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'Ay! There are falls on two sides of us, and the river above and 

below. If you had daylight, it would be worth the trouble to 

step up on the height of this rock and look at the perversity of 

the water. It falls by no rule at all: sometimes it leaps, 

sometimes it tumbles; there it skips, here it shoots; in one place 

'tis white snow, and in another 'tis green as grass; hereabouts 

it pitches into deep hollows, that rumble and quake the 'arth; 

and thereaway it ripples and sings like a brook, fashioning 

whirlpools and gullies in the old stone, as if 'twas no harder 

than trodden clay. The whole design of the river seems 

disconcerted. First it runs smoothly, as if meaning to go down 

the descent as things were ordered; then it angles about and 

faces the shores; nor are there places wanting where it looks 

backward, as if unwilling to leave the wilderness, to mingle 

with the salt. Ay, lady, the fine cobweb-looking cloth you 

wear at your throat is coarse and like a [tsh-net, to little spots I 

show you, where the river fabricates all sorts of images, as if, 
having broke loose from order, it would try its hand at 

everything. And yet what does it amount to? After the water 

has been suffered to have its will for a time, like a headstrong 

man, it is gathered together by the Hand that made it, and a 

few rods below you may see it all flowing on steadily towards 

the sea, as was fore-ordained from the first foundation of the 

'arth! 

James Fenimore Cooper, The Last ofthe Mohicans 
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Nothing happens in contradiction to nature, 

Only in contradiction to what we know of it. 
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An investigation into the behaviour of the turbulence during 

laboratory simulations of floods in rivers with mild bed slopes was 

undertaken. Computer control of the flow rate into the flume 

enabled reproducible flood waves to be generated. To rigorously 

model the energy gradients in a long channel, an interactive sluice 

gate control was developed for the downstream end of the flume. 

Mean flow unsteadiness effects on the turbulence were evaluated by 

considering different duration hydrographs with similar shapes and 

magnitudes. The investigation was limited to the longitudinal 

component of turbulence, as a one-component laser Doppler 

anemometer was employed for the determination of point 

velocities. Flow visualisation using a dye plume supplemented 

velocity data. It was observed that for events having a shorter 

duration the peak turbulent intensity had a greater magnitude, and 

occurred relatively earlier on the rising limb of the flood. 

The turbulent energy peak coincided with the maximum flow rate 

divergence. For increasing flow divergence magnitude, which only 

occurs on the rising limb, the production of turbulence was larger 

than dissipation, with the transport of turbulence providing an 

additional sink for turbulent energy. After the depth had peaked the 

flow experienced pseudo-equilibrium conditions, where the 
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transport mechanism was insignificant and the rate of production 

approximated dissipation. A feature of the falling limb was a period 

of inactivity, in which the magnitudes of production and dissipation 

were at nnn1ma. 

A second -5/3 slope region was observed in the energy spectra. The 

length scale associated with an energy source for this double 

structure was two orders of magnitude larger than the Kolmogorov 

dissipation length scale. Decay times for flow structures of this size 

are similar to the duration of these hydrographs. 

It is possible that the unsteady flow created vortex structures that 

persisted for some time after the flow which generated them had 

moved downstream. These vortex structures, which provide a 

turbulence memory mechanism, and the state of pseudo-equilibrium 

on the falling limb are responsible for residual turbulent energy in 

the flow throughout the falling limb and immediately following the 

passing of the flood wave. 

In addition, it is suggested that mean flow controls both the 

production and dissipation of turbulence, with the dissipation of 

turbulent kinetic energy being controlled by the diffusion of 

momentum during low speed streaks. The Kolmogorov scale may 

be interpreted as defining the critical damping condition along these 

streaks where Reynolds stresses balance viscous forces. 
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Before these fields were shorn and tilled, 

Full to the brim our rivers flowed; 

7be melody of rivers filled 

7be fresh and boundless wood; 

And torrents dashed, and rivulets played, 

And fountains spouted in the shade. 

Bryant 
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1 Introduction· 

1.1 Project Scenario 

Our ability to assess sustainability of the environment for 

commercial and leisure purposes depends in part on understanding 

contaminant transport and mixing processes. It would not be an 

exaggeration to conclude that legislative and ethical accountability 

imposes a need to improve our understanding of turbulence, 

which controls contaminant transport and mixing in geophysical 

flows. Turbulence, the chaotic behaviour of fluid flow, is 

considered by many engineers and scientists to be one of the most 

challenging classical problems that remains unsolved. 

Open channel flows, as for those in other conduits, are frequently 

assigned a general classification in which they are described as 

either steady or unsteady. Unsteady flows are defined in the most 

general sense as those having properties that exhibit a time 

dependency. This study is concerned with the behaviour of an 

unsteady field that is self-generated and self-sustained in parallel 

with an unsteady response to dynamic extraneous disturbances to 

the flow (Telionis, 1981). Throughout this study the term unsteady 

flow shall refer to the external dynamic disturbances only, eg. a 
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flood hydrograph, while turbulence is considered to be a sustained 

unsteadiness. 

Understanding fluid motions in lakes, rivers, groundwater, and the 

ocean, requires an awareness of the extent of any inherent 

unsteadiness in the flow. Factors contributing to these flow 

variations may include meteorological conditions and astronomical 

influences as well as human activities, historical and current. In 

natural and artificial open channels unsteady events of relatively 

large magnitude, ie. floods, can inflict considerable damage on 

physical structures within a river channel and on adjacent land. 

The turbulence in flood waves influences scour, sediment 

transport and deposition; in addition, turbulence energetics are 

closely related to flow resistance and hence to water levels and 

mean velocities, both of prime concern in floods. 

Turbulence levels exceeding those expected were observed during a 

study by the DSIR, Hydrology Centre, of river bank stability due 

to flow cycles in the Lower Clutha River, generated during the 

operation of the Roxburgh hydro-electric power station, in 

February 1990 (Smart, 1990). This situation resulted in dipping of 

measured velocity signals due to extreme fluctuations being 

beyond the range of the equipment. Unfortunately, this meant 

that it was not possible to quantify the turbulence. However, 

qualitatively the data gave the impression that the intensity of the 

turbulence was greater, for the same water depth, on the rising 

limb of a flood wave than on the falling limb. 
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1.2 Experimental Objectives 

The initial goal of my project was to make observations during 

laboratory flood waves that supported the qualitative observations 

of the Clutha River study. To achieve this I used a laboratory 

flume with inflow governed by a computer controlled valve in 

combination with an electromagnetic flow meter to generate 

reproducible flood waves. In order to faithfully model energy 

gradients in a river, it was decided that it would also be necessary 

to establish a control system for the sluice gate at the downstream 

end of the flume, rather than tolerating a free overfall. The 

repercussions of this decision seem to be far reaching, as the results 

obtained contrast significantly with those of other researchers. 

As a result of my initial experiments, it became apparent that a 

question central to this investigation is: what flow property, 

mechanism or process arises because of the unsteadiness in a flow 

and generates the observed turbulence behaviour? 

Finally, a more general aim of the study was to further the 

understanding of turbulence and its relationship with the mean 

flow. 
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1.3 Thesis Structure 

This introduction is followed, in Chapter 2, by a review of the 

contemporary literature on unsteady open channel flows and 

turbulence. 

Chapter 3 presents details of the experimental programme, which 

comprises three unsteady flow hydrographs and three near

uniform steady flows. All facets of the experiments are discussed: 

the configuration of the laboratory, the methodology adopted for 

the flow, data collection for the point velocities and parameters 

defining the mean flow hydrographs, the control systems for the 

flow, and a flow visualisation investigation. 

In Chapter 4 data, including point velocity snapshots, collected for 

steady flows and unsteady flow hydrographs are presented. This 

information reveals the structure and temporal behaviour of mean 

flow and turbulence parameters. A qualitative description of the 

flow visualisation observations and some associated time scales for 

this motion are also furnished. 

Chapter 5 examines the interaction between turbulence and an 

unsteady mean flow on several levels. The point velocity data are 

scrutinised by spectral analysis, a turbulent kinetic energy budget 

framework, pressure gradient calculations, and consideration of 

relevant time scales. Unsteadiness parameters, flow resistance and 
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Issues ans1ng from the work of Song & Graf (1996) are also 

discussed in Chapter 5. 

Then, Chapter 6 presents discussion and interpretation of these 

results, leading to postulation of flow mechanisms responsible for 

the observed turbulence behaviour. A review of the experimental 

methodology used in this study is also presented. 

Aspects of this project that could be expanded or extended in 

future research are discussed following the conclusion to this study 

in Chapter 7. 

References made in each chapter are listed in the last section of that 

chapter. 

1.4 References 

Smart, G. M. (1990) 

Cyclic Flow Variation and River Bank Stability Lower 

Clutha Data Report, DSIR, Hydrology Centre, CR90.08, 

March, pers. comm. 

Song, T., and Graf, W. H. (1996) 

Velocity and Turbulence Distribution in Unsteady Open

Channel Flows, Journal of Hydraulic Engineering, ASCE, 

122(3), pp.141-154. 
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Telionis, D.P. (1981) 

Unsteady Viscous Flows, Springer- Verlag, Berlin, 408 pages. 
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Turbulent Motion. 

It remains to call attention 

to the chief outstanding difficulty of our subject. 

Horace Lamb, Hydrodynamics, 1932. 
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2.1 Introduction 

The dominant unsolved problem in fluid mechanics is to develop, 

from the Navier-Stokes equations, a theory of turbulence. 

Turbulence is the feature of high Reynolds number fluid motion 

characterised by randomness, diffusivity, and three-dimensional 

vorticity that are determined by the flow environment. 

Considerable effort by researchers, including Nobel Laureates 

Chandrasekhar, Heisenburg, Landau, Prigogine and Wilson, has 

resulted in a great deal of empirical knowledge. In the last 30 years 

turbulence measurements in water flows have become prevalent 

again, with work on open channel flow to the fore. However, 

there exist only a handful of studies on the more complex problem 

of turbulence in unsteady open channel flow. 

This chapter will outline the origins of turbulence studies and 

discuss more recent developments with respect to experimental 

studies and theoretical models. Following this, a review of 

unsteady open channel fluid mechanics is presented that 

encompasses mean hydrograph work and those studies involving 

turbulence measurements. 
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2.2 Turbulence 

2.2.1 The History of Turbulence Research 

All works undertaken before the Renaissance, epitomised by the 

Roman aqueducts and the training of the Yellow River in China 

during the Sui dynasty (581~618), were designed and constructed 

on empirical understanding. During the Renaissance hydrostatics 

became established and Leonardo da Vinci first qualitatively 

discussed hydrodynamics. He justified the need for observation 

and experimentation through science and art, notable being his 

depiction of vortical motion, ie. turbulence. Careful observation 

and acute insight exemplified the research of da Vinci, rather than 

quantitative measurements or the development of equations of 

motion; effectively these were early flow visualisations. 

Turbulence research did not progress much for the next 300 years 

until Reynolds' 1883 experiments that distinguished laminar and 

turbulent flows. Reynolds followed this in 1895 with the 

development of equatiOns of motion which allowed flow 

quantities to be considered as the summation of mean and 

fluctuating components, now referred to as Reynolds 

decomposition. Then, in 1904, Prandtl presented his boundary

layer theory. Prandtl's 1925 mixing length concept was one of the 

early successful calculation methods developed which was able to 
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approx1mate the mean velocity field using a small number of 

empirical parameters. The more stnngent demands of 

aerodynamic design compared to fluvial hydraulics, and the 

relative ease of conducting experiments with air rather than water 

flows, meant that turbulence and boundary-layer knowledge were 

rarely applied to hydraulic engineering. 

Taylor demonstrated, in 1921, the important role of the 

correlation functions of the velocity field. Keller and Friedmann 

(1924) championed the idea that the correlation functions and 

other statistical moments of fluid mechanical fields must be 

recognised as a fundamental characteristic of turbulence. Their 

argument was based on the use of correlation functions in 

turbulence dynamics to characterise the relation between velocities 

at adjacent points in a flow. 

The advent of hot-wire anemometry in the 1930's enabled 

turbulence measurements in air flows. In 1935 Taylor proposed a 

statistical theory of isotropic, or ideal, turbulence. Kolmogorov' s 

(1941) theory of locally isotropic turbulence, which led to the well 

known -5/3 power law for the spectrum of shear flow and free 

turbulence, was of major significance. 

British researchers concentrated on the free turbulence of jets, 

wakes and grid turbulence, as studied by Taylor, Batchelor (1953) 

and Townsend (1976). Meanwhile, investigations of boundary 

layers (Klebanoff, 1954) and of pipe and duct flows (Laufer, 1951 

and 1954) were undertaken in the USA. 
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The expectation existed in the 1960's that turbulence was random, 

or chaotic, and therefore all turbulence structures . could be 

explained theoretically and experimentally by means of 

conventional statistical tools, such as space-time correlations and 

spectral analysis. However, in 1967 Kline et al. discovered bursting 

phenomena in boundary layers and Winant & Browand (1974) 

revealed the vortex-pairing phenomena in turbulent mixing layers, 

using flow visualisation techniques. The data collected from wind 

tunnel experiments led Rao et al. (1971) to propose a relation for 

the bursting period in a turbulent boundary layer. These findings 

ran counter to the theory of complete randomness. At the same 

tlme progress was made m numerical fluid mechanics 

accompanying advances in computing technology. 

Not until 1957, when Ippen & Raichlen used a total head tube 

with a pressure transducer, was open channel turbulence measured. 

The later development of the hot-film anemometer was largely 

superseded, in the 1970's, by laser Doppler anemometry. This has 

enabled accurate measurements of turbulence structures. 

Recently momentum has been gamtng behind a dynamical 

approach for understanding turbulence, in particular, dissipative 

dynamical systems. These systems are characterised by oscillatory 

phenomena, which leads to the use of Fourier transforms to 

analyse and describe motions. A dynamical regime is considered 

chaotic, which requires only 3 degrees of freedom, if its power 

spectrum has a broad band that is continuous (Berge et al., 1984). 
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The importance of strange attractors in physical hydrodynamics is 

suggested due to their sensitivity to initial conditions. 

To date, three distinct approaches have been employed in 

turbulence research: statistical (eg. Reynolds and Kolmogorov), 

structural (eg. Kline et al., 1967), and dynamical (eg. Berge et al., 

1984). All three approaches have their own strengths and are 

helpful, perhaps even essential, to the understanding of turbulence. 

The information presented in Section 2.2.1 was taken from several 

monographs, including Monin & Yaglom (1965), Tennekes & 

Lumley (1972), and Nezu & Nakagawa (1993). In light of this 

some of the work cited in this section has not been included in the 

list of references at the end of this chapter (Section 2.4). 

2.2.2 Flow Structure 

It has been well established that turbulence production in 

turbulent boundary layers is a quasi-periodic process which results 

in short energetic bursts. In their classic flow visualisation 

experiments, Kline et al. (1967) suggested that the formation of 

low speed streaks in the near-wall region and their interaction with 

the outer layer play a dominant role in turbulence production and 

transport within a boundary layer. They theorised that the high 

Reynolds stresses, which characterise the wall region, must arise 

because of some well organised motion, and that the streak 



16 

breakup provided this motion. Rao et al. (1971) concluded that the 

bursting intervals were log-normally distributed, with the mean 

bursting period scaling with outer variables. These researchers 

believe that the dynamics of the energy in a turbulent boundary 

layer can be understood only on the basis of a coupling between 

the inner and outer layers. In this model the large outer eddies 

scour the slower moving inner layer, thus releasing bursts of 

turbulent energy. 

Advances in digital imaging have provided researchers with more 

powerful flow visualisation tools. Lu & Smith (1991) provided 

evidence that a video system capable of 120 frames per second, 

used in association with the hydrogen-bubble technique, could 

produce results consistent with previous studies. 

Organised mot1ons in turbulent shear flows, revealed by flow 

visualisation, are now popularly referred to as coherent structures 

(CS). The expectation is that coherent structures are quasi

deterministic features of turbulence that are responsible for most 

turbulence effects and therefore may hold the key to explaining 

turbulence phenomena. 

It was proposed by Lesieur (1984) that the dynamics of turbulent 

flows are characterised by a competition between the organising 

action of viscosity and instability mechanisms, such as mean shear, 

which tend to create the coherent structures, and the explosive 

growth of small scale three-dimensionality which tends to destroy 

them. 
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Motivated by conjecture that vortex reconnection plays a key role 

in turbulence, Hussain & Melander (1992) used DNS to investigate 

the idealised situation of a well defined vortex superimposed on 

fine scale turbulence. They identified three reconnection phases, 

the first being inviscid induction, which is the process of 

deformation and stretching that occurs when vortex cores 

approach. Subsequent to the inviscid induction phase, an 

annihilation of vorticity takes place as a result of viscous cross 

diffusion. This involves the cross-linking of vortex lines, which 

tend to accumulate into bundles, known as bridges. In the third 

phase the bridges pull apart by self induction, inducing a flow in 

the opposite direction to the initial dipole. This generates a 

curvature reversal with respect to the initial vortices. The 

remnants of this process are stretched as threads by the bridges. 

Further, Hussain & Melander (1992) claim that although the small 

scales in the absence of vortex structures are isotropic and 

homogeneous, the vortex structures destroy the isotropy by first 

aligning small scale vorticity in the swirl (downstream component 

of vorticity) direction. Subsequent pairing of small scales 

orientated in roughly the same direction takes place, whereby the 

small scales organise into increasingly larger vortical structures, 

leading to an inverse energy cascade, in which energy is transferred 

from smaller scales to larger scales. 

This concept was supported by Nezu & Nakagawa (1993) who 

describe the cross-linking of vortex lines as the agglomeration of 
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hairpin vortices (small-scale bursting motions). The agglomeration 

process is believed to be essential to the feedback mechanism for 

the recurrence of bursting motions generate large-scale bursting 

motions. This leads to the evolvolution of large-scale transverse 

vortex structures. Nezu & Nakagawa emphasise that the 

agglomeration process is promoted substantially with Reynolds 

number increases. Consequently, the difference between small

scale and large-scale bursting motions is clearly distinguished in 

geophysical flows at high Reynolds numbers. If this situation exists 

then a triple structure of turbulence, consisting of small-scale 

(relative to the mean flow scale) and large-scale bursting motions, 

and large-scale vortical motions, may occur. 

2.2.3 Reynolds Number Effects 

Although not directly related to my work, there have been some 

investigations of low Reynolds number (Re) turbulent flow. Wei 

& Willmarth (1989) measured two components of velocity with a 

laser Doppler anemometer system in turbulent open channel flows 

over the range 3x103 <Re<4x104
• They hypothesised that an 

apparent systematic dependence of turbulence distributions on Re 

in the inner region was caused by changes in the structure of 

turbulence close to the wall. Wei & Willmarth also suggested that 

the Reynolds stresses do not scale with inner variables. Erm & 

Joubert (1991) made similar observations in a wind tunnel during 

low Re turbulent boundary layer experiments over a smooth flat 
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surface in zero pressure gradient. In 1992 Antonia et al. presented 

data and DNS results from duct flow over a similar Re range to 

that of Wei & Willmarth. Their data revealed a significant Re 

dependence in the low wave number region of the u1 spectrum and 

velocity co-spectra. A discussion was given of the active/inactive 

motion concept supported by Bradshaw (1967). 

2.2.4 The Spectrum of Turbulence 

Geophysical flows are characterised by high Reynolds numbers 

and therefore exhibit fully developed turbulence, which is 

associated with many degrees of freedom. Two conceptual models 

of the turbulent energy transfer process have been proposed, the 

first of which, called the energy cascade, presupposes that there is a 

continuing fragmentation process that transfers energy from 

external energy sources to the sink of viscous dissipation. As a 

result of the vast number of steps in the energy transfer, the 

distribution of energy at higher wave numbers is not dependent on 

the details of the energy source. This leads to a condition of local 

isotropy at higher wave numbers. The opposing theory, called 

structural turbulence, is based on the idea of spacio-temporal 

structures, such as solitons and collapses (Zakharov et al., 1992). 

Research has attempted to establish a fundamental theory which 

explains the energy distribution over the wide range of scales 

associated with high Re flows. Attention has focussed on the 
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inertial subrange which is generally considered to be independent 

of the characteristics of both the source and sink of turbulent 

energy. The river data of Komatsu et al. (1989) validated the 

assumption of local isotropy in the inertial and viscous subranges, 

despite the influence of a noise spectrum at the highest wave 

numbers. Borgas & Sawford (1991) discussed the structure of 

Lagrangian turbulence statistics and proposed modifications to 

contemporary theory to account for apparent inconsistencies. 

Both of the structural and energy cascade theories make use of the 

intermittency phenomenon. Theories of the effect of fine scale 

intermittency on the non-linear transfer of energy to the small 

scales can be divided into two broad classes: vortex-stretching and 

scale-similarity theories. In order to model fine-scale intermittency 

researchers have assumed that the fine structure comprises vortex 

sheets and/ or tubes. This approach suffers from a lack of 

knowledge of the vortex field, although Kuo & Corrsin (1971) 

reported that the geometry of the fine structure was more 

filament-like than anything else. 

The scale-similarity theories have their origins with remarks made 

by Batchelor & Townsend in 1949 (McComb, 1990) that the 

simplest possible model of turbulent intermittency was to imagine 

that space comprises a number of regions, each with its own value 

of energy dissipation rate, in which the energy spectrum takes the 

universal Kolmogorov form. Thus variations in the energy 

spectrum from one region to another are merely variations of 

excitation level and are proportional to the local rate of dissipation. 
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Kolmogorov presented his theory of intermittency in 1962 to 

account for the random nature of the energy transfer to 

progressively smaller length scales. In the same year Obukhov 

pointed out that an observed variability in the turbulent intensity 

may be explained by variance of the dissipation rate. Then, in 

1966, Yaglom used a model called 'self-similar breakdown of 

turbulent eddies' to show that the local turbulent kinetic energy 

dissipation rate possesses a log-normal distribution (Lesieur, 1990). 

This intermittency theory is referred to as the Kolmogorov

Obukhov-Y aglom theory. 

Frisch (1995) states that the log-normal model, along with many 

other random cascade models, presents two known 

inconsistencies; it violates the Novikov inequality because of the 

non-conservative nature of the cascade, and it implies supersonic 

velocities at high Reynolds numbers. It should be noted, howerver, 

that log-normality is not a necessary element in a scale-similarity 

theory of intermittency. 

Intermittency has been interpreted in some one-dimensional 

models as the ratio of energy flux toward higher wave numbers to 

that in the opposite direction (Kadanoff, 1995). This is consistent 

with the coherent structures argument of Hussain & Melander 

(1992), in particular the associated inverse energy cascade. 

Calculation of an entire spectrum requires the acquisition of 

measurements using apparatus capable of resolving dissipative 
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scales. While this has not been an issue for laser-Doppler 

anemometry (Buchhave et aL, 1975; Durst et al., 1976; Durrani & 

Greated, 1977), similar spatial resolution in intrusive measuring 

systems has been developed more recently. An example of this is 

the nine-sensor hot-wire probe described by Vukslavcevic et al. 

(1991), that is capable of simultaneous measurement of the velocity 

and vorticity vectors with a spatial resolution one order of 

magnitude larger than the Kolmogorov length scale 17 in a thick 

boundary layer. 

Papers published in 1977 and 1986 by a group of researchers 

headed by A. Perry (Raupach et al., 1991) describe the 

development of scaling arguments to predict the form of the 

velocity spectra for each of the three velocity components (u1, d, 

w\ and, from these, vertical profiles for the corresponding 

turbulent intensity components. They considered three spectral 

ranges referred to as inactive, active, and fine scale eddies (in order 

of increasing wave number) which obey outer, inner, and 

Kolmogorov scaling, respectively. In the inertial subrange, which 

is the overlap between the latter two ranges, all spectra were 

dimensionally constrained to follow the Kolmogorov -5/3 law, 

whereas it was argued that in the overlap of the two larger scale 

spectral ranges the u1 and d spectra are inversely proportional to 

the wave number. In the ul spectrum only inner and Kolmogorov 

scale ranges are presumed to exist. 
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2.2.4 Numerical Modelling 

DNS, which is the resolution of the Navier-Stokes equations using 

the most powerful computers, has been used to provide detailed 

insight to the small scale structures in turbulent flow. The 

relatively limited capacity and speed of computers, in spite of 

significant progress in this area, does not allow the direct 

numerical simulation of entire geophysical flows as a consequence 

of the large separation of scales. The need for practical calculation 

methods has led to the development of empirical and semi

empirical techniques. These empirical models correlate 

experimental results and therefore are only applicable to problems 

involving similar flow conditions. This approach often involves 

some averaging process, which introduces the need for a closure 

system. In most cases the turbulent fluctuations are completely 

removed by a suitable averaging of the governing equations and 

the model must then describe the effect that the turbulence will 

have on the mean motion; this constitutes a turbulence model. 

Vincent & Meneguzzi (1991) used graphics to provide visualisation 

of their simulation of stationary three-dimensional homogeneous 

and isotropic turbulence. They concluded that the strongest 

vorticity is organised in elongated tubes having widths on the 

order of several dissipation scales. Jimenez & Moin (1991) 

attempted to find and study the dynamics and morphology of a 

'basic flow unit'. They proposed a regeneration mechanism for 

near-wall structures, in which the head of a rolled vortex layer 
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overtakes the root of another with the shear from the front vortex 

creating a new strong vortex. 

The parametensatwn of turbulence and its effects have been 

attempted through the use of friction (Chow, 1956) and mixing 

(Fischer et al., 1979) coefficients. Friction coefficients are useful for 

one-dimensional flow, while for the resolution of more than one 

spatial dimension mixing length eddy viscosities and diffusivities 

have application in only the simplest cases. 

Most of the turbulence model development, and application, has 

been performed in the areas of mechanical and aeronautical 

engineering, despite the importance of turbulent transport 

processes in hydraulic engineering. With this in mind Rodi (1980) 

undertook a state-of-the-art review, in which focus was placed on 

the K-& model. At that point in time Rodi noted the rarity of 

unsteady flow calculations due to the large spatial dimensions of 

these problems and the likely obscuring of the turbulent transport 

by numerical diffusion. 

An ASCE task committee on turbulence models in hydraulic 

computations (Bedford et al., 1988a-e) presented a five part 

overview of the structure of turbulence models and their use, in 

which consideration of largely untested advanced modelling 

strategies, such as large-eddy simulation (LES), was excluded. In the 

first part, general model equations for free surface flow and 

transport were stated for two-dimensional averaged and three-
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dimensional cases. One-equation and two-equatwn K-& closure 

models were presented. A case study of waste heat discharge into 

Lake Huron followed a discussion of Reynolds stress/ mass or 

scalar flux models in Part II. Two further case studies, of river flow 

and pollutant mixing in the Rhine River, and of flow and salt 

transport in the Hudson River/Raritan River Estuary, formed 

Part Ill. The focus of Part IV was computer requirements for the 

implementation of models and existing code with views being 

expressed on the development of new turbulence model code and 

the evaluation of code. The final part of the review summarised 

the available models and provided the full reference list. Scepticism 

was expressed because of the general lack of data for establishing 

the relative credibility of different models and objective methods 

for performance evaluation. 

LES methods were developed to simulate the large-scale turbulent 

motion that can be resolved with a numerical grid, while the 

smaller scales are approximated with a 'sub-grid model' (Nezu & 

Nakagawa, 1993). Calculations using this approach require long 

computmg time due to the temporal dependence and three

dimensionality of the large-scale structures. Deardorff (1970) was 

the first to apply LES in his calculation of turbulence in a closed 

channeL However, it was the successful simulation of the bursting 

phenomena near a wall by Moin & Kim (1982) that holds the 

greatest significance in the modelling of wall turbulence. The 

kinematic simulation of an unsteady random velocity field by 

Fung et al. (1992) is effectively a 'small-eddy simulation' that might 
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complement LES. The structure of the velocity field was found to 

be similar to that computed by DNS with the same spectrum, 

although the simulation underestimates the length of tubes of 

intense vorticity. Horiutu (1992) made a numerical assessment of 

models for the transport of passive scalars in turbulent flow that 

use both LES and DNS techniques. 

In other recent studies, Finnie & Jeppson (1991) discussed the 

application of finite element code to turbulence modelling and the 

various techniques adopted in their calculation of turbulent flow 

under a sluice gate, including the physically unrealistic uniform 

turbulence production within each element. Cho & Chung (1992) 

proposed a set of turbulence model equations for turbulent kinetic 

energy, dissipation rate and intermittency factor y, which they 

claimed offers considerable improvement over previous models for 

several class of shear flow; particularly in calculations of the centre

line mean velocity, Reynolds stress and turbulent kinetic energy 

profiles. 

2.3 Open Channel Flow 

The complex nature of turbulent flow has seen the majority of the 

research related to this topic being devoted to steady flow. This 

trend has begun to change in the last decade, partly due to 

technological advances in control equipment and data acquisition 

systems. 
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2.3.1 Steady Flow 

Richardson & McQuivey (1968), who conducted one of the early 

studies, concluded that the relative turbulent intensities (turbulent 

intensity non-dimensionalised by the mean velocity) increased 

with Reynolds number. The belief that the turbulent intensity 

relative to the shear velocity (dimensionless turbulence) appeared 

to depend exclusively on the dimensionless distance from the 

boundary was first expressed by Blinco & Partheniades (1971). 

Data presented by Steffler et al. (1985) and Nezu & Rodi (1986) 

supported this finding. In 1977 Nezu (Nezu & Rodi, 1986) 

quantified the relationships for two turbulent 
. . 
1ntens1ty 

components, 1n the outer or equilibrium region of an open 

channel flow, using equations with an exponential form. Constant 

values were proposed for the magnitude and gradient parameters 

in each equation despite there being significant scatter in the data 

presented and an apparent Reynolds number dependence. 

