often cited for extent of flow separation region; 

e.g., as in Figure 4, Arie and Rouse (1967) indicates B1/L= 18, B2/L= 1.6.  The proximity 

of the far wall likely would reduce B1/L and B2/L for the baseline condition, compared to 

the flow measured by Rouse (Figure 4). 

a) 

 
b) 

 
c) 

 
Figure 20.  Views of the baseline flow: a) from upstream; 

                              b) side view; c) from downstream 
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Figure 21.  Thalweg alignment and temporal-average extent of separation zones for flat-

bed baseline condition.  Note that the scales Xr = Yr = 1 relate to the baseline flow. 

 

Two aspects of the flow field require comment.  They concern the stagnation head 

along the dike’s upstream face, and the shear layer developed immediately downstream 

of the dike.  Both aspects play key roles in determining thalweg alignment and the extent 

of the separation regions.  They are aspects, however, that have received little 

investigative attention.  The substantial turbulence associated with the shear layer is an 

aspect of the flow field that existing numerical models do not simulate adequately. 

The dike, by partially blocking and deflecting flow, produces stagnation pressures 

and commensurate pressure gradients around the leading edge of the dike.  The 

magnitude of the stagnation head and its lateral distribution are directly related to the 

average velocity head of the approach flow, and to its lateral distribution along the dike 

face.  As the average velocity head increases, the nominal stagnation pressure magnitude 

increases.  For the baseline flow, the average stagnation head along the model dike was 

1.15Y0. 

Between the thalweg and the flow-separation region is a shear layer of significant 

turbulence.  In this zone, large-scale turbulence is generated, convected, dispersed and 

eventually dissipated with distance downstream of the dike.  Consequently the flow field 

immediately downstream of the dike is non-uniform in lateral and vertical distributions.  

The intensity and scale of turbulence generated by flow around the dike may affect the 
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streamwise distribution of flow for a considerable (and, as shown below, variable) 

distance downstream of the dike. 

The baseline approach flow to the dike is uniformly distributed across the central 

three-quarters of the flume.  In the vicinity of the dike, the flow field is markedly three-

dimensional, as is evident from the distribution of flow velocity components U, UY, and 

Uz, shown in the series of flow cross sections presented in Figures 22a-h.  Figure 19 

provides locations.  The arrows in Figure 22 indicate velocity vectors and contours 

indicate magnitudes of velocity.  
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Figure 22.  Cross-section velocity distributions in the dike vicinity for the baseline flow. 

U, Uy and Uz are streamwise, vertical, and transverse components of velocity. Colors indicate 

velocity vector magnitude.  Figure 19 provides locations of the measurements 
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Figure 22 (contn’d).  Cross-section velocity distributions in the dike vicinity for baseline flow. 

 47



The ADV measurements are at the cross-sections (C through G) upstream, at and 

downstream of the dike section, as indicated in Figures 23a-d.  Figure 19 provides 

locations of the measurements.  The arrows in Figure 23 indicate velocity vectors.  
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Figure 23.  Distributions of transverse and streamwise components (for 0.5 Y0) of flow 

velocity at selected locations in the baseline flow field.  See Figure 19 for the location of 

the measurement sections. 
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Figures 22a-h shows that the cross-sectional distributions of Uy and Uz become 

non-uniform across the channel at the dike (section C) and over a long distance 

downstream of the dike (e.g., section F).  The flow contraction and the development of 

large-scale vortex at the dike (e.g., Melville and Coleman 1999) affect the vertical and 

lateral distributions of streamwise velocity, U.  Figures 23a-d shows distributions of U 

and Uz at selected locations in the dike flow field.  These figures show that Uz varies with 

streamwise location, being largest over section C, located immediately upstream of the 

dike (Figure 19).  Additionally, Uz is quite uniform over the flow depth at those locations. 

The three-dimensionality of the flow field around the dike, especially the marked 

variation in lateral velocity component, Uz, over flow depth, caused slight differences in 

the lateral differences in the flow trace lines obtained from the drogues and LSPIV.  By 

extending deeper into the flow, and thereby exposed to an average value of Uz less than at 

the flow surface, the drogue technique delineated thalweg alignments closer to the dike 

than did the LSPIV technique.  The techniques were in better agreement for the 

downstream extent of the flow-separation region, because there the magnitude of U was 

more uniform over the flow depth. 
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VII. SENSITIVITIES OF BASELINE FLAT-BED FLOW 
 

Section IV.3 indicates that the flow field around a dike on a flat-bed channel is a 

function of the following parameters: 
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The baseline flow field was checked in a limited number of tests covering a rather 

narrow range of parameter values, to determine whether the overall structure might be 

sensitive to modest variations of three parameters considered especially important 

because they characterize the flow field around a dike: 

1. Velocity head parameter, U0
2/gLf (with dike length, L, constant and resistance 

coefficient, f, approximately constant); 

2. Flow aspect ratio, W/Y (with dike length, L, constant, and U0
2/gLf approximately 

constant); and, 

3. Relative length of dike, L/W (with both U0
2/gLf and W/Y constant). 

For the first of these test series, the flow parameters u*0/u*C, Re/√f, and U0
2/gLf 

essentially were linked and not investigated separately.  Each experiment was conducted 

for full width of W = 0.91m.  The relationships u*0 = √(gRS0) and U0 = u*0√(8/f) were 

used to adjust flow velocity for a channel of given width, depth, and resistance 

coefficient.  The principal adjustment was channel slope, S0.  For a change in flow depth, 

and U0
2/gLf kept approximately constant, channel slope also was adjusted.  For the 

experiments involving variation of W/Y and L/W, the bulk shear velocity was u* = 

√(gRS0) = 0.01m/s. 

For these experiments, Reynolds number, UR/ν, ranged from 140000 to 440000, 

such that the channel flows were fully turbulent. 
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1. Velocity Head Parameter, U0
2/gLf 

All other parameters held approximately constant, for the range of values 

considered here, the parameter U0
2/gLf exerted no pronounced effect on thalweg 

alignment and the extent of the downstream flow-separation region.  Figure 23 shows the 

thalweg alignment and the extent of downstream flow-separation region for the range 

U0
2/gLf = 0.17 – 0.25. Also indicated in Figure 24 are values of the shear-velocity 

parameter u*0/u*c and Froude number, F.  The data in Figure 24 show that the dike’s 

downstream influence on flow thalweg alignment extends about the extent of the flow-

separation region downstream of the dike.  The downstream extent of the flow separation 

region, B1/L ≈ 13 to 14, is slightly shorter than the flow separation region shown in 

Figure 4 for the two-dimensional flow of air over a low wall (Arie and Rouse 1956). 

 

 
Figure 24. Thalweg and separation-region variation with shear velocity. 

 

2. Flow Aspect Ratio (W/Y) 

Thalweg alignment, and the extent of flow-separation region, were insensitive to 

flow aspect ratio, W/Y, for the range W/ Y = 6.1, 12.1, 18.2, and 36.4.  For these 

experiments, U0
2/gLf = 0.15 – 0.20 , and the bulk Froude number, F, was held at 0.20. 

Figure 25 shows that values of TD/L and TC/W did not vary significantly for the 

range of U0
2/gLf.  The parameter TU/L varied slightly.  Also, the extent of the flow-

separation region did not vary for these experiments; B1/L and B2/W, remained essentially 
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constant.  The results indicate that the flow features in the channel and around the dike 

remained basically the same for the six-fold change in W/Y values tested.  However, the 

values of W/Y are larger than those used for micro-models, for which W/L typically may 

be in the range of 2 to 5. 

 

 

Figure 25.  Thalweg and separation-region sensitivity to vertical scale, Yr, and aspect 

ratio, W/Y; W = 0.90m 

 

3. Relative Dike Length (L/W) 

The results presented in Figure 26, for the three values of L/W examined (L/W = 

0.33, 0.22, and 0.11) show that increasing L/W increased the lateral displacement of 

thalweg alignment, B1/W.  This variation is as expected; a longer dike should further 

deflect flow across the channel.  The variation of B1/W relative to channel centerline (i.e., 

(B1-0.5)/W ) was not quite linear.   

The results show also that the parameter TD/L did not scale with W/L.  Instead, 

with increasing W/L, proportionately less flow distance, TD/L, was needed for the thalweg 

to return to the channel centerline.  To be kept in mind, though, is that the absolute flow 

length, TD, increased with increasing W/L.  This is an important result, one with 

significance for interpreting the results obtained from small models.   
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Fig. 26.  Variation of thalweg alignment and flow-separation regions with L/W. 

 

Two further factors need to be taken into account when viewing the data in Figure 

26.  One factor is the presence of the far wall, and the other is the transverse distribution 

of the approach-flow velocity (Figures 22 and 23).  As dike length increases, the 

influence of the far wall becomes more significant, and the flow constriction around the 

dike narrows.  As the dike’s constrictive influence on the approach flow increases, the 

backwater effect created by the dike increases.  Consequently, the flow deepens and flow 

velocity head diminishes slightly as the flow approaches the dike.  The detailed 

consequences of these factors were not documented in the present study, but they 

conceptually indicate how deviations in thalweg alignment may not scale directly with 

dike length for a channel of given width and depth. 