Although alternative values for these parameters have been 

proposed by Cardoso et al. (1989a) and Nezu & Nakagawa (1993) 

these contributions have done little to improve the understanding 

of the structure of turbulence. 

Nezu & Nakagawa (1993) present a comprehensive chronological 

summary of work done in the field of turbulence in steady open 

channel flows. 
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2.3.1.1 The Effect of Channel Characteristics 

Several groups have addressed the issue of possible effects of 

channel cross-sectional shape on the turbulent structure. T ominaga 

et al. (1989) compared the three-dimensional structure in channels 

with trapezoidal and rectangular sections. They concluded that the 

normal stress difference was responsible for producing the 

different secondary currents observed in the two channels. Knight 

& Shiono (1990), who incorporated a floodplain in their prismatic 

channel, found that high lateral shear produced non-linear vertical 

profiles of Reynolds stress and that upwelling at the main 

channel/floodplain interface produced large plan-form eddies that 

transfer momentum from the main channel to the floodplain. The 

compound channel of Tominaga et al. (1989) and Tominaga & 

Nezu (1991) had a rectangular main channel, which resulted in 

stronger upflow at the channel-floodplain interface than in Knight 

& Shiono (1990) and therefore stronger vortical motion. Shiono & 

Knight (1991) present further data and an analytical model that 

includes the effects of bed-generated turbulence, lateral shear 

turbulence and secondary flows. 

Considerable effort has been made to ascertain the effect that the 

nature of the channel bed has on turbulence. Bed roughness was 

studied by Wang et al. (1993), who concluded that, for flows 

having a depth the same order of magnitude as the height of the 

roughness elements, the dimensionless turbulence has a strong 
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dependence on the relative height of the roughness elements. 

Kironoto & Graf (1994), with a fixed bed, and Song et al. (1994), in 

movable bed experiments, reported a slight, but statistically 

insignificant, reduction in the dimensionless turbulence in the 

outer layer of a uniform flow with gravel beds. Experiments 

involving larger, macro-structures, on a channel bed, eg. dunes, 

were conducted by Lyn (1993), who suggested that shear velocity 

was not an appropriate velocity scale in the separated recirculating 

zone, and Nelson et al. (1993), who demonstrated that 

topographically induced acceleration has a relatively strong effect 

in modifying the turbulence structure over a bed form. 

2.3.1.2 Sediment Transport Effects 

Conjecture regarding the effect of sediment transport on 

turbulence in open channel flow dates back to Vanoni (1946) who 

speculated that the presence of suspended sediment would damp 

turbulence. Since then there has been no definitive study, although 

a great deal of confusion, on this issue as various data sets support 

or refute the Vanoni theory. 

van Ingen (1981) reported a slight increase in the longitudinal 

dimensionless turbulence compared with her clear water results for 

experiments conducted with a single sand in a channel with a flat 

equilibrium bed. This increase is not considered very significant in 

light of the scatter in results reported in other literature. L yn 

(1986) conducted similar experiments using a two-component 
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LD A with three different uniform sands. He suggested that the 

effects of sediment on the turbulence was confined to the near-bed 

region. Conflicting data was presented by Xingkui & Ning (1989) 

whose results indicate a reduction in dimensionless turbulence 

with increased sediment concentration. Spectra were produced that 

show for increasing sediment concentration the energy in the large 

eddies increases while there is less energy in the smaller scales. 

These spectral observations were supported by Lyn's (1992) study 

of sediment flows with equilibrium and starved beds. 

The effects of adding coarse sand, carried as bed load, in flows of 

water and clay suspensions was studied by Wang & Larsen (1994). 

They reported increased shear and Reynolds stress with bed load 

and the location of the peak turbulent intensity was observed 

further from the bed than for clear water and the suspension 

without bed load. 

2.3.1.3 Pressure Gradient Effects 

Cardoso et al. (1989b) presented data for steady flow over an 

inclined plate attached to a horizontal bed flume. The 

dimensionless turbulence was generally much less than predicted 

using the Nezu & Rodi (1986) formulation. Song & Graf (1994) 

extrapolated this result in their study of non-uniform flow over a 

rough bed, in which they suggested that the dimensionless 

turbulence is greatest for decelerating flow and least for 

accelerating flow, with uniform flow values falling between these. 
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Although not open channel experiments, significant contributions 

to understanding the influence of longitudinal pressure gradients 

on turbulence were made by Dianet & Castro (1991) and Baskaran 

et al. (1991) in wind tunnel experiments. The investigation of an 

adverse pressure gradient on a flat plate boundary layer, by Dianet 

& Castro, revealed the importance of normal stresses in turbulence 

production near the wall and the relatively large influence of 

turbulent transport. Baskaran et al., who studied flow over a 

curved hill in the bed, also noted the normal stress effect, but 

concluded that the pressure gradient does not affect stresses 

directly. Instead, additional strain was generated by the flow 

acceleration, which manifests itself in the normal stress 

production. 

Mendoza & Shen (1990), using a algebraic stress model, and Yoon 

& Patel (1996), with a two-dimensional numerical K-m (m is the 

ratio of turbulence dissipation & to turbulent kinetic energy K) 

model, have calculated the flow structure for fixed dunes. Mendoza 

& Zhou (1992) showed for a porous bed that the turbulent 

components do not become small at the bed. Prinos (1995) 

conducted experiments in which bed-suction was applied. Within 

the suction region of the flow turbulence was suppressed despite 

increased bed shear. 
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2.3.2 Unsteady Flow 

2.3.2.1 Mean Flow Unsteadiness 

Early studies of unsteadiness in the mean flow of an open channel 

revolved around hydrologic issues, eg. Liggett's (1959) study of 

unsteady open channel flow with lateral inflow in a long, wide, 

straight channel of constant slope. At a 1976 symposium (Stephens 

& Hemmings, 197 6) papers on three-dimensional flow simulation, 

non-linear analysis, computer simulation and flood routing of flow 

in irrigation canals, rivers and estuaries were presented, indicating 

a greater emphasis on hydraulic engineering. 

The Doctoral study of Tu (1991) on the velocity distribution in 

unsteady flow over gravel beds led to a series of publications. Tu & 

Graf (1992a) demonstrated that the log-law, in association with 

Coles' wake law, could be used to describe vertical velocity profiles 

if the unsteadiness is accounted for in the wake parameter. 

However, they assumed that the mean flow unsteadiness could be 

described by the Clauser parameter, which was originally 

developed to characterise steady-state boundary layer development 

in external flows. It is not clear how much relevance this 

parameter has in these flows. The Clauser parameter was rewritten 

making the assumptions that the displacement thickness 1s 

proportional to the flow depth and the shear velocity 1s 

proportional to the mean velocity. These propositions are not as 

valid for unsteady flows compared to steady flows, as acceleration 
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terms assume greater significance. In addition, a parameter was 

introduced in the formulation of the Clauser parameter that was a 

function of the relative roughness of the bed and a power law form 

was introduced for the mean velocity profile. There is a certain 

amount of arbitrariness about the power law, and data presented 

by Tu (1991), that does not completely support this approach. 

Tu & Graf (1992a) demonstrated that the location of the vertically 

averaged velocity is located closer to the bed near the peak in the 

depth hydrograph than in steady flows. Tu & Graf (1992b) present 

data and an accompanying argument that support the idea that 

mean flow unsteadiness causes a non-linear vertical shear stress 

distribution, and, for the same flow depth, shear stress is greater on 

the rising limb than the falling limb. The need to employ the St 

V enant equation of motion for the calculation of the shear, or 

friction, velocity was demonstrated by Tu & Graf (1993). This was 

confirmed by Graf & Song (1995) who made other estimations of 

friction velocity using a skin-friction probe for direct 

measurement, Reynolds stress profiling and evaluation the law of 

the wall in the inner region. 

Numerical modelling of unsteady open channel flows has been 

tackled on two fronts, namely dam breaks, particularly in dry 

channels, and floods in open channels possessing some existing, or 

base, flow. Wu et al. (1993) and Messelhe & Holly (1993) present 

models of dam breaks in wetted channels of arbitrary cross-section 

and dry irrigation canals, respectively. An advance to the double

sweep technique for solving systems of algebraic equations arising 



34 

from implicit schemes for unsteady open channel flow was 

proposed by Strelkoff (1992). Molls & Chaudhry (1995) developed 

a general mathematical model to solve the unsteady, two

dimensional depth-averaged equations that was applied to a variety 

of problems, including a hydraulic jump in a straight channel, flow 

through a contraction that acts as a control structure, flow in a 

180° channel bed, and a dam break simulation. 

2.3.2.2 Unsteadiness and Sediment Transport 

Work on sediment transport processes is exemplified by the study 

by Phillips & Sutherland (1984) of spatial and temporal lag effects 

in bedload transport. The results of their work were supported by 

Tsujimoto (1988). Both studies proposed that there are two 

mechanisms in unsteady flow sediment transport. The first, 

referred to as the direct effects of flow variability, in which the 

instantaneous sediment transport rate can be calculated if the 

unsteadiness or non-uniformity of the flow is accounted for. The 

relaxation mechanism recognises that the sediment transport and 

fluvial processes cannot respond immediately to changes in the 

mean flow because of their slow process rate. Most significantly, the 

bed forms require time to respond to the changes in the flow 

conditions. 

Paul & Dhillon (1987) investigated ephemeral streams with steep 

bed slopes and high sediment transport rates. They concluded that 

the sediment transport is always greater than for an equivalent 
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steady flow and that all of the important information is yielded on 

the rising limb of a hydrograph, irrespective of the duration of the 

descending limb. A relation for the dimensionless error in 

estimating the sediment transport for an equivalent steady flow 

was proposed by Suszka & Graf (1987), using bed slope, sediment 

size and unsteady flow scales. 

O'Brian et al. (1993) detailed a two-dimensional finite difference 

model for the simulation of clear-water floods, mudflows and 

debris flows on alluvial fans and urban flood plains. They 

presented a case study of a mudflow in an urban environment to 

demonstrate the flexibility of their model. 

2.3.2.3 Turbulence Behaviour 

The first studies of turbulence in unsteady open channel flow 

considered tidal flow. Anwar & Atkins (1980) concluded, in 

laboratory simulations of one tidal period, that the temporal 

behaviour of all flow parameters they monitored showed 

hysteresis. It was inferred that the unsteady phases of a tidal stream 

have a strong influence on turbulent processes. Kawanisi & Y okosi 

(1993) presented simultaneous measurements of instantaneous 

velocity, suspended sediment and salinity recorded during two 

periods of a spring tide, 2.5km upstream from the mouth of the 

river. Their data revealed a correlation between high turbulent 

intensity and periods of increased suspended sediment 

concentration. 
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Nezu et al. (1994) cite a 1988 study by Hayashi et al. (in Japanese) 

as perhaps the first to make measurements of turbulence in 

laboratory simulations of river floods. Hayashi et al. suggested 

that, for the same flow depth, the turbulence is larger on the rising 

limb than the falling limb. Nezu et al. (1994) made little comment 

on the scatter of their turbulence data for two components of 

velocity, although they demonstrated that the lag between the 

peaks in the bed shear and flow depth increased for higher levels of 

mean flow unsteadiness. T ominaga et al. (1994) included some 

turbulence measurements in their study on unsteady flow in open 

channels with floodplains, and commented that turbulence peaked 

on the rising limb in the interface region between the main 

channel and the floodplain. 

To date the work of Song & Graf (1996) provides the most 

comprehensive data-set for unsteady open channel flow 

turbulence. Song & Graf support the Hayashi et al. (Nezu et al., 

1994) finding about the behaviour of the turbulent intensity. In 

addition, Song & Graf state that the use of a generic hydrograph 

unsteadiness parameter and a pressure-gradient parameter, Pu, 
enables unsteady flow hydrographs to be successfully described in 

terms of the mean unsteady flow and the turbulence, respectively. 

The pressure-gradient parameter they employed is a modification 

of the Rotta flow equilibrium parameter p written for steady open 

channel flow by Song & Graf (1994). It was assumed that the 

unsteady flows satisfied both Rotta equilibrium criteria. In such a 
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flow the rat10 of shear velocity to max1mum velocity in the 

vertical and fl have constant values along the length of the channel. 

Song & Graf (1994) presented, in a summary table, a range of 

values for the pressure-gradient parameter flu for each hydrograph. 

This information indicates that there was a time variation of flu 

during these experiments, and hence spatial gradients. 

Song & Graf (1996) studied 33 hydrographs in a rough bed channel 

with similar rising and falling times. The hydrographs were 

generated by using most of the possible combinations from six 

inflow time-discharge hydrographs and six bed slopes, varying 

from -0.6% to 0.3%. The flume dimensions and flow rates 

observed by Song & Graf (1996) are similar to those used in my 

study. 

All of the laboratory flood simulation studies reviewed above used 

a Fourier transform technique to differentiate the mean and 

turbulent components of velocity, with the focus being the 

structure of turbulence. Similar experimental conditions, of a free 

overfall at the downstream end of the flume, thereby providing 

critical flow as a downstream control, were also a feature of these 

studies. This could be interpreted as the simulation of flow 

upstream of a waterfall, which suggests that this would produce 

less divergence of mean flow variables, and therefore weaker 

adverse pressure gradients, than during the passage of a flood 

hydrograph through a long river reach. Evidence of the effect of 

the downstream condition is provided by evaluation of flu, which 
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was less than -1 for all flow conditions observed by Song & Graf 

(1996) (A,=-1 represents a zero pressure gradient). Data presented 

later from my study shows that the downstream sluice gate control 

system employed in my study made possible the generation of 

flow conditions with f3u significantly greater than -1on the falling 

limb of unsteady flows. 

Attempts to predict turbulence in unsteady open channel flow 

using numerical modelling have also been scarce. Mankbadi & Liu 

(1992) adapted rapid-distortion theory to allow the introduction of 

a closure scheme that takes the ratio of the turbulent shear stress to 

the turbulent kinetic energy to be a function of the effective strain. 

The results generated using this approach allude to a phase lag 

between the oscillations in the turbulence with those in the mean 

flow, with the phase difference increasing with the frequency of 

the oscillation and increased hysteresis for higher levels of mean 

flow unsteadiness. The phase lag was a minimum very close to the 

bed, indicating that the turbulence is generated in this region. 

Mei & Roberts (1995) used the centre manifold numerical 

technique, based on a K-e turbulence model, to derive a model for 

the evolution of vertically averaged quantities in flood waves. 

Their approach assumes that the production of turbulence is 

characteristic of large scale motion and that small scale motion can 

be treated as a perturbation of the mean flow. They were then able 

to recover the classical St V enant and Boussinesq equations by 
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deducing constraints for flow parameters for the case of flow in an 

open channel with a rectangular cross-section. 
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In nature there is no effect without cause; 

understand the cause and you will have no need of the 
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Leonardo da Vinci 
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3.1 Introduction 

Experiments were undertaken in the Fluid Mechanics Laboratory 

of the Department of Civil Engineering, University of 

Canterbury, during the period 1993 to 1997. The principal 

experiments involved the generation of three different duration 

flood hydrographs, each with a similar ratio of time to peak water 

depth to that of total flood duration. A basis for comparative 

assessment of the results was established using near-uniform steady 

flows over the range of flow rates experienced during the flood 

simulations. 

3.2 Laboratory Configuration 

3.2.1 Water Supply 

For all experiments the laboratory was supplied by a low pressure 

recirculating flow system with a capacity of approximately 



56 

O.lOm3.s-1
• This system consists of a pump that lifts water from a 

storage sump to a constant head tower. The constant head tower is 

equipped with an arrangement of overflow weirs and any overflow 

from these weirs is returned to the constant head tower. The 

supply from the constant head tank to the laboratory is by means 

of a large diameter underground pipe with water then reticulated 

to outlets in the laboratory floor. From these outlets water can 

then be directed independently to various pieces of apparatus. The 

operations of the pump room and constant head tower are 

regulated at a control panel located in the laboratory. 

Water leaving the apparatus can flow back to the storage sump 

through channels in the floor or calibrated pits. The calibrated pits 

are used for measuring flow rate by timing the rate of rise of a float 

in the pit when the outflow valve for the pit is closed. 

3.2.2 The Flume 

A 12.4m tilting flume of rectangular cross-section and supported 

on a steel truss was used for all experiments. The channel has a 

width of 0.56m and side walls 0.46m high. Modification of the 

flume slope is facilitated by a pivot at the base of the inlet 

reservoir, located at the upstream end of the flume, and by two 

hand operated jacks supporting the flume 4.4m from its 

downstream end. The inlet reservoir has a dead storage capacity of 

2.45m3 and a sudace area of 3.4m2 above the sill height. The 
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entrance to the channel consists of curved transitions on all three 

fixed boundaries. Two screens, each comprising mesh of 3mm 

diameter stainless steel bars at 54mm spacings, were placed across 

the channel entrance, with the openings offset relative to each 

other, to break up any secondary flows from the reservoir. 

The walls are constructed of 12.5mm glass and the floor of 20mm 

perspex, with silicon sealed joints at 1.80m centres. Rails, to 

support and guide an instrument carriage, run along the top of 

each of the flume walls and these have supporting screws at 

approximately 0. 9m intervals allowing adjustment of the rail 

elevations. A brass sluice gate, positioned at the downstream end 

of the channel, provided control of the outlet backwater curve for 

my experiments, as discussed in Section 3.7 .2. 

The experimental system (Figure 3.1) receives inflow to the inlet 

reservoir through a 200mm diameter delivery line with an electro

pneumatically driven butterfly valve. 

A slope of approximately 20mm in 9m was set and left unchanged 

throughout the experimental programme. To ascertain the bed 

slope So to a high degree of accuracy the bed profile was measured 

using a Nikon AP-5 automatic level, a 100mm high target with a 

10mm diameter base, and a tripod with an adjustable head. The 

automatic level was mounted on the adjustable head of the tripod, 

with the displacement gauge (0.001 inch graduations) mounted 

between the level and the stationary tripod base. This allowed the 

relative movement of the automatic level to be determined as the 
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tripod head was adjusted to allow the cross-hairs to be aligned with 

the target. Linear regression and statistical computations 

performed on the data indicated that, at the 95% confidence level, 

the bed slope was: 

So =2.304x10-3 ± 2xl0-5 (3.1) 

Over the entire length of the flume the maximum variation of the 

channel bed from the mean slope profile was l.Smm. This reflects 

the technical difficulties associated with perspex construction. 

10m 

Eleotropneumatic 
positioner 

Figure 3.1 Schematic layout of the experimental system 

(The sketch is not to scale; in particular the size of the 

inlet reservoir relative to the flume is exaggerated.) 

3.3 Experimental Methodology 

To obtain meaningful and representative values for the mean flow 

variables it was necessary that flow conditions could be 

consistently reproduced, thus minimising any underlying 
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variability in the unsteady flows. To establish the bulk flow 

parameters that defined a hydrograph, measurements were made 

during five independent runs for each hydrograph. The 

corresponding data for each variable was then ensemble-averaged 

and mathematically smoothed. This aspect of the analysis is the 

same as that employed by Tu (1991) and Tu & Graf (1992a and 

1992b). For the steady flows, including the hydrograph base flow, 

a period of fifteen minutes elapsed from when a flow was 

established until measurements were taken or an unsteady flow 

hydrograph was initiated. This was to ensure that the flows were 

fully developed and in equilibrium. 

The largest residence time (volume/flow rate) within the flume 

was 116s for the steady base flow. This means that the water 

within the flume would be exchanged a minimum of eight times 

during this flow establishment phase. 

The collection of point velocity data was made at a sampling rate 

capable of resolving dissipative scales (8 to 24kHz). This was done 

with a laser Doppler anemometer (LDA) which could not be 

repositioned during data collection. All measurements were made 

along the centre-line of the flume. The study of the velocity field 

involved vertical profiling of selected flow conditions and single 

point measurements at one location in the vertical that was 

assumed to be representative of the cross-sectional mean for each 

flow condition. This position was at a height 40% of the flow 

depth (0.4h) above the bed which represents the location of the 

mean velocity on a logarithmic velocity profile. It was initially 
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assumed that the mean turbulent intensity would also be observed 

at this location; this assumption was checked later in the study, as 

was the representativeness of the centre-line velocities, by 

considering the results from vertical profiling. 

In order to collect this velocity data in a manner that would enable 

it to be treated as though it were stationary, a methodology was 

needed to could create pseudo-instantaneous snapshots of the 

unsteady flow. This involved imposing a limit on the duration 

over which data could be collected during a snapshot. Also, 

because it was not possible to reposition the LDA within a single 

experiment, data could be collected at one flow depth at only two 

instances during a single run of a hydrograph, once on each limb. 

The size of the time limit depended on how fast the velocity was 

changing at the time of sampling: the faster the change, the shorter 

the time window available for data collection. Requirements for an 

effective spectral analysis dictated the total number of data points 

required for the analysis of each snapshot. The spectral analysis 

procedure is described in Section 5.2 of Chapter 5. 

The protocol that was adopted involved taking the ensemble 

average of 30 individual power spectra, each obtained from 213 

(8192) data points, and performing mathematical smoothing. This 

general approach was recommended by Otnes & Enochson ( 1978) 

and closely follows that of Kline et al. (1967) who averaged 31 

individual spectra. This meant that for each point velocity 

snapshot 2.5x105 data elements were required. The number of 

times a hydrograph had to be run to enable the data for a given 
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snapshot to be collected depended on the sampling duration and 

the sampling frequency determined for that snapshot. As a 

consequence of these constraints it was necessary to successfully 

run the steepest hydrograph 131 times to collect the point velocity 

data, including collection of data for velocity profiles. Tables 

containing the values for the snapshot parameters used in this 

work, including sampling frequency, sampling duration per run, 

and the number of runs required, can be found in Appendix B. 

The sampling frequency was determined for each sampling point 

by estimating dissipation length scales and invoking Taylor's 

hypothesis of frozen turbulence. The Taylor hypothesis requires 

that the turbulence be carried downstream before appreciable 

changes in the turbulence filed can take place. This condition, 

which is described mathematically in Equation 3.2, with dxl dt 

being the wave celerity, is thought to be valid when the turbulent 

intensity ut is much smaller than the mean velocity. 

o u, dx o u, 
-= ---- (3.2) 
ot dt ox 

Frost & Bitte (1977) state that the validity of Taylor's hypothesis 

must be examined in individual cases. 

Spectral analyses were not performed on the point velocity data 

measurements that were utilised solely for vertical profiling. 
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3.4 Flow Measurement 

This study is primarily concerned with the investigation of the 

longitudinal component of velocity in unsteady flows in a smooth 

open channel with a mild bed slope. However, for comparative 

purposes, measurements were also made of steady flows. Hydraulic 

parameters measured directly were bed slope, flow rate, water 

depth and point velocity. The measurement of the bed slope was 

described above in Section 3.2.2. Depth and point velocity 

measurements, except those pertaining to the downstream control, 

were made 6m downstream of the channel inlet. This section 

describes the depth probe, flow meter, and laser Doppler 

anemometer (LDA) used to measure the other parameters. All data 

were recorded on a computer which uses a Keithley data 

acquisition system (DAS), described in Section 3.5. 

An Eulerian frame of reference, being fixed in space, was used for 

all measurements made during this study. This situation was 

imposed by the physical arrangement of the supporting trusses for 

the flume and the form of the mounting apparatus for the LDA. 

These factors meant that it was not possible to position the LDA 

at any other location along the channel. 

The water temperature in the laboratory varied seasonally between 

15°C in winter and 17°C during summer, which means that the 

kinematic viscosity v had a range of 1.096>~10-6 to 1.156>~10-6m2.s· 1 



63 

(White, 1979). Throughout this study a value of 1.10)1-10·6 has been 

used. 

3.4.1 Depth Probe 

The probe, developed by Churchill Controls Ltd., England, 

(1974), consists of a pair of stainless steel wires, l.Smm in diameter 

and spaced 12.5mm apart. The probe is energised with a high 

frequency square-wave voltage to avoid polarisation effects at the 

wire surfaces. The current that flows between the two wires is 

proportional to the depth of immersion. The current is sensed by 

an electronic circuit which provides an output voltage 

proportional to the instantaneous depth of immersion. A digital 

value, referred to as WaveData (W'D), was recorded. 

Two depth probes were used, one at the measurement section, 6m 

from the flume entrance, and the other 1m upstream of the sluice . 

gate. The procedure for calibrating the depth probe near the sluice 

gate is described in Appendix F. The same procedure was used for 

the probe at the measuring section, although different zero and 

span values were used. The calibrations for these probes are given 

in Equation 3.3, where h and hG are the depths in metres at the 

measurement section and sluice gate positions, respectively. 

1 

9000 
(WD+2250) (3.3a) 

1 
hG = SOOO (WD- 50) (3.3b) 
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Data was collected from the probes, which had a resolution of 

0.1mm, at a rate of 3x104 samples/s. The variables having the most 

significant effect on the instrument calibration are the water 

temperature and the concentration of dissolved salts in the water. 

The conductivity of the water changes with temperature by 2% 

per oc; however, by performing calibration checks each day at the 

start and completion of testing conductivity was accounted for. All 

experiments used the water in the laboratory reticulation system, 

derived from an artesian well; this water contains very low 

concentrations of dissolved salts. 

3.4.2 Flow Meter 

Determination of the flow rate was made using a 150mm nominal 

diameter (DN) Fischer & Porter (1987) electromagnetic flow 

meter, model L10D1465, positioned in the delivery line just 

upstream of the flume inlet reservoir. This flow meter operates on 

Faraday's Law of Induction, which states that the voltage induced 

across an inductor as it moves at right angles through a magnetic 

field will be proportional to the velocity of that inductor. This 

leads to a linear relationship between the voltage output and the 

volumetric flow rate. 

The flow rate is calculated as the product of the scale reading (0 to 

100%), the velocity range selected (O.SOm.s-1 to 9.99m.s-1
), and the 

meter constant (1m3.min·1 per m.s-1
). All experiments were 
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conducted using the velocity range set at 9 .OOm.s-1
, which means 

that full scale deflection (FSD) of 100% translates to a flow rate of 

0.150m3.s·1• The accuracy of this system is claimed to be 1% of the 

flow rate for scale readings greater than 10% of FSD and 1% of 

FSD for smaller scale readings. 

3.4.3 Laser Doppler Anemometer (LDA} 

3.4.3.1 LDA Configuration 

Measurement of the point velocities was made with a one

component laser \Poppler anemometer (LDA) (DISA, 1973) 
\ 

operating in differe4tial Doppler mode with forward scattering. A 

Spectra-Physics model124A 15m W Helium-Neon laser provided a 

coherent light source of diameter 1.1mm at a wavelength (/L) of 

632.8nm. In this mode the laser beam is optically split into two 

beams of equal intensity which are then focused by a lens, having 

focal length f, to create an intersection. The beams have cylindrical 

Gaussian intensity distributions defined by the e·2 (13.5%) intensity 

points (diameter De-2); the beam intersection will have an ellipsoidal 

shape. The size of this intersection volume can be determined 

from the relationships for its diameter (dm) and length (lm) 

presented as Equations 3.4 and 3.5, respectively. 

2 
dm :rr D -2 (3.4) 

e 
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(3.5) 

A series of fringes is formed within this intersection volume due to 

the interference of the two light waves. The spacing of these 

fringes (d1) depends on the wavelength of the light (JL) and the 

angle between the beams (e) as: 

/L 

df = 2sin(%) (3.5) 

Throughout this project a 600mm focal length lens, which enabled 

measurements to be taken on the flume centre-line, was used in 

association with a beam separation of 17.2mm. The dimensions of 

interest are for the beam intersection occurring in water, and 

hence the laws of refraction (Snells Law), Equations 3.7 and 3.8, 

need to be considered, where ni is the refractive index (n= 1.00 for 

air; n= 1.33 for water), Ai is the wavelength of the light and~ is the 

angle of incidence of the light with the interface for medium i. 

ni/LI n2/L2 (3.7) 

This resulted in a measurement region of diameter 3.3x10-4m, 

length 1.73x10-3m, and volume 9.8x10-10m\ containing fringes at a 

spacing of 2.11x10-5m. The measurement volume is orientated with 

its longest axis horizontal and perpendicular to the longitudinal 

component of velocity. 

Particles suspended in the fluid scatter the light as they pass 

through the intersection volume. A photosensitive device, called a 

photomultiplier, which was focused on the measuring volume, 
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collected light scattered in the same direction from each of the 

incident beams. The total flux of light striking the photodetector is 

converted to a voltage and then input to the signal processor. The 

photomultiplier emits an alternating current with a frequency 

identical to that of the Doppler frequency of the scattered light fv). 

The photomultiplier was located in line with the incident beams, 

such that the incident beams passed either side, to permit the 

highest intensity scattered light to be collected. This mode of 

operation was considered appropriate due to the relatively large 

flow width and the resulting low intensity of scattered light. 

The DISA anemometer employs a frequency tracking technique to 

analyse the Doppler frequency of the alternating photoelectric 

current. This process involves mixing the signal with the 

sinusoidal output from a voltage controlled oscillator (VCO) to 

produce a signal with an intermediate frequency (IF) fa. The IF 

signal is passed through a narrow band filter to remove as much 

noise as possible. Adopting a maximum bandwidth setting of 8% 

for turbulence measurements gave a satisfactory signal-to-noise 

ratio. The frequency tracking is achieved by constantly updating 

the constant centre, or mean value, of IF by considering the 

variance of the instantaneous IF as the Doppler frequency changes. 

The tracker output is derived from the voltage (V) driving the 

VCO which is linearly proportional to the Doppler frequency. 

It is believed that errors in both mean and root-mean-square (RMS) 

values due to signal clipping were negligible in this project. This 

supposition is based on the knowledge that, for Gaussian and 
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sinusoidal signals, if the mean value falls within the range of 0.25 

to 0.71 of the upper Doppler frequency limit then amplitude 

variations of up to 40% are permissible without clipping. For this 

work it is expected that the ratio of the RMS to the mean of a 

signal, ie. the turbulent intensity relative to the mean velocity, was 

on the order of 15% or less; hence no clipping is expected. 

A further source of error in LDA measurements is the broadening 

of the Doppler signal due to velocity gradients in the fluid within 

the measuring volume. If these gradients are significant this can· 

produce different Doppler shifts in the light scattered by particles 

in different of the measuring volume. These errors are unlikely to 

be a real concern in these unsteady flow experiments because of 

the relatively small measuring volume. 

3.4.3.2 Velocity Determination 

The method used to determine the relationship between the 

voltage and Doppler frequency is described in Appendix A.l. For 

the 150kHz frequency range, which was used exclusively during 

this study, the relationship between voltage and Doppler 

frequency is: 

fD =(- 2.505+V*l4.055 )*103 (3.9) 

In Equation 3.9 Vis the voltage output from the LDA andfn is the 

Doppler frequency in Hertz. The data acquisition system 
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converted the analog voltage output to a 16-bit binary value, which 

was later converted to ASCII format for subsequent analysis. 

One of the supposed features of laser Doppler anemometry is that 

no calibration is required, with the velocity of a scattering particle 

being equal to the product of the Doppler frequency and the 

spacing of the interference fringes. However, an effective 

frequency offset of 10kHz was observed in the velocity calibration 

presented in Appendix A.2. Efforts to identify the source of this 

overestimation were not successful, but the calibration was 

extremely consistent and exhibited no change with time. The 

resulting relation for the instantaneous velocity (m.s-1
), with the 

fringe spacing d1 in metres and the Doppler frequency fn in Hertz 

lS: 

u = d1 (in- 1 * 104
) (3.10) 

The primary assumption associated with this method of velocity 

measurement is that the particles that scatter the light have the 

same velocity as· the surrounding fluid. This measuring technique 

also requires that the flow under measurement is translucent. The 

water in the laboratory reticulation system provided satisfactory 

continuous tracking of the velocity throughout each of the 

expenments, and therefore made particle seeding of the water 

unnecessary. 

Positioning the measuring volume, at the intersection of the two 

incident beams, on the centre-line of the channel had to be 

performed while the channel contained water. This was necessary 
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due to the refraction of the beams at the channel wall interfaces. 

This operation was achieved by manually relocating the optical 

unit along the mounting beam, which ran transverse to the flume. 

Positioning the beam intersection at a predetermined height above 

the channel bed was also a manual process. A frame, which 

spanned beneath the flume, was used to support the laser, optical 

unit, and photomultiplier. This structure had 4 threaded rods, 

connected by a system of cogs and chains and operated by a crank, 

that facilitated linear vertical translation of the upper frame relative 

to the base at the rate of 1.4mm per revolution of the crank. This 

set~up precluded accurate repositioning of the measuring volume 

within the time span of the unsteady flow experiments considered 

in this study. 

The correlated elapsed time and instantaneous depth values at 

which velocity snapshots were taken was established from 

measurement of mean flow depth and flow rate for the 

hydrographs. The determination of the mean flow parameters 

preceded the point velocity data acquisition. 

3.4.4 Flow Visualisation 

To assist with interpretation of the quantitative results of this 

study a short flow visualisation programme was undertaken. This 

involved injecting a red solution, that comprised 4 heaped 
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teaspoons of Hexacol Poloney dye powder for every 20 litres of 

water. The dye was injected using a Cole Palmer Easi-load 

Masterflex positive displacement pump (model 7518-00) in 

conjunction with a Cole Palmer Speed Controller (model7553-76). 

All steady flows and the steepest unsteady flow hydrograph, which 

represents the greatest departure from steady conditions, were 

examined. The dye was injected during separate runs of the various 

flows on the centre-line of the channel at two locations in the 

vertical: on the channel bed and, later, at a height of 60mm above 

the bed. The height of 60mm was approximately the average value 

for 0.4h for all flows studied. The dye was delivered to the flow 

through an L-shaped stainless steel tube with an internal diameter 

of 2.5mm. The leg of this tubing was 140mm long and was 

orientated transverse to the axis of the channel. 

A plane mirror, with dimensions of 1.4m x 0.5m and inclined at 

45° to the horizontal, was positioned above the channel with its 

long axis parallel to the flow. This was to enable plan and elevation 

views of the flow to be seen simultaneously. 

A video recorder was used to capture images of the dye patterns. 

The steady flows were recorded for at least one minute and the 

unsteady flow was permitted to return to base flow depth. The 

unsteady flow was run twice for each dye injection location, using 

different dye inflow rates in an attempt to achieve the best 

visualisation of the water motion. 
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3.5 Data Acquisition System 

A Keithley VDAS-1800 (VisualDAS Custom Controls for Visual 

Basic for Windows for DAS-1800 series boards) program allowed 

analog input of data in DMA (direct memory access) mode and 

then automatically transferred the data to disk. The data 

acquisition was performed by a DAS-1802ST board. This 16-bit, 

low gain board features a dual-channel (0 or 1) DMA operation 

allowing the acquisition of up to 100,000 samples per second. A 

1024-location FIFO (First In First Out) data buffer ensured data 

integrity at all sampling rates. All user connections were made 

through a 50-pin I/ 0 connector at the rear of the computer 

(Keithley Instruments Inc., 1994). 

The program accepted, in table form, user input for the channel, 

sampling rate, number of samples per buffer, number of buffers 

and transfer mode. For all elements of this project the data 

acquisition was performed in DMA mode using channel 0. 

Although there was an option to employ an Interrupt mode, the 

unpredictable queuing of tasks and resources in the Windows 

environment tends to make maximum board speeds unachievable. 

Rather, the ability of DMA to run independently of the CPU 

(central processing unit) and at high transfer rates makes this the 

preferred method for transferring data. The sampling rate was 

checked using a Phillips PM6680 225MHz high resolution 
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programmable timer/ counter as the source of a predetermined 

input signal. The number of buffers employed and the number of 

samples acquired within each buffer were determined by 

considering the total number of data points to be sampled and the 

minimum number of buffers required to achieve this. The major 

factor was that each buffer was capable of storing a maximum of 

32767 (215-1) data points. At no stage were more than two of the 

available one hundred and fifty buffers required. 

3.6 Flows to be Examined 

3.6.1 Steady Flow 

To provide a basis for the evaluation of the subsequent unsteady 

flow work it was necessary to observe the behaviour of steady 

flows under similar conditions. Since the laboratory reticulation 

system was capable of delivering up to O.lOm3.s-1 it was decided to 

consider three flow rates that cover this range of flows. These 

flows, labelled S30, S60 and S90, were 0.03, 0.06 and 0.09m3.s-1 and 

are described in Table 3 .1. Throughout this report, unless 

otherwise stated, that the calculation of Reynolds number Re 

(Table 3.1; see Equation 5.15) and Froude number Fr employ the 

cross-sectional mean velocity V(QIA) and the flow depth h. 
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Q h v Fr u)~ Re b/h 

(mJ.s-1) (m) (m.s'1) (m.s'1) 

S30 0.030 0.100 0.536 0.541 0.0400 4.87'f104 5.60 

S60 0.060 0.155 0.691 0.561 0.0461 9.74'f104 3.61 

S90 0.090 0.201 0.800 0.569 0.0498 1.46'f105 2.79 

Table 3.1 Summary of steady flow parameters 

Vertical velocity profiles were obtained for all three steady flows, 

with these to be used as a comparative tool in the analysis of both 

mean flow and turbulence structure during a flood hydrograph. 

3.6.2 Unsteady Flow Hydrographs 

Three hydrographs, labelled Hl, H2 and H3 (Figure 3.2, Table 3.2 

and Appendix E), with durations of 610s, 293s, and 170s, 

respectively, were created to provide the data for a comparative 

assessment of the effect that unsteadiness in the mean flow has on 

the behaviour of the turbulence. In order to simplify 

interpretation of the results the three hydrographs had the same 

base flow and peak flow rates, and similar shapes. 

The peak flow rate for each hydrograph was the largest possible 

with the laboratory reticulation system. The three hydrographs 

were designed with similar shapes, such that the duration of the 

rising limb was 30-40% of the total duration of the flood. 
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Q ~.s-1) h(mm) V(m.s·1) Fr u* (m.s'1) 

mm max mm max mm max mm max mm max 

H1 30 97 100 I 211 0.527 0.841 0.529 0.601 0.038 0.054 

H2 30 

! 
97 100 

! 
210 0.510 

I 
0.854 0.493 0.616 0.034 i 0.064 

I 
! 

H3 30 95 100 197 0.465 0.918 0.424 
i 

0.772 0.023 
~ 

0.070 ' i ! I ! 

Table 3.2 Summary of unsteady flow parameters for the 3 

hydrographs 
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Figure 3.2 Discharge and depth hydrographs 

The suitability of the 0.03m3.s·1 steady flow as the base flow was 

based on the fact that the energy density spectrum of this flow 

exhibited an inertial subrange. This ensured that, as expected with 

floods in natural channels, an inertial subrange would be a feature 

of the turbulence energy spectrum at all stages of the hydrograph. 

The criterion employed for determining whether a flow exhibited 

an inertial subrange was the presence of a region having a -5/3 
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slope in the energy density spectrum for the turbulence. For all 

three hydrographs Reynolds number varied from 4.4x104 to 

1.4x105
• Tennekes & Lumley (1972) argue that if the energy 

density spectrum of a flow is to exhibit an inertial subrange it 

requires a Reynolds number of order 105 based on turbulence 

scales. This argument suggests that it is unlikely that spectra from 

laboratory flows, such as those described above and in Section 

3.6.1, to exhibit an inertial subrange. However, all energy density 

spectra calculated in this study, as described in Section 5.2 of 

Chapter 5, appear to have an inertial subrange. 

Vertical profiles of velocity were obtained for one value of flow 

depth near the mid-points on the rising and falling limbs of H3, 

the shortest duration hydrograph, to check the assumptions made 

earlier (Section 3.3) that point velocity measurements taken at a 

height of 40% of the flow depth above the bed would be 

representative of the vertically averaged mean. H3 was selected as 

it was expected that the relatively high rates of acceleration that 

characterised this hydrograph would create flow conditions that 

depart most significantly from steady flow. 

A vertical velocity profile was also measured at the tail of H3, 

when the mean flow had returned to pre-flood (base flow) 

conditions, to provide comparative assessment of any differences 

in mean flow and turbulence structure that might have been the 

result of the passage of the hydrograph. 
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3.7 Flow Control Systems 

Control systems were put in place at each end of the flume to 

permit reproducibility of flow conditions to a high level of 

accuracy and to simulate flow in a natural channel of infinite 

length. This meant that the flow behaviour at the measuring 

section should be similar to that in a long straight reach of a 

natural open channel with a mild bed slope. The ability to 

reproduce each hydrograph was essential given that only one 

sample point could be observed on each limb during a single run. 

3.7.1 Inflow Control 

Flow into the reservoir upstream of the flume channel was 

regulated by electro-pneumatic control of a Keystone 8 inch 

diameter butterfly valve, with a Shimaden model FP21 

Programmable Controller (Shimaden, 1993), using 4-20mA signals 

(Figure 3.3). There were two ways in which the valve could be 

positioned: by specifying the relative opening of the valve 

(percentage), or, more advantageously, specifying the desired flow 

rate, using the F &P electromagnetic flow meter to provide a 

feedback signal. 

The FP21 allows the user to specify the manner in which the 

variable being controlled, flow rate in this case, is achieved. This is 
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done ustng a proportional, integral, derivative (PID) means of 

control. The control parameters employed for this project are 

presented along with a description of PID control systems in 

Appendix: D. 
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Figure 3.3 Schematic layout of the flume inflow control system 

The FP21 controller has a program capacity of 9 patterns (PTN), 

each consisting of a maximum of 9 steps (STP). Taking advantage 

of the ability to link these patterns together, sequences of flow rate 

set variable SV values for each hydrograph were developed that 

met the criteria of shape similarity. The time advancement mode 

was employed for the programmable steps; these were linear 

interpolations of the start and end SV values specified for that step. 

To ensure that the changes to the flow rate were as smooth as 

possible the time scale for the ramping of the SV was set at 1 

second, which was the minimum value permitted by this 

eqmpment. 
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It was not possible have all three hydrographs pre-programmed, as 

four SV patterns, involving a total of 31 steps, were used for each 

of the longer duration events, Hl and H2. The shortest duration 

flood H3 required two SV patterns to provide the 18 steps 

involved. It should be noted that the first four SV patterns were 

designated for control of the rising limbs and the last four for the 

falling limbs. The final pattern, PTN 5, was assigned the base flow 

SV, and was linked to the end of the pattern sequence to permit 

the experiment to run until the flow rate and depth had returned 

to the levels preceding the arrival of the flood. 

The tuning of the FP21 controller was achieved by utilising all 9 of 

the available PID registers. However, no single hydrograph 

required all of these registers to be implemented. The number of 

PID registers invoked during a hydrograph increased as the 

duration of the event decreased. 

The tuning of the PID parameters was performed interactively; 

however it was decided that an exact match between the SV and 

processed variable PV (feedback value) was not a priority due to 

the time scale for the unsteadiness in the mean flow. It was deemed 

more realistic to accept some departure because the actual flow rate 

(PV) could be measured, thus requiring a consistent approach to be 

applied for each hydrograph to ensure that shape similarity was 

maintained. This methodology attempts to minimise the variance 

while trying to achieve a non-oscillatory behaviour in the flow 

rate. 
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The repeatibility of the inflow hydrograph was quantified by 

observing 5 hydrographs and determining the variance from their 

mean. These results were obtained under standard flume 

conditions with the downstream control operating as described in 

Section 3.7 .2, and are presented in Appendix E.l. The standard 

deviation a- of the instantaneous flow rate from the corresponding 

mean hydrograph value varied from 0.71x10.3m3.s·1 for Hl to 

1.08x10.3m3.s·1 for H3. These values reflect an acceptable level of 

reliability considering the range of flow rates experienced (Table 

3.2). 

3.7.2 Downstream Control 

Control at the downstream end of the flume, depicted in Figure 

3.4, was achieved by providing electro-pneumatically governed 

positioning for the sluice gate. A computer program generated 

signals for adjustment of the gate every 2 seconds based on the 

local water depth, which was continuously monitored. 

The aim of the downstream control system was to adjust the sluice 

gate in a smooth manner to allow the flood wave to pass through 

the flume as though it were in an infinitely long straight open 

channel. This objective can be restated as an attempt to operate the 

sluice gate in a manner that extrapolates the downstream water 

surface gradient through the gate. To accomplish this two sets of 
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logic, one for each limb of the hydrograph, were employed. The 

program determined which logic to apply based on a series of flags 

and counters. By keeping a record of the previous water depth 

values the program assessed changes to the temporal water surface 

gradient (the time derivative of water surface elevation) and attached 

appropriate integer values to the flags. The software updates allowed 

for the possibility that a surface wave could be responsible for a local 

gradient change. If a gradient change occurred when the depth was 

near its peak value the software adopted the logic for the falling 

limb. Once this had taken place the software could not revert back 

to the logic for the rising limb. 
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Figure 3.4 Schematic layout of the sluice gate control system 

Initial calibration of the parameters for the software was based on 

data collected for steady flows. Small fluctuations in the flow rate 

originating in the inflow control system and small surface waves 

generated while closing the sluice gate meant it would be difficult 
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to implement a control system based on uniform flow conditions. 

A near·uniform flow state in which the water surface slope was 

approximately 95% of the bed slope would provide the data base 

for the establishment of the downstream control. This meant that 

steady flows would exhibit a slight M1 backwater curve. If the 

water surface slope became larger than the bed slope the flow 

would eventually wash out under the gate. 

The software, which was named SUGAR and is presented as part 

of Appendix F, was customised for each hydrograph. This 

program makes smooth adjustments of the gate in response to the 

changing mean flow depth. SUGAR updates the gate position 

based on both the magnitude of the flow depth and the trend it 

exhibits, to minimise the influence of surface waves. Appendix F 

also contains a detailed description of the control system that 

operated at the downstream end of the flume. 

The standard deviation a of the instantaneous depth from the 

corresponding mean hydrograph value varied from 2.89x10.3m for 

Hl to 4.40x10-3m for H3. These values reflect an acceptable level of 

reliability considering the range of depths experienced (Table 3 .2). 
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Observing the motions of a water surface, they are 

similar to curls of hair. 
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Water flow consists of two kinds of motion; 

one vortex motion is promoted by the main stream, 

whereas the other is generated by 

separated reverse flow. 

Leonardo da Vinci 
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4.1 Introduction 

The interaction between turbulence and an unsteady mean flow 

can be examined on several levels. Here the main features of the 

results are described, starting with global aspects of flow, and then 

progressing to smaller scales. Detailed analysis of the results is 

presented in Chapter 5. Tables of flow variables for each of the 

unsteady flow experiments are included in Appendix E. 

4.2 Analytical Procedure 

Having established the temporal behaviour of the flow depth h and 

discharge Q for each of the flows (Figure 3.2 in Section 3.6.2), 

using the methodology in Chapter 3, it is now necessary to 

manipulate the data to calculate other flow properties. While 

calculating the cross-sectional mean velocity V ( = Ql A, where the 

cross-sectional area of the flow A= b)"'h, with b the channel width) 

is quite straightforward, establishing an accurate estimate of the 
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energy, or friction, slope needs more thorough consideration. The 

effects of the unsteadiness in the mean flow are reflected in the 

hysteresis in the depth-discharge graphs, presented in Figure 4.1 

(steady flow data are represented by the hourglass symbols), where 

hysteresis increased as the duration of the event decreased. 

There is also a need to formalise the procedures for determining 

the duration of an unsteady flow event and the technique for 

distinguishing the components of velocity to enable assessment of 

the mean flow and turbulence. 
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Figure 4.1 Depth- discharge rating curve for all flows 



89 

4.2.1 Friction Slope 

The St. Venant equation of motwn (Equation 4.1) for one

dimensional flow (Henderson, 1966) provides the framework for 

consideration of unsteady flow in open channels. 

8h 18V V8V lu; 
--S +--+--+--=0 (4.1) 
8x 0 g 8t g 8x R g 

In Equation 4.1 h is the water depth, Vis the cross-sectionally 

averaged velocity, g is gravitational acceleration these equations, R 

is the hydraulic radius, x is the downstream distance, and t is time. 

The influence of turbulence is explicitly evident only in global, or 

cross-sectional mean, shear velocity, u.fo Shear velocity is therefore 

a parameter of major interest in all studies of turbulence in 

unsteady flow. Shear velocity is related to the friction, or energy, 

slope, S1, which is related to the rate at which mechanical energy of 

the mean flow is being dissipated by fluid friction: 

2 ro RS u.=-=g J 
p 

(4.2) 

where p is the fluid density, 7:0 is the boundary shear stress, g is 

gravitational acceleration, and R is the hydraulic radius. Equation 

4.2 is consistent with standard parameterisations of flow resistance, 

while the effects of unsteadiness in the mean flow are accounted 

for in Equation 4.1. As measurements obtained were time 

variations of the relevant parameters at one location in space, it 

was necessary to transform Equation 4.1 by replacing spatial 

derivatives with temporal ones. This was achieved by considering 

an observer moving with the wave and assuming that such an 

observer would not see any flow variation: 
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dt 0 
( 4.3) ox dx ot 

This is consistent with the assumptions that the flood wave's 

celerity is given to a first approximation by the kinematic wave 

speed, and that the shape of the wave is not greatly altered during 

its passage through the 12m length of flume (Henderson, 1966). 

Then S1can calculated as: 

s =S +_!_ oh _ _!_ ov(l- v) (4.4) 
1 o Cot got c 

The wave celerity, C, is given by: 

(4.5) 

This approach was employed by Tu (1991) (Equation 4.5 renders 

the wave celerity undefined when the water depth peaks: this was 

overcome by interpolation of adjacent values of C). However, this 

approach does highlight some experimental issues that should be 

addressed before results on shear velocity are presented. 

In Figure 4.2 the calculated wave celerity Cis compared with 1.5 V, 

which is the kinematic wave speed in a wide rectangular channel 

having a constant Chezy coefficient. For all three hydrographs the 

wave celerity is greater than 1.5 V for the entire rising limb and less 

than 1.5 V for the last portion of the falling limb. 

During all three hydrographs C peaked on the rising limb and 

decreased for the remainder of the hydrograph. This implies that 

the peak in these flood waves travels faster than either the front or 
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the tail, causing the wave front to steepen and the tail to lengthen. 

There is no inconsistency, however, as long as the travel time for 

water through the flume is much shorter than the duration of the 

hydrograph, as was the case. 
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Figure 4.2 Flood wave celerity comparison with 1.5 V 

(The symbols are located at the time of peak depth) 

600 

Bulk flow measurements from all three floods support the finding 

by Tu (1991) and Tu & Graf (1992b, 1993) that the friction, or 

shear, velocity u,f was greater for the same depth of flow on the 

rising limb than on the falling limb of an unsteady hydrograph 

(Figure 4.2). The behaviour of u,f showed a reduction in magnitude 

prior to the peak in the depth hydrograph that was more 

pronounced than observed by Tu, with the reduction continuing 

to levels below the base flow value. 
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Comparing the shear velocity with the shear velocity of a the 

steady flow of the same depth (Figure 4.4), it is evident u.f is greater 

than for a near uniform flow of the same depth on the rising limb 

and smaller on the falling limb. 

4.2.2 Unsteady Flow Duration 

The arrival of a flood at the measuring section was established as 

the moment an increase in flow depth was observed (time t0). It 

was assumed that the flood wave had passed from the upstream 

control valve to the measuring section without any appreciable 

change in shape, the storage effect of the inlet reservoir being 

negligible in this respect. This implied that it is possible to 

transpose the inflow hydrograph by a time delay equal to t0 • The 

values for t0 were 26s, 23s, and 21s for Hl, H2, and H3 

respectively. Since the inflow control commenced with a 15s 

steady state period, during which the flow rate was equal to the 

base flow, this translates to a travel time of 6 to 11s. 

The reason for the apparent faster wave front speed for relatively 

steeper hydrographs is a consequence of the larger difference 

between the set and processed variables (Section 3.2.1 and 

Appendix D) existing during larger initial flow rate gradients. The 

size of the first incremental step in the programme for each 

hydro graph was from 0.030m3 .s-1 to 0.035m3 .s-1
• The size of the 

initial difference, or error, term is then a function of the step 
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duration. If, as in the case of the longer duration hydrographs, the 

controller PID (Appendix D) settings mean that this error term is 

interpreted as being too small to warrant adjustment of the valve, 

then steady flow conditions would persist during the early stages 

of the set variable (flow rate) programme. 

Validity of transposing the discharge hydrograph from the valve to 

the channel was further checked by comparing the mean velocity 

hydrograph, based on the transposed discharge, with the measured 

snapshot mean velocity U data (Appendix E.6). There were no 

perceivable differences between the shapes of the two velocity 

hydrograph and the data. 

Each event was assumed to have passed a given location when both 

the flow rate and the flow depth had returned to within 1% of the 

base flow values. The time variables for these flows are presented 

in Table 4.1. 

Time Flood Peak Flood Rising Falling Flood 

(s) Arrival to Depth th Passing tr Limb Limb Duration T 

Tr Tr 

Hl 26 274 610 248 336 584 

H2 23 111 293 88 182 270 

H3 21 61 170 40 109 149 

Table 4.1 Unsteady flow time variables 
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4.2.3 Velocity Decomposition 

To enable statistical analysis of the flows, velocity measurements 

were Reynolds-decomposed as proposed by Telionis (1981). 

u =uh +u11 +u' (4.6) 

=U +u1 (4.7) 

In Equation 4.6 ub is the mean velocity of the base flow, u
11 

represents the mean unsteady (flood wave) oscillation, and u1 is the 

turbulent fluctuation. The local mean velocity U (Equation 4.7) for 

each snapshot is then the sum of ub and u11• For a steady flow u11 is 

zero, hence U is equal to ub. 

The root-mean-square of the turbulent fluctuations in the velocity 

record is known as the turbulent intensity ut. For any component 

of velocity a turbulent intensity may be defined as: 

ul,i=R (4.8) 

The over-bar in Equation 4.8 signifies a time average over the 

sampling period. As the longitudinal component was the only one 

measured in this study, the parameter ut,i shall be abbreviated to ut. 

4.3 Flow Structure 

The structure of the mean flow and the turbulent fluctuations was 

investigated by observing each of the steady flows and three 

snapshots during the steepest hydrograph, H3. These snapshots 

were the mid-point on each limb (h=0.150mm at t=44s and t=99s) 
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and the time at which the mean flow returns to the base flow 

condition. The reasoning behind the selection of these flows was 

that the mid-points on H3 would represent the greatest departures 

from steady flow with respect to acceleration and deceleration, 

while the flow structure at the initial return to base flow 

conditions would indicate if there were any residual effects on the 

flow as a result of the passage of a flood hydrograph. 

4.3.1 Mean Flow Structure 

For the purposes of analysis, such as calculating production rates 

of turbulent kinetic energy, it was useful to have an analytical 

expression for the mean velocity profile. The velocity-defect law 

for turbulent steady flow in a wide channel, b/h > 3.5, (Albertson 

& Simons, 1964; Equation 4.9) was adopted: 

U-V (y) 
u. 2log10 h +0.88 (4.9) 

In Equation 4.9 U is the local mean velocity at a height y above the 

bed, V is the cross-sectional mean velocity, u., is the global shear 

velocity, and his the flow depth. Song et al. (1994) state that for 

aspect ratios, b/h, greater than or equal to 3.5 the flow at the 

centre-line of the channel is two dimensional. For this channel, 

this criterion places an upper limit of 160mm on the depths for 

which for Equation 4.9 holds. 

The validity of using such a quasi-steady approximation was 

checked by comparing velocity profiles measured during the 
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steepest hydrograph, H3, at the mid-points of the rising and falling 

limbs (h= 150mm for t=44s and t=99s) and when the mean flow 

returned to pre-flood levels (h= 101mm, t= 170s) with the three 

steady flows. The departure from the assumed logarithmic law 

described by Equation 4.9 is a consequence of lower velocity side

wall regions (Nokes, 1985). This data supports the assumption 

(Section 3.3) that the mean velocity would be observed at a height 

of 0.4h above the bed; this velocity was 4-8% higher than the cross

sectionally averaged velocity V. 
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Figure 4.5 confirms that higher mean velocity and mean shear are 

associated with higher Reynolds number, or flow rate, steady 

flows under similar conditions. Despite flow conditions for S90 

not meeting the criterion for a wide channel the agreement 

between the data and the velocity-defect law for this flow is similar 

to that for S30 and S60, which are both flows in a wide channeL 

The companson between S60 and the rising and falling limb 

snapshots of H3 for h= 150mm in Figure 4.6 demonstrates that the 

calculation of shear velocity, described in Section 4.2.1, renders 

Equation 4. 9 valid for unsteady flows. The accelerating flow on 

the rising limb of H3 exhibits relatively high mean shear compared 

to a near uniform steady flow of similar depth. The converse is 

true for decelerating flow on the falling limb. The difference in the 

magnitude of the velocity for the unsteady flow profiles echoes the 

hysteresis in the mean flow properties, illustrated earlier in Figure 

4.1. When the mean flow rate, depth, and velocity initially 

returned to within 1% of steady base flow (S30), values the mean 

flow structure was also similar to that observed prior to the arrival 

of the hydrograph at the measuring section (Figure 4.7). 

4.3.2 Turbulence Structure 

To describe the structure of turbulence in unsteady flows, most 

researchers adopt a dimensionless exponential equation (Equation 
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4.10) of the form introduced by Nezu in 1977 (Nezu & Rodi, 

1986). 

The parameterisation of the turbulent intensity shown in 

Equation 4.10, predicts the turbulent intensity relative to the shear 

velocity u.} as a function of the relative depth in steady open 

channel flow. Both the magnitude parameter X and the gradient 

parameter ~were given as constants (2.26 and 0.88, respectively) in 

Nezu & Rodi (1986). 

Figure 4.8 demonstrates that a higher mean turbulent intensity and 

turbulent shear, indicated by the slope of the vertical profile, are 

associated with higher Reynolds number, or flow rate, steady 

flows under similar conditions. 
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The companson between S60 and the snapshots of H3 for 

h= 150mm in Figure 4.9 shows greater turbulence shear under the 

unsteady flow accelerating and decelerating conditions than for 

S60, a near uniform steady flow of similar depth. The accelerating 

flow on the rising limb of H3 exhibits a higher mean turbulent 

intensity than for the falling limb, both of which are greater than 

for 560. When the mean flow initially returned to within 1% of 

steady base flow (S30) values the mean turbulent intensity and 

turbulent shear were both significantly greater than that observed 

prior to the arrival of the hydrograph (Figure 4.10). This is the 

first time that this observation has been reported. 

The values obtained for X and;, respectively, for these six profiles 

are presented in Table 4.2. The relatively high gradient, ;, values 

for the unsteady flow conditions indicate higher turbulent stresses. 

However, the observation that the largest value of x was at t=99s 

in H3, during of the falling limb, is a consequence of the low shear 

velocity at this time rather than a large turbulent intensity. 

X 

~ 

S30 S60 S90 H3@44s H3@99s H3@170s 

1.28 1.40 1.51 1.75 2.62 1.58 

0.44 0.51 0.60 0.61 0.67 0.60 

Table 4.2 Magnitude and gradient parameters for measured 

turbulence profiles 
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Integration of fitted equatwns to corresponding turbulence 

intensity profiles suggests that the mean turbulent intensity would 

be observed at a height of 0.47h above the flume bed for each of 

the profiles measured. This compares favourably with the 

assumption in Section 3.3 that the mean turbulent intensity would 

be observed at distance of 0.4h above the flume bed, as the 

resulting underestimation of the mean for this data is less than 6%. 