Indeed, relative to dike length, the extent of the upstream flow-separation region 

did not vary directly with L/W; i.e., the variations of TU/L are a not entirely clear.  More 

detailed measurements of velocity distribution are required to fully diagnose the data 

variations shown in Figure 26. The parameter L/W, however, did not significantly alter 

the relative length of the downstream flow-separation region, B1/L, which remained at 

about 13 to 14.  The extent of the downstream separation region was determined by the 

size of the wake eddy formed behind the dike.  For the constant flow depth used in the 

present experiments, the eddy scaled directly with dike length. 
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4.  Discussion 

The results shown in Figures 24, 25, and 26 confirm that the flow condition 

selected as the baseline condition for the experiments is adequately consistent and 

comparatively insensitive to flow variations for the ranges of U0
2/gLf and W/Y 

considered, and for W/L = 0.33.  Consequently, it was decided to proceed with the 

baseline flow condition as the benchmark flow for investigating the influences of 

horizontal length scale, Xr, and vertical length scale, Yr on thalweg alignment and extent 

of flow separation region.  In lieu of flow-field data from an actual dike, the baseline 

condition is taken herein to be the prototype flow condition. 

The sensitivity experiments, especially the results shown in Figure 26, indicate, 

though, that the flow features around a dike do not all scale with dike length.  A thin dike 

may be among the simplest of hydraulic structures, but its influence on the flow field in a 

channel can be complex.   

In particular, thalweg alignment and the extent of flow-stagnation region along 

the dike’s upstream face do not appear to scale directly with dike length.  This finding, 

which has potentially important implications for modeling of flow around a single dike, is 

attributable to the three-dimensional nature of the flow approaching the dike and around 

the dike.  The complexity of the flow field is indicated in Figure 27.  The flat-bed flow 

field approaching the dike comprises three boundary layers, one formed from the bed and 

each of the two walls.   

Furthermore, dike presence affects the approach-flow field.  As a dike constricts 

flow it creates backwater effect, which increases with increasing dike length.  This effect 

influences the pressure distribution around a dike, and thereby influences the local flow 

immediately at a dike; i.e., the formation of separation eddies, rollers, various submerged 

vortices, and vertical components of flow at the dike. 

These considerations can complicate interpretation of scale-effect trends, even for 

flows in which Reynolds number and Weber number effects are not significant.  

Variations in approach-flow condition, boundary (bed, wall, and dike) roughness, and 

dike geometry may influence the specific values of thalweg alignment and flow-
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separation extents for a given baseline case.  However, those values should undergo the 

same trends as model length scales, Xr and Yr alter. 
 

 
 

Figure 27.  The three-dimensional nature of approach flow complicate similitude in 

values of TD/L, TU/L, TC/L B1/W and B2/W, for a single dike in a flat-bed channel 

conveying water. 
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VIII. LENGTH-SCALE EFFECTS 

 

The drogue and LSPIV methods yielded consistent results concerning the effects 

of horizontal scale, Xr, and vertical scale, Yr, on the parameters TD/L, TC/W, TU/L, B1/L, 

and B2/W.  In brief, the results indicate the difficulties in simulating thalweg alignment 

and extents of separation region as length scales Xr and Yr increase. 

The results are presented in Figures 28, 29, 30, and 31, which show thalweg 

alignments and extents of separation regions recorded for variable length scales Xr and Yr.  

For each figure, flow depth and, therefore, vertical scale, Yr, are constant; the variable is 

Xr.  As Xr increased, the channel was narrowed and the dike shortened (W/L = 0.33), but 

flow depth was maintained.  The figures show the streamwise trajectory of the thalweg 

line normalized with flume width (top plot in figures), and the extent of the separation 

areas normalized with length of the dike (bottom plot in figures).   
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             Figure 28.  Thalweg alignment and separation-regions, Yr = 1 (Y0 = 0.15 m) 
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Figure 29.  Thalweg alignment and separation-regions, Yr = 2 (Y0 = 0.075 m) 
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Figure 30.  Thalweg alignment and separation-regions, Yr = 3 (Y0 = 0.05 m) 
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Figure 31.  Thalweg alignment and separation-regions, Yr = 6 (Y0 = 0.025 m) 

 

As mentioned above, the data were obtained by means of drogue and LSPIV, the 

latter technique having been used for the two smallest values of Xr.  Whereas the drogue 

method produced a single track for the thalweg and extent of separation region, LSPIV 

yielded whole-field information revealing the velocity vectors for the water surface 

around the dike.  The velocity vector field also enabled direct identification of the free-

surface alignment of flow thalweg.  Software enabled streamlines to be fitted through the 

vectors, and thereby reveal the overall surface pattern of flow.  Dye was used to confirm 

the extent of the flow-separation region. 
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IX. TRENDS 

 

For the range of length scales and channel dimensions considered in the present 

study, the drogue, LSPIV, and dye results indicate consistent trends showing that 

horizontal-length scale, Xr and vertical scale, Yr, affect flow thalweg alignment and 

separation regions around a hydraulic model of a dike in a flat-bed channel.  The trends, 

discussed in terms of the similitude framework outlined in Section III, are of use in 

interpreting the results from hydraulic models.   

The following trends are evident for modeled dike performance consequent to 

variations in Xr and Yr: 

1 As horizontal-length scale Xr increases from 1 to 24, for the range of channel 

dimensions considered, flow thalweg alignment requires a longer distance 

relative to dike length in order to return to channel centerline (i.e., the 

parameters TD/L and TU/L increase). 

2 The maximum lateral position of the thalweg, relative to channel width (i.e., 

the parameter TC/L) is relatively insensitive to increasing Xr for Xr varying 

from 1 to 12, but increases for Xr = 24. 

3 The flow-separation region shrinks, relative to dike length, (i.e., the 

parameters B1/L and B2/L decrease) as horizontal scale, Xr, increases from 1 to 

24, and Yr, increases from 1 to 6. 

The trends pertain to modeling conditions for which the shear velocity parameter, 

u*0/u*C, is maintained nominally constant (u*0 ≈ about 0.01m/s) with variation of length 

scales Xr, and Yr.  It should be added that u*0 values were estimated in terms of bulk 

variables; hydraulic radius, and energy slope for a channel of given bed roughness.  As 

mentioned in Section X, of great similitude difficulty, and not attempted in this study, is 

similitude of lateral distribution of flow in the model channels. 

 

1.  Thalweg Alignment 

Model scales less than the baseline scales caused the thalweg alignment to deviate 

from the benchmark alignment.  The trends are presented in Figures 32.b, which for 

purposes of scale also indicates a ±10% margin of error.  That margin is chosen 
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somewhat arbitrarily herein as a visual aid to reflect a margin of uncertainty likely to be 

encountered in field determination of thalweg position. 

 

 a) 

 

 

 

 

 

 

 

 

 

b) 

 

 

 

 

 

 

 

 
 

               Figure 32.  Effect of length scales on thalweg alignment. 

 

The parameter TD/L relative the parameter’s benchmark value, (TD/L)b, increases 

with increasing Xr.  The ratio, [(TD/L)]/[(TD/L)b], also increases with Yr over the range of 

flow dimensions considered in this study.  It attains a maximum value of almost 3 when 

Xr = 24 and Yr = 6.  In other words, the micro-model scale flow around a model dike in a 

flat-bed channel does not replicate the thalweg alignment around the dike.  The thalweg 

requires almost three times the benchmark value of TD/L in order to return to the channel 

centerline downstream of the dike. 

 60



With regard to lateral extent of thalweg, the parameter TC/L relative the 

parameter’s benchmark value, (TC/L)b, is comparatively insensitive to horizontal and 

vertical scales Xr, and Yr.  At the maximum value of horizontal scale Xr = 24, the ratio is 

about 1.2.  If anything, the value of ratio [(TC/L)]/[(TC/L)b] mildly reduces as Xr increases 

up to about 12, before increasing.  The comparative insensitivity, and decrease, of TC/L 

with respect to Xr is to be expected for two reasons.  The flow is constrained by the rigid 

dike, which extends across a third of the channel, and rigid flume wall, and therefore does 

not have much latitude to adjust.  

Figures 32a shows that thalweg alignment parameter TD/L departs from its 

baseline values when Xr exceed about 9 and Yr = 1 when the model error exceeds a 

requisite error is ±10%.  The figure shows also that modeling error occurs earlier as Yr 

increases.   

 

2.  Downstream Separation Region 

Figures 33a,b show that the downstream separation region shrinks continuously in 

streamwise length as horizontal scale, Xr, increases.  Additionally, it decreases as vertical 

scale, Yr, decreases, as shown in Figure 33b only for the set of tests Xr = 1.  The other 

cases were not plotted because the differences in the maximum lateral extent were minor, 

and within the uncertainty of the instrumentation and experimental methods employed.  

The maximum lateral extent of the separation region, B2/W, decreases with 

increasing Xr and Yr, until B2/W ≈ L/W; i.e., the separation region does not extend out 

beyond the dike.  The separation-region parameter B1/L is quite sensitive to length scales, 

and distorts beyond the 10% margin when Xr exceeds about 4 and Yr = 1.   Moreover, the 

distortion occurs earlier as Yr increases. 