Adequate agreement between mean velocity data and Equation 4.9 

was found, with departures for depths greater than 160mm not 

being significant for the purposes to which the equation was put. 

4.4 Temporal Turbulence Behaviour 

To provide details about the behaviour of the turbulence during 

the passage of an unsteady flow hydrograph, and therefore an 

explanation for the observations made in Section 4.3.2, point 

velocity determinations were made at a height 40% of the flow 

depth (0.4h) above the bed throughout the duration of all three 

unsteady flows (Section 4.2). The turbulent intensity at this 

location in the vertical was assumed to be representative of the 

cross-sectional mean. To establish some relativity with steady 

flows the same methodology was applied to the three steady flows 

(Sections 3.6.1 and 4.2). 
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4.4.1 Steady Flow Turbulence 

The turbulent intensity for the steady flows is compared with the 

shear velocity in Figure 4.11. It can be seen that the turbulent 

intensity not only increased in magnitude for the higher flow 

rates, but also increased relative to the shear velocity u*. The 

results of mean flow structure measurements for the steady flows 

(Figure 4.5) indicate that the mean flow is two dimensional for the 

entire range of depths encountered in these experiments, and there 

is little to be gained by applying sidewall corrections. 

0.07 1.25 

* 'V)' ::; 
.......... .......... 0.06 1.20 t:l s 

t:l ut 
(\.) 
t) 
d 

:>--. ,.~ 
(\.) 

0.05 
........ ...., 1.15 ::; ..... ,; ...0 <I) 

d ,. 1-< 
(\.) 

,. 
~ ~ 

,. 
1-4 

,..,. 
<I) 

~ 0.04 ,..r 1.10 "' ut/u* OJ ...... 
<I) ,. d ........ ,. 0 ::s .Ill" ..... 

...0 <I) 

1-< ; .::: 
~ 0,03 

,. 
1.05 

(\.) 

; s ; ...... .. 0 

0.02 1.00 

0.02 0.04 0.06 0.08 0.10 
Steady Flow Rate Q (m3/ s) 

Figure 4.11 Steady flow turbulence 



105 

4.4.2 Unsteady Flow Turbulence 

The turbulent intensity for the three laboratory flood waves, H1, 

H2 and H3 are shown in Figure 4.12. 
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Figure 4.12 Mean turbulent intensity (ut) temporal behaviour 

The data clearly show that the magnitude of the peak turbulent 

intensity for a hydrograph was greater for hydrographs having a 

shorter duration. It was also observed that for all floods, the peak 

in the turbulent intensity occurred before the peak shear velocity 

(Figure 4.14) and well before the peak in the depth hydrograph 

(Figure 4.13). Moreover, ut does not return to its base flow value 

for any of these hydrographs within the duration of the 

experiments. The return of the turbulent intensity to the base flow 

condition was not complete at the time of the last snapshot taken 

for all three hydrographs. In each case the last snapshot was taken 
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at least 50s after the flood had passed (ie. 50s after the mean flow 

had returned to base flow levels). This result appears to differ from 

the observations of Song & Graf (1996). 

Figure 4.13, which shows the variation in turbulent intensity with 

flow depth, provides a direct comparison of the relative effects of 

the unsteadiness in the mean flow on the turbulence. For all 

hydrographs the turbulent intensity is greater on the rising limb of 

the hydrographs than for the same depth on the falling limb, 

except for depths close to the base flow value of 0.100m. For the 

entire range of flow depths on the respective limbs of the 

hydrographs the turbulent intensity is greater for the steeper 

hydrographs than for the longer duration floods. This difference is 

more pronounced on the rising limb than the falling limb, which 

results in a larger hysteresis in the turbulent intensity behaviour. 
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The lines interpolating the turbulent intensity data (Appendix E) 

in Figures 4.12 to 4.15 are used in the spectral and turbulent 

kinetic energy budget analyses, presented in Chapter 5. These lines 

and their first derivative with respect to time are continuous. 
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In order to non-dimensionalise mean velocity or turbulent 

intensity another velocity scale must be selected. In both cases it 

has become universally accepted that the shear velocity is the 

appropriate mean flow scale. 

u=J;(Y) (4.11) 
u. 1 h 

The description of vertical mean velocity profiles, Equation 4.11, 

using logarithmic equations, eg. the overlap layer of a turbulent 

wall flow in a smooth open channel (White, 1979), usually requires 

the use of at least one parameter that is fitted by the researcher. 

For unsteady flows, such as the fast rising hydrographs studied 

here, with mean flow gradients too large for the kinematic wave 

approximation to be valid over very long reaches, Figures 4.14 and 

4.15 indicate that mean velocity and shear velocity are not 

uniquely related. In other words it is possible to observe different 

values of cross-sectional mean velocity V for one value of shear 

velocity. In this study a velocity-defect law (Equation 4.9) was used 

without any parameter adjustment. The velocity-defect law 

minimises much of the need for parameter fitting as a consequence 

of using ~ which embodies effects catered for by some fitting 

parameters, as the reference parameter. 

It is shown in Figures 4.14 and 4.15 that, for this unsteady flow 

data, the turbulent intensity does not scale uniquely with either 

the shear velocity or the mean velocity (represented by the cross

sectional mean velocity V here). This result implies that the 

description of the turbulence structure using the approach 
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introduced by Nezu (Equation 4.10) cannot be applied. Any 

similar methods that use equations of the form shown in Equation 

4.12 would also be of little value in unsteady open channel flows. 

!!;_=t;(y) (4.12) 
u. h 

4.5 Flow Visualisation 

To assist with interpretation of the quantitative results presented 

above, a video record of the behaviour of a dye plume originating 

on the centre-line of the channel was obtained. The dye plume 

exhibited two distinct characteristics in both steady and unsteady 

flow situations. The dominant behaviour was a helical motion in 

which water in the near-bed region on the centre-line of the 

channel would move toward one of the channel walls and then 

vertically toward the free surface. There was a subsequent return 

to the centre-line of the channel and downward movement toward 

the bed, all the time travelling downstream at the rate· of the mean 

velocity. In addition, there was, at regular intervals in time, 

horizontal billowing motion from alternate sides of the dye plume 

similar to that depicted by Brown & Roshko (1974), in their 

investigation of plane turbulent mixing between two streams of 

different gases. The billowing action was most evident in the near

bed region. These billows are a manifestation of the turbulent 

mixing and were occasionally accompanied by mixing in the 

vertical due to the lift-up of low speed streaks first described by 

Kline et al. (1967). 
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The relative instability of the flow near the bed on the channel 

centre-line was evidenced by the behaviour of the dye plume near 

the injection site. The direction of the plume would intermittently 

change from being transported toward one wall to suddenly 

moving toward the opposite wall. To an observer this produced a 

sinusoidal-type downstream plan view for the centre-line of the 

plume. This demonstrates the presence of a single pair of 

secondary cells in the channel for the flows examined in this study. 

The billowing motion always occurred at a higher frequency than 

this large amplitude oscillation associated with the secondary cells. 

The exercise of injecting dye 60mm above the bed on the centre

line of the channel provided clearer examples of the occasional 

trapping of fluid, moving toward or along the bed, in the near-bed 

region. This was seen as a smearing of the plume due to the no slip 

boundary condition and high mean flow shear that characterises 

this region. 

S30 S60 S90 H3@44s H3@99s H3@170s 

TM(s) 3.70 2.63 1.89 1.11 4.00 3.45 

TB (s) 1.56 1.03 0.68 0.40 2.22 1.52 

TMITB 2.37 2.55 2.77 2.78 1.80 2.28 

Table 4.3 Flow visualisation data 

While it was a relatively simple matter to quantify the mean period 

for both the large amplitude motion and the local billowing during 

each of the steady flows, the corresponding data for the steep 
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hydrograph H3 was difficult to assess. To establish, as accurately as 

possible, instantaneous values during H3 for the time scales, or 

periods, associated with the two motions described above only one 

or two periods were observed. Consequently, a higher level of 

uncertainty is attached to the flow visualisation data for H3. Data 

for the mean period for the large amplitude oscillation TM and the 

billowing motion TB of the plume are presented in Table 4.3. 

Relatively short values for TM, the period for the mean oscillation 

of the plume, are interpreted as reflecting more energetic 

secondary motion. Similarly, more frequent billowing of the 

plume, indicated by lower TB values, is indicative of higher levels 

of small-scale turbulent mixing. An increase in the ratio TM/TB 

shows that the occurrence of the billowing is relatively more 

frequent than the swinging motion of the plume, suggesting that 

there is relatively more mixing. 

At higher flow rate steady flows and, particularly, on the rising 

limb of H3, the distinction between the two motions became more 

apparent. On the rising limb of H3 initially the amplitude of the 

mean motion of the plume across the channel increased, followed 

shortly after by an increase in the frequency of the swings. This 

motion became more whip-like, with the downstream plume 

direction being very stable for relatively long periods followed by 

sudden and discrete change. 
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Big whirls have little whirls 

That feed on their velocity; 

Little whirls have lesser whirls, 

And so on to viscosity. 

E. G. (Lewis) Richardson, 1922 
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5.1 Introduction 

Spectral analyses and turbulent kinetic energy budgets are 

presented as the basis for interpretation of the observations made 

in Chapter 4. These are accompanied by pressure gradient 

calculations and consideration of relevant time scales. Unsteadiness 

parameters, flow resistance and issues arising from the work of 

Song & Graf (1996) are also discussed in this chapter. 

5.2 Spectral Analysis 

5.2.1 The Turbulent Energy Spectrum 

The conceptual model of the turbulent energy transfer process, the 

energy cascade, was considered in this study through the 

separation of length and time scales along with other 

characteristics of the associated energy density spectra for the 

velocity. The energy density spectrum is defined (Bracewell, 1965) 
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as the squared modulus of the Fourier transform of the velocity 

record. 

The primary mechanism for the generation of turbulence is mean 

flow shear. This causes the generation of large eddies having 

similar length scales to the mean flow, namely depth hand channel 

width b. The energy in this large scale turbulence is then spent 

generating other eddies, generally having a slightly smaller size. 

The wave number of an eddy of length scale l is defined as: 

2;r 
K =- (5.1) 

l 

There is a physical lower limit on the size of an eddy, 17 (Equation 

5.2), called the Kolmogorov dissipative length scale, determined by 

viscosity v and the rate of dissipation of energy per unit mass D 

(more commonly in literature the symbol & is used for dissipation). 

q=( ~t (5.2) 

The portion of the energy spectrum for which the most detailed 

descriptions have been given in turbulence literature is called the 

inertial subrange. In the inertial subrange, present only in flows 

with sufficiently high Reynolds numbers, details of the processes 

of turbulent energy production and dissipation have no direct 

effects on eddy dynamics, due to the large separation of scales 

between the largest and smallest eddies. Although independent of 

production and dissipation mechanisms, the inertial subrange is 

the result of an overlap of the production and dissipation spectral 

ranges. The existence of this overlap, inertial subrange was 

proposed by Kolmogorov, who presented a mathematical 
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description of the energy spectrum (Equation 5.3) in 1941, which 

has since been published in numerous references, eg. Monin & 

Yaglom (1965), Tennekes & Lumley (1972), Dold & Eckmann 

(1977), and McComb (1990). 

E(K) ==aD~ K -}; (5.3) 

In Equation 5.3 E is the three dimensional energy density, K is the 

magnitude of the wave number vector, and a is a constant 

parameter for which Tennekes & Lumley (1972) suggested a value 

of 1.5. McComb (1990) and Leslie (1973) favour 1.44 for a, 

although the latter author commented on the significant scatter 

(> 20%) in reported data. 

In this study only the longitudinal component of velocity was 

measured and therefore the relationship between the three

dimensional spectrum E(K) and the one-dimensional longitudinal 

velocity spectral density F(K1) is important. To date only 

relationships for isotropic turbulence have been presented 

(Tennekes & Lumley, 1972). Equation 5.4, which isthe relation 

for the longitudinal component of velocity, proposes that the wave 

number dependence of the one-dimensional spectra is the same as 

that for three-dimensional spectra if the turbulence is isotropic. It 

has been widely argued that the condition of local isotropy exists 

for the entire range of eddy sizes within the dissipative spectrum 

(Monin & Y aglom, 1965). 

E(K )=}_K 3 !!_(_!_ dF(K)) 
2 dK K dK (S.4) 
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Evaluating Equations 5.3 and 5.4 yields the relation for the 

longitudinal component of the energy spectrum F( t9 in the inertial 

subrange (McComb, 1972): 

F(K) == ~~ aD'/:, K -% (5.5) 

Equation 5.5 implies that fitting a -5/3 slope to a one-dimensional 

energy density spectrum would enable an inertial subrange to be 

defined. It is expected that anisotropy at low wave numbers in the 

turbulence energy spectra would be more pronounced in one

dimensional spectra than in three-dimensional spectra (T ennekes 

& Lumley, 1972). This is attributed to the fact that one

dimensional spectra obtained in a three-dimensional field contain, 

at wave number K, contributions from components of all non

isotropic eddies with wave numbers higher than K (aliasing). 

The longitudinal component of turbulent kinetic energy K can be 

computed by integrating the longitudinal energy density spectrum 

F(x) (McComb, 1990): 

(5.6) 

(5.7) 

The need to divide the integral by 2n is to address the angular 

definition of wave number (Equation 5.1). Equation 5.7 enables 

the longitudinal component of turbulent kinetic energy to be 

calculated directly from the data for the longitudinal component of 

velocity, u1 (Tennekes & Lumley, 1972). 
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In all following discussion the longitudinal component K1 of the 

wave number vector will be represented by the variable K unless 

otherwise stated. 

5.2.2 Calculation of the 1-D Spectrum 

To facilitate the calculation of an energy density spectrum with 

sufficient resolution Otnes & Enochson (1978) state that for long 

data records it is acceptable to segment the overall data set and 

compute an average spectrum. If the data were collected during a 

single observation the average would be a sample function of a 

random process. Preliminary trials involving various combinations 

of segment length and the number of segments indicated that 

averaging spectra for 30 segments achieved a resolution that, 

qualitatively, was acceptable. This is consistent with Kline et al. 

(1967) who averaged 31 individual spectra. For this study each 

snapshot data set was created by sequentially linking data collected 

from a minimum of six separate runs. This hybrid technique, 

where the number of segments is greater than the number of 

observations, results in an ensemble of sample functions. By 

averaging statistics of segments it is tacitly assumed that the 

velocity record is stationary. 

The sampling frequency for each snapshot Is (Equation 5.8) was 

calculated by making use of the Taylor hypothesis of frozen 

turbulence (Section 3.6.1) and the desire to resolve the smallest, 
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Kolmogorov dissipative, length scale r; (Equation 5.2). Taylor's 

hypothesis assumes that the velocity field does not change 

appreciably during the sampling process, and therefore that the 

eddies are advected downstream at the same rate as the mean 

velocity. 

v 
/ 8 =2- (5.8) 

17 

In Equation 5.8 Vis the cross-sectional mean velocity. It was not 

possible to use the local mean velocity U as the calculation for Is 
precedes the point velocity data collection. 

The number of data points used for individual segment spectra was 

established from considerations relating to optimal use of the 

Matlab 4.2 radix-2 fast Fourier transform (FFT) algorithm 

employed (The Mathworks, Inc., 1994) and spreadsheeting 

software limitations of Quattro-Pro 5.0 for Windows (Borland 

International, Inc., 1993). The spreadsheeting software was 

employed in subsequent numerical analysis and graphical 

presentation. The largest possible data segment length, 213 (8192), 

was used. This meant that for each point velocity snapshot 2.5x105 

data points were required (30)~213). Using the largest practicable 

number of data points for segment spectra enabled the best 

possible description of the largest eddies. 

To optimise calculations a matrix with 30 columns and 213 rows 

was created for each snapshot with the velocity data for each 

segment comprising a single column. This matrix contained only 

the turbulent fluctuating component of velocity u1
, the local mean 
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velocity U having been subtracted before segmentation. Matlab 

translates the command to perform an FFT on a matrix as a 

command to perform the discrete FFT operation on each column. 

This operation produces a resultant matrix with columns that 

contain real and imaginary Fourier components for the 

corresponding column in the velocity matrix. Then, using the . )~ 

operator, the corresponding elements of the FFT matrix and its 

complex conjugate can be multiplied term by term to produce 

another matrix comprising the squared modulus of the Fourier 

transforms of the velocity segments. The ensemble average energy 

density spectrum F for the snapshot is therefore a vector of length 

213 where each element is the average of all column elements for 

the corresponding row in the squared modulus matrix. For all 

subsequent work with these spectra only the first half of the 

elements were used, the second half being a reflection of the first 

because of the symmetry properties of the Fourier transform of a 

real function. The spectra were mathematically smoothed to 

facilitate the fitting of -5/3 slope curves. 

A wave number vector, with elements Ki corresponding to 

elements in the energy density spectrum vector F(ki), was 

computed as shown in equation 5.9. 

(21C) (i-1) 
K;=fs U 2'3 for i=l,2,3 .. .2 12 (5.9) 

Figure 5.1, which is a log-log plot ofF against K for the snapshot 

taken for y=58mm at t=60s during H2 when the water depth was 

145mm, is an example of the energy density spectra obtained. 

Spectra calculated for the three steady flows and at each snapshot 
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of the three hydrographs exhibited curvature similar to that in 

Figure 5.1. A prominent feature of these spectra is the presence of 

two -5/3 slope regions. The presence of two regions with a -5/3 

slope indicates dual inertial subranges (Frisch, 1985) and was 

reported in 1967 river data by Yokoshi (Nezu & Nakagawa, 1993). 

Monin & Yaglom (1975) stated that such structures had also been 

observed in atmospheric turbulence. The significance of flows 

with, what appears to be, two inertial subrange regions will be 

discussed later in this chapter and in Section 6.2. 
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Figure 5.1 Turbulent energy density spectrum for H2 at t =60s 

Doppler noise manifests itself at the high wave number end of the 

spectrum (Durst et al., 1976; Durrani & Greated, 1977) and would 

be observed as a region with a positive slope. Although there is 

little evidence of noise in the spectrum shown (Figure 5.1) the 

spectra from other snapshots do contain noise. The noise was 

observed to impact on the energy density spectra at wave numbers 
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higher than 2)~104rad.m·t, or more precisely, frequencies higher 

than 2.5*103Hz. Therefore only the investigation of spectral 

characteristics at wave numbers approaching that of the 

Kolmogorov dissipative scale was affected. 

The Kolmogorov wave number K 17 has a value of 7.1x104rad.m·1 

and the wave number corresponding to the flow depth Kh is 

4.3x101rad.m·1 for the instant in the flow depicted by Figure 5.1. 

These wave numbers were calculated using Equation 5.1 with 

values of 1]=8.9)l-1Q-5m and h=0.145m, respectively, for this flow 

snapshot. 

The shape of the low wave number region in the energy density 

spectrum in Figure 5.1 indicates that slopes steeper than -5/3 are 

possible. The possibility of this occurrence has been suggested by 

schematic sketches of Leslie (1973) and Bernard & Ratiu (1977). 

5.2.3 Turbulent Kinetic Energy Calculation 

Integrating the energy density spectrum between any two wave 

numbers, K1 and K2, gives the total energy within that portion of 

the energy density spectrum. Numerical integration over the 

entire spectrum yields the total turbulent kinetic energy within the 

spectrum K (Equation 5.6). To minimise any influence the noise 

spectrum might have on computed values, the upper limit for the 

integration was taken as the Kolmogorov wave number x:17• 
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Consideration was given to the hypothesis that the two -5/3 slope 

regions (Figure 5.1) could be the result of superposition of spectra 

associated with more than one energy source. In addition this 

observation may be associated with processes having an important 

effect on turbulence levels during these floods. To address these 

points the spectrum shown in Figure 5.1 was replotted as Figure 

5.2, with the region between the low wave number -5/3 fitted 

curve and the total spectrum labelled dK. The energy attributed to 

dK was computed by numerical integration of the region between 

the two curves for wave numbers greater than Ks (Figure 5.2), the 

wave number where the curves intersect. The difference between 

K and dK, Ks, which is the energy contained below the low wave 

number -5/3 curve, can be associated directly with the turbulent 

energy produced at the large scales. 
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Results of calculating the turbulent kinetic energy K and the two 

components, K5 and dK, for the three steady flows from spectra 

using the method described above are shown in Figure 5.3. The 

existence of two -5/3 regions even for the steady flows, ie. dK not 

equal to zero, demonstrates that the processes responsible for 

generating this spectral feature are not exclusive to unsteady flows. 

Figure 5.3 also demonstrates that, for the range of steady flows 

investigated, the total turbulent kinetic energy generated by each 

mechanism scaled with flow rate, and therefore Reynolds number, 

in a near-linear manner. 
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Temporal variations of the three energy parameters, K, Ks, and dK, 

for each of the hydrographs are presented in Figures 5.4 to 5.6. In 

this analysis the data, represented by the symbols, were calculated 

directly from spectra associated with each of the snapshots taken at 

y = 0.4h during the three flood hydrographs. The data points and 

the curves interpolating the K data are consistent with those in 

section 4.4.2, using Equation 5.7. Mathematical interpolation of 

the dK values was also performed; curves for Ks were computed by 

differencing those for K and dK. 

In Figures 5.4 to 5.6 the straight lines Ks (S30) and dK(S30) 

represent base flow values of Ks and dK, the spectral energy 

components, as shown for S30 in Figure 5.3. 
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Figure 5.4 Turbulent kinetic energy spectral components for Hl 
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Figures 5.4 to 5.6 all demonstrate that the total turbulent kinetic 

energy in the flow was greater when the mean flow initially 

returned to base flow conditions than prior to the arrival of the 

flood. This result was reported earlier in Figure 4.12. However, the 

temporal behaviour of the spectral components of turbulent 

energy, Ks and dK, suggest that the respective processes that 

control them are affected differently by unsteadiness in the mean 

flow. In each of the hydrographs the energy Ks contained within 

the portion of the spectrum attributed to the generation of 

turbulence at the large scale appeared to return to the pre-flood 

level at the same time as the mean flow. The excess turbulent 

energy in the flow can be attributed entirely to dK. 

In Figure 5.7 dK levels throughout the hydrographs are compared. 
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Figure 5.7 shows that reducing the hydrograph duration resulted 

in larger peak dK values. The falling limb of each hydrograph was 

a period of relatively slow decrease for dK. As a consequence dK 

had a magnitude similar to S60 for H1, the longest duration flood, 

when the mean flow returned to the base flow condition, whereas 

dK was still larger than S90 at comparative stages in H2 and H3. 

However, once the mean hydrograph had passed there was a 

relatively significant increase in the rate at which dK decreased. 

A further avenue for interpretation of the dK region is to observe 

the length scale at which the energy is produced. This length scale 

LdK can be determined by establishing the wave number KdK where 

the magnitude of the difference between the energy density 

spectrum and the -5/3 slope curve fitted to the low wave number 

region of the spectrum (shown in Figure 5.2) is greatest. The 

conversion from a wave number KdK to a length scale LdK can be 

performed using Equation 5.1. As a result of the reciprocal 

relationship between wave number and eddy length scale, a 

reduction in LdK indicates that dK is positioned at a higher wave 

number in the energy spectrum, and conversely for an increase in 

LdK· For all three steady flows KdK was 9)1-l02rad.m-1
, which is 

equivalent to a length scale LdK of 7.0mm. 
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Figure 5.8 Unsteady flow behaviour of length scale LdK for 

production of spectral energy component dK 

From Figure 5.8 it can be seen that for the entire duration of Hl 

and H2, the two longest duration hydrographs, LdK' the length 

scale for the production of energy associated with dK, was smaller 

than the length scale for the steady flows. In contrast, on the rising 

limb of H3 LdK becomes significantly larger than for the steady 

flows, peaking at a value of 12.6mm. Near the time at which the 

depth was peaking the magnitude of LdK became much smaller 

until it had obtained a similar value to that observed for Hl and 

H2. The magnitude of LdK for most of Hl, which coincided with 

the minima for H2 and H3, was 4.2mm. The trend indicated by 

the last few snapshots for each hydrograph is that LdK is returning 

to the steady flow value. 
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To establish if the spectral characteristics of the energy source dK 

exhibited any variation with height above the bed, snapshots were 

taken at y=75.6mm for h= 126mm, ie. ylh=0.6, at t=37s on the 

rising limb and 115s on the falling limb of H3. A comparison of 

computed data from the spectral analyses for these snapshots and 

those at y = 50.4mm under the same flow conditions is presented in 

Table 5.1. 

dKIK LdK (mm) 

0.128 10.5 

75.6 2.85*10'3 2.s1 *10'3 o.34'~1o·3 0.120 2.9 

r--------------------------------------------------115 50.4 1.7 4''10'3 1.31''10'3 0.42''10'3 0.243 5.2 

75.6 0.223 2.0 

Table 5.1 Spectral parameters for h= 126mm during H3 

Not only did K and the spectral components, Ks and dK, become 

smaller further from the bed for both rising and falling conditions, 

but there was also relatively less energy associated with dK. 

Perhaps more significantly though is the finding that the length 

scale LdK was much smaller further from the bed. This situation is 

was particularly evident for the rising limb condition observed. 

Tables of spectral analysis data can be found in Appendix E. 
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5.3 Turbulent Kinetic Energy Budget 

To gain insight into the roles played by the various mechanisms 

associated with turbulence during unsteady open channel flow the 

turbulent kinetic energy (TKE) budget was utilised. This has been 

presented for steady flows by Tennekes & Lumley (1972) and 

Bradshaw (1978). The full equation for unsteady flow is presented 

as: 

In Equation 5.10 p is the fluctuating component of pressure, Sij 

(Equation 5.11) and sii are the mean and fluctuating rates of strain 

and vis the kinematic viscosity. 

S.. =l_(o U; + o U1J (5.ll) 
I} 2 oxj OX; 

This full budget has been abbreviated (Equation 5.12) and 

subsequently parameterised in an attempt to describe only those 

processes that impact significantly on the energetics of the flows 

observed. 

dK 
- = P + D + T (5.12) 
dt 

Here K represents the turbulent kinetic energy (Equation 5.7), Pis 

shear production of turbulence, D is viscous dissipation, and T is 

the transport of turbulent kinetic energy by turbulent velocity 

fluctuations. The TKE budget has been used in this form by 

Tennekes & Lumley (1972) and Dianat & Castro (1991). 
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Following from the nature of the data collected, it should be noted 

that the following discussion relates only to the turbulent kinetic 

energy budget for the longitudinal component of velocity. 

The mechanisms that are deemed to play only minor roles in the 

turbulent kinetic energy budget (Equation 5.10) are the pressure

gradient work and the transport of turbulent fluctuations by 

viscous stresses. Pressure-gradient work represents the loss of 

turbulent energy associated with transporting fluid through a 

region of fluctuating pressure. This involves redistribution of 

turbulent energy between the three spatial components. T ennekes 

& Lumley (1972) state that pressure-gradient work scales as: 

o l-1-) u; - u.p ~-
ox1 p J h 

(5.13) 

It is reasonable to neglect pressure-gradient work because of the 

poor correlation between the pressure p and u1i. Tennekes & 

Lumley (1972) suggest that the poor correlation is due to the 

pressure being a weighted integral of u1iu1
; and therefore its 

fluctuations tend to have larger scales than those of the turbulent 

velocity fluctuations, while Bradshaw (1978) simply states that the 

physical interpretation of this term is rather difficult. 

Because of the relatively large Reynolds numbers (Re) associated 

with these laboratory floods it is also possible to neglect transport 

of turbulence by viscous stresses since they scale inversely with 

Reynolds number (fennekes & Lumley, 1972): 

8 (-1 ) u; 1 
2 v 8 x. ut si J ~ h Re 

J 

(5.14) 
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where the Reynolds number is given by the relation: 

hU 
Re=- (5.15) 

v 

Equation 5.14 implies that the viscous stresses are several orders of 

magnitude smaller than transport by turbulent velocity 

fluctuations. 

Turbulence energy production Pis usually defined as: 

p =- U;U; SiJ (5.16) 

The turbulent cross correlation term in Equation 5.16 is assumed 

to scale with u/ (fennekes & Lumley, 1972) as indicated by 

Equation 5.17, which uses the parameter y as the proportionality 

constant. 

The estimation of the mean strain rate S, which is a bulk flow 

property, makes use of the corresponding bulk flow scaling 

relation: 

v 
S= fJs- (5.18) 

h 

The introduction of the time varying parameter f3s enabled 

calculated values for the mean strain rate, utilising the definition of 

strain rate and the observation that the flow had a logarithmic 

velocity distribution (Section 4.3.1), to be matched with the 

estimate using the bulk flow scales V and h. This assumption was 

also made by Tominaga et al. (1994). Therefore, the resulting 

parameterisation of the shear production was: 

u2 V 
P=r Ps ~ (5.19) 
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The cross-sectional average rate of turbulent energy dissipation per 

unit mass, D, is related to the cross-sectional average velocity and 

the friction slope by the relation: 

D=gVS1 (5.20) 

Following the argument of Tennekes & Lumley (1972), if the 

velocity and length scales for the large-scale turbulence, ut and h, 

are used to provide an estimate for the dissipation rate then: 

The parameter PD can be calculated for each sampling interval 

from measured values of V, S1 , Un and h. As a result PD can vary 

with time throughout a flood. 