The contraction of the flow-separation region is an unexpected finding from the 

experiments, but it is explainable in terms of diminished similitude of vortex shedding 

from the dike, as explained below. 
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b) 

 

Figure 33.  Effects of length scales on extent of downstream separation region. 

 

3. Discussion 

The trends obtained for thalweg alignment and separation-region extent (in 

Figures 32a,b and 33a,b) are usefully explained in terms of the turbulence formed in, and 

dispersed from, the wake eddy formed by a model dike.  That turbulence influences the 

length of flow needed for the thalweg to return to center channel and flow symmetry to 

be re-established downstream of the dike.  Analogies can be drawn with the development 

of a tripped boundary layer and possibly (though somewhat weakly) with jet trajectory.  

Further work is needed to fully confirm the explanations offered herein.  The timeframe 

and resources available for present study enabled only a modicum of measurements to be 

made of the turbulence formed by flow around the dike. 
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Explanation of the trends requires consideration of the conflicting requirements of 

similitude criteria based on the parameters expressed in Eq (1).  In particular, values of 

both u*0/u*C and U0
2/gLf cannot be maintained from field to flume.  The conflicting 

criteria are severe for modeling one-dimensional (up/down) changes in bed elevation 

flow, but can be taken into account by way of model calibration.  However, they become 

ever especially severe in modeling local, two- or three-dimensional behavior of flow and 

bed behavior at larger values of Xr and possibly Yr. 

For loose-bed models it is imperative to simulate intensity of bed sediment 

movement, there is little alternative than to base dynamic similitude on u*0/u*C rather than 

on U0
2/gLf.  The inevitable consequence of so doing is larger values of U0 in a model than 

required by the Froude-number criterion.  Figure 34 shows that the actual values of bulk 

velocity, U0, used in the models exceed the values of U0 specified from Froude number 

similitude criterion for the range of Xr used in the flume experiments.  The disparity, or 

exaggeration of U0, increases as Xr increases.  It is important to mention that, in absolute 

value, U0 actually decreases as Xr increases, but that U0 exceeds the value prescribed in 

accordance with Froude-number similitude.  

An exaggeration of U0, with increasing Xr, leads to amplification of velocity 

heads of flow.  Velocity heads are proportional to U0
2, and they set the magnitudes and 

gradients of pressure around a structure in the flow.  Pressure magnitudes and gradients 

determine the magnitudes of local-flow velocities and intensities of turbulence. 

The decrease in aspect ratio, W/L with increasing Xr and constant Yr further 

increases the velocity head (or headloss) associated with flow around the dike.  In turn, 

this effect increases flow backwater elevation, increases the upstream extent of the 

upstream separation region, produces a more uniform distribution of flow velocity 

through the flow constriction caused by the dike, and thereby shifts the thalweg closer to 

the dike.  In so doing, it reduces the width of the downstream separation region.   
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Figure 34.  Comparison of the velocities in the model and Froude-scaled velocity for the 
model scaled 

 

The consequences of exaggerated velocity head for thalweg alignment and extent 

of downstream separation region are explainable in terms of the following argument: 

1. Exaggerated velocity head and flow aspect ratio (as expressed in parameters 

U0
2/gLf and W/Y) leads to increased vorticity of wake eddy formed by the 

dike.  Increased vorticity of wake eddy causes the eddy to contract the 

downstream separation region behind the dike. 

2. Increased vorticity of the wake eddy intensifies flow turbulence shed from the 

dike. which then is dispersed further, relative to dike length, along and across 

the flow downstream of the dike.  The increase in the larger scale vorticity 

downstream of the dike is enhanced by the wall-induced vorticity, which is a 

parameter not directly controlled in the model, and which plays an increasing 

infleunce in the overall vorticity budget as model scale increases (model size 

decreases).   This relative increase in turbulence dispersion entrains more 

slower moving water into the flow passing around the dike, thereby delays the 

overall re-establishment of flow symmetry downstream of the dike, and in so 

doing retards thalweg return to the channel centerline.  A consequence of 

increased turbulence intensity is the growing divergence of thalweg alignment 
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and extent of downstream separation region, as evident in Figures 28 through 

31. This consequence is discussed further subsequently. 

Increased flow vorticity downstream of the model dike is evident in the data 

presented in Figures 35, which were determined by means of LSPIV.  These figures show 

that, for a given nominal value of u*, the vorticity range increases with an increase in Xr.  

The data are illustrative, but insufficient to delineate quantitative trends.  Further work is 

needed in this respect. 

 

 
Figure 35.  Iso-vorticity contours for the water table experiments compared to the 

baseline case.  The scale indicates values of seconds-1. 

 

The divergence of thalweg and downstream separation region requires further 

investigation beyond the present study, although it is possible to postulate an explanation 

for the divergence in terms of the flow length needed to re-establish itself.  The 

explanation can be offered with the assistance of Figure 36 (also the measurements 

shown in Figures 22 and 23), which illustrates lateral distributions of velocity at sections 

in the vicinity of the dike.   
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Figure 36.  Time-average features of flow distribution at channel constriction produced 

by a single dike. 

 

A possible additional argument could be ventured using the notion that an 

increased velocity head increases the projection length of flow issuing from a dike 

constriction, in a somewhat analogous manner to a free jet or to flow over a sharp-crested 

weir.  Thereby, the length TD increases with velocity head.  This argument, based on an 

analogy with a plane jet issuing into an ambient fluid is simplistic. Nonetheless, it is 

worth mentioning that the trajectory of thalweg alignment past a dike would lengthen as 

the dynamic head of the approach flow, V0
2/2g, increased. 

The flow distribution at the end of the separation region is markedly skewed, 

velocities locally being larger towards the wall across from the dike.  Eddies and 

turbulence generated by the dike and a shear layer downstream of it disperse across the 

flow.  As with boundary layer development, the mixing action of turbulence causes small 

water masses to be swept back and forth from a low velocity zone outward into a higher 

velocity zone.  Through an exchange of momentum, the slow water acts as a retarding 

shear stress applied to the faster flow.  As the eddies and turbulence intensify, and take 

longer (relative to dike length) to decay, this momentum-exchange process extends over a 

relatively longer downstream distance, and thereby slowing the re-adjustment of a more-

or-less uniform streamwise distribution of flow.  It was observed from the experiments 

that, as Xr decreased, turbulence eddies were dispersed further across the model channel.  

For the smallest scales, eddies reached the far wall before decaying.  Despite their 

common occurrence in practical situations of free-surface flow, the mechanisms of eddy 
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formation is incompletely understood and it is not yet feasible to simulate numerically the 

full turbulent characteristics of a shear layer.  

Explanation of scale effects on the flow in a channel constriction produced by a 

dike is complicated by the fact that open-channel flow involves the combination of three 

boundary layers: one associated with the channel bed, and two associated with the 

channel walls.  Consequently, flow features at a dike constriction can be highly three-

dimensional, particularly as the aspect ratio (W/Y0) decreases.  Scale effects in the 

constriction produced by the dike in very small models, such as those employed for 

micro-models, should be seen as a complex interaction between the three boundary 

layers.  While the cross-sectional area of flow constricted by the dike decreases directly 

with decreasing length scales, the boundary layers developed from the three boundaries 

are practically of same extent.  Their development is driven by the characteristics of the 

neighboring surface, the flow in the far field, and the flow’s physical properties.  All of 

the later parameters remain the same as model geometry is scaled. 

To the best of the writers’ knowledge, no prior study has reported results 

comparable to the trends reported herein.  Results from a study by Williams (1970), 

however, are helpful in corroborating the trends found during the present study.  

Appendix A is a useful summary of scale effects known for hydraulic modeling of the 

flow field locally around structures. 

Williams (1970) conducted 177 flume experiments in channels of different widths 

and water depths with the aim of determining how flume width and flow depth influence 

sediment transport.  Horizontal scale reportedly varied from Xr = 7 to 16, relative to Xr = 

16 and Yr = 7 (full scale: W= 0.61 m, Y0=0.155).  Bed particle diameter d50 = 1.35 mm.  

The experiments involved a wide range of bed forms, and included flat-bed conditions.  

The following observations, from William’s flat-bed flow conditions, are of use in 

explaining results from the present study: 

1. The requisite channel slope increased as the flume width decreased, for a 

given sediment transport intensity.   

2. For a given depth and unit transport rate, the Darcy-Weisbach resistance 

factor, f, increased with decreasing flume width. 
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3. When the bed and sidewalls are smooth and rigid, greater aspect (width/depth) 

ratios are needed to eliminate wall effects than are needed for channels of 

smooth walls and movable beds.  

4. When Xr exceeded about 4 (and aspect ratios between 3 and 20), sidewall 

effects became significant (flume width of 0.6m).  Sidewall correction was 

needed increasingly for narrower channels. 

These findings concur with those from the present study. 