The parameter r (Equations 5.17 and 5.19) was evaluated from the 

steady flow variables by making the assumptions that the base 

flow was in equilibrium, that there was a balance between 

production and dissipation, ie. P=D, and that there was no 

advection or transport of K, ie. UdK! dx = T = 0. For non-uniform 

steady flows it is most likely that the advection and transport 

terms would be non-zero but still in balance. The value obtained 

for r was 2.85 ( +l-0.07) from the three steady flows, which 

concurs with the assumption made by Tennekes & Lumley (1972) 

that this constant should be of order one. I have assumed that yis a 

characteristic constant and therefore would have the same value in 

all experimental flow situations. The parameters f3s and PD were 

evaluated independently from the measurements of V, h and 51 as 

described earlier. 
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Transport, T, of turbulent kinetic energy (Equation 5.22) by 

turbulent velocity fluctuations redistributes energy spatially within 

the flow. 

(5.22) 

Tennekes & Lumley (1972) state that T scales m an identical 

manner to the dissipation: 

It was assumed that the parameter f3r had a value of zero for steady 

uniform flow, but was computed during a hydrograph. The 

assumption that there was zero transport in the base flow could be 

modified for non-uniform steady flows, but it has no affect on any 

of the subsequent development, so long as T is interpreted as the 

magnitude of transport relative to steady flow conditions. 

Substituting for the terms in Equation 5.12, using the 

parameterisations presented above, the turbulent kinetic energy 

budget may be modelled numerically: 

(5.24) 

The earlier assumption (Section 3.3) that the mean values for the 

turbulent intensity and the mean velocity profiles occurred at a 

height 0.4h above the bed makes no impact on the results of this 

analysis as any error in this estimation is compensated for in the 

calculation of the parameters f3n, f3s, f3r and y. 
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The presence of the turbulent transport process in the budget 

renders Equation 5.24 indeterminate as a predictive model for the 

turbulent intensity, since current knowledge does not allow the 

variable f3r to be calculated. However, the application of the 

turbulent kinetic energy budget in this study was for the 

evaluation of the role played by the transport mechanism in the 

transient situation that exists during an unsteady hydrograph. By 

interpolating the turbulent intensity data, as shown in Section 

4.4.2, a series of values for ut were obtained, and the model was 

solved for the unknown parameter f3r· The results of the analyses 

for the three hydrographs are presented in Figures 5.9 to 5.11. 
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Figure 5.9 Turbulent kinetic energy budget for Hl 



140 

9E-02 6E-04 

6E-02 dK/dt 4E-04 

--!""') 
3E-02 2E-04 ~ Vl 

......... Vl 

1 ......... 
N s 

E-; 
OE+OO OE+OO 

.tj 
6 ~ 0: -3E-02 -2E-04 

-6E-02 
Rising Limb Falling Limb 

-4E-04 

-9E-02 -6E-04 
0 50 100 150 200 250 

Time t-to (s) 

Figure 5.10 Turbulent kinetic energy budget for H2 

9E-02 6E-04 

6E-02 4E-04 

--(<') 
3E-02 2E-04 --Vl !""') 

......... Vl 
N ......... s N 

OE+OO - OE+OO s 
£-; J. ----.,, -,, "1~--\---~-------------· .tj 
6 ~ p.; -3E-02 

\ ' / -2E-04 
\ I I 

T \ I I \ I 
I 

-6E-02 \1 I -4E-04 

Rising Limb Falling Limb 

-9E-02 -6E-04 
0 30 60 90 120 150 

Time t-to (s) 

Figure 5.11 Turbulent kinetic energy budget for H3 



141 

It is evident from each of these floods that the deformation-work 

terms, production and dissipation, represent the dominant 

processes. The transport by turbulent motion also plays a 

significant role for the majority of the rising limbs of H2 and H3, 

while the flow was accelerating. Not only does the magnitude of 

the transport of turbulence increase with higher levels of mean 

flow unsteadiness, but its importance relative to the mechanisms of 

production and dissipation grows. During the middle part of the 

rising limb for H3, the shortest duration hydrograph, the 

magnitude of the transport term was similar to that of both 

dissipation and production. The transport term, which represents 

the divergence of energy flux, acts as a sink for the turbulence, 

redistributing turbulent energy within the flow as a consequence 

of cross-flow turbulence gradients. 

While dK/ dt is much smaller than all of the other terms it is 

considered significant that this term is at least one order of 

magnitude greater in H3 and H2 than in the longest duration 

flood, Hl. 

5.4 Quantifying Unsteadiness 

The ability to describe a hydrograph as it travels downstream is 

important for the design of flood control and other engineering 

structures for rivers. In addition to flood routing arguments, the 

use of holistic unsteadiness parameters that attempt to characterise 
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some aspect of the mean flow unsteadiness are considered here. 

These considerations fall within the focus of this study, the focus 

being the relative effects of mean flow unsteadiness on turbulence 

for different hydrographs. The choice of formulation for an 

unsteadiness parameter generally depends on the flow 

characteristics of interest to the researcher, but it was felt that it 

would be advantageous to have standardisation of such parameters. 

5.4.1 Mean Flow Unsteadiness 

5.4.1.1 Flood Routing 

Routing refers to the mathematical description of water movement 

from one location to another, in terms of the flow rate or depth. 

Where this takes place in a well defined channel, the description of 

motion becomes flood routing (Mahmood & Yevjevich, 1975). 

For the movement of a hydrograph in a channel with no lateral 

inflow the conservation of mass, or continuity, equation is given 

as: 

ov oh oh 
h- + V- +- = 0 (5.25) ox ox ot 

The St. V enant equation of motion, for fluid momentum, 

(Equation 4.1) can be rewritten in the form: 
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(5.26) 

The full description of a dynamic wave travelling down a channel 

can be obtained by solving these hyperbolic equations (Equation 

5.25 and 5.26). However, simplifications to the St. Venant 

equation may be made for hydrographs based on the relative 

importance of the various terms in Equation 5.26, indicated by 

their magnitude (Dooge, 1986). The expressions on the left hand 

side of Equation 5.26 represent bed slope, depth-gradient and 

friction terms, respectively. Those on the right hand side are 

acceleration terms. It is considered that if a term is more than one 

order of magnitude smaller ( < 0.1) than the others it may be 

neglected. Neglecting the acceleration terms leads to a parabolic 

equation commonly referred to as the diffusion approximation. The 

linear solution to Equation 5.26, for momentum, known as the 

kinematic wave solution is obtained when both the acceleration and 

depth-gradient terms are neglected. 

Table 5.2 lists the critical flood routing parameters for the three 

hydrographs investigated in this study. The values presented in 

Table 5.2 for the depth-gradient and acceleration terms are the 

maximum magnitudes observed, all of which occurred on the 

rising limb of the respective hydrographs. The values in Table 5.2 

correspond with the format of Equation 5.26, with text formatting 

not permitting reproduction of the partial derivative symbol. 
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Depth-gradient Acceleration (Depth- (Accel. Wave 

-dhldx V.dV/dx gradient) terms) Equation 

(m.s"2
) + dV/dt (m.s·2) Is. /(gS.) 

H1 0.75''10"3 0.81''10"3 0.33 0.04 Diffusion 

H2 1.57''10"3 2.90''10"3 0.68 0.13 Dynamic 

H3 3.54''10"3 9.85''10"3 1.54 0.44 Dynamic 

Table 5.2 Flood routing parameters 

Only H1, the longest duration hydrograph, would permit any 

simplification of the momentum equation (Equation 5.26), with 

the minor role played by the acceleration terms allowing the 

diffusion approximation. The data in Table 5.2 demonstrates that 

not only do the depth-gradient and acceleration terms play a 

greater role in the equation of motion for the shorter duration 

hydrographs, but the acceleration term assumes relatively more 

significance. These findings support the qualitative evidence of the 

looped rating curves (Figure 4.1). 

5.4.1.2 Hydrograph Unsteadiness Parameters 

Liggett (1994) stated that the kinematic flow numberk (Equation 

5.27) is a common dimensionless parameter which is used in 

unsteady open channel flow. The kinematic flow number is a 

measure of the relative importance of the friction and the dynamic 
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terms, with a low value for k indicating that the acceleration terms 

are relatively important. 

(5.27) 

In Equation 5.27 L is a characteristic length along the channel, 

which was defined for this study as the product of the duration of 

the rising limb for a flood wave and the average celerity (Figure 

4 .2) during that period. While k is time varying due the 

dependence on V, it was considered that the minimum value, 

when V was a maximum, was the most relevant. These minima 

were 9.1, 3.4, and 1.4 for H1, H2, and H3, respectively. 

Other parameters have been presented in contemporary unsteady 

flow literature. Tominaga et al. (1994) used llrom (equation 5.28) to 

indicate the likelihood of hydraulic surges. 

(hmax hb) 
ATom = S T q;- (5.28) 

o r'\lgrtmax 

In Equation 5.28 hmax is the peak in the depth hydrograph, hb is the 

base flow depth, and Tr is the duration of the rising limb of the 

depth hydrograph. The computed values for llrom were 0.14, 0.38, 

and 0.76 for H1, H2, and H3, respectively. However, the use of 

the dynamic wave speed term in the denominator of the formula 

for llrom (Equation 5.28) seems inappropriate, as this represents the 

speed of a small amplitude wave relative to the water rather than 
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the speed, or celerity, of the main body of the flood wave relative 

to the channel boundaries (Henderson, 1966). 

Song & Graf (1996) and Graf & Song (1995) employed a similar 

parameter FHG (Equation 5.29), which they attributed tO earlier 

work by Graf and Suszka. rHG differs from Arom in that the wave 

speed term is replaced by the base flow shear velocity u.,b, the bed 

slope is not included, and the total hydrograph duration T is 

considered the appropriate hydrograph time scale. 

[ HG = 1 (hmax hb) (5.29) 
u.h T 

The computed values for rHG were 4.8*10-3
, 10.2)1-10-:', and 16.3)~10"3 

for H1, H2, and H3, respectively. The usefulness of Equation 5.29 

is questionable in light of the comment made by Paul & Dhillon 

(1987), in their sediment transport study, that the duration of the 

falling limb of a flood wave was largely insignificant and that the 

duration of the rising limb dictated behaviour. 

The wave celerity also provides information regarding the 

unsteadiness, which leads to the suggestion that a modified F roude 

number Pre (Equation 5.30) that compares the flood wave celerity 

C, rather than the dynamic wave speed, to the mean velocity 

might have some merit. 

c 
Frc =- (5.30) v 
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The maximum Fr c values obtained were 1.69, 1.84, and 1.87 for 

H1, H2, and H3, respectively. For a steady flow conditions Pre has 

a value of 1, but takes larger values throughout an unsteady flow 

hydrograph. In the kinematic wave approximation for unsteady 

flow, Fr c has a value of 1.5 or 1.67 if a Chezy or a Manning 

formulation, respectively, is used to parameterise resistance 

(Henderson, 1966). 

5.4.2 Unsteadiness in Turbulence 

In their unsteady open channel flow investigation, Song & Graf 

(1996) used a dimensionless longitudinal pressure gradient 

parameter Pu (Equation 5.32) to describe the structure of the 

turbulence. This was developed from the Rotta equilibrium p 

(Equation 5.31) parameter for boundary layer flow, to be discussed 

later (Section 5.5.1). 

h 
p =- (5.31) 

T0 dx 

P =pgh(-s + oh +_!_ auJ (S.32) 
II r o ox got 

() 

In Equation 5.31 p'' is the freestream pressure. This approach was a 

modification of that used by Song & Graf (1994) for non-uniform 

open channel flow and was based on the Saint-Venant equation. 

The last term on the right hand side of Equation 5.32 was included 
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to account for the unsteadiness in the mean flow. It can be seen 

that flu can vary throughout a hydrograph, and has values less than 

-1 for accelerating flows, greater than -1 for decelerating flows, and 

equal to -1 for steady or zero pressure gradient flows. The values 

for the three steady flows considered in this study, S30, S60 and 

S90, were -0.96, -0.95, and -0.94, respectively, all, only slightly 

greater than -1. 

The range of flu values for the three hydrographs, H1, H2, and H3, 

were -0.58 to -1.16, -0.45 to -1.57, and 0.08 to -2.21, respectively. 

Song & Graf ( 1996) state that the mean flow unsteadiness 

parameter rHG (Equation 5.29) in combination with flu can be used 

successfully to describe a hydrograph. Song & Graf (1996) also 

proposed relationships (Equations 5.33 and 5.34) between flu and 

the parameters for the magnitude and gradient of the turbulent 

intensity distributions in unsteady open channel flows (Equation 

4.10). 

x=0.036(10P}+P~~)+2.6 (5.33) 

c; =O.ol(P/ -10,811 )+0.86 (5.34) 

They claimed their measured profiles were only slightly different 

to that of a steady uniform flow. Note that I have reduced by one 

order of magnitude the constant associated with the flu terms for z; 

this was done because I believe there to be a misprint in the paper, 

otherwise this term becomes unrealistically large for large 
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magnitude values of f3u, and does not satisfy the authors conclusion 

that there was only a weak dependence on f3u . 

A new parameter A,t (Equation 5.35) based on turbulence variables 

rather than those for the mean flow, is postulated here as part of 

the effort to better characterise the effects of unsteadiness in the 

mean flow on the turbulence during a flood wave. 

(5.35) 

In Equation 5.35 ut,max and ut,b are the peak and base flow turbulent 

intensities, tt and t0 are the times corresponding to peak in the 

turbulent intensity and the arrival of the flood, and ht is the flow 

depth at the moment the turbulent intensity peaks. The ratio 

h/ ut,max represents a characteristic time scale for the large-scale 

turbulence at the moment when the turbulent motion is at its 

strongest. Equation 5.3 5 implies that the significance of the 

unsteadiness of a flood with respect to turbulence can be 

characterised by the time scale for the large-scale turbulence 

(h/ ut,max), which is proportional to the turnover, or spin-up, time 

of the largest eddies, compared to a time scale for the flood (tt -t0), 

in combination with the maximum increase in the turbulent 

kinetic energy relative to the base flow. It is suggested that 

relatively large effects of unsteadiness in the mean flow on 

turbulence are typified by bigger values of At . Reasons for this are 

as follows. 
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In most open channel flows the 'spin-up' or adjustment time of the 

turbulence will be much shorter than the time to peak of the 

turbulent intensity (which itself will be shorter than, but of similar 

magnitude to, the time to peak of a flood). In the experiments 

h/ut,max varied between 1.6 (H3) and 3.1s (H1), while the 

corresponding tt-to values were 22 and 147s respectively, ie. one to 

two orders of magnitude longer. As the time to peak of a flood, 

and consequently ttt0 , becomes shorter relative to the turbulent 

adjustment time h/ ut,max one would expect the impact of 

unsteadiness on the turbulence to become more important, and 

this is reflected in the formulation for At. Also, the inclusion of the 

increase in the energy in the turbulence, which is proportional to 

the square of the turbulent intensity, reflects the perceived 

importance of this parameter. The values of At obtained for the 

experimental floods were 0.024, 0.118 and 0.273 for H1, H2 and 

H3, respectively. 

In addition to the above considerations, it was felt necessary to 

include both time and velocity scales in the unsteadiness parameter 

to avoid anomalous values of An while providing the correct 

behaviour for At in limiting situations. For example, a short 

duration flood of very small magnitude would cause a large value 

for At if only time scales were considered; similarly, if only the 

relative increase in turbulent kinetic energy was examined a large 
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magnitude flood having a very long duration would also yield a 

large value of A,t. Yet in neither of these cases would one expect the 

flood to have a significant impact on turbulence energetics, in the 

first instance because of the small amount of energy added, and in 

the second case because of the long period of time available for the 

turbulence to adjust to changing mean flow conditions. 

While data from floods in natural channels rarely provide the 

detail necessary to compute a turbulence parameter such as A.t, for 

research purposes it is important that turbulence is quantified in an 

unambiguous manner. Once a greater appreciation of the effects of 

mean flow unsteadiness on turbulence is achieved then perhaps it 

will be possible to present a suitable parameter based solely on 

readily obtainable mean flow variables. 

5.5 Pressure Gradients 

The research by Song & Graf (1994 and 1996) proposed that 

pressure gradients play an important role in the behaviour of 

turbulence. Flows exhibit pressure gradients that fall into one of 

the following three categories: adverse, zero, or favourable. Using 

this terminology, for steady flows an adverse pressure gradient is 

seen in a flow that is decelerating, and conversely accelerating flow 
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has a favourable gradient. One focus of pressure gradients, from 

the perspective of conventional boundary layer theory, has been 

flow separation. However, in open channel flows of practical 

importance, such as those modelled in this study, flow separation 

is considered a remote possibility. Moreover, the approaches of 

Song & Graf and conventional boundary layer theory were unable 

to explain the turbulence behaviour observed in this study. Rather, 

as will be argued later, based on evidence from consideration of the 

divergence of mean flow parameters, flow rate appears to be a 

critical parameter. 

5.5.1 1996 Study by Song and Graf 

In their unsteady open channel flow investigation, Song & Graf 

(1996) employed Rotta's criteria for flow equilibrium. These 

criteria require that the ratio of shear velocity u.f to maximum 

velocity in the vertical umax (Equation 5.36) and the longitudinal 

pressure gradient, defined by f3u (Equation 5.32), are constant along 

a channel reach. 

u. 
-=a (5.36) 
umax 

In Equation 5.36 a is a constant. Song & Graf (1996) assumed that 

all of their unsteady flow experiments met these criteria. Their 

reasoning was that range of f3u values they encountered was similar 
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to the range of f3 values for the steady accelerating flows 

investigated by Song & Graf {1994), which met both Rotta criteria. 

However, Song & Graf (1996) report in their Table 1, entitled 

'Summary of Flow Parameters', ranges of f3u values for each of 

their 33 hydrographs. This implies that they observed temporal 

variation. For their entire data set f3u ranged from -1.03 to -5.12. 

This is not consistent with the assumption that f3u was constant 

along the reach. If, at one location along the reach, a point near the 

peak in the hydrograph could be identified where flow 

downstream would be accelerating and that upstream would be 

decelerating, ie. not constant along the reach. Song & Graf 

provided no evidence in their 1996 work regarding the other Rotta 

criterion (Equation 5.36). 
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Figure 5.12 Rotta flow equilibrium parameters for H1 
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The Rotta flow equilibrium parameters for H1, the longest 

duration hydrograph, are shown in Figure 5.12. Due to the 

relatively small depth-gradient and acceleration terms in the 

equation of motion for Hl (Section 5.4.1.1), the flow for this 

hydrograph was most likely to satisfy the Rotta flow equilibrium 

cntena. 

It is evident, because neither u.J U max nor f3u are constant, that the 

flow during Hl does not satisfy the Rotta equilibrium criteria. The 

range of u.J U max and f3u values increased for the shorter duration 

hydrographs, H2 and H3. This finding that the unsteady flows do 

not satisfy the Rotta flow equilibrium criteria is analogous to the 

departure of the hydrographs from the kinematic wave 

approximation. Plots of the Rotta flow equilibrium parameters for 

all three hydrographs are presented in Appendix E. 

5.4.2 Boundary Layer Theory 

One focus of conventional boundary layer theory has been on 

flow separation. Separation occurs in conditions where, in 

association with a high Reynolds number, an adverse gradient 

becomes excessive, leading to negative wall shear which can be 

observed as a region of backflow at the bed (Tritton, 1988; White, 

1979). The velocity profiles presented in Chapter 4 indicated that 
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flow separation would not have occurred during any of the flows 

observed in this study. However the theory used to evaluate flow 

separation can be used to provide insight to whether there is a 

relationship between the turbulence observations and the 

behaviour of the pressure gradients. Boundary layer theory is used 

to compute the near-wall viscous layer motion and link it to an 

outer, inviscid, flow. This theory is applicable mainly to high 

Reynolds number external flows (White, 1979). For open channel 

flow the boundary layer thickness 8, defined by the locus of points 

where the longitudinal velocity component reaches 99% of the 

external velocity, is generally taken to occupy the entire flow 

depth h. 

The deflection of the streamlines from parallel with the bed, to 

satisfy the conservation of mass, is related to the displacement 

thickness 8* of the boundary layer, given as: 

a·= J(1-~J dy (5.37) 
0 ue 

In Equation 5.37 Ue is the velocity external to the boundary layer, 

which by definition occurs at y = 8. Another boundary layer length 

scale was introduced by von Karman who noted that it was 

possible to compute drag from the momentum equation. He 

found that the momentum thickness B (Equation 5.38) was useful 

in his integration theory (White, 1979). 
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e = f ~ (1-~) dy (5.38) 
0 ue ue 

The displacement thickness 5 '~ and the momentum thickness e 

were calculated in this study using the velocity-defect equation 

(Equation 4.9) to describe the vertical mean velocity profile. The 

upper limit of the integration was taken as O=h, while a lower 

limit of y= 1>:·1o-4m was employed as the logarithm of zero is 

undefined, and this value of y is the same order of magnitude as the 

viscous sub layer, 5 vi u,~. The ratio of the displacement thickness to 

momentum thickness is called the dimensionless profile shape 

factor H: 

5. 
H=e (5.39) 

The occurrence of flow separation and strong adverse pressure 

gradients are associated with relatively large values of H. However, 

these parameters were originally formulated in studies of steady air 

flow over flat plates. The boundary layer data listed for the three 

hydrographs in Table 5.3 are minimum and maximum values, 

respectively. Table 5.3 indicates that displacement thickness and 

momentum thickness increased and velocity profile shape factor 

decreased at higher Reynolds number for these flows. Figure 5.13 

shows the behaviour of the three boundary layer pressure gradient 

parameters (Equations 5.37 to 5.39) for H2. 
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Displacement Displacement Shape 

Thickness 8' (m) Thickness B(m) Factor H 

S30 0.035 0.010 3.48 

S60 0.050 0,018 2.84 

S90 0.061 0.024 2.56 

:! ~~!: r ~-~:! ~-~:~ r ~-~!! :::: r !z 
' ' ' 

H3 0.032 j 0.071 0.010 j 0.024 1.55 j 4.05 

Table 5.3 Boundary layer theory parameters 

(Minimum and maximum values are shown for unsteady flows) 
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Figure 5.13 shows that both the displacement thickness and 

momentum thickness behave in a similar manner to flow depth on 

the rising limb and as a consequence the shape factor varied little 
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from the base flow value until just prior to the peak in the flow 

depth, at which time the shape factor decreased significantly. This 

reduction in H appears to be the result of the relatively rapid 

decrease in the displacement thickness. This was interpreted as 5'} 

having a dependency on the shear velocity u,}, The behaviour of 

the boundary layer parameters does not appear to be related in any 

obvious way to turbulence characteristics during any of the flood 

waves Hl, H2, or H3 (Graphs of the boundary layer parameters 

for all three hydrographs are presented in Appendix C). In the 

following section alternative global measures, based on changes in 

flow rate, are shown to shed more light on turbulence trends. 

5.4.3 Mean Flow Divergence 

The objective of this section is to compare the temporal behaviour 

of the divergences of mean flow rate Q, cross sectional mean 

velocity V, and depth h in an attempt to relate pressure gradients 

to unsteady flow turbulence. It is felt that the role played by 

adverse pressure gradients in generating instabilities, turbulence, 

and, in some instances, flow separation are so pronounced that 

there must be some connection with unsteady flow turbulence. In 

steady incompressible flow with no lateral inflow dQ/ dx = 0, but 

in these unsteady flows dQ/ dx is negative for most of the rising 

limb, until just prior to the peak depth, and positive for the 

remainder of the hydrograph. 
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Divergence of the flow rate incorporates the spatial variation in 

velocity V and flow depth h: 

dQ =b( V dh + h dV) (5.40) 
dx dx dx 

The first step in the calculation of the total spatial gradients of V 

and h (Equation 5.40) was the conversion of the observed partial 

time gradients to partial spatial gradients, using the approach 

outlined in Section 4.2.1 (Equation 4.3). It was then possible to 

compute the total derivatives using Equation 5.41. 

d o o ot 
dx=ox+otox (S.4l) 

Pressure gradients are related to dh/ dx and accelerations to d VI dx, 

but for unsteady flows the relationship is best examined from the 

point of view of an observer moving downstream with the mean 

velocity of the flow U. To such an observer the streamlines diverge 

as the peak flow depth approaches on the rising limb. This means 

the flow experiences an adverse pressure gradient, even though 

water particles are accelerating in the direction of flow (mean 

velocity increases with depth for the majority of the rising limb in 

most flood waves). On the falling limb, streamlines converge and 

the flow experiences a favourable pressure gradient, although water 

particles are decelerating in the direction of flow (The association 

of acceleration with an adverse pressure gradient, and deceleration 

with a favourable pressure gradient is not what one is accustomed 

to with steady flows! It occurs here because of the unsteadiness and 

the nature of open channel flow). The temporal variation of 

dh/dx, dV/dx, and dQ/dx for the three unsteady flow experiments 

are shown in Figures 5.12 to 5.14. 
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Earlier discussion explained how negative spatial gradients signify 

accelerating or diverging flow, and positive values are associated 

with decelerating or converging flow. It could be argued, based on 

the information in Figures 5.14 to 5.16, that the peak turbulent 

intensity correlates best with the maximum negative value for 

dQ/ dx, when flow rate divergence is a maximum. The correlations 

with dh/ dx and d VI dx are not as good. This result suggests that 

the turbulent intensity increased only during the period of 

increasing flow rate divergence. 
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5.6 Flow Resistance 

This section aims to clarify resistance effects in unsteady flow, thus 

providing a comparison with Tu's (1991) results. The formulation 

of resistance equations for open channel flow is essentially the 

same as in closed conduits, each being derived by equating the 

shear resistance at the boundary to the downstream propulsive 

force, which is gravity for uniform open channel flow, and gravity 

plus momentum flux for non-uniform open channel flow. 

There are three coefficients that have been developed in the study 

of flow resistance, and these are well documented. Chezy reasoned 

that the gravitational forces are balanced by resistance, which 

varied as the square of velocity. Although developed for pipe flow, 

the Darcy-Weisbach equation follows a similar argument to that of 

Chezy, with the Darcy friction factor f and Chezy coefficient C 

related as: 

j- rsg -~ (5.42) 
-~C-pV2 

In Equation 5.42 C is the Chezy coefficient, g is gravitational 

acceleration, p is fluid density, V is the cross-sectional mean 

velocity, and T0 is bed shear. The third equation, attributed to 

Manning (n), states that C varies as the sixth root of the hydraulic 

radius R; this conclusion was based on observations on rivers and 

large channels (Henderson, 1966). From these arguments and 

Equation 5.42 it can be seen that f is the only truly dimensionless 
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flow resistance parameter among the three (Some people use a drag 

coefficient, which is also dimensionless). 

The friction factor f was calculated using the cross sectional mean 

velocity V data and Equations 4.2 and 4.4 to compute the bed 

shear T
0

• The steady flow f values were 0.045 for S30, 0.036 for S60 

and 0.031 for S90. Figure 5.17 demonstrates how /varied with time 

during the three unsteady flows studied. 
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Figure 5.17 Friction factor variation during the unsteady 

hydrographs (The symbols are located at the time of peak depth) 

It can be seen from Figure 5.17 that the magnitude off was 

generally less than the base flow (S30) value throughout each 

hydrograph, with the minimum being observed on the falling 

limb. As a consequence f is usually larger on the rising limb than 

for the same depth on the falling limb. The difference between the 



164 

base flow value and the minimum observed was greater for the 

shorter duration events. This is consistent with the shear velocity 

results (Figure 4.3). These findings support the conclusions reached 

by Tu (1991), although he presented limited field data from earlier 

literature which revealed the opposite was the case. It is uncertain 

how the unsteadiness in the mean flow was accounted for in the 

analysis of that field data. 

5.7 Secondary Flow Patterns 

To investigate the possibility of the secondary flow patterns 

described in Section 4.5 being related to the bursting process, the 

data in Table 4.3 are compared to values predicted using the 

equation proposed by Rao et al. (1971) for turbulent boundary 

layers (Equation 5.43). This approach uses the inner time scale, 

formed by the shear velocity u.f and viscosity v, to normalise the 

bursting period T. 

Tu? o.73 -=Re0 (5.43) 
v 

In Equation 5.43 Ree is the Reynolds number formed using the 

momentum thickness ()and the free-stream velocity. This analysis, 

for which the free-stream velocity was taken as the value of U for 

y=h using the Albertson & Simons (1964) velocity-defect law 

(Equation 4.9), reveals a weak correlation between the data using 

this inner scaling approach (Figure 5.18). In addition, the data does 
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not compare favourably with the relation proposed by Rao et al. 

(1971) (Equation 5.43). 
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Figure 5.18 Comparison of flow visualisation data with Rao curve 
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An alternative approach that employs the Reynolds number Re 

(Equation 5.15) as the independent variable and outer scaling for 

the observed period data (Table 4.3), using shear velocity u,~ and 

depth h, is presented in Figure 5.19. 

The data for both steady and unsteady flow conditions are 

consistent among themselves for the mean and billowing motions 

of the dye plume. A curve was fitted to the data for the mean and 

billowing motions using a least squares regression. These curves, 

which are shown as the lines in Figure 5.19, are presented as 

Equations 5.44 and 5.45 for TM and TB, respectively. 

TMh u. =8.58 * 104 *Re-1.023 (5.44) 

T. u 
T=2.93 * 105 *Re-1.2°9 (5.45) 

The relation presented for the mean oscillation of the dye plume 

(Equation 5.44) suggests that TM is independent of the depth h. 

Consequently the controlling parameters for TM are viscosity v, 

mean velocity V and shear velocity u," The situation for the 

billowing of the dye plume is similar, although TB appears to have 

a weak dependence on depth. 

5.8 Time Scales 

This sectwn considers the propos1t10n that the turbulence 

observations reported in Chapter 4 could be explained by time 

scale arguments. To achieve this the significance of the role played 
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by eddy spin-up, or turnover, time ts (Equation 5.46) within the 

energy spectrum is evaluated. The spin-up time is of the same 

order of magnitude as the ratio of the depth h to the turbulent 

intensity ut. 

h 
t8 ~ u (5.46) 

I 

The turnover time ts for a large eddy (Equation 5.46) was of the 

order 2s for these flows. By employing the definition of turbulent 

kinetic energy K given in Equation 5.7 and the parameterisation of 

the mean dissipation rateD (Equation 5.21), it can be shown that 

the time scale associated with energy transfer through the 

spectrum tK (Equation 5.47) is the same order of magnitude as ts. 

t K ~ I ~ I ( 5.4 7) 

The spectral time scale tK is analogous to a residence time, thus 

reflecting the turbulent energy storage characteristics of the 

spectra. 

The eddy spin-up time needs to be compared with a relevant time 

scale for the unsteady flow hydrograph and the time of decay for 

the large scale eddies. Following the argument of Paul & Dhillon 

(1987) and evidence from Sections 5.3 and 5.5.3, the duration of 

the rising limb ~' which varied from 248s for H1 to 40s for H3 

(Table 4.1), seems to be the most important time scale for the 

mean unsteadiness. This implies that the eddy spin-up time was 

one to two orders of magnitude smaller than the duration of the 

rising limb. As these time scales become closer to being of the same 
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order of magnitude the effects of unsteadiness in the mean flow are 

likely to have a greater impact on turbulence. 

The time scale tv for the decay of an eddy having length scale lis 

presented in Equation 5.48 (Tennekes and Lumley, 1972). 

12 
t =a- (5.48) 

v v 

In Equation 5.48 a is a constant. The magnitude of tv for large-scale 

eddies is of the order 3 hours for the base flow depth and 11 hours 

when the depth peaks in the hydrographs. Similarly, an eddy of 

size 1mm ("' 10 77) would be dissipated in approximately 1 second. 

This would indicate that, in the absence of a mechanism that limits 

dissipation, turbulent energy could be dissipated at a similar rate to 

that at which the smallest eddies were spun-up. 

Further, the ratio of the decay time scale for the integral length 

scale, tv for l = h, to the spectral time scale tK is the same order of 

magnitude as the spectral Reynolds number Re1 (Equation 5.49). 

The spectral Reynolds number ranges from 3.64x103 for the base 

flow (S30) to 1.29x104 at its maximum during H3, indicating that 

direct dissipation has very little effect on the large eddies. It might 

be argued that the large separation between turbulence and mean 

flow time scales was sufficient for there not to have been any 

limitations on the energy cascade. The observations in Chapter 4 

show that this is not the case; unsteadiness in the mean flow does 

affect the energy cascade. 
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If the small scale energy source identified in the spectra of the 

longitudinal turbulent velocity component (Section 5.2.3), dK, is 

the result of filament vortices then solutions to the diffusion 

equation for axisymmetric geometry (Carslaw & Jaeger, 1959) 

suggest that a value of 1 should be used for a in Equation 5.48. The 

smallest observed length scales LdK at which this small-scale 

production occurs is 2.0mm at y=75.6mm (h= 126mm; y=0.6h) at 

115s during H3. This length scale is associated with a decay time 

of 3.6s. More significantly, the largest observed value for LdK of 

12.6mm, which occurred at y=60mm (h= 150mm; y=0.4h) at 

t=44s during H3, is associated with a decay time of 144s. This is 

the same order of magnitude as the duration of the hydrograph. 
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you can do 

DO IT NOW 

for boldness has genius power and 

magic in it! 

Goethe 
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6.1 Introduction 

The aim of this chapter is to apply physical interpretation to the 

results of the analyses presented in Chapter 5 and to present 

hypotheses about mechanisms capable of generating the observed 

flow turbulence characteristics. The proposed mechanisms are 

founded on personal interpretation of the turbulent intensity 

observations and analytical results presented in this study and 

further theoretical considerations gleaned from published 

literature, such as that reviewed in Chapter 2. The effectiveness 

of the experimental methodology is also reviewed. 

6.2 A Scenario for Turbulence 

Observations were made of the turbulent behaviour of the 

longitudinal component of velocity during three flood 

hydrographs in a smooth rectangular channel with a mild bed 

slope. These hydrographs had different levels of mean flow 
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unsteadiness, qualitatively related to their duration. The 

assumption that the mean values for turbulent intensity and 

velocity would be observed at a height 0.4h above the bed was 

supported by vertical profiling of steady and unsteady flow 

conditions (Section 4.3). 

In an attempt to rationalise these observations firstly a summary 

of the data and analytical results is presented. This is followed by 

conjecture about the presence of possible flow mechanisms, 

although these could not be substantiated in this study. 

6.2.1 Evidence Obtained 

The mean turbulent intensity peaked on the rising limb before 

the mean flow variables u.f, V, Q, and h peaked (Figures 4.13 to 

4.15). It was demonstrated that the peak turbulent intensity 

coincided with maximum flow rate divergence, implying that 

turbulent energy increased only when the magnitude of flow rate 

divergence increased. For hydrographs with greater mean flow 

unsteadiness, signified by a shorter duration, the peak turbulent 

kinetic energy K (Equations 5.6 and 5.7) was greater. In addition, 

the magnitude of the turbulent energy was greater for all depths 

on the respective limbs throughout the flood. 

Having a greater level of turbulent energy at all corresponding 

depth values throughout a hydrograph extended to the 
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observations of greater values of K with the return of the mean 

flow to pre-flood conditions, and for some time after. 

Of the three hydrographs investigated it is possible to make a 

distinction between H1 and the shorter duration events, H2 and 

H3. From flood routing arguments (Section 5.4.1.1) it was 

possible to demonstrate that all three hydrographs were 

characterised by relatively large depth-gradients and therefore 

could not be described using the kinematic wave approximation. 

However, it was possible to neglect the acceleration terms in the 

momentum equation for H1, meaning that the diffusion 

approximation was valid. Large acceleration terms necessitate the 

use of the full dynamic wave equations for H2 and H3. The 

impact of the depth-gradient and accelerations was observed as 

hysteresis in the depth-discharge rating curves (Figure 4.1). A 

further implication of the non-linearity in the momentum 

equation was that the Rotta equilibrium criteria were not well 

approximated. Song & Graf (1996) had assumed that all of their 

33 hydrographs met these two flow equilibrium criteria. 

The distinction between H1 and the other hydrographs can be 

extended to the turbulent kinetic energy budget where the 

transport of turbulence T does not play a significant role, and the 

turbulent kinetic energy gradients dK/ dt (Figure 5. 9) are 

relatively small. 

For H2 and H3 the transport of turbulence T acts as a sink of 

turbulent energy during the period from the arrival of the flood 
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until soon after the turbulence kinetic energy K had peaked 

(Section 5.3). For the remainder of the hydrographs T played a 

much smaller role in the energetics. With production P and 

dissipation D being almost in balance this leads one to infer that a 

state of pseudo-equilibrium existed on the falling limb of these 

two floods. It is interesting to note that there was a period of 

inactivity following the peak in the depth in all three floods, 

during which time the rates of both production and dissipation 

were much lower than at any other time during the hydrograph 

(Figures 5.9 to 5.11). These minima suggest that the rate of 

dissipation, in addition to that of production, has a strong 

dependence on the mean flow conditions. In this respect, the 

most significant parameter appears to be the friction, or energy, 

slope sf, which changed rapidly from being greater than the bed 

slope to a magnitude smaller than the bed slope soon after the 

peak in the depth hydrograph (Equation 4.2 and Figure 4.3). 

Under the pseudo-equilibrium conditions existing on the falling 

limb, where there is no significant transport. of turbulence and 

production and dissipation are almost in balance, the flow was 

unable to liberate turbulent energy in excess of that for an 

equivalent steady flow condition. This is seen as a relatively high 

turbulent energy state throughout the falling limb and for some 

time after the mean flow had returned to a steady state. 

The spectral analyses (Section 5.2) revealed that, for all flows 

studied, the energy density spectrum for the turbulent velocity 

component exhibited a double structure, indicated by two -5/3 
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slope regions. This was interpreted as a superposition of spectra 

from two production sources, one having length scales similar to 

the mean flow and the other at a much smaller length scale. The 

majority of the total energy of the total turbulent energy was 

attributed to the production of turbulence at the largest length 

scale, K5 (Section 5.2.3). 

The total energy provided by the smaller length scale source, dK 

(Section 5.2; Figures 5.3 to 5.7), was greater during all three flood 

hydrographs than for near-uniform steady flows having 

comparable flow rates. This was particularly evident on the 

falling limb when, . under the pseudo-equilibrium conditions 

discussed above, dK decreased at a relatively slow rate. When the 

mean flow for H1 initially returned to S30 conditions dK was 

similar to that for S60. In comparison, H2 was similar at the 

return to base flow to the S90 value, while H3 was much larger. 

Immediately following the passing of the mean flow hydrograph 

dK began to decrease at a much faster rate, but had not returned 

to the S30 value for the last observed snapshot, at least 50s later, 

for any of the hydrographs. The possibility that the 

characteristics of dK are a consequence of noise was discounted 

because there were differences between spectra of velocity records 

for identical mean flow conditions before and after the passage of 

H3, the steepest hydrograph. In addition there was evidence of 

noise in the spectra starting at much higher wave numbers than 

those associated with the production length scale for dK. 
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Figures 5.4 to 5.6 indicate that the energy contained within the 

spectrum resulting from Ks peaked at the same time as the total 

turbulent kinetic energy K, but returned to the base flow level 

along with the mean flow. 

Throughout the falling limb, and for the period observed 

following the return of the mean flow to the steady base flow, 

the turbulent energy exceeded that expected for the mean flow 

conditions. It can be inferred from this that the level of turbulent 

kinetic energy reflected both current and historical flow 

conditions. This hypothesis is supported by Bradshaw (1971) 

who argues that K depends on the whole history of the flow; in 

other words the flow has a long memory. 

The length scale for the production of turbulent energy 

associated with dK at y=0.4h ranged from 4mm to 12mm, with 

the length scale generally being smaller than the steady flow value 

of 7mm. The exception to this case was observed on the rising 

limb of H3 when larger length scales were observed. For 

positions further from the bed the production length scale for dK 

decreased, as did the proportion of the total turbulent energy 

accounted for by this component of turbulent energy. These 

length scales are between one and two orders of larger than the 

Kolmogorov dissipation length scale 17 (Equation 5.2). 

Flow visualisation using dye injection revealed two distinct types 

of fluid motion (Section 4.5). The dominant behaviour was due 
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to the presence of two cells, either side of the channel centre-line, 

in which the motion was helical and orientated in the 

downstream direction. This is the feature of open channel flow 

commonly referred to as secondary motion. In addition there 

was a billowing motion in which fluid rotated away from the 

mean direction of the dye plume such that, with respect to the 

mean velocity, there was local flow reversal. The periodicity of 

these motions did not fit the relation proposed by Rao et al. 

(1971) for boundary layer turbulent bursting, but appeared to 

scale with outer variables (Section 5.7, Figures 5.18 and 5.19). 

Hysteresis in the rating curves for the mean flow variables, as 

discussed earlier in this section, results in a situation where no 

unique relation exists between any two variables for the complete 

duration of a hydrograph. This implies that universally accepted 

methods for describing the vertical structure of mean velocity U 

and turbulent components Un that employ the shear velocity u,f as 

the relevant velocity scale, cannot be applied for unsteady flows 

that do not satisfy the kinematic wave approximation. 

Vertical profiling was performed for each of the steady flows and 

at three points during H3, to observe the most significant 

departures from steady conditions. The most significant 

difference observed (Figures 4.8 to 4.10) was that not only did the 

mean turbulent energy behave as described above, but there was a 

much larger vertical gradient of Un and hence K, for the unsteady 

flow profiles. 
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6.2.2 The Postulation of Mechanisms 

6.2.2.1 Additional Source of Turbulence 

I propose that vortex elements, which are also known as coherent 

structures, with a length scale between Smm and lOmm are the 

source of the component of turbulent energy identified in the 

spectral analysis as dK. Blackwelder (1988a) defined coherent 

motion with the following statement: 

A coherent eddy structure consists of a parcel of 

vortical fluid occupying a confined spatial region 

such that a distinct phase relationship is maintained 

between the flow variables associated with its 

constituent components as it evolves in space and 

time. 

The turbulence transport mechanism, which is a velocity cross

correlation gradient term (Equation 5.10), acts as a sink for 

turbulent energy on the rising limb of these hydrographs thus 

reflecting the amplification of existing coherent motions or the 

development of new motion. 

It is hypothesised that the period of increasing flow rate 

divergence led to destabilisation of the velocity field, associated 

with vortex stretching, resulting in divergence of the turbulence 

field. These instabilities created a situation where the principal 
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stresses became unbalanced thus generating more vortex 

structures. This hypothesis is supported by Lesieur's (1984) 

statement that the dynamics of turbulent flows are characterised 

by the organising action of external forces or instability 

mechanisms which tend to create coherent structures. Mixing 

would be enhanced by this mechanism. 

Vortex elements must start and end on a boundary and cannot be 

transported downstream by the mean flow despite being subjected 

to mean flow stretching. The length scale for the width of a vortex 

decreases with distance from its start point as a result of the mean 

flow stretching. This concurs with the findings of the spectral 

analysis. It is believed that the existence of start points for vortex 

structures would be more prevalent on the bed than the channel 

walls. The consequence of the zero slip condition on the 

boundaries means that until a vortex structure is destroyed it will 

persist in the region of its start point. This provides the turbulence 

with a memory mechanism, once the flow conditions responsible 

for generating the vortex have moved downstream. The time scales 

for such vortex structures (Section 5.8) are large enough to explain 

the relatively high turbulent energy levels observed on the falling 

limb and after the mean hydrograph had passed. 

Combining the above argument with the observation that the 

billowing of the dye plume was more evident near the bed (Section 

4.5) and the finding that the production length scale for dK is 

smaller further from the bed, leads one to infer that in the near-bed 

region the length scale would be larger than observed at y=0.4h. 
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Similarly, the proportion of the total turbulent energy at a point 

in the flow attributed to dK would also be larger closer to the 

channel bed. Such a variation in the energy associated with dK 

could explain the relatively large vertical gradients of turbulent 

intensity. 

The billowing of the dye plume was interpreted as the intermittent 

interaction of fluid moving with the dominant helical secondary 

motion and the vortex structures. 

The pseudo-equilibrium flow conditions on the falling limb, of 

little transport and similar levels of production and dissipation, 

meant that it was unlikely that there was any further generation 

of vortex structures. However, the time scale for persistence and 

ultimate diffusion of those vortex structures generated on the 

rising limb is hypothesised to have exceeded the durations of the 

respective falling limbs. 

Efforts to simulate energy storage within the spectrum due to 

multiple production mechanisms have been accounted for in 

some turbulence models by the inclusion of intermittency or 

energy flux parameters (Kadanoff, 1994). The effects produced by 

these modelling parameters are fundamentally consistent with the 

explanation advanced here for coherent structures. 

In flows where secondary currents exist that were produced by 

other mechanisms, such as channel curvature, motions of the 

type discussed here would be superimposed on the flow field, but 
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it would be difficult to differentiate these without the use of flow 

visualisation in conjunction with spectral analysis. 

6.2.2.2 Mean Flow and Turbulence Coupling 

Vortex stretching in the downstream direction is considered to 

play an important role in the flow dynamics through the 

entrainment of irrotational fluid and in the production and 

dissipation of turbulent energy (Blackwelder, 1988b). 

The observed existence of a double structure in the energy density 

spectra supports the statement by Lesieur, M. (1984) regarding the 

creation of coherent structures in competition with the explosive 

growth of three-dimensionality which tends to destroy them. 

Hussain & Melander (1992) found, from their numerical 

investigation, that orientation in the same direction of small scale 

motions leads to increasingly large vortical structures, which they 

interpreted as an inverse energy cascade. They concluded that the 

presence of a coherent structure in a turbulent flow has a profound 

influence on the turbulence in its immediate vicinity. 

The input of turbulent kinetic energy at a length scale almost 

midway between the largest length scale eddies h and the 

dissipative scale 1] undermines the idea of separation of scales, as 

dictated by Reynolds number considerations alone. Rather, a 

situation is created where the assumption of local isotropy at small 
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scales breaks down and dissipation exhibits sensitivity to the mean 

flow. 

I propose that the dissipation of turbulent kinetic energy, which 

takes place in the near-wall region, is not via rotational motion at 

Kolmogorov scales; instead, the dissipation process is controlled 

by the diffusion of momentum during low speed streaks. The 

Kolmogorov scale is interpreted as defining the condition along 

the streaks where the Reynolds stresses balance viscous forces, 

leading to a situation of critical damping. Mean flow control of 

the dissipation rate is consistent with the triple structure of 

turbulence depicted by Nezu & Nakagawa (1993). My hypothesis 

utilises this concept by suggesting that coherent structures in 

near-wall turbulence consist of both the bursting motions (Kline 

et al., 1967) and large scale vortical motions. 

Further justification of this model can be obtained by considering 

the spacing of low speed streaks on the channel bed. While the 

cross stream spacing scales with inner variables, it has been 

proposed (Hinze, 1975) that the longitudinal spacing of bursts 

scales with outer variables that are dependent on the mean flow. 

This is consistent with flow visualisation results presented in 

Figures 5.18 and 5.19, showing dye-streak observations scaling 

with outer, rather than inner, variables. 
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6.2.2.3 Unsteadiness and Hazard 

I consider it would be of practical benefit if it were possible to 

quantify the overall unsteadiness of a hydrograph, and hence the 

hydrodynamic hazard posed by that event, by a single unsteadiness 

parameter. With floods in natural channels the hazard arising from 

increased bed shear and turbulence and unsteadiness are related 

terms. 

The concept of the magnitude of a hydrograph lends itself easily to 

the proposal that the peak water level is the relevant variable, as 

this will determine how much of the flood plain will be inundated. 

However, floods having similar peak water levels but with 

different rise times may be considered to have different severities. 

The intensity of the turbulence generated during a flood, which is a 

reflection of the relative behaviour of the energetics processes, 

appears to be controlled to a greater extent by the divergence of 

the flow rate on the rising limb (Section 5.5.3). Similarly, a channel 

form factor could characterise effects pertaining to channel slope 

and resistance for floods having identical discharge hydrographs 

but occurring in different channels. 

To investigate the relevance of the four factors outlined above a 

more comprehensive investigation would be required than 

undertaken here. This set of experiments has however revealed, for 

similar shape and magnitude hydrographs in the same channel, 
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that hydrograph characteristics, particularly flow rate divergence, 

can play a significant role in the dynamics of turbulence. 

6.3 Methodology Review 

One of the fundamental aims of this study was the realistic 

simulation of floods in a long reach of a natural channel. The use 

of the downstream sluice gate control system appears to have 

enabled more realistic energy, depth, velocity and flow rate 

gradients to be produced than those observed in unsteady flow 

work of earlier researchers. These parameters have been shown 

to be very important. 

The long period required to complete the experimental phase of 

this project has been justified by the quality and consistency of 

the data. The ability to reproduce flood waves with little 

variation between runs (Section 3.7) meant that at any stage of 

the project the data set for a hydrograph could be extended 

following analysis of data from initial collection programmes. 

This situation occurred following a review of the point velocity 

(snapshot) data for Hl that revealed a need to select further data 

sites to reduce the uncertainty in interpretation of the turbulence 

behaviour. Also, further snapshots following the mean flow 

return to base flow conditions and the flow visualisation results 

were acquired at the request of the overseas examiner. Nezu et al. 

(1994) stated that the three common methods for distinguishing 
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the mean flow from the turbulent fluctuations are by ensemble 

averag1ng, a moving average method, and by Fourier 

components. Of these techniques they suggest that ensemble 

averaging is the most desirable, but discount it in favour of 

Fourier components in their own study due to the time involved 

with the measurement of a sufficient number of waves and for 

other reasons relating to their data acquisition system. 

Due to the short distances, and therefore travel times, associated 

with flow in laboratory flumes there may be insufficient time for 

eddies generated at the inlet to decay (Section 5. 8) before reaching 

the measuring section. There appears no obvious means to 

eliminate the effects of flume inlet conditions in laboratory 

experiments. This places additional emphasis on researchers to 

address issues relating to possible effects that experimental 

conditions have on their findings. 

The assumption that the flood waves would not change shape as 

they passed through the channel (Section 4.2.1), which implies a 

single value for the wave celerity, was not strictly validated. It 

was found that the celerity was greatest near the peak in the 

depth, which means that the wave front would steepen, the tail 

lengthen, and the peak depth would attenuate as the flood 

travelled downstream. However, due to the short travel time 

from the point of generation at the inlet to the measuring section 

the changing wave form does not appear to have had an adverse 

effect on the findings of this study. 
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The data in Appendix E (Section E.l) demonstrates that the 

variability between independent runs of a flood hydrograph was 

greater on the falling limb, with the greatest variability being 

observed near the peak depth; this reflects the difficulties 

experienced with this aspect of the sluice gate control system 

development. Paul & Dhillon (1987) stated, in their unsteady 

flow sediment transport study, that the duration of the falling 

limb was largely insignificant and that the duration of the rising 

limb dictated behaviour. My results indicate that there is 

considerable merit in this proposition and therefore the greater 

variability observed on the falling limb should not detract from 

the credibility of my study, while greater consistency obtained 

for the rising limb of each flood reinforces the credibility of my 

study. 
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.... a time to gather stones together. 
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7 Conclusion 

7.1 Findings from this Study 

This sectwn contams conclusions drawn from experimental 

results, as well as postulation of flow mechanisms, in an attempt to 

present a complete picture of turbulence behaviour during 

unsteady open channel flow. The unsteady flows examined all 

exhibited mean flow gradients steeper than were valid for 

application of the kinematic wave approximation. 

7 .1.1 Experimental Conclusions 

1) Turbulent energy 

a) The turbulent energy peaked on the ns1ng limb of the 

hydrographs. 

b) The maximum turbulent energy and maximum divergence 

of flow rate occurred almost simultaneously. 

c) Increased hysteresis in the rating curves for mean flow 

variables, associated with non-linearity in the momentum 

equation, led to the peak turbulent energy being observed 

relatively earlier for shorter duration hydrographs. 
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d) The magnitude of the peak turbulent energy was greater for 

a steeper, shorter duration, hydrograph. 

e) When the mean flow returned to pre-flood steady flow 

conditions the flow exhibited more turbulent energy than 

before its arrival. 

2) Energy density spectrum 

f) The energy spectra exhibited two -5/3 slope regions, which 

was interpreted as evidence of two sources of turbulent 

energy. 

g) The first -5/3 reg10n, labelled K 5, was associated with 

production of turbulence at length scales similar to the 

mean flow. 

h) The second -5/3 reg10n, labelled dK, (K=K5+dK) was 

associated with production that had a length scale of 

approximately 7mm at a height of 0.4h above the channel 

bed. 

i) The proportion of energy attributed to dK, and the length 

scale for the production of this energy, diminished with 

distance from the bed. 

j) The decay time for motions of the length scale associated 

with dK was the same order of magnitude as the duration 

of the hydrographs. 

3) Kinetic energy budget 

k) On the rising limb of the hydrographs turbulent transport 

provided a sink for turbulent energy, in addition to that 

provided by dissipation,. 
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1) A state of pseudo-equilibrium, in which there was little 

transport and production almost balanced dissipation, 

existed for the majority of the falling limb. 

m) A period of inactivity, where production and dissipation 

reached minima for the hydrograph, was observed soon 

after the peak in the depth. 

4) Turbulence profiles 

n) The observed vertical profiles of turbulent intensity 

exhibited larger gradients than those for steady flow. 

o) Hysteresis in the rating curves for the mean flow variables 

indicates that the use of u,, as the sole variable on which the 

magnitude of mean velocity and turbulent intensity 

profiles are based is of little use for unsteady flows. 

7.1.2 Turbulence Conjectures 

a) Increasing divergence of flow rate led to destabilisation of 

the velocity field and creation of vortex structures, which 

manifested itself as divergence of turbulent energy. 

b) The existence of a turbulence source with a length scale in 

the middle of the energy density spectrum is not consistent 

with the traditional concept of separation of scales as based 

on Reynolds number considerations alone. 

c) Mechanisms for production and dissipation of turbulent 

energy are both related to the mean flow, bringing into 

question the assumption of local isotropy at small scales. 
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d) The dissipation of turbulent kinetic energy is controlled by 

the diffusion of momentum during low speed streaks. 

e) The Kolmogorov scale is interpreted as the condition along 

low speed streaks where the Reynolds stresses balance 

viscous forces, leading to a situation of critical damping. 

7.2 Recommendations for Future Research 

a) Acquire data for two or three components of velocity, to 

providing a more complete description of the turbulence 

throughout the entire cross section. 

b) Undertake more detailed flow visualisations using advanced 

digital imaging and image processing technology. 

c) Investigate hydrographs for which the kinematic wave 

approximation is valid. 

d) Investigate monoclinical unsteady flows, both rising and 

falling, to add insight to the concepts of flow memory and 

residual turbulence. 

e) Quantify the pressure-work term to better understand its 

role in the energy budget. 

f) Establish a data-base of field and laboratory turbulence 

measurements from channels having a range of bed 

roughness's and bed slopes, both with and without 

sediment transport. 
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It is vain to do with more what can be done with less. 

William of Occam {1285-1349) 
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Ae 1 Calibration of the Doppler Signal Processor 

The Doppler Signal Processor comprises a Preamplifier (DISA Type 

55L30), Frequency Tracker (DISA Type 55L35), and Meter Unit 

(DISA Type 33L40). The Frequency Tracker produces a voltage 

output that varies with the Doppler frequency of the scattered light. 

In order to quantify this relationship an Interstate (High Voltage 

Log-Lin Sweep Generator) model F47 high resolution signal 

generator was used to input sinusoidal signals to the Preamplifier. 

The frequency fv of the input signal, which represents the Doppler 

frequency for velocity determinations, was measured with a Phillips 

PM6680 high resolution programmable timer I counter (225MHz) 

during the set-up phase of the experiments to provide a check on the 

accuracy of the processor. The mean output voltage V was 

calculated from 5 seconds of data obtained at 5000 samples per 

second by the Keithley data acquisition system. A crude check on 

V was made by manually recording the reading on the Digital 

Voltmeter (DISA Type 55D26). 
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It was discovered, as shown in Figure A.1, that the Doppler 

frequency relative to full-scale deflection (FSD) for the frequency 

range selected is described by a single relation. This linear function is 

presented as: 

f;D =-1.686 * 10-2 +9.333 * 10-2 *V (A.l) 

Webby (1981) performed calibrations for the 150kHz and 500kHz 

frequency ranges. Webby's equation for the 150kHz range is in 

agreement with Equation A.1, however he reported a different 

result for the other frequency range. Webby's reported departure 

from Equation A.1 for the 500kHz range undermines this aspect 

of his methodology. 
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Figure A.1 Calibration of the DISA Type 55L35 frequency tracker 
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A.2 LDA Velocity Calibration 

To verify the accuracy of velocity measurements made by the laser 

Doppler anemometer (LDA) point velocities were obtained for a 

range of steady flows. These were compared to measurements made 

using a Schiltknecht Miniair2 current meter (Type a.640.2.11) fitted 

with vane anemometer Miniair Micro Sm.s·1 probe (Type 

£.661.2.11). The Schiltknecht meter was located within Smm of the 

LDA measuring volume and at the same position in the cross 

section, but immediately downstream. 

The calibration of the Schiltknecht meter was performed on 8 

September 1993 in a rating tank at Instruments Systems, NIW A, 

which is the national current meter service centre. All current 

meters from the New Zealand Hydrological Survey are regularly 

calibrated at this facility. The calibration undertaken on 8 

September 1993 provided a relationship (Equation A.2) between the 

flow velocity Us and the current meter reading M, where both of 

these variables have units of m.s-1
. 

Us= 0.0300 + 0.5655 * M (A.2) 

Although LDA systems do not require calibration, 1t was 

considered desirable to check the accuracy of the LDA. Figure A.2 

demonstrates a linear relationship between the mean velocity as 

determined by the current meter Us and the conventional estimate 

of the mean velocity by Doppler anemometry Uc (Equation A.3). 

The parameters that determine U c are the fringe spacing d1 and fn, 
the Doppler frequency of the scattered light (Equations 3.5 and 3.8, 

respectively). 
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Figure A.2 Calibration of the LDA 

The curve fitted to the data, which is given by Equation A.4, reveals 

that the there is an over-estimation of the velocity by 0.206m.s·1
• 

The difference in the linear coefficient from unity is easily 

accounted for by experimental uncertainty since M is only given to 

two decimal places by the current meter. 