A selection of tests from William’s study sheds further light on the consequences 

of increasing horizontal scale, Xr.  For uniform flows over flat beds of sand subject to a 

nominally constant value of u* (as in the experiment approach used for the present study), 

an increase in horizontal scale, Xr, could not be matched with a proportionate increase in 

vertical scale, Yr; i.e., Yr < Xr, and hence increased vertical distortion, was required in 

order for the flow to move sediment at about the same intensity.  Based on Williams’ 

(1970) data, it can be concluded that by imposing the constant bed shear velocity as 

modeling constraint, the flow is subjected to increased vertical distortion as the horizontal 

scale is increased, which in turn, exacerbates the side-wall effects and hence the three 

dimensional features of the flow.  These results are supported by the findings of the 

present study. 
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X. INFLUENCE OF LOCAL SCOUR 

 

Of interest in this section is the manner whereby local scour of a loose-bed at a 

dike may influence thalweg alignment and flow-separation regions around a model dike.  

These influences enable the results from the flat-bed flow to be related to loose-bed flows 

that typically occur in micro-models.  Additionally, they indicate a potential scale 

relaxation that may extend the range of acceptable length scales for hydraulic models 

used to investigate how a dike may influence channel thalweg alignment.  The potential 

relaxation, though, does not apply to simulation of the detailed local features of flow at a 

dike.  

Two loose-bed flow conditions, each with the same uniform size of bed sediment 

(median particle size = 0.90mm) are considered: 

1. Baseline loose-bed condition. 

2. Small model (micro-model) condition. 

The information offered herein is fairly limited, as the scope of the presented 

study did not enable an extensive examination of thalweg alignment and separation extent 

around dikes in loose-bed or mobile-bed flow. 

 

1. Loose-Bed Baseline Condition 

The baseline, loose-bed flow corresponded to the following hydraulic 

characteristics: W = 1.50m, d50 = 1.5mm, Y0 = 0.15m,  = 0.03 m/s, F = 0.20, W/Y0∗u 0 = 

10, and L/W = 0.33.  Figure 37 is an overview of the flow, whereas Figure 38 illustrates 

the flow-separation region downstream of the dike.  The equilibrium scour hole 

developed around the dike is shown in Figure 39.  The scour hole’s maximum depth, dse, 

was 0.22m; such that dSe/L = 0.55.  The scour hole extended laterally across the channel 

to an extent of 0.61W, or 1.83L. 

The thalweg alignment and the extent of the flow separation region are indicated 

in Figure 40 for two stages of scour, initial (dse/L = 0.1) and final (dse/L = 0.55).  The 

figure also indicates those features for the flat-bed baseline condition.  Scour-hole 

formation causes the separation region to reduce in extent from its extent for the flat-bed 

baseline condition.  The scour hole formed quickly, and as it formed it shortened the 
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downstream separation region and the distance for the thalweg to return to the channel 

centerline.  The upstream separation region did not change significantly, and neither did 

the lateral displacement of the thalweg.   

 

 
Figure 37  Overview of flow around the dike in the loose-bed channel. 

 

The formation of a scour hole at a dike increased the cross-sectional area of flow 

at channel sections near and at the dike, re-contouring the bed around the dike so as to 

guide flow more closely around and behind the dike, as can be seen from Figure 38.  The 

orientation of the ripples on the bed indicates the direction of the near-bed flow (Figure 

39).  In consequence, scour hole formation reduces the extent of the separation region 

from B1/L ≈ 8, as the scour quickly began forming (dSe/L = 0.10), to B1/L ≈ 3.5 when the 

scour hole was fully formed (dSe/L = 0.55); for the baseline flat-bed flow, B1/L ≈ 14.   
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Figure 38. Flow-separation region behind the dike in the loose-bed channel. 
 

 

 

 

Figure 39.  The equilibrium scour hole formed around the dike. 
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Figure 40.  Thalweg alignment and separation regions for flow in baseline loose-bed 

condition (Xr = 0.6, Yr = 1) for two scour depths (ds/L).  Also shown are values for 

baseline condition in flat-bed experiment (Xr = 1, Yr = 1). 

 

The alignment of the thalweg around the dike follows that of the separation 

region, and thereby is considerably reduced compared to that for the flat-bed baseline 

flow.  For this flow, TU/L = 0.45, TC/W = 0.72, and TD/L = 3.5 when the scour hole was 

fully formed at the dike. 

 

2. Micro-Model Condition 

The local-scour experiments, conducted using the micro-model channel fitted 

with a loose bed (Xr = 24, Yr = 6, u*0 ≈ 0.03m/s), and a non-porous dike (e = 0), produced 

a scour hole of considerably greater depth and width relative to dike length (or channel 

width) than produced by the baseline loose-bed condition.  However, thalweg alignment 

and extent of separation regions are approximately comparable to those obtained with for 

the baseline condition.   

As shown in Figures 41a,b, the scour hole formed for the micro-model case was 

much deeper relative to dike width, and extended laterally further across the full width of 

the channel, than occurred for the baseline loose bed channel.  For the present test, scour 

depth, dse, normalized as dSe/L = 2.4 (dSe = 31mm).  In comparison, dSe/L = 0.55 for the 
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baseline condition.  Because the lateral extent of local scour depends on the angle of 

repose of the bed sediment, which was constant at 30o, the scour hole extended across a 

proportionately larger width of the channel than it did for the baseline loose-bed 

condition.  At this depth, and the model sand’s angle of repose, the scour hole extended 

almost across the entire channel, practically creating two-dimensional trough across the 

micro-scale channel. 
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(a) Top view of flume

(b) Side view of flume  
Figure 41.  Views of scour hole formed at dike in water table loose-bed channel; Xr = 24, 

Yr = 6: a) top view of the channel, b) side view of the channel 
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Scour hole formation reduced the size of the downstream separation region, as 

shown in Figure 42.  For the fully developed scour hole, B1/L = 6, somewhat larger than 

for the baseline loose-bed condition.  This difference can be attributed to the more two-

dimensional form of the scour hole across the micro-model channel, and the differences 

 in bedform  replication.   

 

 

 

Figure 42. Thalweg alignment and separation regions for flow in baseline loose-bed 

condition (Xr = 0.6, Yr = 1) and when Xr = 24, Yr = 6. 

 

The downstream extent of the thalweg alignment around the dike more-or-less 

followed the separation region, though it was difficult to measure a consistent single 

alignment, because of the substantial turbulence in the flow around the dike, and the 

variations in bed topography.  The values of TD/L (TD = downstream extent of the 

thalweg deflection) conformed fairly closely with the values obtained for the baseline 

loose-bed channel, insofar that TD/L was practically equivalent to B1/L.  This 

consequence potentially is a scale-effect relaxation that micro-models might utilize, 

provided the depth and lateral extent of scour were maintained to within magnitudes 

equivalent to those at typical prototype-scale dikes.  It indicates that the thalweg 

alignment would not deviate, to the extent found with the flat-bed experiments, from the 

likely prototype condition.  A key consideration, however, is that the model scour be kept 

proportionately comparable to prototype dimensions.  To do that, requires judicious use 

of model-dike porosity, as explained below. 
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XI. INFLUENCES OF DIKE POROSITY 

 

Dike porosity influences on thalweg alignment and separation-regions are 

considered herein for the flat-bed and loose-bed flows simulated at the smallest set of 

scales, Xr = 24, and Yr = 6.  Also considered is the influence of porosity on depth of local 

scour, as control of scour depth is an important micro-modeling method used for 

simulating thalweg alignment. 

 

1. Flat-Bed Experiments 

Increased porosity of dike enabled more flow to pass through the dike, reduced 

stagnation pressures along the dike’s leading edge, and thereby caused the thalweg to 

coincide more closely with the channel centerline around and downstream of the dike, as 

shown in Figure 43.  It also reduces the separation region downstream of the dike, as 

shown also in Figure 43.   

By reducing dike blockage of flow, the flow stagnation head diminishes at the 

dike, weakening transverse or vertical components of flow.  Additionally, water passing 

through the dike diminishes wake-eddy generation from the dike, and, with sufficient 

flow through the dike, eliminates the separation region.  The scale of turbulence reduced 

to that produced by eddies shed from the holes in the dike.  In accordance with Figure 42, 

the flow separation region practically ceases to exist when dike porosity, e, is 

approximately 0.4.   

Dike porosity of about 0.6 to 0.8 results in a thalweg alignment that coincides 

with the thalweg for the baseline case (Figure 21).  However, as evident from Figure 43, 

that porosity range results in no separation region.  Though further experiments might be 

conducted to check if the porosity range also applies to other values of channel 

constriction, W/L, the overall set of data gathered in the present study suggest that a 

model dike with a porosity ranging from about 0.6 to 0.8 will produce an acceptably 

correct alignment of thalweg. 
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Figure 43.  Influence of dike porosity on thalweg orientation around the dike in the flat-

bed channel; Xr = 24, and Yr = 6. 

 

2. Loose-Bed Experiments 

The maximum depth of local scour, dSe, decreased rapidly as dike porosity, e, 

increased, as indicated by Figure 44.  This same trend occurred for the loose-bed baseline 

condition.  Once dike porosity, e, is about 0.79, local-scour depth is significantly less 

than the height of the bedforms in the channel, and thus was not measurable with 

meaningful way.  Note that the absolute values of scour depth were not equal for the two 

scales of model.  For the baseline condition (Xr = 0.6 and Yr = 1), dse/L = 0.55, whereas 

dse/L = 2.4 when Xr = 24 and Yr = 6; with e = 0 in both cases. 

Dike porosity reduces scour depth by several related effects on flow at a dike: it 

reduces stagnation head, U2/2g, of flow impinging against the dike, eases flow 

constriction around the dike, reduces the cross flow along the dike’s upstream face, and 

roughens the dike face.  Figure 43, by showing that thalweg alignment moves closer to 

the dike, for the flat-bed condition, as dike porosity increases, essentially infers these 

effects. 

The photographs in Figures 45a,b depict the local scour conditions produced by 

two porosity values of model dike; e = 0.36; Figure 42 shows the scour hole when e = 0.  

The photographs show that dike porosity also modifies the shape of the local scour hole 

at the model dike.  As porosity increases, the scour hole becomes localized to the dike, 
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and the scour depth is more uniform along the dike.  In accordance with reductions in 

scour depth with increasing dike porosity, the horizontal extent of the scour hole 

decreased.  
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Figure 44. Reductions in local-scour depth, dSe, with dike porosity (% opening).  Two 

model scales are compared; (micro-model) Xr = 24, and Yr = 6, and (loose-bed channel) 

Xr = 0.6, and Yr = 1; (dSe)0 is scour depth for solid dike. 

 

 
 
 

 77



 
 

 
Figure 45.  Views of scour hole formed at a porous dike (e = 0.36) in water table loose-

bed channel; Xr = 24, Yr = 6: a) top view of the channel, b) side view of the channel. 
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XII. DEVIATIONS AND RELAXATIONS 

 

The scale-effect trends resulting from the flat-bed experiments indicate how 

length scales influence flow thalweg alignment around a single dike and flow-separation 

downstream of a dike.  The few loose-bed experiments conducted indicate that scour has 

a pronounced influence on thalweg and flow separation.  Dike porosity is shown to be an 

effective means for controlling scour and thalweg alignment, though at the price of 

accurate simulation of the downstream extent of flow separation form a dike.  These 

findings are of use in evaluating scale-effect deviations consequent to increasing model 

length scales (prototype/model length ratios). 

 

1.  Deviations 

It is of practical interest to relate the trends found from the present experiments to 

length scales related to the typical dimensions of channels, such as for the Mississippi 

River illustrated in Figures 1 and 2.  The data presented in Figures 32 and 33 can be re-

plotted versus an extended range of length scale, Xr, so as to indicate how the trends 

shown by those data relate to conditions in channels comparable to the size of actual 

rivers.  Those trends then can be evaluated for the severity of their possible deviation 

from values prevailing in prototype situations. 

Figures 46 and 47, developed from the data presented Figs 33a,b, indicate how the 

variables TD/L and B1/L vary with horizontal scale relative to a full-scale, flat-bed channel 

about 2,000 ft (about 610 m) wide.  Also shown is an uncertainty margin of ±10%.  

Relative to this width of channel, values of TD/L and B1/L appear to deviate by 10 percent 

or more when Xr exceeds a nominal value of about 103. 
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Figure 46.  Thalweg alignment deviation with change in horizontal-length scale. 

 

 
Figure 47.  Deviation of flow-separation extent with change in horizontal-length scale. 

 

2.  Relaxations 

Several similitude relaxations potentially mitigate the flow-field deviations 

incurred with the use of small hydraulic models.  Such relaxation is facilitated by local 

scour and dike porosity.  Further mitigation of conflict is facilitated by the use of light-

weight bed sediment. 

 

Scour.  A scour hole modifies bathymetry locally around a dike, and in so doing modifies 

the direction of flow around a dike.  The modified bathymetry guides flow more closely 

towards the rear of a dike, and it concomitantly causes thalweg alignment to return more 

directly to channel centerline.  In effect, therefore, scour development relaxes the concern 

about simulating the extent of separation region.  The scour hole effect on flow locally is 

so pronounced as to largely dominate the effect of exaggerated stagnation head at the 

dike’s leading edge.  The influence of scour development on flow field, however, is an 

 80



issue that requires further work.  The results of the present study are tentative in this 

respect. 

 

Dike Porosity.  Porosity, e, is a convenient independent variable with which to 

compensate for thalweg- and scour-related scale effects attributable to exaggerated values 

of velocity head in a micro-model.  It reduces the stagnation pressure along the upstream 

face of the dike, and in so doing it modifies the thalweg alignment parameters TD/L, TU/L, 

and TC/L, as well as scour depth and lateral extent.  The parameter TD/L appreciably 

decreases (Figure 43), the extent of the downstream separation region decreases rapidly, 

and the scour depth, dSe/L, diminishes as e increases (Figure 44).   

To utilize dike porosity, e, as a means in modeling to mitigate the influences of 

exaggerated stagnation head (and thereby an influence of exaggerated Froude number), it 

is necessary to know the relationships between porosity and the flow parameters as well 

as scour depth. The influences to be mitigated are exaggerated scour depth and stretching 

of thalweg alignment around a dike.  Figure 44 suggests a reasonably consistent trend 

between scour depth and e.  Considerable guesswork still is required to select a value of e 

that would enable a model dike to replicate the effect of a dike at full scale.  Further work 

is needed to reduce the guesswork. 

A concern in using dike porosity to calibrate a very small model (a micro-model) 

dike is that the extent of the downstream separation region is distorted, notably reduced, 

if not eliminated.  Dike porosity is a useful relaxation parameter if the intent of modeling 

is to simulate flow and sediment-transport processes for which the separation region does 

not play a significant role.  A common situation where this holds is flows around a 

closely spaced series of dikes, for which dike spacing is known a priori from engineering 

experience.  Model veracity becomes questionable for situations where modeling aims to 

locate a single dike or a series of widely spaced dikes.   

 

Lightweight sediment.  Though lightweight sediment was not used in the present study, 

the study’s results do indicate the benefit of lightweight (and more readily entrainable 

sediment) as a way to mitigate exaggerated values of stagnation-pressure head developed 

at structures like dikes.  Lightweight sediment partly enables small models to ease the 
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similitude conflict arising from the requirement of satisfying similitude for intensity of 

sediment transport and for Froude number.  It requires flow velocities much less than 

those needed to mobilize quartz sediment.  Consequently, model-scale values of velocity 

heads are reduced, and thereby the parameter U0
2/gLf remains closer to its prototype 

value. 
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XIII. CONCLUSIONS 

 

 The present study was conducted to determine how length scales influence 

selected important features of the flow field in hydraulic models of a single dike or wing-

dam placed on a flat-bed channel.  The flow features of interest are thalweg alignment 

(the path of maximum flow depth and usually maximum velocity) of flow around a dike, 

and flow-separation region formed immediately downstream of a dike.  These features 

are of major significance for alluvial-channel control.  Because the study was conducted 

in the context of better understanding the facility of small hydraulic models to simulate 

flow and sediment movement around a dike in a loose-bed channel, the flume 

experiments conducted for the study used the same primary similitude criterion used for 

loose-bed hydraulic models.  That criterion is u*0/u*C ≈ constant. 

 The study’s principal conclusions are drawn below: 

1. Thalweg alignment and separation region in the vicinity of a dike in a loose-

bed channel are functions of the parameters 
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Reynolds number, relative roughness, and resistance coefficient (Re, f, and 

R/d) characterize the approach flow distribution in which the dike is to be 

placed.  Shear-velocity ratio (u*0/u*C) characterizes the state of bed-sediment 

mobility in the approach flow.  These parameters, together with flow velocity 

head, aspect ratio, and relative dike length (U0
2/gLf, W/Y, and L/W) describe 

the flow field around the dike.  The Weber-number parameter We/√f expresses 

the influence of surface tension, and is important for only very shallow flows.  

The variables comprising the parameters are defined in Section III of this 

report. 

2. When approximate constancy of the parameter u*0/u*C is the primary 

similitude criterion used to operate a model for a dike of given W/L, distortion 

of the other flow parameters in Set 3 may influence thalweg alignment and 

 83



separation region.  The distortions, essentially stem from natural limitations in 

scaling sediment size, may cause scale effects that increase in influence as 

length scales (prototype/model) increase. 

3. The scale effects for a dike in a flat-bed channel became evident as the 

following deviations (values in model compared to scaled prototype values) in 

thalweg alignment and separation regions: 

(i). As Xr increases, flow thalweg requires a longer distance, relative to dike 

length, to return to the channel centerline downstream of a dike.  The 

distance downstream of the dike, TD/L, was almost three times as long 

for the channel equivalent to a micro-model than for the baseline 

channel.  Figure 32 indicates the distortion variation with Xr. 

(ii). As Xr increases, the maximum lateral location of the thalweg, TC, 

decreases until an asymptotic value of approximately (W-L)/2. 

(iii). As Xr increases, the downstream flow-separation region contracted from 

B1/L ≈ 14 for the baseline channel, to B1/L ≈ 4 for the channel equivalent 

to a micro-model. 

(iv). As Xr increases, the width of the flow-separation region decreased 

asymptotically to the length of the dike (i.e., B2/L → 1). 