U8 =- 0.206 + 1.004 * Uc (A.4) 

The over-estimation of the mean velocity translates to a 10kHz 

frequency shift, using the fringe spacing of 2.11x10-3m. Initial efforts 

to identify the source of this over-estimation were not successful, 

but since the calibration was extremely consistent and exhibited no 

change with time over the duration of the experiments, further 

efforts were not pursued. 
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B.1 Steady Flows 

Sampling Sampling Sampling Number 

Height Frequency Duration/Run of Runs 

y5 (mm) fs(kHz) t5 (s) 

15 8 2.00 5 

20 8 2.00 5 

30 8 2.00 5 

40 10 4.17 6 

50 8 2.00 5 

60 8 2.00 5 

70 8 2.00 5 

80 8 2.00 5 

90 8 2.00 5 

Table B.l Sampling parameters for S30 (h= 100mm) 

velocity snapshots 
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Sampling Sampling Sampling Number 

Height Frequency Duration/Run of Runs 

Ys(mm) fs(kHz) ts (s) 

15.5 13.5 1.48 5 

31 13.5 1.48 5 

46.5 13.5 1.48 5 

62 13.9 2.96 6 

77.5 13.5 1.48 5 

93 13.5 1.48 5 

108.5 13.5 1.48 5 

124 13.5 1.48 5 

139.5 13.5 1.48 5 

Table B.2 Sampling parameters for S60 (h= 155mm) 

velocity snapshots 

Sampling Sampling Sampling Number 

Height Frequency Duration/Run of Runs 

Ys(mm) is (kHz) ts (s) 

20.1 16 1.25 5 

40.2 16 1.25 5 

60.3 16 1.25 5 

80.4 18.1 1.99 7 

100.5 16 1.25 5 

120.6 16 1.25 5 

140.7 16 1.25 5 

160.8 16 1.25 5 

180.9 16 1.25 5 

Table B.3 Sampling parameters for S90 (h=201mm) 

velocity snapshots 
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B.2 Unsteady Flow Hydrographs 

Time Depth Sampling Sampling Sampling Number 

t (s) h Height Frequency Duration/Run of Runs 

(mm) Ys (mm) fs (kHz) t5 (s) 

70 113 44.8 15 2.37 7 

112 155 62 15 2.40 7 

174 188 75.2 18 2.00 7 

311 188 75.2 15 2.40 7 

355 155 62 15 2.40 7 

395 136 54.4 15 2.40 7 

460 113 44.8 12.5 2.56 8 

560 103 41.2 11 3.73 6 

660 100 40 10 4.10 6 

Table B.4 Sampling parameters for velocity snapshots of Hl 

Time Depth Sampling Sampling Sampling Number 

t (s) h Height Frequency Duration/Run of Runs 

(mm) Ys (mm) fs (kHz) t5 (s) 

45 110 44 14 2.21 8 

60 145 58 15 2.75 6 

68 170 68 17 2.12 7 

95 195 78 20 2.06 6 

135 195 78 15 2.75 6 

150 170 68 15 2.75 6 

170 145 58 15 2.75 6 

210 110 44 10 2.50 10 

265 102 40.8 10 3.60 7 

330 100 40 10 4.10 6 

Table B.S Sampling parameters for velocity snapshots of H2 
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Time Depth Sampling Sampling Sampling Number 

t (s) h Height Frequency Duration/Run of Runs 

(mm) Ys (mm) fs (kHz) t5 (s) 

30 107 42.8 12.4 1.32 15 

37 126 50.4 17.9 0.92 15 

75.6 18 1.39 10 

44 150 15 23.3 0.70 5 

30 23.3 0.70 5 

60 23.3 0.70 15 

90 23.3 0.70 5 

120 23.3 0.70 5 

50 180 72 23 0.71 15 

67 195 78 18.1 1.36 10 

83 180 72 13.7 1.20 15 

99 150 15 8.5 1.16 5 

30 8.5 1.16 5 

60 8.5 1.16 25 

90 8.5 1.16 5 

120 8.5 1.16 5 

115 126 50.4 7 2.34 15 

75.6 9 2.78 10 

140 107 42.8 8.2 3.00 10 

170 101 14 11 4.00 1 

20.2 11 4.00 1 

30.3 11 4.00 1 

40.4 11 3.27 7 

50.5 11 4.00 1 

60.6 11 4.00 1 

70.7 11 4.00 1 

80.8 11 4.00 1 

90.9 11 4.00 1 

220 100 40 10 4.10 6 

Table B.6 Sampling parameters for velocity snapshots of H3 
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The total number of successful runs required to collect the point 

velocity data for each hydrograph is determined by the summing 

the values for the greatest number of runs needed on either the 

rising or falling limb at a given sampling height above the channel 

bed. The least number of runs needed was 41, for the flattest 

hydrograph (Hl) and the greatest number of runs needed was 131, 

for the steepest hydrograph (H3), whereas the intermediate 

hydrograph (H2) required 42 runs. 
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This appendix contains graphs, for each hydrograph, of parameters 

relating to boundary layer theory: displacement thickness 5, 

momentum thickness e, and shape factor H These parameters were 

used for assessing flow visualisation data and in pressure gradient 

considerations. 
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Figure C.l Boundary layer parameters for Hl 

(The symbols are located at the time of peak depth) 
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D.t Proportional Integral Derivative Control 

This section discusses in general terms the theory of proportional

integral-derivative control (PID) control. In the application of this 

control method to the control system for the flume inflow, the set 

and processed variables are flow rates expressed in litres per second. 

In all forms of control the quality of the system design plays a vital 

part in the ability to establish the control functions of a controller in 

order to provide optimum performance. The selection of the device 

used to monitor the controlled variable must provide the most 

effective response to the variable. Ideally this means that this device 

would have a fast response time, provide an accurate, constant and 

reliable indication of the variable, and be of suitable quality and 

durability to withstand the system environment (Schwarzenbach & 

Gill, 1984). 
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The position of the monitoring device in the system is of prime 

importance. It must be situated in the most suitable location in 

which to make the system most effective. 

D.1.1 Proportional Control 

Proportional control is a means of control that provides a definite 

output for a definite input value of the controlled variable. The set 

variable SV (which is sent by the FP21 controller to the valve) is 

compared with the feedback signal (from the electro-magnetic flow 

meter), called the processed variable PV. The controller responds 

with a signal that is corrected by an amount linearly proportional to 

the signal offset E ( =SV-PV), which is the difference between the set 

variable and the processed variable (Needler & Baker, 1985). 

Proportional control can be described as: 

Op =SV +Kp E (D.l) 

In this equation Op is the proportional controller output and Kp is 

the proportional gain in the controller, which is a measure of the 

sensitivity of the process change to a given error. 

The proportional band (PB) of the controller, defined as the change in 

the output values corresponding to the full range of input values, is 

expressed as a percentage of the full scale range of the monitoring 

device. Hence, a 10% proportional band would mean that if a 10% 

error existed between PV and SV that the output would go to full 

scale. This definition can be related to Kp by Equation D.2. The 
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proportional band centres around the operating setpoint of the 

controller. 

100% 
Kp = PB% (D.2) 

Calibration of a proportional controller involves finding the 

optimum bandwidth, being that which gives a change in output 

suitable to bring the controlled variable close to the set point as 

quickly as possible without causing the output to oscillate. Tuning 

of the proportional band on a controller begins with the selection of 

a wide bandwidth, which is reduced until the output begins to 

oscillate. The bandwidth is then slowly increased until the output 

stabilises at a value as close to the setpoint as possible. 

A controller designed with proportional control as its sole mode of 

control, with its fixed input-output relationship, is at the mercy of 

load changes in the system. These load changes result in the 

controlled variable being offset above or below the setpoint. 

Proportional control is considered the basic mode of control and the 

performance of the controller can be enhanced by the addition of 

integral and/ or derivative control. 

D.1.2 Integral Control 

A pnme requirement of many control systems is that there 

should be no error under steady state conditions. Integral, or 

reset, control action aims to drive any error to zero by producing 
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a controller output 0 1 that changes at a speed proportional to the 

deviation of the controlled variable from the setpoint (Hughes, 

1988). The output therefore depends on the duration and magnitude 

of the deviation from the setpoint as: 

0 1 =K1 {E.dt (D.3) 

The time interval passed before the integral action ramps the output 

up to an equivalent change to that of the proportional action is 

known as the integral action time t1 . The relationship between the 

integrating constant K1 and the proportional gain Kp is presented in 

Equation D.4. The reciprocal of the integral action time is called the 

reset rate of the controller, usually expressed as repeats per minute. 

The output of the controller will increase as long as there is 

deviation from the setpoint, and the controller's output integral 

action is zero only when the controlled variable is at the setpoint. 

Kp 
K1 =- (D.4) 

tl 

Calibration of the integral action begins by setting the integral 

action time to its maximum value. In a similar fashion to the 

calibration of the proportional controller, the integral action time is 

reduced until oscillation occurs. The integral time is then slowly 

increased until the cycling behaviour is arrested. 

D.1.3 Derivative Control 

While the combination of proportional and integral control can 

achieve long term system stability this is at the expense of the ability 
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to effectively correct for large or rapid offsets due to external 

disturbances or changes to the set variable SV. In the process of 

attempting to restore equilibrium the load will accelerate to a 

relatively large velocity and, as a consequence of its large inertia, will 

overshoot the SV. Derivative action, also known as rate action, 

produces an output in the controller proportional to the rate of 

change of the deviation of the controlled variable from the 

setpoint (Hunter, 1978). Rate action only occurs when there are 

changes to the deviation, or offset, of the controlled variable 

from the setpoint. If the offset remains constant there is no 

derivative action from the controller. 

Rate action provides the system with a large initial output when 

deviation from the setpoint occurs. This control action is 

particularly appropriate on a system startup as it quickly 

establishes the setpoint with little overshoot and minimal 

oscillating (Needler & Baker, 1985). The addition of derivative 

control has the effect of reducing the time required for the 

controller to return the processed variable PV back to the SV. 

The derivative control function can be expressed as: 

dE 
OD = KD dt (D.5) 

The controller setting for rate action is called the derivative (rate) 

action time tv, is usually expressed in minutes or seconds. This 

time is a measurement of the time interval required to for the 

proportional action to produce an output equal to the derivative 

action output when the offset from the setpoint is changing at a 
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constant rate. Therefore the derivative constant is related to the 

proportional constant as follows: 

KD =Kp tD (D.6) 

Calibration of derivative control variables commences with the 

rate action time at its minimum setting. The rate is then increased 

until oscillation becomes apparent, then reduced slightly to 

eliminate this behaviour. 

D.1.4 Three Mode Control 

As discussed previously, the proportional mode is the basic mode 

of control. It is complemented by integral control, which 

minimises long term errors, and derivative control, which 

provides relief from transient system errors. The three 

parameters used to tune a PID control system are the 

proportional band PB, integral action time t1 , and derivative (rate) 

action time tD, respectively. The control function is therefore: 

(D.7) 

The relative results of tuned control systems that incorporate the 

possible combinations of these three modes of control are shown in 

Figure D.l. 
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••• SV 

Time 

Figure D.1 Relative control action response to a load change 

D.2 Experimental Control Variables 

The procedure for establishing the control parameters, as 

required to meet the objectives of the unsteady flow experimental 

programme outlined in Section 4.3 (Experimental Methodology), 

commenced with the determination of the size and duration for 

the SV steps. This was followed by interactive tuning of the PID 

parameters for each step. The intermediate duration hydrograph 

H2 was the first to be optimised as it was considered likely that 

the resulting PID control settings would be suitable for 

application in the tuning of the other hydrographs. The control 

variables used in the PID control are presented in Table D.L 
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PID Proportional Integral Action Derivative Action Time 

Band PB (%) Time t1 (s) tv (s) 

1 300 5 1 

2 175 5 1 

3 150 4 1 

4 95 3 1 

5 70 3 1 

6 55 6 1 

7 135 7 1 

8 100 7 1 

9 110 4 1 

Table D .1 PID control parameters 

Tables D .2 to D .4 list the control parameters for the three 

hydrographs, H1, H2, and H3, respectively. The parameters for 

pattern (PTN) 5, which was used to ensure that the mean flow 

had returned to base flow conditions in all three unsteady flow 

experiments are, the SV is 30Ls·1
, the duration is 15 seconds, and 

PID number 2 was applied. 
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PTN STP SV (l.s-1
) Duration {s) Elapsed Time PID 

3 Start 30 0 
1 30 15 15 2 
2 35 25 40 2 
3 40 16 56 2 
4 45 12 68 2 
5 50 9 77 2 
6 55 9 86 2 
7 60 9 95 2 
8 65 9 104 2 
9 70 9 113 2 

••~•••••••••,..••••••••o•••••••••••••••••••••••••"••••u•••••wo•••••u••••••••••••-•o•ouuHoo•u••••••••••••••••••••••••••••••"''''''''''''"''''"'''''''''"'''''''''''H'''''''"''''u''''''n'''''''"'' 

4 Start 70 113 
1 75 9 122 2 
2 80 9 131 3 
3 85 11 142 3 
4 90 14 156 4 
5 95 20 176 4 
6 100 28 204 4 
7 100 7 211 1 

•••••••••nouooooooooo•oooOOOOOOOHooooOo• .... •-••o .. ouooooooooooooooooooooouo.,oooOonoooHooo .. ooOOOHHO•OHoUo?HHO•o••-••••••nuooooOOooOoooooOoooooouoooo••o•o•o••~~·••••••••••••ooHoo••••• 

8 Start 100 211 
1 95 35 246 4 
2 90 22 268 4 
3 85 17 285 4 
4 80 14 299 4 
5 75 14 313 4 
6 70 14 327 3 
7 65 14 341 3 
8 60 14 355 2 
9 55 14 369 2 

+HU>+••••••••••••••••,.++OOOOOOOU~OOooOoo•••••.,••••••+++OOOO+OOOo•••• ••••••••••~••••••••••OoHoOoOOOOOoOOoooooooo••••H?>OO?O"''''''uuuooooOOOOOOOooO•o••ooooo••••••••••••~•••••••••••••••••••••••• 

9 Start 55 369 
1 50 16 385 1 
2 45 19 404 1 
3 40 24 428 1 
4 35 38 466 1 
5 30 95 561 1 
6 30 30 591 1 

Table D.2 Set variable sequence for Hl (Link:3-4-8-9-5) 
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PTN STP SV (I.s·1
) Duration ( s) Elapsed Time PID 

1 Start 30 0 
1 30 15 15 2 
2 35 10 25 2 
3 40 8 33 2 
4 45 6 39 3 
5 50 3 42 3 
6 55 3 45 3 
7 60 3 48 4 
8 65 3 51 4 
9 70 3 54 4 

OOH09000o.OOo#ooOo#oO_O,.oouooooooo•oooooooo.,ooouooooooono•••••••••••ooooo,..oooooHOOOOoOOOOHU•O>ooooou••OOOOOOOOOOOOHo•O~~•ooonuoo•o•onuoooooooooooooooooOOUUohhohOhoooooooOOooooooooOo 

2 Start 70 54 
1 75 3 57 4 
2 80 3 60 5 
3 85 3 63 5 
4 90 5 68 5 
5 95 7 75 5 
6 100 9 84 5 
7 100 5 89 1 

u.oo•••••••oo.,ooooo+-OOOUOOooooooooonooooonuuoo>oooOooOOoOoo>ooo••••••••nuu••o•o• .... oooooooouuuoooouH•••oouoooooooooooooo••••••o••••ououuooHuuoouooooooo~oooooooooo>oHn>OOOOOoOO 

6 Start 100 89 
1 95 14 103 5 
2 90 9 112 5 
3 85 7 119 4 
4 80 6 125 4 
5 75 6 131 4 
6 70 6 137 4 
7 65 6 143 3 
8 60 6 149 2 
9 55 6 155 2 

n•••••••••••o••••••••-••••••••••ooooonohooo,.ooooooooooooooooo"'''''''''''"''''''''''''''''''"''''''''''H•O>O•~••••HoOO~•••••••o•oooooooOooooOuoOOUOO>OOOUHOOOoOoou~•HOOwo••••••••••••••uu 

7 Start 55 155 
1 50 6 161 2 
2 45 6 167 2 
3 40 7 174 2 
4 35 15 189 2 
5 30 35 224 1 
6 30 20 244 1 

Table D.3 Set variable sequence for H2 (Link:l-2-6-7-5) 
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PTN STP SV (I.s-1
) Duration (s) Elapsed Time PID 

3 Start 30 15 
1 35 4 19 8 
2 40 3 22 7 
3 50 5 27 8 

4 60 3 30 9 
5 70 3 33 9 
6 80 3 36 9 
7 90 4 40 8 
8 95 4 44 4 
9 100 5 49 5 

ooooooooooooo•••••~oHo~ooooOoooooooooooOoOoOo•oooooooooooooHHHOOOo•oooonoo,.oooooooooooOOOUUOU~HUU•UHOooOooooOOOOOOOOOOOOHoO••"•OOOOHHoOHoOoooooooooooooo•oooooo .. ouoodUOOOUO .. OHO .. 

8 Start 100 49 
1 95 10 59 6 
2 85 8 67 5 
3 75 7 74 4 
4 65 6 80 4 
5 55 5 85 3 
6 45 6 91 7 
7 40 5 96 3 
8 35 8 104 2 
9 30 13 117 2 

Table D.4 Set variable sequence for H3 (Link:S-3-8-5) 

D.3 References 

Hughes, T. A. (1988) 

Measurement and Control Basics, Instrument Society of 

America, Research Triangle Park, North Carolina, 306 

pages. 



226 

Hunter, R. P. (1978) 

Automated Process Control Systems: Concepts and 

Hardware, Prentice-Hall, Eaglewoods Cliff, New Jersey, 390 

pages. 

Needler, M.A., and Baker, D. E. (1985) 

Digital and Analog Controls, Reston Publishing Co. Inc., 

Reston, 424 pages. 

Schwarzenbach, J., and Gill, K. F. (1984) 

System Modelling and Control (Second Edition), Edwards 

A mold, London, 229 pages. 



227 

E.l Hydrograph Repeatibility 

To quantify how reproducible a hydrograph was the flow rate 

(Section E.1.1) and depth (Section E.1.2) were determined during 

five independent runs of each hydrograph. The results, summarised 

in Table E.l, establish that meaningful results could be derived from 

data collected over several executions of a hydrograph, with an 

acceptable level of variation expressed by the standard deviation a- of 

the data from the ensemble mean. The time variables presented in 

Table E.l (t0 , th and t1) are for the arrival, peak depth, and return to 

the base flow at the measuring section, respectively. 

Flow Rate Depth Elapsed 
Hydrograph Q (l.s-t) h (mm) Times (s) 

mm max (]" mm max (]" to th tr 

Hl 30 97 0.71 100 211 2.86 26 274 610 

H2 30 97 0.91 100 210 3.71 23 111 293 

H3 30 95 1.08 100 197 4.40 21 61 170 

Table E.l Summary of the mean flow hydrographs 
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Plots showing the five independent runs for the three hydrographs 

are presented in Figures E.l to E.3 for flow rate Figures and E.4 to 

E.6 for depth. 

E.1.1 Flow Rate 

It was assumed that while each flood was passing through the flume 

that its shape remained essentially unchanged. This implies that for 

an observer moving with the wave at the wave celerity C the flow 

variables will appear to be invariant. However, this was not 

expected to be a kinematic wave (Section 4.2.2) as the influence of 

the mean flow acceleration would render the friction slope S1 

different from the bed slope So. 
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Figure E.l Hl flow rate data from 5 runs 
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Figure E.2 H2 flow rate data from 5 runs 

120 

100 

'Vi' 
6 80 

0' 
<I) 

60 ~ 
~ 
~ 
0 40 

't:t: 

20 

0 

0 25 50 75 100 125 150 
Time t (s) 

Figure E.3 H3 flow rate data from 5 runs 
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E.1.2 Flow Depth 

The greatest source of variance of the flow depth was the difficulty 

encountered by the sluice gate control system with identifying the 

peak in the depth hydrograph. This manifests itself in the individual 

depth hydrographs for the three unsteady flow experiments, Figures 

E.4 to E.6, as an increase in the variance near the peak, and 

consequently on the falling limb, between individual events 

compared with that for the rising limb. This situation is more 

evident for flood events with relatively shorter duration. The 

reasons for this are thought to be that the update interval for the 

gate control was more significant as it became larger compared to 

the flood duration, and surface waves were more evident for the 

shorter events which stretched the capability of the software. 
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Figure E.4 Hl depth data from 5 runs 
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Figure E.5 H2 depth data from 5 runs 
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Figure E.6 H3 depth data from 5 runs 
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E.2 Unsteady Flow (Hl) Data 

The turbulent intensity (uJ values in Table E.3 are interpolated 

from the snapshot data listed in Table E.2. 

t 

(s) 

70 

112 

174 

311 

355 

395 

460 

560 

660 

* ::l 

h y u ut K dK KdK 

(m.s'1) (m.s·1) (m2.s-2) (m2.s-2) (rad.m'1) 

113 45.2 0.6165 0.0523 1.368''10"3 0.211 ·•1o·3 1.1''103 

155 62 0.7114 0.0590 1.7 41 ·•1o·3 0.273''10'3 1.6''103 

188 75.2 0.8432 0.0611 1.867''10"3 0.316''10"3 1.5''103 

188 75.2 0.8210 0.0568 1.613''10"3 0.250''10"3 1.5''103 

155 62 0.7837 0.0527 1.389''10"3 0.240''10"3 1.5''103 

136 54.4 0.6950 0.0539 1.453''10"3 0.234''10"3 1.3*103 

113 45.2 0.6139 0.0493 1.215''10"3 0.220''10"3 1.4''103 

103 41.2 0.5508 0.0469 1.100''10"3 0.191*10"3 1.4''103 

100 40 0.5698 0.0436 0.950''10"3 0.137''10"3 1.0''103 

Table E.2 Snapshot data for Hl (handy in mm) 
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Figure E.7 Flow variables for Hl 
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t (s) Q (m3.s"1
) h(m) V(m.s-1

) C(m.s"1
) Fr u. (m.s-1

) ur(m.s·1
) 

0 0.0300 0.100 0.534 0.534 0.539 0.0400 0.0420 

10 0.0300 0.100 0.534 0.534 0.539 0.0400 0.0420 

20 0.0300 0.100 0.534 0.534 0.539 0.0400 0.0420 

30 0.0301 0.101 0.535 0.603 0.539 0.0403 0.0426 

40 0.0310 0.102 0.543 0.653 0.543 0.0413 0.0450 

50 0.0324 0.106 0.546 0.709 0.543 0.0425 0.0478 

60 0.0352 0.110 0.571 0.771 0.550 0.0436 0.0506 

70 0.0383 0.116 0.590 0.838 0.559 0.0448 0.0531 

80 0.0424 0.127 0.597 0.909 0.535 0.0459 0.0552 

90 0.0469 0.136 0.615 0.982 0.532 0.0469 0.0570 

100 0.0525 0.145 0.646 1.057 0.541 0.0479 0.0584 

110 0.0578 0.155 0.665 1.131 0.539 0.0489 0.0593 

120 0.0634 0.165 0.686 1.202 0.539 0.0497 0.0600 

130 0.0683 0.170 0.719 1.261 0.557 0.0505 0.0604 

140 0.0733 0.177 0.738 1.314 0.559 0.0512 0.0608 

150 0.0783 0.185 0.755 1.365 0.561 0.0518 0.0610 

160 0.0823 0.188 0.778 1.413 0.571 0.0523 0.0611 

170 0.0855 0.191 0.798 1.457 0.583 0.0528 0.0612 

180 0.0881 0.197 0.799 1.495 0.575 0.0532 0.0612 

190 0.0901 0.199 0.808 1.527 0.578 0.0535 0.0611 

200 0.0922 0.201 0.820 1.552 0.584 0.0537 0.0610 

210 0.0935 0.203 0.823 1.569 0.584 0.0539 0.0609 

220 0.0949 0.204 0.829 1.578 0.585 0.0540 0.0607 

230 0.0958 0.205 0.836 1.579 0.590 0.0540 0.0605 

240 0.0964 0.206 0.835 1.572 0.587 0.0535 0.0602 

250 0.0967 0.208 0.830 1.556 0.581 0.0521 0.0598 

260 0.0965 0.209 0.825 1.533 0.577 0.0502 0.0594 

270 0.0955 0.211 0.810 1.502 0.563 0.0481 0.0590 

280 0.0937 0.211 0.794 1.465 0.552 0.0458 0.0585 

290 0.0905 0.208 0.776 1.418 0.543 0.0436 0.0580 

300 0.0867 0.202 0.768 1.375 0.546 0.0416 0.0575 
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t (s) Q (m3.s-t) h(m) V(m.s'1) C(m.s·1) Fr u. (m.s·1) ut (m.s'1) 

310 0.0824 0.193 0.764 1.325 0.555 0.0400 0.0569 

320 0.0787 0.183 0.770 1.272 0.575 0.0388 0.0563 

330 0.0753 0.175 0.768 1.219 0.586 0.0382 0.0556 

340 0.0720 0.168 0.764 1.166 0.595 0.0380 0.0550 

350 0.0685 0.163 0.750 1.131 0.593 0.0380 0.0545 

360 0.0646 0.156 0.741 1.104 0.600 0.0382 0.0539 

370 0.0600 0.150 0.712 1.079 0.587 0.0383 0.0534 

380 0.0562 0.145 0.690 1.055 0.577 0.0385 0.0530 

390 0.0540 0.141 0.686 1.032 0.584 0.0388 0.0525 

400 0.0509 0.137 0.662 1.010 0.570 0.0391 0.0521 

410 0.0483 0.132 0.654 0.989 0.574 0.0393 0.0516 

420 0.0458 0.128 0.639 0.968 0.570 0.0395 0.0512 

430 0.0436 0.125 0.625 0.947 0.565 0.0397 0.0509 

440 0.0409 0.121 0.605 0.927 0.556 0.0399 0.0505 

450 0.0394 0.118 0.598 0.907 0.557 0.0400 0.0501 

460 0.0379 0.115 0.586 0.887 0.551 0.0400 0.0497 

470 0.0365 0.113 0.579 0.868 0.551 0.0400 0.0494 

480 0.0353 0.110 0.573 0.849 0.551 0.0400 0.0491 

490 0.0346 0.109 0.569 0.830 0.551 0.0400 0.0487 

500 0.0340 0.108 0.563 0.811 0.548 0.0400 0.0484 

510 0.0334 0.107 0.558 0.792 0.544 0.0400 0.0481 

520 0.0328 0.106 0.553 0.774 0.543 0.0400 0.0478 

530 0.0323 0.105 0.551 0.756 0.544 0.0400 0.0474 

540 0.0319 0.104 0.545 0.738 0.539 0.0400 0.0471 

550 0.0314 0.104 0.537 0.720 0.531 0.0400 0.0468 

560 0.0308 0.103 0.533 0.700 0.530 0.0400 0.0465 

570 0.0302 0.102 0.531 0.684 0.532 0.0400 0.0462 

580 0.0300 0.101 0.532 0.667 0.536 0.0400 0.0460 

590 0.0300 0.101 0.528 0.649 0.529 0.0400 0.0457 

600 0.0300 0.101 0.529 0.632 0.532 0.0400 0.0454 

Table E.2 Flow variables for Hl 
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E.3 Unsteady Flow 2 (H2} Data 

The turbulent intensity (u:J values in Table E.S are interpolated 

from the snapshot data listed in Table EA. 

t h y u ut K dK 'Knk 

(s) (m.s·1
) (m.s·1

) (m1.s·2) (m2.s·2) (rad.m·1
) 

45 110 44 0.6541 0.0557 1.551''10"3 0.312''10·3 1.1 *103 

60 145 58 0.7810 0.0730 2.665*10'3 0.429*1o·3 1.2'"103 

68 170 68 0.8430 0.0773 2.988'"10"3 0.454*10"3 1.3*103 

95 195 78 0.9128 0.0663 2.198*10'3 0.409'•1o·3 1.4*103 

135 195 78 0.8400 0.0599 1.794''10'3 0.379*10'3 1.4*103 

150 170 68 0.7997 0.0539 1.453''10'3 o.357*1o·3 t.s·•to3 

170 145 58 0.7252 0.0542 1.469'•10·3 o.363*to·3 1.3'•103 

210 110 44 0.5986 0.0517 1.336''10'3 0.343*10'3 1.2''103 

265 102 40.8 0.5534 0.0484 1.171''10'3 0.308*10'3 1.3*103 

330 100 40 0.5694 0.0444 0.986''10'3 0.177*10'3 1.2*103 

Table E.4 Snapshot data for H2 (h andy in mm) 
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Figure E.8 Flow variables for H2 
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t (s) Q (m3.s·t) h(m) V(m.s·1
) C(m.s"1

) Fr u. (m.s"1
) U1 (m.s·1

) 

0 0.0300 0.100 0.534 0.534 0.539 0.0400 0.0420 

5 0.0300 0.100 0.534 0.534 0.539 0.0400 0.0420 

10 0.0300 0.100 0.534 0.534 0.539 0.0400 0.0420 

15 0.0300 0.100 0.534 0.534 0.539 0.0400 0.0420 

20 0.0300 0.100 0.534 0.534 0.539 0.0400 0.0420 

25 0.0302 0.101 0.534 0.749 0.539 0.0405 0.0421 

30 0.0308 0.102 0.539 0.887 0.540 0.0408 0.0430 

35 0.0318 0.104 0.548 0.973 0.543 0.0414 0.0456 

40 0.0349 0.108 0.580 1.036 0.565 0.0426 0.0499 

45 0.0391 0.113 0.620 1.083 0.590 0.0443 0.0557 

50 0.0434 0.122 0.637 1.120 0.584 0.0465 0.0623 

55 0.0514 0.136 0.673 1.148 0.582 0.0491 0.0688 

60 0.0610 0.150 0.727 1.169 0.600 0.0520 0.0741 

65 0.0688 0.162 0.759 1.184 0.603 0.0550 0.0773 

70 0.0774 0.175 0.789 1.193 0.602 0.0579 0.0776 

75 0.0845 0.185 0.816 1.199 0.606 0.0605 0.0766 

80 0.0887 0.190 0.834 1.200 0.611 0.0626 0.0750 

85 0.0915 0.194 0.843 1.198 0.612 0.0640 0.0730 

90 0.0940 0.197 0.853 1.193 0.614 0.0645 0.0705 

95 0.0957 0.201 0.850 1.195 0.605 0.0641 0.0682 

100 0.0962 0.204 0.841 1.174 0.594 0.0627 0.0662 

105 0.0964 0.207 0.831 1.169 0.583 0.0605 0.0645 

110 0.0966 0.210 0.823 1.163 0.574 0.0576 0.0631 

115 0.0963 0.209 0.823 1.154 0.575 0.0542 0.0619 

120 0.0954 0.209 0.817 1.144 0.571 0.0506 0.0608 

125 0.0933 0.208 0.801 1.133 0.561 0.0472 0.0598 

130 0.0897 0.205 0.782 1.120 0.552 0.0402 0.0590 

135 0.0846 0.199 0.758 1.106 0.542 0.0366 0.0582 

140 0.0788 0.192 0.734 1.091 0.535 0.0349 0.0575 

145 0.0738 0.184 0.718 1.076 0.535 0.0340 0.0568 

150 0.0698 0.174 0.716 1.059 0.548 0.0337 0.0561 
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t (s) Q (m3.s"1
) h(m) V(m.s·1