4. The flow parameters in Set 3 directly affect the distribution of pressure and 

local flow structure around the upstream face of a dike.  Through that action, 

they affect the strength of wake eddies developed by a model dike.  In 

consequence, the dike’s wake region contracts in extent.  The shedding of 

strengthened wake eddies intensifies turbulence generated by the model dike.  

Increased turbulence generation and increased dispersion of turbulence results 

in a longer flow length, relative to dike length, for flow symmetry to re-

establish downstream of a dike.  Commensurately, it takes longer for flow 

thalweg to return to channel centerline. 

5.  The depth of local scour relative to dike length, dSe/L, for a non-porous dike, 

increased as Xr increased from the baseline loose-bed channel to the channel 

comparable to a typical micro-model channel.  The value of dSe/L associated 
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with the nominal micro-scale channel was about 3.5 times that for the baseline 

loose-bed channel.  

6.  Relative to channel width, the lateral extent of local scour increased as length 

scales reduced.  For the non-porous dike in the baseline loose-bed channel, the 

local scour at the extended across two-thirds of the channel width.  For the 

non-porous dike in the nominal micro-model channel, the extent of local scour 

extended almost the entire width of the channel. 

7.  Local scour reduces the length of the downstream separation region to B1/L = 

4, for the baseline loose-bed channel and the channel comparable to a micro-

model.  A scour hole re-contours the channel bed so as to direct flow more 

directly behind a model dike.  Increasing dike porosity, e, decreased depth of 

local scour, dSe, (Figure 44).  The same proportionate reductions in dSe 

occurred for the baseline loose-bed channel and for the channel typical of a 

micro-model channel.  At porosity e ≈ 0.75 to 0.80, dSe ≈ 0. 

8.  Increasing dike porosity, e, decreases the length of the thalweg excursion 

around a model dike (Figure 43).  For the channel comparable to a micro-

model channel, dike porosity between 0.50 to 0.80 produces a thalweg 

excursion similar to that for the baseline flatbed channel.  However, a dike 

with this porosity has no separation region. 

 

As a closing the present study, it should be noted that further work is needed to 

complete the additional experiments described in Section IV.4.  Those experiments entail 

examining the flow-field influence of a series of dikes, and conducting a more systematic 

set of experiments focused on scale-effect trends attending loose-bed experiments of flow 

around a single and a series of dikes.  Additionally, other flow conditions might be 

investigated; e.g., model dike performance during flow overtopping conditions. 
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APPENDIX A: SCALE EFFECTS 

Similitude limits admit scale effects whose consequences increase as model scales 

(prototype/model ratio) increase.  For hydraulic modeling, the usual increases and 

distortions are as follow: 

 

1. Large length scales, with increasing significance of viscous and surface-tension 

effects. 

2. Distortion of vertical-length scale relative to horizontal-length scale. 

3. Amplification of bed-sediment size, or bed roughness. 

4. Exaggeration of channel slope. 

 

For a given value of 
Cu

u

∗

∗0 , these length-scale considerations are evident in the parameters 
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The foregoing sections of this report consider the scale-effect influences that these 

parameters exert on thalweg alignment and the flow-separation region immediately 

downstream of a dike.  It is useful to discuss further the influences of these parameters, 

especially with regard to the distortions listed above.  Additionally, it is useful to consider 

similitude relaxation and scale-effect mitigation opportunities that some of the parameters 

potentially afford.  

 

Large Length Scales (
f
dikeRe  and 

f
Wedike ) 

This report earlier discusses Reynolds number and Weber number influences in terms of 

flow in an open channel.  It also useful to consider these parameters expressly in terms of 

the local flow field at a dike.  Because water is used to simulate water, the parameters 
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f
dikeRe  and 

f
Wedike  scale as Yr

1/2Xr and YrXr; for the moment, horizontal and vertical 

scales (Xr and Yr) are taken as equal.  Therefore, in terms of their numerical magnitude, 

these parameters are strongly affected by change in length-scale, and therefore expressive 

of length-scale reduction. 

 

Large increases in length scales greatly increase the significance of forces associated with 

water viscosity and surface tension, creating the following possible scale-effects: 

 

i. Turbulence reduces.  A length scale of, for example, 103 reduces the scale of 

Redike by a factor of (103)3/2 = 31,623.  For the flow field around a 100ft-long 

obstruction, like a dike, Redike is about 300 x 105.  At model scale Redike reduces to 

about 103, with a concomitant change in flow field at the dike.  For a river flowing 

with average velocity of 3ft/s and depth of 10ft, Reflow is about 30 x 105.  At 

model scale Reflow is about 102, and model flow is laminar, by no means fully 

turbulent as in the river. 

ii. Surface-tension effects become significant.  A length scale of, for example, 103 

reduces the scale of Weber number (We) by 106.  For flow depths less than about 

25mm (1 inch), water-disturbance celerities propagate as capillary waves rather 

than gravity waves, and surface velocities reduce.  Kobus (1980) suggests flow 

depths be kept larger than 30mm to avoid capillary wave effects. 

iii. Local flow patterns distort.  Together, large reductions of Reynolds and Weber 

numbers change local flow fields, thereby altering pressure gradients in local flow 

fields around simulated hydraulic structures, as well as riverbed and riverbank 

features. 

 

 

To satisfy the requirement of having fully turbulent flow, the maximum length scale 

should be 

 

( )[ ] 3/109/73/23max Re1065.5 nhkL ppr ⋅⋅⋅⋅= −   (A.1) 
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Novak (1981) recommends 
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where R is the hydraulic radius and S0 is the channel slope. 

 

Vertical Distortion (
( )
gLf
U 2

0 ) 

The parameter 
( )
gLf
U 2

0  (or 
( )

gL
U 2

0 ) expresses the ratio of vertical to horizontal scales, 

Yr/Xr, because U0 scales with Yr
1/2, and L scales with Xr.  Vertical distortion, whereby the 

horizontal and vertical scales differ substantially, results in several scale effects: 

 

i. If Xr is 104 and Yr/Xr is 1/10, the model-scale value of Redike reduces from about 

300 x 105 to about 102 for a 100ft-long dike impacted by 10ft deep flow flowing 

with an average velocity of about 3ft/s.  Consequently, viscous forces in the 

model markedly alter the flow field at the dike. 

ii. The cross-channel distribution of flow, U(z)/U, is altered, as therefore is flow 

distribution at an obstruction like a dike. 

iii. The lateral extent of scour holes is increased, because the side-slope angle of a 

scour angle approximately equals the angle of static repose of bed sediment, α.  

That angle is constant for sediment of a given particle shape. 

iv. In turn, the changes in lateral distribution of approach flow and in bed 

deformation alter pressure gradients in local flow fields around simulated 

hydraulic structures, as well as around riverbed and riverbank features.  As a 

consequence, for instance, changes may occur to constriction coefficient (CC) at 

channel constrictions, and to wake dimensions (e.g., B) behind flow obstructions. 

v. A long dike in a river may no longer behave as a long dike in a model.  Studies 

show that the ratio of dike length to flow depth (L/Y0) strongly affects local scour 
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at dikes (or abutments).  When L/Y0 < 1, DSE ∝ L; 1< L/Y0 < 25, DSE ∝ (LY)1/2; 

and, L/Y0 > 25, DSE ∝ Y0.  Accompanying these variations is an increase in scour 

depth relative to dike length; DSE/L increases as L/Y0 decreases until about 1.  This 

increase in DSE/L is attributable to reduced interference between the flow 

impinging against the dike and flow along the dike face. 

vi. Time scales for vertical and horizontal movements of flow differ. 

 

Size Distortion of Bed Sediment (
d
R ) 

The parameter R/d is a ratio of horizontal scale to scale of sediment size.  Its distortion 

causes the following scale effects:  

i. Similitude based approximately on 
0∗

∗

u
u c  exaggerates velocity heads, and thereby 

pressure gradients, in local flow fields.  The local flow field at a flow obstruction 

may not be simulated.  Additionally, if approach-flow Froude number, 
0

0

gY
U , is 

large enough at model scale, the presence of a channel constriction may result in a 

transition to super-critical flow. 

ii. Relative roughness, R/d, is reduced, thereby increasing turbulence generation, all 

else being equal. 

iii. Reduced relative roughness, R/d, inhibits bedform development.  The overall 

channel is not wide enough to accommodate ripples or dunes. 

iv. Sedimentation processes differ in detail compared to the processes in the 

prototype channel.  Suspended-sediment transport and deposition are not 

simulated accurately (particle fall velocity and flow turbulence are not adequately 

replicated). 

v. The time scales for sediment movements differ from the time scales for water 

movements.  This difference complicates assessment of channel-bed responses to 

unsteady flow (e.g., to a peaky hydrograph of flow). 
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Slope Distortion (S0)

For loose-bed models, slope distortion is used to produce a desired value of 
Cu

u

∗

∗0  while 

maintaining approximately uniform flow through the model.  The scale effects directly 

attributable to slope-distortion are not fully clear.  Nonetheless, it is probable that their 

main impact is amplification of stagnation-pressure heads, ( )
g

U
2

2
0 , consequent to 

similitude based on 
Cu

u

∗

∗0 .  The effect of slope distortion, therefore, is largely the same as 

vertical distortion. 