) C(m.s"1
) Fr u. (m.s·1

) u1 (m.s·1
) 

155 0.0664 0.167 0.710 1.042 0.555 0.0336 0.0556 

160 0.0633 0.162 0.700 1.025 0.556 0.0336 0.0550 

165 0.0590 0.157 0.673 1.007 0.543 0.0338 0.0545 

170 0.0547 0.150 0.649 0.998 0.535 0.0340 0.0540 

175 0.0507 0.143 0.634 0.970 0.536 0.0343 0.0535 

180 0.0467 0.137 0.609 0.951 0.525 0.0347 0.0530 

185 0.0429 0.132 0.580 0.932 0.509 0.0350 0.0526 

190 0.0401 0.127 0.563 0.913 0.504 0.0354 0.0522 

195 0.0381 0.123 0.555 0.894 0.507 0.0357 0.0518 

200 0.0363 0.117 0.553 0.874 0.516 0.0361 0.0514 

205 0.0354 0.116 0.547 0.856 0.514 0.0364 0.0510 

210 0.0350 0.116 0.537 0.837 0.502 0.0367 0.0507 

215 0.0337 0.115 0.525 0.818 0.495 0.0370 0.0503 

220 0.0331 0.113 0.524 0.800 0.498 0.0373 0.0500 

225 0.0321 0.111 0.517 0.782 0.495 0.0376 0.0497 

230 0.0314 0.109 0.515 0.764 0.498 0.0378 0.0494 

235 0.0307 0.107 0.512 0.747 0.500 0.0381 0.0490 

240 0.0304 0.106 0.514 0.730 0.504 0.0383 0.0487 

245 0.0310 0.103 0.535 0.713 0.531 0.0385 0.0485 

250 0.0312 0.102 0.546 0.697 0.545 0.0387 0.0482 

255 0.0313 0.102 0.548 0.681 0.548 0.0389 0.0479 

260 0.0308 0.102 0.537 0.666 0.536 0.0391 0.0476 

265 0.0300 0.102 0.526 0.652 0.527 0.0393 0.0474 

270 0.0300 0.101 0.531 0.638 0.534 0.0394 0.0471 

275 0.0300 0.101 0.530 0.624 0.533 0.0396 0.0469 

280 0.0300 0.101 0.531 0.611 0.534 0.0397 0.0466 

285 0.0300 0.101 0.530 0.599 0.532 0.0398 0.0464 

290 0.0300 0.101 0.528 0.587 0.529 0.0400 0.0461 

295 0.0300 0.101 0.532 0.578 0.535 0.0400 0.0459 

300 0.0300 0.100 0.535 0.566 0.540 0.0400 0.0457 

Table E.S Flow variables for H2 
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E.4 Unsteady Flow 3 (H3) Data 

The turbulent intensity ut values in Table E.7 are interpolated 

from the snapshot data listed in Table E.6. 

t h y u ut K dk KdK 

(s) (m.s·1
) (m.s·1

) (m2.s-2) (~.s-2) (rad.m-1
) 

30 107 42.8 0.7124 0.0675 2.278*10'3 0.317'•to·3 0.8'}103 

37 126 50.4 0.8693 0.0848 3.596*10'3 0.459*10'3 0.6'~1oJ 

75.6 0.9269 0.0755 2.850'}10'3 0.342''10'3 2.2'}103 

44 150 60 0.9579 0.0911 4.1so·•1o·3 o.s35*to·3 0.5'}103 

50 180 72 0.9172 0.0817 3.337'}10'3 0.511''10'3 0.6'}103 

67 195 78 0.8998 0.0700 2.4so·•1o·3 0.470'}1o·3 0.7*103 

83 180 72 0.7676 0.0636 2.022*10'3 0.445*10'3 0.8*103 

99 150 60 0.6178 0.0607 1.842*10'3 0.429'•1o·3 0.9*103 

115 126 50.4 0.5275 0.0589 1.73s••1o·3 0.422*10'3 1.2*103 

75.6 0.5631 0.0515 1.326*10'3 0.296'•10'3 3.2'.103 

140 107 42.8 0.5410 0.0531 1.410'.10'3 0.417'.10'3 1.6''103 

170 101 40.4 0.5634 0.0495 1.225*10'3 0.410*10'3 1s•1o3 

220 100 40 0.5636 0.0461 1.063''10'3 o .2s1 ·•to·3 1.4*103 

Table E.6 Snapshot data for H3 (handy in mm) 
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Figure E.9 Flow variables for H3 
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t(s) Q (mJ.s-t) h(m) V(m.s·1) C(m.s'1) Fr u. (m.s·1) U1 (m.s·1) 

0 0.0300 0.100 0.534 0.534 0.539 0.0400 0.0420 

3 0.0300 0.100 0.534 0.534 0.539 0.0400 0.0420 

6 0.0300 0.100 0.534 0.534 0.539 0.0400 0.0420 

9 0.0300 0.100 0.534 0.534 0.539 0.0400 0.0420 

12 0.0300 0.100 0.534 0.534 0.539 0.0400 0.0420 

15 0.0300 0.100 0.534 0.534 0.539 0.0400 0.0420 

18 0.0300 0.100 0.534 0.534 0.539 0.0400 0.0420 

21 0.0301 0.100 0.539 0.978 0.544 0.0400 0.0420 

24 0.0314 0.101 0.557 1.139 0.560 0.0408 0.0493 

27 0.0352 0.103 0.608 1.231 0.603 0.0425 0.0597 

30 0.0393 0.108 0.651 1.252 0.634 0.0457 0.0700 

33 0.0439 0.114 0.688 1.250 0.651 0.0499 0.0788 

36 0.0536 0.122 0.783 1.246 0.715 0.0548 0.0854 

39 0.0641 0.132 0.869 1.241 0.764 0.0597 0.0896 

42 0.0729 0.143 0.912 1.234 0.771 0.0641 0.0913 

45 0.0797 0.155 0.916 1.226 0.774 0.0676 0.0906 

48 0.0850 0.168 0.902 1.216 0.702 0.0696 0.0858 

51 0.0887 0.180 0.878 1.205 0.660 0.0699 0.0814 

54 0.0926 0.189 0.876 1.192 0.644 0.0684 0.0780 

57 0.0948 0.194 0.875 1.178 0.635 0.0652 0.0754 

60 0.0953 0.196 0.869 1.163 0.627 0.0608 0.0732 

63 0.0949 0.196 0.863 1.146 0.622 0.0555 0.0716 

66 0.0942 0.195 0.861 1.132 0.621 0.0510 0.0704 

69 0.0934 0.194 0.860 1.115 0.624 0.0449 0.0695 

72 0.0908 0.193 0.839 1.098 0.610 0.0393 0.0687 

75 0.0872 0.192 0.811 1.079 0.591 0.0344 0.0678 

78 0.0830 0.189 0.785 1.060 0.577 0.0303 0.0670 

81 0.0775 0.183 0.755 1.041 0.563 0.0270 0.0661 

84 0.0714 0.179 0.711 1.021 0.537 0.0247 0.0652 

87 0.0664 0.177 0.672 1.001 0.510 0.0234 0.0644 

90 0.0622 0.174 0.639 0.981 0.490 0.0232 0.0636 
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t (s) Q (m3.s'1) h(m) V(m.s·1
) C(m.s·1) Fr u. (m.s·1) u1 (m.s·1) 

93 0.0564 0.168 0.600 0.960 0.468 0.0237 0.0627 

96 0.0514 0.159 0.577 0.939 0.462 0.0245 0.0619 

99 0.0486 0.149 0.580 0.918 0.479 0.0253 0.0611 

102 0.0443 0.141 0.560 0.897 0.475 0.0263 0.0604 

105 0.0398 0.137 0.519 0.876 0.447 0.0272 0.0596 

108 0.0385 0.135 0.507 0.847 0.440 0.0282 0.0589 

111 0.0371 0.134 0.495 0.832 0.432 0.0291 0.0581 

114 0.0357 0.130 0.492 0.811 0.436 0.0300 0.0575 

117 0.0327 0.125 0.469 0.789 0.425 0.0309 0.0568 

120 0.0315 0.120 0.470 0.767 0.433 0.0318 0.0562 

123 0.0320 0.117 0.489 0.744 0.456 0.0326 0.0556 

126 0.0316 0.116 0.486 0.722 0.455 0.0333 0.0550 

129 0.0308 0.115 0.476 0.692 0.458 0.0340 0.0545 

132 0.0304 0.114 0.476 0.677 0.450 0.0346 0.0540 

135 0.0304 0.112 0.487 0.654 0.465 0.0352 0.0535 

138 0.0304 0.109 0.495 0.624 0.478 0.0356 0.0530 

141 0.0303 0.108 0.501 0.609 0.487 0.0360 0.0526 

144 0.0302 0.107 0.505 0.586 0.491 0.0364 0.0521 

147 0.0301 0.106 0.508 0.563 0.494 0.0369 0.0517 

150 0.0300 0.105 0.506 0.540 0.497 0.0374 0.0513 

153 0.0300 0.104 0.513 0.534 0.507 0.0380 0.0509 

156 0.0300 0.103 0.516 0.534 0.511 0.0385 0.0506 

159 0.0300 0.103 0.522 0.534 0.520 0.0391 0.0502 

162 0.0300 0.102 0.525 0.534 0.525 0.0396 0.0499 

165 0.0300 0.101 0.528 0.534 0.528 0.0399 0.0496 

168 0.0300 0.101 0.530 0.534 0.532 0.0400 0.0494 

171 0.0300 0.100 0.532 0.534 0.533 0.0400 0.0491 

Table E.7 Flow variables for H3 
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Height Above the Bed Mean Velocity Turbulent Intensity 

y(mm) U (m.s"1
) ut (m.s"1

) 

14 0.4703 0.0587 

20.2 0.5077 0.0555 

30.3 0.5370 0.0530 

40.4 0.5634 0.0495 

50.5 0.5858 0.0463 

60.6 0.6034 0.0438 

70.7 0.6188 0.0808 

80.8 0.6283 0.0399 

90.9 0.6351 0.0361 

Table E.8 Velocity and turbulent intensity vertical 

profile data for H3 at t= 170s (H3T) 

Height Above the Bed Mean Velocity Turbulent Intensity 

y(mm) U (m.s·1
) ut (m.s·1

) 

15 0.5164 0.0743 

30 0.5648 0.0671 

60 0.6178 0.0607 

90 0.6484 0.0516 

120 0.6700 0.0470 

135 0.6740 0.0623 

Table E. 9 Velocity and turbulent intensity vertical 

profile data for H3 at t=99s (H3F) 
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Height Above the Bed Mean Velocity Turbulent Intensity 

y(mm) U(m.s·1
) ut (m.s·1

) 

15 0.6917 0.1133 

30 0.8054 0.1004 

60 0.9279 0.0911 

90 0.9968 0.0808 

120 1.0434 0.0737 

135 1.0491 0.0670 

Table E.10 Velocity and turbulent intensity vertical 

profile data for H3 at t=44s (H3R) 

E.S Steady Flow Data 

Height Above the Bed Mean Velocity Turbulent Intensity 

y(mm) U(m.s·1
) ut (m.s·1

) 

15 0.4819 0.0496 

20 0.5144 0.0466 

30 0.5217 0.0452 

40 0.5711 0.0420 

50 0.6018 0.0407 

60 0.6182 0.0381 

70 0.6294 0.0374 

80 0.6374 0.0361 

90 0.6429 0.0347 

Table E.11 Velocity and turbulent intensity vertical 

profile data for S30 
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Height Above the Bed Mean Velocity Turbulent Intensity 

y(mm) U (m.s'1) ut (m.s·1
) 

15.5 0.5714 0.0622 

31 0.6481 0.0585 

46.5 0.6905 0.0552 

62 0.7181 0.0522 

77.5 0.7432 0.0504 

93 0.7608 0.0476 

108.5 0.7781 0.0446 

124 0.7900 0.0422 

139.5 0.8003 0.0409 

Table E.12 Velocity and turbulent intensity vertical 

profile data for S60 

Height Above the Bed Mean Velocity Turbulent Intensity 

y(mm) U(m.s·1
) ut (m.s·1

) 

20.1 0.6678 0.0702 

40.2 0.7495 0.0666 

60.3 0.7978 0.0628 

80.4 0.8300 0.0595 

100.5 0.8593 0.0552 

120.6 0.8805 0.0520 

140.7 0.8989 0.0498 

160.8 0.9120 0.0471 

180.9 0.9196 0.0443 

Table E.13 Velocity and turbulent intensity vertical 

profile data for S90 
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h y u ut K dK Kax 

(m.s·1
) (m.s·1

) (m2.s·2) (m2.s·2) (rad.m.1
) 

S30 100 40 0.5711 0.0420 o.882'~1o·3 0.069'"10'3 o.9••1o' 

S60 155 62 0.7095 0.0522 1.362'"10'3 o.181'~1o·3 0.9''103 

S90 201 80.4 0.8395 0.0595 1.77o••1o·3 0.289''10.3 0.9*103 

Table E.14 Steady flow snapshot data (h and y in mm) 

E.6 Wave Shape Assessment 

To check the validity of the assumption that the flood waves would 

not appreciably changed shape as they pass through the flume the 

cross sectional average velocity V is compared with the 

instantaneous mean velocity U at 0.4h in Figures E.lO to E.12. 
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Figure E.10 Comparison of U and V for H1 
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E.7 Rotta Flow Equilibrium 
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Figure E.13 Rotta flow equilibrium parameters for H1 
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F. 

F.l SystemMethodology 

The ma1n purpose of the sluice gate control, located at the 

downstream end of the flume, was to simulate unsteady flow in 

an infinitely long channel by offsetting effects a free overfall at 

the end of the flume on upstream water levels. It was important 

to eliminate the convergence of streamlines that accompanies the 

backwater effect of a free overfall, as this can considerably 

suppress turbulence, eg. Prandtl and Tietjens (1934). To 

accomplish this task the control system had to extrapolate the 

water surface gradient through the sluice gate. In doing so the 

operation of the gate should not adversely impact on flow 

conditions at the measuring section, situated 6m upstream. It was 

considered that a control system capable of achieving these goals 

would provide a reasonable laboratory model of the longitudinal 

water surface profile during an unsteady flow hydrograph in a 

long river channel. 
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It order to achieve the behaviour described above the control 

system was conceived as a feedback system, utilising the local 

water depth as the feedback variable. Consideration was therefore 

given to the probable behaviour of the flow depth, and 

consequently the water surface slope, given that the flume has a 

fixed bed. Allowing the instantaneous flow depth to be subject to 

a triple decomposition, as invoked for the velocity in Section 

4.2.3, the value of interest is the local mean depth, which is the 

sum of the base flow depth and the component of depth due to 

the passage of the hydrograph. It would be necessary for the gate 

control to make assessments regarding the repositioning of the 

sluice gate based on both the instantaneous value of depth and its 

low frequency trend. The reason for basing a system on this 

protocol was to minimise the influence of small, high frequency, 

surface waves. The flow depth was used as it was simple to 

measure and could be determined near to the gate. 

Early consideration was given to using the water surface slope, 

measured using pressure tappings, 3.7 m either side of the 

measuring section, in the channel bed. This approach was 

rejected as the small differences between the bed and water slopes 

that existed for the majority of flow conditions observed were 

difficult to quantify. In addition, to obtain reliable data, 

measurements were required over a distance similar to the length 

of the flume and the impact of small surface waves at different 

points along the channel necessitated a unacceptably long 

averaging time. This meant that the local depth was a much 

better indicator of flow conditions at the sluice gate. 
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It would be desirable for the sluice gate movement to directly 

reflect the shape of mean hydrograph. This was interpreted as 

meaning that on the rising limb of a flood that the sluice gate 

should be permitted to open, but never close, and conversely for 

the falling limb. Identification of the moment when the peak 

depth occurs is the critical element in the control system, derived 

as a consequence of imposing these criteria. Similarly if the time 

of peak could be identified then so could the magnitude of the 

peak depth. 

F.2 Sluice Gate Control 

The sluice gate was controlled by output from the computer 

program, described in Section F .2.4 called SUGAR (Sluice Gate 

Response). Input to SUGAR was flow depth, which was 

converted to a digital value, with the output also being a digital 

value that determined a sluice gate position. 

F .2.1 Sluice Gate Calibration 

Span and zero point adjustment of the electro-pneumatic 

regulator (SMC E/P IT2010-33) for the sluice gate were 

performed by rotating the appropriate screws with a small 

screwdriver. For both parameters, a clockwise rotation of the 
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screw resulted in an increase in that parameter. The zero point 

was established with the sluice gate in the fully open position. To 

provide the greatest resolution the span was adjusted until at its 

maximum value the sluice gate just met the bed. This span setting 

minimised the risk of damage to the perspex bed due to possible 

loading by the sluice gate. 

F .2.2 Depth Probe Calibration 

A basin of still water was placed in the flume and the height of the 

water surface above the flume bed was determined by differencing 

readings from a manual depth gauge fitted with a conical end-section 

having an acute tip angle. This method enabled the height of the 

water surface to be measured to an accuracy of O.Smm. As it was 

envisioned that at no stage in this experimental programme would 

the flow depth during a hydrograph be less than the base flow depth 

of 100mm or greater than a peak value of 230mm (obtained during 

trials). It was therefore essential that the depth probe was calibrated 

to meet these needs. 

The 'zero', or centre span, digital value of 2050 (12-bit (212 =4096) bi

modal board) was set for the water level 250mm above the bed and 

the span was established by assigning a digital value 450 when the 

water surface was SOrum above the bed. This relation between the 

depth h0 (m) and the corresponding digital value, called the 

WaveData WV, is therefore: 
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F.2.3 Feedback Relation 

The initial calibration of the sluice gate control software involved 

data collection for steady flows. Preliminary investigations using a 

sluice gate with manual adjustment revealed that it was relatively 

simple to establish a steady uniform flow. However small 

fluctuations in the flow rate originating in the inflow control 

system and small surface waves generated while closing the sluice 

gate meant it would be difficult to implement a control system 

based on uniform flow conditions. 
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Figure F.l Sluice gate calibration data 
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It was decided that a near-uniform flow state in which the water 

surface slope was approximately 95% of the bed slope would 

provide the data base for the establishment of the downstream 

control. This meant that steady flows would exhibit a slight M1 

backwater curve. Attempts to position the gate for water surface 

slopes greater than the bed slope led to the flow eventually 

washing out under the gate. 

Data was collected for steady flows ranging from O.OlOm3.s-1 to 

0.095m3.s-1 by setting the flow rate with the FP21 controller and 

then adjusting the sluice gate until the desired, near-uniform, 

flow conditions were achieved for the measuring section. The 

data pertaining to the sluice gate control, along with the result of 

a linear regression performed on the SluiceData SD and 

WaveData W'D data (Equation F.2), is presented in Figure F.l. 

SD = 4510- 1.33 * WD (F.2) 

F .2.4 Software Development 

The aim of the control system is to adjust the sluice gate in a 

smooth manner that allows the flood wave to pass through the 

measuring section as though it were in an infinitely long straight 

open channel. To accomplish this it was decided that two sets of 

logic, one for each limb of the hydrograph, were required. The 

program determined which logic to apply based on a series of flags 

and counters. By keeping a record of the previous four WD values 
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the program assesses changes to the temporal water surface gradient 

and attached appropriate integer values to ·the flags. If the gradient 

changes sign the software updates become conservative to allow for 

the possibility that a surface wave was the reason for the 

observation. If another gradient change occurs within the next few 

update periods the software adopts the logic for the falling limb. 

Once this has taken place the software cannot revert back to the 

logic for the rising limb. 

To provide comparative information on the need to reposition the 

sluice gate, and for enabling flexibility in the calculation of a new 

sluice gate position, the three previous gate settings and the previous 

SD value were held in memory. These historical values were 

assigned various weightings relative to the current value of SD, based 

on the magnitude of the water surface gradient and its recent history 

in combination with the flags that indicate the probable ensuing 

behaviour in the flow depth. Note that the gate setting does not 

necessarily take the same value as SD. One important feature of 

both sets of logic is that the program is not permitted to reposition 

the gate in a manner incompatible with the aim of that logic set, ie. 

the gate can not be closed on the rising limb or opened on the 

falling limb. 

It was discovered during calibration trials for this software that the 

control on the falling limb, where the sluice gate is being closed, was 

the most sensitive to inconsistencies in the response behaviour of 

the gate. If the gate was closed too quickly large waves would be 

sent upstream that would also reflect back off the upstream 



256 

reservoir and travel the length of the flume several times before 

being reduced to an imperceptible level. Conversely, if the rate of 

closing of the sluice gate was too slow then the backwater curve 

would change to an M2 curve, which led to the flow washing out 

under the gate. While it was a relatively simple matter to ensure that 

the gate did not close too quickly, to alleviate problems at the start 

of the falling limb, due to change of logic, it was decided that if the 

gate was not repositioned but the flow depth history revealed that 

the depth was diminishing at a sufficiently high rate (for Hl this was 

0.4mm.s·1) then a small incremental closing would be applied as a 

default value. 

As a safeguard against the software changing from the rising limb 

logic set to that for the falling limb due to unforseen circumstances, 

a preset minimum value to be attained by flow depth, a minimum 

W aveData value lVL\1, was introduced. In addition, for safety reasons 

the program was not capable of achieving the fully closed position 

for the sluice gate. 

F.2.5 SUGAR (Control program for H1} 

/********************************************************* 

/)~'- sugar.c 

/>-" Sluice Gate Control/Response System for Hl 

j>'r 19.1.94 
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t~ FRANK GREENSLADE I ALAN HUNT 

I********************************************************* 

#include < stdio.h > 

#include < dos.h > 

#include < time.h > 

#include < math.h > 

#include < conio.h > 

#include < stdlib.h > 

void main(void) 

{ 

unsigned char DataHi,DataLo; 1>~ high and low bytes of data >~I 

unsigned int WaveData; 1>~ data value from Wave Monitor >~I 

unsigned int SluiceData; 1>:· data output to sluice gate >~I 

int W1,W2,W3,W 4,WS,WM; 

unsigned int S1,S2,S4,SS,S6,SD; 

long n = 60000; 1>~ number of acquistions to average: 30000isec 

>~I 

long total,j; 1>:· sum for averaging>~ I 

int BaseAddress = Ox300; 

mt 1; 

int 1 = 0; 

int k = 1; 

int m = 0; 

int p = 0; 

int ch = 0; 

1>~ flag for change in water surface gradient >~I 

1>:· counter for falling water level >:·1 

1>~ flag for falling limb of flood wave >rl 

1>~ counter for hold on sluice gate position >~1 
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char buffer[20]; /* buffer to receive input characters >rj 

FILE >t-lut; 

clrscrQ; 

f>r pointer to L UT file stream >t-I 

printf("\n Sluice Gate Control/Response System Program"); 

printf("\n Frank Greenslade & Alan Hunt 19 January 1994"); 

f>!- initialise das16F ... control register is cleared on startup >'<-I 

outportb( BaseAddress + 2,ch); f>t- init mux >t-j 

do 

{ 

printf("\n \nEnter an mteger m the range 0 to 4095 to 

adjust\nthe position of the sluice gate."); 

printf("\nO = open and 4095 = closed\n "); 

gets(buffer); 

SluiceData = atoi(buffer); 

f>t- now output data to DAS16F D/ A CHO >rj 

DataHi = SluiceData/ 16; 



DataLo = SluiceData- 16 ~~- DataHi; 

DataLo = SluiceData < < 4; 

outportb(BaseAddress+4,DataLo); 

outportb(BaseAddress + S,DataHi); 

l>r now read data from AID CHO unipolar 0-10V SE )'"I 

total= 0; 

forG =O;j < n;j + +) 

{ 
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outportb(BaseAddress + 0,0); 1~~- init 12 bit AID conversion 

do{} while (inportb(BaseAddress + 8) > = 128); I* wait for 

EOC*I 

DataLo = inportb(BaseAddress + 0); l>r get low byte data 

DataHi = inportb(BaseAddress + 1); l>r get high byte data 

total + = (DataHi>t-16) + (DataLol16); l>r combine data 

bytes >rl 

} 

W aveData = total I n; 

printf("\nSluiceData: %d" ,SluiceData); 

printf("\nWaveData: %d",WaveData); 

printf("\nDo you want to switch to the Response 

System? ... yln \n 11
); 

gets (buffer); 

} 
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while(>t-buffer ! = 'y'); 

printf("\nPress any key to quit the program \n"); 

lut = fopen("c:sugar.dat","w"); 

fprintfOut, "\nsugar.dat \n WaveData,SluiceData,WM,m,p,k \n "); 

1>~ Headers >~I 

do 

{ 

1>~ now read data from AID CHO unipolar 0-10V SE >~I 

total= 0; 

forG =O;j < n;j + +) 

{ 

outportb( BaseAddress + 0,0); 1>~ m1t 12 bit AID 

conversion >1-I 

do{} while (inportb( BaseAddress + 8) > = 128 ); l>r wait 

for EOC >~I 

DataLo = inportb( BaseAddress + 0);1>~ get low byte data 

DataHi = inportb( BaseAddress + 1);1>" get high byte data 

total + = (DataHi>l-16) + (DataLol16); l>r combine data 

bytes >rl 

} 

W aveData = total I n; 



S1 = 4510- 1.330)~waveData; 

if(k <2) 

{ 

WM = W5 = W4 = W3 = W2 = WaveData; 

S6 = S5 = S4 = S2 = S 1; 

} 

W1 = WaveData- W2; 

if(m > 4 && WM < 1685) 

{ 

m= 0; 

p = 0; 

} 

if(m < 5 && WaveData > = WM) 

{ 

if(m>3 &&k>5) WM = WM; 

else WM = WaveData; 

m = 0; 

if(WM > 1685) m = 2; 

} 

if(W 4 > W3 > W2 && W1 < 0) 1 = 0; 

if(W 4 < W3 < W2 && W1 > 0) 1 = 0; 

SD = (S1 + 2)~S4 + S5 + S6)/5; 

261 
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if(W1 >40) SD = (S1 + S2 + S4 + SS)I4; 

if(W1 <-40) SD = (S1 + S2 + S4 + S5)14; 

if(W1 > 80) SD = (Sl + S2 + S4)13; 

if(W1 < -80) SD = (S1 + S2 + S4)13; 

k += 1; 

if(k > 3) SD == (S1 + S2 + S4)13; 

if(m<4) 

{ 

I>~ rising limb >~<I 

if~= =3 && W1> =0) 

{ 

SD = (Sl + SS + S6)13; 

1 = 0; 

} 

if~==1&&W1<0) 

{ 

SD = (2>~S1 + S6)13; 

if(Wl >-40) SD = (S1 + S2 + SS + S6)14; 

1 = 3; 1>~ 1=0 no change in the sign of the gradient 

k = 5; I>~ 1 = 1 possible flood wave crest >r I 

} l>r 1=2 surface wave on the falling limb >I-I 

1>"' 1 = 3 surface wave on the rising limb >t-I 



if(WS <W4 && W4 <W3 && W3 <W2 && W1 < 0) 

{ 

SD = (S2 + S4 + SS)/3; 

1 = 1; 

} 

if(SD > S4) SD = S4; 

} 

if(m > 2) /)~falling limb )~I 

{ 

if(WM> 1675) 

{ 

SD = (2)~S1 + S2 + 2)~S4)/5; 

if(W1 <-50) SD = (4)~S1 + S2 + S4)/6; 

if(W1 <-100) SD = (Y~S1 + S4)/4; 

if(W1 > 0) SD = S4; 

if~= =4) 

{ 

SD = (Y~S1 + S4)/ 4; 

1 = 0; 

} 

263 
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7· 
' 

if(SD< =S4) 

{ 

p += 1; 

if(Wl >-20) SD = S4; 

else SD = S4 + 6; 

if(W2 < W3-20 && W3 < W 4-20 && W 4 < WS) SD = S4 + 

} 

else p = 0; 

if(p>4 &&SD>S4) 

{ 

SD = SD + 5; 

1 = 4; 

} 

} 

} -

if(SD > S4 && k < 6) SD = S4; 

if(SD < 0) SD = 100; 

if(SD > 3650) SD = 3650; 

SluiceData = SD; 

printf("\n%d:%d:%d:%d:%d:%d",WaveData,SluiceData,WM, 

m,p,k); 
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fprintfOut, "\n %d:%d:%d:%d:%d:%d" ,WaveData,SluiceData, 

WM,m,p,k); 

} 

if(W1 >0) 

{ 

k = 2; 

if(m> 3) k = 5; 

} 

m += 1; 

S6 = SS; /)~Overwrite the sluice gate setting history>~/ 

SS = S4; 

S4 = SD; 

S2 = S1; 

WS = W 4; /)~ Overwrite the recent water depth history ).,~; 

W4 = W3; 

W3 = W2; 

W2 = WaveData; 

f>~ now output data to DAS16F D/ A chO >~/ 

DataHi = SluiceData/16; 

DataLo = SluiceData - 16 )~ DataHi; 

DataLo = SluiceData < < 4; 

outportb(BaseAddress + 4,DataLo); 

outportb(BaseAddress + S,DataHi); 
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while(!kbhitO); 

getch0; 

fclose~ut); 

} 

F .3 References 
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