 

It is known that, for a given water discharge and bed sediment, channel slope affects 

thalweg sinuosity (e.g., Schumm and Khan 1972).  Therefore, it could be argued that 

slope distortion might produce inaccurate simulation of thalweg sinuosity.  From a 

dynamics standpoint, bed morphology and sinuosity result from flow distribution, which 

in turn is explainable in terms of shear stresses and pressure gradients.  If the pressure 

gradients are not simulated accurately (i.e., ( )
gL

U
2

2
0  is not simulated), nor are bed 

morphology and thalweg sinuosity simulated adequately. 

 

Mitigating Effects 

The following parameter compensations, taken together, relax the requirement of 

expressly satisfying all the similitude criteria associated with parameter Sets 1 and 2: 

 

1. The troublesome consequences attributable to inaccurate simulation of W/d are 

partially mitigated for contraction scour through a long constriction.  The variable of 

principal engineering importance is the deepening of flow through the contracted sub-

reach relative to flow depth in the approach channel.  As the following relationship 

(e.g., Prasuhn 1987) for contraction scour indicates, the difficulties, in a sense, cancel 

out: 
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2. For a long constriction, the need diminishes for accurate simulation of the local flow 

field around an individual dike.  The flow depth along the contracted thalweg depends 

mainly on the flow field through the contraction, rather than on the flow field at one 

dike. 

3. Similitude based on 
Cu

u

∗

∗0  boosts model values of Redike and Reflow, in so doing it partly 

would counter the potential change in local flow fields if similitude were based on 

( )
gL

U 2
0 . 

4. Inaccurate simulation of W/d (grossly reduced in value) partially mitigates inaccurate 

simulation of ( )
gL

U 2
0 .  One parameter, f, is an inadvertent consequence of using a 

grossly coarser bed sediment.  Setting aside flow-energy losses attributable to 

bedforms, the relative coarseness of the model sediment usefully exaggerates f, 

thereby compensating for an exaggerated value of 
( )

gL
U 2

0 . 

 

The net consequences of these mitigating effects acting together have yet to be 

determined. 

 

Adjustments 

Two adjustments provide a further way to alleviate the consequences of exaggeration of 

( )
gL

U 2
0  in a model: 

 

1. Use of a lightweight, though relatively coarse, bed sediment reduces  and thus U0∗u 0 

and 
( )

gL
U 2

0 , without greatly reducing f. 
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2. One or more parameters can be adjusted to calibrate the model thalweg.  Adjustment 

of dike porosity facilitates reduction in the magnitude of local flow velocities around 

an individual dike.  Other adjustments to model structures also may reduce velocities 

locally.  For instance, roughening the model structure may reduce local velocities. 

 

Velocity-Damping Consequences 

The capacity of an alluvial bed to erode in effect relaxes the scale effects incurred with 

exaggerated flow velocities in models.  In this aspect, loose-bed hydraulic models 

perhaps are “more relaxed,” or “more forgiving,” than are models of fixed-bed channels.   

 

Figures A.1 and A.2 illustrate the overall relaxation of a loose-bed model relative to the 

“less forgiving” response of a fixed-bed channel.  Bed erosion reduces local flow 

velocities, and thereby partially counteracts the increase in local pressure heads and 

gradients, 
( )

gL
U 2

0 , incurred with use of 
Cu

u

∗

∗0  as the principal similitude criteria.  Figure 

A.1 indicates how the stagnation head developed at a dike diminishes as flow area 

increases when the bed erodes.  Relatedly, Figure A.2 shows how local scour reduces the 

extent of flow contraction around a single dike. 

 

Long versus Short Contractions 

The similitude criteria for simulating channel thalweg behavior stiffen greatly when the 

thalweg is constrained only locally at one cross section or is not constrained at all.  The 

combination of independent parameters calibrated to simulate one-degree of translational 

freedom (notably, thalweg deepening) likely will not produce the additional required 

translational responses of the thalweg.  Consequently, unwanted scale effects occur. 

 

 

 

 

 

 

 A-7



 
 

Figure A.1.  Bed scour along a constricted channel relaxes (reduces) stagnation pressure 

at a dike and backwater effects caused by a dike. 
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Figure A.2.  A fixed-bed channel (a) allows no relaxation, whereas local bed scour along 

a loose-bed channel relaxes (reduces) flow contraction. 

 

If the important engineering variable is local scour depth at a dike, Dse, or the extent of 

the wake zone behind a dike, B, scaling of data from the model to the field requires 

similitude of the parameters comprising Set 2.  In particular, similitude requires 

preservation of pressure and velocity gradients.  Those gradients scale directly with 

dynamic and geometric scales.  For instance, lateral pressure gradients scale with 

stagnation heads, ( )
g

U
2

2
0 , at the leading edge of a flow obstruction like a dike, and with 

the obstruction’s horizontal length, L.  In other words, similitude requires that the ratio 

( )
gL

U 2
0  be the same in the model as in the prototype.  The parameter

( )
gL

U 2
0 , therefore, is 

needed for describing flow gradients around a dike; for the same stagnation head, steeper 

gradients occur with smaller values of L. 
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Deviations 

The preceding considerations of similitude criteria, scale effects, and conjectured 

relaxations explain theoretically why and how hydraulic-model accuracy deviates.  The 

next task in the evaluation framework is to quantify deviations in model capacity to 

simulate important engineering variables.  To do that, it is useful to introduce a set of 

alternative, or diagnostic, parameters that characterize the cardinal features of flow 

through a constricted channel (Figures A.1 and A.2).  The flume experiments described in 

this report are an effort in that direction. 
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APPENDIX B: LARGE-SCALE PARTICLE IMAGE VELOCIMETRY 
 

Background 
 
Large-Scale Particle Image Velocimetry (LSPIV) is an extension of the conventional 

particle image velocimetry (PIV) for measurement of flows spanning large areas in 

laboratory or field conditions.  While the image- and data-processing algorithms are 

similar to conventional PIV, adjustments are required for illumination, seeding 

procedures, and processing of the recorded images. 

 

The central goal of the conventional PIV is to measure the displacement of marked 

regions of the flow by observing the location of the images of the markers at two or more 

times.  The measurement of marker displacements between two successive images is 

made on small regions (interrogation areas) enclosed in the imaged area using a statistical 

approach.  The velocity vector for each interrogation area is then determined by dividing 

the displacement by the time interval between the successive recordings.  The final vector 

field is obtained by repeating the image analysis for each interrogation area contained in 

the field. 

 

LSPIV measures velocities non-intrusively, but a fundamental requirement is that the 

flow has to be marked (traced) by appropriately selected particles.  The particles should 

be light enough to follow nearly completely the flow features to be measured, and large 

enough to be resolved by the imaging device of the LSPIV system. 

 

The general layout and process-procedure for the LSPIV system used in the present 

measurements is indicated in Figure B1.  A video camera, having an axis positioned 

preferably at an angle of 90° to the flow area to be imaged, is used to capture images.  

The distance and the angle between the camera and the imaged plane can widely vary 

from an application to another.  Illumination for LSPIV is attained using conventional 

sources, but strong illumination dramatically improves the quality of the recorded 

images. 
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Figure B1.  General configuration of a LSPIV system 

 

For the flow situations discussed herein, images were recorded using a commercial video 

camera, sampled at 30 Hz.  This approach leads to simplified, cost-efficient, and reliable 

recording and processing procedures compared to those usually employed in 

conventional PIV.  Images are subsequently transferred to the computer where are 

analyzed.  The recorded images contain the flow image to be analyzed and possibly 

regions surrounding the flow without interest for the analysis.  Increased computational 

efficiency and processing accuracy are gained if these regions are discarded altogether 

from the analysis before processing. 

 

An important LSPIV task is to match flow-seeding, image recording, as well as 

processing variables, to the flow features to be captured.  The size of the tracing particles 

in the present context is less important per se because LSPIV uses not only the individual 
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images of the tracing particles in the flow, but also any variation of the image intensity 

(grey-level) such as boundaries or “consistent patterns” formed by groups of particles 

moving in the flow.  When the intrinsic patterns naturally occurring in the flow are not 

evenly distributed, additional tracing particles should be used to increase the efficiency of 

resolving velocities over the entire image. 

 

The rules of thumb to optimize LSPIV results are essentially the same as those for 

conventional PIV.  They relate the seeding particle size and concentration (or 

equivalently the flow pattern size), displacements in and out the imaged plane, exposure 

time, and the size of the interrogation and searching areas, in a set of practical guidelines.  

Some trial-and-error testing is inevitably required to optimize the technique for particular 

situations.  This task assumes complete familiarity with the technique and the flow 

characteristics (even before their quantification). 

 

Due to the increased distance from the imaged plane, illumination is drastically 

diminished in comparison with the high intensity laser light usually employed in the 

laboratory setting by conventional PIV.  Consequently, LSPIV requires enhancement of 

the recorded images.  Enhancement procedures largely differ upon the conditions, but in 

general include histogram equalization, smoothing, and edge-detection.  Use of image 

enhancement should be carefully considered because inappropriate use tends to degrade, 

rather than to improve, processing results. 

 

The algorithm for image processing is directly related to illuminating and recording 

procedures; i.e., single-frame recording, where several exposures are superposed on the 

same frame, or multiple framing, where each frame contains only one image exposure.  

The important advantage of the latter procedure is that the direction of flow motion is 

fully determined, as opposed to the first approach where costly devices are needed to 

determine flow direction.  The most important adjustable variable for the illumination-

recording sequence is the time separation between the exposures.  It determines the 

maximum and minimum velocity that can be measured.  The algorithm for image 
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processing used herein is two-dimensional cross-correlation (Fujita et al., 1998).  The 

algorithm is briefly explained below. 

 

Cross-correlation is computed between an interrogation area (IA) in the first image and 

interrogation areas within a search region in the second image.  The pair of IA showing 

the maximum cross-correlation coefficient is selected as a candidate vector.  More 

specifically, a group of particles, forming a pattern in the flow (i.e., a distribution of gray-

level intensities), is used to trace the flow.  Cross-correlation is then applied to match 

flow patterns between successive images.  The algorithm is synthesized in Figure B2. 

 

Given the probabilistic method used to determine particle displacements and 

imperfections of the recorded images, spurious vectors are returned after processing, and 

therefore, data post-processing is needed.  Numerous algorithms for erroneous vector 

corrections are available.  The algorithms usually incorporate physical characteristics of 

the analyzed flow.  In the ensuing applications, an algorithm based on local continuity of 

the flow is used. 

 
LSPIV Adaptation for the Micromodel Studies 

 
The size of the imaged areas involved in this project varied widely from large (of the 

order of tens of square meters) to small (of the order of tens of centimeters).  The 

technique requirements are different when employed to these different situations.  The 

special procedures associated with each of these situations are briefly described below.  

 
Large-scale flows 

 
Situations where large flow surfaces need to be measured require image recording from 

oblique angles. Besides the typical errors involved in conventional PIV, a new source of 

error is invariably involved when imaging large-scale flows: lens distortion.  Errors are 

generated by the large distance between the imaging camera and the flow field and the 

oblique angle between the optical axis of the camera and the plane of the imaged flow.  

These errors need to be removed before processing.   
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Figure B2.  Image Processing sequence 

 

The conceptualization of the perspective error is sketched in Figure B.3.  Assuming 

oblique recordings of a uniform flow in a straight channel, direct image processing of the 

images generates displacements in x and y directions as shown in Figure B.3.a.  Such 

displacements are contrary to the real situation.  Moreover, the perspective error also 

leads to lower values for the correlation coefficients in the image processing stage due to 
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the fact that, even in the absence of tracer pattern deformation, the size of the patterns 

will increase all over the image as they approach the near-field region.  In addition to 

these difficulties, direct image processing will have to handle the “artificial” velocity 

gradient generated by the distortion of the original vector field.  It is obvious from these 

comments that image reconstruction conducted first, followed by image processing, is the 

requisite procedure for LSPIV measurements.  
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Figure B.3.  Schematic of the imaging from oblique angle; a) sample of an image; 

b)  pattern images in the interrogation area at two time instants 

 

Image reconstruction is a methodology used to remove the perspective distortion from the 

original LSPIV recordings.  Use of this methodology, labeled “dewarping” in stereo PIV 

(Raffel et al., 1998), is required to correct for non-uniform magnification factor across the 

field of view.  The image reconstruction algorithm used in this paper was developed by 

Fujita and Komura (1994).  A set of image from the current tests reconstructed with this 

algorithm is shown in Figure B.4. 
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a) 

 
b) 

Figure B.4.  Image correction applied to the large size images (flume length spanned by 

the image of about 6m): a) flume image before transformation; b) flume image after 

transformation 

 
 
Small-scale flows 

 
For these situations perspective distortion is negligible and procedures similar to 

conventional PIV needs only to be implemented (see Figure B.5).  However, as 

mentioned before, adjustments are needed for illumination, seeding, and pre-processing 

of the recorded images in comparison with conventional PIV to accommodate the 

specific flow conditions and equipment characteristics.  A synopsis of the required 

adjustments is presented below. 

 

 
 

Figure B.5.  Small-scale flow images recorded in the water table facility (flume length 
spanned by the image of about  0.5 m) 
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Illumination. Strong and uniform illumination is required for good quality recordings.  

The illumination setup should be such to avoid light reflections and shadows on the free 

surface.  The contrast of the images is improved if opposite colors are used for seeding 

particles and image background (the bulk mass of the channel flow).  The simulated 

weirs needs also to contrast with the background. 

 
Seeding. This component is one of the most important in the LSPIV procedural chain.  

Seeding particles should fulfill two conflicting requirements; to be small and light enough 

to follow accurately the flow and to be large enough to be clearly identified in the 

recorded images.  Trial and error procedures are needed prior to the tests to find the 

optimum particle size for each of the size of the images.  For the current application tests 

will be conducted with buoyant polypropylene beads (diameters of 3 mm and 0.5 mm; 

specific gravity of 0.90), eco-foam (30 – 50 mm), and crushed wall nut shells particles 

(0.3 –0.7 mm) will be used as seeding particles.  The seeding material needs to uniformly 

cover the flow areas of interest.  The seeding particles will be released upstream of the 

test section.  In addition, seeding particles need to be concurrently released in flow region 

where the upstream released particles are not tracing the flow, i.e., in the recirculation 

area downstream the dikes. 

 

Recordings.  Use of the most recent commercial digital video cameras secures in general 

a good image resolution.  Images should be recorded perpendicular to the flow area.  The 

size of the image area should be correlated with the region of interests for investigating 

the flow features and, concurrently, with the seeding particle size.  Recordings of the 

flow should be only made when the flow is in equilibrium and the seeding concentration 

is uniform.  Recordings up to 5 minutes are usually sufficient to obtain accurate 

information on the mean flow velocities. 

 

Preliminary recordings before each of the new camera setting needs to be made to verify 

if image distortion has minimal impact over the imaged area.  For this purpose, a uniform 

density grid of known size should be placed at the level of the free surface and images 

enclosing it should be recorded.  These images are also required to establish the image-
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to-real coordinates ratio.  In addition, the following settings should/should not be used on 

the camera settings: 

- manual focus with target the free surface.  Manual focus is preferred over automatic 

due to the fact that we have to deal with the free surface where finding a well-defined 

object is difficult because the particles are moving.  A practical approach is to set an 

object near the free surface and to manually focus until you get the best image clarity. 

- no digital zoom 

- no program exposure 

- shutter speed (if available) on; preliminary tests are needed to adapt the shutter speed 

to the flow velocity 

- Other features such as exposure, whiteness, etc. should be tested for attaining the best 

image contrast and brightness. 

 

Image transfer (pre-processing).  Transfer of images from the digital video cameras to 

the computer is generally made using commercial editing video cards and associated 

software. Such software is MotoDV and PhotoDV.  Use of the video editing software 

features is important for the present applications because images are comprising moving 

objects (the seeding particles at the free surface).   All video frames needs to be 

transferred and stored.  In the processing stage will be decided which of the recording 

information can be discarded.  The following operations (settings) needs to be 

implemented during image transfer: 

- use the RAW option for the software capture size (this does not do any transformation 

to the raw image, hence preserves the best resolution - see page 18 of the PhotoDV 

manual). 

- use (necessarily) de-interlacing with field interpolation option.  The first feature is 

needed to discard one of the fields (which just blurs moving images, see bottom photo 

on page 20, PhotoDV manual). The discarded field could be even or odd field, but the 

same for one grabbed recording sequence.   

- de-interlace first and then apply the PhotoDV capture size 
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Additional information.  Each of the tested case should thoroughly document all relevant 

information, such as changes in the light positions, camera setting, and the pre-processing 

procedures used.  More importantly, flow characteristics such as flow depth, and 

estimated mean or local velocities are helpful in setting the image processing variables. 

 
LSPIV Output 

 
The output of the LSPIV measurement is a vector field comprising the instantaneous 

velocity vectors determined within each interrogation area spanning the imaged area.  

The mean velocity vector field is computed using a sufficiently large number of 

instantaneous vector fields.  Given the relatively large size of the LSPIV imaged area, 

many of the scales of flow motion are smaller than the size of the interrogation area on 

which the correlation analysis is performed and hence are not resolved.  Along with 

issues related to the spatial resolution of the technique, careful consideration should be 

given to temporal scales too. Parametric study of this dependence is required for each 

experiment because it is more likely that in large-scale flows, the temporal scales extend 

over several orders of magnitude when compared to their minimum. 

 

LSPIV is capable to accurately determine flow quantities derived from velocity fields, 

such as flow patterns (streamlines, pathlines), for surface flows with high degree of non-

uniformity.  LSPIV can also provide spatial and temporal flow features of the flow 

(recirculation regions, flow-structure interaction).  LSPIV used in conjunction with 

bathymetry information and assumed velocity distribution over the depth can estimate 

flow discharge in the modeled flow.  A sample of the obtained results from the set of 

experiments conducted in the water table is shown in Figure B.6.  The figure illustrates 

the mean flow field averaged over about 2 minutes for the flow recorded in Figure B.5 
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Figure B.6.  Plot of the mean vector field and streamlines for the flow in Figure 

B.5 
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